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Preface

Within the chemical industry, the chemical compound known as maleic anhydride is

a critical material that is globally produced at significant and increasing volumes. The

wide availability of this compound is due to a precious coupling of low cost and high

functionality. This functionality easily bridges the domains of chemical synthesis and

transformation to extreme market application and diversification. This functionality

is further reflected in the tens of thousands of peer-reviewed journal articles and

granted patents that highlight some form of maleic anhydride utility.

This book is written from the perspective of an industrial scientist. By bridging

the science and technology found in both academia and industry, a comprehensive

and contemporary picture of maleic anhydride’s impact on the world today, as well

as tomorrow, emerges. Perhaps the most unique aspect of this work is the group of

scientists that prepared and contributed to this manuscript. They are all members of

the Research and Development community at Ashland, Inc., where maleic anhy-

dride is a core technology. This team closely collaborated and debated the most

relevant technical topics, which should be of great benefit to the reader.

Remembering that in 1982, B.C. Trivedi and B.M. Culbertson coauthored the

seminal book entitled “Maleic Anhydride,” covering topics such as its production,

chemical reactions, and polymerizations. This comprehensive treatise was a truly

ambitious achievement. Our book seeks to build upon this foundation, built 34

years ago, by focusing on many of the key technical insights and commercial

developments since 1982. It is my hope that the reader will obtain a deeper and

more comprehensive understanding of the beauty, nuances, and complexities of

maleic anhydride through our exploration of production, synthesis and transforma-

tion, and diverse application topics that are incorporated into these ten chapters.

Chapter 1 reviews the main production processes, analyzes the current under-

standing of catalyst structure/function in the butane oxidation process, and reviews

a variety of contemporary research topics such as catalyst additives that improve

yield and purity, catalyst dimensional strength, morphology, porosity, shape, regen-

eration, reactor designs, and improvements in product quality and safety.
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Chapter 2 reviews virtually all maleic anhydride chemical reactions, including

its acid form, in the context of the influence the parent structure imparts on the

molecule’s final behavior and properties.

Chapter 3 reviews small molecule chemistry and applications such as maleated-

vegetable oil derivatives and its oligomeric products. Modern topics such as

maleimide-based compounds are also detailed in elegant fashion.

Chapter 4 is a detailed review of the maleic anhydride-co-alkyl vinyl ether
copolymer family of materials discussing polymerization, architecture, physical

properties, and attributes.

Chapter 5 reviews other industrially significant polymers, ranging from unsatu-

rated polyester and alkyd resins to styrenic, acrylic, and N-vinyl amide copolymers.

Incorporated into this overview are recent advances in controlled free radical

polymerization materials.

Chapter 6 highlights higher molecular weight maleic anhydride-derived poly-

mers. Polymerization processes, including alternating copolymers by conventional

free-radical methods, as well as newer approaches such as ROMP methodologies

are discussed.

Chapter 7 discusses the colloidal and physicochemical properties for maleic

anhydride-based polymers in addition to providing insight into how such material

features can relate to application performance.

Chapter 8 provides an in depth discussion of key Personal Care applications of

maleic anhydride in markets ranging from Hair Care and Skin Care to Transdermal

Delivery and Oral Care. Maleic anhydride chemistry is paramount in many com-

mercially available consumer products in this arena and where it has become an

essential key ingredient.

Chapter 9 reviews the utility of maleic anhydride in industrial adhesive and

coating applications in markets ranging from coatings, boats, and electronics

through the exploitation of materials including alkyd resins, reactive polymeric

surfactant, unsaturated polyester resins, bismaleimides, and epoxy resins. Insights

into printing and imaging materials are also incorporated into this discussion.

Chapter 10 is a continuation of Chap. 9, where the variety of different applica-

tion areas of maleic anhydride chemistry is expanded into lubricants, fuels, and

biologically active compounds as well as pharmaceutical compositions, microen-

capsulation, thermoplastics, films, and water treatment materials.

This book provides the reader with a broad and in-depth resource on maleic

anhydride and its derivatives, enabling a more complete understanding of the

science and technology of maleic anhydride.

Bridgewater, NJ Osama M. Musa

vi Preface

http://dx.doi.org/10.1007/978-3-319-29454-4_2
http://dx.doi.org/10.1007/978-3-319-29454-4_3
http://dx.doi.org/10.1007/978-3-319-29454-4_4
http://dx.doi.org/10.1007/978-3-319-29454-4_5
http://dx.doi.org/10.1007/978-3-319-29454-4_6
http://dx.doi.org/10.1007/978-3-319-29454-4_7
http://dx.doi.org/10.1007/978-3-319-29454-4_8
http://dx.doi.org/10.1007/978-3-319-29454-4_9
http://dx.doi.org/10.1007/978-3-319-29454-4_10
http://dx.doi.org/10.1007/978-3-319-29454-4_9


Acknowledgements

I would like to gratefully acknowledge the authors and their families, who sacrificed

significant time and effort to make this text possible. I would also like to thank my

family for their tremendous patience and encouragement.

Finally, on behalf of the authors, I would like to thank the management of

Ashland Inc. for their support in bringing this manuscript to fruition.

vii



.



Contents

Part I Introduction

1 Progress in Maleic Anhydride Production . . . . . . . . . . . . . . . . . . . 3

David K. Hood and Osama M. Musa

Part II Reactions and Derivatives

2 Reactions Involving Maleic Anhydride . . . . . . . . . . . . . . . . . . . . . . 59

Michael A. Tallon

3 Vegetable Oil–Maleic Anhydride and Maleimide Derivatives:

Syntheses and Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

Fan Wu and Osama M. Musa

Part III Maleic Anydride-Derived Polymers

4 The Quintessential Alternating Copolymer Family: Alkyl Vinyl

Ether co-Maleic Anhydride Copolymers . . . . . . . . . . . . . . . . . . . . . 211

Krystyna Plochocka, Xuejun (Jay) Liu, Michael A. Tallon,

and Osama M. Musa

5 Industrially Significant Copolymers Containing Maleic

Anhydride . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251

Michael A. Tallon and Xuejun (Jay) Liu

6 Ring-Opening Metathesis Polymerization (ROMP) Using Maleic

Anhydride-Based Monomers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 311

Michael A. Tallon

7 Colloidal and Physicochemical Properties of Maleic Anhydride

Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 399

Roger L. McMullen

ix



Part IV Applications

8 Maleic Anhydride Applications in Personal Care . . . . . . . . . . . . . . 441

Roger L. McMullen

9 Application of Maleic Anhydride in Coatings,

Adhesives and Printing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 509

David K. Hood and Osama M. Musa

10 Application of Maleic Anhydride-Based Materials . . . . . . . . . . . . . 577

David K. Hood and Osama M. Musa

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 629

x Contents



Biography

Osama M. Musa Ph.D. Dr. Osama M. Musa is

currently Vice President and Chief Technology

Officer for Ashland Inc. (NYSE: ASH). He leads

Ashland’s Global Research and Development

focusing on consumer and industrial markets

including pharmaceutical, personal care, beverage,

nutrition, agricultural, coatings, adhesives, and

energy applications. Dr. Musa has overall respon-

sibility for the global technology platforms includ-

ing Molecular Science, Measurement Science,

Process Research, Biofunctionals, Acrylates &

Microencapsulation, Preservatives & Microbial

Technology, as well as the R&D Stage-Gate devel-

opment process. He also leads the R&D Council

and Multifunctional Innovation Engagement

Team, which are charged with managing and enhancing new product development

processes. In addition to these technical roles, he has the commercial and technical

responsibility for Ashland’s Advanced Materials business.

Dr. Musa is a strategic R&D leader with broad experience in the specialty

chemicals business sector. He utilizes a wide-ranging network, cooperating with

partners both in the industry and in academia. Dr. Musa joined Ashland in 2011

following the company’s acquisition of International Specialty Products (ISP)

Incorporated. Previously, he held technical and leadership positions with the

National Starch and Chemical Company.

As a passionate leader, Dr. Musa is committed to addressing customer needs

through the application of innovative chemistry. He holds more than 50 issued

U.S. patents and has authored numerous technical publications. From Ashland’s
Open Innovation platform, he cultivates student scholarship through numerous

collaborations with universities, providing encouragement and motivational

mentoring to the next generation of young, promising scientists. He serves as a

xi



member of the Board of Advisors at Manhattan College’s Department of Electrical

and Computer Engineering.

Dr. Musa earned a Ph.D. in organic chemistry from Wayne State University,

where he also completed a postdoctoral fellowship. In addition, he received an

M.S. in macromolecular chemistry from the University of Detroit Mercy, an

M.S. degree in heterocyclic organic chemistry from the University of Jordan, and

a B.S. in chemistry from Yarmouk University.

xii Biography



Part I

Introduction



Chapter 1

Progress in Maleic Anhydride Production

David K. Hood and Osama M. Musa

1.1 Introduction

Maleic anhydride (furan-2,5-dione) is a key component to an incredibly diverse group of

chemistries and commercial applications. The ability ofmaleic anhydride to achieve such

great diversity is a direct result of the maleic anhydride’s industrial complex capacity to

develop economical production routes in the face of ever-increasing governmental

scrutiny, fierce pricing pressures, and tremendous technical requirements (at significant

volumes) coupled to high demand for quality fundamental product properties.

What is it about maleic anhydride that creates such demand, utility, and value?

The two critical success factors are chemistry and economics. Both are truly

connected, intertwined, and inseparable. First, the basic chemical structure of

maleic anhydride is inherently versatile. Maleic anhydride, based upon a five-

member heterocyclic ring, comprises a double bond at the C3–C4 position and

two carbonyl groups, one at the C2 position and the other at the C5 position (see

Scheme 1.1, Left). The double bond is well known to be very reactive. Maleic

anhydride is a powerful electron-accepting monomer due to the electron-deficient

character of double bond. The electronic deficiency originates from the two C¼O

substituent group’s strong electron-withdrawing forces.

Upon exposure to water, maleic anhydride can hydrolyze to yield a dicarboxylic

acid structure known as maleic acid. The chemical structure of maleic acid is

presented in Scheme 1.1 (Right). In addition to the reactive double bond, these

carboxylic acid groups are also well known for high reactivity coupled to two

distinct acid dissociation constants. Dehydration of maleic acid enables the refor-

mation of maleic anhydride. Key physical properties for these two chemical

compounds are presented in Table 1.1.
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Within these two chemical compounds are a wide variety of possible chemical

transformations. From free radical and charge transfer polymerization processes to

Diels–Alder, esterification, and amidation reactions, these thematic transformations

form the basis of the tremendously flexible synthetic platform provided to the

myriad of chemical technology implementers.

Second, the economics of maleic anhydride are particularly attractive. Maleic

anhydride is largely derived from butane gas, especially in North America, but can

also be produced from benzene. Both production routes remain the most relevant

feedstocks in global product supply. Butane, C4H10, is a colorless, odorless gas that

is normally shipped under pressure in the form of a liquefied gas. Common

synonyms for butane are n-butane, butyl hydride, diethyl, liquefied petroleum

Scheme 1.1 Maleic anhydride and maleic acid, respectively

Table 1.1 Key physical properties for maleic anhydride and maleic acid

Property Maleic anhydride Maleic acid

CAS number 108–31–6 110–16–7

EINECS number 203–571–6 203–742–5

Molecular formula C4H2O3 C4H4O4

Molecular weight (g/mol) 98.06 116.07

Physical state Solid Solid

Color Colorless to white [1] White [2]

Odor Irritating, choking [1] Odorless [2]

Density 1.48 [3] 1.59 [3]

Melting point (�C) 53.58 [1] 132.5 at 101.3 kPa [2]

Boiling point (�C) 200.1 [1] 157.8 at 99.7 kPa [2]

Vapor pressure 0.033 kPa [1] 9 � 10�7 kPa at 20 �C [2]

Refractive index [d2020 (solid)] NA 1.590 [4]

Heat of formation (kJ/mol) �470.4 [5] �788.3 [6]

Heat of fusion (kJ/mol) 12.26 [7] 26.9 [7]

Heat of sublimation (kJ/mol) 71.5 � 5.0 [7] 105.4 � 1.7 [7]

Heat of combustion (kJ/mol) �1391.2 [6] �1358.9 [6]

Specific heat (liquid) (kJ mol�1 K�1) �1.67 [6] NA

Heat of evaporation (kJ/mol) 54.8 [6] NA

Solubility in water ~400 g/L at 20 �C [1] 478.8 g/L at 20 �C [2]

pKa NA pK1¼ 1.910; pK2¼ 6.332 [8]

Biodegradation Readily biodegradable [1] Readily biodegradable [2]

4 D.K. Hood and O.M. Musa



gas, and methylethylmethane [9]. This chapter will employ the term “C4” to mean

butane. C4 is produced by refining materials that originate from either crude oil or

natural gas. Natural gas is often found in geological shale deposits and tight sands.

Recent advancements in horizontal drilling and well-completion technologies,

particularly in low-permeability formations, have liberated tremendous reservoirs

of supply in large sections of the North American continent [10]. Geographic

regions spanning from Western Canada to Appalachia and the Gulf Coast are

producing significant quantities of natural gas [10]. Natural gas as such is com-

prised of regionally varied amounts of gases, which is often, but not always,

dominated by methane gas. Examples of compositional variations are presented

in Table 1.2.

With existing pipeline infrastructures, very large volumes of natural gas as well

as discrete, refined gases, such as C4, can be transported to key downstream

facilities. C4 is commonly stored in underground caverns, such as the 1MM barrel

(bbl) cavern recently constructed near Neal, West Virginia [12]. More modest

volumes, ranging from 800 bbl to 1600 bbl, are stored in aboveground pressurized

vessels [13]. Thus, economies of global scale and positive supply chain dynamics

exist in significant ways for continued maleic anhydride growth potentials.

In 1982, Trivedi and Culbertson’sMaleic Anhydride published a broad overview
of maleic anhydride production technology in a chapter entitled Production of

Table 1.2 Examples of compositional variation of natural gas with geographical location [11]

Example 1 Example 2 Example 3

State Colorado New Jersey New Mexico

County Cheyenne Offshore Chaves

Field Cheyenne Wells Mid-Atlantic Buffalo Valley

Methane (mole %) 9.2 94.1 89.1

Ethane (mole %) 3.0 2.0 6.6

Propane (mole %) 25.5 0.8 2.2

n-Butane (mole %) 20.9 0.1 0.7

Isobutane (mole %) 10.2 Trace 0.1

n-Pentane (mole %) 3.7 0.0 0.2

Isopentane (mole %) 9.4 0.1 0.3

Cyclopentane (mole %) 1.1 Trace 0.1

Hexanes plus (mole %) 2.6 Trace 0.1

Nitrogen (mole %) 10.0 1.1 0.4

Oxygen (mole %) 0.1 0.0 0.0

Argon (mole %) 0.1 Trace Trace

Hydrogen (mole %) 0.0 0.2 0.0

Hydrogen sulfide (mole %) 1.8 0.0 0.0

Carbon dioxide (mole %) 2.4 1.7 0.2

Helium (mole %) 0.12 0.02 0.04

Heating value 2605 1018 1135

Specific gravity 1.713 0.596 0.639

1 Progress in Maleic Anhydride Production 5



Maleic Anhydride [14]. The processes detailed in this chapter spanned the three

main production routes: benzene, C4, and phthalic anhydride. Benzene routes

designed by Scientific Design, Ruhrol-Lurgi, Ruhrol-Bayer, and Sava were

discussed in detail. C4 routes by Mitsubishi and BASF were previewed followed

by a brief discussion of phthalic anhydride by-product sourcing. In 2001, Maleic
Anhydride, Maleic Acid, and Fumaric Acid was published in the Kirk-Othmer

Encyclopedia of Chemical Technology [15]. C4 routes by Huntsman (formerly

Monsanto), ALMA, and DuPont were discussed in detail. This author is fortunate

to use these chapters as a backdrop to efficiently analyze more recent technical

trends and accomplishments that have empowered the maleic anhydride product, as

it nears its ninth decade in commercial production. It is hoped that the reader will

benefit from the wide-ranging discussion, enabling a broader appreciation for the

scope of technologies, challenges, and current solution strategies that exist in

current maleic anhydride production.

1.2 Historical Overview

Historically, the two main commercial routes to maleic anhydride production are by

the thermal oxidation of benzene or C4 feedstocks via heterogeneous catalysis. In

1982, it was reported that the benzene route was favored due to the lack of efficient

catalysts and purification processes for suitable C4 process implementation. How-

ever, it was also noted that increasing environmental regulations on the benzene

route were expected to lead to significant research efforts in the field in order to

develop new, more environmentally sustainable processes. In a time frame of about

15 years, the C4 route evolved into the preferred production process, certainly

within the USA. Today, C4 is the dominant commercial route for maleic anhydride

production and is recognized for its superior economics [16].

Stoichiometry favors the C4 route, where 100 kg of C4 should yield 168.9 kg of

maleic anhydride. Conversely, 100 kg of benzene is only expected to yield 125.6 kg

of maleic anhydride [17]. During the C4 oxidation process, there are a number of

less desirable but significant side products: butadiene, furan, crotonaldehyde, and

C4 isomers. Principally, the main products are maleic anhydride [Eqs. (1.2) and

(1.3)] and unstable intermediates (Eq. 1.1). The reaction schemes for various

oxidation process steps are presented below [18]:

C4H8 þ 12� mð Þ
2

O2 ! mCO þ 4� mð ÞCO2 þ 4H2O ð1:1Þ
C4H8 þ 3O2 ! C4H2O3 þ 3H2O ð1:2Þ

C4H2O3 þ 6� nð Þ
2

O2 ! nCO þ 4� nð ÞCO2 þ H2O ð1:3Þ

6 D.K. Hood and O.M. Musa



CO þ 1

2
O2 ! CO2 ð1:4Þ

1.2.1 Early Maleic Anhydride (via C4) Production Examples

The literature is imprecise as to when the first maleic anhydride (via C4) production

process was fully implemented. Some point to 1975, where Amoco deployed a

Chem Systems process [19]. However, other literatures present published examples

prior to 1975. For example, Mitsubishi Chemical Industries announced a fluid-bed

reactor capable of 18,000 tons/year operating in Mizushima, Japan, as of 1970

[20]. BASF announced a fixed-bed reactor plant capable of 3000 tons/year operat-

ing in Ludwigshafen, Germany, in May 1968 [21]. The earliest process was likely

Petro-Tex in a Scientific Design-engineered plant in 1962 (near Houston, Texas)

[22]. Reportedly, this effort struggled in the early years due to competition from

cheaper benzene and was eventually stopped in favor of the overall benzene

economics [22]. The earliest plants typically state a capability to interchange

feedstock between benzene and C4 enabling economic forces to balance the basic

plant operating conditions.

Because of the basic interchangeability of feedstock, the key production tech-

nologies comprise very similar design concepts and equipment schemes. The two

main production processes employ either fixed-bed or fluid-bed oxidative designs.

Every major maleic anhydride production process is equipped with a reactor, gas

cooler, separator, scrubber, refiner/condenser, and product column collector. To

better understand the role of each step, we will first examine a Halcon–Scientific

Design (HSD) process.

1.2.1.1 Halcon–Scientific Design (HSD) Fixed-Bed Process [23]

Early maleic anhydride production processes were benzene based. The existing

capital equipment was then converted to C4-based processes. A prime example of a

convertible feedstock plant is the Halcon–Scientific Design (HSD) process for

maleic anhydride manufacture. A schematic of this process is presented in

Scheme 1.2.

Interpreting the HSD process, from left to right, either benzene or C4 is fed into a

compressed air line to be presented into a carbon steel reactor comprised of

numerous tubes nominally 3.7 m long and 25 mm in diameter [25]. In this case,

the process is fixed bed, where the C4 and air are mixed, normally 1.0 to 2.0 mol

percent of C4, prior to introduction to the reactor, which houses the catalyst. The

reactor is often positioned in an upflow configuration. The pressure in the operating

reactor, ranging from 20 to 50 psi, [26, 27] is close to atmospheric requiring only

enough pressure to move the gas through the catalyst bed [1800–2800 gas hourly

1 Progress in Maleic Anhydride Production 7
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space velocity (GHSV)] [28]. The catalyst is housed in tubes, often numbering in

thousands, and surrounded by a heat transfer fluid system. Typically, the catalyst

tubes are first packed with an inert material, i.e., metal or ceramic balls, to preheat

the gas flow prior to exposure to the catalyst [28]. The reactor heat and heat

exchanger are supplied by molten salts. The temperature range of these salts is

typically between 390 and 430 �C. These eutectic salt mixtures comprise salts

such as potassium nitrate, sodium nitrate, and sodium nitrite (i.e., HITEC®)

[25]. Many processes recycle this heat in the form of steam generation for addi-

tional energy supply. Upon exiting the reactor, the process stream enters a gas

cooler, often fabricated from carbon steel [25]. Partial cooling is applied to the

process stream in order to reduce its temperature to just below maleic anhydride

dew point (53–60 �C). The cooled materials then enter a separator, constructed of

stainless steel, enabling a crude separation between the partially condensed maleic

anhydride and other gases and uncondensed vapors. The condensed maleic anhy-

dride is destined for the still pot. It is critical to monitor the temperature at this

stage. If the maleic anhydride solidifies, the process can experience blockages

coupled to pressure and temperature challenges. The gas flow continues onto a

scrubber unit, which is constructed of a grade of stainless steel that includes

molybdenum. The gas flow is contacted with a countercurrent of water to absorb

remaining maleic anhydride in the hydrolyzed form of maleic acid [29]. Remaining,

unabsorbed overhead gases are exhausted either to the atmosphere or an incinerator.

Maleic acid is collected and later pumped to the refiner for further purification

processing. In the stainless steel refiner/condenser batch unit, maleic acid solution

is first dehydrated (azeotropically) with xylenes or toluene. This remaining solution

is then combined with the maleic anhydride from the still pot for refining. The crude

maleic anhydride is refined via vacuum distillation. Normally, a forecut at high

reflux is removed followed by collection of product at lower reflux. The molten

maleic anhydride is collected for sale or further converted into pastilles or bri-

quettes for easier handling. Typical product impurities from such processes include

acrylic acid and acetic acid [30].

During the operation of this process, two challenges must be understood and

controlled: hot spots and gas mixtures. First, as gases are fed into the reactor tubes,

these gases are generally cooler than the mixed salts in the heat exchanger, leading

to a cooling effect of the salt mixture in the heat exchanger. A more significant

problem is if the gas temperature in the reactor tubes is greater than the salt mixture

in the heat exchanger. Under this scenario a hot spot can be generated in the catalyst

tubes. If not controlled, these hot spots can negatively affect the catalyst life and

reactor maintenance and decrease the reactor yield. Operational control of the

temperature is challenging because there are normally thousands of tubes and

only a few points of temperature measurement [25]. Hot spots can also lead to

possible runaway process conditions. It is critical that the operator understand the

hot spot effect, employing modeling and empirical observations in detail, to achieve

the maximum operating efficiency [31]. Second, careful monitoring of the gas

mixtures is required, thereby ensuring operation at the appropriate temperatures

relative to the inherent flammability limit of the process gas mixture. Typically, the

1 Progress in Maleic Anhydride Production 9



reactor inlet is set for the lower flammability limit of butane in air, and the exit line

is set for the lower flammability of the combustible composition at the reactor exit

[25]. For additional safety, the reactors are equipped with rupture disks at both the

reactor inlet and exit areas in case of a runaway event [25].

1.2.1.2 ALMA Fluid-Bed Process

In early 1984, Alusuisse Italia/Lummus Crest (ALMA) began operating a 3000 ton

per year maleic anhydride reactor system in Scanzorosciate, Italy [32]. A key

element to this plant was the implementation of a fluid-bed reactor. A schematic

of this plant is presented in Scheme 1.3:

In this reactor configuration, C4 and air are fed separately, from 2 to 8 volume

percent C4 in air, into the bottom of the reactor for presentation to the fluidized

catalyst bed [34]. The reactor is typically operating at 360–460 �C [35]. Fluidized-

bed reactors tend to operate at higher C4 concentrations and process stream

residence times versus typical fixed-bed processes [15]. Heat generated during

the oxidative process is removed from the reactor via steam coils that are in intimate

contact with the fluidized solid materials. Reactors of this type are known to exhibit

Butane

Butane
Evaporator

Reactor

Spent Catalyst

Catalyst
Handling
System

Transport
Gas

Off Gas Filters

BFW

Off Gas

Cyclones

Steam Drum
Saturated
HP Steam

Cooler
Efftuent

Reaction

Air Air Compressor

Scheme 1.3 Simplified flow sheet of the reaction section of the Lonza ALMA process for maleic

anhydride production [33] (Springer and Topics in Catalysis, Vol. 38, Nos. 1–3, 2006, page

148, “VPO catalyst for n-butane oxidation to maleic anhydride: A goal achieved, or a still open

challenge?,” Ballarini, N.; Cavani, F.; Cortelli, C.; Ligi, S.; Pierelli, F; Trifiro, F.; Fumagalli, C.;

Mazzoni, G.; Monti, T., Fig. 1.1, Copyright 2006 with kind permission from Springer Science and

Business Media)
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excellent heat transfer between fluidized solids and steam coils enabling smaller

heat transfer zones as compared to a typical fixed-bed reactor. As a result, hot spots

are typically less problematic. As with fixed-bed processes, the process heat gener-

ated is often recycled to drive reboiling and turbine drives. One interesting compo-

nent to the process is the ability to change catalyst during operation by intermittently

adding a virgin catalyst to maintain stable activities and particle size distributions

(~80–150 μm) [15, 34]. Gas flow patterns are generally back-mixed, a reverse

circulation flow pattern for a material in a process, and are a common challenge

that leads to enhanced impurity profiles and reduced yields [34]. For equipment, a

large volume of space is required above the catalyst fluid bed to enable separation of

solids and gases. Partitioning of the solids is achieved by cyclone and filter separa-

tion. Once separated, the product gas stream is cooled prior to the collection and

refining stages. As in the fixed-bed processes, any tail gases are incinerated prior to

venting. The process employs solvent adsorption to selectively remove maleic

anhydride from the cooled reactor effluent. Typically, the solvent is a cycloaliphatic

acid dialkyl ester such as dibutylhexahydrophthalate [36]. From there, the maleic

anhydride solvent mixture is pumped to the stripper where crudemaleic anhydride is

separated as distillate. This material is fed to the light ends column where small

amounts of impure light ends are removed and incinerated. The remaining materials

are fed to the product column where the maleic anhydride product is recovered as

distillate and residuals are pumped back to the stripper. There is also a solvent

purification loop to prevent the buildup of impurities in the solvent. Process impu-

rities typically consist of carbon monoxide and acetic and acrylic acids [34].

1.2.2 Fixed-Bed and Fluid-Bed Comparisons

In analyzing these two established reactor technologies, a comparison scheme

proposed in 1985 by Wellauer is presented in Table 1.3.

Table 1.3 presents a logical map to determine where the key areas of development

are required to improve such processes. For fixed-bed reactors, topics ranging from

Table 1.3 Comparison of reactor technologies [37, 38]

Fixed-bed reactor Fluid-bed reactor

Capital requirements Large Less significant

Design knowledge Clear Emerging

Increasing scale Straightforward Challenging

Ease of operation Straightforward Challenging

Pressure drop Major Minor

Back-mixing Insignificant Challenging

Heat transfer Not good Good

Catalyst attrition Insignificant Challenging

Catalyst pore diffusion Critical Minor

Regeneration of catalyst during operation Challenging Minor
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heat transfer, pressure control, catalyst porosity/geometry, as well as catalyst regen-

eration would be expected to be of keen interest to manufacturers that employ such

processes. Likewise, process modeling for increasing production scale, back-mixing,

and catalyst attrition are topics that would be of particular interest to fluid-bed

reactor designers and operators. As we will see later, this map was effective in

identifying the relevant, thematic topics of research that have since emerged.

1.2.3 Industry Response

In 1978, the majority of maleic anhydride manufacturing in the USA was by the

benzene route. Within 8 years, this manufacturing had been largely converted to C4

feedstocks [37]. This shift becomes even more apparent by reviewing the data

presented in Table 1.4.

Despite a trend toward fewer major North American (NA) suppliers (a few major

plant acquisitions are reflected in Table 1.4 by arrows) and reductions in plant

numbers, not only did the feedstock shift but overall industrial production volumes

increased. Such trends suggest that the current facilities have been able to operate

more efficiently and more competitively in an increasingly global marketplace.

The industry has transitioned from benzene to C4. What are the main technical

insights that have emerged to enable a successful transition to C4 feedstocks? How

have the general plant operating efficiencies been enhanced? Beyond the obvious

importance of plant engineering is the requirement for optimized materials, espe-

cially catalysts. It is the catalyst that is the real keystone to the entire maleic

anhydride industry. We must have a deeper, more fundamental understanding of

these specialized materials and their behavior in order to appreciate the current

industrial improvement efforts that are under way. Consequently, we now transition

the discussion into the world of catalytic oxidation science to understand the basic

structure of these materials and their resulting function, remembering to keep in

mind that these materials are critical to all of the manufacturing environments we

have previously discussed.

Table 1.4 Annual production capacity of NAmaleic anhydride in the USA (tons/year) [37, 39, 40]
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1.3 Catalysis: Progress in Structure and Function

Thermal, oxidative catalysis is an essential component to the success of commercial

maleic anhydride production. It is a complex topic to which significant research

resources, both in industry and academia, are dedicated. To better understand the

fundamental elements of this catalytic process, we will break this topic down into

two distinct discussions: inorganic catalyst structure and proposed C4 catalytic

oxidation mechanisms. With this background, the reader is expected to gain a

more representative insight to the current trends in this field.

1.3.1 Inorganic Catalyst Structure

Vanadium oxides represent the most important catalyst class in C4 oxidation. Vana-

dium found in vanadium oxides can exist in a variety of oxidation states (+5, +4, +3,

and +2). This broad range of oxidation states enables vanadium to form numerous

coordination polyhedral structures that can include tetrahedron, trigonal bipyramid,

square pyramid, distorted octahedra, and rectilinear octahedra [41]. Specifically

towardmaleic anhydrideproduction, the keyoxidation states areV5+ andV4+ [42]. Per-

haps the most important form of vanadium oxide is vanadyl pyrophosphate which is

considered the common template. Remembering that the typical maleic anhydride

process occurs at high temperature (i.e., ~400 �C), where the catalytic precursor is in a
dehydrated state and effectively in a catalyst heat treatment environment, the active

component responsible for the oxidation process is attributed to (VO)2P2O7 [42]. Lit-

erature nomenclature references to (VO)2P2O7 include both vanadyl diphosphate and

vanadyl pyrophosphate [43, 44]. We will employ VPO to refer to this inorganic

composition. VPO is comprised of two polyhedra that are connected through oxy-

gen-bridging: VO6 and PO4. The basic polyhedra structures, which are depicted in the

most common illustration styles, are presented in Scheme 1.4.

VO6 is often referred to as a distorted octahedron, where the centrally located

vanadium atom is coordinated to six oxygen atoms. Other references cite a VO5

square pyramid that is weakly coordinated to another O from a neighboring VO5

square pyramid. The distinct feature of this structure is the vanadyl group

(Scheme 1.4a) that forms a double bond to oxygen, denoted as V¼O. This

particular bond is shorter than the others resulting in a distortion of the octahedron.

Bond lengths determined on single green crystals are present in three ranges: ~1.6 A

(V¼O, “short”), ~2 A (~coplanar V–O), and ~2.3 A (V–O, “long”) [45]. The

structure for PO4 (Scheme 1.4b) is a tetrahedron where the centrally located

phosphorus atom is coordinated to four oxygen atoms. Bond lengths are found to

be ~1.5 A [45]. Bond valence calculations yield ~4.1 for V and ~4.9 for P,

corresponding to V4+ and P5+, respectively [45].

From these two basic structures, the VPO catalyst architecture begins to

emerge, as illustrated in Fig. 1.1. Vanadium polyhedra are equatorially
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Scheme 1.4 VO6 and PO4 crystal structures [41, 43] ( filled blue circle is vanadium; filled yellow
circle is phosphorus; open red circle is oxygen)

Fig. 1.1 Various VO6 and PO4 connective structures in an idealized VPO strand ( filled blue circle
is vanadium; filled yellow circle is phosphorus; open red circle is oxygen)
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connected, in a trans-oriented manner, exhibiting an oscillating structure due to

the spatial arrangements of the short V¼O and long V–O bonds. The four

nearly coplanar oxygen atoms bonded to the central vanadium atom are linked

to P via either single PO4 groups or double tetrahedral pyrophosphates (P2O7),

where the oxygen atoms are shared [42]. Because V3+ is not known to be

common to mild oxidation catalysis, it is generally not represented. Conse-

quently, two general structures prevail: one single distorted octahedron and a

pair of distorted octahedra [42]. Examples of these various connective structures

are presented in Fig. 1.1 for an idealized VPO strand. Note that Fig. 1.1 presents

these idealized strands in three common illustration styles found in the literature.

Also note that the bond angles are not actualized and these structures are only to

be considered a general representation.

Figure 1.1a presents formal oxygen atoms to highlight oxygen bridging between

the polyhedral, while Fig. 1.1b presents such bridges through implication. Perhaps

least intuitively, Fig. 1.1c eliminates the long V–O bond contribution from the

distorted octahedron, presenting VO6 as a square pyramidal polyhedron to simplify

the vanadium environment for visual interpretation.

From visualizing simple individual strands, a more complete VPO can be confi-

dently presented and investigated. Negating the long V–O bond from VO6, as

previously discussed, and presenting the square pyramidal polyhedron (dark gray)

and including tetrahedral (light gray), PO4 crystals enable the presentation of the

ideal orthorhombic VPO crystal structure in Fig. 1.2.

Upon further examination of Fig. 1.2, one finds crystalline sheets comprised

of VO6 polyhedra with alignments that are further distorted by variations in the

group arrangements of tetrahedral phosphate. Unlike previous results, which

demonstrated a low degree of symmetry and eight distinct V atoms, more

recent results yield improved accuracy and four distinct V atoms. This ideal

structure is expected to differ from commercial VPO catalyst structures due to

additional defects caused by impurities as well as other inherent structural

complications [45].

1 Progress in Maleic Anhydride Production 15



1.3.2 Proposed C4 Catalytic Oxidation Mechanisms

The catalytic activity of VPO is considered to be located at the interface of the (100)

plane, to where we will focus our attention on its finer surface details. In 1987,

Bordes proposed a model of the VPO surface which is presented in Fig. 1.3.

A key feature to this VPO surface model is its apparent amorphous structure

which is a result of localized γ-VOPO4micro-domains formed via surface topotactic

reoxidative processes. These features, when coupled to inherent variations in topog-

raphy from the various atomic contortions, account for the irregular structure

[42]. During maleic anhydride production, the catalyst is continuously exposed to

Fig. 1.2 Polyhedral representation of the crystal structure of (VO)2P2O7 viewed (a) along the

[100] direction and (b) along the [010] direction. The VO5 square pyramids are drawn in dark grey,

the PO4 tetrahedra in light grey. Large circles represent V atoms and medium circles represent P

atoms. Small circles in (a) denote O atoms, which are not shown in (b). [46] (Geupel, S., Pilz, K.,

Smaalen, S. van, Büllesfeld, F., Prokofiev, A., Assmus, W. (2002) Acta Cryst. C58, 9-13.

Reproduced with permission of the International Union of Crystallography)
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oxygen/air, C4/hydrocarbons, heat, and water. Such an environment, when linked to

the inherent trans orientations of the paired distorted VO6 octahedra, suggests a

redox-type coupling for the paired crystals. A closer inspection of Fig. 1.3 reveals five

different oxygen sites. These sites are V¼O, V–O, V(1)–O–P, V(2)–O–P, and P–O–P.

Vanadium oxygen vacant sites (denoted by an □ in Fig. 1.3) are considered to be

Lewis acid (electron pair acceptor) sites. Such sites can be reoccupied by oxygen,

water (denoted by an●which isOH2 free or coordinated toV), or –OH resulting in the

formation of Bronsted acid (proton donor) sites. Additionally, it is also possible for

oxygen from PO4 moieties to be abstracted from the surface (also denoted by an□ in

Fig. 1.3), which can further alter the crystalline framework. As such, there is a slight

excess in PO4 (~P/V¼ 1.2). Interestingly, note that when the P/V ratio decreases to ~1,

the reactivity ratewas found to diminish significantly. This effect can be considered an

indication of PO4’s contribution to the overall catalyst activity enhancement [42].

With this model surface in hand, a visualized interface between VPO crystalline

phases and C4 intermediates has been suggested. Bordes envisioned that C4 acti-

vation was achieved by available oxygen sites at the exposed surfaces of vanadium

and phosphorus. Envisioned arrangements of hydrocarbon orientations are included

in Scheme 1.5.

Scheme 1.5 (1) suggests C4 activation at the V4+ site resulting in hydrogen

abstraction from methylene and methyl groups which protonates oxygen on V¼O

and P–O, respectively. The protonations yield V–OH and P–OH moieties at the

catalyst surface and absorbed “ene” hydrocarbons. Ultimately, desorption of water

molecules, resulting from this process, results in new vacancies. These vacancies can

be replenished by two pathways: lower catalyst layers, via gliding processes, and

gaseous oxygen, forming γ-VOPO4 micro-domains. Scheme 1.5 (2) suggests another

possibility that V4+ can abstract both hydrogens resulting in adsorbed butadiene

molecule, depicted in either cis or trans conformations [42]. Scheme 1.5 (3) suggests

that adsorbed butadienes on γ-VOPO4 can cyclize via incorporation of oxygen from a

P–O moiety yielding 2,5-dihydrofuran (DHF) or furan. Finally, Scheme 1.5 (4) pre-

sents the concept of dehydrogenation of furan by acid phosphate groupswhich can then

receive oxygen which is on top of V5+ leading to the formation of maleic anhydride

(VO)2 P2 O7 -VO PO4

+4 +4 +5
V+5

Fig. 1.3 Model (100) plane crystal surface of VPO and γ-VOPO4 [42] (Reprinted from Catalysis

Today, 1, Bordes, E., “Crystallochemistry of V–P–O Phases and Application to Catalysis,”

499–526, Copyright 1987 with permission from Elsevier)
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[42]. These mechanistic concepts were more recently explored by other techniques to

develop a more comprehensive picture to the nature of VPO catalytic behavior.
In 1989, Busca and Centi employed steady-state and transient reactivity measure-

ments, Fourier transform infrared (FTIR) studies, and stopped-flow desorption (SFD)

measurements to study the surface dynamics of absorbed species on the VPO catalyst

surface during C4 oxidation. Some of their key experimental observations include:

(1) Steady-state oxidation studies reveal decreasing selectivity as maleic anhydride

conversion rates increase to greater than ~80% in combination with enhanced forma-

tion of carbon oxides. (2) C4 oxidation behavior follows a Langmuir–Hinshelwood

dependence on oxygen concentration. (3) Comparing non-steady state pulsed reactor

(anaerobic conditions) flow to steady-state flow reactor (aerobic conditions) presented

similar results suggesting that under these conditions, the C4 oxidation is not affected

by the rate of catalyst surface reoxidation by gaseous oxygen. (4) C4 oxidation is

increased significantly if the catalyst is initially treated at higher temperatures under

inert helium gas flow conditions. (5) FTIR hydrocarbon absorption experiments

produced results enabling the formation of a hydrocarbon reactivity scale where

butadiene (most reactive)> butene>C4 (least reactive). (6) Behavior of C4 hydro-

carbons under aerobic or in vacuo comparative conditions suggests that maleic

anhydride can form on the oxidized VPO surface in the absence of gas-phase oxygen.

(7) Furan was found to strongly absorb to the VPO surface at room temperature while

at higher temperatures exhibits absorbed species similar to DHF and C4 reactive

absorption conditions. (8) Stopped-flow desorption methods revealed much stronger

interactions for butadiene compared to other C4 hydrocarbons. (9) Stopped-flow

desorption measurements suggest furan disproportion hydrogen transfer reactions

from furan to form crotonaldehyde and butadiene [47]. Using these numerous exper-

imental observations, Busca and Centi proposed a reaction mechanism for C4 conver-

sion to maleic anhydride that is presented in Scheme 1.6.

Scheme 1.5 Possible molecular orientations during maleic anhydride production [42] (Reprinted

from Catalysis Today, 1, Bordes, E., “Crystallochemistry of V–P–O Phases and Application to

Catalysis,” 499–526, Copyright 1987 with permission from Elsevier)
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As presented in Scheme 1.6, there are two main pathways for maleic anhydride

formation, both of which occur predominately via transformation of absorbed species

on the catalyst surface. Route A is believed to be the faster reaction due to higher

reactivity found in the presence of gaseous oxygen. Thus, C4 proceeds to butadiene

which is then converted to dihydrofuran (DHF) via oxygen insertion fromVv¼O.This

oxidation is believed to occur via 1,4-electrophilic addition. Once the DHF interme-

diate is formed, the presence of labile oxygen species [O*] can promote its transfor-

mation to γ-crotonolactone (III). Butadiene can also transform directly to

γ-crotonolactone by coupling the insertion of oxygen from both Vv¼O and labile

oxygen species [O*]. Upon γ-crotonolactone formation, additional oxidation yields

maleic anhydride. From γ-crotonolactone it is also possible to formphthalic anhydride,

which can result from an enhanced lifetime of this intermediate on the catalyst surface

in the presence of butadiene. Route B similarly proceeds through the formation of the

DHF intermediate. DHF can then be dehydrogenated to yield a furan (I) intermediate.

Furan can yieldmaleic anhydridewhen further oxidized by labile oxygen species [O*];

however, due to strong Lewis acid site interactions at the VPO surface, furan can also

serve as a hydrogen transfer agent promoting hydrocarbon surface species (II) that are

potentially capable of forming both crotonaldehyde and carbon oxides [47].

A 1991 study of VPO’s electronic structure and properties by Schiott, Jorgensen,
and Hoffmann developed a mechanism for the formation of maleic anhydride that

focused on the more selective DHF to lactone route to maleic anhydride. Tech-

niques such as density of states (DOS) and crystal orbital overlap populations

(COOP) were employed to suggest models of the VPO surface and interaction

schemes between various VPO sites and C4 molecules. Also incorporated in the

study were +4 and +5 oxidation states for VPO, for structures comprising V2O8
8�,

analogs that incorporate P(OH)3 moieties, and molecular orientations between

organic/inorganic interfaces. Importantly, they point out that in this reaction, bulk

oxygen is not significant; but it is more essential for molecular oxygen to become

Scheme 1.6 Proposed reaction mechanism of C4 conversion to maleic anhydride with VPO [47]

(Reprinted with permission from Busca, G.; Centi, G., J. Am. Chem. Soc. 1989, 111, 46–54.
Copyright 1989 American Chemical Society)
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activated from the surface of VPO, an effect that is still not clear. They found only

minor variations for comparative electronic surface properties, with and without

phosphorus, leading them to conclude that the V2O8
8� structure was a suitable

structural model for the catalytic transformation of DHF [48].

The important intermediate is the formation of DHF, which they suggest is derived

from molecular oxygen inserting from the vanadyl group, in a concerted [2+ 4]

cycloaddition-type process, to the 1,4-positions of butadiene. How molecular oxygen

becomes available for C4 coordination is a feature of the mechanism to explore in

more detail. The molecular oxygen molecule is capable of coordinating with VPO in

two forms, known as superoxo and peroxo. Remembering the trans configuration of

neighboring VO6 distorted octahedra, molecular oxygen coordinates to vanadium

trans to the V¼O. The two proposed coordinated structures are presented in Fig. 1.4.

Using extended Huckle approaches, it was not possible to distinguish energy-

level differences between these structures. However, upon further consideration,

where orbitals were rotated, the peroxo form was perceived to be more favorable

[48]. As we will learn later, both structures, when abstracting hydrogen from DHF,

lead to O–O–H surface species.

DHF is thought to be formed by insertion of molecular oxygen from the vanadyl

group (V¼O) to butadiene. With this in mind, once in the appropriate configura-

tion of surface species is achieved, electron donation from DHF to the peroxo σ*
orbitals becomes possible. A sequence of various proposed intermediate structures

are described in more detail in Fig. 1.5 [50].

From the Fig. 1.5a intermediate, formation of a new O–O–H bond via hydrogen

transfer is possible (see Fig. 1.5b). A similar process is also envisioned to be

suitable for the superoxo intermediate, yielding an identical structure. From the

Fig. 1.5b intermediate, interaction between the newly formed O–O–H and C1 is

favorable, enabling the formation of the 2-hydroxy derivative of DHF (see

Fig. 1.5c). Rotation leads to Fig. 1.5d, enabling enhanced interaction with the

oxygen atom on the adjoining vanadium atom. Another hydrogen abstraction

from this 2-hydroxy derivative results in the formation of a new vanadium-hydroxyl

functionality pictured in Fig. 1.5e. Concurrently, the oxygen atom on the C1 is

beginning to transition to C¼O bond formation. Finally, hydrogen is transferred to

the V–OH resulting in the formation of a V–H2O species and a coordinated

γ-crotonolactone species on the VPO surface, depicted in Fig. 1.5f [48]. Once

γ-crotonolactone has been formed, there are two required steps envisioned to

Fig. 1.4 Proposed coordinated structures of molecular oxygen to VPO superoxo (Left) and peroxo
(Right) [49] (open red circle is oxygen)

20 D.K. Hood and O.M. Musa



complete the formation of maleic anhydride. First, the water molecule (depicted in

Fig. 1.5f) is exchanged for molecular oxygen. Second, the coordinated

γ-crotonolactone rotates 180� enabling another CH2 moiety to be in close proximity

to the activated di-oxygen species derived from reabsorption of molecular oxygen.

Thus, with these two steps completed, the maleic anhydride formation process then

proceeds in a similar manner to the steps previously highlighted in Fig. 1.5,

ultimately resulting in the formation of a second carbonyl moiety, at the

4-position (see Fig. 1.5f), and maleic anhydride [48].

In 2013, M. Cheng and W. A. Goddard employed density functional theory

(DFT) techniques to study the mechanism of C4 oxidation by VPO. They propose a

more essential role for phosphorus, pointedly remarking that unlike previous

studies where phosphorus moieties are presumed to be “innocent linked ligand

(s)” in the catalytic process, the phosphorus–oxo bonds [P¼O] are actually highly

reactive and activate C4 by decoupling hydrogen from the methylene groups. The

Fig. 1.5 Sequence of proposed intermediate structures in transformation of DHF in the presence of

molecular oxygen and the vanadyl pyrophosphate surface [48] (Figs. 5B, 5C, 5D, and 5E adapted with

permission from Schiott, B.; Jorgensen, K.A.; Hoffman, R., J. Phys. Chem. 1991, 95, 2297–2307.
Copyright 1989AmericanChemical Society) ( filled blue circle is vanadium; open red circle is oxygen)

1 Progress in Maleic Anhydride Production 21



first step in their proposed process is the molecular oxygen’s oxidation of the VPO

surface. A schematic of this reaction is presented in Scheme 1.7 [50].

In Scheme 1.7, the VPO surface is depicted in a manner that eliminates the oxygen

atoms coordinated to the vanadium atom in order to make the process more clear. In

this reaction scheme, oxygen adds to phosphorus, converting the pyrophosphate (P–

O–P) moiety into two orthophosphate. In concert, V4+ is oxidized to a new V5+ state.

Once VPO has been oxidized, the newly formed P¼O moiety is thought to be

capable of abstracting a hydrogen atom from the C4 methylene as depicted in

Scheme 1.8a.

This hydrogen abstraction, which results in the formation of a P–OH moiety in

the catalyst surface, overcomes a potential energy barrier of 0.0 kcal/mol and a

reaction barrier of 13.6 kcal/mol. Such an energy barrier is reported to be consistent

with experimental determinations suggesting this transformation is the origin of the

VPO catalytic cycle. The next step in the proposed mechanism is trapping the

resulting methylene radical by a V–O surface moiety. A subsequent hydrogen atom

abstraction by a neighboring P¼O surface group yields a second P–OH and a

reduction of V–O to a V¼O moiety (see Scheme 1.8a). This step concludes with

the formation of the intermediate butene. Similar processes are repeated to enable

the formation of the intermediates butadiene (Scheme 1.8b), DHF (Scheme 1.8c),

and γ-crotonolactone (Scheme 1.8d). The conversion of γ-crotonolactone to maleic

anhydride is the final step in the transformation of C4, as presented in

Scheme 1.8e. For each step in this proposed mechanism, M. Cheng and W. A.

Goddard envisioned that the intermediate species desorbs from the catalyst surface

to then re-adsorb to a fresh catalyst surface for the next step in their specific

transformation [50].

From the myriad of fundamental research, we learn that the structural, perhaps

even architectural, catalyst features and surface properties are essential to the

inherent oxidation capabilities. We will find later that, even now, researchers are

continuing to adjust formulations and compositions in addition to catalyst prepara-

tion processes to develop even deeper understanding of these structure/function

relationships to further improve maleic anhydride manufacturing processes.

Beyond purely compositional considerations, maintaining the compositional

Scheme 1.7 Schematic of VPO surface oxidation [50] (Reprinted with permission from Cheng,

M.; Goddard, W.A., J. Am. Chem. Soc. 2013, 135, 4600–4603. Copyright 2013 American

Chemical Society)

22 D.K. Hood and O.M. Musa



balance (~P/V¼ 1.2) of the catalyst has been suggested as critical to the long-term

performance behavior. As a result, strategies to maintain this compositional balance

during production have emerged. Thus, while we continue to learn more about the

basic nature of these materials, our ability to improve manufacturing processes

based on current understandings has been fruitful, and this background should

improve our appreciation for the technical approaches yet to be discussed.

Scheme 1.8 Proposed initial mechanistic steps of C4 activation by VOPO4 [50] (Reprinted with

permission from Cheng, M.; Goddard, W.A., J. Am. Chem. Soc. 2013, 135, 4600–4603. Copyright
2013 American Chemical Society)
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1.3.3 Catalyst Improvement and Implementation Strategies
in Manufacturing

Common improvement strategies in the industrial application of maleic anhydride

catalyst technology include insertion of enhancement agents, co-metal inclusions,

multiple catalytic zones, halide removal, pretreatment and purity, dimensional

stability, morphology and porosity, and shape and regeneration. Note that in the

case of insertion agents, where the discourse may not be obviously linked to the

catalyst material per se, this topic is incorporated into this section due to the

inherent exposure of such chemistries to the catalysts featured in the process.

1.3.3.1 Insertion of Enhancement Agents

Autoignition Suppression Agents

Gas compositions for C4 oxidation processes must be carefully monitored to

minimize the possibility of autoignition. Manufacturing conditions may require

operation within, or at least near, potentially hazardous conditions, wherein the feed

compositions may result in exposure to ignition sources, combustion, and possibly

explosive combustion. The consequences of autoignition include loss of product

yield, productivity, and personnel safety. Without an ignition source, the flammable

process mixtures are still subject to autoignition if exposed to conditions suitable

for oxidation chain reactions, such as prolonged exposure to elevated temperatures

and pressures [51]. In addition to developing a method for estimating the

autoignition temperature of the gaseous flammable mixture, incorporating the

influencing factors such as pressure, concentration, volume, and other conditions,

a method to suppress the autoignition temperature was developed by utilizing a

pyrophoric suppression agent. In deploying the suppression agent, the process

stream contains an autoignition suppression agent in contact with the gases and

catalyst. The autoignition suppression agent is comprised of acidic sites or trivalent

phosphorus which results in associated deposits along the plant walls of the process

stream. These agents maintain contact with oxygen and iron at the wall interface at

temperatures suitable for decomposition enabling the formation of polyphosphate

acidic polymers or trivalent phosphorus as an inhibitor to autoignition [51].

Additions of Process Gases

In addition to air and C4, it is also possible to inject other gases to further modify the

process behavior. For example, additional mixing of a substantially pure carbon

monoxide into the reactor gaseous feed streams, which comprise C4 and an oxygen-

containing gas, in a fixed-bed reactor has been found to improve the process yield

and selectivity. The continuous addition of at least one trialkyl phosphite or trialkyl
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phosphate component to this new gas combination, in amounts ranging from 0.5 to

4 ppm based on the weight of elemental phosphorus to the total amount of the

gaseous feed, is also considered. This reactant combination results in a conversion

rate of C4 to maleic anhydride of about 75% or more [52].

To improve the C4 conversion rates and maleic anhydride yields, another

approach has been to operate the oxidation process in the presence of an inert

gas, i.e., nitrogen, helium or neon, and molecular oxygen (in the form of air).

Critically, the thermal conductivity of the inert gas mixtures is designed to be not

less than 800 (10�4Wm�1K�1) at ~427 �C (700 K). The inert gas is recovered by

separating for reuse as reactor feed. The total concentration of gases in the reactor

feed ranges from 75 to 90% by volume (inert gas mixtures), 1 to 5% (C4), and 5 to

25% (molecular oxygen as air). Using helium in this approach, a process conver-

sion of 83.2 (mol. %), selectivity of 73.9 (mol. %), and yield of 61.5 (mol. %) were

achieved. Helium was recovered at 95.0 (mol. %). In contrast, in the absence of

helium, the process conversion of 81.5 (mol. %), selectivity of 62.0 (mol. %), and

yield of 50.5 (mol. %) were achieved, indicating significant process improvement

for the inert gas strategy [53].

Addition of Phosphates

The reaction temperature profile within the oxidative reaction zone in a fixed-bed

reactor can be controlled by aqueous phosphorus compound additions, even if the

process was operating in a known flammability zone. Consequently, the ability to

control hot spots translated to an enhancement of the catalyst life and production

rates. To achieve these benefits, a phosphorus compound, such as triethyl phosphate

(TEP), in water, is continuously added to the feed stream. The weight ratio of water

to phosphorus ranges from 6500:1 to 35,000:1. The temperature throughout the

entire effective reaction zone is maintained to be no greater than 30–50 �F above the

salt bath temperature. Under these conditions, a uniform isothermal method of

operation enabled high product yields using catalysts for extended periods of

time. Using this approach, process conversions of 85� (%), selectivity of 65�
(mol. %), and yield of 95� (wt. %) are achievable [54].

A similar improved process for continuously distributing phosphorus agents

[i.e., trimethyl phosphate (TMP)] in fixed-bed reactors, at levels of 7–14 ppmw,

that incorporates a strategy for enhancing the interfacial contact between the liquid

TMP and the gaseous C4 (ranging from 85 to 95 �C) by reducing the average size of
the liquid droplets, enhancing the phosphorus agent’s vaporization behavior, was

developed. To reduce the droplet size, the liquid TMP (optionally with water) is

first warmed, typically by wrapping the TMP feed line around the warm C4 pipe.

Then, during continuous insertion, the TMP is passed through an in-line filter

medium which promotes its vaporization and distribution into the gaseous feed

stream. The residence time for this mixture is typically 8–15 s prior to contact with

the air feed. The increasing mixing time further improves the uniformity of the feed

stream prior to contact with the reactor catalyst. In the case of multiple reactors,
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similar strategies can be practiced prior to each reactor to permit individual

phosphate level adjustments and good mixing. Reduction in reactor surface wear,

maintenance, and improvements to reactor longevity are benefits of this

approach [55].

Addition of Peroxides

Other oxidative compounds, i.e., hydrogen peroxide, have been found to be bene-

ficial. In one example, where H2O2 was added directly to the C4/air feedstock, an

equivalent yield was observed coupled to a lower salt bath temperature (~20–30 �F
lower). The preferred amount of H2O2 ranged from 5 to 1000 ppmw. A lower salt

bath temperature can prolong the catalyst lifetime, resulting in longer production

runs between maintenance of the catalyst bed. While not limited to H2O2, H2O2 has

provided additional benefits such as additional water during decomposition and

oxygen supply for the oxidation reaction [56].

1.3.3.2 Catalytic Co-metal Inclusions

Another very popular strategy has been to develop new inorganic catalyst compo-

sitions. Catalyst compositions comprising composite metal oxides of molybdenum,

vanadium, tellurium, and certain other types of metals have been found to be

effective in the maleic anhydride oxidation process. Other elements include Nb,

Ta, W, Ti, Al, Zr, Cr, Mn, Fe, Ru, Co, Rh, Ni, Pd, Pt, Sb, Bi, B, In, P, and Ce. In a

specific example, 90 wt% of Mo1V0.3Te0.23Nb0.12On and 10 wt% of SiO2 were

found to exhibit conversion of 96.6%, selectivity of 37.0%, and a yield of 35.7%

when operating the oxidation reactor, where the molar ratio of C4–air¼ 1:24, at

1000 SV (hr�1) at 422 �C [57].

In a recent VPO catalyst modification from BASF, compositions comprising

vanadium, phosphorus, iron, and oxygen were developed. The iron, typically iron

phosphate, is present at an atomic ratio of 0.005:<0.05 (iron–vanadium). Proper-

ties of the typical catalysts include BET surface area from >15 to 40 m2/g, pore

volume from 0.15 to 0.4 mL/g, and bulk density from 0.5 to 1.0 kg/L [58]. In

another catalyst approach employing iron, a polynary vanadyl pyrophosphate

composition, such as (VO)Fe2(P2O7)2, was designed. The powder product exhibits

a BET surface area, ranging from 1 to 4 m2/g, depending on the catalyst prepar-

ative procedure [59].

1.3.3.3 Multiple Catalytic Zones

The performance of the oxidation reactor can be modified by deploying at least two

different catalysts, where the catalyst activities are designed to be packed into the

tubes in a gradient manner to enable improved reactor performance and control
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[60]. By deploying a catalytic gradient, the operator is capable of running the

reactor at an initial (feed gas) hydrocarbon concentration of> 1.5% by volume,

to maintain a temperature difference between the gas and cooling fluid> 15 �C in

the reactor tube area where the gas temperature exceeds the fluid temperature, and a

maleic anhydride productivity of at least about 5.0 lbs. per hour. Critically, during

the reaction, the temperature difference between the gas and cooling fluids does not

exceed 80 �C. The catalyst activity and the gas permeability of the bed vary in the

general direction of the gas stream. In this manner, the catalyst activity and the

pressure drop are lower in the critical region, or hot spot. An example of a catalyst

loading schedule is presented in Table 1.5.

Assembly of the catalyst bed in this fashion results in significant improvement in

reactor performance and reduced catalyst degradation [60].

Other researchers found success in designing two successive catalytic reaction

zones. In the first reaction zone, catalysts suitable for producing 1,3-butadiene from

C4 via oxydehydrogenation were employed. Examples of suitable catalysts include

Mo12BiNi8Pb0.5Cr3K0.2Ox andMo12BibNi7Al3Cr0.5K0.5Ox [61]. In the second reac-

tion zone, catalysts suitable for the oxidation of 1,3-butadiene to maleic anhydride

were deployed. Suitable catalysts include SbMo3V0.1Fe0.2W0.06Ox [62]. In demon-

strating this process, the process was configured so that the first reaction zone was

330 �C and the second zone was 400 �C. The maleic anhydride yield was deter-

mined to be 62%. Conversely, operating the process under isothermal conditions of

either 330 �C or 400 �C resulted in maleic anhydride yields of 32% or 54%,

respectively [63].

1.3.3.4 Halide Removal

The concept of halide removal from the catalyst composition has received attention.

To achieve this goal involves utilizing glycol ether solvents and phosphoric acid in

a slurry of vanadium and other metals and metal oxides with no chlorides present.

Water can be introduced during the catalyst preparation and/or presented during the

oxidation process. In a specific example where water was part of the preparative

process, comparing a chloride-containing catalyst to a chloride-free catalyst, both

based upon VPO–Mo compositions, results for a pilot reactor run are presented in

Table 1.6 [64].

Results presented in Table 1.6 demonstrate that the chloride-free catalyst

improves the overall performance of the oxidative reactor, as indicated by greater

conversion, selectivity, and yields, coupled to operating the process at lower reactor

Table 1.5 Mixed catalyst loading schedule in a fixed-bed reactor [60]

Bed function % of tube length in reactor Catalyst activity

Preheat 19�23 0.9�1.0

Critical 23�29 0.7�0.9

Downstream 48�56 1.0
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temperatures. All of these features combined to improve the overall efficiency and

economics of the process.

1.3.3.5 Pretreatment and Purity

Not surprisingly, pretreatment of VPO catalysts was shown to boost the activity of

various catalyst compositions. Chemical pretreatment can be accomplished by

contacting the catalyst precursor to dry inert gas to remove any residual oxygen,

then introducing acetic anhydride vapors, at a temperature of 150 �C, at 2–5% by

volume, for about 8 h of exposure. Residual acetic anhydride vapors were removed

by sweeping the system with nitrogen gas. The powder from this product was

formulated with 4% graphite and pressed into tablets in preparation for calcination.

The calcination process is critical to the overall performance of this strategy. The

atmosphere during this process is typically a mixture of steam, inert gas, and

oxygen. In general, slower heating rates result in better catalyst performance. In

the example provided, the optimal heating rates are <1 �C per minute to a

temperature 420 �C coupled to isothermal temperature dwell time, suitable for

achieving a vanadium oxidation state no greater than +4.5, after 8 h [65].

In modifying the previous catalyst preparation strategy, a step was added for the

removal of water formed during the catalyst preparation to achieve< 0.5% residual

water content by volume. The water is removed via an entrainer, such as cyclohex-

ane, toluene, or xylenes. Crude amounts of water were removed by a water

separator followed by additional water removal during reflux. Heating schedules

for calcination are in four distinct steps: step 1, purge the furnace with nitrogen at

20–100 �C to reduce oxygen to <5% by volume; step 2, hold temperature ranging

from 150 to 250 �C, heating rate from 5 �C to 20 �C/min, for an isothermal hold up

to 3 h; step 3, hold temperature ranging from 200 to 300 �C, heating rate from 1 �C
to 10 �C/min, for an isothermal hold up to 3 h; step 4, hold temperature ranging

from 380 to 460 �C, heating rate from 0.1 �C to 3 �C/min, for an isothermal hold

from 2 to 8 h. Mixtures of air, nitrogen, and water vapor (0.1–0.5:0.1–0.5:0.0–0.8

volume ratios) are fed in the furnace during these temperature steps. The treated

catalysts are cooled to< 100 �C under nitrogen prior to removal from the furnace

for storage in a tightly closed container. The performance of the catalyst was judged

Table 1.6 Performance of chloride-free catalyst in a pilot reactor [64]

Hours on

stream

Reactor

temperature (�C)
Chloride-containing

catalyst (VPO–Mo)

Reactor

temperature (�C)
Chloride-free

catalyst (VPO–Mo)

1000 406 Conversion

(mol%)¼ 84.6

399 Conversion

(mol%)¼ 87.7

Selectivity

(mol%)¼ 62.7

Selectivity

(mol%)¼ 64.6

Yield

(wt.%)¼ 89.5

Yield

(wt.%)¼ 95.6
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to be superior to the previous catalyst treatment, particularly in terms of yield

improvement [66].

Phosphorus additions to fluidized-bed catalysts have developed for suitable TEP

insertion techniques. Previous methods demonstrated that vapor-phase addition of

TEP led to increased operating temperatures, which limit reactor throughput and

accelerate catalyst degradation [67]. An alternative approach is to add phosphorus

by impregnating the catalyst with TEP prior to adding the catalyst to the reactor.

Impregnated VPO catalyst enables lower TEP use levels and increased yield of

maleic anhydride at lower operating temperatures. The amount of TEP added to the

catalyst is from about 0.9 mg to about 0.454 kg of TEP per 45.4 kg of total catalyst

bed per day [68].

Lonza researchers report negative performance effects to catalyst activity related

to remaining carbonaceous materials trapped inside the catalyst. To control the

carbon content in the VPO catalyst precursor, and catalyst purity, the catalyst is

prepared in an organic medium comprising (a) isobutyl alcohol or a mixture of

isobutyl alcohol and benzyl alcohol and (b) a polyol, such as 1,3-propandiol and

1,4-butanediol. The preparation of the catalyst precursor in such organic mediums

results in carbon content ranges from 0.7 to 4 wt%. The catalyst precursor is

transformed into the active catalyst by an activation process that includes a heat

treatment that includes applying a temperature of up to 600 �C. The performance of

the final catalyst improved for conversion, selectivity and yield [68].

Another process for preparing pure VPO catalyst precursors which exhibit low

residual organic material is based upon the following steps: (1) reacting VPO with

102–110% strength H3PO4 in the presence of isobutanol in a temperature range

from 80 to 160 �C. It includes the option of additional alcohols, such as a primary or

secondary, noncyclic or cyclic, unbranched or branched, saturated alcohol, and

having 3–6 carbon atoms; (2) isolating precipitated product; (3) (a) drying the

precipitate to <5 wt% residual isobutanol or other alcohols; (b) passing gases, at

temperatures ranging from 130 to 200 �C, such as nitrogen comprised of 0.1–9% by

volume of oxygen through the dried precipitate, directly or after isolation. The

powder product exhibits BET surface areas, ranging from 20 to 40 m2/g, pore

volumes ranging from 0.2 to 0.4 mL/g, and bulk density ranging from 0.5 to 1.0 kg/

L, depending on the catalyst preparative procedure [69].

1.3.3.6 Dimensional Stability

Dimensional stability of the catalyst is critical to the ability to implement a

commercially viable catalytic material. The material must be strong enough to

withstand handling, abrasion, and other physical forces. One critical physical

attribute is catalyst expansion. Amoco studied the manufacture of VPO catalysts

and developed techniques to alter their fabrication in order to minimize the ten-

dencies of the catalyst toward expansion. In this approach, the VPO was prepared

with a co-metal, such as molybdenum trioxide (MoO3). Critically, in the prepara-

tive process, water is added, ranging from 2.5 to 3.5 moles H2O per mole of P. This
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water reacts to form phosphoric acid and esters. If the water is outside this range,

the catalyst tablet will exhibit undesirable expansion properties. Additionally, to

achieve the final catalyst form, additives such as inert supports (i.e., alumina,

titania, silicon carbide, kieselguhr, pumice, or silica) and binders (i.e., starch and

polyvinyl alcohol) can be employed to improve physical properties and shape

forming processes. In developing this approach, a tablet expansion test was

designed, where tablets were dimensionally analyzed prior to being placed in a

900 �F oven equipped with a humid air stream for 2 h. The tablets are allowed to

cool in a desiccator and are dimensionally reevaluated. Results of these tests are

presented in Fig. 1.6.

The results from these tests indicate that optimal range for the water/P mole ratio

is 2.5–3.5, where the tablet either does not expand or slightly contracts. Thus, by

controlling the water in the catalyst preparation, catalyst expansion can be mini-

mized enabling longer production runs and catalyst cycle life [70].

Other strategies toward improving catalyst expansion properties include the

production of coated catalysts. Coated catalysts are achieved by applying a catalytic

composition in a coatable form to a shaped structural support body. The structural

support is comprised of materials such as aluminum oxide, aluminates, silicon

carbide, silicon oxide, silicates, steatite, duranite, porcelain, or stoneware

[71]. An important feature to this approach is to first calcine the catalyst prior to

applying the coating composition, enabling the binder to be present upon introduc-

tion of the coated catalyst to the oxidation reactor. This approach will enhance the

adhesion of the oxidation catalyst to the support body. For the coating composition,
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additives include binder, inert fillers, and promoters. Binders, such as polyvinyl

acetate, are effective at 10–20% (wt% based on solids) use levels. Inert fillers, such

as SiO2, TiO2, SiC, and graphite, can be added at 0.5–25% (by wt% based on the

calcined precursor). These inert fillers can aid in activity control of the catalyst.

Promoters, such as (NH4)2MoO4, Li2CO3, and Co(NO3)2·6H2O which are water-

soluble compounds, can also be added to the coating slurry. The coating slurry is

typically applied using a spray coater or coating drum, where support bodies in the

shape of spheres, rings, or saddles are coated in the temperature range of

50–100 �C. Using this strategy, the coating mechanical stability was significantly

increased even after removal of the binder during maleic anhydride production.

Thus, sufficient adhesion of the active catalyst composition to the inert support

material existed during the entire maleic anhydride production. Another advantage

of this approach is reduced catalyst dusting enabling easier change-over processes

in the plant [71].

1.3.3.7 Morphology and Porosity

As discussed earlier, VPO is considered to be the active phase. The catalyst

microstructure, or morphology, has been found to exhibit significant influence on

its selectivity and reactivity. Empirically, selectivity is found on platelike particles

versus particles comprising more roselike shapes. By implication, the crystallo-

graphic (100) plane is likely the active surface of the catalyst on these platelike

particles [72]. To accentuate the formation of these platelike catalysts, a synthetic

process was designed. The key features of this product by process are [73]:

1. An aqueous solution of NH2OH·HCl, including H3PO4, is employed to reduce

V2O5 solid, which is indicated by forming a blue solution.

2. The solution is allowed to evaporate to form a pasty mass.

3. The pasty mass is aged to yield a blue solid.

4. The blue solid is washed with boiling water, removing any water-soluble

materials.

5. The remaining solid is dried to form VOHPO4·0.5H2O product.

6. The dry product, VOHPO4·0.5H2O, is ground to a fine powder.

7. The VOHPO4·0.5H2O powder is slurried with a mixture of dimethylformamide

(DMF) and water (H2O).

8. The dispersed VOHPO4·0.5H2O powder is recovered from the slurry and

washed with hot water.

9. The remaining VOHPO4·0.5H2O is dried to a solid, which exhibits an enhanced

(001) plane.

10. The VOHPO4·0.5H2O solid is calcined to yield (VO)2P2O7 with the selectively

exposed (100) plane [73].

Other researchers at Huntsman have sought to affect the catalyst morphology by

controllably altering the catalyst porosity. Their concept is that VPO catalysts

containing a high concentration of pores can enable a more rapid diffusion of
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product and reactant gases within its structure, improving the overall activity of the

catalyst. To form pores, a solvent-removable pore-building agent, such as 1,1,1-tris

(hydroxymethyl)ethane, is incorporated in the activated catalyst, at 10 wt%, and

then removed by submersing the pellets in acetone for 6–24 h. By enhancing the

porosity of the catalyst, the maleic anhydride yield also is improved [74].

Other methods for adjusting the surface area of the catalyst, such as incorporat-

ing inorganic promoters, have been found to be useful in enhancing the catalytic

activity. For catalyst produced in organic mediums via precipitation, a typical BET

surface area ranges from 10 to 20 m2/g after activation and rarely beyond 22–23 m2/

g. The incorporation of a copromoter, such as zirconium, enables the catalyst to

develop surface areas greater than 28 m2/g. For example, when Zr

(C4H9O)4·C4H9OH (zirconium butoxide) is incorporated into the catalyst, where

the Zr/V ratio ranges from 0.005 to 0.0375 and is evaluated comparatively, the

conversions improve ~15%, and yields increase by ~5%. Such enhancements are

significant in commercial environments [75].

Molybdenum-modified VPO catalyst shaped bodied structures can also yield

improved surface area, activity, selectivity, and productivity. The catalyst shaped

body has a volume> 0.02 mL and a BET surface area> 15 m2/g. The molar ratio of

molybdenum to vanadium ranges from 0.0020 to 0.0060 (Mo/V). Catalyst compo-

sitions tend to slightly lower the maleic anhydride yield %, ranging from 0 to ~2%,

but also significantly lower acrylic acid production, ranging from 35 to 65%

reductions in gas stream [76].

Adjusted micropore structures, where the pore diameter ranges from 0.01 to

0.6 μm, can enable improved performance of the catalyst structure and morphology

by reducing the catalyst’s internal resistance to diffusion. The total pore volume of

the catalyst structure is comprised of >55% micropores which exhibit a volume

of> 0.2 mL/g. In one example, propylene glycol was added to enhance the forma-

tion of micropores. As a result the BET surface area (m2/g) increased from 18.09 to

>30.0 with the pore volume increase> 20%. The increase in the micropore volume

was found to be> 30%. It was found that these improved catalyst structures

enabled a 2.1% yield improvement over the original catalyst structures [77].

1.3.3.8 Shape Considerations in Production

The kinetic rate of catalysis is limited by the ability of the reactant gases to

internally diffuse into the pore structure of the catalyst body. By increasing the

porosity of the catalyst body, the catalytic activity can be enhanced. As a result,

pore formers, i.e., organic compounds, which burn out during later heating and

sintering, are added. However, this strategy is subject to limitation because exces-

sively porous shaped catalyst bodies will lack sufficient mechanical strength to

exhibit commercial utility.

The control of the macroscopic catalyst body shape in a way that optimizes its

performance in the reactor is another approach. For fixed-bed reactors, there are at

least four factors that control the process behavior of the catalyst bed: particle

32 D.K. Hood and O.M. Musa



properties (i.e., shape, size, mass, etc.), container properties (i.e., shape, size,

surface properties), charging techniques (i.e., intensity, speed, methods), and

post-charging (i.e., vibration, etc.) processes [78]. In general, it is known that

catalyst activity increases as the catalyst particle size decreases and exposed surface

area increases. The pressure drop across the fixed catalyst bed tends to increase as

this particle size decreases, as the bed becomes more and more closely packed. As

the pressure drops, the amount of reactant gases that can pass through the bed

becomes more limited. The process gas flow can be improved by increasing the

catalyst size, but the activity of the catalyst can be somewhat compromised as a

result. Consequently, the focus shifts to catalyst shape. Often, the catalyst shape is

designed based upon cylindrical bodies comprising at least two parallel internal

holes which are parallel to the cylinder body axis and go right through the catalyst

structure. An example of this shaped body concept is presented in Fig. 1.7a [81].

Additional examples of common shapes include spheres, cubes, hollow cubes,

solid cylinders, hollow cylinders, single rings, cross-webs, grooved cylinders, pall

rings, Intalox saddles, and Berl saddles [78]. Recently, a shaped body structure

comprised of a solid cylinder with three void spaces running along the cylinder

height to yield three lobes was designed by Huntsman. An example of this shaped

body concept is presented in Fig. 1.7b [82]. Shape and size are optimized to achieve

enhanced surface area properties. Ultimately, a proper optimization of surface area

can contribute to minimization of required reactor volume, leading to reduced

capital expenditures.

Beyond purely shape and size, general mechanical properties are known to be

important to proper shape body selection. In shape body manufacturing, the side

crush strength is a critical factor to quality, since it is directly related to the product

durability during handling, shipment, and catalyst loading [82]. Greater crush

strengths are generally preferred. Another challenge for shape catalyst bodies is

their tendency to exhibit high attrition behavior. The term attrition describes the

amount of catalyst lost to disintegration after some amount of process wear and tear

and, as an aside, is an especially crucial property in fluid-bed reactors. Attrition

Fig. 1.7 Recent examples of shaped bodies suitable for VPO catalysts [79, 80]
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measurements are important because shaped bodies that exhibit high attrition

percentages generally yield increased, undesirable pressure drops in the commer-

cial reactor tubes.

Methods employed to load catalysts into reactor tubes are also critical to process

performance. Especially in maleic anhydride production, where thousands of reac-

tors tubes are often utilized, charging the shaped catalyst body must be consistent,

tube to tube, in order to maintain uniform pressure drops. One common technique

for charging a reactor is to fill a properly shaped sock with the catalyst, then

completely slip the sock into the tube. Once fully inserted, the sock is released

from the bottom enabling the catalyst to be placed in the tube in a controlled

manner, minimizing catalyst body motions in the tube. Another common technique

is to “pour” the catalyst into the tube. In one study, fast filling, slow filling, and

“snow storm” filling were comparatively evaluated for effectiveness in bed packing

weight and bed voidage via a “pour” filling process. “Snow storm” filling (SSF) is a

process which involves passing the packing material over wires that have been

either staggered or meshed to enable the falling particle to be interrupted prior to

reaching the bed face. This process causes the particles to radially disperse enabling

the bed face to be filled uniformly and align particles such that more are able

achieve a minimal contact area. Consequently, the SSF process can consistently

achieve greater packing weights and smaller bed voidages [78]. Once the deposition

of catalyst is achieved, further densification of the bed can be achieved by vibration

techniques in a post-deposition procedure.

Once the shaped catalyst bodies are charged into the reactor housing, the

possibility of expansion must be considered. Minimal dimensional change is

preferred. Catalyst compositions and molding processes must be evaluated for

dimensional change. For example, Amoco researchers designed a process for

preparing and shaping solid catalysts that exhibited minimal expansion character-

istics. Upon synthesis, the catalyst formed is a powdery material by grinding and

passing through a 30-mesh screen. This powder was calcined suitably in air or a

nitrogen–air combination at temperatures ranging from 300 to 370 �C. The resulting
product is then formed into geometric shapes, such as cylinders, by incorporating

additional ingredients such as lubricants (i.e., graphite, Sterotex, stearic acid, zinc

stearate) and binders (i.e., starch and polyvinyl alcohol). The shaped catalyst is then

heated in a nitrogen atmosphere at temperatures ranging from 343 to 704 �C. The
catalyst, in its final geometric shape, must be treated in the inert atmosphere prior to

being exposed to an oxygen-containing gas at an elevated temperature in order to

minimize its expansion characteristics. The specific size and shape of the tablets,

such as right cylinders, are critical since the available void fraction in the reactor is

determined by these parameters. The void fraction must be large enough to avoid

any large pressure drops inside the reactor. To determine if the catalyst exhibits

desirable properties, the catalyst is subjected to a standard expansion test. In a

standard expansion test, the dimensions, length and diameter, of 10 tablets are

determined. Also, the length and diameter of 10 tablets are measured with a caliper.

An average volume is estimated based upon the volume determination of a cylinder.

The tablets are placed in an oven at 482 �C in the presence of a humid air stream
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for 2 h. The tablets are then removed and allowed to cool inside a desiccator. The

tablet dimensions are remeasured and average volumes are reestimated. By com-

paring the average volume of the tablets, before and after thermal treatment, the

effect of the pretreatment process can be assessed. To determine effects of the

pretreatment process on the catalytic activity, the pretreated tablets were tested in a

mini-reactor test, exposing a charge of pretreated tablets to a feed of C4 in synthetic

air (1.1 mol%) at 1200 h�1 VHSV with a continuous addition of 10,000 ppm water.

The data are shown in Table 1.4. The results of the expansion test are presented in

Table 1.7 [83].

Results presented in Table 1.7 indicate that the performance of pretreated

catalyst is equivalent but the expansion characteristics are superior for the catalysts

that were treated in inert atmospheres.

Solid shaped oxidation catalyst was designed by Monsanto to include at least

one void space, which results in a shape exhibiting a volume that is 30–67% of a

comparable shape comprising no voids. In addition, the shaped catalyst, with at

least one void, exhibits an external geometric surface to volume ratio of> 20 cm�1

coupled to a bulk density ranging from 0.4 to 1.4 g/cm3 [84]. Importantly, the

voided shape still must exhibit sufficient mechanical integrity to be applicable in

commercial process. Thus, the side crush strength should range from 13.3 N to

89 N. The effect of shape on the maleic anhydride oxidation process is illustrated in

Table 1.8.

In general, as more void space becomes available, the % conversion improves.

Interestingly, when the external geometric surface to volume ratio is maximized at

27.0, the % conversion and % yield are optimal. Similar trends are followed within

other examples from this research [84].

1.3.3.9 Regeneration

Catalyst materials contribute a significant and necessary expense to the maleic

anhydride process. Enhancing the longevity of catalyst when already loaded in a

reactor is very desirable to plant operators. One approach to improving reduced

catalyst activity is to regenerate, in situ, and stabilize the catalyst. In this approach,

first treatment of the aged catalyst is with a carbon halide compound, such as CCl4.

The treatment enables the old surface of the catalyst to be removed. Typically,

Table 1.7 Expansion test results for pretreated tablets exposed to different atmospheres [83]

Tablet

Pretreatment

(�C)
Volume

change

Hours on

stream

Reactor

temperature (�C)
Conversion

% (mol)

Selectivity

% (mol)

A 427 (air) +2.18 192 422 84 64

B 427 (nitrogen) �2.23 192 422 83 64

C 427 (helium) �5.41 192 421 82 64
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0.01 g to 0.1 g CCl4/g catalyst is added to a nitrogen gas carrier. This composition is

passed through the catalyst bed at 350–500 �C, at 100–1000 VHSV for 10–30 min.

Once the catalyst is reactivated, phosphorus compounds, such as TEP, are added to

the catalyst feed stream to optimize the P/V atomic ratio at the active catalyst sites,

thus regenerating the catalyst. It is also possible to add TEP in the presence of water

ranging from 1000 ppm to 40,000 ppm (by weight % of the reactor feed gas stream).

It was found that this approach was superior to those approaches where the catalyst

was regenerated by either process alone. This efficient technique for catalyst

regeneration leads to significant economic savings, since downtime, labor costs,

and requirements for new catalysts are minimized [85].

As we have now seen, there are many techniques and strategies researchers

employ to optimize the catalyst, the process, and the processing window. Interest-

ingly, the material selections, beyond the inorganic catalyst composition itself, are

relatively narrow in scope. The practical awareness of the key variables is high,

such as phosphate addition, shape, composition, mechanical properties, etc. The

critical challenge remains to develop an even more comprehensive understanding

of the interrelationship of these variables to the actual manufacturing processes, and

the corresponding product yield, to enable further improvements to production

processes.

Table 1.8 Comparison of cylinder shape effects on the performance of VP1.15Ox catalyst [84]

Tablet

Void

space no.

Height

(mm)

Width

(mm)

Side crush

strength

(N)

Geometric

volume

ratio

External

surface/vol.

(cm�1)

Bulk

density

(g/cm3)

A None 3.73 3.18 66.75 100 18.0 0.84

B Center Core

hole

4.76 4.76 35.60 89.0 17.0 0.87

C Grooves, 6 5.36 5.56 48.95 67.0 20.0 0.66

D Grooves, 3 3.97 3.96 35.60 61.0 27.0 0.64

E Grooves, 3 5.56 5.56 35.60 45.0 20.0 0.66

Tablet

On

stream

time,

hr

Reactor

catalyst

charge

(kg)

Reactor

charge

density

(kg/m3 �
102)

Bath

temperature

(�C)

Hot spot

temperature

(�C)

%

conversion

(mol. %)

% yield

(mol %)

Wt/Wt

production

g maleic

anhydride

(kg cat hr)

A 3679 0.336 7.96 410 465 74.0 51.0 77.7

B 1657 0.303 7.18 439 490 79.0 50.0 84.5

C 536 0.241 5.71 424 471 77.3 50.0 106.2

D 1500 0.253 5.99 421 474 80.0 53.0 107.3

E 1042 0.261 6.18 424 488 78.0 51.0 100.0
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1.4 Strategic Design Improvements in Existing Plants

Returning to the manufacturing facility, a number of strategies have been found to

exist in recently improved processing designs for maleic anhydride plants. More

common examples include additional reactor modifications, gas recycling, and

column preparation and improvement to solvent absorption and distillation pro-

cesses. We’ll examine each of these examples in more detail.

1.4.1 Reactor Design Modifications

1.4.1.1 High-Purity Maleic Anhydride Insertion

Insertion of process improvement agents is a popular strategy. In an effort to

improve the recovery of maleic anhydride from the oxidation reactor, researchers

at Amoco found that the addition of maleic anhydride, with critically a minimum

melting point of 52.5 �C and 99.9 wt% + purity, into the reactor effluent stream

and before the stream enters the condenser can increase the recovery of maleic

anhydride from 40–45 wt% to 50–60 wt%. In addition, the fouling rate of the

condenser, due to maleic anhydride deposits on condenser surfaces, is signifi-

cantly reduced, enhancing production rates and reducing plant downtime. The

maleic anhydride is typically injected, by means of a fogging-jet spray nozzle,

into the gas stream at temperatures ranging from 93 to 177 �C resulting in a

maleic anhydride gas-phase addition. The amount of maleic anhydride added to

the reactor effluent stream is at least 1 wt% of the maleic anhydride effluent

stream content [86].

1.4.1.2 Fixed-Bed Modifications

Scientific Design (SD) modified the original HSD process by inserting a second

fixed-bed reactor, in a series configuration, to improve plant yield and process

efficiency. This type of reactor configuration is commonly known as a “Series

Reactor.” The first type of series modification involved the critical insertion of a

cooling step to the C4 process after the process stream exits the first reactor. Thus,

the gas effluent from the first reactor is moderated under pressure- and temperature-

controlled conditions to a range of 50–300 �C and more closely to 200 �C. Then a

new, controlled amount of C4 is added to this process stream prior to the introduc-

tion into the second reactor for further oxidation. Importantly, no additional oxygen

is required at this point, indicating that the oxygen content of the second reactor is

actually lower than the first reactor. The net result is a reduction in the flammability

of the process stream. The new cooling step is essential to preventing “cold flame”

effects. The term “cold flame” is used to describe processes where the C4 reacts
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with oxygen, in the absence of a catalyst, resulting in the production of polyglot

mixtures of oxidation products. Such undesirable reactions reduce the process yield

and cause problems in downstream purification processes. Operating two reactors

in series in this manner is reported to increase the effective conversion rate above

what would be possible for a single reactor. The yield of maleic anhydride can

increase 8–10 wt% and reduce waste gases, power consumption, steam usage, and

capital costs. Based on laboratory work, a parallel reactor approach was also

evaluated by operating two reactors at a 20 psig inlet pressure. This approach was

found to demand significantly more power resulting in an unrealistic economic

operation model. The series process typically yields 85–90% butane conversion

and 94–99% of maleic anhydride weight yield percent [27].

In a second modification to the Series Reactor concept, SD inserted a maleic

anhydride removal step between the reactors [87]. Thus, once the process stream

from the first reactor is cooled, the process stream can be treated for partial

condensation maleic anhydride products and their removal from the process

stream. Another possibility is the first reactor process stream can be scrubbed

with liquid, i.e., water, removing maleic anhydride formed in the first reactor.

The gases from this intermediate scrubber, which comprise C4 and oxygen, are

subsequently passed, along with additional, new C4 to the second reactor for

further oxidative processing [87]. From there, the process continues to treat the

process stream as previously described in the HSD process. This approach is

reported to demonstrate significant improvements to reducing raw material costs

(particularly reduced C4 consumption), power demands, and general operating

expenses [87]. It was also found that oxygen-enriched air results in improved

conversions and yields. In the case of oxygen-enriched air, the overall conversion

was reported to be 90.54%, selectivity 70.88%, and reaction yield 108.30%

(wt%) [87].

In another modified fixed-bed process, which can include Series Reactor

designs, two successive reaction zones are cooled such that the temperature range

of the first reaction zone is 350–450 �C and the temperature range of the second

reaction zone is 350–480 �C. Importantly, the temperature differential between the

hottest reaction zone and the coolest upstream reaction zone is> 2 �C. In addition,

the hot spot for the second, upstream reaction zone is hotter than any previous hot

spots. Numerous results present a process that is capable of achieving high con-

version, high selectivity, and high yield of maleic anhydride. High space-time yield

(150 g/L*h) coupled to high space velocity of hydrocarbon over the catalyst bed

reportedly enabled several thousand operating hours under stable reaction

conditions [62].

1.4.1.3 Reduction in Fluid-Bed Back-Mixing

Back-mixing is a significant challenge for fluid-bed reactors. Back-mixing

describes an effect where, within a given reactor, some of the reaction products

are recirculated throughout the bed, forward and backward. The back-mixing,
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also known as backflow or reverse circulation, results in increased contact time

between the product, catalyst, and process environment. The increased contact

time can enhance degradation effects in the product [34]. In efforts to prevent this

effect in fluidized-bed reactors, a process in which both the gaseous fluid phase

and the fluidized solids move simultaneously through at least two fluid-bed

compartments in a plug flow manner was envisioned [34]. Back-mixing, which

remains a possibility within each compartment, is reduced in the total process

because the fluidized gases and catalyst advance in parallel, plug flow. At the

final stage of the reactor, the solid particles are removed from the fluid phase and

returned to initial reactor compartment [34]. To achieve the proper process flow

conditions, the linear velocity of the fluid phase ranges from 2 to 50 times higher

than the minimum fluidization velocity in each compartment. In addition, the

fluid phase within the free area of the partition(s) exhibits a linear velocity

ranging 0.8–2.0 times greater than inherent entrainment velocity of the solid

particles [34]. The various linear velocities of the system must be carefully

balanced to avoid systematic pressure drops and mechanical attrition of particles

while maintaining plug flow [34].

1.4.1.4 Process Gas Recycling

Gas recycling has been an important development to maleic anhydride production

and offers several ecological advantages leading to more sustainable production

processes. In one approach for fixed-bed reactors, the feed stream is water scrubbed,

under pressures ranging from 121 to 304 kPa, to remove maleic anhydride. The

resulting process stream is then recycled back to the reactor feed stage of the

process, again under at least 121 kPa [88]. Typical processing conditions for this

type of fixed-bed plant design are presented in Table 1.9.

Under the conditions described in Table 1.9, typical conversion rates range from

75 to 90% and conversion selectivity ranging from 55 to 75%. Any remaining

exhaust gases are incinerated, producing water and carbon dioxide. The benefit of

recycling becomes apparent when evaluating the specific parameters presented in

Column B. Under those conditions, operating the plant without recycling was found

to reduce process yields from 1.03 to 0.94 Kg. The decrease in performance was

Table 1.9 Processing conditions for a fixed-bed gas recycling plant design [88]

Process parameter A B

Reactor temperature (�C) 370–440 400

Reactor inlet pressure (kPa) 203–608 344

Space velocity (h�1) 1000–3000 1500

Total C4 concentration fed to reactor (% volume) 1.6–3.0 2.1

% oxygen in reactor feed (% volume) 11–16 12.2

Total yield (kg of maleic anhydride/kg of C4) 0.9–1.05 1.03

Yield (% mol) NA 60.7
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attributed to recovering C4 which would otherwise be lost to incineration and,

curiously, reducing the available oxygen in the reactor to ranges of 11–14% versus

air, which is 21% by volume. The net result of recycling is that only a fraction of

the reaction gases are conveyed to the incinerator. Advantages to gas recycling can

include reduced incinerator dimensions, compression energy savings (~30%), and

a significant reduction of carbon dioxide release into the atmosphere (~270 kg per

ton of maleic anhydride produced) in addition to the previously mentioned yield

improvement [88].

In considering the above approach, it was noted that a disadvantage of the

process was its proximity to the explosive-range boundary conditions [89, 90]. It

was also noted that only by using an oxygen concentration closer to 10% (volume)

and/or C4 concentrations at the lower end of the range (~1.6% by volume) was a

safe condition possible [90]. However, since the potential value of exhaust gas

recycling was clearly demonstrated, more efforts to demonstrate safer parameters

were undertaken.

To further develop a recycling approach, where exhaust gases are recirculated

after removing maleic anhydride product, new processing parameters were consid-

ered. These parameters are presented in Table 1.10.

Under the conditions described in Column D of Table 1.10, including addition of

1.5 ppm TEP (by volume) and converting between 50 and 75% of C4 within each

reactor pass, similar process yields were achieved at 79.4% recycling rates. Impor-

tantly, this process operates within safer operational parameters [90]. A compara-

tive proximity of these processes to the flammability region is more easily seen in

Fig. 1.8.

Figure 1.8 graphically presents the flammability region of gaseous mixtures

comprising molecular oxygen, C4, and balanced with nitrogen at 100 kPa at

20 �C. As previously indicated, Point B is very near the boundary, whereas Point

D is comfortably located some distance from the flammable region.

Table 1.10 Processing conditions for a fixed-bed gas recycling plant design [90]

Process parameter C D

Reactor temperature (�C) 380–440 419

Reactor inlet pressure (kPa) 600–1000 850

Space velocity (h�1) 3000–6000 4400

Total C4 concentration fed to reactor (% volume) 1–1.3 1.2

% oxygen in reactor feed (% volume) 8–13 8.7

Total yield (kg of maleic anhydride/kg of C4) NA NA

Yield (%, mol) NA 59.2
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1.4.1.5 Solvent Absorption and Distillation

Efficient separation of the maleic anhydride product from the process stream is an

essential feature to any economical plant process. As we saw earlier, strategies for

separating some maleic anhydride product include partial cooling of the reactor

effluent, cooling to the maleic anhydride dew point, and removing some maleic

anhydride product. Water absorption is also employed to remove maleic anhydride

product from the reactor effluent. However, some have noted drawbacks to water

absorption [91]. These include expensive distillation processes, where water and

dehydration of maleic acid requires significant energy, and loss of product, where

maleic acid conversion to fumaric acid reduces process yields. Equipment fouling

can also increase which leads to more plant maintenance [91]. Conversely, organic

solvent processing can eliminate many of these drawbacks. Previous processes have

demonstrated the effectiveness of maleic anhydride solvent-based recovery opera-

tions [92]. However, solvent methods are also known to accumulate undesirable

by-products in the absorbing and stripping loops. Contaminants such as acrylic

acid, fumaric acids, maleic acids, etc. as well as polymeric tars can build up and

cause significant problems over time.

In one approach to improving solvent processing, the reactor effluent is brought in

contact with an organic solvent, such as dibutyl phthalate. The water found in the

maleic anhydride-enriched solvent is removed by stripping it off with a low-relative

humidity gas and/or adsorbing agent. In the case of a low-humidity gas, the gas is

Fig. 1.8 Flammability diagram for mixtures of C4 and oxygen balanced with nitrogen [89]
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brought into contact with the enriched solvent at elevated temperature (>80 �C) and
between 1 kPA and 200 kPa. These conditions enable the water to evaporate from the

maleic anhydride-enriched solvent. Suitable gases, with water less than 15%, are air,

carbon dioxide, and/or nitrogen. Adsorbing agents, such as zeolites, are also effective

in the dehydration process. This process is reported to reduce decomposition of the

solvent, improve yields of maleic anhydride, and enable commercial production of

maleic anhydride-enriched solvent streams with water contents less than 0.1% [91].

Observers found that the process above typically resulted in maleic anhydride

purity in the range of 97–99%. The main residual was found to be trace levels of

solvent, organic by-products (i.e., acrylic acid and carbonyl compounds), and

water. To reach even higher levels of purity, another process was designed which

incorporates a three-stage distillation process. In a simplified version of this solvent

process, the maleic anhydride effluent from the reactor is brought into contact with

organic solvent in the absorber. From the base of the first absorber, the maleic

anhydride-enriched solvent stream is sent to a first vacuum separation column. In

this first column, the top section is separated under stripping conditions, enabling

the overhead vapors that form condensates to be fed to a second absorber, which is

also countercurrently fed with the same organic solvent. Vapors that do not

condense here are sent to disposal. The condensed solvent phase is sent on to the

first fractionation column. The overhead containing impurities such as acrylic acid

from the first fractionation column is sent directly to the second absorber. The

bottoms of this absorber are returned to the original oxidation reactor absorber for

recycling. The bottoms of the first fractionation column feed to the second frac-

tionation column. It is from this second fractionation column that the high-purity

maleic anhydride is obtained. Purities of 99.0 +% are achieved [93].

In another approach, purification of the oxidation gas stream, which comprises

maleic anhydride, is again absorbed by a solvent, i.e., dibutyl phthalate. The maleic

anhydride is then separated from the solvent by stripping in the presence of

hydrogen gas in a column. The advantage of this approach is that the hydrogen

gas cools the liquid phase which reduces the formation of by-products like fumaric

acids. Another reported benefit is that the overall column diameter can be smaller,

which reveals significant cost advantages [94].

Other research efforts enabled the development of a polymeric tar removal strategy.

The approach was to first cool the effluent from the oxidation reactor and bring it into

contact with the maleic anhydride solvent absorbent, i.e., dibutyl phthalate, in the

absorber. The enriched solvent comprises maleic anhydride and contaminants. Maleic

anhydride is then stripped from enriched solvent resulting in two process streams: one

mainly maleic anhydride and the other comprised of solvent and contaminants. The

solvent/contaminantmixture is brought into contactwith agitatedwater,which is largely

immiscible with the solvent. Polymeric tars present in the solvent are hydrolyzed and

extracted into the aqueous phase. The solvent raffinate phase is substantially reduced of

the polymeric tars and recycled back to the maleic anhydride absorption zone [95].

The formation of tars in the absorber and the degradation of solvent have also

been found to be affected by the presence of catalyst fines. These catalyst fines,

which result from attrition of the shaped catalyst body, exhibit an ability to
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promote hydrolytic degradation of solvents such as alkyl phthalates. This degra-

dation leads to tar formation in the solvent circuit. The process of catalyst

attrition, once under way, can become accentuated and self-accelerating as the

fines are continuously removed from a reactor tube. As the numbers of reactor

tube fines become reduced, resulting in greater void spaces in the upper tube

zone, there can be a decrease in the resistance inside the reactor tube. The

increase in the tube gas flow, or gas velocity, coupled to a catalyst loss in the

upper portion can ultimately lead to a fluidization of the fixed-bed or shaped

catalyst expansion leading to greater abrasion effects, against both the tube walls

and neighboring catalyst shaped bodies, further promoting catalyst attrition. To

overcome these issues, two strategies are employed. First, a restraining bed

composed of discrete material substantially denser than the catalyst is placed

on the catalyst column top in each reactor tube. For example, 0.25-inch spherical

Norton Denstone bodies exhibiting a density of 1.44 g/mL are placed on top of

the VPO catalyst with a bulk density of 0.65 g/mL [96]. This will help to

immobilize the catalyst bed. Tension springs, or other mechanical means, can

also be employed to apply as a supplemental immobilizing force to the fixed

catalyst bed. Second, fines typically< 1000 μm are removed from the catalyst

bed by deploying a purging gas that is capable of dislodging and removing

catalyst fines from the bed. A temporary, porous filter in direct communication

with the exiting purge gas is employed to remove the fines from the process

stream. The most effective removal of fines is utilizing the purging gas in an

intermittent manner, effectively pulsing the purge gas in the catalyst bed. By

passing pulsing gas through the tubes, one removes not only the fines capable of

finding a clear exit path but also particles which are entrapped in various crevices

of the catalyst bed. Essentially, this process is a de-dusting of the catalyst

bed [96].

In a recent development, a process was designed by BASF with the intent to

simplify maleic anhydride purification while maintaining high-purity levels. An

important feature to this process is the dividing wall purification column presented

in Scheme 1.9.

The purification column is comprised of three chambers, labeled 1, 2, and 3. The

column is fed with crude maleic anhydride, via inlet #10, into chamber 2A. The

purified maleic anhydride is collected in the chamber labeled 2B. Chamber 2A and

2B are separated from each other. Both chambers are open at the top to chamber

3 and bottom to the lower chamber 1. Within chambers 2A and 2B are a dividing

wall and trays for amassing and dispersing materials, in rectified regions, ensuring

distilling-type flow through the column. Vapors at the top of chamber 3 are fed into

an overhead condenser labeled #4, where the condensate can be recycled.

Remaining gases and liquids are discharged via #13. Material bottoms in chamber

#1 are either recycled or discharged via #12. In Example #1, five theoretical plates

are found in chambers #1 and #3, and chambers #2A and #2B comprised 12 theo-

retical plates, due to packing elements from Montz (A3-750 Hilden). The chamber

pressure was operated at 30 mbar. The temperature of the chamber 1 was 200 �C
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and 3 was 93 �C. Dibutyl phthalate solvent absorbent was employed where the feed

rate of the enriched solvent was 1400 g/h and draw rate was 86 g/h. Under these

general conditions, the collected material exhibited the properties found in

Table 1.11.

As illustrated above, the distillation process yields 99.9+ % maleic anhydride,

with very low levels acrylic acid and acetic acid. Additionally, the overall simpli-

fication of the equipment scheme is of great benefit to plant personnel [97].

(4)

(13)

(3)

(11)

(2)

(2A)

(10)

(1)

(12)

(2B)

Scheme 1.9 A dividing wall column for maleic anhydride purification [97]
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1.5 Improving Product Quality and Safety

Efforts to improve the quality of maleic anhydride by reducing color and improving

thermal stability in addition to increasing purity are of critical industrial importance.

The treatment of maleic anhydride with chemical additives can be technically com-

plicated and leads to “impurities” that are intentionally introduced into downstream

maleic anhydride production processes. As a result, strategies that focus on additives

and/or processes continue to be developed in efforts to improve product quality.

1.5.1 Distillation in Designed Atmospheres

To improve the quality of crude maleic anhydride obtained from production of

phthalic anhydride via o-xylene, the material was distilled in the presence of air,

which contains molecular oxygen. The oxygen ratio to crude maleic anhydride

ranges from 1 mmol/mol to 15 mmol/mol and is performed at temperatures ranging

from 60 to 180 �C, in vacuo. After separation from the bottoms, comprised of

maleic anhydride, citraconic anhydride, phthalic anhydride, benzoic acid, and other

miscellaneous impurities (at a ratio of 27:18:23:27.5:4.5), the molten maleic anhy-

dride was found to exhibit improved color stability, even over several days [98].

Highly pure, color-stable maleic anhydride with long shelf life stability was also

prepared by fractional distillation of crude maleic anhydride, separating the desired

product from low-boiling and high-boiling materials. The high-boiling materials

are removed by partially condensing the maleic anhydride vapor, so 0.5–15% by

weight of maleic anhydride vapor is separated off as a liquid pre-condensate. The

remaining vapor, which is highly pure maleic anhydride vapor, is then condensed

into the product. This process is carried out downstream of conventional distillation

of crude maleic anhydride. The process yields a maleic anhydride product which is

color stable, a purity 98 +% by weight, and a color number (Hazen)< 40 on

heating. Stored in liquid form, this product is shelf stable for 6–8 weeks [99].

Table 1.11 Maleic anhydride distillation purity from a divided wall column [97]

Compound Collected result Compound Collected result

Acetic acid NA Monobutyl maleate 0.0185

Acrylic acid NA Monobutyl fumarate NA

Maleic anhydride 99.9162 Phthalic anhydride 0.0027

Citraconic anhydride NA Dibutyl maleate NA

Benzoic acid 0.0001 Dibutyl fumarate NA

Dimeric acrylic acid NA Phthalic acid 0.0014

Maleic acid 0.0070 Monobutyl phthalate 0.0002

Fumaric acid 0.0006 Dibutyl phthalate 0.0528

Citraconic acid NA Unknown 0.0528

Color (APHA) 15 Water NA
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In another distillation process, the crude maleic anhydride is introduced into the

stripper column while removing the overhead stream from the stripper column.

Meanwhile, the bottom stream is removed from the stripper column and introduced

into the refining column where portions of the overhead low- and middle-boiling

vapors are removed. Low-boiling materials range from 45 to 155 �C at 760 mm Hg,

while middle-boiling materials exhibit boiling temperatures ranging from 160 to

285 �C at 760 mm Hg. A portion of this overhead vapor originating from the middle-

boiling materials is condensed and directed to a refining column as a reflux. Finally, in

the refining column, a side draw stream is collected and is at least 99.90 wt% maleic

anhydride, while the overhead vapor is removed. The process is operated in an inert

gas, such as nitrogen, and can also employ oxygen (<5mol%). The inert gas treatment

aids in purging the non-condensable materials from the crude maleic anhydride [100].

1.5.2 Additives for Distillates

An additive approach to product quality improvement, where maleic anhydride is

distilled in the presence of tridecyl phosphate (TDP) ranging from 100 to 200 ppm as

an antioxidant, was developed. After TDP addition, the crude maleic anhydride is

thermally treated at 120–190 �C for 1–10 h. After thermal treatment, the distillation

process begins at pressures of 50–100 mm Hg. The bottom temperature of the

distillation tower ranges from 120 to 160 �C. To the distillate are the additions of

n-propyl gallate (1–100 ppm), cuprous chloride (0.1–5 ppm), and zinc chloride

stabilizers (0.1–5 ppm). Key to their effectiveness is good mixing. Zinc chloride is

added to improve the maleic anhydride thermal stability. The effect of these stabilizer

packages on maleic anhydride color and thermal stability are presented in Table 1.12.

In Table 1.12 Example B, the specific addition levels of n-propyl gallate

(10 ppm), cuprous chloride (1 ppm), and zinc chloride stabilizers (0.5 ppm) enabled

molten maleic anhydride color (APHA) results as follows when directly compared

to no additive package [101].

The prior additive method was observed to be insufficient in meeting the stringent

quality requirements when solid maleic anhydride is stored for long time periods.

Phenols and catechols additives are known to have discoloration tendencies, espe-

cially if used in large quantities, andmay become ineffective over time by exposure to

light and oxygen [102]. As a result, monochloro-substituted aliphatic alcohols, such as

2-chloro-1,3-propanediol and 3-chloro-1,2-propanediol, were found to be effective

stabilizing additives, when used in the presence of cuprous chloride and zinc chloride

stabilizers. Additive use levels for chlorine-substituted alcohols range from 5 to

60 ppm, copper compounds from 0.25 to 1 ppm, and zinc compounds from 0.1 to

0.5 ppm. In a specific example, presented in Table 1.12, additive levels for Example C

were 20 ppm for 5-chloro-1-pentanol, 1 ppm for copper acetate, and 0.2 ppm for zinc

acetate [102].Again, it was found that the stabilizer package improved the thermal and

color stability of the purified maleic anhydride product.

Another method to improve maleic anhydride production quality is to minimize

the amount of impurities generated in the oxidative reactor stream. For example,
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trialkyl phosphite or trialkyl phosphate can be continuously added to reactor feed

gases, in amounts ranging from 0.5 to 4 ppm (by wt. of elemental phosphorus). The

reactor temperature is ranging from 400 to 440 �C, with a maximum temperature of

480 �C. Operating the reactor under these conditions results in conversion to maleic

anhydride of ~84 +% and acrylic acid formation of< ~1.5% [103].

1.5.3 Removal of Impurities via Precipitation

BASF employed a precipitation concept, where the reduction of fumaric acid

deposits on plant equipment was envisioned to significantly improve product

efficiency, reduce downtime and cleanup efforts, as well as improve product

quality. Fumaric acid is formed from the isomerization of maleic acid, which is

formed from the reaction of water and maleic anhydride. A key element to this

process is a controlled precipitation of fumaric acid, where maleic anhydride-

enriched phthalate-derived absorbent in temperatures ranging from 100 to 150 �C
is cooled to a range of 30 to 70 �C. Fumaric acid exhibits a temperature-dependant

solubility limit in dibutyl phthalate, the maleic anhydride-absorbing solvent in this

case. As a result, cooling the solvent liquor enables significant amounts of fumaric

acid precipitate to be removed from the purification and production process [104].

1.6 Safety

Mitsubishi Chemical has worked to establish safer operating processes for

fluidized-bed reactors by studying a variety of process parameters and their inter-

relationships. This effort has enabled the determination of a safety index, F. The
safety index, F, is defined in Eq. (1.5): [105]

F ¼ FL � FR > 0 ð1:5Þ

where FL is determined by Eq. (1.6):

FL ¼ C=CT=Co ð1:6Þ

Table 1.12 Results of additives for color and thermal stability [101, 102]

Example Stabilizer Molten color (APHA) Heat-melted color (APHA)

Immediately

after addition

After

30 days

Immediately

after addition

Stored in

liquid state

(30 days)

Stored in

solid state

(30 days)

A – 5 1 300 >500 >500

B Added 5 10 10 10 15

C Added 5 5 10 NA 35
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where C is concentration (volume %) of flammable gas in the reaction product gas.

Due to the numerous gases in this feed stream, C is actually the summation of each

concentration flammable gas, i.e., C1, C2, etc. or C ¼
Xn

i¼1
Ci. Co represents the

concentration of oxygen gas (volume %) in the reaction product gas as represented

in Eq. (1.7):

Co ¼ Concentration Vol: %ð Þof Oxygen in Reaction Product Gas

100� Cð Þ � 100 ð1:7Þ

CT is defined as the concentration of the flammable gas components in the

reaction product gas which can be completely combusted with the amount of

oxygen present in the gas feed. It is determined from Eq. (1.8):

CT ¼ 100

1þ
Xn

i¼1
RixCið Þ=

Xn

i¼1
Ci

n o
=Co

n o
� 100

h i ; ð1:8Þ

and FR is determined from Eq. (1.9):

FR ¼ 2:319� 10�5 � T2 � 1:688� 10�2 � T þ 3:288þ P� 0:15ð Þ � 0:3 ð1:9Þ

where T is the reaction product gas temperature (�C) and P is the gauged reaction

pressure in MPa. In numerous experimental examples, using these relationships, it

was possible to discern between explosive and nonexplosive processes, providing

another technique for improving the safe operation of fluidized-bed reactors.

Substantial data was also reported for a variety of experimental process conditions

coupled to safety index data in support of this research effort [105].

To further develop the fluid-bed process, process parameters were developed

that were constrained to empirical mathematical relationships. First, a safety coef-

ficient (α) was developed, where α ranges between 0 and 10. The safety coefficient

is determined by equations presented in (1.10):

α ¼ �10:51þ 51:22D� 35:35D2 � E where

D ¼ C

Bþ C
and E ¼ 100A

100� B� C
ð1:10Þ

where the reactor exit gas stream is comprised of, in volume %, a maleic anhydride

concentration> 2%, an oxygen concentration (A), a hydrocarbon concentration

(B), and a CO concentration (C) that satisfies the constraints of 0< α< 10. Using

these relationships enhances the overall process safety and efficiency of the fluid-

bed maleic anhydride plant [106].
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1.7 Other Production Routes

Within the known reactor technologies, numerous challenges remain unmet. While

there is continuing focus on hot spot control, minimization of catalyst thermal

degradation, catalyst attrition, and avoidance of thermal runaway episodes, the

basic conditions and challenges of current reactor technology are relatively stable

relying on operation in safe operation reaction zones to achieve economically

viable results. Within these confines, there has been renewed effort to design

even more capable processes for maleic anhydride production. Among these pro-

cesses are circulating fluidized-bed reactors, microchannel technology, and bio-

based production.

1.7.1 Circulating Fluidized-Bed (CFB) Reactor

Other processes are known for maleic anhydride production. Perhaps the most well-

known alternative process is the circulating fluidized-bed (CFB) reactor developed

and commercially demonstrated by DuPont [107]. Scheme 1.10 presents a sche-

matic of the CFB reactor.

Interpreting Scheme 1.10 beginning at the reactor feed, C4 and nitrogen gases in

tandem with the catalyst rise through the riser pipe in plug flow. Upon their exit, the

gases are separated from the catalyst in the separator/stripper, where any carbona-

ceous species are removed. The product stream continues on as in the other

processes once completely separated. The reduced catalyst, on the other hand, is

fed to the fluid-bed regenerator to be reoxidized to then return to the base of the

riser. In this manner, the process is continuously deploying “fresh” catalyst. The

CFB approach sought to eliminate several challenges for typical fixed-bed and

fluid-bed systems. As with fluid-bed processes, the CFB heat transfer is very good,

but, in this case, the system operates in plug flow within the riser resulting in

minimal back-mixing. One key improvement is the reduction in catalyst attrition,

which results in selectivity losses when attrition becomes severe, a common issue in

fluid-bed reactors. The selectivity of the catalyst to C4 to maleic anhydride is

preferred to be in an inert atmosphere, such as nitrogen. Note that the process in

the riser is substantially free of oxygen, but in the fluid-bed regenerator, where the

catalyst is oxidized (regenerated), there is 20 mol% oxygen and 80 mol% helium.

But before the regenerated catalyst returns to the riser, the catalyst must be stripped

to minimize the amount of gas-phase oxygen when the catalyst communicated with

C4. In one specific example, where the CFB process is operated at 438 �C, the
residence time for C4/nitrogen [3:97 (mol %)] gases in catalyst contact contained in

the riser was 4 s, and the fluid-bed regenerator feed gas was O2/helium [20:80

(mol %)] with a residence time of 3 s, enabling 83.3% conversion and 60.8%

selectivity [108]. In 1996, an 82,000 tons/year CFB plant was started in Asturias,

Spain, for producing THF using this process for C4 to maleic acid [109].
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1.7.2 Microchannel Reactor

In 2007, BASF employed a microchannel reactor for C4 oxidation demonstrating

that a reactor could be safely operated in the explosive range and produce an above-

average yield of maleic anhydride [110]. Because the microchannel reactor is

dimensionally so small, where in at least one direction the reactor is <3 mm, the

ability of fire to spread is not possible, implying a much safer process. With

flammability issues minimized or significantly reduced, there is a significant increase

in the design freedom for the processing parameters: gaseous ratios (organic/

oxygen), reactor pressure design beyondmaximumexplosion pressures, and improved

mass/heat transfer (enabling suppression of hot spots) [110]. A general comparison

of fixed-bed and microchannel process parameters is presented in Table 1.13.

Separator/Stripper

Product

Reduced

Fluid Bed
Regenerator

Air

H.P.Steam

Oxidized

Riser Reactor

Reactor Feed

Catalyst

Riser

Catalyst

Scheme 1.10 Circulating fluidized-bed (CFB) reactor schematic [107] (Reprinted from Chemical

Engineering Science, 54, Contractor, R.M., “Dupont’s CFB technology for maleic anhydride,”

5627–5632, Copyright 1999 with permission from Elsevier)
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1.7.3 Bio-based Reactants

To generate even more value from existing maleic anhydride production facilities,

plants capable of producing other commercially relevant compounds than can be

derived from maleic anhydride, such as butane-1,4-diol (B1D), γ-butyrolactone
(BLO or GBL), and tetrahydrofuran (THF), are envisioned. To accomplish this

additional production, an important intermediate step is to react maleic anhydride

with an alkyl alcohol, such as methanol, to ultimately produce dimethyl maleate.

This chemical reaction scheme is presented in Scheme 1.11.

Once the dimethyl maleate is formed, the maleated material can undergo a

vapor-phase hydrogenation using a copper chromite catalyst or a promoted copper

catalyst [111, 112]. The result of this key hydrogenation step is the production of

B1D, GBL, and THF [111].

In 2013, Arkema revealed a process for maleic anhydride production based on

butanol via a fermentation process versus the now more traditional C4 approach. In

developing the bio-based strategy, organic matters, such as sugars, starches, and

cellulosics, as well as vegetable matter, which are all renewable raw materials, are

fermented in the presence of microorganisms, such as Closlridium and Closlridium

Table 1.13 Comparison of fixed-bed and microchannel process parameters [88, 110]

Process parameter

Fixed-bed B

(see Table 1.9) Microchannel

Reactor temperature (�C) 400 380–440

Reactor inlet pressure (MPa abs) 0.344 ~0.101

Space velocity (h�1) 1500 3000–8000

Total C4 concentration fed to reactor (% volume) 2.1 2–20

% oxygen in reactor feed (% Volume) 12.2 20–98

Total yield (kg of maleic anhydride/kg of C4) 1.03 NA

Yield (%, mol) 60.7 ~70%

Scheme 1.11 Transformation of maleic anhydride to dimethyl maleate [111]
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acelobuzylicum. Among the mixture of products produced are butanol and acetone,

which are separated, usually by distillation, to isolate butanol. Butanol is then

oxidized to maleic anhydride at temperatures ranging from 300 to 600 �C using

traditional VPO catalysts. To determine the actual source of the maleic anhydride

products, maleic anhydride prepared from renewable sources contains 14C, which is

a component of the Earth’s atmosphere. Thus, isotopes are convenient composi-

tional feature to determine the ultimate source of the maleic anhydride

product [113].
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Part II

Reactions and Derivatives



Chapter 2

Reactions Involving Maleic Anhydride

Michael A. Tallon

2.1 Introduction

2.1.1 Physical Properties of Maleic Anhydride and Its
Derivatives

The rich chemistry that maleic anhydride can participate in makes it the quintes-

sential building block for a variety of small and polymeric molecules that are in use

today. This is derived from the electron-deficient conjugated double bond and the

cyclic anhydride functionality present. This activated double bond allows it to take

part in Michael reactions, electrophilic addition, formation of Diels–Alder adducts,

alkylation and acylation reactions, sulfonation, halogenations, reduction,

photodimerization, hydroformylation, or free-radical polymerization reactions to

generate poly-anhydride copolymers.

Likewise, the reactive anhydride functionality permits a whole host of organic

reactions like esterification, amidation, imidation, hydrolysis, decarboxylation, and

metal chelation to name a few. This chapter begins with the basic chemistry of

maleic anhydride due to its molecular structure and the types of reactions it can

participate in, as well as its physical and chemical properties. For instance, the bond

angles and bond lengths for maleic anhydride are depicted in Fig. 2.1, and this

results in a very compact and particularly planar structure [1].

Even though the double bond in maleic anhydride is quite electron deficient and

would be expected to be slightly shorter than 1.1 Å for the C–H and 1.3 Å for the

C¼C bond length, they are still comparable to a typical alkene like ethylene that

corresponds to 1.08 Å and 1.33 Å, respectively. The anhydride bond lengths are

typical of anhydrides like acetic anhydride. However, the bond angles are significantly
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different from 120� reflecting the internal ring strain of the cyclopentane ring struc-

ture.With the exception of the C–O–C bond angle of 102�, the remaining four carbon–

carbon bond angles are all 104�, Fig. 2.1. The cumulative effect of all these factors

forces all the atoms within the maleic anhydride molecule to lie in one plane.

The true nature of this extreme planarity and compact nature for the maleic

anhydride molecule can be depicted by the ball–stick and space-filling models

illustrated in Fig. 2.2, where the oxygen’s lone pairs are depicted in pink [2]. This

molecular structure also allows for efficient packing of the molecules into its crystal

lattice resulting in a relatively high density value of 1.48 g/cc.

The olefinic double bond within maleic anhydride is quite electron deficient and

can be better portrayed by its resonance structures shown in Fig. 2.3a, which results in

its potent electron-acceptor behavior. This electron deficiency is particularly impor-

tant in free-radical polymerization reactions and is responsible for the creation of a

charge-transfer complex between an electron-rich comonomer and an electron-poor

monomer like maleic anhydride. This charge-transfer complex results in activating

maleic anhydride to participate in free-radical copolymerization thereby resulting in

an alternating copolymer. In contrast, homopolymerization of maleic anhydride is not

particularly favored so that only low molecular weight oligomers are generated.

The electron-density map of maleic anhydride is depicted by the electropositive

(red) nature of the conjugated double bond and by the electronegative (blue)

anhydride functionality in Fig. 2.3b. The maleic anhydride molecule exhibits a

very strong dipole moment of 3.96 debye and strong coulombic attractions between

maleic anhydride molecules. This results in its high melting (53 �C) and boiling

(202 �C) points than expected by its neutral structure alone [1, 3, 4].

Maleic anhydride crystallizes as orthorhombic needlelike crystals, while maleic

acid and fumaric acid form monoclinic crystals. The crystal structure for maleic

anhydride was first deduced by Marsh and coworkers in 1962 [2]. They found that it

forms an orthorhombic crystal structure, with a P212121 unit cell that contains four

Fig. 2.1 Bond angles and bond lengths for maleic anhydride
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molecules of maleic anhydride. This is schematically depicted in Fig. 2.4, in the

ball–stick (2.4a) and space-filling (2.4b) models.

It should be noted that the electrophilic double bonds align themselves in close

spatial proximity to the electron-rich anhydride atoms of adjacent molecules

thereby giving rise to the strong coulombic attraction between maleic anhydride

molecules thereby increasing its melting point. These interactions are denoted by

the yellow arrows in Fig. 2.4a.

The corresponding dimensions of each unit cell, as defined by axes a, b, and c,

the number of maleic molecules within each unit cell (Z), and its corresponding

volume are summarized in Table 2.1. The numbering system used for individual

Fig. 2.2 Ball–stick (a) and space-filling (b) models for maleic anhydride

Fig. 2.3 Resonance structures (a) and electron density were partially positive (red) and partially

negative (blue) for maleic anhydride (b)
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atoms, bond lengths, and bond angles of the maleic molecule are reported in

Table 2.2.

This molecular structure further results in some practical consequences toward

its physical properties, as summarized in Table 2.3 [3, 4]. For instance, this planar

structure with conjugated double bond, along with its compact electron cloud,

makes it a very efficient mirror with visible light thereby resulting in a very high

refractive index value of 1.55 [1, 3, 4].

The dipolar nature of the maleic anhydride molecule not only affects the

physical properties of the molecule, but this electron-deficient double bond is

activated to reactions with nucleophilic reagents, thereby enabling it to participate

in Michael-type reactions. Similarly, maleic anhydride is a potent dienophile in

Diels–Alder reactions.

Fig. 2.4 Maleic anhydride’s P212121 unit-cell crystal structure, (a) ball–stick and (b) space-filling
models

Table 2.1 Crystallographic data for maleic anhydride at 295˚K

Lattice Orthorhombic Numbering system

Space Group P212121

O

O

O
C1

C2

C3
C4

O1

O2

O3
a 7.18 Å

b 11.23 Å

c 5.39 Å

Unit-cell Volume 434.60 Å3

Density 1.505 g/ml

Z 4 molecules

Molecule volume 108.65 Å3, Actual density=1.48g/cc
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Table 2.2 Bond angles/distances for maleic anhydride crystal structure

Bonds Angle (o) Bond Distance (Angstrom)

C2–C1–O1 107.9 C2–C3–H3 130

C2–C1–O2 131.2 C4–C3–H3 121

O1–C1–O2 120.9 C1–O1 1.396

C1–C2–C3 108.4 C1–C2 1.476

C2–C3–C4 108.5 C2–C3 1.317

C1–C2–H2 119 C1–O2 1.200

C3–C2–H2 133 C2–H2 1.085

C3–C4–O1 107.8 C3–C4 1.480

C3–C4–O3 131.6 C4–O1 1.389

O1–C4–O3 120.6 C4–O3 1.203

C1–O1–C4 107.4 C3–H3 1.01

Table 2.3 Select physical and toxicological properties of maleic anhydride, maleic acid, and

fumaric acid

Property Maleic anhydride Maleic acid Fumaric acid

Chemical formula C4H2O3 C4H4O4 C4H4O4

Molecular weight (g/Mole) 98.06 116.07 116.07
aPhysical form White solid White solid White solid

Refractive index 1.55 1.35 1.34
aMelting point 52.9 �C 138–139 �C 287 �C
aBoiling Point 202 �C 138(dec) 290 �C
Density, g/cc 20 �C 1.48 1.59 1.64

Dipole moment, Debye 3.96 3.18 2.45

Crystalline form Orthorhombic Monoclinic Monoclinic

Solubility in H2O@ 25 �C Hydrolyzes 30.6% 0.7%

Acidity pKa @ 25 �C NA pKa1¼ 1.5

pKa2¼ 6.5

pKa1¼ 3.0

pKa2¼ 4.5

Acid number (mg KOH/g) Hydrolyzes 966 966

Flash point

Open cup

110 �C Decomposes @ 135 �C 282 �C

Closed cup 102 �C ND 230 �C
Viscosity centipoises @ 70 �C 1.5 ND ND

Oral rat LD50 mg/Kg 400 708 10,700

Skin rabbit LD50 mg/Kg 2620 1560 20,000

Intraperitoneal rat

LD50 mg/Kg

97 ND 587

Subcutaneous rat

LD50 mg/Kg

1220 ND ND

aAt 25 �C and 760 torr, NA not applicable, ND not determined

2 Reactions Involving Maleic Anhydride 63



Films of maleic anhydride and its copolymers, or its derivatives, tend to exhibit

very high gloss or shine. Hydrolysis of maleic anhydride yields maleic acid, which

can be isomerized to its sister-isomer, fumaric acid. Table 2.3 presents the com-

parative properties between maleic anhydride, maleic acid, and fumaric acid. All

three molecules are hygroscopic solids at room temperature.

Maleic anhydride slowly sublimes around 40–50 �C and exhibits a relatively

high vapor pressure that is partially responsible for its acrid odor. Maleic anhydride

slowly hydrolyzes into maleic acid by absorption of moisture and therefore exhibits

a slight deliquescence behavior. Molten maleic anhydride exhibits an absolute

viscosity of 1.5 centipoise at 70 �C.
OSHA’s threshold for inhalation is 0.25 ppm (1 mg/M3), while dermal limits to

prevent contact dermatitis are approximately around 100–500 ppm depending on

the global regulatory body involved [3, 5]. In summation, the chemical reactivity of

maleic anhydride is best described by its electrophilic conjugated cis-double bond
and its reactive anhydride functionality in a compact five-membered planar ring

structure. These attributes are the foundation for its versatility in organic syntheses.

The thermodynamic properties for maleic anhydride are listed in Table 2.4. The

two most practical properties in manufacturing are the heat of hydrolysis and heat

of neutralization. These values are needed to determine if the reactor size has the

correct cooling capacity to handle the heat generated by hydrolyzing, reacting the

anhydride ring, and/or neutralization. Process engineers use this data by converting

these values to British thermal units (BTU) and comparing them to the cooling

capacity rate of the chiller in the reactor.

For instance, 1 kJ (kilojoule) is equal to 0.9478 BTU, meaning that neutralizing

5000 Kg of maleic acid to disodium maleate will generate 3.7 million BTUs of heat.

That will raise the temperature of a 50% aqueous solution by 95 �C. Therefore,
even if you started at room temperature, say about 25 �C, the neutralization would

result in a temperature increase of the solution to roughly 120 �C, well above the

boiling point of water.

Maleic acid begins to decompose at 120 �C by decarboxylation into CO2 gas.

Significant formation of gas can ultimately result in a substantial explosive poten-

tial. Such a large energy release from the enthalpy of neutralization requires dilute

solutions of maleic acid to be used for neutralization coupled to a slow rate of

addition of neutralizer. In addition, a low temperature glycol chiller must be used

for safety and practical reasons.

Since maleic anhydride is a solid at room temperature, a solvent is often used to

dissolve it prior to any syntheses operations. Table 2.5 summarizes maleic anhy-

dride, maleic acid, and fumaric acid solubilities in different solvents. Interestingly,

maleic anhydride is not readily soluble in water even though it exhibits a strong

dipole moment, but instead it slowly hydrolyzes to form maleic acid at room

temperature, which is readily soluble in water.

Usually mild heating is applied� 60–70 �C to accelerate hydrolysis and prevent

off-gassing by decarboxylation. This will be discussed more fully in the following

hydrolysis section. Maleic anhydride is extremely soluble in polar aprotic solvents
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like acetone, methyl ethyl ketone, and ethyl acetate (Table 2.5). It is also moder-

ately soluble in apolar solvents like benzene, xylene, and toluene.

Solubility parameters in protic solvents like alcohols are meaningless since

maleic anhydride will slowly react with them to form half esters. This results in a

new composition with different solubility characteristics. Therefore, its Log

P coefficient is a somewhat misleading value in octanol, since it is capable of

reacting with the alcoholic component. In contrast, maleic acid is practically

insoluble in apolar solvents like benzene and toluene and only moderately soluble

in acetone and in water.

Table 2.4 Thermodynamic properties of maleic anhydride, maleic acid, and fumaric acid

Property Maleic anhydride Maleic acid Fumaric acid

Heat of formation kJ/Mol �470.41 �790.57 �811.03

Heat of combustion kJ/Mol �1389.5 �1355.2 �1334.7

Specific heat (solid) kJ/Mol �K �0.1199 �0.1356 �0.1418

Heat of evaporation kJ/Mol 54.8 NA NA

Heat of fusion kJ/Mol 13.55 NA NA

Heat of hydrolysis kJ/Mol �34.9 NA NA

Heat of neutralization kJ/Mol �126.9 �92 �92

Heat of sublimation kJ/Mol 71.5 105.4 123.6

NA not applicable

Table 2.5 Solubilities of maleic anhydride, maleic acid, and fumaric acid

Solvent Maleic anhydride wt% Maleic acid wt% Fumaric acid wt%

Acetone @ 20 �C >69 27.8 ND

Acetone @ 29.7 �C >70 20.8 1.66

Benzene 25 �C 50 0.02 0.003

Chloroform 25 �C 34.4 0.10 0.02

Ethanol 22.5 �C Esterifies 34.4 ND

Ethyl acetate 25 �C 52.8 ND ND

Kerosene 25 �C 0.25 ND ND

Methanol 22.5 �C Esterifies 29.1 ND

1-Propanol 22.5 �C 24.3 ND

Water @ 25 �C Hydrolyzes into maleic acid 30.6 0.7

40 �C 34.6 1.04

60 �C 37.1 2.28

97.5 �C 44.4 ND

100 �C ND 8.19

Toluene 25 �C 19 ND ND

o-Xylene 25 �C 16 ND ND

ND not determined
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2.1.2 Spectroscopic Properties of Maleic Anhydride

The spectroscopic profiles for maleic anhydride are illustrated in Figs. 2.5, 2.6, 2.7,

and 2.8. The UV trace (see Fig. 2.5) depicts the UV absorption of the conjugated

double bond and carbonyl group spanning 220–250 nm region.

The FT-IR profile of maleic anhydride is shown in Fig. 2.6. Typical absorption

bands at 3130 cm�1 for the olefinic ¼C–H stretch, the antisymmetrical and sym-

metrical C¼O stretches at 1856 and 1774 cm�1, C¼C stretch at 1630 cm�1, C–O
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Fig. 2.6 FT-IR profile for maleic anhydride
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stretch at 1030 cm�1, and the cis-C¼C wag band 700 cm�1, all characteristic of the

maleic anhydride structure.

The proton-NMR profile for maleic anhydride is depicted in Fig. 2.7. The sharp

singlet at 7.1 ppm is consistent with the olefinic ¼C–H proton signal, while the

absence of a broad carboxylic acid signal at 12–10 ppm indicates the anhydride

functionality in the aprotic CDCl3 solvent.

The carbon-NMR profile for maleic anhydride is portrayed in Fig. 2.8. The sharp

singlet at 136 ppm is consistent with the olefinic ¼C–H proton signal, while the

carboxylic anhydride signals O–C¼O at 165 ppm are both consistent with the

maleic anhydride structure in CDCl3 solvent. The carbon signal at 77 ppm is

deuterochloroform, while the carbon peak at 0 ppm is attributable to

tetramethylsilane as an internal reference standard.

14 12 10 8 6 4 2 0

OOO

H H

Fig. 2.7 Proton-NMR profile for maleic anhydride

O
O O

200 150 100 50 0

Fig. 2.8 Carbon-NMR profile for maleic anhydride
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2.2 Reactions of the Anhydride Functionality

2.2.1 Hydrolysis and Acidity

Maleic anhydride will slowly hydrolyze to maleic acid at room temperature at a rate

slower than typical anhydrides like acetic anhydride, which generally occurs very

rapidly when mixed with water. This effect is due in part to the strong

intermolecular columbic attraction between maleic anhydride molecules. However,

once hydrolyzed to maleic acid, it exhibits some rather unique stability and acidity

characteristics [6].

Note the double-sided equilibrium arrows in Scheme 2.1. The hydrolysis reac-

tion of maleic anhydride into maleic acid and the dehydration reaction of maleic

acid into maleic anhydride are in equilibrium and can be interconverted under

rather mild conditions. For example, the forward reaction will occur in water at

60 �C to form maleic acid; however, the reverse reaction in vacuum occurs at 55 �C
to generate maleic anhydride up to 50–60% by weight. This is due to the cis-double
bond locking in the diacid groups in close special proximity as depicted in Fig. 2.9.

The close spatial proximity of the diacid group, resulting from the cis-double
bond, has another consequence with regard to acidity. The acidity of maleic acid is

roughly thirty times stronger than its trans-counterpart fumaric acid, for the first

proton dissociation step (Scheme 2.2a), notably due to the anionic charge stabili-

zation by the neighboring acid proton that can transfer back and forth between the

two cis-carboxyl groups, denoted by structures 1–3 in Scheme 2.2a.

Therefore, resonance structures 1–4 actually delocalize the proton from the first

dissociation across six atoms. This extreme resonance stabilization results in very

acidic pKa1¼ 1.5 value (Table 2.1).

O OO
H2O+

O
OO

O
HH

Scheme 2.1 Aqueous hydrolysis of maleic anhydride to form maleic acid

Fig. 2.9 Ball–stick (a) and space-filling (b) models for maleic acid
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In contrast, the trans-configuration of fumaric acid positions these two carboxyl

groups further apart. This increased separation suggests the second neighboring

carboxyl group is less capable of stabilizing the first dissociated proton. As a result

there is less resonance stabilization (Scheme 2.2b structures 1-1a) which generates

an increase in the pKa value for fumaric acid, to that more typical of an organic acid,

pKa1¼ 3.0 (Table 2.1).

Fumaric acid (pKa2¼ 4.5) is a hundred times stronger acid for the second

ionization step than maleic acid (pKa2¼ 6.5). This effect arises from the charge

repulsion of the cis-di-anion that is formed in maleic acid. The second dissociation

O
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Scheme 2.2 Acidity of maleic acid (a) versus fumaric acid (b)
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is inhibited by the first proton dissociation, because the two anionic charges are in

close spatial proximity to each other and they are locked in by the cis-double bond.
This effect is illustrated in Scheme 2.2a structure 5. Conversely, the trans-config-
uration of fumaric acid places these two carboxyl groups far apart so that the

di-anion formed is not destabilized by charge repulsion (Scheme 2.2b structure

2), and occurs at much lower pH values.

An additional consequence of the cis- versus trans-configuration for the diacid

group is manifested in their respective melting and boiling points. Experimentally

fumaric acid exhibits a melting point (287 �C) versus maleic acid (138–139 �C)
(Table 2.1). (This arises because each fumaric acid molecule can hydrogen bond to

multiple partners within the crystal lattice and therefore requires more energy to

break them apart for the melting point transition to occur.)

This becomes apparent when looking at the crystal structure of maleic acid

versus fumaric acid, Fig. 2.10a, b. The cis-diacid group of maleic acid enables

strong hydrogen bonding corresponding to one intramolecular H-bond per molecule

and either two or three intermolecular H-bonds. In contrast, fumaric acid’s trans-
configuration permits only strong intermolecular hydrogen bonding corresponding

up to eight potential H-bonds per molecule. (One would expect a higher melting

point for fumaric as compared to maleic.)

In addition, better packing due to the trans-configuration results in a slightly

higher solid density than maleic acid (1.64 vs. 1.59 g/mole). The enhanced packing

also permits for more efficient intermolecular hydrogen bonding across multiple

fumaric molecules, as depicted in Figs. 2.10, 2.11, and 2.12. Hence, fumaric acid

can H-bond in all three dimensions across multiple “chains” as depicted in

Fig. 2.10b, while maleic acid can only hydrogen bond mostly in two dimensions,

Fig. 2.10a. Therefore, less energy is required to fracture the interactions between

maleic acid molecules for its melting transition to occur. This notion is further

corroborated by the ball and stick and space-filling models for maleic acid versus

fumaric acid illustrated in Figs. 2.11 and 2.12, respectively. The dotted lines

represent H-bonding between atoms in Figs. 2.11a and 2.12a.

Besides H-bonding, additional factors involved for the increase in melting arises

from the columbic attraction of the partial positive charge related to the olefinic

methine group, to the partial negative charge ascribed to the carbonyl functionality,

denoted in red and blue, respectively. For fumaric acid, the symmetry of the trans-
configuration allows for better packing and better overlap between these partial

charges across multiple fumaric molecules. In contrast, maleic acid is much less

efficient in overlapping these partial charges because of the anisotropy exhibited

where only one side of the molecule is partially positive (cis-olefinic methines) and

the opposing side attributable to the cis-carbonyl groups is partially negative.

Therefore, the spatial group of the crystal structure caused by the atomic

coordinates of the atoms prevents maximum overlap between the partial charges

within the maleic acid crystal lattice, while for fumaric acid the symmetry of the

trans-configuration does allow for better packing and overlap within its crystal

lattice. This notion is illustrated by the number and orientation of blue and red

partial charges depicted in Fig. 2.10a versus 2.10b for a pair of neighboring chains,
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as well as the H-bonding network generated for maleic acid in Fig. 2.11a versus

fumaric acid in Fig. 2.12a.

With regard to the crystal structures of maleic and fumaric acid, both individual

molecules exhibit multiple crystal forms known as polymorphs. Polymorphism is
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Fig. 2.10 Hydrogen bonding and coulombic attraction of partial charges for (a) maleic acid

versus (b) fumaric acid in their crystal lattice (Adapted from [7])
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the ability of a single chemical substance to adopt more than one crystal structure.

Maleic acid is an example of one such compound that exhibits polymorphism. Both

the pure substance itself and as a conjugate salt with pharmaceutical actives are

capable of forming polymorphs. As far back as 1881, interest in maleic acid

prompted the analysis of its crystal structure, which was first reported by Bodewig

[8]. X-ray analysis followed to define its space group [9], while additional analyses

confirmed the crystal structure for the monoclinic crystal form-I [10, 11]. 125 years

later a second polymorphic monoclinic form-II was reported [12, 13].

The polymorphic forms of maleic acid are built up from molecular sheets or

planes wherein molecules interact with each other via OH. . .O¼C hydrogen bonds,

thereby forming 1D chains that alternate in directionality within one plane. As these

chains oscillate in direction back and forth as depicted by the black arrows in

Fig. 2.10a, they also H-bond through close special contacts between the antiparallel

aligned chains through their hydroxyl groups. The α-form-I forms sheets or planes

Fig. 2.11 Maleic acid P21/c unit-cell crystal structure, (a) ball–stick and (b) space-filling models

Fig. 2.12 Fumaric acid P21/c unit-cell crystal structure, (a) ball–stick and (b) space-filling models
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that alternate in directionality from plane to adjacent plane, such as ABAB, while

the β-form-II forms sheets that are all in the same directionality, AAAA.

Form-I is the most prevalent structure reported for maleic acid in the literature

today. The crystallographic data for each polymorphic form can be summarized by

Tables 2.6 and 2.7, with the corresponding dimensions of each unit cell as defined

by axes a, b, and c, as well as the number of maleic molecules within each unit cell

(Z), and its corresponding molecular volume per maleic anhydride molecule is

listed. Since Z exhibits 2–4 molecules per unit cell depending on the polymorph

type, the molecular volume per molecule was listed so that a direct comparison to

the density of each type can be made.

Similarly, fumaric acid also exhibits polymorphism. In general, fumaric acid

crystals in their α-form contain six molecules per unit cell, while β-form contains

only one molecule per unit cell [7]. Like maleic acid, sheets or planes are formed for

both polymorphic forms of fumaric, but both are unidirectional with respect to the

1D chain orientation, as well as the polarity of the planes, such as AAAA. The

crystallographic data for both forms are summarized in Table 2.7.

Table 2.8 summarizes the crystallographic bond lengths found for the different

polymorphic forms of fumaric acid and maleic acid. Maleic acid is basically planar

and exhibits compact intramolecular hydrogen bonds (2.46 Å). Additionally, both
polymorphic forms of maleic acid exhibit very similar bond lengths for both the

single- and double-bond carbon–carbon backbone thereby reflecting more pseudo-

aromatic character within these molecules. In contrast, both the α- and β-forms of

fumaric acid, the “single” and “double” carbon–carbon bond lengths, are more

typical for an alkylene system (Table 2.8).

2.2.2 Isomerization and Stability

At this point it should be noted that the solubility of fumaric acid in water at 25 �C is

0.7% while maleic acid is 30.6 weight% (Table 2.3). This provides a means to

manufacture fumaric acid from maleic anhydride. Specifically, maleic anhydride is

manufactured by oxidation of butane as outlined in Chap. 1 and then hydrolyzed to

maleic acid in water (Scheme 2.3). Then an 80 weight% aqueous solution of maleic

Table 2.6 Crystallographic data for maleic acid at 295˚K

Lattice Monoclinic α-Form-I Monoclinic β-Form-II

Space Group P21/c Pc

a 7.47 Å 3.69 Å

b 10.15 Å 7.48 Å

c 7.65 Å 8.49 Å

Unit-cell volume 580.02 Å3 234.33 Å3

Density 1.59 g/ml 1.55 g/ml

Z 4 molecules 2 molecules

Molecule volume 145.01 Å3 117.17 Å3
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acid is refluxed in water for several hours upon which fumaric acid begins to

crystallize out of solution. The resulting solution is then cooled and filtered to

obtain fumaric acid crude that is subsequently washed with water and dried as pure

monoclinic crystals. The process washes are combined with the mother liquor and

the process can be repeated over again. This simple procedure is even practiced in

undergraduate organic chemistry labs today.

This procedure works so well because the cis-double bond of maleic acid can be

isomerized into the more thermodynamically stable trans-double bond of fumaric

Table 2.7 Crystallographic data for fumaric acid at 295˚K

Lattice Monoclinic α-Form-I Triclinic β-Form-II

Space group P21/c P I

a 7.60 Å 5.26 Å

b 15.11 Å 7.62 Å

c 6.61 Å 4.49 Å

Unit-cell volume 759.06 Å3 179.97 Å3

Density 1.63 g/ml 1.62 g/ml

Z 6 molecules 1 molecules

Molecule volume 126.51 Å3 179.97 Å3

Table 2.8 Bond distances for fumaric acid versus maleic acid crystal structures

Bond

Bond length

α-Fumaric acid

in angstroms

Bond length

β-Fumaric acid

in angstroms

Bond length

α-Maleic acid

in angstroms

–C–C– 1.46 1.49 1.44

–C¼C– 1.34 1.32 1.43

C–OH 1.29 1.29 1.28

C¼O 1.23 1.23 1.20

O���HO 2.68 2.67 2.46, 2.75

H2O
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O

O
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Scheme 2.3 Isomerization of maleic acid into fumaric acid by hydrolysis of maleic anhydride
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acid by moderate heating (Scheme 2.3). The fumaric acid so formed then crystallizes

out of the aqueous solution to drive the reaction further to the right. This difference in

solubility between maleic acid and fumaric acid arises because of their difference in

acidity. Maleic acid having a pKa1¼ 1.5 would be partially ionized (�30%) and

hydrated in its hydronium maleate salt form at a pH around 1–2. In contrast, fumaric

acid would only be �0.1% ionized at the same pH. So as maleic acid is isomerized

into fumaric acid, which is not readily soluble in water because of its weaker

ionization potential, fumaric acid therefore crystallizes out of the solution.

Both maleic anhydride and maleic acid are unstable at high temperatures.

Exposure to elevated temperature should be avoided because of the potential for

decarboxylation side reactions that off-gas these materials. This effect is analogous

to beta-keto-esters or malonic acid decarboxylation, whereby the formation of an

enolate-transition state results in carbon–carbon bond fission. This degradation can

occur in excess of 130 �C under highly acidic conditions, as depicted in Scheme 2.4.

For maleic anhydride, decarboxylation usually originates from the adsorption of

moisture enabling the formation of somemaleic acid to provide the prerequisite acidic

catalyst. Because ofmaleic acid extreme acidity, it is easy to protonate the neighboring

cis-carboxyl group at high temperatures. In doing so, an enolate is formed due to

electronic rearrangement, as depicted in Scheme 2.4 structure 2. Carbon–carbon bond

fission follows to release CO2, along with proton transfer to the intermediate carbene

that is formed (Scheme 2.4 structure 3) with the net result to convert maleic acid

into acrylic acid with the release of CO2. It should also be noted that in Scheme 2.4

structure 2 can isomerize to interconvert into fumaric acid for the arrangement of the

transitional double bond, as depicted by the bold blue oxygen atom for clarity in

Scheme 2.4. However, the outcome is the same regardless of the orientation, and both

routes still form acrylic acid once the enolate-transition state is formed.

Fumaric acid can also undergo decarboxylation, but because it’s a much weaker

acid (pKa1¼ 3.0) than maleic acid (pKa1¼ 1.5), the formation of the enolate-

transition state requires a much higher temperature in excess of 240 �C as compared

to 130 �C for maleic acid. The temperature at which decarboxylation occurs can be

significantly lowered to 100 �C by the presence of a weak tertiary base such as

pyridine or dioctyl-methylamine, but this is generally accompanied by
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Scheme 2.4 Decarboxylation of maleic acid due to excess heat
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polymerization to yield an intractable resinous mass. Likewise, maleate/fumarate

half esters form alkyl acrylates and/or dialkyl maleate esters and free maleic acid,

the latter of which transforms into acrylic acid as outlined above [3, 14].

2.2.3 Peroxidation

The peroxidation of linear anhydrides with concentrated hydrogen peroxide has

been well known since the late 1950s [9]. However, it was not until 1962 that White

and Emmons demonstrated the formation of maleic peracid from maleic anhydride

and hydrogen peroxide, as shown in Scheme 2.5 [15, 16].

The synthesis of maleic peracid was carried out in methylene chloride at 0 �C by

means of an ice bath as depicted in Scheme 2.5. Other inert solvents for this reaction

include benzene, dioxane, DMF, and formamide. At 0 �C, the peroxidation reaction
predominates and little to no epoxide is formed with the double-bond functionality.

However, Saotome et al. [17, 18] demonstrated that at 70 �C, aqueous solutions of
maleic acid can be epoxidized. Therefore, the peroxidation reaction is extremely

sensitive to temperature, and the heat released upon treatment with aqueous hydro-

gen peroxide must be maintained as low as possible. This can be achieved by

controlling the addition rate of the peroxide to maleic anhydride to keep the overall

reaction temperature well below 30 �C to prevent this side reaction.

In 1967, Rohm and Haas patented the use of maleic peracid as an excellent

oxidizing agent for conversion of monoketones to their esters by the Baeyer–

Villiger reaction, such as the conversion of benzophenone into phenyl benzoate

in near-quantitative yield in 2 h [16, 19]. Maleic peracid is also an excellent

oxidizer of primary amino compounds into their nitro-derivatives, as well as

conversion of olefins into their epoxide end product [15, 20].

It was demonstrated that the maleic peracid was not as potent as trifluoro-

peracetic acid, but was stronger than all other organic peracids, such as performic,

peracetic, and perphthalic acids, and was reasonably stable in methylene chloride

where it decomposes approximately 5% in 6 h at room temperature. An additional

benefit in performing the synthesis of maleic peracid in methylene chloride was the

ease of removal for the unwanted maleic acid that precipitates out from the reaction

medium because of its insolubility in this solvent.

It was postulated byWhite and Emmons that the strength of maleic peracid in the

Baeyer–Villiger oxidation could be attributed to its lower basicity and higher

stability of the maleic peracid monoanion intermediate, as the second acid group

HO OH

Maleic
Peracid

Hydrogen
peroxide

0oC

O OO O
OO

O
OH H

Scheme 2.5 Peroxidation of maleic anhydride into maleic peracid
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protonates the adjoining peroxide oxygen as depicted in Scheme 2.6. This is

analogous to the acidity of maleic acid previously described by its resonance

structures distributing the anionic charge across both carbonyl groups.

A carbon rearrangement ensues to transfer one of the alkyl groups onto the

geminal oxygen atom as an electronic rearrangement completes the ester transfor-

mation. When different alkyl groups are attached to the keto-functionality, then the

more substituted group proceeds to migrate onto the oxygen atom thereby producing

the more substituted ester due to the stabilization of the transition-state intermediate.

2.2.4 Friedel–Crafts Acylation

Over 130 years ago, Von Pechmann can be credited for first observing that in the

presence of Lewis acid catalysts like AlCl3, maleic anhydride can be used to acylate

aromatic compounds under anhydrous conditions, as outlined in Scheme 2.7 [21]. If

an excess of AlCl3 is present, addition of another molecule of aromatic function-

ality can occur, but this time to the double bond of maleic anhydride to form α-aryl-
β-aroylacrylic acids. In the case of substituted-benzene derivatives, acylation takes
place at the para-position to generate β-aroylacrylic acids in very good yields,

ranging from 70 to 90% [22, 23]. Furthermore, the trans-isomer predominates as

the acylation end product instead of the cis-isomer.
In many cases, the aromatic reactant is also the solvent that is used in excess to

drive the reaction to these 70–90% yields and that the trans-isomers are inclined to
be yellow in color, while the minor cis-isomers are usually white. However,

chlorinated solvents such as 1,2-dichloroethane tend to give the best yields for

this type of reaction.
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Similarly, modification of pendant side chains of aromatic monomers [24], or of

aromatic polymers [25], can be achieved by this approach, and carboxylic acid/salt

functionality can be tailored onto the molecule, so that the physical and chemical

properties are further enhanced to either reactivity, solubility, or other potential

derivatives to specifically design the desired properties onto the resultant polymer.

Hence, as summarized in Scheme 2.8, there are at least three ways to incorporate

the maleoyl functionality onto a polymer. The first is to simply copolymerize the

maleic anhydride into the polymeric backbone with an aromatic comonomer such

as styrene (Scheme 2.8a) [24]. A second approach is to synthesize a β-aroylacrylic
acid monomer and then polymerize it (Scheme 2.8b) [21, 25]. Thirdly, it can hang

off as a pendant group on the polymer (Scheme 2.8c) [26]. Therefore, this simple

acylation reaction summarized in Scheme 2.8b,c is quite powerful in the versatility

of molecules and polymers that can be made.
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Scheme 2.7 Friedel–Crafts acylation with maleic anhydride
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2.2.5 Acid Halide Formation

The formation of monoacid halides from maleic anhydride or from maleic acid is

not readily obtained. This is primarily due to the preference of such compounds to

regenerate maleic anhydride instead. Treatment of maleic anhydride with reagents
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such as phthaloyl chloride, thionyl chloride, or PCl5 also converts maleic anhydride

into a number of different entities depending on the catalyst used in conjunction

with these reagents, as outlined in Scheme 2.9. Likewise, acid dichlorides and

maleoyl chlorides do not form either, but the acid dichlorides from fumaric acid,

fumaroyl chloride, are achievable in high yields.

The reason for the lack of mono- and diacid-chloride formation from maleic acid

is quite simple. Once the first acid chloride is formed on the maleic molecule, its

neighboring sister acid spontaneously intramolecularly ring-closes to reform maleic

anhydride (Scheme 2.9a). This process cannot occur for fumaric acid as it is in the

trans-configuration, so the carbonyl groups are too far apart to react intramolecu-

larly (Scheme 2.9b). Therefore, fumaroyl dichloride is readily formed upon treat-

ment with thionyl chloride with fumaric acid.

With regard to the actual reaction between maleic anhydride and thionyl chlo-

ride, there appear to be some discrepancy and inconsistencies in the literature. For

example, Kyrides claimed the synthesis of fumaroyl chloride from maleic

anhydride–SOCl2 in the presence of ZnCl and heat [27, 28], while a Union Carbide

patent by Brotherton made fumaroyl chloride using AlCl3 or FeCl3
(Scheme 2.9c) [29].

In contrast, Trivedi and Culbertson and others claimed a structure that is highly

unstable for maleoyl chloride [1, 3, 30]. US Patent 3,810,913 from General Electric

claims the 2,3-dichloromaleic acid is formed in the presence of pyridine catalyst

(Scheme 2.9d) [29].

The reaction pathway to the product appears to be dictated by the promoter/

catalyst used in conjunction with maleic anhydride–SOCl2 pair. Simply put, maleic

acid dichlorides do not readily exist. But fumaroyl chloride can be made from

maleic anhydride [27, 30], as well as 2,3-dichloromaleic acid [31], while

2,3-dichloromaleic dichloride can be obtained by thermal decomposition of ethyl

perchlorocrotanate [32].

2.2.6 Alkali Metal Salt Formation, Organic Neutralizer,
and Metal Chelation

Hydrolysis of maleic anhydride followed by neutralization with an alkali metal

hydroxide provides the simplest reactions outlined in this chapter, as depicted in

Scheme 2.10a. Since maleic acid is a diacid, it can neutralize and complex multi-

valent metals too, but this can occur both intramolecularly and intermolecularly as

shown in Scheme 2.10b,c. Simple hydrolysis and neutralization really is an over-

simplification of the true complexity that exists.

Maleic acid itself can also be used to neutralize pharmaceuticals and other basic

compounds to increase their stability and solubility in water or blood plasma for
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gastrointestinal adsorption. Maleic acid can be used for making maleate salts of

bulk drugs like pheniramine maleate, fluvoxamine maleate, timolol maleate, chlor-

pheniramine maleate, enalapril maleate, and others [33]. The monosodium maleate

salt can also be used as a buffer in the pH range 5.2–6.8 [34]. Zirconium and other

esoteric salts can also be made by entropic factors with the use of ion-exchange

resins.

Note that this scheme is a two-dimensional representation. In particular, maleic

and fumarate mono- and dibasic salts are very important representatives of the

β-dicarboxylic acid class for their complexation or chelating ability to metal ions.

When two electron-rich carbonyl groups are conjugated to the electron-deficient

double bond, the electron-acceptor character of the olefinic C¼C particularly

increases [35]. Maleic anhydride has the best acceptor properties among derivatives

of the α,β-unsaturated dicarboxylic acids in part due to their ionization potential of

their respective pKas, as previously described in Sect. 2.1.

Stable metal chelates form with maleic salts. This is particularly evident for

divalent and multivalent metal ions chelating with the planar mono- and dibasic

salts of maleic acid. In doing so, the interaction between the 3D orbital of the metal

cation with the anionic maleic carboxylate group is optimized geometrically

resulting in stabilization of the ionic salt as a whole. This stabilization is not just

a consequence of the local environment around the individual metal atom, but it

extends to the whole complex formed as a unit cell in the crystal structure [35].

For example, monobasic maleates with cobalt, iron, zinc, nickel, manganese,

and magnesium having the general formula of (mono-metal-maleate)2•tetrahydrate

are typical representatives of this group of molecules. In this centrosymmetrical

complex, the metal atom is linked to two monodentate maleic molecules, where, for

instance, the Fe•••O distance is 2.157 Å and the octahedron structure being com-

pleted by the four water molecules, as depicted in Fig. 2.13.
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Scheme 2.10 Maleate salt formation by neutralization
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The planar structure of the maleate ligand in these complexes is further stabilized

by an intramolecular hydrogen bond of the maleate carboxyl groups as illustrated in

Fig. 2.13. In fact, the Fe-maleate hydrogen bond depicted in red is H ●●O¼ 1.87 Å,
while the O•••O distances within the maleate moiety are within the range of

2.39–2.44 Å. The symmetry of these hydrogen bonds presented in Fig. 2.13 can

vary significantly, from perfectly symmetrical to completely asymmetric.

In contrast, the dianionic form of maleic can play a dual role in the Fe(III)

complex. First, there is an axial ligand binding the metal atom with the monodentate

carboxyl group, while the other carboxyl group acts as a counterion, as illustrated in

Fig. 2.14. Furthermore, the presence of a broad net of intramolecular columbic

forces and ionic attractions occurs around the individual iron atom, in addition to

these same interactions bridging neighboring Fe atoms to form the stabilized

network structure depicted as the result [36]. The potassium iron(III)-tri-maleate

hydrate also has the same overall structure, in addition to hydrogen bonding by

water inside the crystal lattice as in Fig. 2.14.
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The two maleate salts or chelates just described demonstrate that formation of

maleate salts is not as simple as onewould expect. There is a higher-order structuring

of the metal cation with the maleate anion that forms an anisotropic system both

intramolecularly and intermolecularly. These attractive forces form an associative

network of columbic and ionic interactions, sometimes further stabilized by hydro-

gen bonding from water, and as a whole stabilize the overall structure derived.

For iron, an octahedron array is generated, while for copper, a pyramidal–square–

planar array is formed, thereby generating a whole host of structural or geometric

arrays of interaction between the particular metal cations used and the mono- or

dibasic maleate anions that resultantly form these higher ordered structures.

Not only do these polymorphs have different solubilities and melting points, but

they are also recognized as different structural entities from an intellectual property

point of view.

The polymeric analog for the maleate salts in copolymers of maleic anhydride

also exhibits similar interactions and has effect to its physical properties too. While

many polymers are amorphous, the incorporation of metallic cations can induce

higher-order structuring.

2.2.7 Esterification

Reactions involving the reactive anhydride functionality allow for a diverse group

of compounds that can be made out of maleic anhydride. Maleic anhydride ester-

ification with alcohols proceeds readily at moderate temperatures, approximately

80–90 �C for 6 h, to generate monoalkyl esters (Scheme 2.11). The acidity of

monoalkyl maleate esters are significantly lower than the diacid form of maleic acid

as there is no delocalization of the anionic charge across both carbonyl groups, and

therefore the pKa approaches that of typical monoalkyl esters around 5.5.

As expected, the highest reactivity occurs with primary alcohols, followed by

secondary, and lastly tertiary alcohols due largely to steric factors. Note the double-

sided arrows in Scheme 2.11, as this is an equilibrium reaction and is reversible

depending on the conditions.

Primary alcohols react the quickest at lower temperatures. But they are also the

least stable to hydrolysis or transesterification, transforming at temperatures of

20–40 �C over the course of several months. This result is due to the anhydride

functionality reforming under acidic condition liberating free alcohol at moderate

O OO + HO R O
OO

O
RH

Scheme 2.11 Esterification of maleic anhydride to form monoalkyl esters
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temperatures slowly. These processes can proceed over several hours when tem-

peratures are in excess of 80–90 �C.
Alpha-branched alcohols such as 2-ethyl-hexanol, 2-methyl-1-propanol, and

sec-butanol are slower to react. But they are more stable, inhibiting reformation

of anhydride functionality by ring closure. Other secondary alcohols like menthol

and cyclohexanol behave similarly.

Esterification by tertiary alcohols is the most difficult and requires even higher

temperatures, in excess of 100–120 �C. These reactions are rarely quantitative

unless a large excess of alcohol, usually 4–5 stoichiometric equivalents over that

of the anhydride. Catalysts are sometimes used to lower the temperature of the

esterifications, speed up the rate of the reaction, and improve yields.

A number of catalysts can be used. Acidic catalysts (such as p-toluene sulfonic
acid, methane-sulfonic acid, or trifluoroacetic acid), inorganic acids like sulfuric or

phosphoric acid, and metal catalysts (copper based or tin oxalate or dibutyl-tin) can

be used to accelerate this reaction. The most common catalysts are sulfuric and

hydrochloric acids, boron trifluoride, organo-tin, zinc salts, and aluminum halides.

In commercial practice p-toluene sulfonic acid, or methane-sulfonic acid, is

preferred because it tends to be less corrosive to the reactor. Sometimes phosphoric

acid is used but this leads to slower reaction rates. Soluble metal salts or their

insoluble counterparts minimize side reactions, but require higher temperatures

[37–41].

The use of acid-regenerated cation-exchange resins have grown in popularity

over the years. They are easily removed by simple filtration and can be regenerated

over again [42, 43]. These are typically based on styrene, ethylvinylbenzene, and

divinylbenzene copolymers that are sulfonated and cross-linked to provide the

macroporous nature of these types of catalysts.

These catalysts provide rapid reaction rates for esterification because of their high

surface area of highly acidic sulfonic acid groups [44]. Typical resins such asAmberlite

IR-116 and Amberlite IR-120B are used because despite their higher cost compared to

inorganic acids, they provide better selectivity and can be used in continuous bed

reactors or stir tanks, increasing throughput compared to batch reactors [45–48].

Typically, dialkyl maleate esters can be produced from maleic anhydride with

alcohols, such as methanol with sulfuric acid acting as acid catalyst. The reaction

proceeds via a nucleophilic acyl substitution to synthesize the monomethyl ester.

This is followed by a Fischer esterification reaction for generation of the dimethyl

ester. Both reactions are well known.

However, dialkyl maleate esters can also be formed from monoalkyl maleate

esters as well. This requires high temperature usually >100 �C. Primarily because

one of the two molecules of monoalkyl ester is capable of reverting back into

maleic anhydride and free alcohol (Scheme 2.12a) followed by the attack of the

second molecule of monoalkyl maleate to form an acyclic anhydride

(Scheme 2.12b), then the free alcohol can attack this acyclic mixed anhydride to

form the diester and maleic acid, as illustrated in Scheme 2.12c [49].
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Care needs to be exercised during distillation or purification procedures of the

half esters to prevent such side reactions from occurring. Another side reaction

observed at high temperatures is the unwanted isomerization of the maleate into its

sister-isomer fumarate. Usually temperatures below 100 �C are employed to pre-

vent this from happening.

The synthesis of diesters utilizing the reaction of carboxylic acids with

dialkylcarbonates in the presence of weak Lewis acids such as MgCl2 and optionally

with the corresponding alcohol as solvent is depicted in Scheme 2.13 [50]. This

approach is effective for more energy-intensive synthetic processes as described in

Scheme 2.12.

The mechanism generally thought to arise from a double addition of the car-

boxylic acid to the alkyldicarboxylate resulting in the formation of a mixed

carboxylic/carbonic anhydride and CO2, as presented in Scheme 2.13. The first

step is activation by Mg2+ ion with the dialkylcarbonate. In the second step, maleic

acid (A) reacts with the activated carbonate to form the mixed anhydride (B), CO2,

and alcohol. In the third step, the released alcohol attacks the mixed anhydride to

form monoalkyl maleate (C), CO2, and another molecule of free alcohol. Fourth,

another molecule of activated dicarbonate reacts with the monoalkyl maleate to

regenerate the mixed anhydride (D). In the fifth and final step, another molecule of

free alcohol reacts with the mixed anhydride (D) to form the dialkyl maleate (E).

Esterification of the carboxylic acid with the correct choice of alkyl group on the

dialkyl dicarbonate results in esters with only CO2 as process by-product.

+

HO R

O
OO

O
RH

O
OO

O
RH

OO
OO

H

O
O O

R

+

OHO
OO

H

O
O O

R

+ O
R

maleic
acid

dialkyl-maleate

mono-alkyl-maleate

O
OO

HO R
+

O
OO

O
RH

+

maleic
anhydride

acyclic
mixed anhydride

A)

B)

C)

Scheme 2.12 Formation of dialkyl esters of maleic anhydride during esterification reaction or

distillation

2 Reactions Involving Maleic Anhydride 85



The reaction of maleic anhydride with epoxides deserves special mention here and

will be discussed in more detail in Chap. 5. These reactions lead to the synthesis of

polyesters [51, 52]. In general, the reaction can be carried out at�45 �C, with little to
no side reactions. While ether formation or cross-linking is possible, the majority of

product is an alternating polyester of maleic/glycol comonomer units ranging in

molecular weight around 15–20 kDa, with a low polydispersity around 1–2 [53]. If

a catalytic amount of organic base is added, some of the maleate units can isomerize

to a fumarate/maleate polyester. Such isomerizations lead to increasing the Tg by

roughly 10 �C. A general reaction scheme is presented in Scheme 2.14.
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2.2.8 Stabilization of Maleate Monoesters

To increase the stability of newly formed monoalkyl maleate esters, quick neutral-

ization of the half acid immediately after the esterification reaction can inhibit

anhydride reformation by ring closure. In this way, the formed alkoxy anion will

rapidly reopen the transient anhydride to reform the monoester. This process is

depicted in Scheme 2.15. A unique feature of regenerating the anhydride function-

ality is the cis-carbonyl structure of maleic acid and monoesters. This cis-config-
uration only inhibits the anhydride from forming and does not prevent it. Under

dilute concentrations in water or another alcohol, hydrolysis or transesterification

still proceeds but only at a slower rate.

Esterification reactions can also be achieved indirectly. For example, maleic acid

at temperatures in excess of 90–100 �C enables ring closure of the diacid to form the

anhydride functionality, which then can proceed to esterification as previously

described. However, removal of water is essential for this reaction to achieve any

quantitative result.

The use of azeotropes is often employed to remove water during the esterifica-

tion of maleic acid. With the exception of methanol, many smaller chain-length

aliphatic alcohols with chain lengths up to C20 alcohols form binary azeotropes

with water. The removal of these higher alcohols drives the equilibrium in favor of

the ester product [54]. Under certain conditions, gases are entrained to facilitate the

removal of water, like bubbling air into the liquid solutions [55].

Use of desiccants and other chemical means to dehydrate the reaction has also

been employed. Typically, these strategies are utilized toward the end of the reaction

process to drive it to completion. In one example, the reaction solution is continually

pumped through a drying bed of calcium carbide/chloride and then back into the

reactor by means of a recirculating loop over the course of the reaction [56, 57].

+
O
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O-
OO

O
RNa+ O

OO -O RNa++
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Scheme 2.15 Stabilization of monoalkyl esters of maleic anhydride by neutralization
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2.2.9 Thioester Formation

The procedures just described for simple esters can also be applied for the synthesis of

simple alkyl mono-thioesters from maleic anhydride. Addition of an aliphatic thiol to

maleic anhydride proceeds more rapidly than alcohols due to the polarizable electron-

rich sulfurmoiety.As a result, thio-esterification can occur atmuch lower temperatures.

However, the reaction mechanisms are much more complicated due to the

presence of the activated double bond in the maleate functionality. This activated

double bond is very susceptible to nucleophilic reagents, capable of participating in

Michael-type reactions. Hence, attack at the anhydride is often accompanied by

addition to the double bond as well, resulting in a myriad of side products as

illustrated in Scheme 2.16. Nevertheless, given the labile thioester group present

in intermediate-A, it is possible to drive the reaction to the thermodynamically

stable alkyl-thio-succinate as the major product [58, 59].

One special case worth mentioning is the use of mercaptoethanol with maleic

anhydride. The kinetic product is the thioester and not the oxy-ester. This thioester

is not thermodynamically stable and spontaneously rearranges to the oxy-ester. One

can obtain a free thiol esterified by its alcoholic group to the maleic functionality as

depicted in Scheme 2.17. But this reaction is not yet completed, as demonstrated by

addition of the free thiol to the activated double bond in Scheme 2.17. Allowed to

proceed, a poly-(ester-thioether) copolymer is formed, as outlined in Scheme 2.17

[60]. It is noteworthy to note that the offensive stench from these thio-based

products has prevented their widespread use.

The esterifications described so far have been under acidic conditions. Basic

catalysis is not practical with maleic anhydride or its acid derivatives for a number

of reasons. They tend to require more expensive catalysts and their selectivity is not

very good. In addition, the presence of the activated double bond makes it very

susceptible to nucleophilic reagents. In general, a multitude of by-products is

observed with basic catalytic processes.

O OO + HS R O
OO

S
RH

HS R

O
OO

S
RH

SR

HeatO OO

SR

Alkyl-thio-succinic anhydride Intermediate-A

SHR +

Scheme 2.16 Thioester and S-alkylation formation of maleic anhydride with an alkyl thiol
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2.2.10 Amidation Reactions

Addition of ammonia, primary, or secondary amines to maleic anhydride enables the

formation of an amide derivatives. These amide compounds are commonly called

maleamic acids, or amic acids, or half-amides. If the organic substituent is an aromatic,

it is generally referred to as a maleamic acid derivative, as depicted in Scheme 2.18.

Because of the presence of the activated double bond in maleic anhydride, addition

across the double bond can also take place, via a Michael-type reaction. This reaction

pathway lowers the overall yield of amide and generates many side products.

In general, when a Michael addition derivative is wanted, maleic diesters or its

salts are used. When the half amide is desired, then maleic anhydride can be used.

For this approach, temperature control is critical to the success of this reaction. In

particular, if the reaction temperature is maintained at 50 �C for 5 h, 95% yield of

half amide is obtained for both aliphatic and aromatic amines [58, 59]. When

temperatures exceed 50 �C, then both Michael additions and half amide formation

occur simultaneously.

Hydroxylamine and hydrazine, as well as their organic counterparts such as

alkyloxyamines (NH2OR) and hydrazides, react in a similar fashion with maleic

anhydride. The reaction of maleic anhydride with hydrazine is of considerable

O OO + H2N R O
OO

N
RH
H

Scheme 2.18 Amidation of maleic anhydride by amines
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Scheme 2.17 Esterification of maleic anhydride with mercaptoethanol
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importance synthetically and commercially. For example, Feuer and coworkers

demonstrated that two reactions can occur with hydrazine depending on the condi-

tions employed for the reaction [61]. When maleic anhydride and hydrazine in a 1:1

ratio are dissolved in acetic acid, the mono-hydrazide is not formed. But the N,
N0-dimaleic hydrazide is the major product at 96% yield. Yet, upon heating this

product, it can cyclize upon itself, intramolecularly rearranging to maleic hydrazide

in 83% yield. These processes are depicted in Scheme 2.19.

Interestingly, this reaction occurs only under weakly acidic conditions, such as

acetic acid or in refluxing water. Under highly acidic conditions such as in

polyphosphoric acid, the cyclization reaction does not readily occur and only the

intermolecular N,N0-dimaleic hydrazide is formed. A similar result is found when

the maleic anhydride to hydrazine ratio is 2:1, under highly acidic condition. When

a hydrazinium salt such as hydrazine hydrochloride, sulfate, or phosphate is used,

then cyclization into the intramolecular hydrazide readily proceeds [62].

2.2.11 Maleimides and Imidation Reactions

Maleimides can be produced by dehydration/cyclization of maleamic acids/esters

(Scheme 2.20) [63]. Simple heating of maleamic acid derivatives with concomitant

water removal or use of its ester offers the simplest way to produce maleimides. An

acid catalyst, such as those employed for esterifications, can also be employed

[64]. In particular, maleamic acids can be converted to maleimides with strongly

acidic cation-exchange resins, in conjunction with vacuum or azeotropic distillation

of the water. Once the reaction is complete, then the acidic resin is simply filtered

off [65].

In the absence of a strongly acidic catalyst, the thermal dehydration reaction

requires very high temperature, 130 �C or higher. To reduce this temperature,

O OO + H2N NH2
O

OO

H
N N

H

OO
NHHN

Heat

Maleic
hydrazide

O

O O
HH

N,N'-Di-Maleic
hydrazide

Scheme 2.19 Reaction of maleic anhydride with hydrazine

90 M.A. Tallon



100 �C or less, requires removal of water by vacuum or azeotropic distillation and

addition of an acidic catalyst. Other catalytic imidation methods include the

addition of acetic anhydride with triethylamine to form the mixed anhydride. This

approach leads to cyclization and dehydration and is presented in Scheme 2.21

[65]. In the case of very hydrophobic imides, the removal of the ammonium acetate

salt can be achieved by washing the biphasic mixture with water and/or recrystal-

lization from hydroalcoholic blends.

Commercial tactics employed often include air sparging during the reaction, or

super-heated steam/nitrogen sparge, to facilitate water removal. Vapor-phase reac-

tion of maleic anhydride with anhydrous ammonia over a dehydration catalyst like

Al2O3, and zeolites, is another commercial approach.

Similarly, bis-maleimide cross-linkers can be produced from di-amines. The

length of the spacer between the maleimide units can impart either rigidity or

flexibility as in six or more linear methylene groups (this feature has been exploited

in the manufacture of liquid-based maleimide precursors that after heat treatment

polymerize into a solid adhesive for electronic circuitry boards. Mixtures of metals

and the liquid maleimides have also been used to form conductive adhesives

between silicon wafers in the manufacture of computer chips too), as outlined in

Scheme 2.22 [66, 67].

Another indirect approach to imidation is the reaction of maleic anhydride with

urea or alkylurea to obtain the N-carbamoylmaleic acid in the presence of acetic

acid solvent up to 80 �C, as summarized in Scheme 2.23 [68]. This N-
carbamoylmaleic acid can be ring closed to form the N-carbamoyl-maleimide at

100 �C or at 140 �C upon which thermolysis in DMF produces maleimide, ammo-

nia, and isocyanate by-products, as summarized in Scheme 2.24 [69].

O OO + O
OO

H

H2N R
NH
R
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R

Scheme 2.20 Maleimide formation from maleamic acids by dehydration using high temperature

or an acidic catalyst
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Scheme 2.21 Maleimide formation using a mixed anhydride scheme
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For temperature-sensitive and/or chiral substituents, activation of the amic acid can

be achieved using more sophisticated strategies. For instance, imide formation can be

achieved at much lower temperature (25 �C) when using acyl halide formation on the

free acid functionality with thionyl halides (SOCl2) or phosphorous halides (PCl5,

PBr3). Likewise, mixed anhydrides with the use of phosphorous pentoxide, or

chloroformates, or carbodiimides can also achieve the same result. However, these

reagents are more costly and impractical for most large commercial syntheses.

The synthesis of maleimido-hydrazide can be achieved by the use of a protected-

hydrazide like t-butoxycarbonyl-hydrazide (Boc-hydrazide) with maleic anhydride

followed by thermal dehydration/cyclization. Subsequent deprotection with an acid

enables the generation of gaseous CO2 and isobutylene. This reaction is outlined in

Scheme 2.25 [70].
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Scheme 2.22 Bis-maleimide formation from maleamic acids by dehydration using high temper-

ature and/or an acidic catalyst
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92 M.A. Tallon



2.3 Hydrogenation of the Electron-Deficient Double-Bond

Functionality

2.3.1 Catalytic Hydrogenation of Maleic into Succinic
Derivatives

In principle, hydrogenation of maleic anhydride can be the most direct, environ-

mentally safe, and economical route to manufacture succinic acid. Maleic anhy-

dride is readily available and low price is the result of large production plants in use

today. There are several approaches to the hydrogenation of maleic anhydride:

catalytic, electrolytic, and transfer hydrogenation.

Maleic or fumaric acids or its salts, as well as their esters, or (thio)esters, amides,

and its imides can be reduced to their succinate counterparts [71, 72]. A number of

hydrogenation catalysts can accomplish this task. For example, disodium maleate

can be reduced with Raney Nickel at 100 �C and 156 bar [73]. After acidification,

the yield is nearly quantitative. Milder conditions for hydrogenation are often

employed with more expensive metal catalysts like platinum or palladium. These

approaches suffer from side reactions to form γ-butyrolactone (BLO) and tetrahy-

drofuran (THF), as depicted in Scheme 2.26 [74]. In some cases, these side

reactions are desired for the production of useful downstream chemicals.

O OO
+ H2N NH

HO

OO
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HN
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O
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+
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Scheme 2.25 Maleimido-hydrazide formation using thermal dehydration of BOC-hydrazide with

maleic anhydride
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Maleic anhydride provides a route for many industrially significant chemicals

and intermediates: succinic anhydride, 1,4-butanediol, γ-butyrolactone, and THF.

The production routes are depicted in Scheme 2.26 [75, 76]. These molecules are

produced by both hydrogenation and hydrogenolysis reactions.

There are basically four processes to produce these industrially significant

molecules: (1) the Reppe process is based on the condensation of acetylene with

formaldehyde; (2) the Davy McKee process is based on hydrogenation of maleate

diesters [77]; (3) the Mitsubishi-Kasei process (MKC) is based on diacetoxylation

of 1,3-butadiene; (4) and the Arco process is based on isomerization of propylene

oxide to allyl alcohol, followed by hydroformylation [78]. Each of these processes

has shortcomings. For example, the Reppe process uses explosive acetylene as a

starting reagent under rather severe temperature and pressures (140–280 bar,

250–350 �C); hence, specialized knowledge and equipment are required to follow

this route [79]. Likewise, the Arco process uses explosive propylene oxide, while

the Davy McKee and Mitsubishi processes use costly reagents and precursors.

Maleic anhydride hydrogenation employing different noble metal or copper-based

catalysts in either the vapor phase or liquid phase has also been reported [75, 77–

83]. Nickel promotes the hydrogenation reaction of maleic toward succinic anhydride,

while small amounts of copper are used to prevent the side reaction of maleic

anhydride to form γ-butyrolactone. But the catalysts tend to be expensive and are

susceptible to deactivation. Typically, the deactivation is a result of homopoly-

merization of γ-butyrolactone into a viscous poly-butyrolactone polyester that

deposits onto the catalyst surface. Metal/clay composites have also been studied like

Pd-Al2O3, Ni/(NO3)2, or Ni(NO3)2 hexahydrate for hydrogenation of maleic anhy-

dride into succinic anhydride. Under the most optimized conditions of 190 �C at

10 bar, it was demonstrated that these nickel-based systems are good alternatives [84].

More recent academic and patent literature explores sol–gel formation to

increase the surface area of the different types of catalysts for the hydrogenation

of maleic anhydride [85], as well as using different solvents [86, 87]. Various

products, including 1,4-butanediol, γ-butyrolactone, THF, and butyric acid, can be

obtained, depending on the catalyst choice and reaction conditions employed

O OO

O
OO

O
HH

O OO O O O

HO
OH

Maleic
Acid

Succinic
Acid

1,4-Butanediol

Maleic
Anhydride

Succinic
Anhydride

Gamma-
Butyrolactone

Tetrahydrofuran

H2 H2

H2

+ H2 - H2

H2

- H2O+ H2O

H2

+ H2O + H2O- H2O - H2O

O
OO

O
HH
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[88–92]. In particular, Palladium on carbon can be used for the hydrogenation of

maleic anhydride in supercritical carbon dioxide, achieving 97.3% selectivity for

gamma-butyrolactone, or 100% conversion into maleic anhydride can be achieved

at an H2 pressure of 40 bar and reaction temperature of 100 �C [93].

Newer catalysts have been investigated for hydrogenation of maleic anhydride

to succinic anhydride. For example, complete selectivity was achieved when

employing RhCl(PPh3)3, also known as Wilkinson’s catalyst, in the liquid phase

during maleic anhydride hydrogenation in ethylene glycol dimethylether [85]. In

another approach which avoids the high cost of removing the solvent from the

reaction mixture, solvent-free hydrogenation of maleic anhydride has been carried

out using metallic nickel catalyst [94].

Many catalysts have also been explored in fixed bed reactors. For example,

Ni/SiO2, Co/SiO2, and Cu/SiO2 have been used as hydrogenation catalysts with

maleic anhydride [95]. However, partial deactivation occurred, primarily due to

polymer deposition onto the metallic phase. Nickel–platinum catalysts are com-

monly employed in maleic anhydride hydrogenation, where a Pt-adjunct has been

found to increase the stability of the catalyst. In one example, only a 4% loss in

activity was detected after 120 hours of use [75, 95].

One pathway for catalytic hydrogenation is summarized in Scheme 2.27 as

observed for hydrogenation of ethylene. Hydrogen adsorbs onto the surface of

metal catalyst followed by formation of an activated metal-hydride intermediate.

This process is reversible. The maleic molecule can also adsorb onto the catalyst

through π bonding with the catalyst surface. Then in a stepwise fashion, one

hydrogen atom is transferred from catalyst to organic acceptor. This is followed

by addition of a second hydrogen atom from catalyst to the partially hydrogenated

acceptor to complete the hydrogenation reaction.

This sequential addition of hydrogen was invoked to explain the lack of stoichi-

ometry observed when deuterium gas D2 was used in the hydrogenation reaction of

ethylene with Pd. In particular, it was observed that the average reaction product

Scheme 2.27 Catalytic hydrogenation mechanism of maleic into succinic (Adapted from [96])
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was C2H2.63D1.37 instead of the expected C2H2D2 [96]. Therefore, the surface atoms

of the catalyst can be in three different oxidation states, with a net change of �1,

0, +1. This partially explains why an electron-rich double bond would adsorb onto

an electron-rich catalyst. The net +1 site on the metal exerts a columbic attraction to

the electron-rich double bond of the ethylene moiety. Similarly, the electron-

deficient double bond of maleic anhydride or its acid can be attracted to the net

�1 site of the metal by this columbic attraction, as depicted in Scheme 2.27. Then a

shuffling of electrons between the surface metal atoms acts in concert to form the

transient organometallic intermediate for hydrogenation to ensue.

2.3.2 Electrolytic Hydrogenation of Maleic into Succinic
Derivatives

Succinic acid can be also produced by an electrolytic reduction method using

maleic acid or maleic anhydride. The production of succinic acid with electrolytic

technology had been industrialized since the 1930s. After nearly 85 years of

development of this technology, the mature electrolytic synthesis technology con-

tinues to accomplish higher and higher conversion ratios, yield, purity, and current

efficiency in producing succinic acid. In the meantime, zero discharge of wastewa-

ter has been realized by recycling the mother liquor. Electrolytic technology has

long been considered as a green chemical synthesis technology.

Electrolytic hydrogenation is another method for the conversion of maleic/

fumaric derivatives. These processes generally employ less hazardous protic sol-

vents. For instance, Takahashi and Elving reported that maleic and fumaric behaved

identically in this reaction [97]. However, since pyridine (a known isomerization

agent to convert maleic acid into fumaric acid) is employed as a catalyst, some have

speculated that isomerization of maleic acid into fumaric acid has occurred and then

hydrogenation follows to describe this behavior.

The literature presents two primary routes using electrolytic technology of

succinic acid production, namely, a membrane technique or a membrane-free

approach. At present, the membrane-free method is more widely adopted, as

indicated by the number of increasing patent applications from 2006 onward.

As a result, the electrooxidation pathway with oxygen evolution has been adopted

as the most preferred anodic reaction for production of succinic acid today

[97]. Some manufactures have chosen PbO2 as the preferred anode material. The

disadvantage in this method is the high cell voltage, the short life of PbO2 anode, and

the costly initial investment of the anode. Other than the oxygen evolution reaction, it

was also reported that the electrooxidation reaction of glyoxal to glyoxylic acid had

been employed as the anodic reaction by one Chinese manufacture of fine chemicals.

But the yields of glyoxylic acid and succinic acid were still relatively low.

US patent application 20130134047 A1 (Zhejiang University of Technology)

teaches a new technology for the electrolytic synthesis of both succinic acid and

sulfuric acid in the redox couple from a waste stream of SO2 gas in water [98]. The

process creates sulfuric acid that can be used as a beneficial chemical reagent.
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Remediation of this waste stream while generating a useful reagent is environmen-

tally attractive. Either sulfurous or sulfuric acid formed by oxidation of SO2 trans-

fers electrons that are mediated through the redox reaction of I2 (or I3
�) into the

anode-lyte. Iodine (or I3
�) is generated through the electrooxidation reaction of

iodide. Their present invention is a novel technology in producing succinic acid and

sulfuric acid at the same time with this paired electrolytic technology.

Maleic acid or maleic anhydride can be used as the raw material for the cathodic

reaction. In this process sulfuric acid is the cathodic reactant and the supporting

electrolyte of the reaction system. The electrolyte solution in the anode and cathode

compartments of the electrochemical cell is separated by a cation-exchange mem-

brane. The resultant reaction on the cathode is described by the following redox

reaction presented in Scheme 2.28.

In the anodic compartment, sulfuric acid is produced and iodide ion is

regenerated through the redox coupling reaction of I2 and I3
�, with sulfur dioxide

as the following electrooxidation reactions take place.

2I−→I2 + 2e (or 3I−→I3 −→2e) ð2:1Þ

I2 + SO2 (gas) + 2H2O → H2SO4 + 2HI ð2:2Þ

H2SO3 + I2 + H2O → 4H+ + 2I−+ SO4
2− ð2:3Þ

I3 −+ SO2 + 2H2O → 4H+ + 3I−+ SO4
2− ð2:4Þ

In the above anodic reaction, the iodide ion is regenerated through the following

chemical redox reaction of I2 and I3
� with SO2 or H2SO3, represented by Eqs. (2.1)

and (2.2). Concurrently, sulfuric acid is produced. The net reactions can be

expressed as follows. In the anodic compartment, sulfur dioxide gas is fed into

the anolyte where sulfurous acid is formed through the reaction of SO2 and water.

Compared with the related technologies, the beneficial results of the this process

include (1) reducing the energy consumption of succinic acid electrolytic synthesis

significantly by adopting appropriate paired anodic and cathodic reactions;

(2) decreasing the initial investment and production cost by using inexpensive

anode material, overcoming the problem of short lifetime of anode; (3) providing a

newwet technology to produce sulfuric acid at lower temperatures; and (4) increasing
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Scheme 2.28 Electrolytic reduction of maleic acid into succinic acid
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current efficiency, recycling electrolyte, and achieving green production. The tech-

nology of this approach is suitable for industrial scale production [98].

After 10 h at constant current density, the electrolysis reaction is stopped, and the

catholyte is taken out for post-processing. After posttreatment which includes

cooling, crystallization, filtration, rinsing with icy deionized water, and drying,

68.4 g succinic acid is obtained finally. The cathodic current efficiency is calculated

to be 95.1%.

2.3.3 Transfer Hydrogenation of Maleic into Succinic
Derivatives

Safety in an industrial plant is of paramount importance. The use of explosive

hydrogen gas to hydrogenate maleic into succinic derivatives is only employed by

specialized and experienced manufacturers. An alternative and safer process to

hydrogenate organic molecules is the use of transfer hydrogenation where

hydrogen-donor molecules are used instead of H2 gas, as depicted in Scheme 2.29.

Generally, these donors are special solvents which enhance the efficiency of the

overall process. Some typical hydrogen donors include hydrazine, cyclohexene or

its diene, isopropanol, dihydronaphthalene, dihydroanthracene, and formic acid to

name a few. The commercially preferred hydrogen donors tend to be formic acid or

its formates, or a combination of formic acid and organic base, hydroquinone,

cyclohexene, phosphorus acid, or alcohols like isopropanol [97].

The catalysts can be a solid for heterogeneous catalysis or an organometallic for

liquid homogenous catalysis. Recent advances in asymmetric transfer hydrogena-

tion enable stereospecific addition of hydrogen in the reduction step for synthesis of

chiral intermediates [99, 100].
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Typically, solid catalysts used include Pd black; Pd/carbon, Pd or Ni on alumina,

and Raney nickel. Homogenous organometallic catalysts like Ru, Rh, Ir, and Pt

complexes can also be employed. Besides temperature and pressure, other variables

affecting hydrogenation rates include mechanical agitation and flow rates. Com-

mercial processes usually use Pd/carbon since only the double bond is reduced with

this catalyst. These catalysts do not affect the carbonyl groups. Chemical selectivity

should also be considered prior to the reduction step to obtain the desired product.

Catalytic transfer hydrogenation employing platinum group metals (pgms) Ru,

Rh, and Ir has been the most successful. While other metal catalysts or organo-

catalysts have been employed, their rates are generally slower. Most often, the metal-

catalyzed transfer hydrogenation reactions are performed in isopropanol, or in an

azeotropic mixture of formic acid (HCOOH) and triethylamine (Et3N) with a molar

ratio 2.5:1. This admixture can act as both the solvent and the reductant. Transfer

hydrogenation reactions can be carried out in water in a highly efficient manner

[101]. The use of water in these processes is environmentally advantageous. These

reductions are simple to perform, requiring no ligand modification or organic sol-

vents, and often do not require an inert gas headspace. These processes use one of the

most easily available and inexpensive hydrogen sources, sodium formate

(HCOONa), thus providing a new viable tool for carbonyl or double-bond reduction.

It should be pointed out that catalytic transfer hydrogenation is not just a regular

catalytic hydrogenation where the hydrogen donor replaces H2 gas as the hydrogen

source. But the process is mechanistically different. For example, Pt black and

Rh/carbon are very efficient hydrogenation catalysts with H2. However, they do not

work with hydrogen donors under the same set of conditions. Instead, the metal

activates the donor for the hydrogen transfer event in a stepwise fashion. This

sequential addition of hydrogen was invoked to explain the isomerization of olefinic

double bonds from cis to trans and trans to cis, as well as the positioning of the

double bond via allylic isomerization along the chain during the hydrogenation of oils

with Pd. Kinetically, a ternary complex of metal, donor, and acceptor is required for

the transfer hydrogenation as the preformed metal hydride is the active species.

2.4 Oxidation Reactions of the Electron-Deficient

Double Bond

2.4.1 Epoxidation

Epoxidation of suitable maleate and fumarate derivatives can be performed in a

variety of ways. The primary use of maleic epoxidation has been in the production

of tartaric acid, where R is hydrogen, as depicted in Scheme 2.30. Since the (d,d )-
isomer is the natural form, routes to produce this isomer in highest yields were

sought. Synthetic tartaric acid is mainly the meso-(d,l )-isomer, but sometimes the

(l,l )-isomer is also referenced.
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Epoxidation of disodium maleate with hypochlorite followed by acidification is

one route to this product that has been isolated in 75% yield, as outlined in

Scheme 2.31 [102].

There are many routes to the dihydroxylation of maleates and fumarates into

dihydroxy compounds [103]. These include OsO4-based routes for cis-hydroxyl-
ation, either directly or with a co-oxidant, such as hydrogen peroxide, or many

transition-metal variants. The hazardous nature and high cost of OsO4-based routes

have precluded their widespread use in commercial processes.

Using hydrogen peroxide with catalysts, such as titanium, tungsten, molybde-

num, vanadium, and composites with silicates and combinations of these metals,

has been used more recently. Modern oxidation methods have been reported with

in-depth details [103].

In 1959, Payne and Williams reported the selective epoxidation of crotonic,

fumaric, and maleic acids using aqueous hydrogen peroxide with a catalytic amount

of sodium tungstate (2 mol%) [104]. The control of pH (4–5.5) was essential in the

reaction media. Electron-deficient substrates like maleates, fumarates, and
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crotonates were difficult to selectively oxidize using common techniques like

peroxy acids. Earlier attempts using this combination failed because of rapid

hydrolysis of the newly formed epoxide (Scheme 2.32) [103].

Addition of phosphoric acid and quaternary ammonium salts substantially

improved the epoxidation of maleates [105]. Active tungstate catalysts are typically

produced in situ. Noyori and coworkers reported conditions for the selective

epoxidation of aliphatic terminal alkenes employing toluene, or absolutely

solvent-free system [106]. One shortcoming with the previous systems was the

use of chlorinated solvents. Their approach provided for a greener process. In the

media, 2 mole% sodium tungstate, aminomethylphosphonic acid, and methyltrioc-

tylammonium bisulfate were used at 90 �C with no solvent, which resulted in high

yields directly from the reaction medium. The use of these additives was essential

for epoxidation, as presented in Scheme 2.33.

Replacement of aminomethylphosphonic acid with other phosphonic acids, or

simply phosphoric acid itself, significantly lowered the conversion. The phase-transfer

catalyst trioctyl-methyl-ammonium bisulfate (HSO4) generated better results than the

corresponding chloride or hydroxide salts [105, 106]. The size of the alkyl group on the

ammoniumquatwas found to be important, sinceC6 or lesswas inferior toC8 or higher
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chain lengths. This system was further optimized by addition of more aminomethyl-

phosphonic acid and Na2WO4 and the pH adjusted closer to 4.2–5.5 [106].

Another highly efficient tungsten-based system for epoxidation was introduced

by Mizuno and coworkers who used the tetrabutylammonium salt of a Keggin-type

silicon cotungstate [γ-SiW10O34(H2O2)]
4� that was found to catalyze epoxidation

with aqueous hydrogen peroxide with 99% selectivity and 99% yield [107]. Fur-

thermore, the catalyst could be recycled at least five times without loss in selectivity

or efficiency.

Other catalysts based on manganese complexes with porphyrins have also been

used (Scheme 2.34). Co-oxidants that are compatible with manganese include

sodium hypochlorite, alkyl peroxides or hydroperoxides (t-butylhydroperoxide in

t-butanol), N-oxides, KHSO5, and molecular O2. These catalysts can be used in the

presence of an electron-donor source [108].

Another effective catalyst system uses rhenium with hydrogen peroxide to form

a bis-peroxorhenium complex. This catalyst is intensely yellow in color and has

been used to epoxidize olefinic compounds. One preferred type of oxidation

catalyst comprises an alkyl trioxorhenium-based material. The size of the alky

group can range from 1 to 4 carbons in length that is attached to the rhenium

catalyst complex. Methyltrioxorhenium (MTO) has been found to perform the best

in these types of oxidations [109]. MTO is a well-known catalyst because of its

commercial availability and it stability in air.

MTO reacts with H2O2 to generate an equilibrium mixture with the formation of

monoperoxo- and diperoxo-rhenium (VII) species, as presented in Scheme 2.35. The

diperoxo-rhenium species structure (III) in Scheme 2.35a is the most reactive toward

maleic anhydride resulting in epoxidization and hydroxylation by this process

(Scheme 2.35b). Notably, the MTO/H2O2 system employs nontoxic reagents, the

work-up is simple, and water is the only by-product. Moreover, MTO does not

decompose H2O2, unlike other transition-metal-based catalysts [110].

Generally, the MTO/H2O2 system exhibits high acidity and can promote hydro-

lysis of the epoxidized products to unwanted diol side products. Addition of one or
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more basic ligands to the MTO complex reduces the acidity and improves yields.

Ammonia, alkyl amines, pyridine, bipyridine, or other pyridine derivatives can all

be used as the basic ligand. Typically, the level of hydrogen peroxide oxidant can

range from about 1.05 to about 10 moles per equivalent of olefinic double bond,

while the catalyst level used ranges from 0.001 to 0.1 mole% [111].

Ruthenium catalysts have also been employed, as depicted in Scheme 2.36. Late

transition metals, such as cobalt(II) Schiff bases, have been used with molecular

oxygen with reported yields up to 98%. Additionally, nickel- and platinum(II)-

based catalysts have also been used.

Other factors that influence the epoxidation process have included solvents to

replace methylene chloride. Solubilizing the organometal catalysts in solvents like

trifluoroethanol or hexafluoro-isopropanol (HFIP) has been used but requires at least

60% hydrogen peroxide to be efficient. Additionally, immobilization of catalysts

onto a solid support for easier removal and reuse is becoming important. Also Iron

salts and complexes as catalysts have also been used. For water-sensitive epoxides,

the use of anhydrous hydrogen peroxide as its urea complex has been quite beneficial.

Likewise, percarbonate- or persulfate-based derivatives can be used as well.
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2.4.2 Ozonolysis

Ozonolysis of maleic acid was first reported by Harries in 1903 [112].

Since then, a deeper understanding of this complex chemistry has been

revealed, as illustrated in Scheme 2.37. Ozone forms a five-membered tri-oxo

ring structure with maleate followed by hemolytic cleavage of the tri-oxo

species to generate a diradical species, pathway (A). An internal rearrangement

yields glyoxylic acid as one product and the peroxy-glyoxylate diradical
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adduct as the other. Attack of this adduct by a hydroxyl radical can yield a

variety of products. In one route, the adduct forms oxalic acid and water as

depicted in pathway (B), while in the other route formic acid and CO2 are

formed (pathway (C)).

These two routes are not mutually exclusive. Both pathways can proceed

concurrently. Only the reaction conditions dictate which predominates over the

other.

2.5 Addition Reactions to the Electron-Deficient

Double Bond

2.5.1 Hydroformylation Reaction

Besides hydrogen or oxygen addition across the double bond of maleic anhydride, a

number of other reactants exhibit utility. For example, diethyl fumarate generated

by esterification and isomerization of maleic anhydride can be hydroformylated

with carbon monoxide and H2 gas employing a cobalt catalyst at 150 �C and 300 bar

with a reported yield of 51% [113]. Better yields were obtained by Umemura and

Ikada using lower temperatures and pressures 70–120 �C at 115 bar or 25 �C at

150 bar in the presence of a 1:1 ratio of CO: H2 using dimethyl maleate generating

83% yield of formyl product and 17% dimethylsuccinate, as depicted in

Scheme 2.38 [114].

Other catalysts including rhodium with aryl phosphine or aryl phosphite

ligands (e.g., HRh(CO)(PPh3)3) have been proposed as the active species in

the hydroformylation reaction to generate aldehydic derivatives. The conditions

can be exploited for whole range of olefin conversion into aldehydes as well,

operating at 70–100 �C and 35 bar, with less than 5% hydrogenation by-products

[113, 114].
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2.5.2 Addition of Water for Conversion of Maleic into Malic
Compounds

Conversion of aqueous solutions of maleic acid into malic acid is achieved by

contacting with a steam sparge under pressure. Optionally, partially neutralized

maleic sodium salts up to 50 mole% can be used to enhance hydration. This process

is summarized in Scheme 2.39 and proceeds through a fumaric acid intermediate

[113]. Note that (l )-malic acid is the naturally occurring form while this process

yields a racemic mixture.

Another route to convert maleic acid into (l )-malic acid is the use of biological

enzymes and/or bacteria. For instance, when the enzyme fumarase is added to an

aqueous solution of calcium fumarate and the enzyme acts on water-dissolved

fumarate converting a portion to calcium malate. Due to the lower solubility of

the malate, it crystallizes and precipitates out from the system before the reaction

has reached chemical equilibrium.

This precipitation process enables the continuous production of calciummalate. In

a typical hydration reaction, maleic acid is hydrated in the presence of various

catalysts including sulfuric acid. Aluminum and chromium hydroxide catalysts

have been found to increase yields of malic acid in the aqueous hydration of maleic

acid. Smaller amounts of fumaric acid were also found in the hydration product [114].

2.5.3 Addition of Halo Acids for Conversion of Maleic into
Halosuccinate Compounds

Halosuccinic acid can be directly prepared by addition of HBr or HCl with maleic

anhydride, or its diacid under anhydrous conditions. These processes have not

found much commercial use. Similarly, fumaric acid in the presence of acetic

acid saturated with HCl or HBr will also form the halosuccinate derivatives, as

outlined in Scheme 2.40. Other routes are also known.

For example, chlorosuccinic acid can be obtained through the reaction of malic

acid and phosphorous pentachloride at room temperature [115]. Chlorosuccinic

acid can also be derived from malic acid with thionyl chloride, as well as through
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the addition of hydrogen chloride to maleic acid in acetic acid at 100 �C
[116]. Additionally, chlorosuccinic acid can be obtained by reduction of 2-chloro-

butenedioic acid with chromium powder in perchloric acid at 25 �C [117] and from

the reaction of chloroacetic acid with lithium diisopropylamide at �80 �C and then

heating to 50 �C [118]. Similar reactions are expected from similar brominated

derivatives, such as thionyl bromide, etc.

To achieve a stereoselective form of one enantiomer of chlorosuccinic acid, such

as (S)-chlorosuccinic acid, the use of thionyl chloride with (S)-malic acid should be

used for retention of configuration. To produce (R)-chlorosuccinic acid, the use of

thionyl chloride with pyridine, a weak nucleophile, would be employed. Likewise,

the R-isomer can be produced from (S)-malic acid using PCl5, for inversion of

configuration as presented in Scheme 2.41.

The mechanism by which inversion of configuration is obtained was first

elucidated by Paul Walden in 1896 and was dubbed the Walden Inversion. It

proceeds by an SN2 reaction mechanism when using PCl5 resulting in inversion

of configuration, as outlined in Scheme 2.42. In contrast, the use of thionyl chloride

proceeds via an SN1 mechanism with retention of configuration.

Assuming complete conversion of malic acid into its cyclic anhydride form

(Scheme 2.42 panel b). The alcohol of the malic anhydride in panel b attacks the

PCl5 to form the activated intermediate shown in panel c, and the chloride anion then

attacks the opposing face of the molecule forming the chlorosuccinic compound,

panel d, resulting in inversion of configuration from the (S)-enantiomer into the (R)-

enantiomer. Meanwhile, rearrangement of the protonated phosphorous oxychloride,

panel d, occurs to form HCl and O¼PCl3, panel d. In the last step, water opens the

anhydride to generate the (�) R-chlorosuccinic acid molecule (Scheme 2.42-panel e).

Walden proposed that retention of configuration can result from a double

inversion. For instance, an l-isomer is converted to a d-isomer that is an interme-

diate in the reaction, and then the d-isomer is converted back into its l-isomer by a

second reaction as the final product.
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His hypothesis is correct for the reaction of silver hydroxide with

R-chlorosuccinic as the second reaction, converting it back to S-malic acid.

Remember, S-malic acid was the starting reagent for the synthesis of

R-chlorosuccinic acid as the first reaction/intermediate. However, not all reactions

proceed with inversion of configuration; one such example is the reaction of

S-malic acid with thionyl chloride that proceeds with retention of configuration,

as illustrated in Scheme 2.43.

Again, assuming complete conversion of malic acid into its cyclic anhydride

form as the first step (Scheme 2.43-panel b). The alcohol of malic anhydride attacks

thionyl chloride to form the protonated chlorosulfite intermediate (panel c). Elec-

tronic rearrangement ensues to release hydrogen chloride (panel d). There is some

debate as to the intermediate formed proceeding from panel d to panel f.

Some assert that a formal charge is formed on the chlorosulfite moiety as

depicted in panel e, to form an “intimate ion pair” with the carbon cation malic

intermediate. Others assert that a concerted reaction ensues in which that as the

carbocation is forming on the malic intermediate, while simultaneously the chloride

anion is forming a bond with this cation center, resulting in an exchange reaction of

oxygen for chloride in only one step. In either case, the observed product is

S-chlorosuccinic acid (Scheme 2.43-panel g).

In summary, three reactions have been discussed to illustrate the capability of

various reactions to retain or invert configuration of chlorosuccinic acid. These

compounds are usually intermediates for further reactions, requiring a high degree

of stereospecificity.
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2.5.4 Addition of Halogens for Conversion of Maleic into
Dihalosuccinate Compounds

The addition of halogens directly to maleic anhydride forming dihalosuccinic

anhydrides is another important chemical reaction. Chlorination of molten maleic

anhydride yields α,β-dichlorosuccinic anhydride that can be subsequently hydro-

lyzed in water to form the dichlorosuccinic acid molecule, as outlined in

Scheme 2.44 [119].

When maleic anhydride in water or its corresponding diacid is used, then a pair

of diastereomers is produced, (d,d) and (l,l )-dichlorosuccinic acid (Scheme 2.44-

panel a). Fumaric acid can be chlorinated but generates only one diastereomer,

specifically (d,l)-dichlorosuccinic acid (panel b). The reaction is an anti-addition for
both fumaric and maleate. The trans-configuration of fumarate along with trans-

loss of SO2 gas

O

OHO

OH
HO H

(+) l-malic acid's 
alcohol attacks 
thionyl chloride

S
OCl

Cl

explusion of Cl- ion
from the protonated

chlorosulfite

HCLO
S

O
gas

departure of leaving 
group to form

"intimate ion-pair"

Cl- attacks same 
face of carbocation from

"intimate ion-pair"

O

O

O OH
H

SOCl2

S
OCl
Cl

O

O

O OH
H

S O
Cl

O

O

O
O

H
+S O

Cl

O

O

O
O

H

Cl

O

O

O

H

(+) l-chlorosuccinic acid

H2O

(+) l-malic acid

O

OHO

OH
HCl

a b c

f e d

g

δ

δ

Scheme 2.43 Retention of configuration by SN1 reaction mechanism using thionyl chloride

converting malic acid into (+)l�chlorosuccinic acid

2 Reactions Involving Maleic Anhydride 109



addition gives the net result of a syn-addition product, more properly named as the

meso-isomer, as depicted in Scheme 2.44-panel b.

Maleic and fumarate can be brominated as well. Both maleic and fumarate

preferentially form the meso-isomer as the major product at lower temperature �
�5 �C. In contrast, at 65 �C, only 46% of the maleic product is in its meso-form
[119]. The meso-isomer is the thermodynamically more stable form of this

dibromo-derivative.

Mechanistically, the trans-addition of bromine to the fumarate electron-deficient

double bond is straightforward, like that of chlorination of fumarate in Scheme 2.45-

panel b. Unexpectedly, bromination of maleic generates the same product too,

especially, given the results from the chlorination of maleic depicted in

Scheme 2.45-panel a.

Isomerization of the double bond for maleic acid must occur during the bromine

addition reaction onto maleic acid. It has been observed that increasing the level of

bromide anion in the medium from 0.2 M to 4.0 M results in an increase in meso-
isomer from 32% to 73%, respectively. Bromide and bromine, at lower tempera-

tures, are known to isomerize double bonds. But the real driving force for this result

is the large van der Waals radius of the bromine atom. In the meso-configuration(d,
l ), the bromine atoms are farther apart, residing on opposite faces of the molecule.

In contrast, the (d,d )- and (l,l )-isomers can only assume a gauche orientation to

prevent overlap of functional groups present. Therefore, these isomers have their

bromine atoms in close spatial proximity to each other, thereby increasing the

overall energy of the molecule due to electronic repulsion of the electron cloud

surrounding both bromine atoms.

Molecular modeling results support this conclusion, that the meso-isomer is

more thermodynamically stable. In this configuration, the two bromine atoms
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(brown) can adopt an anti-configuration (Fig. 2.15a), while the (d,d or l,l )-dibromo-

succinic acid isomers can only adopt a gauche orientation as their lowest energy

state (Fig. 2.15c).
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This is even more apparent in the space-filling models, where the (d,d )-isomer

exhibits more steric clutter between the bromine atoms in the gauche conformation

(Fig. 2.15d), compared to the meso-isomer in the anti-orientation (Fig. 2.15b). The

energy difference between these two conformers are 12 Kcal/Mole versus 15 Kcal/

Mole for the meso-(d,l )-dibromo-succinic acid versus the (d,d or l,l )-dibromo-

succinic acid isomers, respectively.

2.5.5 Michael Additions to the Electron-Deficient
Double Bond

Dialkyl maleates and fumarates, as well as their monoalkyl salts, or any nonacidic

form of maleates and fumarates can participate in Michael addition reactions due to

the electrophilic character of the conjugated double bond. Resonance structures can

be drawn that tacitly indicate the beta-carbon exhibits partial positive character,

meaning that the beta-carbon also has the potential to be an electrophilic target

(Scheme 2.46-panels a and c).

It was demonstrated that the structure of the activated ene such as the maleic

double bond is crucial to the degree of activation [120, 121]. Inorganic catalysts

have also been used to further activate the ene in this reaction. For example, Lewis

acids such as ZnCl2, ZnI2, and AlCl3 have been used as catalysts in Michael

additions [122].

Nucleophilic (Nu) attack at the beta-carbon of the activated ene results in

formation of an enol or enolate intermediate (Scheme 2.47-panels a or c). Usually,

this intermediate collapses and the alpha-carbon is protonated (Scheme 2.46-panel

d). This type of reaction is known as a “conjugate addition” or a “Michael

addition.”

Maleic and fumaric are well-known Michael acceptors and react with a variety

of nucleophilic Michael donors, or inorganic nucleophiles. Regardless if the nucle-

ophile is a Michael donor or not, the addition reaction is stabilized through an

enolate-transition state, and protonation by solvent or directly with acid completes

the reaction, as outlined in Scheme 2.47.

The reverse of a Michael addition can occur and is called a beta-elimination.

This is often referred to as an “E1cb” mechanism. The E stands for “elimination”;

the numeral 1 refers to the fact that, like the SN1 mechanism, it is a stepwise
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Scheme 2.46 Maleate behaves as a Michael acceptor due to electrophilic character at the
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reaction with first-order kinetics. The “cb” designation refers to the intermediate,

which is the conjugate base of the starting compound, as depicted in Scheme 2.48.

Because both Michael additions and beta-elimination or E1cb reactions proceed

through a resonance-stabilized carbanion intermediate, it is essential that a carbonyl

group be located in an appropriate position. This requirement is evident in the beta-
elimination below to stabilize the carbanion intermediate (Scheme 2.48b–c).

Both Michael additions and beta-elimination are intimately related to one

another. The reaction product is really dictated by the reaction conditions

employed. Generally, Michael additions are performed at lower temperature in

neutral to mildly basic conditions. Beta-eliminations are usually performed at

higher temperature under highly basic conditions. Case in point, in 1948 Kloetzel

reported that the nature of the reaction product of 2-nitropropane with diethyl

fumarate depends on the level of diethylamine employed [123].

In particular, when using a catalytic amount of 0.2 mole of diethylamine, the

simple Michael addition product is obtained in 90% yield (Scheme 2.49 pathway

A). However, when 1.25 equivalent of diethylamine is used, then a beta-elimination

of the nitro-group occurs with 83% yield (Scheme 2.49 pathway B). This reaction

has been revisited by Ballini and coworkers in 2002 using dimethyl maleate to

generate (E)-3-alkylidene succinic anhydrides and 3-alkyl succinic

anhydrides [124].

Not all beta-elimination reactions generate a retro-Michael addition product of

the starting reagents. It is possible that a Michael addition followed by a beta-
elimination can generate a whole new entity, as outlined in Scheme 2.49

pathway B.
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In some cases, an internal Michael reaction can occur and cause ring closure

similar to the Robinson annulation. For instance, Szilagyi and Wamhoff reported

the cyclization of β-aminocrotonic ester with maleic anhydride to form a highly

substituted unsaturated pyrrolidone derivative, as depicted in Scheme 2.50 [125].

Another interesting reaction is the oligomerization of maleates and fumarates to

form polycarboxylic esters using malonic or acetoacetate enolates as the polymer-

ization initiator. Hence, the first step of the reaction is the Michael addition to

maleate/fumarate, followed by anionic homopolymerization of maleate and/or

fumarate diesters [126]. The resultant structures for these homopolymers are

depicted in Scheme 2.51.

The remainder of this chapter will focus on the addition reactions to the activated

and electron-deficient double bond of maleate and fumarate. But one should keep in

mind that retro-reactions and beta-elimination reactions are also possible.
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2.5.6 Sulfonation and Thiol Additions

The base-catalyzed thiol addition to the polarized double bond of maleic anhydride

has been well known since the early 1960s [54, 127]. These processes are known as

thiol–ene reactions. Thiol–ene reactions proceed through a thiolate anion addition

mechanism, where the dielectric of the solvent indirectly plays a role in thiol

dissociation, followed by a Michael addition of the thiolate anion onto maleic

anhydride. These mechanisms are presented in Scheme 2.52.
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Both alkyl and aryl thiols participate in this reaction in a straightforward manner.

The greater the acid strength of the thiol, the quicker addition occurs, primarily due

to a higher population of thiol present in its anionic form. The reaction proceeds

readily under anhydrous conditions. Under aqueous conditions, the reaction

becomes quite complicated, due to hydrolysis of maleic anhydride into maleic

acid, enabling a number of side reactions.

Sulfonation of maleic anhydride proceeds in a similar fashion to thiol additions,

where the nucleophilic alkali metal sulfonate moiety adds to the electron-deficient

double bond, as illustrated in Scheme 2.53. The typical reaction is a two-step

process, where the maleic anhydride is first reacted with an alcohol, usually a

fatty alcohol, to form the monoester, and then the alkali metal salt of sulfite is

added to form the well-known surfactant class of sulfo-succinates [128, 129].

2.5.7 Alkoxylation Reactions to the Double Bond

As seen in the previous section on thiols, base-catalyzed alkoxy addition to the

polarized double bond of dialkyl maleates can occur to generate a racemic mixture

of alkoxy-succinates, as depicted in Scheme 2.54. This reaction readily proceeds at
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Scheme 2.53 Formation of sulfo-succinates with maleic anhydride
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room temperature with a reported yield of 80% in 1 h [130]. Typically this reaction

is carried out with an alkoxy anion identical in structure to the ester functionality,

minimizing the complexity of the product that is formed by transesterification side

reactions that cannot be completely controlled under the typical reaction conditions

employed.

It must be recognized that not only does the alkoxy anion participate in a

Michael addition reaction, it also reacts with the ester functionality and can

transesterify. This is evidenced by the tri-allyloxa-succinate cross-linker structure

depicted in Scheme 2.55 [131]. In particular, addition of the alkoxy anion of allyl

alcohol to dimethyl maleate not only results in the addition across the double bond,

but the methyl esters also participate in an exchange reaction to replace the methyl

ester with the diallyl ester too.
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2.5.8 Amination, Amino-Acid Formation, and Biopolymer
Synthesis

Michael additions of ammonia, alkyl, and aryl amines to maleate salts and esters

generate racemic amino-acid products. In fact, two out of the 20 naturally occurring

amino acids found in proteins can be manufactured from maleic anhydride. These

compounds are aspartic acid and asparagine. For example, addition of ammonium

hydroxide to maleic or fumaric acid forms a racemic mixture of (d,l )-aspartic acid
ammonium salt, while addition of ammonia in methanol to maleic anhydride

generates the racemic amino-acid asparagine ammonium salt, as depicted in

Scheme 2.56 [132].

Biodegradable polymers based on aspartic acid or asparagines have significance

in the marketplace. For instance, poly-aspartic acids can be used as anti-scaling

agents for heating and cooling water systems and corrosion inhibition [133–135],

super-swelling hydrogels in diapers and feminine hygiene products [136], a builder

in detergents, and as a dispersant [137]. As a polyelectrolyte, it has replaced poly-

acrylic acid in many applications due to its benign nature and potential biodegrad-

ability as a more ecologically friendly alternative and greener product.
Synthetically, it is manufactured much like that of aspartic acid in Scheme 2.57,

but requires much higher temperatures for condensation to occur [139]. The thermal

polymerization is actually a condensation reaction instead for aspartic acid, or

precursors of aspartic acid, and proceeds through a polyimide intermediate

followed by mild alkaline hydrolysis to produce the polyamide poly-aspartate.

As NMR techniques were applied to characterize the intermediates and products,

a mixture of the α, β nature of the residues became well known, and a preference for
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the more flexible β-linkage was observed over the α-linkage by a 3:1 margin

[140]. These configurational and structural isomers are related to isomeric struc-

tures generated along the polymer backbone, two related to the ring opening of the

α, or β-carboxyl group, and two related to the d, or l-stereocenter.
Fox and Harada (1962) further demonstrated that the copolymerization of aspartic

acid, or its precursors to aspartic acid, with other amino acids by heating admixtures at

160–210 �C for 1–3 h or a time sufficient to form a polyimide, resulted in branched

poly-aspartates. If H3PO4 was added in an equimolar or lesser amount relative to the

amounts of amino acids used, linear products with higher molecular weights were

achieved at lower reaction temperatures. The polyimidewas then decomposed bymild

alkaline at 80 �C for 10 min, as outlined in Scheme 2.57 [138].

2.6 Cycloaddition (Diels–Alder) Reactions of Maleic

Anhydride

Maleic anhydride is a potent dienophile in cycloadditions. These reactions are

better known as Diels–Alder reactions. In fact, this type of reaction was discovered

in the late 1920s by Otto Diels and Kurt Alder using maleic anhydride with dienes

and trienes [141]. This reaction can synthesize complex chiral compounds related to

natural products such as terpenes, sesquiterpenes, and alkaloids.

Diels and Alder reaction is extremely useful in forming cyclic rings in high yield

and high stereospecificity. Diels–Alder reactions are also known to be reversible

under certain conditions. The reverse reaction is known as the retro-Diels–Alder

reaction. Most Diels–Alder adducts are aromatic, which is an additional driving

force within this type of reaction.
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The Diels–Alder reaction has been extensively used in the synthesis of complex

natural molecules due to the formation of numerous chiral centers in one reaction,

which are governed by the Woodward–Hoffmann rules. These theoretical rules

involve the correlation of orbital symmetry to the outcome of a Diels–Alder

reaction, as well as other electrocyclic reactions [142–144].

This reaction is neither polar nor ionic or radical-based either. It is known as a

concerted pericyclic reaction, a reaction in which several bonds in the cyclic

transition state are formed and severed simultaneously. A pericyclic reaction is a

type of reaction wherein the transition state of the molecule(s) has a cyclic geom-

etry, and the reaction proceeds in concerted fashion. Pericyclic reactions are usually

rearrangement reactions. Some other major classes of pericyclic reactions include

electrocyclizations (Nazarov) and sigmatropic rearrangements (Cope, Claisen) and

group transfer.

When a diene and dienophile react with each other, sometimes more than one

stereoisomer can be produced. The isomer that predominates is the one which

involves maximum overlap of the pi-electrons in the cyclic transition state

[144]. This reaction runs quickly when the diene bears an electron-donating

group (EDG), while the dienophile contains an electron-withdrawing group

(EWG), as summarized in Scheme 2.58. In general, the dienophile must have an

EDG
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EDG
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Scheme 2.58 Diels–Alder reaction of a diene with a dienophile (Adapted from [145])
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electron-withdrawing substituent for the reaction to readily proceed. Ethylene itself

does not easily form Diels–Alder adducts. For ethylene to participate in a Diels–

Alder reaction, extremes of pressure 1800 psi and temperature 185 �C are required

[146]. Furthermore, the diene must be in the s-cis-conformation for proper align-

ment of the molecular orbitals to form the prerequisite bonds between the diene and

dienophile, as shown in Scheme 2.58a.

Dienes in the trans-conformation do not form Diels–Alder adducts because of

improper overlap of their molecular orbitals with the dienophile (Scheme 2.58b).

Positioning of the electron-donating group (EDG) on the diene can also affect the

alignment between the two reactants such that the terminal EDG will be vicinally

attached to the carbon bearing the EWG in the dienophile (Scheme 2.58a). In

contrast, internally positioned EDG will be positioned further apart from the

EWG group, analogous to a para-orientation in the ring (Scheme 2.58c).

Dienes with bulky terminal substituents in the C1 and C4 positions decrease the

rate of reaction, while bulky substituents at the C2 or C3 position of the diene

actually increase reaction rate by presumably destabilizing the trans-conformation

and forcing the diene into the more reactive cis-conformation [145].

The Diels–Alder cycloaddition reaction involves the 1,4-addition of a conju-

gated diene to a cis-alkene, resulting in two new sigma bonds, formed from two pi
bonds. The resultant adduct thereby forms a six-membered ring. This reaction is

quickest when the diene has two conjugated bonds locked within a ring system,

such as cyclopentadiene or cyclohexadiene, enabling a fixed alignment of the

requisite molecular orbitals in space. The molecule can also be an acyclic diene

that can assume a cis-conformation. These isomers tend to react slower, since it

must achieve the correct conformation before the reaction can proceed, as outlined

in Scheme 2.58a versus 2.58b.

Maleic anhydride is a potent dienophile because of the electron-withdrawing

substituents of the anhydride carbonyls. These resonance structures of maleic

anhydride are further stabilized by the presence of the neighboring lone-pair

electrons on the carbonyl group’s oxygen atoms denoted by a blue-δ as outlined

in Scheme 2.59. Hence, maleic anhydride’s pi bond is clearly electron deficient and
behaves as an electrophile to electron-rich dienes.

Retention of configuration for the reactants in the products implies that both new

sigma bonds are formed simultaneously [145]. The stereochemical information in
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Scheme 2.59 Resonance structures for maleic anhydride as a dienophile
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the reactants is therefore retained within the products. For instance, (E)- and (Z )-
dienes give rise to the adducts with corresponding syn- or anti-stereochemistry, as

presented in Scheme 2.60.

When the diene (E,E)-2,4-hexadiene reacts with maleic anhydride, the pseudo-
cis-isomer for (3S,6R)-dimethyl-4-cyclohexene-1,2-dicarboxylic anhydride is

formed (Scheme 2.60a); however, when (E,Z )-2,4-hexadiene is used, the pseudo-

trans-isomer (3S, 6R)-dimethyl-4-cyclohexene-1,2-dicarboxylic anhydride is

formed (Scheme 2.60b).

The kinetic endo,endo-isomer is formed first for both molecular entities

(Scheme 2.60a, b). However, when application of an isomerization agent such as

heat or acid is used, then the thermodynamically more stable exo,exo-isomer pre-

dominates [147]. The exo,exo-isomer has been found to be more reactive in ring-

opening metathesis polymerization (ROMP), a topic that will be addressed in-depth

in Chap. 6 [148].

The retention of configuration is also observed for the dienophile. Specifically, if

the alkene is in the trans-configuration such as fumaroyl chloride (Scheme 2.61),

then only the endo,exo-isomer (3S, 6R)-dimethyl-4-cyclohexene-(1R,2R)-diacyl

chloride is formed due to symmetry factors within the molecule (Scheme 2.61a).

In contrast, when maleoyl chloride is used, then the predisposed kinetic and

thermodynamic isomers are again observed highlighting the retention of
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configuration within the product (Scheme 2.61b). The reason for this can be

explained by the mechanistic factors involved in the Diels–Alder reaction itself

[148, 149].

For a pericyclic reaction to proceed, the p-orbitals for each reactant must overlap

with each other and that the sign of the terminal orbitals in the HOMO of the diene

and the LUMO of the dienophile must match. This happens naturally with the

HOMO/LUMO overlap in the [4π+ 2π] Diels–Alder cycloaddition. In contrast, this
fails with the HOMO/LUMO overlap in the analogous [2π + 2π] cycloaddition

reaction. Mechanistically, the cyclic transition state for the formation of the endo-
isomer in this reaction involves a sandwich with the diene directly above the

dienophile (Scheme 2.62) [150].

In such an arrangement, the electron-withdrawing group on the dienophile is

geometrically placed under the diene. Furthermore, the electrons of the pi bonds are
on the same face to each other and are called suprafacial. For instance, in the Diels–

Alder addition of cyclopentadiene with maleic anhydride, the two molecules

approach each other in the orientation depicted in Scheme 2.62b, as this orientation

provides maximal overlap of pi bonds between the two reactants and favors

formation of an initial pi-complex resulting in the final endo-product.
Illustrated in Fig. 2.16 is the endo- and exo-molecular orbital interactions

between cyclopentadiene and maleic anhydride. The endo-product is favored

cis (E,E)-
2,4-Hexadiene

Fumaryl
Chloride

O

O

O

O

H3C

H3C

H3C

H3C

H
H

(3S,6R)-Dimethyl-
4-cyclohexene-(1R,2R)-

diacyl chloride

H

H
endo, exo

Isomer

Cl

Cl
Cl
Cl

A)

cis (E,E)-
2,4-Hexadiene

Maleoyl
Chloride

O

O

O

O

CH3

CH3

H3C

H3C

H
H

(3S,6R)-Dimethyl-
4-cyclohexene-(1R,2S)-

diacyl chloride

H

H

endo, endo
Kinetic Isomer

Cl
Cl

Cl
Cl

B)
H+

Heat

O

O

H3C

H3C

H

H

exo, exo
Thermodynamic

Isomer

Cl
Cl

(3S,6R)-Dimethyl-
4-cyclohexene-(1S,2R)-

diacyl chloride

Scheme 2.61 Retention of configuration between 2,4-hexadiene and fumaryl chloride or maleoyl

chloride

124 M.A. Tallon



because of secondary interactions highlighted in red that are absent in the

exo-orientation. Therefore, this lowers the activation energy, and kinetically this

isomer is favored over the more thermodynamically stable exo-isomer.

A consideration of the reactants’ frontier molecular orbitals (FMO) makes it

clearer why this occurs, as portrayed in Scheme 2.63. This reaction proceeds

quickest when the HOMO and LUMO orbitals are energetically similar. Since the

antibonding LUMO orbital is always higher in energy than the bonding HOMO

orbital, anything to raise the energy of the HOMO orbital and/or lower the energy of

the LUMO orbital can make Diels–Alder reactions even more facile. This can be

achieved by adding electron-donating groups (EDGs) to the diene and/or electron-

withdrawing groups (EWGs) to the dienophile [151].
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State
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Primary
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Fig. 2.16 Diels–Alder molecular orbital interactions between the endo- and exo-orientations for

cyclopentadiene and maleic anhydride (Adapted from [150])

Scheme 2.62 Diels–Alder reaction between cyclopentadiene and maleic anhydride (Adapted

from [150])
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Scheme 2.63 summarizes some of the reaction’s major features involved. Panels

63 A1–A3 correspond to the approach of the diene and dienophile. Scheme 2.63-a1

illustrates the orientation of the diene’s ether and the dienophile’s anhydride group
that are facing each other. The dienophile is partially under the diene so that their

orbitals overlap. The electronic rearrangement between the two entities as a con-

sequence of thermal energy (Scheme 2.63-a2) and the bond formation between the

HOMO orbital of the diene to the LUMO orbital of the dienophile are phase

matched so electrons can flow from HOMO to LUMO during bond formation

(Scheme 2.63-a3). The corresponding energy diagram for each partner is directly

under their respective figure panel, such as the b1 energy diagrams are directly

under a1 orbital profiles, while b2 corresponds to a2, and b3 corresponds to a3.

Complexation between the diene and dienophile occurs with the diene aligning

its orbitals over the dienophile in Scheme 2.63-a1 and b1. Upon thermal activation,

a Π!Π* transition occurs in the dienophile, denoted by the red electrons in

Scheme 2.63-a2, while the diene’s pi-electrons assume an antiparallel arrangement,

corresponding to Scheme 2.63-b2. Note that in this transition state, the diene’s C1
and C4 electrons and their corresponding orbitals are in phase with the dienophile

orbitals, so that upon decay in Scheme 2.63-b2–3, the new sigma bonds may form.

The electrons flow from the HOMO orbitals to the LUMO orbitals to form the

two new sigma bonds between the two reactants converting it to the Diels–Alder

adduct product (Scheme 2.63-a3). Because the HOMO and LUMO of the two

components are in phase, a bonding interaction occurs as depicted in Scheme 2.63-
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Scheme 2.63 Frontier molecular orbital theory of Diels–Alder reaction between cyclopentadiene
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a2–a3. Since the reactants are also in their ground state, the reaction is initiated

thermally and does not require activation by UV light [152]. Using frontier molec-

ular orbital theory, one can also predict which centers with the largest frontier-

orbital coefficients will react more quickly, thereby enabling one to predict the

major regioisomer that will result from a given diene–dienophile pair [153, 154].

Lewis acids such as zinc chloride, boron trifluoride, tin tetrachloride, and

aluminum chloride among others can act as catalysts for Diels–Alder reactions by

coordination to the dienophile. The complexed dienophile thereby becomes more

electrophilic and more reactive toward the diene, increasing the reaction rate and

often improving the regioselectivity and stereoselectivity. Lewis acid catalysis also

enables Diels–Alder reactions to proceed at low temperatures [152–156].

Many other additives have been developed for influencing the stereoselectivity

of the Diels–Alder reaction. These include chiral auxiliaries, chiral Lewis acids,

Evans’ oxazolidinones, oxazaborolidines, bis-oxazoline Cu chelates, and

imidazoline catalysis, for affecting the diastereoselectivity and enantioselectivity

of Diels–Alder reactions [157–163].

2.6.1 Ring-Opening Metathesis Monomers from Maleic
Anhydride

Endo-selectivity is typically higher when employing maleic anhydride in the Diels–

Alder reaction with cyclopentadiene or furan (Scheme 2.64). The most widely

accepted explanation for this effect is due to a favorable interaction between the

dienophile substituent’s π electron system and the diene’s (termed secondary orbital

effects), though dipolar and van der Waals attractions [152, 164].

A number of new monomers are useful for ring-opening metathesis polymeri-

zation. These monomers can be made from many conjugated dienes, like

cyclopentadiene, to form norbornene dicarboxylic anhydride (Scheme 2.62), or

its esters from dialkyl maleates, amides, or maleimides, and 7-oxanorbornene

derivatives from furan (Scheme 2.64). Other monomers include thiophene or

Furan Maleic
Anhydride (3R, 6S)-7-Oxanorbornene-

(1R,2S)-dicarboxylic
anhydride

H+

Heat

endo, endo
Kinetic Isomer

exo, exo
Thermodynamic

Isomer
(3R, 6S)-7-Oxanorbornene-

(1S,2R)-dicarboxylic
anhydride

O

O

O

OH
H

O

O

O

O

H
H

O
O

O

O

H

H

Scheme 2.64 Diels–Alder reaction between furan and maleic anhydride
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pyran-based derivatives (Scheme 2.65a, b). However, the thiophene adduct requires

extreme temperature and pressure to obtain a moderate 37–47% yield of Diels–

Alder adduct [162]. These molecules can be further reacted to form a host of

derivatives such as the diacid, mono- and di-alkali salts, esters, amides, imides,

and more.

2.6.2 Maleated Fatty Acids and Vegetable Oils

An especially useful transformation of the conjugated olefin system in fatty acids is

the Diels–Alder reaction. Many conjugated fatty acids like sorbic acid can react

with maleic anhydride to form Diels–Alder adducts. These adducts possess greater

functional diversity due to the anhydride functionality, which can react further into

a whole host of derivatives. An example of this transformation is presented in

Scheme 2.66.

Normally, fatty acids derived from vegetable oils do not have conjugated double

bonds. Three typical unsaturated fatty acids from triglycerides, namely, oleic acid,

linoleic acid, and linolenic acid, are depicted in Fig. 2.17. These molecules do not

participate in Diels–Alder reactions.
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norbornene-
(1R,2S)-dicarboxylic
anhydride

H+

Heat

endo, endo
Kinetic Isomer

exo, exo
Thermodynamic

Isomer

N

(3R, 6S)-7-N-methyl-
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Scheme 2.65 Diels–Alder reaction between N-methyl-pyrrole or thiophene with maleic

anhydride
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Linoleic and linolenic fatty esters can be isomerized from their non-conjugated

state into a conjugated one by the treatment with alcoholic base, as depicted in

Scheme 2.67 [165]. In doing so, the non-conjugated linoleic fatty ester is converted

into conjugated linoleic fatty ester. Once formed, this conjugated linoleic fatty ester

can now participate in a straightforward Diels–Alder reaction.

This reaction enables derivation and enhanced functionality of the fatty acids in

several ways. For example, maleic anhydride will react with a conjugated fatty acid or

ester to form the (3S)alkyl carboxy, (6R) alkyl-4-cyclohexene-(1S,2R)-dicarboxylic

anhydride (Scheme 2.68). By this relatively simple reaction [166], which can be

carried out at about 100 �C, one can obtain a trifunctional acid in near-quantitative

yield.

Other dienophiles or activated monoolefins that have been transformed into

Diels–Alder adducts with conjugated linoleic acids are listed below [167]. Not all

of them react as readily as maleic anhydride. For example, acrolein gives a 97%

yield of the Diels–Alder adduct at 100 �C, as does maleic anhydride. Acrylonitrile

Sorbic
Acid

Maleic
Anhydride

O

O

O

H

H
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HO
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Conjugated
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Scheme 2.66 Diels–Alder reaction between sorbic acid with maleic anhydride
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Fig. 2.17 Chemical structures for typical non-conjugated fatty acids found in plants and animals

2 Reactions Involving Maleic Anhydride 129



and β-nitrostyrene give only a 27% yield of adduct at 200 �C, while acrylic acid at

this temperature gives a 96% yield. Fumaric acid reacts to the same extent and

under the same conditions as acrylic acid. Methyl vinyl sulfone gives an 80% yield

of adduct at 200 �C. Tetracyanoethylene, an extremely reactive dienophile, will

react quantitatively with conjugated linoleic acids at about 50 �C [168].

Adduct reactions, such as those just mentioned, are generally carried out in

chloroform or benzene solution in a closed reactor in the presence of a small

amount of a polymerization inhibitor, such as hydroquinone. Acetic acid, or even

water, in catalytic amounts has been reported to increase the rate of adduct

formation with conjugated linoleic acids [169]. Use of a polar solvent such as

acetonitrile, with no added water or acid, facilitates adduct formation.

The preferred isomer for the Diels–Alder reaction has the trans–trans configu-
ration. It has been reported that the use of small amounts of sodium or potassium
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Scheme 2.68 Diels–Alder reaction between conjugated fatty acid with maleic anhydride
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bisulfites [170], sulfur [171], selenium, iodine, or noble metals will isomerize the

cis–trans-isomer to the trans–trans form. Accordingly, optimum utilization of the

conjugated system in the feedstock of fatty acids for adduct formation under mild

conditions is obtained by the use of one of these isomerization catalysts. The

addition of the dienophile itself can be promoted with a little acid, as mentioned

earlier. The multifunctional Diels–Alder reaction product illustrated in Scheme 2.68

is characterized by a substituted cyclohexene ring in a long-chain fatty acid.

The polyfunctional Diels–Alder adducts of these fatty acids can serve as inter-

mediates for further derivation. For example, the adduct with maleic anhydride can

be reacted with primary amines or ammonia to give imides that may be water

dispersible. The aldehyde group of the acrolein adduct can be reduced to an alcohol

group. A derivative such as this has the complete functionality for a polyester in one

molecule, yet the hydroxyl and carboxyl groups are separated enough to avoid

lactone formation.

Ethylene, propylene, and even-numbered alpha-olefins from C4 to C20 have been

adducted to the diene system of conjugated linoleic acid. These reactions are carried

out at 260 �C under pressure and result in branched-chain, high molecular weight

fatty acids [172].

2.7 “Ene” Reactions of Maleic Anhydride: “Ene” Reaction

A reaction closely related to the Diels–Alder reaction, and one that can be used to

increase the functionality of unsaturated fatty acids, is the “ene” reaction. This

reaction is also known as the “Alder-ene” reaction. This reaction is not as facile as

Diels–Alder because much higher reaction temperatures are needed, usually

200–230 �C without solvent, and it requires a more highly reactive enophile, such

as maleic anhydride. The ene reaction typically requires higher temperatures due to

the stereo-electronic requirement of breaking the allylic C–H σ-bond.
The enophile can be an alkene or alkyne that couples to the “ene” to form a new

sigma bond between the two molecules, along with a migration of the “ene” double

bond and a concomitant 1,5 hydride shift from the ene to the enophile. This reaction

is best summarized by Scheme 2.69.

Enes are π-bonded molecules that contain at least one active hydrogen atom at

the allylic, or α-position. Possible ene components include olefinic, acetylenic,

H

Ene may contain = Alkene, Alkyne, Allene, Arene, or Carbon-Hetero-atom

Enophile may contain a C=C, C=O, C=N, C=S, C-N=N

H

Scheme 2.69 The “ene” or Alder-ene reaction between an “ene” with an enophile (Adapted from

[173])
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allenic, aromatic, cyclopropyl, and carbon-hetero bonds [173]. Typically the allylic

hydrogen of an allenic component will participate in the ene reaction.

Enophiles are also π-bonded molecules, which have electron-withdrawing sub-

stituents that significantly lower the LUMO orbital of the π bond. Possible

enophiles contain carbon–carbon multiple bonds (olefins, acetylenes, benzynes),

carbon-hetero multiple bonds (C¼O in the case of carbonyl-ene reactions, C¼N,

C¼S, C�P), hetero–hetero multiple bonds (N¼N, O¼O, Si¼Si, N¼O, S¼O),

cumulene systems (N¼S¼O, N¼S¼N, C¼C¼O, C¼C¼S, SO2), and charged π
systems (C¼N+, C¼S+, C�O+, C�N+). The enophile may also be an aldehyde,

ketone, or imine, in which case β-hydroxy or β-aminoolefins are obtained. These

compounds may be unstable under the reaction conditions, so that at elevated

temperature (>400 �C), the reverse reaction takes place—the retro-ene reaction.

Lewis acids catalyze the ene reaction and can produce high yields and superior

selectivities at much lower temperatures. The main frontier-orbital interaction

occurring in an ene reaction is between the HOMO of the ene and the LUMO of

the enophile (Scheme 2.70) [171]. The HOMO of the ene results from the combi-

nation of the π-bonding orbital in the vinyl moiety and the C–H bonding orbital for

the allylic hydrogen and proceeds in a concerted fashion [174].

If the enophile becomes more polar, as in the presence of heteroatoms, its

LUMO orbital has a larger influence on the carbon atom of the enophile, yielding

a better C–C overlap and a poorer H–X one. This translates into a lowering of the

activation barrier. The concerted nature of the ene process has been supported

experimentally [175, 176], and the reaction can be designated as [σ2s + π2s + π2s] in
the Woodward–Hoffmann notation [132–144]. For example, the ene reaction of

cyclopentene and cyclohexene with diethyl azodicarboxylate can be catalyzed by

free-radical initiators. As seen in Scheme 2.71, the stepwise nature of the process is

favored by the stability of the cyclopentenyl or cyclohexenyl radicals [177, 178].

The success of any ene reaction is largely influenced by the steric accessibility to

the ene’s allylic hydrogen. In general, methyl and methylene H atoms are abstracted

more easily than methine hydrogens. In thermal ene reactions, the order of reac-

tivity for the abstracted H atom is primary> secondary> tertiary, irrespective of

the thermodynamic stability of the internal olefin product. In Lewis-acid-promoted

reactions, the enophile–Lewis acid pair employed determines largely the relative

H
H

H

Ene

Enophile

H
LUMO

Enophile

HOMO
Ene

Phase Matched

Scheme 2.70 Concerted mechanism for the ene reaction (Adapted from [173])

132 M.A. Tallon



ease for abstraction of methyl versus methylene hydrogens [179, 180]. In terms of

the diastereoselection with respect to the newly created chiral centers, an endo-
preference has been qualitatively observed, but steric effects can easily modify this

preference, as depicted in Scheme 2.72.
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Scheme 2.71 Stepwise, free-radical pathway for the ene reaction (Adapted from [177])
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In the position of attachment between the ene and enophile, Oppolzer [180] has

classified both thermal and Lewis-acid-catalyzed intramolecular ene reactions as

types I, II, and III, and Snider [181] has added a type IV reaction

(Scheme 2.73) [173].

Thermal ene reactions have several shortcomings, such as the need for very high

temperatures and the possibility of side reactions, like proton-catalyzed olefin

polymerization or isomerization reactions. Since enophiles are electron deficient,

it was rationalized that their complexation with Lewis acids should accelerate the

ene reaction, as observed for the reaction shown in Scheme 2.74.

As seen in Scheme 2.75, Lewis-acid-catalyzed ene reactions can proceed either

through a concerted mechanism that has a polar transition state or through a

stepwise mechanism with a zwitterionic intermediate. The ene, enophile, and

choice of catalyst can all influence which pathway is the lower energy process. In

broad terms, the more reactive the ene or enophile-Lewis acid complex is, the more

likely the reaction is to be stepwise [181].

X H
Y

X YH

Type-1

X

Type-2

H

YH

Y
X

Type-3

H

Y X
H R1

Type-4

R2
R1

H

H

R2

For Types 1, 2, 3, X=Y can be RC=CR'R'', HC=O, or HC=NR
For Type 4 R' can be H, or CO2Et, while R2 can be CH2, or O

Scheme 2.73 Types of intramolecular ene reactions (Adapted from [180])
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2.7.1 Ene Reactions of Fatty Acids and Oils with Maleic
Anhydride

The use of the ene reaction has been exploited to add functionality and polarity to

simple olefins like unsaturated fatty acids or vegetable oils especially when using

maleic anhydride. Maleic anhydride reacts with one mole of non-conjugated

linoleic acid to form the ene adduct as depicted in Fig. 2.18a. This reaction provides

H

+O
MXn

H

+O
MXn

δ+

δ−

Transition State

O
MXn

H

Scheme 2.75 Mechanisms of Lewis-acid-catalyzed ene reactions (Adapted from [181])

H
C

C
H

H
C

C
H

C
O

OH

O

O

O

A) Reaction Product of  Linoleic Acid with Maleic 
Anhydride thereby forming conjugated double-bonds 

B) Reaction Product of Oleic Acid with Maleic Anhydride

C
H

H
C

C
H

H
C C

O

OH

+

O

O

O

C
H

H
C C

O

OH

O

O

O
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linoleic acid (b) and that with oleic acid
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a conjugated diene that can be further functionalized through the Diels–Alder

reaction, as depicted in Fig. 2.18a.

By use of the “ene” reaction, it is possible to attach more than one mole of maleic

anhydride onto the fatty acid chain. If the reaction is stopped after addition of one

mole of maleic anhydride, a polycarboxylic alkyd intermediate can be obtained

whose conjugated site provides good “built-in” air-drying properties. With the

addition of more than one mole of maleic anhydride to linoleic acid, one can obtain

a highly acidic material capable of further reaction with a primary amine or

ammonia to yield imides that could be water dispersible.

In contrast, when oleic acid is used as the ene component, there is still one

double bond in the product after one mole of maleic anhydride has been added, as

depicted in Fig. 2.18b. However, this double bond is sterically hindered by the

maleic anhydride group. Thus, addition of a second mole of maleic anhydride is

unfavorable.

2.7.2 Grafted Polyethylene or Polypropylene with Maleic
Anhydride

Similarly, polymers like polyethylene or polypropylene can be grafted with maleic

anhydride via the ene reaction, instead of free-radical process that tends to lower the

molecular weight due to chain scission reactions, as illustrated in Scheme 2.76.

Polypropylene is a very large volume product (8,013,000 metric tons in the USA

in 2003). One of the major problems with its use is that there are no polar functional

groups in the polymer to provide reactive sites. A typical way to solve this problem

is to add in a small amount of material which contains polar groups attached to a

low molecular weight polypropylene backbone. The polypropylene backbone

bonds to the bulk polypropylene and the polar groups allow reactivity with external

materials.

+

R O
R OH

O OO

O
O

O
Chain
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n n n

Scheme 2.76 Free-radical addition of maleic anhydride onto polypropylene also results in chain

scission
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The most common polar group that is incorporated is maleic anhydride. Typical

of this approach is Eastman® E43, Eastman® AP550, or Arkema Orevac® grafted

polypropylenes. A major problem with these materials is that they contain rela-

tively low amounts of functional groups. The amount of maleic anhydride is

determined by its acid number or SAP number. This is defined as the number of

milligrams of KOH required to neutralize 1 g of the polymer. The polymers

mentioned above have acid numbers of about 40–45. This corresponds to approx-

imately 4 wt% of the polymer being from maleic anhydride.

It is difficult to increase the amount of maleic anhydride. The maleic anhydride

is typically attached by grafting initiated by a radical chain process. It has been

found that polypropylene undergoes chain scission via radical processes

[182, 183]. This chain scission results in significant loss of physical properties

due to decreases in the molecular weight of the polypropylene and consequent

decreases in viscosity.

This method employs succinic-terminated polypropylene formed via the ene

reaction onto vinylidene-terminated polypropylene. This polypropylene is often,

but not exclusively, prepared by metallocene catalysis. It has been discovered that

grafting maleic anhydride onto this polymer does not result in significant chain

scission or polymerization (Scheme 2.76).

The process involves heating maleic anhydride in the presence of a polypropyl-

ene that has been formed using a metallocene catalyst in such a way that a single

terminal vinylidene group results on each molecule. The subsequent ene addition of

maleic anhydride onto this polymer chain end affords the desired product, as shown

in Scheme 2.77 [182].

Polymerization of this maleic anhydride/polypropylene ene adduct would then

yield a highly maleated polypropylene polymer, as summarized in Scheme 2.78.
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Scheme 2.77 Ene addition of maleic anhydride onto polypropylene (Adapted from [182])
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It is also known that olefins will form alternating polymers with maleic anhy-

dride in the presence of radicals [1, 3]. This has been shown to happen for poly-

propylenes prepared via metallocene catalysts. This happens because metallocene

catalysts produce polypropylenes that have a single vinylidene group on the end of

each molecule. Such polymerization is schematically shown in Scheme 2.79.

As can be seen from the end result shown above where polypropylene chains are

joined by succinic anhydride moieties, the molecular weight greatly increases as

does the viscosity of the material. Likewise, a number of structural isomers of

oligomeric-maleated-polypropylene can be generated, Schemes 2.77–2.79.
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Scheme 2.78 Oligomerization of maleic anhydride/polypropylene ene adduct (Adapted from
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2.8 Photochemistry of Maleic Anhydride

The photochemistry of maleic anhydride is diverse and highly complex. One of the

simplest examples is the photoaddition of maleic anhydride to ethylene. In the first

step of the reaction, a (2π+ 2π) photoaddition occurs (Scheme 2.80). According to

Woodward–Hoffmann rules, this addition is thermally disallowed, but it is photo-

chemically allowed.

The frontier molecular orbital argument is that the LUMO and the HOMO of

ethylene are phase mismatched to maleic anhydride and cycloaddition is symmetry

forbidden. But a photon promotes one of the electrons into the LUMO making a

transient diradical species. The excited state HOMO is now phase matched to

combine with the LUMO, and cycloaddition is symmetry allowed.

Maleic anhydride is also known to form two different classes of adducts with

benzene versus alkylbenzenes, depending on the conditions of excitation. At reflux

temperatures, in the presence of catalytic amounts of peroxides, adducts of Type-I
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Scheme 2.79 Oligomerization of in situ formed maleic anhydride/polypropylene graft (Adapted

from [182])
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are formed (Fig. 2.19) [183, 184]. A free-radical chain reaction is thought to be

involved via abstraction of the benzylic hydrogen, and then a oligomerization/

polymerization ensues. The oligomeric chain-length based on the ratio of product

to peroxide varied from 20 to 100.

In contrast, at 25–35 �C and in the presence of UV radiation, Type-II adducts are

formed instead (Fig. 2.19) [185–190]. Excited aromatic molecules or charge-trans-

fer complexes are thought to be involved as the reaction intermediates. This

addition reaction is sensitized by addition of benzophenone, which accelerates the

rate of reaction, but not required for the reaction to proceed. It appears that

benzophenone is essential if only sunlight is used as the source of radiation [191].

Interestingly, benzene adducts of maleic anhydride form readily, while alkyl-

substituted-benzene adducts are sluggish and only partially react as poly-maleic

anhydride oligomers are formed as the major reaction product under Type-II

reaction conditions. Type-II adducts were also formed under gamma radiation but

only 4% incorporation of maleic anhydride occurred [192]. The main product was a

mixture of poly-maleic anhydride oligomers.

The photoaddition of maleic anhydride to benzene generates a very stable 2:1

adduct (II) formed in a formal sense by an exo-1,2- and endo-1,4-additions

(Scheme 2.81) [190]. Note that it is also aromatic too.

Scheme 2.80 Photo-cycloaddition of ethylene with maleic anhydride
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Fig. 2.19 Photochemical reactions yielding Type-I and Type-II structures
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The reaction sequence is believed to follow a (2+2)-1,2-photochemical

exo-cycloaddition, followed by a (4+2)-1,4-Diels–Alder endo-cycloaddition reaction,

as summarized in Scheme 2.82. The finding of a 1,2-exo-photocycloaddition is surpris-

ing rather than the exo-2,3-addition which would be expected on purely steric grounds.

It is both the stereospecific orientation of the donor–acceptor charge-transfer complex

that is formed, along with the steric factors involved that account for this result.

Reactions of this type have been shown to involve charge-transfer excitation

within a weak complex formed between the reactants in the first step of this

photoaddition reaction [183, 192]. Relatively electrophilic benzene derivatives

such as benzonitrile or nitrobenzene show no such excitation with maleic anhydride

and do not photoadd to these types of molecules [193]. It is readily apparent that in

the maleic anhydride-benzene versus alkyl-benzene reactions, two types of reac-

tions are prevalent, one by free-radical processes yielding oligomeric compounds.

The other involves excited molecules or charge-transfer complexes forming mono-

meric Type-II adducts.

2.8.1 Photodimerization of Maleic Anhydride

Photodimerization of maleic anhydride has been well known since the early 1960s.

The process for the preparation of the di-anhydride by dimerizing maleic anhydride
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by subjecting a solid-state layer of maleic anhydride directly to light having a wave

length between about 175 and 400 nm, and can be photosensitized with benzophe-

none [194]. Like the photo-adduct of maleic anhydride with benzene, the (2+2)

exo-photocycloaddition was obtained. The maleic rings are in the trans-orientation
to the cyclobutane ring, as presented in Scheme 2.83.

2.8.2 Photochemistry of Maleimide

Maleimide behaves similarly to maleic anhydride with respect to

photocycloadditions with itself and with benzene (Schemes 2.84 and 2.85, respec-

tively) [195]. But unlike maleic anhydride, maleimides readily photopolymerize.

Bis-maleimides are also useful photo-cross-linkers. In fact, photopolymerizations

can be carried out in both the liquid and the solid state [196].
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2.8.3 Photoinitiation and Photopolymerization of Maleimide

Photo-induced free-radical polymerization of N-substituted maleimides with vinyl

ethers has been extensively studied [197–199]. These UV curable systems do not

require any external photoinitiator and are not susceptible to oxygen inhibition

enabling polymerization in air. The mechanism of initiation in the case of

maleimide/vinyl ether system involves an electron transfer followed by a proton

transfer. It was found that the rate of polymerization and degree of conversion are

highly dependent on presence of labile hydrogens [197]. Mechanistically this can

be summarized by Scheme 2.86.

The first step involves excitation of maleimide by 308 nm laser, since maleimide

has two lambda maxima at 260 nm and 320 nm. This results in the formation of a

diradical species as depicted in Scheme 2.86 structure-A. Resonance stabilizes this

NH

O

O
hv

N

O

O

H

δ+

Rapid
Electron
Transfer

Slower
Proton

Transfer

A)

B)

H
NO O

Radical
Anion

N OO
H

Radical
Cation

+

Rapid
Pathway 1)

A')

H
N OO

Di-Radicals

H
N OO NH

O

O

N OO H

2 +

Slower
Pathway 2)

Di-Radicals

H
N OO NH

O

O

+
NH

O

O

H
H

H

NH

O

O

H

H
HN

O

O

H

Radical
Anion

H-adduct
Radical

C)
D)

N

O

O
H

H

N

O

O
H

H

Maleimide
Dimer

E)

N

O

O
H

H

NH

O

O

H
H

H

Electronic
Rearrangement

Recombination

H

HN

O

O

H

H

Resonance & Neighboring
Nitrogen Stabilized

Scheme 2.86 Photoinitiation by maleimide in water or monomer

2 Reactions Involving Maleic Anhydride 143



diradical across six atoms onto the carbonyl-oxygen atoms, shown in Scheme 2.86

structure-B, thereby lowering the activation energy needed to achieve this transient

intermediate. The combination of the nitrogen’s lone-pair electrons and nitrogen’s
electronegativity allows these electrons to stabilize the oxygen diradical illustrated

in Scheme 2.86 structure-B.

Once the diradical is formed, there are two potential directions for the cyclic

pathway to proceed. The most rapid pathway is an electron-transfer event with

maleimide itself, forming a radical anion and radical cation pair (Scheme 2.86

structure-A0). Chain-transfer solvents or other monomers that may be present can

also have an effect. The radical anion was definitively observed in this reaction as

observed by electron-spin resonance (ESR) results [200]. The radical cation rapidly

isomerizes to generate a neutral radical and a proton (Scheme 2.86 structure-A0).
Meanwhile, the oxygen diradical can proceed along the slower pathway to

generate the H-adduct radical by hydrogen abstraction from another oxygen

diradical as shown in Scheme 2.86 structure-C, or from other chain-transfer agents

that may be present. The H-adduct radical was also definitively observed in this

reaction as observed by ESR experiments [200]. Note that formation of this

H-adduct radical is accompanied by the formation of another molecule of radical

anion too.

This anion can further propagate the radical polymerization, or it can recombine

with the proton released from the radical cation to generate another molecule of

neutral radical. The lack of observable neutral radicals in this study may suggest

rapid dimerization to generate maleimide dimers (Scheme 2.86 structure-E). There

are multiple radical species that can easily be formed from maleimide for free-

radical polymerization to occur by this photoinitiator-free system.

Similarly, the photocyclodimerization of bis-maleimides can be carried out

under the influence of ultraviolet radiation. These reactions can be activated by

adding to the solution sensitizing agents, such as carbonyl-containing aromatic

compounds, (e.g., benzophenone or Michler’s ketone). The concentration of the

bis-maleimides in the solvent may vary widely. However, the best results are

obtained with approximately 5-to-10 moles of bis-maleimide per liter of solvent

used. ln this case, the concentration of the sensitizing agent averages 50 moles per

liter. While irradiation of the bis-maleimides may be carried out with a high-

pressure mercury vapor lamp or any other light source emitting in the range of

300–400 nm [201–205], their usefulness will extend well into the future.
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Chapter 3

Vegetable Oil–Maleic Anhydride

and Maleimide Derivatives: Syntheses

and Properties

Fan Wu and Osama M. Musa

3.1 Syntheses and Properties of Maleic Anhydride

Derivatives with Vegetable Oil

The marriage of maleic anhydride and vegetable oils as a unique class of environ-

mentally benign macromonomers and sustainable polymers has attracted a great

deal of interests in the last few decades. The rich chemistry and versatile reactivity

of maleic anhydride, combined with the biodegradable and renewable nature of

vegetable oils, have rendered infinite possibilities for the maleic anhydride–vege-

table oil derivatives. This section provides a survey of the recent literatures on the

synthetic routes of the various maleic anhydride derivatives based on the reactive

sites in the vegetable oil, as well as the properties and applications of these novel

macromonomers and polymers.

3.1.1 Introduction on Vegetable Oil

The production of synthetic polymers and chemicals consumes approximately 7%

of the world’s fossil fuels, which, based on recent studies, may be depleted in the

next 50–100 years [1, 2]. Moreover, petroleum-based materials exert a negative

impact on the environment, such as CO2 emission and pollution caused by improper

waste management. Therefore, there is a compelling need for the switch from fossil

feedstock to renewable resources for the production of synthetic polymers and

chemicals. Vegetable oils from plants (soy, castor, linseed, palm, sunflower, etc.)

are the most widely used renewable resource for future bio-based fuels due to their
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universal availability, sustainability, inherent biodegradability, minimal toxicity, and

low cost. Worldwide vegetable oil production has seen a consistent 4% annual increase

in the past several decades, indicative of the significant growth in industrial use [1].

Vegetable oils are mostly comprised of triglycerides of different fatty acids, with

minor amounts of di- and monoglycerides. The properties and the reactivity of the

vegetable oils are largely dependent on the structural features of the fatty acids.

Most fatty acids are straight chain with an even number of carbons. The C–C double

bonds in unsaturated fatty acids typically adopt “cis” configuration. Other func-

tional groups that may be present in vegetable oils are hydroxyl or epoxy groups.

Figure 3.1 depicts the structure of a triglyceride and the various reactive sites:

(a) the ester group, (b) the double bond, (c) the allylic positions (both monoallylic

and bisallylic), and (d) the other functional groups (such as hydroxyl or epoxy).

Vegetable oil can be readily modified to a polymerizable macromonomer and

further polymerized to synthesize polymers, such as polyester, polyurethane,

polyether, and polyolefin. These vegetable oil macromonomers are suitable for

the synthesis of hydrophobic polymer, complementary to other bio-based materials

that are naturally hydrophilic, namely, carbohydrates and proteins.

The rich chemistry and versatile reactivity of maleic anhydride make it a prime

candidate for the modification of vegetable oils. Esterification reactions occur when

the anhydride functionalities react with the ester bond or the hydroxyl groups in the

vegetable oil. The ene reaction happens between the double bond in maleic

anhydride (“enophile”) and the mono- or diallylic protons in vegetable oil

(“ene”). The double bond in maleic anhydride can participate in Diels–Alder

reaction in the presence of conjugated double bonds in the vegetable oil.

3.1.2 Esterification of Maleic Anhydride with Hydroxyls
in the Fatty Acid Chain of Vegetable Oil

Castor oil, as shown in Scheme 3.1, is the triglyceride of ricinoleic acid which is a

monounsaturated, 18-carbon fatty acid. Among fatty acids, ricinoleic acid is

unusual in that it has a hydroxyl functional group on the 12th carbon. Castor oil

is therefore a unique vegetable oil that contains the hydroxyl functionality in the

fatty acid chain. This functional group enables the chemical derivatization of castor

O

O

O
O

O

O

b) double bond a) ester

c) allylic

d) hydroxyl or epoxy

OH
O

Fig. 3.1 Vegetable oil structure and reactive sites
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oil through esterification of the hydroxyl group to maleated half esters, which is not

possible with most other seed oils.

The idealized reaction scheme of castor oil with maleic anhydride in a 1:1

hydroxyl to maleic anhydride stoichiometric ratio is depicted in Scheme 3.1. The

esterification reaction can occur without adding catalysts due to the weak acidity of

the resulting half carboxylic acid; however, the reaction is extremely slow. Strong

inorganic acids, such as HCl, H2SO4, or HI, have been used as conventional

catalysts to protonate the carbonyl oxygen in maleic anhydride, to promote the

nucleophilic attack of the hydroxyl group to ring open, and to yield the half ester

more efficiently. The separation and disposal of these inorganic salts resulting from

the neutralization of the acid catalysts have raised some environmental concerns.

The use of microwave heating as an alternative to catalytic inorganic acids has been

reported in literature, with the advantage of reaction rate enhancement due to the

higher reaction temperature caused by microwave irradiation. Recently, the kinetics

of esterification of castor oil with maleic anhydride was studied using both con-

ventional and microwave heating [3]. The reaction was found to be non-catalytic

and first order with respect to each reactant. Activation energy and enthalpy,

entropy, and free energy of activation were similar regardless of the heating

method. The conclusion of this study suggests that the effects of microwave heating

in the maleation of castor oil are mainly thermal effects, and nonthermal effects are

not observed.

The uncatalyzed esterification reaction of castor oil with maleic anhydride was

carried out at a 1:1 molar ratio of the hydroxyl group to the carboxyl group at

100 �C for 6–8 h [4, 5]. The chemical structure of maleated castor oil (MACO) was

characterized by IR spectroscopy, i.e., the decrease of the –OH band at 3400 cm�1

and the presence of the C–C double bond at 1657 cm�1. 1HNMR spectroscopy also

confirmed the molar ratio of the reactants and the presence of the C–C double bond.

Some physical properties of castor oil (CO) and the synthesized MACO are listed in

Table 3.1 [4].
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Scheme 3.1 Idealized synthesis of maleated castor oil

3 Vegetable Oil–Maleic Anhydride and Maleimide Derivatives 153



The electrical properties, such as the permittivity and conductivity, were studied

as a function of frequency at various temperatures and are considered to be in the

range of electrical insulation. The electrical conductivity, which describes the ionic

mobility of the MACO adduct, was found to be 2� 10–12 S/cm, suggesting poten-

tial antistatic applications. The antimicrobial activity toward two soilborne sugar

beet pathogens indicated improved antifungal properties by the maleation of the

castor oil [4].

Recently, a series of biodegradable plastic foams were prepared by chemical

modification of the hydroxyl groups in castor oil with maleic anhydride [6]. The

reaction was performed with a 1:2.5 molar ratio of castor oil–maleic anhydride at

various temperatures (85–130 �C) for 0.5–9 h without any catalysts. At higher

temperature and longer reaction times, it was found that complete esterification of

maleic anhydride may occur to form single maleated castor oil (MACO) and dimer/

oligomers of MACO as shown in Fig. 3.2. The mixture of complete esterification

products was confirmed by multiple peaks in the gel permeation chromatography

(GPC) profile. In addition, isomerization of maleate to fumarate (cis to trans C–C
double bond) may occur under prolonged heating conditions. Fumarate has a higher

free-radical polymerization reactivity than maleate in the subsequent foaming

procedure.

Since maleates or fumarates are unreactive for homopolymerization, the MACO

was copolymerized with styrene to form plastic foams through free-radical poly-

merization. The MACO/styrene ratio and the type of curing initiator were varied in

this work, so the mechanical properties of the MACO/styrene foam could be easily

tuned. A simplified illustration of the MACO/styrene copolymer structure is shown

in Fig. 3.3.

On the whole, the MACO foams synthesized in the above manner are softer and

tougher than commercial semirigid polyurethane forms, with comparable compres-

sive stress at 25% strain. The content of castor oil can be as high as 61% in this

biofriendly plastic foam. The soil burial tests further confirmed that the MACO-

based biofoams maintained the biodegradability of the renewable vegetable oil. The

diluent monomer styrene, on the other hand, favors the foams with higher com-

pressive stress but slows down the biodegradation.

Table 3.1 Physical properties of castor oil (CO) and the maleated castor oil (MACO)

Property CO MACO

Appearance Viscous yellow Viscous yellow

Specific gravity at 40 �C 0.946 0.983

Acid value (mg KOH/g) 3.1 48.6

Hydroxyl value (mg KOH/g) 164.5 24.4

Mn 854 969

Mw 978 1390

Mw/Mn 1.14 1.43

Viscosity η (cP) at 40 �C 160 600

Electrical conductivity (S/cm) at 40 �C 2� 10�12 2� 10�10
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Furthermore, a macromonomer based on castor oil (CO) modified with both

maleic anhydride (MA) and β-hydroxyethyl acrylate (HEA) was synthesized

[7]. The half ester HEA-MA was first synthesized between maleic anhydride and

β-hydroxyethyl acrylate and then further reacted with the hydroxyl groups in the

castor oil to yield modified HEA-MA-CO (an idealized structure of the

macromonomer shown in Fig. 3.4). This macromonomer can be copolymerized

with diluent monomer styrene to form novel biodegradable HEAMACO plastic

foams. Compared with MACO-based plastic foams, the HEAMACO foam plastics

have higher compressive properties, which can be attributed to more reactive

acrylate double bonds in the macromonomer and higher cross-link density.
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Flexible polyurethane foams based on maleated castor oil (MACO) were syn-

thesized, and their biodegradation characteristics and mechanisms were studied

[8]. The MACO was synthesized without catalysts at 100 �C for 2 h, with 1:1 molar

ratio of the maleic anhydride and castor oil. In a single-stage process, the resulting

MACO was further mixed with castor oil (at 25:75 or 75:25 weight ratios) and

2,4-toluene diisocyanate (TDI) in stoichiometric amount of OH versus NCO func-

tionalities. There are many reactive sites for this polycondensation reaction. For

instance, one of the isocyanate groups in TDI can be added to either the –OH group

in the castor oil, or the carboxylic acid groups in the MACO, and the other

isocyanate group in TDI can react similarly with another molecule of castor oil or

MACO for effective chain propagation and cross-linking. Scheme 3.2 illustrates a

simplified reaction scheme of this polycondensation reaction to form MACO-based

polyurethane foams.

The polyurethane foam made with higher MACO content (75:25 MACO: CO)

exhibited a significant increase in the biodegradation rate. It is hypothesized that the

higher content of the ester functionalities in the hydrophilic polymer is more

susceptible to enzymatic attack and chemical hydrolysis, thus increasing the deg-

radation rate. The biodegradation mechanism, involving the generation of toxic

amines and oligomers with different molecular weights, was proposed and further

supported by GC-MS and NMR analysis.

3.1.3 Esterification Reaction of Maleic Anhydride with the
Glycerides of Vegetable Oil

Vegetable oils (triglycerides) can readily undergo alcoholysis reaction to form

monoglycerides, important chemicals used in the food industry as emulsifiers. Of

particular interest is the alcoholysis reaction with glycerol. The general glycerolysis

reaction scheme is shown in Scheme 3.3. Both mono- and diglycerides can be

formed depending on the stoichiometry of the reactant, and higher content of

glycerol favors the formation of monoglycerides. The reaction glycerolysis is

generally catalyzed by alkaline solutions at over 200 �C.

R = H or maleated substituents
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Fig. 3.4 Idealized structure of HEAMACO macromonomer
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After glycerolysis, any resulting monoglycerides can be further modified by

maleic anhydride to form maleated monoglycerides, with or without catalysts at

about 100 �C.
Soybean oil mono- and diglycerides were obtained from the glycerolysis of the

cost-effective, biodiesel-derived crude glycerol and further acrylated with maleic

anhydride at 80–100 �C [9–11]. The glycerolysis reaction was self-catalyzed since

crude glycerol contains alkaline impurities such as sodium hydroxide and sodium

methoxide. The maleation reactions were conducted without the use of catalysts or

1 Triglyceride + 2 Glycerol 3 Monoglyceride

1 Triglyceride + 1 Glycerol 2 Diglyceride

Scheme 3.3 General reaction scheme of glycerolysis of vegetable oil
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polymerization inhibitor and afforded over 95% conversion of the hydroxyl groups

and a product with over 1.9 maleates per glyceride molecule. A simplified reaction

scheme of the glycerolysis of soybean oil (only soybean oil monoglyceride is

shown) and the subsequent maleation reaction is illustrated in Scheme 3.4.

Additionally, the maleated half esters of castor oil were synthesized by the

glycerolysis of castor oil or castor oil methyl esters using crude alkaline glycerol.

The subsequent maleation of castor oil glycerides were uncatalyzed and afforded

87% conversion and over 2.6 maleate groups per molecule. An idealized structure

of maleated castor oil monoglyceride is shown in Fig. 3.5.
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In other communications, the maleation of soybean oil monoglyceride (SOMG)

was performed at 100 �C with several catalysts, such as sodium hydroxide, sulfuric

acid, 2-methylimidazole, and p-toluenesulfonic acid [12–14]. This work was fur-

ther extended to other vegetable oils and other polyol species. Both soybean oil

(SO) and castor oil (CO) were alcoholyzed with aliphatic and aromatic polyols,

such as pentaerythritol (PER), glycerol (GLY), and bisphenol A propoxylate

(BPAPR) in Fig. 3.6 [12].

The alcoholysis reactions were carried out at a 1:2 molar ratio (oil–alcohol) at

230–240 �C under N2 atmosphere for 2 h, in the presence of catalytic amount of Ca

(OH)2, to yield the corresponding monoglyceride, as well as the transesterified

alcohol. The hydroxyl groups in the alcoholysis products, the monoglyceride, and

the transesterified alcohol can both react with maleic anhydride to form the

maleated monoglyceride. The maleation reaction was carried out in a large excess

of maleic anhydride, at 98 �C for 2–5 h, with 1% N,N-dimethylbenzylamine as a

catalyst, in the presence of a polymerization inhibitor 0.1% hydroquinone. A small

amount of fumarate may be formed at the maleation step, since the maleate to

fumarate isomerization is generally favored at temperatures higher than 160 �C.
Idealized alcoholysis reaction of soybean oil with pentaerythritol and subsequent

maleation reaction are depicted in Scheme 3.5.

In the case of castor oil, the hydroxyl group in the aliphatic chain also partici-

pates in the maleation reaction. The idealized reaction scheme of the castor oil with

glycerol followed by maleic anhydride in a molar ratio of 1:2:9 is shown in

Scheme 3.6.

Another example of the alcoholysis of castor oil by bisphenol A propoxylate

(BPAPR), followed by reaction with maleic anhydride to yield the corresponding

macromonomer MA-CO-BPAPR, is exemplified in Scheme 3.7.

The resulting maleated vegetable oil macromonomers, such as MA-SO-PER in

Scheme 3.5, MA-CO-GLY in Scheme 3.6, and MA-CO-BPAPR in Scheme 3.7,

are solids at room temperature. They can undergo free-radical copolymerization

with diluent styrene to yield rigid thermoset polymers (Scheme 3.5). These resins

showed viscosity in range to be suitable for liquid molding processes, when the

styrene content is fixed at 33 wt%. Table 3.2 listed some of the physical properties

of the vegetable oil-based resins with 33 wt% of styrene. The effects the mono-

mer identity and styrene content on the polymerization conversion were also

explored.
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Fig. 3.6 Polyol species used in the alcoholysis of vegetable oils
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3.1.4 Polyesterification of Maleic Anhydride with the
Glycerides of Vegetable Oil

Unsaturated polyesters are an important class of specialty polymers that are used for

coatings, paint, insulating, and adhesive materials. They are generally derived from the
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Scheme 3.7 Idealized reaction scheme of alcoholysis and maleation of castor oil with bisphenol

A propoxylate

Table 3.2 Physical properties of the vegetable oil-based resins with 33 wt% of styrene

Resin

Specific gravity

(g/mL)

Viscosity

(cP)

Surface energy

(mN/m)

MA-SO-PER 0.94 343 27.38

MA-CO-PER 1.06 363 28.84

MA-CO-GLY 1.04 213 26.36

MA-CO-BPAPR 0.98 183 27.20

MA-CO 0.90 92 26.02
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polycondensation reactions between a diprotic acid and a polyhydric alcohol.

Recently, the use of edible and nonedible vegetable oils and their alcoholysis products

(monoglycerides) as polyhydric alcohol have attracted a great deal of research due to

the renewability and the biodegradability of the resulting polyester resin, also known

as alkyd resin. The most widely used unsaturated diprotic acid in unsaturated poly-

esters is maleic anhydride, which introduces unsaturated moieties into the polymer that

are critical for an efficient curing process. A general scheme of polycondensation of a

monoglyceride of vegetable oil and maleic anhydride is shown (Scheme 3.8).

The synthesis and characterization of yellow oleander seed oil-based alkyd resin

was recently reported [15]. Yellow oleander (Thevetia peruviana), shown in Fig. 3.7,
is an evergreen, ornamental, dicotyledonous shrub belonging to the Apocynaceae

family. The oil content, extracted with petroleum ether, was found to be over 60%.
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Scheme 3.8 Polycondensation of vegetable oil monoglyceride with maleic anhydride

Fig. 3.7 Yellow oleander (Thevetia peruviana) plant, fruit, and seed [15]
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The glycerolysis reaction was carried out with 1:2 molar ratio of the extracted

yellow oleander oil and glycerol, in the presence of a catalytic amount of PbO at

230 �C for 1 h. Then the reaction mixture was cooled to 120 �C and mixed with the

excess (3 molar equivalents) of acid anhydride (phthalic and maleic anhydride) and

glycerol and heated to 210 �C to conduct the polycondensation reaction.

The reaction is followed by acid value until it reduced to below 20 mg KOH/g,

indicating the completion of the polycondensation reaction. It was reported that the

amount of maleic anhydride in the synthesized resin plays an important role in

altering the properties of these alkyd resins. The yellow oleander oil can be

classified as nondrying oil, and thus the derived alkyd resins were cured by blending

with epoxy resin for coating performance. The resins possess gratifying gloss,

hardness, adhesion, chemical resistance, and thermal stability which make them

suitable for surface coating, as binder for composites, etc.

Similar two-stage glycerolysis–polyesterification reactions were utilized in the

synthesis of other alkyd resins based on nonedible, nondrying renewable plant seed

oils, such as the Karanja (Millettia pinnata) seed oil [16], Jatropha curcas seed oil

[17], and Mesua ferrea seed oil [18]. These plant oils provide renewable sources of

raw materials for the production of alkyd resin and subsequent use as coating material.

Over the last decade, poly(ester amide)s with a combination of aliphatic and

aromatic moieties have generated significant interest in biomedical and environmental

applications due to their apt biodegradability, biocompatibility, and favorable physical

properties. These characteristics may be attributed to synergistic properties of the ester

and amide linkages in the same polymer network. Vegetable oil-based poly(ester

amide) resin can be prepared from the polycondensation of N,N-bis(2-hydroxyethyl)
fatty amides obtained by base-catalyzed aminolysis of various vegetable oils, such as

linseed [19], Pongamia glabra [20], andMesua ferrea [21], with different dibasic acid
moieties such as phthalic, maleic anhydride, tartaric acid, etc.

The synthesis of poly(ester amide) resin fromN,N-bis(2-hydroxyethyl) fatty amides

of castor oil was reported in a recent communication [22]. The reaction Scheme 3.9

started with a transesterification of the castor oil with methanol in the presence of

sodium methoxide to form the methyl ester of castor oil at almost quantitative yield.

Furthermore, the isolated methyl ester was subject to the aminolysis reaction with

diethanolamine, catalyzed by sodium methoxide, at 110–115 �C, to afford the

diethanol amide of castor oil, at 95% yield. The polycondensation reaction of the

diethanol fatty amide of the castor oil with the maleic/phthalic anhydride and

isophthalic acid resulted in the desired poly(ester amide) resin. The formation of

ester–amide linkages in the polycondensation reaction was confirmed by the FT-IR

study. The hydroxyl group of the diethanol amide reacted with carboxyl ester group of

the anhydride and diacid to form the poly(ester amide) resin.

The use of sodium methoxide as polycondensation catalyst improves the poly-

esterification rate, as compared to conventional catalysts. The anhydrides/diacids

were charged in a mole ratio of 30:70 unsaturated (maleic) to saturated (phthalic) to

control the gelation. The isophthalic acid moiety in the polymer network is the most

hydrophobic and enhances the hydrolytic stability and durability of the resulting

resin. On the other hand, the amide moiety with the long hydrocarbon chain

introduces flexibility into the structure. Finally, the presence of the aromatic

moieties contributes to the thermal stability of the thermosets. The rheological
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behavior, studied in the steady shear mode, showed shear-thinning behavior of the

resin. Various physical properties such as acid value, saponification value, iodine

value, specific gravity, and viscosity of the resin were also determined.

This study also showed that the nature of the curing system has a significant

effect on the properties of the thermoset. The epoxy–poly(amido amine)-cured

thermoset exhibited superior scratch hardness, gloss, chemical resistance, and

enhanced thermal behavior than the epoxy–cycloaliphatic amine-cured one. The

epoxy–poly(amido amine)-cured thermoset exhibited biodegradation after six

weeks of inoculations by broth culture technique using P. aeruginosa, thus showing
its potential to be explored as biodegradable thin-film material.

Hyper-branched poly(ester amide) was similarly synthesized using N,N0-bis
(2-hydroxyethyl) castor oil fatty amide, maleic/phthalic anhydride/acids as A2

monomer, and diethanol amine (with varying weight percentages) as B3 monomer

for hyper-branching [23]. The resulting hyper-branched poly(ester amide) HBPEA

was characterized by FT-IR and NMR. It was found that the degree of branching, as

well as thermal stability, increases with the amount of B3 monomer. The rheolog-

ical study revealed differential flow behavior with respect to the degree of

branching. The desirable adhesion strength, abrasion resistance, scratch hardness,

gloss, impact strength, mechanical properties, renewability, and biodegradability of

the HBPEA render it as an advanced surface coating material.

3.1.5 “Ene”-Grafting of Maleic Anhydride onto the Allylic
Position in the Fatty Chain of the Vegetable Oil

The ene reaction (also known as the Alder–ene reaction) is a chemical reaction

between an alkene with an allylic hydrogen (the ene, vegetable oil and its
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derivatives in this chapter) and a compound containing a multiple bond (the

enophile, maleic anhydride in this chapter). During the ene reaction, as shown in

Scheme 3.10, a new bond is created between two unsaturated termini, with migra-

tion of the ene double bond and transfer of the allylic hydrogen to the enophile. The

ene reaction requires a Lewis acid and/or high temperature (>200 �C) to overcome

its high activation energy (Ea,>80 kJ/mol). The ene reaction product is also known

as an alkenyl succinic anhydride.

A series of vegetable oil macromonomers were synthesized by the ene reaction

of unsaturated vegetable oil with maleic anhydride [24]. The grafted anhydride

functionality can further react with a hydroxyl, amine, thiol, oxirane, or other

functional vinyl monomers to form the corresponding vegetable oil

macromonomers. For example, soybean oil was reacted with maleic anhydride at

1:2.5 molar ratio at 210 �C for 2 h to form the maleated soybean oil. The idealized

reaction Scheme 3.11 illustrates the ene reaction of soybean oil with maleic

anhydride. Please note that only the linoleic acid side chain is depicted for soybean

oil, while the other possible fatty acid chains, such as oleic, palmitic, or linolenic

acids, are abbreviated as R2 and R3 in the scheme.
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ene: vegetable oil and derivatives
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Scheme 3.10 Generalized reaction between maleic anhydride and unsaturated vegetable oils
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As shown in the Scheme 3.11, the maleated soybean oil can further react with a

functional monomer, such as hydroxyethyl acrylate, to form vegetable oil-based

macromonomers. The reaction was carried out at 110 �C for 2 h, in the presence of

polymerization inhibitor phenothiazine. Other functional vinyl monomers, such as 2-(t-
butylamino)ethyl methacrylate, glycidyl (meth)acrylate, allyl amine, hydroxybutyl

vinyl ether, can be used to react with the grafted maleic anhydride moieties to form

the corresponding macromonomer. Another staged polymerization process to synthe-

size latex and coating compositions from these macromonomers was reported. In

addition, the copolymerization with conventional functionalized monomers in emul-

sion polymerization process was described to make vinyl copolymers [24].

A variety of performance-boosting UV absorber compounds can be derived from

at least one UV absorber having at least one functional group (hydroxyl group,

primary amine group, or secondary amine group) and a maleated vegetable oil

[25]. The maleated vegetable oil was synthesized based on ene reaction of maleic

anhydride and an unsaturated triglyceride, with or without an initiator, such as

di-tert-butyl peroxide (DTPO). The initiator route can be conducted at a lower

temperature (130 �C), as compared to the conventional non-initiator route. Subse-

quently, one or more UV-A or UV-B absorber, utilizing the hydroxyl or amine

functional groups, can be grafted onto the maleated vegetable oil by ring opening of

the anhydride functionality. An exemplary reaction between the maleated soybean

oil and a UV-A absorber (2-aminobenzophenone) and a UV-B absorber

(2-aminobenzoate) is shown in the Scheme 3.12. The reaction was carried out at

130 �C in the presence of DTPO from the maleation step. The anhydride ring

opening yielded the half amide–half acid first, and this intermediate may further

cyclize to form the imide form. Both the UV-A and the UV-B moiety in the reaction

product can be in either form, as illustrated in the Scheme 3.12.

These UV absorber compounds provide better resistance (permanence) and offer

broad and customizable UV-A or UV-B spectrum protection. The maleated vege-

table oil host exhibits low toxicity, sustainability, and renewability and also con-

tributes to the improved water resistance. The increase in molecular weight of these

UV absorbers reduced or essentially eliminated the risk of skin penetration of these

compounds, therefore providing formulation flexibility. Remarkably, labile UV

absorbers, such as avobenzone, may be stabilized when blended with these UV

absorber compounds, thus further increasing their use in personal care, especially

sun care, applications.

Other vegetable oil derivatives, such as fatty acids or fatty esters, can also undergo

ene reactions with maleic anhydride to form alkenyl succinic anhydrides (ASA).

The ene reaction between n-alkyl (C1 to C5) oleates and maleic anhydride was

conducted at 220 �C for 8 h under static nitrogen atmosphere [26]. The reaction

products were purified by vacuum distillation and characterized by FT-IR, NMR,

and MS. Two isomers, with ene reaction occurring at either C9 or C10 of the alkyl

oleate, are formed as shown in Scheme 3.13.

Structure–property relations were established for viscosity, m.p., and density.

The combination of a long hydrophobic chain and a highly polar group with density

values close to that of water implied good emulsification properties. The grafting of

maleic anhydride afforded ASA with low melting temperatures (less than –60 �C)
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and improved stability at high temperatures (greater than 350 �C) under both air and
helium, as compared with alkyl oleates. All these properties suggest a strong

potential for application in the biolubricant or surfactant fields.

The preparation of the maleic anhydride “ene” adducts with various hydroxyl

higher fatty acids, such as ricinoleic acid, 12-hydroxystearic acid, and their oligo-

mers, was reported [27]. The ene reaction, as the unsaturated addition of maleic

anhydride at the double bond, was carried out at 160–170 �C for 8 h under partial

vacuum at 50 mm Hg. Other maleic anhydride adducts are possible, and one

example of the possible “ene” adduct with ricinoleic acid is depicted in Fig. 3.8.

This “ene” adduct was isolated by column chromatography and structurally con-

firmed in this work. The solutions of triethanolamine salts of crude reaction mixture

displayed good antirust properties for water-based cutting fluids.

3.1.6 Syntheses of Vegetable Oil-Based Resins Using Maleic
Anhydride as Cross-Linking Agent

Maleic anhydride, a polycarboxylic acid (PCA), can be used as a cross-linking agent

via ester linkage for polymers that possess hydroxyl functionalities, such as cellulosic

polymers. Maleic anhydride reacts initially with the hydroxyl group in the polymer

precursor to form a half acid half ester, and the generated half acid can further react

with another hydroxyl group from another molecule of the polymer precursor; hence,

cross-linking occurs via condensation to form the second ester linkage.

Castor oil contains a hydroxyl group on the 12th carbon of the fatty acid chain. It

was recently reported that in the reaction of castor oil with maleic anhydride, cross-

linking was observed as an undesirable by-product and was detected by size

exclusion chromatography (SEC) [28]. The cross-linking, or the second esterifica-

tion reaction, occurs at a temperature above 125 �C, while the desired single

esterification reaction occurs around 100 �C. The other side reaction is the dehy-

dration and subsequent Diels–Alder reaction, which only occurs at above 150 �C.
Accordingly, the reaction was carefully controlled at 100 �C to minimize the cross-

linking and Diels–Alder reactions and yielded predominantly the desired half acid,

half ester product (see Sect. 3.1.2).

Epoxidized soybean oil can also be cross-linked/cured by maleic anhydride by

base-catalyzed ring opening of the oxirane moiety. The cross-linking can be

Fig. 3.8 Possible ene adduct of maleic anhydride with ricinoleic acid
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initiated with catalytic amount of a polyol species. An idealized schematic drawing

of the maleic anhydride cross-linking of the epoxidized soybean oil, catalyzed by

1,3-butanediol, is shown in Scheme 3.14.

An epoxidized soybean oil (ESO) resin was cured for 5 h with maleic anhydride

in the presence of a catalytic amount of 1,3-butanediol and dimethylbenzylamine

[29]. Depending on the ratio of ESO versus maleic anhydride, the resin exhibits

different mechanical and thermal properties. By using maleic anhydride as a

hardener, which is characterized by a relatively low equivalent weight, it is feasible

to obtain fully cured materials with a renewable content higher than 60 wt%, which

represents values from environment, sustainability, and renewability aspects.

The mechanical and thermal properties of materials prepared by curing epoxi-

dized soybean oil with maleic anhydrides in the presence of catalytic amount of

trimethylamine were described in a recent communication [30]. The cross-linking

was conducted at the melting temperature of maleic anhydride (53 �C). The cured
epoxy resin exhibited thermosetting characteristics, and the study showed the

influence of anhydride/epoxy molar ratio and the degree of epoxidation in soybean

oil on the mechanical and thermal properties. Cured resins exhibited thermal

stability up to 300 �C and were chemically resistant to acid and base solutions.

Polymeric materials from epoxidized vegetable oils, such as epoxidized soybean

oil, epoxidized linseed oil (ELO), and different mixtures of the two oils, were

recently developed and reported [31]. The curing of the epoxidized vegetable oils
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was conducted at 90–115 �C for up to 90 min, with phthalic anhydride (17 mol%)

and maleic anhydride (83 mol%) as the cross-linking agents in the presence of

benzyl dimethyl amine (BDMA) and ethylene glycol as the catalyst and initiator,

respectively. The anhydride-cured epoxy resin showed excellent mechanical prop-

erties for use as a green matrix composite.

3.1.7 Diels–Alder Reaction of Maleic Anhydride with
Conjugated Diene in Vegetable Oil

Maleic anhydride, as a dienophile, can readily react with a conjugated diene or

polyene in the fatty acid chain of the vegetable oil to undergo Diels–Alder reaction

and yield a cyclohexene derivative. Common vegetable oils with conjugated diene

are tung oil and dehydrated castor oil as depicted in Fig. 3.9. Tung oil, a Chinese

wood oil, is a major product from the seeds of tung trees. The major component of

tung oil is a triglyceride comprised of alpha-eleostearic acid, i.e., cis-9, trans-11,
trans-13-octadecatrienoic acid. The major component in dehydrated castor oil is a

triglyceride of cis-9, trans-11, octadecadienoic acid. It is also noted that a compet-

ing ene reaction may occur at a higher temperature, in addition to the Diels–Alder

reaction. The Diels–Alder reaction for conjugated diene is favored at lower tem-

perature (<150 �C).
The synthesis of the maleated tung oil was conducted at 120 �C for 3 h in the

presence of polymerization inhibitor MEHQ and a catalytic amount of stannous

octoate [32]. Depending on the molar ratio of the tung oil versus maleic anhydride,

either one or two maleic anhydride molecules can be grafted onto one molecular of

the tung oil. The final product is obtained as a yellow liquid. The hypothesized

reaction Scheme 3.15 (with 1:1 tung oil to maleic anhydride molar ratio) is depicted

below with the Diels–Alder reaction occurring with the conjugated double bonds at

the 11th and 13th carbon positions of the fatty acid chain in tung oil.
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Fig. 3.9 Structures of vegetable oils with conjugated diene
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The synthesized maleated tung oil underwent polycondensation reactions with

polyols, such as piperazine-1,4-dicarboxylic acid bis-(2-hydroxy-ethyl) ester

(PCD) or isophoronediamine-1,4-dicarboxylic acid bis-(2-hydroxy-ethyl) ester

(ICD), to form nonisocyanate polyurethane (NIPD). The NIPD was further modi-

fied with glycidyl methacrylate (GMA) to afford a UV-curable tung oil-based

resins, implying the potential utilization in UV coatings.

A similar Diels–Alder modification of tung oil with maleic anhydride was

performed without catalysts, followed by the free-radical (azobisisobutyronitrile)-

initiated grafting of methyl methacrylate, butyl acrylate, and hydroxypropyl acry-

late at 80 �C [33]. The hypothesized grafting reaction and the structure of the tung

oil grafted, waterborne insulation varnish resin, is shown in Scheme 3.16.

The varnish could be solidified at a relatively low temperature with blocked

hexamethylene diisocyanate as a curing agent. As the maleic anhydride content

increased, the thermal stability of the film improved. However, the electrical

insulation strength, volume resistivity, and surface resistivity decreased. At maleic

acid content less than 25%, the resin showed good potential as an effective

immersion insulation varnish for the spindle of electric motor.

The Diels–Alder maleation of a nonconjugated diene in soybean oil was recently

reported [34]. The free-radical maleation was conducted in a closed Parr reactor

system at elevated temperatures (100–150 �C ) and pressures in the presence of a

peroxide initiator, such as bis(tert-butylperoxy)-2,5-dimethylhexane peroxide

(L-101), and di-tert-butyl peroxide (DTBP). Such a free-radical maleation process

can be completed in as little as 30 min. As illustrated in Scheme 3.17, it was

hypothesized that the linoleic moiety (9,12-diene) in soybean oil first undergoes
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Scheme 3.15 Idealized Diels–Alder reaction of Tung oil with maleic anhydride in 1:1 molar ratio
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free-radical-initiated isomerization to form 9,11-conjugated diene, followed by the

Diels–Alder reaction with maleic anhydride. It was found that independent of the

stoichiometry of the maleic anhydride, reaction temperature, or type of the initiator,

the maleic functionality in the final product did not exceed one equivalent. The

maleated soybean oil was characterized using acid value, iodine value, and FT-IR.

The data strongly suggest that Diels–Alder addition of maleic anhydride is favored

when a peroxide initiator is present, while the competing ene reaction is favored in

the absence of peroxide initiator, in the presence of Lewis acid catalysts and at

higher temperatures (>200 �C).
Similarly, the Diels–Alder maleation reaction of nonconjugated polyunsaturated

fatty acid triglycerides, such as soybean oil, was performed [35]. These vegetable

oil adducts were made by first conjugating and elaidinizing the nonconjugated

polyene fatty acid moiety, such as in linoleic and linolenic acids, in the vegetable

oil, followed by Diels–Alder reaction with maleic anhydride in the presence of

catalytic amounts of iodine (the conjugation and elaidinization agent). The conju-

gation, elaidinization, and Diels–Alder reaction can all take place in one step in a

sealed, pressurized reaction vessel at 200–250 �C for 4 h. These adducts are an

important class of emollients in human skin and hair preparations by providing

persistent softening effects.

3.2 Maleimide Derivatives and Their Properties

Maleimides and derivatives are important building blocks in chemical synthesis,

and some of them demonstrate biological activity. A special feature of the reactivity

of maleimides is their susceptibility to additions across the double bond, either by

Michael additions or via Diels–Alder reactions. The carbon–carbon double bond in

maleimide is also capable of free-radical or anionic polymerization or copolymer-

ization to produce functional polymers that are utilized in high temperature appli-

cations, such as adhesives in the semiconductor industry. Biological applications of

maleimide derivatives result from their high and specific reactivity/binding toward

the thiol groups in biological substrate (e.g., chemical probes), site-directed mod-

ification for proteins and peptides, bioconjugates, and prodrugs.

3.2.1 Recent Advances in the Synthesis of Maleimide
Derivatives

The classical synthesis of maleimide derivatives was carried out via a two-step

route as illustrated in Scheme 3.18. First, reaction of maleic anhydride with an alkyl

or aryl amine readily produces a maleamic acid (maleic acid monoamide) at room

temperature. Subsequently, the maleamic acid undergoes dehydration ring-closure/
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cyclization reaction to form the corresponding N-substituted alkyl or aryl maleic

maleimide.

The dehydration ring-closure reaction generally requires high temperature

heating and/or a stoichiometric amount of acidic dehydrating agent (such as acetic

anhydride) and/or water removal via vacuum or azeotropic distillation. However,

these classical reaction conditions can cause undesirable effects on the dehydration

ring closure, and several by-products may form (Scheme 3.18). The high reaction

temperature and long reaction time can cause the isomerization of the maleamic

acid to the thermodynamically more stable fumaric analogue, therefore, lowering

the yield for the maleimide. In addition, the high temperature may cause other side

reactions, such as polymerization to occur. The use of stoichiometric amount of

dehydrating agent can be costly for the chemical process and will often require

laborious and repetitive workup procedures to purify the final maleimides. The

azeotropic distillation often requires a toxic organic solvent, such as toluene or

xylene, and is not environmentally benign. Recent advances in the synthesis of

maleimide have been focused on the optimization of the synthetic methodologies to

improve yield and selectivity, shorten reaction times, and to be more environmen-

tally friendly.

The N-arylmaleimide compounds, which are useful as pharmaceutical and

agrochemical intermediates and as additives for polymers, were prepared by a

method which is less costly and less toxic using cyclohexanone as solvent at

120–155 �C and H3PO4 as acid catalysts, with removal of water of reaction by

azeotropic distillation with xylene in the presence of diphenylnitrosamine as poly-

merization inhibitor [36]. It was also reported that the reaction of maleic anhydride

with aniline in an aprotic polar solvent (such as N-methyl-2-pyrrolidone) in the

presence of an acid catalyst (such as sulfuric acid) and azeotropic removal of water

yielded N-phenylmaleimide (Fig. 3.10) at 97.1%. Moreover, the sulfuric acid and

the N-methyl-2-pyrrolidone are recycled and reused [37].

Repetitive washing process can also be eliminated from the synthesis of N-
methylmaleimide [38, 39]. A mixture of xylene and concentrated sulfuric acid was

stirred at 135–140 �C for 30 min with removal of water to produce xylenesulfonic

acid, which was subsequently cooled and mixed with maleic anhydride and
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methylamine. The reaction mixture was purified by evaporation of xylene under

reduced pressure (40 mmHg) and direct distillation at 10 mmHg to afford N-
methylmaleimide (Fig. 3.10) at 90.5% yield. The pot residue left after separation

of the N-methylmaleimide by distillation was repeatedly used as the dehydration

catalyst. This process does not require a procedure for removing the acid catalyst

such as water and alkali washing. It allows the easy recovery of the pot residue by

dissolving it in an aromatic hydrocarbon solvent, recycles it as the acid catalyst, and

gives N-substituted maleimide of high purity in a good yield.

Metal and metal salts, such as copper, tin, iron, and their salts, were used as

catalysts or cocatalysts in the dehydration process to improve the reaction selectiv-

ity and inhibit the formation of by-products. For instance, a stirred mixture of

maleic anhydride, p-toluenesulfonic acid (organic acid catalyst), CuSO4 (metal

cocatalyst), and 4-MeOC6H4OH (polymerization inhibitor) in toluene/DMF

was treated with aniline, refluxed for 3 h, and further purified to afford N-
phenylmaleimide of 99.9% purity at 95.4% yield [40]. Additionally, N-
phenylmaleimide was prepared at 94.0% yield by dehydration–imidation of

N-substituted maleamic acids in xylene/DMF in the presence of SnO or Sn salts

under azeotropic dehydration while feeding maleic anhydride [41]. Similarly,

bismaleimide shown in Fig. 3.11 was formed with high selectivity and yield

(86.8%) when FeCl3 was added to the reaction of 2,2-bis-[4-(4-aminophenoxy)

phenyl]propane with maleic anhydride in toluene and N-methyl-2-pyrrolidone [42].

Haloiminium salts, such as 2-chloro-1,3-dimethylimidazolinium chloride

(Fig. 3.12), can be used as dehydrating agents in the reaction of maleic anhydride

with NH2-containing compounds or polymers, or the condensation of maleamic

acids, to improve the reaction efficiency [43]. For instance, the condensation
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reaction of aniline with maleic anhydride can occur at lower temperature (90 �C),
shorter reaction time (1 h), and high yield (98.4%) due to the presence of 2-chloro-

1,3-dimethylimidazolinium chloride.

The use of room temperature ionic liquids, such as 1-butyl-3-methylimi-

dazolium hexafluorophosphate [Bmim][PF6] or tetrafluoroborate [Bmim][BF4]

(Fig. 3.12), have demonstrated reaction rate acceleration and increased yield for the

synthesis of maleimides [44]. The N-arylmaleimides, such as N-phenylmaleimide,

N-p-chlorophenylmaleimide, N-(1-Naphthyl)maleimide (Fig. 3.10), etc., were syn-

thesized from maleic anhydride with a variety of primary amines in accelerated

reaction time (20 min) and excellent yield (>90%) when [Bmim][PF6] or [Bmim]

[BF4] was used as the reaction medium. In addition, the ionic liquids can be readily

recovered by extraction of the maleimide products and drying the residue under

vacuum and reused with no appreciable decrease in yield.

Lewis acids, such zinc halides, in the presence of hexamethyldisilazane (HMDS,

shown in Fig. 3.12), prompted the dehydration/cyclization reaction of the maleamic

acid to form the corresponding maleimides. A series of aromatic and aliphatic

primary amines were reacted with maleic anhydride in refluxing benzene in the

presence of a Lewis acid and HMDS and resulted in over 90% yield of maleimide

in 1–4 h of reaction time in most cases [45]. It was hypothesized that the formation

of thermodynamically stable hexamethyldisiloxane or trimethylsilanol, alongside

maleimide, makes this reaction feasible under mild conditions. This demonstrated

an economical and practical method for the synthesis of maleimide derivatives by

using inexpensive and readily available reagents under mild conditions.

Heterogeneous ion-exchange resin was used as the catalyst for the manufactur-

ing of N-substituted maleimides by treatment of maleic anhydride with a primary

aromatic or aliphatic amine in the presence of an organic solvent and a strongly

acidic ion-exchange resin. For example, reaction of maleic anhydride, aniline, and

Amberlyst 15 in xylene gave 90.3% N-phenylmaleimide. The resin can be filtered

off and reused [46].

Solid acidic heterogeneous catalysts, such as diatomite-supported acid catalyst

[47] and phosphoric acid on zirconia [48], were utilized to achieve high production

yield with high purity of maleimides. The reaction of maleic anhydride with aniline,

catalyzed by the diatomite-supported aniline salt of H3PO4, occurred at 135 �C for

2 h to give 97.6% N-phenylmaleimide. It was also reported that maleimides (e.g.,

N-cyclohexylmaleimide shown in Fig. 3.10) are prepared at over 90% by reacting

maleic anhydride and primary amine, such as cyclohexylamine at 100–180 �C in

xylene and in the presence of a solid, acidic catalyst which consists of an inorganic

acid (phosphoric acid) supported on an inorganic metal oxide (zirconia). The solid
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catalysts used in these reactions can be readily separated by filtration, washed, and

recycled for subsequent use. This synthetic approach provided a low-cost, environ-

mentally friendly, and efficient alternative to the classical synthesis of maleimide.

Microwave-assisted synthesis was reported to provide improvements to the

cyclization of maleamic acid to maleimides. A mixture of maleic anhydride and

aromatic primary amines undergo solvent-free dehydration in the presence of acetic

anhydride under microwave irradiation to afford the corresponding N-aryl
maleimides in 80–90% yield within minutes [49].

A new source and reaction scheme to form maleimide, namely, the dehydro-

chlorination of chlorosuccinimides, appeared in recent literature [50, 51]. A variety

of aryl or alkyl α-chlorosuccinimides were formed by the reaction of the

corresponding maleamic acid with phosgene (COCl2), followed by dehydrochlori-

nation in the presence of dimethylbenzylamine at 50–70 �C for one hour. The yield

of the maleimides under these mild conditions was over 90%. It was also reported,

as depicted in Scheme 3.19, that N-aryl-α-chlorosuccinimides are formed by the

reaction of maleamic acid with thionyl chloride in refluxing methylene chloride.

Subsequent dehydrochlorination with triethylamine at 25 �C produced N-aryl-
maleimides in excellent yield (>85%). Moreover, further reduction of the C–C

double bond in refluxing acetic acid by zinc hydrogenation catalysts afforded the

respective N-aryl-succinimides.

Alkylation of maleimide with a variety of alcohols via the Mitsunobu reaction to

form the corresponding N-alkylmaleimides is a more general and direct synthetic

route to maleimides [52]. The Mitsunobu reaction, which utilizes maleimide as a

nucleophile, can be carried out under essentially neutral conditions and at ambient

temperature and enable the use of alcohols, instead of amines, as the synthetic

precursor to the maleimides. As shown in Scheme 3.20, the typical reaction

condition involves the overnight reaction of the alcohol and maleimide, in equal

molar ratio, in THF in the presence of triphenylphosphine and an azodicarboxylate

such as diisopropyl azodicarboxylate (DIAD). The yields were modest, and the
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best yield was obtained for primary alcohols with an adjacent SN2 activating

group. This reaction is especially useful when the primary alcohol reagent contains

another functional group, such as double bond and hydroxyl group, resulting in

multifunctional maleimides.

As noted from one of the Mitsunobu reactions in Scheme 3.20, the tert-butyloxy-
carbonyl (t-BOC) group is commonly used in the synthesis of N-substituted

maleimide derivatives when the substituent contains another functional group,

such as hydroxyl or amine. tert-Butyloxycarbonyl (t-BOC)-protected maleimide

monomers were synthesized from the corresponding N-substituted maleimides with

di-t-butyl dicarbonate (DTBDC) in the presence of pyridine [53]. The deprotection

reaction can be catalyzed by acids or initiated by heat, with concurrent evolution of

isobutylene and carbon dioxide. Two examples of such protected maleimides with

the labile t-BOC group are shown in Scheme 3.21. The polymers originated from

these N-protected maleimides are especially interesting in the context of chemically

amplified resists, due to the low activation energy and the appreciable change in

resist properties displayed in the deprotection process.

Another direct route to N-alkyl-maleimides involves the protection of the

carbon–carbon double bond via a reversible Diels–Alder reaction with furan, an

example of which is displayed in Scheme 3.22. When the alkyl substituent contains

a tertiary amine, it may react with the double bond in maleic anhydride via

nucleophilic attach, or initiate polymerization. The reversible Diels–Alder reaction
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with furan protects the double bond and provides a one-step reaction to the

maleimide derivative without the use of acid catalysts. Another advantage of this

route is the furan-protected maleimide derivatives which are crystalline solids at

room temperature and thus facilitate the purification of the final products.

3.2.2 Syntheses of Novel Maleimide Derivatives and Their
Uses

A novel electron-deficient semiconductor family for organic thin-film transistors

(OTFT), based on core-unsubstituted (R0¼H) and core-cyanated (R0¼ CN)

anthracenedicarboximides as shown in Fig. 3.13, was synthesized from the Diels–

Alder cycloaddition/aromatization of the brominated 1,2,4,5-tetramethylbenzene

with the corresponding primary (R¼ n-octyl or benzyl) or tertiary (R¼ cyclohexyl)

maleimides [54]. By tuning electron affinity, these materials exhibit good electron-

transport properties and stability in ambient as well as very high Ion/Ioff ratios.
Compared with anthracene-based OTFT, the introduction of the N-substituted

diimide is crucial for the enhancement of n-channel conductivity and charge

transport.

A range of heterocyclic dyes and pigments in Fig. 3.14 were synthesized by

nucleophilic substitution reactions of halide derivatives of phenylmaleimide or
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Fig. 3.13 N-substituted anthracenedicarboximides as organic thin-film transistors
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n-propylmaleimide with mono-nucleophiles such as primary amines, phenols, and

heterocycles (pyrazole, 4-pyridone, imidazole, etc.) and difunctional nucleophiles,

such as o-aminothiophenol, o-phenylenediamine, dithiooxamide, etc. [55]. These

maleimide derivatives showed intense colors that may be attributed to the

merostabilization of free radicals in the excited state and offer potential in new

dyestuff chemistry.

Novel chiral and optically active N-substituted maleimide derivatives reported

in literature are displayed in Fig. 3.15 [56–59]. These molecules, containing a

polymerizable double bond in the maleimide ring, can therefore produce optically

active polymers and copolymers. It was found that the chiroptical properties of

these polymers can be attributed not only to the chiral substituent in the pendant

maleimides, but also to the asymmetric inductions to the polymer backbone.

Examples of maleimide derivatives bearing alpha-methylbenzyl group are shown.

The synthesis of N-[4-N0-(alpha-methylbenzyl)aminocarbonylphenyl] maleimide

was achieved by multistep reactions of maleic anhydride, glycine, and (R)-(+)-

alpha-methylbenzylamine.

3.2.3 Syntheses of Fluorescent Maleimide Derivatives
and Their Properties

The maleimide moiety possesses an activated C–C double bond and is well known

to undergo specific alkylation reactions with the sulfhydryl/thiol group to form

stable thioethers. It is also known that a series of non-fluorescent maleimides with

aromatic side chains give rise to strongly fluorescent products when treated with

thiols. Through this reaction, the maleimide derivatives can be selectively attached

to biological species with sulfhydryl functionalities, such as lipids, peptides, and

proteins, to introduce fluorescence sensors.

A maleimide bearing electron-donating chromophore, N-(4-N0,N0-dimethylamin-

ophenyl)maleimide (DMAPMI) was synthesized from N,N-dimethylaminoaniline

and maleic anhydride in the classical two-step reaction in the presence of acetic

anhydride and sodium acetate [60]. It was observed that the fluorescence emission

intensity of the DMAPMI monomer was much lower than those of its polymers. This

phenomenon of “fluorescence structural self-quenching,” as illustrated in

Scheme 3.23, may be attributed to the intra- or intermolecular charge transfer between

the electron-donating dimethylaminophenyl moiety and the electron-accepting
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Fig. 3.15 Chiral and optically active N-substituted maleimide derivatives
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carbon–carbon double bond in the monomer. Such a hypothesis was validated

by the much stronger fluorescence emission intensity of the N-(4-N0,N0-dimethylami-

nophenyl)succinimide (DMAPSI) when carbon–carbon double bond in the monomer

is absent. As illustrated in Scheme 3.23, the presence of the C¼C lowers the LUMO

energy of the DMAPMI with respect to the DMAPSI, diverting the electron transfer

from the fluorescence excited state directly to the ground state to produce weak

fluorescence. While in the succinimide analogue, the LUMO of DMAPSI is energet-

ically inaccessible, and all the electron transfer occurs from the fluorescence excited

state to the ground state to emit strong fluorescence.

A series of fluorophore-linked N-aryl-maleimides were synthesized using the

Lewis acid (ZnCl2), and hexamethyldisilazane (HMDS) promoted the reaction of

maleic acid with respective aryl amines [61]. This one-pot synthesis in Scheme 3.24,

discussed earlier in this chapter, has proven to be efficient and high yielding. These

fluorogenic maleimide derivatives are of interest as markers for biological sub-

strates due to a number of characteristics, such as the reactivity toward the sulfhy-

dryl group, fluorescence off–on switching nature, and long–lived fluorescence.
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Fluorescent organic compounds, such as fluorescein [62], eosin [63–70], and

acridine [71] shown in Fig. 3.16, have been functionalized with maleimide moiety

to produce specific fluorescent labeling reagents that are commercially available.

For example, eosin-5-maleimide was used to bind specifically to the anion transport

protein lysine-430 in the red cell membrane as a diagnostic screening tool for

membrane disorders such as hereditary spherocytosis [68]. Similarly, eosin-5-

maleimide has been used to determine the orientation of human erythrocyte band

3 by fluorescence polarization microscopy [67], to characterize cysteine residues

and transport activity of mitochondrial ADP/ATP carrier [63–66].

ThioGlo® reagents (Fig. 3.17) have been commercialized as thiol-reactive

fluorescent probes for the derivatization, detection, and determination of thiol

groups in biological molecules. They have little or no fluorescence prior to reaction

with thiols and high quantum yields after fast reaction with active –SH groups in

proteins, enzymes, and simple peptides resulting in superior thiol sensitivity and

reaction efficiency.

As illustrated in Scheme 3.25, ThioGlo® 3 has been used to stereospecifically

derivatize and determine captopril, a well-known angiotensin converting enzyme

inhibitor, for the treatment of arterial hypertension [72]. In addition, ThioGlo®

3 has also been used to quantify the trace amount of N-(2-mercaptopropionyl)-

glycine and 2-mercaptoethane sulfonate in biological samples using fluorescence

detection [73, 74].
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The selective determination of thiols in biological samples was also investigated

by high-performance liquid chromatography using N-[4-(6-dimethylamino-2-

benzofuranyl)phenyl] maleimide in Fig. 3.18, which was found to give fluorescent

products when treated with certain thiols. Six kinds of thiol (cysteine, N-
acetylcysteine, homocysteine, cysteamine, reduced glutathione, and coenzyme A)

could be separated simultaneously within ca. 12 min and determined at final level of

sensitivity. The method was successfully applied to the determination of thiols in rat

tissues and plasma and in human normal serum [75].

A series of rhenium(I) polypyridine maleimide complexes, as depicted in

Fig. 3.19, were synthesized and utilized as luminescent labels for a thiolated

oligonucleotide, glutathione, bovine serum albumin, and human serum

albumin [76].

As shown in Scheme 3.26, the reaction of maleic anhydride with 2-ferrocene

ethylamine proceeded through ring opening to form maleamic acid intermediate

and subsequent dehydration to afford the electroactive N-(2-ferrocene-ethyl)
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maleimide [77]. The activated double bond in the maleimide moiety enabled the

labeling of enzymes, peptides, and proteins via the sulfhydryl groups thereof. The

ferrocene moiety introduced excellent redox and electrochemical properties to the

enzymes (e.g., cytochrome P450) and peptides (e.g., cysteine-containing glutathi-

one) that are originally electroinactive.

3.2.4 Syntheses and Properties of Maleimide Derivatives
Based on the Diels–Alder Reaction

Diels–Alder reaction, [4+2] system, generally consists of a coupling of a diene and

a dienophile by intra- or intermolecular fashion. The activated carbon–carbon

double bond in maleimide has made it an attractive dienophile in many applications

of the Diels–Alder reaction. The efficient Diels–Alder reaction enables quantitative

C–C bond formation without side reactions or purification and offered molecules

ranging from block copolymers and graft copolymers to complexed macromolec-

ular structures [78].

A number of diblock copolymers were successfully prepared by Diels–Alder

reaction, between maleimide- and anthracene-end functionalized poly (methyl

methacrylate) (PMMA), polystyrene (PS), poly(tert-butyl acrylate) (PtBA), and

poly(ethylene glycol) (PEG) [79]. An exemplary scheme of PMMA-b-PS is

shown in Scheme 3.27. Both the maleimide and the anthracene terminal groups

were introduced into the polymer through the atom transfer radical polymerization

(ATRP) of PMMA and PS, using 2-bromo-2-methyl-propionic acid 2-(3,5-dioxo-

10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-en-4-yl)-ethyl ester and 9-anthyryl-methyl

2-bromo-2-methyl propanoate, respectively, as the initiators, in the presence of

Cu(I) salt and pentamethyldiethylenetriamine (PMDETA). During this ATRP pro-

cess, the maleimide group has to be protected to avoid undesired copolymerization

of maleimide with MMA. The Diels–Alder reaction of the two polymeric pre-

cursors in refluxing toluene yielded block copolymer of PMMA-b-PS, while the

deprotection of the maleimide group occurred in situ.
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In a similar fashion using the Diels–Alder “click chemistry” between anthracene

and maleimide functionalities, well-defined polystyrene-g-poly(ethylene glycol)

(PS-g-PEG) and polystyrene-g-poly(methyl methacrylate) (PS-g-PMMA) graft

copolymers were successfully prepared in quantitative yield and without an addi-

tional purification step [80]. In another example, the Diels–Alder ligation between

cyclopentadienyl end-capped poly(3-hexylthiophene) (P3HT) and maleimide-

functionalized polydopamine was employed to fabricate conductive surface teth-

ered polymer brushes. The efficient nature of the Diels–Alder ligation was further

combined with a biomimetic polydopamine-assisted functionalization of surfaces,

making it an access route of choice for P3HT surface immobilization [81].

3.2.5 Syntheses of Multifunctional Maleimide Derivatives
and Their Uses

The electron-accepting maleimide moiety can undergo free-radical-initiated poly-

merization. Combining the maleimide functionalities with another polymerizable

functionality to produce dual functional monomers has attracted a lot of interest

recently. These functionalities include benzoxazines [82–84], oxazolines [85],

oxetanes [86], and cycloaliphatic epoxy [87], which undergo ring-opening poly-

merizations. A common maleimide precursor to these novel monomers is

6-maleimidocaproic acid (MCA), obtained by the reaction of maleic anhydride

with 6-aminocaproic acid. The illustrative Scheme 3.28 shows the reaction products

of MCA with oxazoline, oxetane, and cycloaliphatic epoxy precursors. These dual

functional compounds have the capability of undergoing both thermal and radiation

cure processing and offer a new spectrum of performance materials for use within

the adhesive, coating, and semiconductor fabrication industries.
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In the fabrication of semiconductor packages, maleimide derivatives with

cyanurate core and the polymeric resins of these novel monomers are useful

materials that show improved adhesion and improved modulus at high temperature

[88]. A schematic drawing of these monomers with various pendent maleimide

arms are shown in Fig. 3.20. The side arms contain a maleimide group at one end

and a divalent organic linker (aliphatic or aromatic) connecting the maleimide and

the cyanurate core. For every cyanurate core, there could be 1–3 side arms

depending on the stoichiometry of the reactions. A typical reaction scheme consists

of the reaction of maleic anhydride with an amino acid to form the maleimide with

the carboxyl functionality. Subsequently, the reaction of the carboxyl group with

the hydroxyl or isocyanate group on the 1,3,5-tris(2-hydroxyethyl)cyanuric acid

affords these maleimide monomers with a cyanurate core.
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Benzoxazine derivatives that contain maleimide groups were studied in recent

literatures [82–84]. Both maleimides and benzoxazine are polymerizable monomers,

and their polymers exhibit good thermal, mechanical, and electrical properties, as

well as the versatility in molecular design. The marriage of these two functional

moieties in one monomer offers new candidates for high-performance composites. A

benzoxazine compound with a maleimide group, 3-phenyl-3,4-dihydro-2H-6-(N-
maleimido)-1,3-benzoxazine (HPM-Ba), was prepared from N-(4-hydroxyphenyl)
maleimide with either formaldehyde/aniline in solution, or the intermediate 1,3,5-

triphenylhexylhydro-1,3,5-trizine via paraformaldehyde and aniline (Scheme 3.29).

As expected, HPM-Ba showed a two-stage process of thermal polymerization. The

first stage was the polymerization of maleimides at 130 �C, while the second stage

was attributed to the ring opening of the benzoxazine. The other example in

Scheme 3.29 was the maleimide and norbornene functionalized benzoxazine,

which can be synthesized from the corresponding norbornene maleimides with

formaldehyde and aniline. Incorporation of both norbornene and maleimide into

the originally monofunctional benzoxazine resulted in an increase in char yield and

glass transition temperature without significant increase of the monomer viscosity.

The extent and the type of the polymerization pathway in these novel monomers

affect the final network structure and application of the benzoxazine polymer.

Maleimide derivatives with multiple functionalities have been extensively stud-

ied for use in curable compositions in the fabrication of semiconductor materials

[86, 89–92]. A reactive oligomer was prepared from a bisphthalic anhydride linked

by an aliphatic/aromatic linker, an amino alcohol, and a carboxylic acid terminated

with maleimide functionality, as shown in the exemplary Scheme 3.30 [93]. The

resulting reactive maleimide monomers with both imide and ester functionalities

can be cured under different conditions and provide tunability of the cured adhesive

materials by varying the functional groups and linkers.

Another multifunctional maleimide derivative, which contains diphenyl backbone,

ester functionality, and terminal maleimide, was prepared from the reaction of

diphenyl oxide, formaldehyde or paraformaldehyde, and maleimides with carboxylic

acid terminal group (Scheme 3.31) [90]. The resulting oligomeric maleimide deriva-

tive has a high molecular weight and fewer reaction points than a maleimide monomer
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and can be beneficial as curable compositions in the fabrication of semiconductor

materials for shrinkage void performance, high Tg, and high thermal conductivity.

Oligomeric maleimide derivatives, resulting from the Michael addition product

of a thiol with a compound having internal ester functionality and maleimide

terminal group, can be formulated into curable compositions to improve adhesion

to metal substrates [94]. As shown in Scheme 3.32, the reaction was carried out

between a maleimide/bismaleimide and linear or branched mercaptans with various

stoichiometry, using 3-aminopropyltrimethoxy silane as the catalyst. Depending on

the stoichiometry, the oligomer can be either maleimide terminated or thiol termi-

nated. The terminal S–H group can initiate premature polymerization of the adhe-

sive to cause gelation and short work life. Thus, it is advantageous to use the

maleimide-terminated oligomer to promote adhesion to the metal surface so that the

internal sulfur functionality can bond to the metal via covalent bonding or van der

Waals interactions.

Similarly, the Michael addition between a diamine and a bismaleimide affords a

series of oligomeric maleimide adducts, as shown in Scheme 3.33. These amine

adducts, as well as the thiol adducts described in Scheme 3.32, are suitable for use
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as a coating for the inactive face of a silicon wafer in the microelectronics packaging

industry.

3.2.6 Syntheses of Liquid Maleimide Compounds and Their
Properties

Maleimide compounds, especially bismaleimide-based resins, have been known as

high-performance thermosetting resins since the 1960s. They possess a wide range

of desirable physical properties: heat and chemical resistance, high mechanical

stability, high cross-link density, low moisture absorption, and good adhesive and

electrical properties. The broad applications of bismaleimide resins in the adhesive

and packaging industries can be attributed to these properties. However, the

disadvantages of the bismaleimide resin, brittleness and poor process ability, are

also originated from their unique physical properties. Most maleimide compounds

and the polymerized resins are solids at room temperature, which are difficult to

process and to cure rapidly. Moreover, most bismaleimide compounds have poor

solubility in organic solvents and thus limit the choice of organic diluents to
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ones with high polarity in the curing process. The high cross-link density of the

bismaleimide resins result in their brittleness. Therefore, research has been focused

recently on various approaches to overcome such shortcomings.

One approach that generated a lot of research interest is the use of reactive liquid

diluents, such as divinyl ethers [95–98] and diacrylates [99–101] in the copolymer-

ization with maleimide compounds. The use of reactive diluents as comonomers is

advantageous in that they become part of the cured resin and do not pose disposal and

environmental issues. The other distinct feature of these curing systems is the dual

effect of maleimide compounds as both photoinitiators and polymerizable mono-

mers. The maleimide photoinitiation mechanism is proposed in Scheme 3.34 [96]. As

the reactive comonomer (such as a divinyl ether in Scheme 3.34) is UV transparent at

>250 nm wavelength, UV radiation can only be absorbed by maleimide compound

to form the excited maleimide. Subsequent electron transfer and proton transfer from

the vinyl ether can yield the initiating maleimide and α-ether radicals.
The polymer chain propagates either by a cross-over process or by homopoly-

merization of the donor–acceptor complex. The cross-over process is when the

vinyl ether radical reacts with the maleimide double bond, or the maleimide radical

attacks the vinyl ether double bond. Regardless of the chain propagation mecha-

nism, alternating copolymers of maleimide and vinyl ether will be formed [96].

Figure 3.21 exhibits the variety of reactive diluents/comonomers that were

reported in recent literature, which are primarily divinyl ethers, diacrylates, and

many other simple alkyl acrylates/methacrylates, some with long aliphatic chain

linkages [95–101]. All of these reactive monomers are liquid at room temperature,

and the corresponding maleimide/bismaleimide compounds can be readily

dissolved. UV radiation will then initiate the copolymerization of maleimide and

the vinyl compounds in liquid form.

A variety of maleimide and bismaleimide compounds have been studied for

photocuring with a reactive liquid vinyl diluent. They include simply hydroxyalk-

ylmaleimides and aliphatic or aromatic-linked bismaleimides. Examples of com-

mercially available maleimides compounds are depicted in Fig. 3.22.

Many other bismaleimides can be synthesized with aliphatic chains linked through

carbonate/urethane functional groups. For instance, in Scheme 3.35 [97], the reaction

of ethanolamine with 3,6-endoxo-1,2,3,6-tetrahydrophthalic anhydride in a 1:1 molar
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ratio in ethanol affords the furan-protected maleimide. The deprotection in refluxing

xylene yields the desired hydroxyethylmaleimide as white crystalline solid with an

overall 50% yield. Further reaction with isophorone diisocyanate in the presence of

dibutyl dilaurate catalyst in acetone produces isophorone bisurethane bisethyl-

maleimide as a white precipitate in nearly 80% yield.

As a majority of the maleimide compounds discussed above are solids at room

temperature, a liquid, reactive comonomer is needed in order to obtain a liquid

co-photocuring system that facilitates the handling of these maleimide resins at

room temperature. However, the number of suitable liquid comonomer is limited by

the volatility, odor, toxicity, viscosity, and solubility of the maleimides. In addition,

since the reactive diluents become an integral part of the copolymer thermosetting

resin, they will definitely affect the physical properties of the maleimide-based

resin. Consequently, another approach to enhance the processability, the ease of

handling of maleimide compounds at room temperature, and rapid curing is

strongly desired.

The liquid maleimide compounds emerge in the literature as a promising

approach to meet the above needs. As a liquid at room temperature, they are easy

to handle, do not require any diluent, and are 100% reactive. In fact, two

bismaleimides in Fig. 3.22, Q-Bond® C36 cycloaliphatic bismaleimide and

polyoxypropylene bismaleimide, are commercially available and liquid at room

temperature; however, they have not been extensively studied in a rapid curing

application.

Liquid bismaleimide based on the C36 aliphatic chain originated from the dimer

of oleic acid was synthesized in a recent invention [102]. As exemplified in

Scheme 3.36, the reaction of 6-maleimidocaproic acid (MCA) with the commercial

C36 aliphatic dimer diol (Pripol 2033) in refluxing toluene resulted in the desired

bismaleimide as a liquid at room temperature in 68% yield. Remarkably, the

viscosity of this dimer diester bismaleimide is only ~2500 cps at room temperature.

Another liquid bismaleimide, shown in Scheme 3.37, was synthesized in a

moderate yield by the classical two-step maleation reaction of maleic anhydride
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with the diamine precursor of the C36 dimer core structure [102]. The diamine

precursor, bis(m-aminobenzyl carbamate) of C36 dimer, was made by reacting m-
nitrobenzyl alcohol with the “C36 dimer diisocyanate” in toluene at 85 �C, followed
by the reduction of the nitro group to the amine by stannous chloride dihydrate in

ethyl acetate. This bis(m-maleimidobenzoyl) dimer dicarbamate is a viscous orange

oil at ambient temperature.

A series of liquid bismaleimides were synthesized by the maleation reactions of

commercial polymeric diamines and maleic anhydride in a recent invention

[103]. The polymeric diamines include aliphatic C36 dimer (linear or cyclic)

diamine, aminopropyl-terminated dimethyl siloxanes, polyoxypropylene amines,

and polytetramethylene-di-p-aminobenzoate. Schematic drawings of these liquid

bismaleimide compounds are shown in Fig. 3.23.
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These liquid bismaleimide compounds have suitable viscosities at ambient

temperature for the ease of handling and processing. They can undergo rapid curing

with or without the presence of a reactive comonomer, either by UV radiation or by

a radical initiator. The resulting thermosetting resins are highly resistant against

heat or chemicals, are highly flexible, exhibit low moisture absorption, and have

shown promising applications as adhesives in the microelectronics and packaging

industries [102, 103].

3.2.7 Syntheses of Maleimide Derivatives with Reworkable
Acetal Linkage and Their Properties

Novel maleimide derivatives that contain an acid-sensitive acetal or ketal moiety

were synthesized, and the polymers and copolymers thereof have been explored

in formulating positive photoresist compositions [104, 105]. As depicted in

Scheme 3.38, the reaction of maleimide with formalin produced methylol

maleimide in good yield. Subsequent reaction of methylol maleimide with the

carbon–carbon double bond in 2-methoxypropene, alkyl vinyl ether, and

dihydropyran formed the corresponding acetal and ketal containing maleimide

monomers. This two-step reaction is reversible, particularly in the polymers of

these maleimides. Under a catalytic amount of photoacid generated by radiation,

the acetal/ketal will deblock. Upon subsequent exposure to aqueous alkaline solu-

tion, the remaining methylol group can be removed.

Thermosetting materials have been widely used in a variety of applications, such

as coatings, encapsulations, and adhesives. However, they generally exhibit poor

tractability after curing, which limits their use in applications where degradable,

recyclable, and reworkable polymers are preferred. New thermosetting materials

were developed for reworkable adhesive applications by introducing thermally

breakable acetal ester linkages into maleimide compounds [106–108]. The synthe-

sis of such compounds was carried out by a one-step neat reaction from a commer-

cially available maleimide precursor with a terminal carboxylic acid group and a
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divinyl ether, as shown in the illustrative Scheme 3.39. These multifunctional

derivatives can be radically polymerized at 120 �C into highly cross-linked net-

works with the acetal ester groups intact. Upon further heating the polymer to above

225 �C, the acetal ester linkage completely degraded, resulting in a significant

reduction of the adhesive strength from the original intact maleimide-acetal ester

polymer.

The degradation mechanism, displayed in Scheme 3.40, was hypothesized based

on molecular modeling. The decomposition of the C–O bond adjacent to the C–O

yielded a carboxylic acid and vinyl ether. Subsequent hydrolysis of the vinyl ether

under the acidic condition afforded an alcohol and acetaldehyde. Finally, the –OH

group in the alcohol can backbite the other acetal ester linkage to form cyclic acetal

and another molecule of the carboxylic acid. The degradation products were mainly

the cyclic acetal, with minor amounts of acetaldehyde and butanediol [106].

The hypothesized degradation mechanism was further supported by hot-stage

FT-IR and GC-MS. In particular, Fig. 3.24a shows the hot-stage FT-IR spectra of

the bismaleimide compound with acetal linkage plotted as a function of temperature

ranging from 25 to 275 �C. At about 250 �C, the intensities of the acetal C–O peak

(~1135 cm�1) and C–H stretching of the maleimide (831 and 698 cm�1) decreased

significantly, suggesting the decomposition at acetal linkage and self-

polymerization upon heating. In addition, Fig. 3.24b examined the thermal IR

profile of the acetal C–O peak, in which the frequency shift of the breaking acetal

C–O bond was observed due to the decomposition.

The reworkable acetal ester linkage can also be incorporated into norbornene

dicarboximide, a derivative of maleimide and cyclopentadiene [108]. These mono-,

di-, or mixtures of mono- and difunctional norbornene monomers undergo efficient,

controllable, and reproducible ring-opening metathesis polymerization (ROMP) to

afford thermosetting polymeric materials with the acetal ester group intact

(Scheme 3.41), using Grubbs ruthenium first-generation catalyst in chloroform at

ambient temperature.

Thermal gravimetric analysis of the cross-linked materials with various difunc-

tional norbornene monomer content showed that they are stable up to 150 �C and

that they exhibit rapid degradation above 200 �C, resulting from the thermolysis of

the acetal ester linkage. The more acetal ester linkage in the ROMP polymer, the
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more weight loss was observed in the TGA profile in Fig. 3.25 (ROMP polymers

(a) to (d) are designated in Scheme 3.41). This is consistent with difunctional

ROMP polymer (a) having the highest difunctional content and cross-linking.

The degradation products of the acetal ester linkage, as determined by TGA-MS,

were acetaldehyde, butadiene, butenyl alcohol, and pentenoic acid. A plausible

degradation mechanism is shown in Scheme 3.42.

These multifunctional monomers that contain both maleimide/norbornene and

acetal ester functionalities are precursors to reworkable thermosetting polymers,
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with application as adhesives in semiconductor industry. The decomposition of the

acetal ester functionality upon heating at higher temperature is expected to lead to a

decrease in cross-linking density and modulus of the adhesive, thus allowing the

chip removal and replacement.
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3.2.8 Syntheses of Maleimide Derivatives Based on
Reversible Diels–Alder Reaction

Cross-linked polymeric materials based on the Diels–Alder reaction between a

diene (furan) and dienophile (maleimide derivative) have attracted a great deal of

interest in recent literature [109–113]. This can be mostly attributed to the revers-

ible nature of the maleimide–furan Diels–Alder reaction. Retro Diels–Alder reac-

tion occurs at elevated temperature to debond the chemical linkages at the cross-

linked polymer network, hence reversing the cross-linking process. As exemplified

in Scheme 3.43, the mixture of polystyrene substituted with maleimidomethyl

group and poly [styrene-co-(maleic anhydride)] substituted with furfuryl ester

underwent thermally reversible Diels–Alder cross-linking at 65 �C, and the retro

Diels–Alder reaction occurred rapidly at 150 �C [109]. It was also demonstrated

that the Diels–Alder cross-linking process was truly reversible by repeatedly

cycling the reaction temperatures.

Thermally labile dendrimers based on the reversible furan–maleimide Diels–

Alder reaction were also reported [110, 111]. As depicted in Scheme 3.44, the

reaction of a bismaleimide central linker with benzyl aryl ether-based dendrons

(first through fourth generation) that contained furan functionalities at their focal

point yielded the corresponding dendrimers. These dendrimers efficiently undergo

retro Diels–Alder cleavage and Diels–Alder reassembly at relatively milder tem-

peratures. Appropriate selection of dendron, functionalized dienes (furan), and

dienophile (bismaleimide) will lead to a variety of nanoscopic materials that can

be activated through a noninvasive thermal trigger.
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Similarly, an epoxy-like thermally reversible cross-linked resin was prepared

from a trifunctional maleimide and a trifunctional furan derivative. The resin

displayed thermal remendability and removability through Diels–Alder (DA) and

retro-DA reactions and can be applicable in advanced encapsulants and structural

materials [113]. In addition, the reversible furan–maleimide Diels–Alder reaction

has been applied to thermally cleavable encapsulates, foams, and surfactants

[78, 111].

3.2.9 Bioconjugates Containing Maleimides and Their Uses

Maleimide derivative, through the highly selective and efficient reaction with the

thiol group, has been widely used to form bioconjugates to peptides, proteins, DNA,

and even monoclonal antibodies [114]. Simple stirring of the two reactants at room

temperature is often sufficient to achieve complete conversion without the need of

heat or catalyst. Two maleimide-based lipidating reagents in Fig. 3.26 were pre-

pared to anchor thiol-containing peptides and polypeptides into phospholipid bila-

yers and membranes [115]. These amphiphilic reagents were applied to the

anchoring of a C-terminal cysteamine-modified polypeptide which comprises the

extracellular N-terminal domain of the human thrombin receptor, a transmembrane

protease-activated receptor (PAR-1). These maleimide derivatives are useful to
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study the structure and function of peptides and polypeptides at phospholipid

bilayer surfaces.

Maleimide derivatives have been extensively used to improve the pharmacoki-

netic properties and target drug delivery of anticancer drugs via the specific

conjugation of the maleimide–drug complex to the carrier protein [116]. An exam-

ple of the drug–maleimide–carrier protein bioconjugates is shown in Scheme 3.45.

The maleimide linker molecule binds to the anticancer drug doxorubicin in a labile

manner at one end, while conjugates to the carrier protein at the other end to form a

bioconjugate complex. This complex delivers the drug specifically to the targeted

cancer cell and liberates the drug as delivered.

In another example in Fig. 3.27, the water-soluble maleimide derivatives of the

anticancer drugs carboplatin and camptothecin were employed as thiol-reactive

prodrugs to bind to the cysteine-34 position of circulating albumin and showed

improved drug delivery and antitumor effect [117, 118]. In addition, the maleimide
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scaffold was reported to reactivate Mutant p53 and induce apoptosis on human

tumor cells [119].

Finally, the use of the high and specific reactivity of maleimide-thiol coupling

reaction has yielded an efficient oligonucleotide–enzyme conjugate hybridization

probe. Such a probe demonstrated superior sensitivities in detecting complementary

DNA sequences [120].
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Chapter 4

The Quintessential Alternating Copolymer

Family: Alkyl Vinyl Ether co-Maleic

Anhydride Copolymers

Krystyna Plochocka, Xuejun (Jay) Liu, Michael A. Tallon,

and Osama M. Musa

4.1 Maleic Anhydride-co-Alkyl Vinyl Ether Copolymer

4.1.1 Composition of Maleic Anhydride-co-Alkyl Vinyl Ether
Copolymers

From the viewpoint of polymerization behavior, a characteristic property of

both maleic anhydride and alkyl vinyl ethers is their low reactivity in

homopolymerization under common conditions of radical polymerization. Yet,

together they can be easily copolymerized to create alternating maleic anhydride/

alkyl vinyl ether copolymer with high molecular weight (Fig. 4.1) [1, 2]. These

copolymers prove to be extremely versatile, making possible molecular structure

modifications to adjust their properties by varying the R group in the vinyl ether

monomer units. Some of the C1–C18 alkyl vinyl ethers are commercially available.

The practical importance of maleic anhydride–alkyl vinyl ether copolymers

is related to the versatility of the chemical reactions that can be performed on

the anhydride unit, yielding a variety of useful derivatives via and/or post-

polymerization.

4.1.1.1 Maleic Anhydride-co-Methyl Vinyl Ether Copolymer

The simplest form of alkyl vinyl ethers is methyl vinyl ether. Copolymers based

on maleic anhydride and methyl vinyl ether are commercially available and are

supplied by Ashland Inc. under the Gantrez® AN, Gantrez® S, Gantrez® ES, and

Gantrez® MS trade names [3].
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These high molecular weight poly(maleic anhydride-co-methyl vinyl ether)

copolymers can be synthesized by free-radical processes in organic solvents [4–

8]. To achieve high molecular weight, the process can employ non-chain-transfer-

type solvents [9]. These solvents can then be removed by azeotropic distillation of

the hydrolyzed copolymer in water, if it is not desired in the final product.

Polymerization processes in nonpolar solvents typically yield a copolymer with

a specific viscosity of about 2–4, measured as 1 wt/v % in methyl ethyl ketone by

Eq. (4.1):

Specific viscosity ηsp ¼ t� t0ð Þ=t0 ð4:1Þ

where t is the efflux time of the polymer solution and t0 is the efflux time of the

solvent through a capillary-type viscometer (Table 4.1).

This yields an alternating maleic anhydride/methyl vinyl ether copolymer with a

specific viscosity in a range from about 2 to 4, as deduced from 13C-NMR and Size-

Exclusion Chromatography techniques. Chain transfer agents can also be employed

to target specific viscosity within the polymerization process as well.

In contrast, the polymerization of maleic anhydride–methyl vinyl ether in solvents

like acetone yields copolymers having lower viscosities [10–17]. The copolymer

obtained by this process has a low intrinsic viscosity (�0.3, 1 g/100 ml in methyl

ethyl ketone at 25 �C). After polymerization, the copolymer is reacted with alcohol to

form monoester products, and the acetone is distilled off. The monoester derivatives

have been demonstrated to be suitable for use in hairspray products.

Furthermore, a low specific viscosity grade of maleic anhydride–methyl vinyl

ether copolymer has been made in sterically hindered ether, such as methyl t-butyl
monoether [15]. The use of a sterically hindered ether as the solvent avoids any

potential solvent peroxide formation in the reaction medium, thereby providing a

safer process. In particular, acetone peroxide is a well-known explosive that can

potentially form if any moisture is present in the acetone/peroxide combination

employed in the polymerization. The copolymer obtained has a specific viscosity of

less than 0.4.

4.1.1.2 Maleic Anhydride–Methyl Vinyl Ether–Isobutylene

Terpolymer

Partial replacement of the alkyl vinyl ether monomer in maleic anhydride-co-alkyl
vinyl ether copolymers with α-olefin monomers yields terpolymers with increased

O OO

n

OR

Fig. 4.1 Molecular structure of alternating maleic anhydride-co-alkyl vinyl ether copolymers
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hydrophobicity. Varying the ratio of alkyl vinyl ether and α-olefin enables for fine-

tuning the hydrophobic/hydrophilic balance in the final polymer.

For example, maleic anhydride in combination with methyl vinyl ether and

isobutylene readily undergoes radically induced polymerization to produce a ter-

polymer where maleic anhydride forms equimolar units with the combined mono-

mers of methyl vinyl ether and isobutylene in the polymer chain [18, 19].

Since the homopolymers of methyl vinyl ether and isobutylene can only be

formed by a cationic mechanism, the terpolymers thus obtained are of alternating

molecular structure between (maleic anhydride/methyl vinyl ether units) or (maleic

anhydride/isobutylene units), similar to that of the well-known poly(maleic

anhydride-co-methyl vinyl ether) and poly(maleic anhydride-co-isobutylene)
copolymers themselves, as presented in Fig. 4.2.

The terpolymer of maleic anhydride–methyl vinyl ether–isobutylene can be

synthesized in a variety of organic solvents to produce terpolymers that exhibit a

molecular weight of 30,000–400,000 daltons (Da). Copolymerization in a mixture

of methyl vinyl ether with isobutylene as a reaction medium results in polymers

with molecular weight above 2,000,000 Da [19].

Methyl vinyl ether has been shown to exhibit higher reactivity than isobutylene

towards maleic anhydride enabling polymerization to proceed rapidly for the

methyl vinyl ether/maleic anhydride pair over that of the isobutylene/maleic anhy-

dride pair, when both pairs are present within the reaction medium at the same time

[19]. This finding is demonstrated in Fig. 4.3, wherein a higher molar ratio of

methyl vinyl ether over that of isobutylene is found in the terpolymer than that

employed in the reaction charge.

Table 4.1 Specific viscosities of maleic anhydride–methyl vinyl ether copolymer synthesized

from different processes

Solvent type Solvent Chain-transfer constanta Specific viscosityb

Apolar Benzene 0.028 1–5

Apolar Toluene 0.105 2–4

Slightly polar Ethyl acetate 15.5 2–3.5

Slightly polar Ethyl acetate/acetone 15.5/4.1 1.0–3.5

Polar Acetone 4.1 �0.3

Apolar Methyl t-butyl monoether n/a <0.4
aBrandrup, Polymer Handbook, 3rd edition, CS� 104 for polymerization of styrene
b1 wt/v% in methyl ethyl ketone at 25 �C
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m

OMe
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n

Fig. 4.2 Molecular structure of alternating poly(methyl vinyl ether-co-maleic anhydride-co-

isobutylene terpolymer
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4.1.1.3 Cross-Linked Copolymer of Maleic Anhydride–Methyl Vinyl

Ether

Cross-linked maleic anhydride–alkyl vinyl ether copolymers can be synthesized in

the presence of cross-linking agents. The selection of solvent has a significant

impact on the final viscosity, stability, salt tolerance, and clarity of the hydrolyzed

polymers in aqueous formulations [20]. Furthermore, the cross-linked copolymers

have demonstrated excellent thickening and rheological properties that have been

shown to be suitable for use in personal care formulations. Cross-linked copolymers

based on maleic anhydride and methyl vinyl ether are commercially available and

are supplied by Ashland Inc. under the Stabileze® brand name.

4.1.1.4 Branched Copolymer of Maleic Anhydride–Methyl Vinyl Ether

Similarly, high molecular weight and homogeneously branched maleic anhydride–

methyl vinyl ether copolymers can be synthesized in the presence of a small amount

of cross-linker, which at this concentration behaves as a branching agent (Fig. 4.4)

[21–23]. When larger amounts of cross-linker are employed, an insoluble cross-

linked polymer results. Therefore, the concentration of cross-linker employed will

dictate if a soluble branched polymer or a highly cross-linked insoluble polymer is

obtained [20, 24].

The branched maleic anhydride/methyl vinyl ether copolymers are typically

soluble in acetone. The branched copolymers also exhibit different oscillatory

and shear rheological properties than the fully linear or fully cross-linked copoly-

mer counterparts [23]. For example, the branched maleic anhydride–methyl vinyl

ether copolymers do not exhibit a substantial storage modulus G’, as compared to

their cross-linked counterparts.
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Fig. 4.3 The molar ratio of methyl vinyl ether/isobutylene in the charge and that found in the

terpolymer [13]. MVE methyl vinyl ether, IB isobutylene (Adapted from [19])
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4.1.1.5 Maleic Anhydride–Mixed Alkyl Vinyl Ether Copolymers

The copolymerization of maleic anhydride with mixed alkyl vinyl ethers enables

modulation of the polymer’s hydrophobicity and glass transition temperature, as

depicted in Fig. 4.5. Typically, short chain alkyl vinyl ethers, such as methyl vinyl

ether, are employed as the major component. When small amounts of long chain

alkyl vinyl ethers are introduced, the film properties of these terpolymers exhibits

increased water resistance and enhanced flexibility [25, 26].

The cross-linked terpolymers of C1–C4 alkyl vinyl ether–maleic anhydride and a

hydrophobic C6–C18 alkyl vinyl ether also demonstrate improved salt tolerance as

thickening agents, when compared to those based on soluble short chain alkyl vinyl

ethers and maleic anhydride alone [27]. This result is achieved by an additional

interaction mechanism between Alkyl chains, namely, hydrophobic interactions.

Therefore, hydrophobically modified water soluble polymers poly(methyl vinyl

ether-co-maleic acid-co-dodecyl vinyl ether) tend to exhibit more stable viscosity

profiles than their hydrophilic poly(methyl vinyl ether-co-maleic acid) counterpart as

pH and ionic strength increase. For instance, as the pH is increased from pH 2 to pH 8,

the viscosity of the polymer solution rises to a plateau for both types of polymers.

However, as the pH rises above pH¼ 9+, the hydrophilic-type copolymer such

as (poly-methyl vinyl ether-co-maleic anhydride), viscosity drops as the polymer no

longer can hydrogen bond to adjacent chains, and ionic repulsion between the

highly negative charged polymers occurs. In contrast, the longer hydrophobic

chain-length vinyl ethers do not exhibit this viscosity drop but remain constant

instead, since hydrophobic association between hydrophobes on different chains

still remains.

O OO
N

N
O

OMe

OMe

O OO

O OO

OMe

OMe

O OO

Fig. 4.4 Molecular structure of branched maleic anhydride–methyl vinyl ether copolymers
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4.1.1.6 Maleic Anhydride–Divinyl Ether Copolymer

Maleic anhydride reacts with divinyl ether to form divinyl ethyl–maleic anhydride

copolymer (DIVEMA), also known as Pyran® copolymer. The polymer is synthe-

sized through a unique free-radical cyclopolymerization process (Scheme 4.1) in

which a soluble copolymer is formed (rather than an insoluble cross-linked copol-

ymer). This copolymer possesses a 2:1 alternating backbone structure. DIVEMA

has shown a broad spectrum of biological activities in its sodium salt form [28].
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Scheme 4.1 Polymerization of maleic anhydride and divinyl ether to form DIVEMA (“Pyran®

copolymer”)
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Fig. 4.5 Molecular structure of methyl vinyl ether–maleic anhydride–dodecyl vinyl ether

terpolymer
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4.1.2 Mechanism of Copolymerization of Maleic Anhydride
and Alkyl Vinyl Ethers

4.1.2.1 Radical Copolymerization of Non-homopolymerizable

Monomers

In an alternating radical copolymerization, the reactivity ratios, r1 and r2, of the two
monomers, M1 and M2, are characterized by 1> r1� r2¼ 0, and both r1 and r2 are
less than one [29]. The parameters r1 and r2 are defined by

r1 ¼ k11
k12

and

r2 ¼ k22
k21

where k11 is the rate constant for a growing radical chain ending in M1 adding to

monomer M1, k12 is that for a growing radical chain ending in M1 adding to

monomer M2, while k22 is that for a growing radical chain ending in M2 adding

to monomer M2, and k21 is that for a growing radical chain ending in M2 adding to

monomer M1. In the extreme alternating behavior, both r1 and r2 are equal to 0, and
the two monomers enter into the polymer chain in 1:1 molar composition in a

nonrandom, alternating arrangement. That is to say the growing radical species will

only add the other monomer during the chain propagation step resulting in an

alternating structure.

~M1M2M1M2M1M2M1M2M1M2M1M2M1M2M1M2M1M2~

In the moderate alternating behavior, three cases can occur: (1) both r1 and r2 are
small values and the product r1� r2 is close to zero; (2) r1 is small and r2¼ 0; or

(3) r2 is small and r1¼ 0. In all these cases, the polymer chain structure tends to be

alternating.

Alkyl vinyl ethers and maleic anhydride also belong to a broad category of

monomers yielding alternating copolymers by radical polymerization.

In alternating copolymerization, at least one monomer is incorporated into a

polymer exclusively as a single unit. The other monomer can be also attached as a

single unit, if it is not capable of homopolymerization at the reaction conditions, or

as a longer monomer sequence in the event that it readily undergoes

homopolymerization.

Based on the terminal copolymerization model, the simplest model in which

propagation in copolymerization depends only on the rates of reactions of two

monomers (M1 and M2) with corresponding growing macroradicals ending with –

M1 and –M2, the reactivity ratios of the monomers are
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r1 ¼ k11=k12 and r2 ¼ k22=k21

where kij is a rate constant of a corresponding propagation reaction. The terminal

model predicts rate of copolymerization and monomer sequence distributions

dependent only on the rates of propagation as described above.

If neither of the monomers are able to homopropagate, the resulting copolymer

has an equimolar comonomer composition, 1:1 alternating molecular structure, and

the monomer in excess in the feed remains unreacted. In addition to that, monomer

reactivity ratios for the terminal copolymerization model are r1¼ r2¼ 0 (or very

close to zero) and r1� r2¼ 0.

However, if one of the comonomers (M2) can homopolymerize, then its reac-

tivity ratio r2> 0 and only r1� r2¼ 0. Therefore, the copolymer consists of single –

M1—monomer units and potentially longer –(M2)n—runs, and the monomer M2

can be completely reacted [30–33].

According to Braun and Hu30, two non-homopolymerizable monomers can

readily copolymerize by radical mechanism if they significantly differ in polarity,

i.e., their e-values (from Alfrey’s-Price Q, e scheme) have opposite signs and differ

by one or two units, as it is in the case for the systems consisting of vinyl ethers

having e-values in the range of �0.68 for dodecyl vinyl ether to �2.16 for phenyl

vinyl ether and maleic anhydride with e¼ 2.25 (quoted from [30]). This important

relationship is in agreement with the terminal model which assumes that reactivity

ratios r1 and r2 depend on resonance stabilization of monomer and macroradical (Q)
and on polar interactions between growing macroradical ends and monomers (e),
with a prevailing importance of e-value in the case of electron donor (ED)–electron
acceptor (EA) pairs.

Radical copolymerization of electron-donor monomers with electron-acceptor

monomers tends to form an alternating copolymer chains. Electron-donor vinyl

monomers include alkyl vinyl ethers, α-olefins, and vinyl aromatic monomers,

among others. Some examples of electron-acceptor monomers are maleic anhy-

dride, itaconic anhydride, citraconic anhydride, dialkyl citraconates and

mesaconates, dialkyl maleates and fumarates, N-substituted maleimides,

chlorotrifluoroethylene, and fumaronitrile [30]. Bulky vinyl ethers, such as

adamantyl vinyl ether and norbornyl vinyl ether, yield equimolar alternating copol-

ymers with tetrafluoroethylene as well [31]. Optically active aliphatic vinyl ethers

can also form alternating copolymers with maleic anhydride [32, 33].

Braun and coworkers have investigated binary copolymerization between

non-homopolymerizable electron-donor monomers such as chloroethyl vinyl

ether, iso-butyl vinyl ether, or trans-anethole and non-homopolymerizable elec-

tron-acceptor monomers such as maleic anhydride or fumaronitrile [30, 34]. It was

demonstrated that in all binary systems investigated, the reactivity ratios, r1 and r2,
are close to zero, suggesting that predominantly 1:1 alternating copolymers were

generated.

On the other hand, as reported by Bevington et al. [35, 36], in binary systems

involving a variety of vinyl ethers (M1) as non-homopolymerizable electron-donor

218 K. Plochocka et al.



monomers paired with either methyl methacrylate or styrene as homopolymerizable

monomers (M2), reactivity ratios r1 were always very close to zero, and reactivity

ratios (r2) were always higher than one, which means that vinyl ethers were

incorporated into the polymer as single units, while styrene or methyl methacrylate

could have formed longer monomer sections. Reactivity ratios (r2) displayed

significant differences as dependent on a vinyl ether partner.

4.1.2.2 Charge-Transfer Complex

The Terminal model has been widely used to characterize reactivity of monomers

in copolymerization. However, its inability to fully describe all copolymerization

systems was questioned since its inception. Major issues that are frequently raised

regarding the terminal model is its inability to predict at the same time the

copolymer composition, monomer sequence distributions, and the rate of propaga-

tion in copolymerization. Deviations from the terminal model are ascribed to the

effect of the penultimate unit in a growing macroradical and to a variety of other

interactions in the reaction system, such as complex formation between comono-

mers, complexation of monomers and growing macroradicals with solvents, phys-

ical separation of the environment of growing macroradical from the bulk of the

reaction, and others. Therefore, more recently developed copolymerization models

frequently comprise monomer reactivity ratios and equations describing copoly-

merization rates that include the effects listed above.

Charge-Transfer Complexes (CTCs) between pairs of monomers proved to be of

particular interest in copolymerization research. CTC is usually described as a

complex of an electron-donor monomer (ED), such as vinyl ether with an

electron-acceptor monomer (EA), such as maleic anhydride in which electrons

from the double bond of ED are partially transferred to the double bond of

EA. ED–EA complex (otherwise known as EDA complex or CTC) was postulated

by Mulliken [37] in order to interpret UV/Vis spectra of mixtures of ED and EA

organic compounds (Scheme 4.2).

The presence of charge-transfer complexes in a reaction system often results in

the appearance of colors from yellow to blue, where yellow tends to signify a

weaker interaction, while blue indicates stronger interactions between the electron-

donor and electron-acceptor pair. Color intensity of the reaction mixture typically

weakens as the polymerization proceeds due to the consumption of the charge-

transfer complex monomer pairs. In a solution, an equilibrium exists between the

free electron-donor monomer, free electron-acceptor monomer, and the charge-

transfer complex. The equilibrium constant K can be obtained by UV–Vis and 1H

NMR spectroscopy techniques.

K ¼ charge transfer complex½ �
electron donor½ � � electron acceptor½ �
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In UV–Vis spectroscopy, the equilibrium constant can be determined by measuring

the absorbance at various monomer concentrations. The equilibrium constant K is

calculated using the Benesi–Hildebrand equation [38]. In 1H NMR spectroscopy,

the chemical shifts of the double bond protons, due to partial charge transfer, are

employed to calculate the equilibrium constant [39].

Higher K values are frequently considered to indicate stronger interactions

between electron-donor and electron-acceptor monomers, which results in the

formation of a more stable charge-transfer complex. However, it should be noted

that higher values of the equilibrium constant (K ) do not necessarily mean that the

charge-transfer complex will polymerize faster. This notion will be become quite

clear in the following discussions of terpolymerization, as well as initiation of

spontaneous polymerization. The K values for charge-transfer complexes of maleic

anhydride with various comonomers in different solvents and at different temper-

atures are summarized in Tables 4.2, 4.3, 4.4, and 4.5 [33–49].

The participation of a charge-transfer complex in radical copolymerization was

first proposed by Bartlett and Nozaki in 1946 for the system allyl acetate–maleic

anhydride (Scheme 4.3) [40]. Since then, the effect of monomer–monomer com-

plexes has become of significant interest in the field of radical copolymerization

studies [30, 41, 42].

Equilibrium constants, K, for charge-transfer complexes of maleic anhydride

with electron-donor monomers depend on the molecular structure of the monomers,

solvent, and temperature. Solvent-monomer complexes can compete with the

formation of charge-transfer complexes [42]. Solvent effect on the equilibrium

constant, K, depends on its dielectric constant.

Rätzsch noted that K values tend to increase with increasing difference in

“e-values,” which represent the polar factor in the monomer reactivity, between

maleic anhydride and the electron-donor monomers [41].

Increasing temperature often results in a reduced concentration of charge-

transfer complex, because the stabilization energy afforded by the formation of a

charge-transfer complex is not as significant at higher temperatures.

Research focused on charge-transfer complexes of monomers; their interactions

with solvents and other solvent effects resulted in the development of more

complex copolymerization models that are included in the following general list:

+ O
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O

MeO

CTC

Scheme 4.2 Formation of charge-transfer complex (CTC) between methyl vinyl ether and maleic

anhydride (adapted from [34])
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• Terminal, in which the rate of propagation depends only on the molecular

structure of the terminal radical and on the monomer it reacts with.

• Penultimate, where the rate of propagation depends on the molecular structure of

the terminal radical and on the preceding monomer unit, i.e., penultimate unit, as

well as the molecular structure of the monomer it reacts with (either implicit or

explicit).

Table 4.2 Equilibrium constants, K, for charge-transfer complexes of maleic anhydride with

various comonomers

Comonomer Solvent Temp (�C) K (L/mol) Method

n-Butyl vinyl ether Cyclohexane/1,2-dichloroethane

(9:1)

20 0.116 UV

n-Butyl vinyl ether Cyclohexane/1,2-dichloroethane

(9:1)

28 0.108 UV

n-Butyl vinyl ether Cyclohexane/1,2-dichloroethane

(9:1)

36 0.102 UV

n-Butyl vinyl ether Cyclohexane/1,2-dichloroethane

(9:1)

44 0.098 UV

n-Butyl vinyl ether Cyclohexane/1,2-dichloroethane

(9:1)

52 0.092 UV

n-Butyl vinyl ether Cyclohexane/1,2-dichloroethane

(9:1)

60 0.084 UV

n-Butyl vinyl ether CCl4 20 0.56 UV

iso-Butyl vinyl ether CCl4 20 1.11 UV

iso-Butyl vinyl ether CCl4 37 0.052 NMR

Adapted from [33–49]

Table 4.3 Equilibrium constants, K, for charge-transfer complexes of maleic anhydride with

various comonomers

Comonomer Solvent Temp (�C) K (L/mol) Method

iso-Butyl vinyl ether CDCl3 37 0.036 NMR

iso-Butyl vinyl ether CHCl3 23 0.033 UV

iso-Butyl vinyl ether Methyl ethyl ketone 25 0.023 UV

iso-Butyl vinyl ether Acetonitrile-d3 ~23 0.135 NMR

iso-Butyl vinyl ether CDCl3 ~23 0.066 NMR

iso-Butyl vinyl ether CCl4 ~23 0.110 NMR

tert-Butyl vinyl ether Acetone-d6 35 1.78 NMR

tert-Butyl vinyl ether CCl4 20 2.12 UV

2-Chloroethyl vinyl ether Benzene 10 0.11 UV

2-Chloroethyl vinyl ether Benzene 30 0.10 UV

2-Chloroethyl vinyl ether Benzene 51 0.07 UV

2-Chloroethyl vinyl ether CHCl3 10 0.13 UV

2-Chloroethyl vinyl ether CHCl3 30 0.10 UV

Adapted from [33–49]
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• Monomer complex participation (MCP), in which the rate of propagation

depends on terminal or both terminal and penultimate units, and the reactivity

of CTC that reacts with the growing macroradical as a whole, i.e., CTC plays

role of a monomer.

• Monomer complex dissociation (MCD), where the rate of propagation depends

on the terminal or terminal and penultimate unit, but CTC undergoes dissocia-

tion before it is attached, i.e., CTC serves as a source of both monomers.

• MCP and MCD models that allow also participation of free monomers in

propagation.

• Monomer partitioning or the bootstrap effect, in which the monomer can be

partitioned between the vicinity of growing macroradical and the bulk of the

reaction.

Table 4.4 Equilibrium constants, K, for charge-transfer complexes of maleic anhydride with

various comonomers

Comonomer Solvent Temp (�C) K (L/mol) Method

2-Chloroethyl vinyl ether CHCl3 51 0.09 UV

1,4-Dioxene Benzene 10 0.074 UV

1,4-Dioxene Benzene 25 0.069 UV

1,4-Dioxene Benzene 51.5 0.058 UV

1,4-Dioxene Toluene 10 0.042 UV

1,4-Dioxene Toluene 25 0.040 UV

1,4-Dioxene Toluene 51.5 0.035 UV

1,4-Dioxene Chlorobenzene 25 0.051 UV

1,4-Dioxene CHCl3 10 0.055 UV

1,4-Dioxene CHCl3 25 0.054 UV

1,4-Dioxene CHCl3 51.5 0.040 UV

1,4-Dioxene Acetone 25 0.047 UV

Adapted from [33–49]

Table 4.5 Equilibrium constants, K, for charge-transfer complexes of maleic anhydride with

various comonomers

Comonomer Solvent Temp (�C) K (L/mol) Method

Styrene CHCl3 25 1.4 UV

Styrene Methyl ethyl ketone 25 0.045 n/a

Styrene Cyclohexane 60 0.25 NMR

Styrene Cyclohexane-d12 50 0.30 NMR

N-Vinyl pyrrolidone CHCl3 25 0.15 UV

Acrylic acid Acetone-d6 25 0.056 NMR

Acrylic acid Dioxane-d6 25 0.16 NMR

Adapted from [33–49]
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Some of the copolymerization models above were further developed to include

contributions of complexation with solvents and complexes containing more than

two entities.

Copolymerization models are reviewed and discussed in depth in references

[30, 31, 47–49].

Studies on the monomer–monomer complex were extensively reviewed by Hill

et al. [42] and Fukuda et al. [56]. However, despite the interest in the CTC role in

copolymerization that continues until today, many questions still remain unan-

swered, the most critical being the issue of choosing the right kinetic model for a

given reaction system.

Fitting of the copolymerization system to the terminal or penultimate model

generally requires data on polymer composition and monomer sequence distribu-

tions vs. monomer feed. Models involving CTC, possible contributions of free

monomers, and solvent effects also require also CTC equilibrium constants and

kinetics of copolymerization.

Kokubo et al. have suggested that the value of the CTC equilibrium constant

might be employed as a guideline to predict the outcome of charge-transfer

copolymerizations in a binary system (Table 4.6) [46]. However, in the case of

terpolymers, this suggestion is of limited utility, as the empirically derived reaction

rate is required to compare the polymerization kinetics of the two charge-transfer

complexes relative to each other to predict the outcome.

+ O
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m

AcO

benzoyl peroxide

Scheme 4.3 Equimolar copolymerization of maleic anhydride and allyl acetate (adapted from

[40])

Table 4.6 Correlation between CTC equilibrium constant (K ) and expected outcome of

polymerization

K (L/mol) Copolymerization behavior

<0.01 Negligible CTC formation and no alternating copolymerization

0.01–0.1 Alternating copolymerization with radical initiator

0.1–1.0 Spontaneous alternating copolymerization near room temperature

1.0–5.0 (Spontaneous) ionic copolymerization

>5.0 Formation of stable charge-transfer complexes that can be isolated

Adapted from [46]
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4.1.2.3 Copolymerization with Monomer Complex Participation

In a binary system where maleic anhydride copolymerizes with

non-homopolymerizable electron-donor monomers, as in the case of seminal

work of Bartlett and Nozaki [40], the copolymerization may be considered as a

homopolymerization of the charge-transfer complex (Scheme 4.4) [30]. Therefore,

the resulting copolymers always have an equimolar comonomer composition in an

alternating molecular structure, as deduced from comonomer ratios and 13C-NMR

results.

In a ternary system, that includes maleic anhydride and two electron-donor

monomers, two charge-transfer complexes can be formed, and the equilibrium

constants can sometimes be employed to calculate reactivity ratios of the individual

complexes. Kokubo et al. [46] interpreted the terpolymerization of maleic

anhydride–chloroethyl vinyl ether–p-dioxene as a copolymerization between two

monomer complexes: maleic anhydride–chloroethyl vinyl ether complex and

maleic anhydride–p-dioxene complex (Scheme 4.5) [46]. Reactivity ratios of the

complexes were found to be r1¼ 1.52 and r2¼ 0.46, respectively. Since, however,

no data concerning rate of polymerization of the CTC complexes were available, it

was not possible to predict the sequence distribution of the resulting terpolymer.

Since the CTC equilibrium constant involves concentrations of both complex

and of the free monomers, the concept of CTC participation in copolymerization

leads to an obvious question on the role of free monomers in propagation.

Therefore, in realistic Monomer Complex Participation model (MCP), it is

assumed that CTC competes with both individual monomers in the chain propaga-

tion step, and that the rate of propagation depends on the reactivity ratios and the

reaction rates of the monomers, monomer complexes, and the growing

macroradicals, as well as the equilibrium constant, K [29, 30].

At constant temperature, concentration of the charge-transfer complex depends

on the monomer feed composition, conversion, and solvent. If the stoichiometry of

ED
+

CTC

ED

polymerization

O

O

O

O

O

O

O OO

m

ED

Scheme 4.4 Homopolymerization of charge-transfer complex formed between maleic anhydride

and electron-donor (ED) monomer (adapted from [30])
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the complex is not well defined, such as the involvement of more than two mono-

mers or solvents, this kinetic model becomes even more complicated.

In a binary copolymerization system, the impact of monomer concentration [M1]

on the rate of propagation (Rp) helps to differentiate between the free monomers

and the monomer complex [30, 57–60].

For the free monomers, the propagation rate, RpF, is proportional to the monomer

concentration [M1]. However, for the monomer complex, the chain growth rate,

RpCTC, is second order dependent on the monomer concentration [M1]. Therefore,

at lower monomer concentration, RpF dominates the overall polymerization process,

while at higher monomer concentration, RpCTC becomes more important. The critical

monomer concentration [M1]C is where the two partial propagation rates are equal.

X ¼ M2½ �
M1½ �

+

CTC I

ClH2CH2CO

polymerization

O

O

O

O

O

O

+

+

O OO
m

ClH2CH2CO

n

CTC II

OCH2CH2Cl

O

O

O

O

OO

O

O

O

O OO

Scheme 4.5 Copolymerization of two charge-transfer complexes (CTC I and CTC II) formed in a

ternary system containing chloroethyl vinyl ether, p-dioxene, andmaleic anhydride (adapted from [46])
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A Xð Þ ¼ 2k12R
0:5
i X

kt11 þ 2kt12
k12
k21
X þ kt22

k12
k21
X

� �2
� �0:5

F Xð Þ ¼ K
k1CTC
k12

þ k2CTC
k21

X

� �

RpF ¼ A Xð Þ M1½ �
RpCTC ¼ A Xð ÞF Xð Þ M1½ �2

Rp ¼ RpF þ RpCTC

In the equations provided, X is the ratio of free monomer concentrations, Ri is the

initiation rate, kij’s are the propagation rate constants, kt’s are the termination rate

constants, K is the CTC equilibrium constant, RpF is the propagation rate for the free

monomers, RpCTC is the propagation rate for the monomer complex, and Rp is the

overall propagation rate.

Work by Fujimori et al. provides support to the idea that both CTC and free

monomers take part in the propagation in a binary system [39]. In the case of an

exclusive cross-propagation of free monomers, the maximum initial rate of the

alternating copolymerization should always occur at the same ratio of monomers,

X, and this rate should be independent of total monomer concentration.

On the other hand, if homopolymerization of charge-transfer complex would be

the only propagation reaction in the system, the maximum initial rate of reaction

should occur at the 1:1 monomer ratio in the feed (X¼ 0.5). The pattern expected

for the CTC only system was actually identified in copolymerization of maleic

anhydride and iso-butyl vinyl ether (CHCl3, AIBN, 50
�C), but only at the highest

total monomer concentration of 1.5 mol/L (Fig. 4.6) [39].

However, at lower total monomer concentrations the positions of the rate

maxima occurred at, correspondingly, 35% maleic anhydride at total monomer

feed of 0.5 mol/L and 43.5% maleic anhydride at total feed of 1 mol/L. This

indicates that both the 1:1 charge-transfer complex and the free monomers add to

the growing macroradical terminals.

Spectroscopic analysis of linkage configuration and monomer unit distribution

of maleic anhydride and iso-butyl vinyl ether copolymer by 13C NMR also support

the participation of the complex [44]. The copolymers formed were predominantly

alternating. The copolymerization led to the same microstructure independent of

polymerization conditions.

It was also observed that a significant proportion, i.e., 48� 4%, of cis linkage
configuration at the cyclic maleic anhydride units was present in the copolymer,

which can only be explained by the complex participation mechanism (Fig. 4.7). If

only free monomers participated in the copolymerization, predominantly trans
linkage configuration should have been observed at cyclic maleic anhydride units

in the copolymers due to steric hindrance.

The formation of a cis linkage configuration can be rationalized by an edge-on or
orthogonal attack at the maleic anhydride side of a monomer complex followed by a
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concerted addition of the iso-butyl vinyl ether monomer unit within the complex

(Fig. 4.7).

The simplified MCP model was also applied to copolymerization of maleic

anhydride and trans-anethole (ANE) [61]. At fixed monomer concentration ratio

XMA, the plot of Rp/[ANE] against [ANE] gives a straight line, which is consistent

with the MCP model (Fig. 4.8).

In methyl ethyl ketone, the equilibrium constant of donor–accepter complexa-

tion of the comonomers is small, K¼ 0.057/M at 26 �C. However, the ratios of the
propagation rate constants were k1CTC/k12¼ 2 and k2CTC/k21¼ 6, which means that

the charge-transfer complex of maleic anhydride–trans-anethole is more reactive

than the free monomers. Similar results were also observed when the copolymer-

ization was carried out in either chloroform or tetrahydrofuran.

In terpolymerization of one EA monomer (maleic anhydride) with two ED

monomers (trans-anethole and iso-butyl vinyl ether), investigated by Braun

et al. [30, 57], it has been found that a polymerization product contained always

50 mol % of donor and 50 mol % of acceptor units in an alternating sequence.

Reactivity ratios were obtained for both complexes r1 and r2, in tetrachloromethane,

chloroform, acetonitrile, and tetrahydrofuran used as polymerization solvents

(Scheme 4.6) (Table 4.7).

As it is evident from data in Table 4.7, the tendency for cross polymerization of

the two monomer complexes varied as a function of the reaction solvent. Unfortu-

nately, no clear-cut correlation between the CTC equilibrium constants and the

CTC reactivity ratios could be deduced.

Nevertheless, as proposed by Braun et al. [30, 57], careful examination of

polymerization rates, K constants, and reactivity ratios leads to a conclusion that

in terpolymerization as above, both free monomers and CTC complexes take part.

At low monomer concentrations, the overall polymerization rate is dominated by
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Fig. 4.6 Initial rate of copolymerization (Rp in mol/Ls) of maleic anhydride (MA) with isobutyl

vinyl ether in chloroform at 50 �C. XMA: molar fraction of maleic anhydride in the feed. Total

monomer concentration square: 0.5010 mol/L; circle: 1.002 mol/L; triangle: 1.503 mol/L

(adapted from [39])
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free monomers, whereas at high monomer concentrations, CTCs determine the

polymerization process.

In contrast to the findings above, in a system of two EA monomers (maleic

anhydride and methyl α-cyanocinnamate) with one EDmonomer (chloroethyl vinyl

ether) in CCl4, Braun and coworkers [60] found that terpolymerization results best

fit with the terminal model of two CTC complexes, having reactivity ratios of

O+

CTC I

polymerization

O

O

O

O

O

O

+

+

CTC II

O

O

O

O

O OO
n

OMe

MeO

OMe

O OO
m

O

Scheme 4.6 Copolymerization of two charge-transfer complexes, CTC I and CTC II, formed in a

ternary system containing trans-anethole, iso-butyl vinyl ether, and maleic anhydride (adapted

from [30, 57])

Table 4.7 Reactivity ratios according to the MCP copolymerization model for the radical

polymerization of maleic anhydride, trans-anethole, and iso-butyl vinyl ether at 60 �C with

AIBN as initiator

Solvent

CTC equilibrium constant, K (L/mol) Reactivity ratios of CTC

Maleic anhydride/trans-
anethole (CTC I)

Maleic anhydride/iso-butyl
vinyl ether (CTC II) r1 r2

CCl4 0.480 0.110 0.45 1.59

CHCl3 0.086 0.066 0.56 0.94

CH3CN 0.034 0.135 1.05 0.23

THF 0.116 0.091 0.90 1.70

Adapted from [30, 57]
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rCTC1¼ 1.17 and rCTC11¼ 1.02 for maleic anhydride–chloroethyl vinyl ether com-

plex and methyl α-cyanocinnamate–chloroethyl vinyl ether complex, respectively.

Equilibrium constants for both complexes were the same: 0.16. See Scheme 4.7.

Systematic investigations of the copolymerization of maleic anhydride with

electron-donor monomers by other researchers have raised more questions

concerning the critical role of a charge-transfer complex in the propagation step

[62–64]. Hall and Padias [62, 63] indicated that the monomer interactions in

the charge-transfer complex are weak, the CTC has no identifiable chemistry,

and it cannot be isolated from the system. Considering CTC participation in

copolymerization is not necessary to explain alternating behavior that can be

adequately interpreted as the system of free monomers differing in polarity

[62, 63]. The alternating polymer structure is thought to be the result of the

preferential addition to the terminal radical of a monomer having opposite polarity,

rather than the participation of charge-transfer complex.

Ito et al. [64] showed that the binary system norbornene–maleic anhydride yields

an equimolar alternating polymer. Introducing t-butyl methacrylate into the system,

a homopolymerizable monomer, produced a terpolymer having significantly less

norbornene than maleic anhydride and not in 1:1 ratio of norbornene/maleic
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+

+
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Scheme 4.7 Copolymerization of two charge-transfer complexes CTC I and CTC II formed in a

ternary system containing chloroethyl vinyl ether, maleic anhydride, and methyl α-cyanocinnamate

(adapted from [60])
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anhydride as expected with CTC participation. Reaction of the mixture of both

monomers with the electron-rich cyclohexyl radical gave only cyclohexyl-succinic

anhydride (i.e., the product of addition of cyclohexyl to maleic anhydride), instead

of the expected product of concerted addition to CTC. These results suggest that

norbornene and maleic anhydride reacted as free monomers rather than as a CTC

(Scheme 4.8) [64].

Reactions of chloroethyl vinyl ether (ED)/N-phenylmaleimide (strong EA)

blends with electron-rich butyl or benzyl radicals yield only simple adducts of

the radicals with N-phenylmaleimide. These results, as concluded by Jones

et al. [65–67], provide evidence against concerted addition of CTC to the growing

macroradical in copolymerization reactions. Given these findings, one can conclude

that maleic anhydride-based polymers undergo a variety of complex polymeriza-

tion schemes depending on the comonomer used. In the case of copolymerization

with a vinyl ether, maleic appears to predominantly favor an alternating structure in

most reported cases.

4.1.2.4 Spontaneous Copolymerizations Involving Maleic Anhydride

and Alkyl Vinyl Ethers

Spontaneous polymerization is defined as polymerization that occurs readily with-

out the addition of an initiator. The mechanism of initiation and propagation in

spontaneous copolymerization generated great interest in the research community.

Electron-accepting maleic anhydride and its derivatives can readily undergo

spontaneous alternating copolymerization with a number of electron-donating

monomers, such as vinyl ethers [46], styrene [68], and vinyl sulfide [69].

As dependent on monomers involved, spontaneous copolymerization in electron-

donor and electron-acceptor comonomer blends can yield alternating copolymers,

homopolymers of electron-donor and electron-acceptor monomers, low molecular

weight adducts, such as cyclobutanes, cyclohexanes, and Diels–Aldrich adducts,

and linear dimers of both monomers. Cationic homopolymerization seems to be

more likely with the comonomers having larger disparity of polarity as in vinyl ethers.

In 1968, Kokubo et al. [46] found that maleic anhydride and vinyl ethers, such as

p-dioxene, 2-chloroethyl vinyl ether, and 1,2-dimethoxyethylene, copolymerize

spontaneously.

At a constant monomer feed concentration and at an equimolar monomer ratio in

benzene, the observed polymerization rate for the maleic anhydride/vinyl ether pair

increased in parallel to the corresponding CTC equilibrium constants, K: p-
dioxene< 2-chloroethyl vinyl ether< 1,2-dimethoxyethylene (Table 4.8).

+
OO O

AIBN
dioxane-d8

O OO
n

Scheme 4.8 Copolymerization of maleic anhydride and norbornene in dioxane-d8
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The larger the equilibrium K values obtained, the faster the polymerization rates

observed. Similar effects of the equilibrium constant, K, on the polymerization rate

have been observed when the solvent was varied for the maleic anhydride–1,2-

dimethoxyethylene pair (Table 4.8).

Kokubo and coworkers (1969) proposed that in the case of spontaneous copo-

lymerization of maleic anhydride with 1,2-dimethoxyethene and p-dioxene, a

charge-transfer complex participated in both initiation and propagation steps

(Scheme 4.9) [70].

Hallensleben (1971) reported that the copolymerization of maleic anhydride

with n-butyl vinyl ether, iso-butyl vinyl ether, or t-butyl vinyl ether in CCl4 yields

1:1 alternating copolymers both with and without the addition of AIBN initiator

[43]. Inhibition of spontaneous copolymerization by a radical polymerization

inhibitor confirmed that the copolymerization of maleic anhydride with vinyl ethers

is radical in nature.

Initiation (Ri) and propagation (Rp) rates depend on monomer concentrations as

expected in the case of CTC participation in both initiation and propagation steps:

Ri / maleic anhydride½ �1 vinyl ether½ �1

Rp / maleic anhydride½ �3=2 vinyl ether½ �3=2

The activation energy of initiation, Ei, in the system of maleic anhydride and

p-dioxene was considerably smaller than that in the spontaneous polymerization

of styrene. From this result, it was hypothesized that a high energy biradical

formation was not involved in the initiation step, as believed to be the case with

Table 4.8 Comparison of spontaneous copolymerization rate and K for maleic anhydride and

vinyl ethers

Alkyl vinyl ether p-dioxene
2-chloroethyl

vinyl ether 1,2-dimethoxyethylene

Solvent Benzene Benzene Benzene Toluene m-Xylene

CTC equilibrium constant

K (L/mol, 25 �C)
0.069 0.10 (30 �C) 0.29 0.16 0.73

Mean polymerization rate

(%/min)

0.0027

(60 �C)
0.089 (60 �C) 0.093

(30 �C)
0.080

(30 �C)
0.110

(30 �C)

Adapted from [46]
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Scheme 4.9 Charge-transfer complex initiated spontaneous free-radical polymerization of maleic

anhydride and vinyl ether (adapted from [43])
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styrene; however, the authors were not clear whether the chain growth proceeded

via biradicals or not and suggested further study was needed.

In related work, Sato et al. (1981) suggested that a vinyl radical and a substituted

alkyl radical from electron/proton transfer between maleic anhydride and vinyl

sulfides could initiate the spontaneous copolymerization (Scheme 4.10) [69].

In order to prove this, a spin trapping agent, 2-methyl-2-nitrosopropane, was

employed to capture transient radicals, and the products were analyzed by

electron-spin resonance (ESR) spectroscopy. The spin trapped radicals that initiated

the copolymerization were assumed to be generated by the charge-transfer complex

formed from maleic anhydride and vinyl sulfide via electron transfer within the

charge-transfer complex resulting in an anion–radical and a cation–radical. Subse-

quent proton migration from the cation–radical to anion–radical yielded two radi-

cals: a vinyl radical and a substituted alkyl radical, as depicted in Scheme 4.10.

In their groundbreaking paper, Stille and Chung [71] reported that blends of

vinylidene cyanide CH2¼C-(CN)2 (VdCN, a strong EA) with a range of unsatu-

rated ethers, such as ethyl vinyl ether, iso-propyl vinyl ether, di-hydropyran, and
di-ethoxyethene, at 25 � C, yield mixtures of three types of products: homopolymers

of VdCN, homopolymers of unsaturated ethers, and cycloadducts of VdCN with

unsaturated ethers. Reactions were performed in a variety of solvents differing in

polarity, such as benzene, toluene, CH2Cl2, and acetonitrile, as well as at a variety

of monomer ratios.

When AIBN was added and the reactions were heated to 80 � C, they still

obtained 1:1 alternating VdCN-unsaturated ether copolymers, side-by-side with

the formerly listed homopolymers and cycloadducts. The alternating 1:1 copoly-

mers were obtained in the presence of AIBN at a variety of VdCN/ether monomer

ratios employed [71].

All unsaturated ethers except di-hydropyran reacted to yield head-to-tail homo-

polymers as expected for their cationic polymerization. Homopolymers of VdCN

SEt
+ O

O

O

CTC
EtS

O

O

O

EtS
+ O

O

O

H

H

H H

H

H

H

H H

H

H+ migration

electron
transfer -

Scheme 4.10 Postulated initiation mechanism for spontaneous free-radical polymerization of

maleic anhydride and ethyl vinyl sulfide (adapted from [69])
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obtained from its blends with all unsaturated ethers studied had also a head-to-tail

molecular structure as expected for its anionic polymerization.

The mechanism proposed by Stille et al. [71] involves participation of CTC

complex, which can either homopolymerize by radical mechanism (initiated by

AIBN) to yield a 1:1 alternating copolymer or through complete electron transfer

from ED to EA can generate a radical–cation and radical–anion pair that separately

initiate the cationic and anionic homopolymerizations, respectively. Additionally,

the radical–anion may react with the radical–cation to generate cycloadducts.

Hall, Padias et al. [62, 63, 72–74], performed an in-depth, comprehensive

research in the field of spontaneous polymerizations of a variety of ED–EA

monomer pairs, with a particular focus on reactions of increasingly electrophilic

EA, such as tri- and tetrasubstituted ethylenes with ester (E) and cyano (–CN)

groups (Fig. 4.8).

The spontaneous reactions yielded homopolymers of ED monomers by cationic

polymerization, alternating copolymers of EA and ED monomers by radical copo-

lymerizations, and low molecular weight adducts. The adducts comprised

cyclobutanes, cyclohexanes, and, occasionally, linear dimers of both monomers.

The proportion of cationic homopolymerization was higher in the case of olefins

with a larger difference in their EA and ED character than in the case of olefins

close to each other. In order to interpret these results, Hall postulated a new

mechanism based on a unified stepwise 2 + 2 cycloaddition of EA and ED mono-

mers, leading to a spontaneous initiation of polymerization [62, 63, 72–74].

The first step in the initiation mechanism postulated by Hall [62, 63] and his

group involves generation of a tetramethylene intermediate, which can initiate

cationic and anionic homopolymerizations, as well as a radical alternating copoly-

merization. The tetramethylene intermediate mechanism is shown below in

Scheme 4.11 [63]:

ED
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Scheme 4.11 Initiation of a spontaneous polymerization by tetramethylene intermediate (adapted

from [63])
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According to Hall [63], Huisgen [75], and Huisgen et al. [76], the tetramethylene

intermediates are resonance hybrids of two extremes, namely, 1,4-diradical and a

zwitterion, and their ionic or radical character depends in a continuous way on

polarity of the substituents attached to the olefins. The tetramethylene intermediates

of similar kind were first proposed by Huisgen [75] to account for stepwise

cycloaddition reactions of EA and ED olefins.

The occurrence of the specific polymerization mechanism in the reaction

depends on the polarity of the EA and ED monomers and their ability to

homopropagate by a cationic or anionic mechanism or to copolymerize by a radical

mechanism. Although Hall’s work did not involve spontaneous anionic

homopolymerization, results reported by Stille et al. [71] for a VdCN-unsaturated

ether system fit well with the tetramethylene intermediate initiation hypothesis.

As reported by Eberson et al. [77], spin trapping of radicals from the reactions of

styrenic ED monomers combined with tri-substituted ethylenes with three –CN and

–CO2Me groups supported tetramethylene diradicals as initiators in spontaneous

copolymerization.

4.1.3 Physical Properties of Maleic Anhydride–Alkyl Vinyl
Ether Copolymers

4.1.3.1 Molecular Weight

Absolute molecular weights of maleic anhydride–methyl vinyl ether copolymers

have been analyzed by size exclusion chromatography coupled with low angle laser

light scattering (SEC/LALLS), and the results are summarized in Table 4.9 [78, 79].

4.1.3.2 Glass Transition Temperature of Maleic Anhydride–Alkyl

Vinyl Ether Copolymers

Most of the maleic anhydride–alkyl vinyl ether copolymers are amorphous solids at

ambient temperature. In contrast, maleic anhydride–dodecyl vinyl ether copolymer

Table 4.9 Intrinsic viscosities, absolute molecular weights, and molecular weight distributions of

maleic anhydride–methyl vinyl ether copolymers

Copolymer Intrinsic viscosity Mw (Da) Mn (Da) Mw/Mn

Gantrez® AN 119 1.719 2.16� 105 7.98� 104 2.71

Gantrez® AN 139 5.650 1.08� 106 3.11� 105 3.47

Gantrez® AN 149 6.000 1.25� 106 4.85� 105 2.58

Gantrez® AN 169 8.530 1.98� 106 9.60� 105 2.06

Gantrez® AN 179 8.939 2.40� 106 1.13� 106 2.12

Gantrez® is a registered trade name of maleic anhydride–methyl vinyl ether copolymers by

Ashland Specialty Ingredients
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is a waxy material due to the presence of long chain hydrophobic alkyl groups. For

the same copolymer composition, the glass transition temperature (Tg) is mostly

independent of molecular weight over a broad range. For maleic anhydride–methyl

vinyl ether copolymer, Tg ranges from 151 to 154 �C as the polymer’s specific

viscosity increases from 0.31 to 2.67 (Table 4.10) [80]. Thermal degradation of

maleic anhydride–methyl vinyl ether copolymer starts at about 275 �C, as reported
by a DSC and TGA study [80].

4.1.3.3 Solubility of Maleic Anhydride–Alkyl Vinyl Ether Copolymers

The solubility of maleic anhydride–methyl vinyl ether copolymer in a variety of

solvents is summarized in Table 4.11 below.

Table 4.10 Glass transition temperature (Tg) of maleic anhydride–methyl vinyl ether copolymers

vs. specific viscosity

Copolymer Specific viscositya Tg (
�C)

Gantrez® AN 119 0.31 152

Gantrez® AN 139 1.10 151

Gantrez® AN 149 1.76 153

Gantrez® AN 169 2.67 154
a1 wt/v% of polymer in methyl ethyl ketone (MEK) at 25 �C

Table 4.11 Solubility of Gantrez® AN at 10 wt% at ambient temperature

Solvent Soluble Insoluble

Alcohola Methanol, ethanol, n-propanol, i-
propanol, butanol

1,4-butanediol, cyclohexanol, diethylene

glycol

Ether Tetrahydrofuran, 1,4-dioxane Diethyl ether, methyl t-butyl ether, methyl

vinyl ether

Ester Methyl acetate, ethyl acetate Butyl acetate, isopropyl acetate

Ketone Acetone, methyl ethyl ketone,

cyclohexanone

Methyl isobutyl ketone

Hydrocarbon n/a Benzene, toluene, xylene, cyclohexane,

hexane, heptane, petroleum ether,

isobutylene

Chlorinated

hydrocarbon

n/a Chloroform, carbon tetrachloride, methy-

lene chloride, chlorobenzene

Other

organic

solvent

N-methyl-2-pyrrolidone,

dimethyl formamide, dimethyl

sulfoxide

n/a

aEster formation in soluble alcohols

Adapted from [3]
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4.1.3.4 Stability of Maleic Anhydride–Alkyl Vinyl Ether Copolymers

in the Solid State

The copolymers of maleic anhydride and alkyl vinyl ethers are stable solids under

ambient conditions. However, the copolymers from the solution process do not

exhibit the desired viscosity shelf life for unspecified reasons [81]. However, the

copolymers from these processes can be rendered stable by treatment with dry

inert gas.

At elevated temperature, the copolymers of maleic anhydride and alkyl vinyl

ethers are stable in the absence of oxygen [82, 83]. There is no loss in specific

viscosity for the maleic anhydride–methyl vinyl ether copolymers treated at 110 �C
or 140 �C for up to 12 h in an oxygen-free environment. However, the presence of

oxygen significantly accelerates the degradation of the polymer backbone as can be

seen from the drop of specific viscosity over time at 110 �C (Fig. 4.9). The exact

reaction mechanism for decomposition by oxygen in the copolymer of maleic

anhydride–alkyl vinyl ether has not yet been elucidated.

4.1.3.5 Stability in Aqueous Solution

The stability study of maleic anhydride–alkyl vinyl ether copolymer in aqueous

solution has attracted significant interest due to its commercial importance. In

aqueous solution, the maleic anhydride–alkyl vinyl ether copolymer hydrolyzes to

maleic acid–alkyl vinyl ether copolymer (Scheme 4.12). Plochocka et al. showed that

high molecular weight, i.e., 1.2� 106 Da, maleic acid–methyl vinyl ether copolymer

is stable in an aqueous system at ambient temperature and in darkness [84].

The polymer degradation was accelerated by visible light, UV, elevated tem-

perature, and oxygen. The decrease in molecular weight or specific viscosity was

observed, accompanied with the formation of methanol, formaldehyde, and formic

acid. In aqueous solution, maleic acid-ethyl vinyl ether and maleic acid–butyl vinyl

ether copolymers underwent similar degradation at 60 �C.
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Fig. 4.9 Relationship between heating time and specific viscosity of maleic anhydride–methyl

vinyl ether copolymer under an oxygen concentration of 0.5%, 2.0%, and 21% at 110 �C (adapted

from [83])
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In contrast, under the same set of conditions, the molecular weight of maleic

acid–ethylene copolymer was almost unchanged, and no aldehyde formation was

observed [84]. Therefore, chain scission appears to be dependent upon the vinyl

ether component rather than the maleic component within the copolymer and is

believed to proceed through a radical degradation mechanism.

Studies have found that the stability of the maleic acid–alkyl vinyl ether copol-

ymer in aqueous solutions can be significantly improved by the presence of

reducing agents, radical trapping agents/antioxidants, or chelating agents. Login

et al. (1983) [85] found that a stabilizing additive of sulfur dioxide and its salt at

10–500 ppm was effective to prevent oxygen from the air and peroxide impurities

contained within the polymer system from degrading the copolymer [85].

Mayer et al. (1999) [86] discovered that phosphinic acid was also very effective

to stabilize the copolymer in aqueous solution. If the additive is added, the copol-

ymer solution retains at least 85–90% of its original viscosity after 3 months. The

antioxidants/free-radical scavengers were selected from t-butylhydroquinone, pro-
pyl gallate, butylated hydroxy-anisole (BHA), butylated hydroxy-toluene (BHT),

4-hydroxymethyl-2,6-di-tert-butylphenol, 2,4,5-trihydroxy-butyrophenone

(THBP), and N,N-diethylhydroxylamine [84, 88].

The instability of maleic acid–alkyl vinyl ether copolymers in aqueous solution

is interpreted as the result of attack by free radicals. The free radicals can be

generated from dissolved oxygen or residual polymerization initiator and can be

promoted by elevated temperature, UV light, or trace transition metals [84].

The alkyl vinyl ether bond in the polymer is most susceptible to free-radical

attack. For example, dissolved oxygen can attack the tertiary carbon to form alkyl

hydroperoxide which initiates further degradation (Scheme 4.13) [84–88]. This can

explain the formation of low molecular species such as alkyl alcohols, which can be

further oxidized into aldehydes and acids.

On the other hand, the insertion of a single oxygen between the tertiary carbon of

the polymer backbone and the adjacent alkoxy group can yield a peroxide fragment,

which undergoes decomposition in a way similar as an alkyl peroxide initiator does.

The presence of trace levels of transition metals accelerates thermal oxidative

degradation by catalyzing hydroperoxide decomposition. The presence of stabiliz-

ing additives retards the activities of free radicals, thus reducing the extent of

polymer backbone scission.
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Scheme 4.12 Hydrolysis of maleic anhydride–alkyl vinyl ether copolymers to form maleic acid–

alkyl vinyl ether copolymers. R¼ alkyl
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The cleavage of methoxy groups from maleic acid–methyl vinyl ether copoly-

mer backbone can also be catalyzed by the neighboring acid groups (Scheme 4.14).

The cleavage results in the formation of methanol, in which subsequent oxidation

leads to formaldehyde and formic acid.
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Scheme 4.13 Proposed mechanism of degradation of maleic acid–methyl vinyl ether copolymer

in aqueous solution (adapted from [84])
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However, Ladaviere et al. (1999) [89] postulated that the thermal degradation of

maleic acid–methyl vinyl ether copolymer in aqueous solution was due to decar-

boxylation and a retro-Claisen rearrangement (Scheme 4.15). They compared the

thermal stability of maleic acid–methyl vinyl ether copolymer with that of maleic

anhydride–styrene or maleic anhydride–ethylene copolymers in the temperature

range of 37–130 �C.
It was demonstrated that maleic acid–methyl vinyl ether copolymer was less

stable than maleic anhydride–styrene or maleic anhydride–ethylene copolymers.

They also observed the formation of methanol and CO2 in the degradation of maleic

acid–methyl vinyl ether copolymer in water. In the proposed mechanism, methanol

and CO2 are formed through an intramolecular decarboxylation step (Scheme 4.15,

step a).

Then the decarboxylated/demethoxylated unit undergoes retro-Claisen
rearrangement and tautomerization to form an ester linkage in the copolymer

backbone (Scheme 4.15, step b). Subsequent ester hydrolysis results in polymer

chain scission. No involvement of free-radical oxidation was considered in the

degradation mechanism as reported by Ladaviere et al. [89].
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Scheme 4.14 Intramolecularly acid-catalyzed cleavage of methoxy groups from maleic acid–

methyl vinyl ether copolymer backbone (adapted from [84])
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4.1.4 Derivatives of Maleic Anhydride/Alkyl Vinyl Ether
Copolymers

Benefited by the versatile reactivity of the anhydride ring in maleic anhydride, the

copolymers of maleic anhydride–alkyl vinyl ether are able to react with water,

alcohols, and amines to yield many interesting derivatives (Scheme 4.16). In

aqueous solution, the anhydride rings undergo hydrolysis to yield polyacids or

their salts. The anhydride rings can also react with alcohols to form either

monoalkyl maleate or dialkyl maleate ester derivatives.

The reactions with amines will yield amic acids, imides, and ammonium salts,

depending on the reaction conditions employed. If polyols or polyamines are

involved, the derivatizations will form cross-linked systems. Therefore,

derivitization of the anhydride groups in the copolymers makes it possible to

develop a wide variety of tailor-made products for specific applications.

OO

OMe

n

OH OH
O

O

n

OH

H3C O
OH

O
n

OH3OH,CH
CO2

A)

B)

OHO

O

O

OH

O
MeO

O

O

OH

O
MeO CO2H

retro Claisen
rearrangement

O

O

OH

O
MeO CO2H

tautomerization
O

O

OH

O
MeO CO2H

hydrolysis
(polymer chain scission)

O

OH

OH

O
MeO HO CO2H

+

H H

H

Scheme 4.15 Proposed mechanism for the degradation of maleic acid–methyl vinyl ether copol-

ymer in aqueous solution (adapted from [89])
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4.1.4.1 Polyacids and Their Salts from Maleic Anhydride–Alkyl Vinyl

Ether Copolymers

In aqueous solution, maleic anhydride–alkyl vinyl ether copolymers react with

water to form maleic acid–alkyl vinyl ether copolymers (Scheme 4.16). The maleic

acid–methyl vinyl ether copolymers thus obtained are soluble in water, DMSO, or

DMF but insoluble in most other organic solvents such as acetone. The maleic acid–

alkyl vinyl ether copolymers with longer chain alkyl vinyl ethers typically require

neutralization to be rendered soluble in water.

The rate of hydrolysis of maleic anhydride–methyl vinyl ether copolymer in

water depends on molecular weight, pH, and temperature. The hydrolysis/dissolu-

tion rate decreases with both increasing molecular weight and decreasing pH in the

range of pH 7.5–2.3 [90]. Ladaviere et al. [91] found that the hydrolysis rate
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Scheme 4.16 Derivatives of maleic anhydride–alkyl vinyl ether copolymers. R1 and R2 are alkyl,

cycloalkyl, or aryl substituents

242 K. Plochocka et al.



constant of maleic anhydride–methyl vinyl ether copolymer is on the order of 10�4/

s with an activation energy of 14 kJ/mol.

The maleic acid–alkyl vinyl ether copolymer exhibits two pKa values:

pKa1¼ 3.5 and pKa2¼ 6.5 in the case of alkyl groups ranging from methyl to

hexyl. However, the titration behavior of the maleic acid–alkyl vinyl ether copol-

ymers is dependent on the nature of the alkyl groups [78]. The maleic acid–methyl

vinyl ether and maleic acid–ethyl vinyl ether copolymers behave as typical weak

polyacids. On the other hand, at low pH, the butyl and hexyl copolymers exhibit a

hypercoiled state due to hydrophobic interactions. As the degree of neutralization

increases, they undergo conformational transitions to extended states.

The thermal analysis of maleic acid–methyl vinyl ether copolymer indicates that

the anhydride units are rebuilt during the heating process [80]. In the

thermogravimetric (TGA) curves of maleic acid–methyl vinyl ether copolymer,

three distinct peaks at 80, 175, and 325 �C were observed and assigned to free water

removal, anhydride formation, and polymer degradation, respectively. The anhy-

dride formation at 175 �C, about 30 �C above its Tg of 144
�C, is facilitated in the

glassy state. The dehydrated product has a Tg of 153
�C, indicating that the maleic

anhydride–methyl vinyl ether copolymer was reconstituted. FTIR and DSC analy-

sis showed that the anhydride formation was exclusively intramolecular cycliza-

tion, which is different from the dehydration of polyacrylic acid.

A kinetic study by isothermal TGA showed that the reconstitution of the maleic

anhydride unit is endothermic and first order with an activation energy of 18.8 kcal/

mol. Partial dehydration of maleic acid–methyl vinyl ether copolymer yields a

terpolymer of maleic acid–methyl vinyl ether–maleic anhydride. This terpolymer

is difficult to obtain by traditional free-radical polymerization approach [93].

Maleic acid–alkyl vinyl ether copolymers form salts with caustic and alkaline

earth metals. With divalent cations, the complex formation between the metal

center and maleic acid may be superimposed on the electrostatic interaction

[94]. The chelate formation constant Kf with alkaline earth metals is shown in

Table 4.12, while the values for succinic acid are presented as a comparison. Even

with a similar unit structure, the complexation with the polyacids is two to three

times stronger than that with succinic acid. Likewise, due to its chelating ability, the

binding with divalent cations is also much stronger than that for polyacrylic acid.

This arises due to the cis-diacid as described in Chap. 2, in that the copolymer’s
maleic acid unit (pKa¼ 3.5) is a much stronger acid than polyacrylic acid

(pKa¼ 4.2). The Ca/Na salt of maleic acid–methyl vinyl ether copolymer,

Table 4.12 Chelate formation constant, Kf, of maleic acid–ethyl vinyl ether copolymer with

alkaline earth metals

log Kf Mg2+ Ca2+ Sr2+ Ba2+

Maleic acid–ethyl vinyl ether copolymer 2.30 2.45 1.96 2.00

Succinic acid 1.02 1.16 0.75 0.97

Adapted from [94]
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commercially known as Gantrez®MS-955, have been widely employed in oral care

applications.

The binding geometry of certain cations with maleic acid–alkyl vinyl ether

copolymers involves both the ether oxygen and the adjoining carboxylate group.

In a comparison study of counterion binding by dilatometry, it was observed that

the degree of binding of Mg2+, Ba2+, Li+, and K+ cations with maleic acid–methyl

vinyl ether polyanion was significantly larger than that with either polyacrylic acid

or poly(maleic acid–ethylene) anions [95]. This difference was ascribed to the

binding coordination.

It has been proposed that the binding of a metal ion with maleic acid–methyl

vinyl ether copolymer involves both the methoxy group and the nearest carboxylate

group, yielding a stable six-membered ring conformation (Fig. 4.10a) [96]. In

contrast, the binding with polyacrylic acid or poly(maleic acid-ethylene) anions

involves only carboxylic groups and leads to the formation of a less stable seven- or

eight-membered ring conformation (Fig. 4.10b, c). A computational modeling

study of the complexation of metal ions, such as Ca2+, Mg2+, Mn2+, and Fe3+,

with maleic acid–methyl vinyl ether copolymer also indicates that the energetically

most favorable binding coordination involves the carboxylate oxygens and the ether

oxygen acting in a concerted fashion [96].

4.1.4.2 Half Esters from Maleic Anhydride–Alkyl Vinyl Ether

Copolymers

Maleic anhydride–alkyl vinyl ether copolymers react with aliphatic alcohols to

form either monoalkyl maleate or dialkyl maleate derivatives (Scheme 4.16). The

reaction with lower alkyl alcohols, such as methanol or ethanol, can be performed

directly in the corresponding alcohol at ambient temperature. The reaction with

secondary alcohols, such as isopropyl alcohol, requires higher temperature. On the

other hand, the hydrolytic stability of the half-esters in hydroalcoholic solution

OO
O OH

O

Mn+ OO
O O H

Mn+ Mn+

O
OO

O

H

n n n

(a) (b) (c)

Fig. 4.10 Binding geometry of alkaline and alkaline earth cations with (a) maleic anhydride–

methyl vinyl ether copolymer, (b) maleic anhydride–ethylene copolymer, and (c) polyacrylic acid,

Mn+¼Mg2+, Ba2+, Li+, or K+ (adapted from [95])
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follows the opposite order [97], where the more substituted alkyl group is most

stable due to steric factors:

primary normal< primary branched< secondary alkyl ester and butyl

ester< pentyl ester

The dissolution properties of aliphatic monoesters of maleic anhydride–methyl

vinyl ether copolymer in aqueous solutions depend on several factors [90]. In

general, the dissolution rate in water increases with higher pH, lower molecular

weight, less degree of derivatization, and shorter alkyl chain length. The monoester

derivatives can undergo further reactions. Partial neutralization using either inor-

ganic bases or organic amines renders diverse solubility profiles in alcohol–water

systems. Partial neutralization can also impact the polymer film properties, and

other useful characteristics, while hydrolysis or transesterification of the monoester

in aqueous solution can be catalyzed by inorganic base.

Interestingly, the ester hydrolysis is significantly enhanced by the neighboring-
group effect. Instead of being attacked directly by hydroxide ions in solution, the

ester groups undergo hydrolysis by the neighboring carboxylate anion

(Scheme 4.17). The rate enhancement is due to the formation of a favored

5-membered ring intermediate. As a result, the maleic anhydride unit is yielded,

which further reacts with hydroxide anions to form the salts of maleic acid–alkyl

vinyl ether copolymers.

Half-esters of aliphatic alcohols tend to form tough, clear, glassy films that are

tack-free and have excellent substantivity to hair. The mono-ethyl, isopropyl, and n-
butyl ester derivatives, commercially known as Gantrez® ES from Ashland, have
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been widely employed in hair fixative products [3]. Partially neutralized half-esters

of maleic acid-alkyl vinyl ether copolymers also find use as dispersing agents for

aqueous suspension concentrates of agricultural actives [98]. The hydrolyzable

nature of the half-esters is utilized to slowly release certain actives such as menthol

in oral care applications as well [99, 100].

PEG-grafted comb polymers are formed by esterification of maleic anhydride–

methyl vinyl ether copolymer with poly(ethylene glycol) monomethyl ether

(MEPEG) (Scheme 4.18) [101], in conjunction with esterification by alkyl alcohols.

The properties of these hybrid polymer derivatives can be fine-tuned in terms of

hydrophobic and hydrophilic balance, Tg, and solubility. The unreacted carboxyl

group can then be endcapped with methanol.

In the solid state, the MEPEG/methyl esters of maleic anhydride–methyl vinyl

ether copolymer form complexes with Li+, thereby exhibiting ion conductive

properties as well.

Maleic anhydride–alkyl vinyl ether copolymers also react with polyols to yield

cross-linked polyesters [102]. If the esterifications are performed in aqueous solu-

tion, the products are obtained as hydrogels which are hydrophilic polymers that are

swellable but not soluble in water [103–105]. One of the most interesting hydrogels

is from the cross-linking of maleic anhydride–methyl vinyl ether copolymer with

poly(ethylene glycol) (Scheme 4.19) [106]. The physical properties of these

O OO

OMe

n OO

OMe

n

OH O

MEPEG

O

CH3

m

p-TSA, MEK, 80 C

60 C
MeOH

OO

OMe

n

MeO O

O

CH3

m

Scheme 4.18 Esterification of maleic anhydride–methyl vinyl ether copolymer with MEPEG to

form its half ester. MEPEG: poly(ethylene glycol) monomethyl ether; p-TSA: p-toluenesulfonic
acid; MEK: methyl ethyl ketone (adapted from [101])
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hydrogels render them very useful in biomedical, drug delivery, and personal care

applications [107].

4.1.4.3 Polyamides and Imides from Maleic Anhydride–Alkyl Vinyl

Ether Copolymers

Maleic anhydride–alkyl vinyl ether copolymers can also react with amines to form

polyamic acids and polyimides (Scheme 4.16). The relative ratio of amic acid

vs. imide units in the modified polymer can be controlled by reaction temperature.

Lower reaction temperatures such as 90–100 �C give predominantly amic acid

units. Higher reaction temperatures (�130 �C) promote the formation of the more

thermodynamically stable imide units. The reaction of maleic anhydride–alkyl

vinyl ether copolymers with hydrophobic amines provides a convenient way for

hydrophobic modification as well [108]. The resultant copolymer derivatives are

hydrolytically stable, compared to the derivatives from esterification. Polysoaps

can additionally be obtained after unreacted anhydride units are hydrolyzed with

caustic, alkaline earth metals, and amines.

Reactions of maleic anhydride–methyl vinyl ether copolymer with substituted

aminophenols yield imide groups (Scheme 4.20) at 130 �C. The reaction results

exclusively in imides containing N-phenol substituents and not phenyl esters, due to
the higher thermodynamic stability [109]. As expected, these materials display

antimicrobial properties useful in barrier film formation in oral care, as well as

hard surface cleaner applications.
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Scheme 4.19 Cross-linking of maleic anhydride–methyl vinyl ether copolymer with PEG. PEG:

poly(ethylene glycol) (adapted from [106])

4 The Quintessential Alternating Copolymer Family: Alkyl Vinyl Ether co. . . 247



References

1. Trivedi BC, Culbertson BM (1982) Maleic anhydride. Plenum Press, New York

2. Culbertson BM (1987) Maleic and fumaric polymers. Encyclopedia of polymer science and

engineering. Wiley, New York, p 225

3. Ashland (2014) Ashland [Online]. http://www.ashland.com/products/gantrez-copolymers.

Cited 30 June 2014

4. Robert MV (1957) US Patent 2,782,182

5. Jones JF (1962) US Patent 3,030,343

6. Field ND, Williams EP (1970) US Patent 3,499,876

7. Field ND, Lorenz DH (1971) US Patent 3,553,183

8. Field ND, Lorenz DH (1970) US Patent 3,532,771 US

9. Tazi M, Ardan JJ (1991) US Patent 5,034,487

10. Fujikawa H, Katsui H, Ogawa H (1995) US Patent 5,385,995

11. Tazi M, Kundel N (1990) US Patent 4,948,848

12. Pehlah Z, Potencsik I, Kopp W, Urmann E (1991) US Patent 5,047,490

13. Plochocka K (2001) US Patent 6,214,956

14. Tazi M, Nikhil K (1990) US Patent 4,939,198

15. Tazi M, Harwood HJ (1991) US Patent 4992517

16. Tazi M, Ardan JJ (1991) US Patent 5,003,014

17. Goertz H-H, Straub F, Vogel F, Frosch F, Naegle P, Raubenheimer HJ (1990) US Patent

4,908,413

18. Tazi M, Login RB, Kwak YT (1992) US Patent 5,082,913

19. Plochocka K (1999) US Patent 5,939,506

20. Tazi M, Kwak YT, Login RB (1991) US Patent 5,034,488

21. Ulmer HW (2001) US Patent 6,197,908

22. Ulmer HW (2001) US Patent 6,252,026

23. Grigoras C (2013) World Patent Application 2013/082359 WO

24. Prencipe M, Durga GA (1993) US Patent 5,202,112

25. Block J, Sokol PE (1976) US Patent 3,974,128

26. Field ND, Lorenz DH (1971) US Patent 3,625,924

27. Kwak Y, Narayanan KS, Kopolow SL (1996) US Patent 5,567,787

28. Butler GB, Xing Y, Gifford GE, Flick DA (1985) Ann NY Acad Sci 446:149

29. Odian G (2004) Principles of polymerization. Wiley, Hoboken, NJ, p 473

30. Braun D, Hu F (2006) Prog Polym Sci 31(3):239

31. Feiring AE, Wonchoba ER, Fischel BE, Thieu TV, Nassirpour MR (2002) J Fluor Chem

118:95

O OO

OMe

n N OO

OMe

n+

NH2

OH

OH

Scheme 4.20 Reaction of maleic anhydride–methyl vinyl ether copolymer with p-aminophenol to

form polyimides (adapted from [107])

248 K. Plochocka et al.

http://www.ashland.com/products/gantrez-copolymers


32. Chiellini E, Marchetti M, Villiers C, Braud C, Vert M (1978) Eur Polym J 14(4):251

33. Barner-Kowollik C, Davis TP, Coote ML, Matyjaszewski K, Vana P (2004) Encycl Polym

Sci Technol 9:394

34. Braun D, Hu F (2004) Polymer 45:61

35. Bevington JC, Huckerby TN, Jenkins AD (1999) J Macromol Sci A 36:1907

36. Bevington JC, Hunt BJ, Jenkins AD (2000) J Macromol Sci A 37:609

37. Mulliken RS (1952) J Phys Chem 56:801

38. Schmidt-Naake G, Drache M, Leonhardt K (1998) Macromol Chem Phys 199:353

39. Fujimori K (1986) J Macromol Sci A Chem 23:647

40. Bartlett PD, Nozaki K (1495) J Am Chem Soc 68:1495

41. Rätzsch M (1988) Prog Polym Sci 13:277

42. Hill DJT, O’Donnell JJ, O’Sullivan, PW (1982) Prog Polym Sci 8:215

43. Hallensleben ML (1971) Makromol Chem 144:267

44. Hao X, Fujimori K, Tucker DJ, Henry PC (2000) Eur Polym J 36:1145

45. Denizli BK, Can HK, Rzaev ZMO, Guner A (2006) J Appl Polym Sci 100:2455

46. Kokubo T, Iwatsuki S, Yamashita Y (1968) Macromolecules 1:482

47. Rzaev ZMO (2000) Progr Polym Sci 25:163

48. Coote ML, Davis TP, Klumperman B, Monteiro MJ (1998) J Macromol Sci Chem Phys

C38:567

49. Coote ML, Davis TP (1999) Progr Polym Sci 24:1217

50. Andrews LJ, Keefer RM (1953) J Am Chem Soc 75:3776

51. Fujimori K, Craven IE (1986) J Polym Sci A Polym Chem 24:559

52. Dodgson K, Ebdon JR (1977) Eur Polym J 13:791

53. Deb PC, Meyerhoff G (1984) Eur Polym J 20:713
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57. Braun D, Elsässer H (2000) Macromol Theory Simul 9:177

58. Yoshimura M, Nogami T, YokoyamaM,Mikawa H, Shirota Y (1976) Macromolecules 9:211

59. Braun D, Schacht M, Elasser H, Tudos F (1997) Macromol Rapid Commun 18:335
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Chapter 5

Industrially Significant Copolymers

Containing Maleic Anhydride

Michael A. Tallon and Xuejun (Jay) Liu

5.1 Introduction to Unsaturated Polyester Resins Based

on Maleic Anhydride

In the United States, the commercial use of unsaturated polyester resins accounts

for the major consumption of maleic anhydride. Approximately 2.2 billion kilo-

grams/year of unsaturated polyester resins are employed to manufacture a variety of

products. In the fiber-reinforced plastic (FRP) industry, unsaturated polyester resins

are widely employed as thermoset resins. The broad applications of unsaturated

polyester resins are due to their low cost, ease of processability, fast curing, and

excellent mechanical properties.

5.2 Production of Unsaturated Polyester Resins

Unsaturated polyester resins are produced by condensation of dibasic organic acids

and dihydric alcohols that are subsequently cured in the presence of diluentmonomers

(Scheme 5.1) [1]. The commonly employed dibasic organic acids include maleic

anhydride, fumaric acid, phthalic anhydride, isophthalic acid, and terephthalic acid.

The dihydric alcohol is primarily propylene glycol. Other diols are also employed

including ethylene glycol, 2-methyl-1,3-propanediol, and diethylene glycol. The

linear unsaturated polyesters that still contain a reactive double bond are then free to

radically or thermally cross-link with other diluent monomers(such as styrene, at

18–40 wt%) to form thermoset polyester resins, as depicted in Scheme 5.1.
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The condensation portion of the polymerization is typically performed at

210–225 �C [1]. A slight excess of polyols (10%) are employed to compensate

for their evaporative loss. The reaction progress can be monitored by acid value.

The obtained polyesters are linear polymers with an average molecular weight of

about 700–5000 Da with an acid number of approximately 40 [2]. To bring down

the acid value below 30, vacuum can be applied to remove water and further

accelerate the condensation reaction. To further drop the acid number to 0–10,

catalysts such as titanate, zirconate, or stannous salts are required.

Another way to control the completion of the condensation step is to monitor its

number-average molar mass (MN) [3]. For example, in a condensation reaction

starting from equal moles of propylene glycol, diethylene glycol with maleic anhy-

dride, and isophthalic acid, Eisenberg and coworkers demonstrated that increasing the

reaction time from1 to 9 h resulted in an increase ofMN from484 to 1712 g/mol [3]. In

this study, increasing MN resulted in an increase in the resin’s’ compatibility with

styrene, presumably due to the lower overall polarity of the resin that is attributable to

a lower concentration of polar end groups in higherMN polymers.

An important consequence occurring during the high temperature 210–225 �C
condensation process is the substantial conversion of maleate to fumarate by
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Scheme 5.1 Condensation of propylene glycol with maleic anhydride and phthalic anhydride,

along with subsequent curing with styrene (adapted from [1])
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isomerization (Scheme 5.2). It is also well known that cross-linking maleate poly-

esters with styrene is slow, but the copolymerization reactivity of fumarate with

styrene is almost 20 times higher than that for maleate [4]. Fumarate-containing

polyesters have less steric hindrance in the trans form and can adopt more planar

conformations [3]. The degree of isomerization increases in the presence of aro-

matic diacids and if sterically more hindered glycols are employed [1]. Higher

reaction temperatures also lead to more isomerization.

The subsequent curing process of the condensation product is affected by several

factors: (1) the extent of maleate-to-fumarate isomerization, (2) the nature of

saturated and unsaturated acid monomers and their relative ratio, (3) the relative

ratio of diluent monomers to the unsaturated polyester resins, and (4) the nature and

use level of catalysts and accelerators [1].

For the curing of these resins, the reactive diluent monomers should be inex-

pensive and readily available, and the resin shrinkage should be low to prevent

cracking of the resin. They should have high boiling points to avoid evaporative

losses during the condensation process, and the polymerization reactivity should be

high but controllable. In the presence of diluent monomers such as styrene, the

curing rate is about 30 times higher [5]. Styrene forms linear oligomeric chains

between the double bonds in the polyester backbones. Typically, about one to five

styrene units are observed as cross-linking tethers between adjacent polyester

chains in the cured resins [6]. However, there is still a small amount of unsaturated

groups (3–7%) from the polyester chain that remain unreacted. At very low styrene

concentration, fumarate-fumarate cross-linking can potentially occur as well.

The curing of unsaturated polyester resins with diluent monomers, such as

styrene, is typically initiated by a free radical initiator and an accelerator [7]. The

combination of an initiator and an accelerator is to obtain a reasonable gel time

(<20 min) [8]. Free radical polymerization initiators such as methyl ethyl ketone

peroxide (MEKP) are normally employed. The accelerator promotes the decompo-

sition of the initiators and lowers the overall curing temperature.
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Scheme 5.2 Maleate-to-fumarate isomerization during the condensation process (adapted from [1])
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Typically, organocobalt salts, such as cobalt naphthenate or cobalt octoate, are

employed as the accelerator. During the storage of unsaturated polyester resin-

styrene mixtures, a low level of inhibitors such as hydroquinone is added to the

blend to ensure its shelf life. The inhibitors inhibit premature gelation and reduce

peak exotherm temperatures.

The commercial general-purpose grade (GP) of unsaturated polyester resins are

mixtures of styrene and condensation products from maleic anhydride, phthalic

anhydride/acid, and propylene glycol. The compositions of commercial condensa-

tion products vary from different manufacturers, and most are considered proprie-

tary [9]. One commercial example contains a molar ratio of propylene glycol,

maleic anhydride, and phthalic anhydride, of 2.7:1:1.6 in one of the general-

purpose-grade resins from Bakelite Hylam, India.

5.2.1 Composition of Unsaturated and Saturated
Dicarboxylic Anhydride/Acid

The type and proportion of unsaturated and saturated dicarboxylic anhydride/acid

inevitably influence the final properties of the cured polyester resins. Among the

dicarboxylic anhydrides acids, phthalic anhydride is the least expensive and

enhances the resin’s compatibility with styrene. Phthalic anhydride also reduces

the tendency of the resin to crystallize and make it brittle. Isophthalic acid has a

relatively higher cost; however it gives very good structural and corrosion proper-

ties. Terephthalic acid is employed in small volumes to make certain specialty

resins. In general-purpose-grade unsaturated polyester resins, maleic anhydride and

phthalic anhydride/acid are primarily employed.

The relative composition of maleic anhydride and phthalic anhydride affects the

curing behavior and mechanical properties of the cured resins. Tmax is the maximal

curing temperature, while tmax, is the time required to reach Tmax, both of which are

very important curing parameters [2]. In the presence of equal molar ratio of

propylene glycol and diethylene glycol, Tmax increases as maleic anhydride con-

centration increases (Table 5.1), but tmax, decreases as maleic anhydride concen-

tration increases.

Table 5.1 Composition of unsaturated polyester resins and their curing behavior and tensile

modulus of corresponding cured resins; equal molar ratio of propylene glycol and diethylene

glycol were employed (adapted from [2])

Sample

#

Dicarboxylic anhydride (wt%)

Tmax

(�C)
tmax

(min)

Tensile modulus

(GPa)

Maleic

anhydride

Phthalic

anhydride

1 18.1 81.9 37.0 25 –

2 39.8 60.2 43.7 16 0.728

3 66.5 33.5 56.5 14 1.372
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Furthermore, it has been observed that the tensile strength of the cured resin

reaches a maximum at around 60% maleic anhydride composition in a blend of

phthalic anhydride and maleic anhydride, if propylene glycol is employed as the

diol (Fig. 5.1a) [8], while its tensile strength, the maximum stress that a material can

withstand while being stretched before breaking or failure, tends to increase. As the

maleic anhydride concentration increases from 20 to 60%, the rise in the cross-

linking density leads to higher tensile strength. At too high concentration of maleic

anhydride, a side reaction, known as the Ordelt reaction, reduces the unsaturation

by about 10–20% through the addition of glycols onto the double bond

(Scheme 5.3). Ultimately, the Ordelt reaction affects the cross-linked polymer

structure and final mechanical properties of the cured resins.

The tensile modulus shows a similar dependence on the maleic anhydride

composition. The tensile modulus, or Young’s modulus, is a measure of the

stiffness of an elastic isotropic substance. If only propylene glycol is employed,
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Fig. 5.1 Effect of reactant compositions on tensile strength of the cured resins: (a) wt% of maleic

anhydride in maleic anhydride/phthalic anhydride, (b) wt% of ethylene glycol in propylene glycol/

ethylene glycol, and (c) wt% of diethylene glycol in propylene glycol/diethylene glycol (adapted

from [8])
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Scheme 5.3 The Ordelt reaction—the addition of propylene glycol to the maleate double bond
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the tensile modulus of the cured resin peaks at about 50–60% maleic anhydride

[8]. In the presence of equal molar quantity of propylene glycol and diethylene

glycol, the tensile modulus reaches a maximum at 66.5% maleic anhydride con-

centration (Table 5.1, sample 3) [2]. Below 20% maleic anhydride concentration,

the resins are more flexible material and their tensile moduli cannot be measured

(Table 5.1, sample 1) with any reasonable accuracy.

The Izod impact strength of the cured resins measures the suddenly applied

energy load required to fracture a material sample. For the cured resins, the Izod

impact strength gradually increases to about 60% maleic anhydride composition

and then it drops slowly. Cross-linking protects the resins from impact failure;

however, at too high maleic anhydride concentration, it becomes more brittle [8].

On the contrary, the elongation at break measures the strain on a material when it

breaks under stress, of which the cured resins drops significantly as maleic anhy-

dride increases from 20 to 40% [8] and plateaus at higher than 40% maleic

anhydride concentrations. At low concentrations of maleic anhydride, due to low

cross-linking density, the cured resins are flexible and thus have high elongation at

break.

The resin’s toughness follows a similar trend as elongation at break does

[8]. Material toughness is the ability to absorb energy and plastically deform

without breaking. It can be calculated by integration of the stress-strain curve.

For the cured resins, higher elongation at break gives the resins better toughness,

since the energy absorption capability is higher at lower cross-linking density.

The type of (un)saturated anhydride/acid excluding phthalic anhydride can

further influence the curing process and the mechanical properties of the cured

resins. The saturated acids including succinic acid, adipic acid, and sebacic acid

were employed to prepare unsaturated polyesters with maleic anhydride and

glycols [10].

It has been demonstrated that as the molecular weight of the dibasic acid

increases, Tmax decreases while the time tmax increases. It is rationalized that

lower-molecular-weight dibasic acid results in shorter spacing between the

unsaturation and faster curing rates. The materials made from lower-molecular-

weight dibasic acids also showed higher tensile modulus due to the denser cross-

linking network [8–10].

5.2.2 Composition of Dihydric Alcohols

The type and proportion of dihydric alcohols also have an influence on both the

curing behavior and mechanical properties of the cured resins. In general-purpose-

grade unsaturated polyester resins, propylene glycol is mainly employed because of

the cost advantage over all the other diols. The unsaturated polyester resins pre-

pared from propylene glycol are also compatible with styrene and demonstrate

good water resistance and flexibility.
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The incorporation of ethylene glycol results in higher maximal curing temper-

ature and faster curing rate, presumably due to the increased exotherm per unit mass

(Scheme 5.4) [2]. Among all the possible diols, ethylene glycol has the lowest

molar mass. Therefore the most exothermic curing reaction is observed when

ethylene glycol is employed as the sole glycol. Higher-molecular-weight glycols

lead to lower Tmax and longer tmax (time to reach Tmax) [10].

Compared to propylene glycol, the incorporation of ethylene glycol marginally

improves tensile strength (Fig. 5.1b) [8]. With ethylene glycol, the tensile modulus

increases considerably, although not as significantly in Abd-El-Azim’s study

[2]. Therefore, ethylene glycol-based resins are surprisingly stiffer than propylene

glycol-based resins. However, the incorporation of ethylene glycol is detrimental for

elongation at break, resin toughness, impact strength, and water absorption, due to

the greater stiffness and/or higher hydrophilicity of ethylene glycol-based resins [8].

Diethylene glycol has a longer chain length between the diols, so diethylene

glycol-based resins are more flexible but have a lower tensile strength and tensile

modulus (Fig. 5.1c) [2]. Incorporation of diethylene glycol leads to lower hardness,

higher abrasion loss, and higher water absorption [8]. However, the incorporation

of diethylene glycol is beneficial for elongation at break, resin toughness, and

impact strength. The use of poly(ethylene glycol)s, which have even longer chain

length between the chain-end diols, yield cured resins with decreased tensile and

flexural properties [11].

Compared to propylene glycol, unsaturated polyester resins made from

2-methyl-1,3-propanediol have shown improved processability and better mechan-

ical properties of the cured products (Scheme 5.5) [13]. 2-Methyl-1,3-propanediol

contains two very reactive primary alcohols, and the boiling point of 2-methyl-1,3-

propanediol is 30 �C higher than propylene glycol, making it possible to run the

condensation reaction at higher temperatures and in shorter time [12]. The cured

resins have demonstrated improved mechanical strength, good ductility, and excel-

lent corrosion resistance.

In the theme of “greener chemistry,” bio-based monoglycerides have been

employed to partially replace propylene glycol to render bio-based unsaturated

polyester resins (Scheme 5.6) [14, 15]. These studies demonstrated that the optimal

properties could be achieved when the resin contains 30% soybean oil-based
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Scheme 5.4 Condensation of propylene glycol and ethylene glycol with maleic anhydride and

phthalic anhydride (adapted from [8])
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monoglyceride. Due to steric hindrance of the fatty ester group, the Ordelt-type side

reaction was not observed.

Nonetheless, the curing reactivity of the monoglyceride-containing polyester

was lower than that without monoglyceride. Therefore, lower cross-linking density

was obtained, which led to decreased tensile strength of the cured resins but

improved impact strength of the cured resins.

Isosorbide has also been employed as the structural component to synthesize

bio-based unsaturated polyesters (Scheme 5.7) [16]. Isosorbide is produced com-

mercially from bio-based feedstocks, such as starch or glucose. In typical commer-

cial unsaturated polyester resins, phthalate is employed to bring stiffness in the

cured resins due to the rigidity of the aromatic rings.

With the fused bicyclic ring structure, isosorbide was chosen as a bio-based rigid

diol to replace both phthalic anhydride and propylene glycol. However, the
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Scheme 5.5 Condensation of 2-methyl-1,3-propanediol with maleic anhydride and phthalic

anhydride (adapted from [12])
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resultant unsaturated polyester has very low solubility in styrene. Therefore, addi-

tional studies are required to improve the formulation’s compatibility with reactive

diluent monomers.

5.2.3 Addition Sequence of Dibasic Acids and Dihydric
Alcohols

Cherian and Thachil studied five potential sequences for addition of reactants to

prepare general-purpose-grade unsaturated polyester resins [10]. The three compo-

nents, phthalic anhydride, propylene glycol, and maleic anhydride, were charged by:

(1) reacting maleic anhydride, phthalic anhydride, and propylene glycol at one stage;

(2) reacting phthalic anhydride and a stoichiometric amount of propylene glycol first,

followed bymaleic anhydride and the rest of the propylene glycol; (3) reactingmaleic

anhydride and a stoichiometric amount of propylene glycol first, followed by phthalic

anhydride and the rest of the propylene glycol; (4) reacting phthalic anhydride with

all the propylene glycol first, followed by maleic anhydride; and (5) reacting maleic

anhydride with all the propylene glycol first, followed by phthalic anhydride.

The mechanical properties of the cured resins from these five methods were

evaluated in terms of: impact strength, elongation at break, tensile strength, tensile

modulus, and toughness [11, 13]. The different addition sequences did not show any

significant impact on most of the test properties. However, method IV gave the

shortest reaction time and produced unsaturated polyester resins that have compar-

atively higher bulk viscosity and molecular weight.

The modest difference observed for the method IV process yielded cured resins

exhibiting marginally better tensile strength and modulus. They explained that

method IV yielded polyesters with optimal spacing between the double bonds in

the polyester backbone and therefore an optimal cross-linking profile during the
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curing step. The poor distribution of the cross-linking sites (such as too closely

spaced) may lead to poorer mechanical properties of the cured resins.

5.3 Unsaturated Polyester Resins from Polyethylene

Terephthalate Waste

In the same theme of “greener chemistry,” unsaturated polyester resins have been

produced from glycolyzed polyethylene terephthalate (PET) waste [9, 17]. Polyeth-

ylene terephthalate is widely employed in synthetic fibers, beverage, food, and

other liquid containers. Glycolysis has been performed by the chain scission of

fiber- or fabric-grade polyethylene terephthalate waste with propylene glycol using

zinc acetate as the catalyst (Scheme 5.8).

Recycling can also be performed from postconsumer polyethylene terephthalate

bottles [18]. Alternative glycols, such as ethylene glycol, propylene glycol,

diethylene glycol, or triethylene glycol, have been employed for the chain-scission

process through a transesterification process.

The glycolyzed products are then reacted with maleic anhydride to form unsat-

urated polyester resins. Subsequent curing with styrene is performed using a similar

process as virgin resins. The propylene glycol-based glycolyzed products are

compatible with styrene [18]. The resins have shown comparable processability

and mechanical properties against the conventional general-purpose-grade resin

[8]. Due to the presence of terephthalate linkages, the cured resins have demon-

strated improved heat deflection temperature (HDT, 80–85 �C) compared to the

general-purpose-grade resins (65 �C). The mechanical properties and thermal

stability of the cured resin products are most improved with long glycolysis time

(8 h) [8, 17].

The nature of glycols has shown significant impact on the characteristics of the

resins before and after curing. Before curing, ethylene glycol-based recycled resins
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Scheme 5.8 Glycolysis of poly (ethylene terephthalate) with propylene glycol (adapted from [17])
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are soft solids at room temperature, while the ones from propylene glycol or

diethylene glycol are viscous liquids [18].

The glycolysis products are mostly composed of mixtures of hydroxyl-ended

terephthalate monomers and dimers [19]. After curing, ethylene glycol-based resins

are hard and brittle plastics, presumably due to their most regular polymer chain

structure [20]. The cured propylene glycol-based resins have mostly amorphous

regions and elongate as the load increases.

For the cured diethylene glycol-based resins, strain-induced crystallization has

been observed. Again, the curing behaviors and mechanical properties of the cured

resins from the glycolyzed polyethylene terephthalate resins are comparable with

the control resins prepared from the identical glycols. Interestingly, the cured resins

from either soft-drink bottles, water bottles, or a mixture of both do not show any

difference in terms of their mechanical properties.

5.4 Condensation Kinetics of Dibasic Acid and Diol

Extensive studies have been performed to investigate the kinetics of condensation

by a dibasic acid and a diol. In 1982, by introducing additional considerations into

conventional rate equations, Chen andWu have presented reaction mechanisms and

rate equations that fit quite well with the experimental data observed [21].

They proposed: (1) ionization of the acids, either the acid monomer or the acid

catalyst, through an ion pair mechanism in which the diols act as hydrogen ion

carriers, (2) change of the dielectric constants of the reaction media as the poly-

merization proceeds (the decrease in the dielectric constant as the conversion

increases has a significant impact on the ionization of the acids, which can affect

the polymerization rate), and that (3) the produced water from the condensation, if

not completely removed from the reaction system, also affects the rates. The

presence of water also impacts the polymerization rate especially in the latter stage.

From the Chen and Wu studies, the following rate equations were derived. For a

typical self-catalyzed condensation reaction,

RCO2Hþ R
0
OH Ð RCO2R

0 þ H2O;

the rate equation is

d RCO2R
0� �

dt
¼ kKe0e

/pð Þ RCO2H½ �2 R
0
OH

h i
� kh H2O½ � RCO2R

0
h i

If catalyzed by a foreign acid catalyst HA, then the rate equation is
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d RCO2R
0� �

dt
¼ kcKec0e

/p HA½ � RCO2H½ � R0
OH

h i
� khc H2O½ � RCO2R

0
h i

in which k or kc is the condensation rate constant (kg/mol-min); Ke0 or Kec0 is the

ionization equilibrium constant at zero conversion ( p¼ 0) (kg/mol) for acid mono-

mer or foreign acid catalyst, respectively; α is a constant; p is the degree of

conversion of the acid group, p¼ ([CO2H]0� [CO2H])/([CO2H]0; and kh or khc is
the ester bond hydrolysis rate constant (kg/mol-min).

5.4.1 Condensation Kinetics of Maleic Anhydride
and Phthalic Anhydride with Propylene Glycol

For the system composed of maleic anhydride, phthalic anhydride, and propylene

glycol, Zetterlund and coworkers have modified Chen and Wu’s model to investi-

gate the condensation kinetics [21, 22]. They have taken into consideration: (1) the

reactivity difference between the primary and secondary alcohols on the propylene

glycol molecule itself [as determined that a primary alcohol (OH)1 is 2.6 times more

reactive than a secondary one (OH)2] [21] and (2) cross-catalysis in which one acid

monomer catalyzes the esterification of the other.

In the absence of foreign acid catalyst, the rate equations for maleic anhydride

and phthalic anhydride and propylene glycol have been established [22]. For

example, the rate equation for maleic anhydride is

d CO2H½ �y
dt

¼ � 2:6kyKe0ye
/p CO2H½ �2y OH½ �1 � kyKe0ye

/p CO2H½ �2y OH½ �2
�2:6kxyKe0xe

/p CO2H½ �y CO2H½ �x OH½ �1
�kxyKe0xe

/p CO2H½ �y CO2H½ �x OH½ �2
þ kh H2O½ �ð Þy E½ �y

in which y stands for maleic anhydride, x stands for phthalic anhydride, ky is the
esterification rate constant catalyzed by maleic acid, kxy is the esterification rate

constant catalyzed by phthalic acid, and Ey¼ py[CO2H]0y.
Zetterlund and coworkers discovered that after ring opening, the maleic acid unit

is more reactive than phthalic acid toward propylene glycol. The relative reactivity

ratio, maleic acid and propylene glycol vs. phthalic acid and propylene glycol,

increased from 1.7 to 2.3, as the polymerization temperature rose from 160 to

22 �C.
An anti-synergist effect is also observed. The total reaction rate of the carboxylic

acid groups in the ternary system is lower than the sum of the reaction rates for the

individual acids, while all the reaction conditions were kept the same. Hence, their

simulated results were in good agreement with the experimental data obtained [22].
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5.4.2 Condensation Kinetics of 2-Methyl-1,3-Propanediol
with Maleic Anhydride and Phthalic Anhydride

The kinetics for the condensation involving 2-methyl-1,3-propanediol has also

attracted considerable interest due to the two equally reactive primary alcohols

[22]. The simplified kinetic models for self-catalyzed condensation have been pro-

posed. For example, the rate equation for the disappearance of maleic anhydride is

d CO2H½ �y
dt

¼ � kyKe0ye
/p CO2H½ �2y OH½ �

�kxyKe0xe
/p
�
CO2H

�
yCO2H

�
x OH½ � þ kh H2O½ �ð Þy E½ �y

in which y stands for maleic anhydride and x stands for phthalic anhydride and the

other parameters as previously defined.

Experimentally, the condensation of 2-methyl-1,3-propanediol with maleic

anhydride and phthalic anhydride, employing a temperature range of 180–200 �C,
was performed [22]. The relative reactivities for maleic anhydride or phthalic

anhydride with 2-methyl-1,3-propanediol were measured by monitoring the disap-

pearance of carboxylic acid groups. Similarly, maleic anhydride is more reactive

than phthalic anhydride toward 2-methyl-1,3-propanediol [23]. However, as the

polymerization temperature increased from 180 to 200 �C, the relative reactivity

ratio decreased from 2.26 to 1.70 [22, 23].

The activation energies for the condensation reaction of some of the dicarbox-

ylic acids and dihydric alcohols are listed in Table 5.2. In the absence of foreign

acid catalyst, the activation energy falls in the range of 60–90 kJ/mol. Likewise,

2-methyl-1,3-propanediol is more reactive toward maleic anhydride than propylene

glycol, as is expected from its two primary alcohols. However, for the reactions

involving phthalic anhydride, the activation energies for the condensation reactions

with propylene glycol and 2-methyl,3-propanediol are similar, 81.7 and 82.3 KJ/

mol.

Table 5.2 Activation energies for the condensation of dicarboxylic anhydride/acids and dihydric

alcohols (adapted from [13, 21])

Dicarboxylic

acid Dihydric alcohol External acid catalyst

Activation energy

(kJ/mol)

Maleic

anhydride

Propylene glycol None 89.6

2-Methyl-1,3-

propanediol

None 65.2

Phthalic

anhydride

Propylene glycol None 81.7

2-Methyl-1,3-

propanediol

None 82.3

Adipic acid Ethylene glycol None 62.3

Ethylene glycol p-Toluenesulfonic
acid

38.5
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5.5 Mechanical Properties of Cured Unsaturated Polyester

Resins

In North America and Europe, the major producers for unsaturated polyester resins

include Ashland Inc., AOC, CCP Composites, Reichhold, Royal DSM, and Scott

Bader. The unsaturated polyester resins can be utilized in various manufacturing

processes such as open molding, closed molding, hot molding, and continuous

processes. The cured resins provide excellent mechanical and impact properties.

Table 5.3 gives the mechanical properties of cured unsaturated polyester resins

from several major suppliers in pultrusion applications [23–26].

Table 5.3 Mechanical properties of cured unsaturated polyester resins in pultrusion applications

(adapted from [18–20])

Supplier Product

Tensile

strength

(MPa)

Tensile

modulus

(GPa)

Elongation

at break

(%)

Flexural

strength

(MPa)

Flexural

modulus

(GPa)

Ashland Aropol™
2036C

81.4a 3.4a 4.5a 138.6b 3.7b

Aropol™
A 3058

58.6 3.4 2.1 100.7 3.4

Aropol™
L 2450

58.6 3.9 1.8 88.3 4.0

Aropol™
MR 14,029

69.0 3.7 2.4 112.4 3.6

DSM Palatal® P

69-02

75c 3.8c 3.4c na na

Synolite™
2155-N-1

60c 4.0c 2.0c na na

Synolite™
0152-N-2

88c 3.8c 4.2c na na

Synolite™
1717-N-1

65c 3.6c 3.5c na na

CCP

composites

Stypol®

040-2988

64.1 6.4 1.9 120.7 4.5

Stypol®

040-9322

65.5a 3.7a 2.3a 94.5b 5.3b

Stypol®

040-9341

67.2a 3.6a 2.3a 89.6b 4.5b

Stypol®

040-9342

69.6a 3.8a 2.3a 153.1b 3.8b

Test method: aASTM D638; bASTM-D790; cISO 527-2; the rest are not available
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5.6 Introduction to Alkyd Resins

Alkyd resins are widely employed as binders in solvent-based coating applications

[27] and are found in architectural, industrial, and special-purpose coatings. Alkyd

resins provide unique properties including film flexibility and durability, excellent

adhesion to substrates, and good color and gloss retention. Although alkyd resins

are gradually being replaced by water-based acrylic resins for environmental

concerns, they remain the primary binders in surface coating applications.

Alkyd resins are typically produced from the condensation of polybasic acids,

polyols, and fatty acids or triglyceride oils. Polyol monomers containing at least

three functionalities are employed, such as glycerol, 1,1,1-trimethylolpropane, and

pentaerythritol. Glycerol and phthalic anhydride are the most common raw mate-

rials employed due to economical and process considerations.

The fatty acids employed in alkyd manufacturing are usually produced from

saponification of their respective triglyceride oil. The triglyceride oils from linseed,

castor, soybean, sunflower, safflower, tung, coconut, and tall oil are most com-

monly employed. The incorporation of fatty acids or glyceride oils improves the

resin’s flexibility, adhesion, water resistance, and chemical resistance.

The typical processes to manufacture alkyd resins can be categorized into two

types: (1) direct condensation of phthalic anhydride, glycerol, and fatty acids and

(2) saponification of triglyceride oils into monoglycerides followed by condensa-

tion with phthalic anhydride and glycerol (Scheme 5.9) [27]. Monoglycerides are

usually mixtures of monoglyceride, diglyceride, triglyceride, and glycerol.

Slight excess of polyols are typically employed to guarantee the complete

conversion of the carboxylic acid groups and regulate the degree of polymerization

and bulk viscosity to their desired level. In these processes, small amounts of

commercial xylenes are added to aid in water removal through azeotropic

distillation.

Depending on the curing behaviors, alkyd resins are grouped into drying alkyd

resins and nondrying alkyd resins [27]. For drying alkyd resins, the curing is

achieved through auto-oxidation by air, which can be catalyzed by peroxide and

transition metals. Chemically, the curing process is due to free radical cross-

linkable double bonds in the fatty acid components. In contrast, nondrying alkyd

resins do not polymerize substantially in air because of the lower concentration of

unsaturation present within the monoglyceride. Instead, they can be cured with

aminoplasts at elevated temperature.
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5.6.1 Alkyd Resins Containing Maleic Anhydride

Many alkyd resins contain small amounts of maleic anhydride. The incorporation of

maleic anhydride enhances water resistance, resin color, and processing time within

the final coatings [28].

The use level of maleic anhydride has a significant impact on the physical

properties of the alkyd resin, its curing behavior, and the mechanical properties

of the final coating. Different alkyd resins have been prepared from various ratios of

maleic anhydride and phthalic anhydride. The resins were synthesized by

glycerolysis of Jatropha curcas oil, yellow oleander seed oil, or Nahar seed oil

and subsequent condensation with phthalic anhydride and maleic anhydride

(Scheme 5.10) [28–31].
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Scheme 5.9 Two typical processes to manufacture alkyd resins: (1) direct condensation of

phthalic anhydride, glycerol, and fatty acids and (2) saponification of triglyceride oils into mono-

glycerides followed by condensation with phthalic anhydride and glycerol (adapted from [27])
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It was demonstrated that a higher-molecular-weight polymer and higher bulk

viscosity can be obtained with higher maleic anhydride content within the alkyd

resin. During the curing process, a shorter curing time was achieved with higher

maleic anhydride content. Hence, maleate can participate in cross-linking reactions

by a free radical mechanism (Scheme 5.11) [27]. In terms of the mechanical

properties of the cured film, the resin without maleic anhydride showed the highest

pencil hardness (a test that correlates the maximum hardness of the pencil grade

ranging from 1H (soft) to 9H (very hard), without scoring the test film at a thickness

of 1.0–1.5 mils) owing to the highest concentration of stiff aromatic functionality

within the polymer chain, whereas all the cured resins have shown good adhesion

characteristics and possess good gloss properties as well.

For chemical resistance, all the resins are very good against distilled water, 10%

NaCl aqueous, and 10% HCl aqueous. Pure phthalic anhydride-based resins dem-

onstrate the best resistance against 1% aqueous NaOH compared to the other resins.

Aromatic esters typically have better alkali hydrolysis stability than aliphatic esters.

The higher concentration of maleic anhydride also helps the thermostability of the

cured alkyd resin due to increased cross-linking density.

The effects of a broader variety of anhydrides on the preparation of low-viscosity

alkyd resins and their filmproperties have also been investigated [30, 31]. Anhydrides

including phthalic anhydride, maleic anhydride, glutaric anhydride, or succinic

anhydride were employed to react with monoglycerides to form alkyd resins. Com-

pared to the other resins, maleic anhydride-based resins tend to have higher viscosity.

The physical and chemical properties of a succinic anhydride-, phthalic anhy-

dride (PA)-, and maleic anhydride (MA)-based alkyd resins from cottonseed oil

HO
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+ OHR1OCO
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Scheme 5.10 Glycerolysis of Jatropha curcas oil and subsequent condensation with phthalic

anhydride and maleic anhydride to form alkyd resins (adapted from [28])
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were evaluated, and these results are summarized in Table 5.4. The resins were

synthesized with 35 wt% of each respective anhydride: 50% cottonseed oil, 15 wt%

glycerol, and 0.015% lead oxide. All the alkyd resins were chemically resilient to

5% brine and 1% acid, but were still alkali instable in 1% KOH, as expected [29].

In most cases, the phthalic anhydride-based alkyd resin performed better than

the maleic alkyd, and the maleic alkyd performed better than the succinic alkyd.

In some of the maleic anhydride-based resins, even gelation has been observed.

At very high maleic anhydride concentration, Diels-Alder reactions between maleic

anhydride and conjugated fatty acids in triglycerides can form polyfunctional

components which promote gelation (Scheme 5.12) [32–34].

On the other hand, this gelation could involve the products of the Ordelt reaction,

via the addition of hydroxyl groups to the maleate double bond as proposed by some

investigators (Scheme 5.13) [35]. This may explain why only a low level of maleic
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Scheme 5.11 Participation of maleate in the cross-linking of alkyd resins (adapted from [27]).

R, R0, and R00 are fatty groups
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Scheme 5.12 Diels-Alder reactions between maleic anhydride and conjugated fatty acids in

triglycerides (adapted from [32–34]). R1, R2, R
0, and R00 are fatty groups

Table 5.4 Physiochemical properties of succinic anhydride-, phthalic anhydride (PA)-, and

maleic anhydride (MA)-based alkyd resins (adapted from [29])

Physical property

Phthalic anhydride-

based alkyd

Maleic anhydride-

based alkyd

Succinic anhydride-

based alkyd

Color Brown Light brown Light brown

Specific gravity at 30 �C
ml/g

1.025 1.011 1.002

Acid value (mg KOH/g) 5.09 8.82 9.41

Saponification value 254 358 283

% solids 73 85 91

% volatile organic 27 15 8

Adhesion Excellent Excellent Good

Dry to touch Time (min) 14 17 28

Complete dry (h) 8.1 8.6 11

Scratch resistance by

pencil hardness

4H 3H 2H

Gouge resistance by

pencil hardness

5H 4H 3H

R'O CC
H O

C
H

C
O

OR''HO
OH

OCOR +

R'O C
H2
C

O

H
CC

O
OR''

O

OCOR

OH

Scheme 5.13 Ordelt reactions between maleate and hydroxyl groups in monoglycerides (adapted

from [35]). R is a futty group
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anhydride is typically employed in commercial alkyd resins. After curing the

maleic anhydride-based alkyd resins, exhibit the shortest drying time and best

water resistance.

The push for low-VOC (volatile organic compound) and environmentally

friendly coatings has driven the development of water-dispersible alkyd resins.

After production, the traditional alkyd resins are typically diluted in organic

solvents, such as mineral spirits, to make them flowable [27]. During the drying

stage, the volatile organic solvents in the coatings evaporate into the atmosphere, so

they are not considered environmentally friendly. Water-dispersible alkyd resins

are delivered in a cosolvent system of water and water-miscible solvents. Hydro-

philic functional groups, most commonly carboxylic acids, are employed to modify

alkyd resins into a water-dispersible form.

Maleic anhydride-based copolymers have been utilized to synthesize water-

dispersible acrylic-alkyd resins [36]. The monoglycerides from palm oil and tung

oil were modified by the copolymer of maleic anhydride and n-butyl methacrylate

via esterification onto the polymer (Scheme 5.14). The resultant acrylic-alkyd

resins were then neutralized with diethanolamine at reduced temperature. No

organic solvent was employed in the process. The optimal content of acrylic

copolymers was 20–35%. The water-dispersible acrylic-alkyd resin could not be

+HO
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Scheme 5.14 Synthesis of water-dispersible acrylic-alkyd resins by modification of copolymer of

maleic anhydride and n-butyl methacrylate with monoglycerides (Adapted from [36])
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cured well in air for 10 days. It is believed that the presence of water and

diethanolamine inhibited the requisite auto-oxidation and cross-linking reactions.

The films can be dried at elevated temperature using a small amount of transition

metal catalysts. The cured films have shown good flexibility, excellent adhesion,

and high impact strength utilizing similar approaches; water-dispersible

hyperbranched acrylic-alkyd resins have also been synthesized [37].

Waterborne coatings from maleated rubber seed oil and its alkyd resins have

been prepared as well [38]. Maleated rubber seed oil or its alkyd resin was

synthesized by treating the oil or the alkyd resin with various amounts of maleic

anhydride, followed by neutralization with triethylamine. The final resin emulsion

was made in a water/isopropanol mixture.

Compared to traditional solvent-based rubber seed oil alkyd resins that have a

volatile organic compound content of about 30%, these maleated resins have a

much lower VOC content: 1.5% and 10% for maleated rubber seed oil or maleated

alkyd resin, respectively. The final curing process was then performed by oven-

baking at elevated temperature using cobalt and calcium catalysts. The maleated

alkyd resins exhibited better chemical resistance than the maleated oil itself.

However, the film stability in alkali solutions (0.1 M NaOH) was still low.

5.7 Olefin/Maleic Anhydride Copolymers

Ethylene, propylene, butene, and virtually most of the other unsaturated olefins

have been copolymerized with maleic anhydride. These types of copolymers follow

the typical charge-transfer complex intermediate through a free-radical polymeri-

zation mechanism, discussed in depth in Chap. 4, and results in an alternating

copolymer structure with respect to the maleic anhydride unit.

High molecular weight grafted maleic anhydride/olefin copolymers are com-

mercially available. For example, maleic anhydride can be grafted onto a high or

low density polyethylene, or polypropylene, to impart better adhesion and thermo-

plastic properties to the polyolefin polymer. In general, only 4 weight percent of

maleic anhydride incorporation can be achieved by free-radical grafting since the

radical processes also can result in unwanted chain-scission side reactions, Scheme

5.15) [39, 40]. These maleic anhydride-grafted polyolefins provide excellent adhe-

sion to ethylene/vinyl alcohol copolymers, nylon, metals, polyolefins, cellulose,

polyesters, polycarbonates, and glass, as offered by Dow. The improved mechan-

ical properties of these grafted copolymers can be evidenced by the increase in the

Shore-D hardness as summarized in Table 5.5.

Key attributes found in these maleic anhydride-grafted polyolefins are superior

adhesion to cellulose, polyethylene terephthalate (PET), metal, polycarbonate,

glass, foil, and polyolefins. A high level of functionality and diversification can

be realized when these polymers are employed as modifiers in other systems due to

the anhydride functionality present within these copolymers. Likewise, improved
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temperature stability/good heat resistance enables these polymers to maintain

strong performance through extreme changes in temperature.

Maleic anhydride and its isostructural analog, fumaric acid, and citraconic

anhydrides are hydrophilic monomers. When unsaturated dicarboxylic acids and

their anhydrides are grafted onto polymers, they convey a denser distribution of

carbonyl or free carboxylic acid groups. These reactive groups can further serve as

sites for macromolecular reactions on the copolymers or grafted polymers, espe-

cially for compatibilization of immiscible polymer blends. Additionally, they have

been employed in reactive blends with better performance, including better

mechanical properties, higher engineering performance, and controlled

morphology [41].

Such maleic-grafted polyethylene copolymers have found utility as adhesion

promoters, packaging films and coatings, injected molded parts, improved polymer

compatibilizer and fillers, increased impact modulators, and protective metal coat-

ings in powder coatings and composite pipe applications.

+

R O
R OH

O OO

O
O

O
Chain

Scission

n n n

Scheme 5.15 Free radical addition of maleic anhydride onto polypropylene or any other unsat-

urated olefin can result in chain-scission side reactions (adapted from [39, 40])

Table 5.5 Properties of polyethylene-maleic anhydride graft copolymers

Polyethylene-grafted

maleic anhydride

Density g/cm of base

resin

Melt

index

Durometer hardness Shore-A

vs. Shore-D @ 1 s

Maleic anhydride graft

(very high)

0.953 (high-density

polyethylene)

12.0 97 (64)

Maleic anhydride graft

(very high)

0.962 (high-density

polyethylene)

2.0 96 (67)

Maleic anhydride graft

(medium)

0.8985 (very low-density

polyethylene)

3.3 96 (36)

Maleic anhydride graft

(high)

0.8985 (very low-density

polyethylene)

2.0 96 (35)

Maleic anhydride graft

(high)

0.8985 (very low-density

polyethylene)

1.25 77 (22)

Maleic anhydride graft

(low)

0.920 (low-density

polyethylene)

3.0 95 (49)
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The structure of the grafting points of maleic anhydride onto polyethylene

indicates that maleic anhydride forms oligomers, in addition to short-chain

branching of poly-maleic anhydride onto the polyethylene backbone, as depicted

in Scheme 5.16. Therefore, a blend of unreacted polyethylene, poly-maleic anhy-

dride oligomers, and the desired polyethylene-grafted maleic anhydride is formed

under the free radical conditions used [42].

In contrast to ethylene and/or propylene polymers that typically graft maleic

anhydride onto the higher-molecular-weight polyolefin, longer-chain alpha-olefin

monomers such as 1-butene, 1-octene, and 1-octadecene generate low-molecular-

weight oligomers due to their steric bulk and catalytic isomerization from a reactive

alpha-olefin to the more stable beta-olefin (Scheme 5.17). Hence, lower-molecular-
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Scheme 5.16 Free radical addition of maleic anhydride onto polyethylene (adapted from [42])
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Scheme 5.17 Catalytic free radical isomerization of an α-olefin into a β-olefin
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weight oligomers tend to be produced from these longer-chain olefin monomers

under free radical conditions.

Maleic anhydride and longer-chain alpha-olefins are generally copolymerized to

produce higher-molecular-weight alternating copolymers instead, ranging from

20 to 50 kDa [42]. Typical physical properties of the copolymer are as follows:

Tg range 115–119 �C., acid no. 337, anhydride content 24.4% by weight, acid

content 2.8% by weight, density 0.973, and inherent viscosity (based on 5.0 g/dl in

methyl isobutyl ketone at 77�F) 0.144.
Interestingly, octadecene-alt-maleic anhydride copolymers have found utility as

oil additives in the automotive industry. These include multifunctional lube oil

additives (viscosity index improvers and detergent/dispersant additives) as reported

by Abd-El-Azim and coworkers [43]. This octadecene-maleic anhydride copolymer

was further esterified with various alcohols (dodecyl, hexadecyl, octadecyl, and

docosanol) to create four different types of esters that were then amidated with three

alkylamines (dodecyl, hexadecyl, and octadecyl) to form ester/amide copolymer

additives.

The efficacies of the prepared esters, and the ester/amide composites, were

investigated as detergents, dispersants, and viscosity index improvers. A viscosity

index improver is a compound that, when added in small quantities, improves the

rheological properties such as flow characteristics, but does not affect other impor-

tant attributes such as chemical and thermal stability.

It was found that the efficacy of all the ester and ester/amide polymers as

viscosity index improvers increases with increasing concentration of the modified

copolymers, along with growing alkyl chain length of the ester/amide pair. Like-

wise, all the poly-octadecene-maleic esters and amides also showed excellent

dispersion power [43, 44].

These properties can be rationalized by the presence of more hydrophobic

characters due to the presence of the long hydrocarbon side chain that overshadows

an otherwise highly polar copolymer. This property makes poly-octadecene-alt-
maleic anhydride copolymers and their derivatives effective in the ensuing

applications:

• Lube oil additives

• Adhesives

• Chelants and surfactants

• Corrosion preventatives

• Dispersing agents

• Epoxy curing agents

• Imparting lightfastness to basic dyestuffs

• Release agents and coatings

• Thickening agents

• Water and paper treating chemicals and coatings

• Waterproofer for personal care products

Reactions identical to that of the polystyrene-maleic copolymers can also be

obtained with poly-octadecene-alt-maleic anhydride copolymers. Reactions with
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amines to form the ammonium salts of the amic acid of poly-octadecene-maleic

anhydride copolymer can be prepared from ammonium hydroxide to a solution of

poly-octadecene-maleic anhydride copolymer in THF [44]. Similarly, substituted

amides can be obtained using alkylamines.

Imides may be synthesized by heating the amic acid to 130 �C or treatment with

acetic anhydride. Under anhydrous conditions, amines and ammonia, particularly in

hydrocarbon solvents or oils, can result in intractable gelation and should be

avoided. But this finding is suggestive that poly-octadecene-maleic anhydride

copolymer could also be employed as a thickening agent [44].

Half-ester derivatives of poly-octadecene-maleic anhydride copolymer can be

formed with an appropriate alcohol to a solution of poly-octadecene-maleic anhy-

dride copolymer in acetone or methyl isobutyl ketone using an acid catalyst.

Suitable catalysts include phosphoric acid, sulfuric acid, methanesulfonic acid,

and p-toluenesulfonic acid. To prepare the diester, an excess of alcohol can be

added with meticulous removal of water as it is formed [42, 43].

Poly-octadecene-maleic anhydride copolymers can also participate in cross-

linking reactions. In fact, the solubility properties and its anhydride functionality

make this copolymer an ideal cross-linking agent for thermosetting resins com-

posed of epoxy and/or hydroxy functionality [44]. In particular, poly-octadecene-

maleic anhydride copolymer can be an effective curing agent for epoxy resins.

Cross-linking may also be realized by heating poly-octadecene-maleic anhydride

copolymer with metal oxides and hydroxides such as calcium oxide or calcium

hydroxide. Poly-octadecene-maleic anhydride copolymer can also cross-link

polyols, such as polyvinyl alcohol, to form a cross-linked polyester material that

can be molded at temperatures above 80 �C.
Aqueous solutions of poly-octadecene-alt-maleic anhydride copolymer form

free acids that are compatible with modest levels of monovalent cations. However,

precipitation does occur with polyvalent cations.

Poly-octadecene-alt-maleic anhydride copolymer is soluble in an assortment of

organic solvents, including benzene, acetone, methyl isobutyl ketone, ethyl acetate,

chloroform, carbon tetrachloride, and ligroin. In contrast, poly-octadecene-alt-
maleic anhydride is somewhat insoluble with alcohols such as propanol and ethanol

but will slowly dissolve as the anhydride esterifies [44].

Poly-octadecene-maleic anhydride copolymers are good clear film formers.

Typically, these anhydride-containing films use common plasticizers, such as

phthalate esters. The resultant films cast from an acetone solution containing

20 wt% dimethyl phthalate are glossy, smooth, and continuous [44].
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5.8 Acrylic/Maleic Anhydride Copolymers

Copolymers of maleic acid and acrylic acid can be produced by polymerizing these

monomers in water in the presence of a radical initiator at 70–100 �C (Scheme 5.18).

Peracid salts are particularly useful for initiation and include potassium and sodium

salts of persulfate, percarbonates, perborates, and perphosphates [45].

These catalysts or free radical initiators may be utilized alone to initiate the

polymerization process or can be combined with a reducing agent to form a redox

catalyst system, which results in faster reactions at lower temperatures. The reduc-

ing agents may be iron compounds such as the ferrous salts from sulfates, acetates,

or phosphates to name a few.

Table 5.6 summarizes some of the physical characteristics as one varies the

concentration of the maleic comonomer and the reaction temperature at which

polymerization occurs [45]. As expected, poly-acrylic acid exhibits a large reac-

tivity coefficient toward free radical polymerization, while maleic acid is very slow

to react under the same conditions [45]. Hence, as the maleic acid content in the

copolymer decreases, the molecular weight and viscosity rise, 13–30 wt%@ 96 �C.
In all cases, varying the maleic content from 13 to 36 wt% does not alter the

flexibility of the air-dried films. Therefore, maleic concentrations ranging from

10 to 40%, producing molecular weights with resultant Brookfield viscosities

spanning 562–43,000, do not affect this flexibility either (even though it has been

thoroughly documented that corresponding poly-acrylic acid films are brittle).

Consequently, addition of � 10 wt% and above of maleic acid functionality is

more responsible for the flexibility than its molecular weight and overall acidity

(Table 5.6) [45].
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Poly(acrylic-maleic) copolymer

free-radical initiator

Scheme 5.18 Acrylic acid-co-maleic anhydride copolymer

276 M.A. Tallon and X.(J). Liu



The copolymers produced in this manner are water soluble, clear, flexible,

and useful as surface coatings. The copolymers are particularly useful as textile

and paper sizing compositions for fibers and yarns such as cotton, nylon, or

Dacron.

Acrylic acid/maleic anhydride copolymers have also been fashioned to impart

select benefits in industrial, household, and institutional cleaning formulations too.

The average molecular weight and its comonomer ratio have also been optimized to

deliver optimum performance in laundry and dishwashing applications.

Additionally, acrylic acid/maleic anhydride copolymers are useful additives as

an antifouling agents and corrosion inhibitors for boiler systems due to their

chelating ability to alkali and transition metals. In particular, maleic acid contains

a syn-diacid that, when neutralized, can efficiently chelate monovalent, divalent,

and trivalent cations by its geometric positioning of the two carboxylate groups

(Fig. 5.2). This removes corrosive or water-insoluble cations from the recirculating

water and prevents fouling due to precipitation of alkali metal salts, such as calcium

and barium, within the heating system that otherwise reduces the efficiency of heat

transfer within the heating system as a whole [45].

This calcium-binding capability is also employed in the laundry detergent

market. For instance, the use of sodium carbonate continues to increase in the

powdered laundry segment as a phosphate replacement and a means to create

low-cost detergents. Their use poses a significant problem in many laundry appli-

cations as the result of calcium ions present in certain geographical areas (water

hardness) causes the in situ formation of calcium carbonate that deposits onto the

clothes and makes them appear gray and rough (Fig. 5.3a).

Table 5.6 Polymerization characteristics of poly-acrylic-maleic copolymer (adapted from Ref-

erence [45])

Wt% maleic

Brookfield

viscosity cPoise @ 25 �C
Acid number

mg KOH/g sample Flexible film

13% @ 96 �C 900 804 Yes

25% @ 96 �C 625 827 Yes

30%@ 96 �C 562 835 Yes

30% @ 72 �C 30,000 835 Yes

36% @ 70 �C 43,000 847 Yes

Poly-acrylic acid 40,000 779 No
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Calcium carbonate is a water-insoluble mineral that deposits onto fabric causing

both graying of fabrics and an abrasive texture, as evidenced by Fig. 5.3b. However,

the chelating ability exhibited by poly-acrylic-maleic copolymers is employed to

prevent this deposition of calcium carbonate from the laundry detergent onto

clothes during the wash cycle so that clothes appear brighter and softer.

Table 5.7 summarizes the acidity and complexation strength of poly-acrylic

acid/maleic acid copolymers in varying ionic strength media, as determined by

Bretti and coworkers by potentiometric titrations [46]. As expected, the higher

maleic-containing (50 mol%) copolymer is more acidic than the 33 mol% maleic

copolymer due to the diacid functionality.

Addition of salt to increase the ionic strength of the medium results in less

dissociation of each copolymer. Furthermore, the 50 mol% maleic copolymer is six

times stronger at binding with sodium than the 33 mol% copolymer and seven times

stronger at complexing with calcium, again probably due to the stronger diacid

functionality. However, the lower 66% acrylic/33% maleic copolymer is ten times

stronger at binding with magnesium than the 50/50 acrylic/maleic copolymer.

The coordination geometry of the magnesium cation toward the acrylic acid

functionality is favored over that of the acid strength of the maleic functionality.

This finding highlights how the monomer functionality alone does not completely

describe the behavior of a polymer, but its geometric/sequence distribution needs to
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Fig. 5.2 Chelation of divalent calcium by poly-acrylic-maleic salt (adapted from [45])
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be considered with respect to the coordination geometry of the alkali metal salt

as well.

Some of the typical physical properties that acrylic acid/maleic acid copolymers

exhibit when completely neutralized by sodium hydroxide are summarized in

Table 5.8. The aqueous product appears clear to slightly yellow with a moderate

molecular weight and a moderate Brookfield viscosity, but contains very low levels

of acrylic and maleic monomers, less than 10 ppm each.

Based on these properties, a neutralized copolymer of acrylic acid/maleic anhy-

dride with a molecular weight around 70,000 was optimized for the following

applications:

• Anti-precipitation: This copolymer increases the solubility of calcium and

magnesium salts (carbonates, sulfates) to prevent precipitation in the wash

Table 5.8 Typical physical properties of acrylic acid/maleic acid copolymers as their completely

neutralized sodium salts

Appearance Clear to slightly yellow solution

Solvent Water

Total solids 40%

Average M. Wt. 70,000

Specific gravity (ml/g) 1.30

pH as is 7.2

Brookfield viscosity (mPa/s) 1600

Residuals <10 ppm for each monomer

Table 5.7 Acidity and complexation strength of poly-acrylic acid/maleic acid copolymers

(adapted from [46])

Copolymer sample

Poly(50%-acrylic-50%-

maleic acid)

Poly(66%-acrylic-33%-

maleic acid)

Mean pKa value 5.40 5.54

pKa value @ 0.05 N NaCl 5.08 5.25

pKa value @ 0.10 N NaCl 4.93 5.09

pKa value @ 0.25 N NaCl 4.73 ND

pKa value @ 0.50 N NaCl 4.64 4.82

pKa value @ 1.00 N NaCl 4.50 4.65

pKa value @ 0.10 N Et4N
+I 5.17 5.44

pKa value @ 0.25 N Et4N
+I 5.11 5.33

pKa value @ 0.50 N Et4N
+I 5.04 5.29

Kform for Na1+ -complex M/L 0.018 0.003

Kform for Ca2+ -complex @

0.10N NaCl

0.022 0.003

Kform for Mg2+ -complex @

0.10N NaCl

0.003 0.030
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water that will otherwise deposit onto fabrics and give rise to graying and

stiffness of the apparel.

• Suspending properties: This copolymer suspends insoluble or partly insoluble

builders (such as layered silicate or zeolite) homogeneously in the wash water to

prevent them from settling on fabrics.

• Dispersing properties: This copolymer is an outstanding dispersant for protein

stains that have been removed from fabrics and keeps them suspended in the

wash water to inhibit redeposition back onto the fabric.

• Processing aids: Produces coated/agglomerated detergent particles that are

non-dusty.

The benefits of this optimized copolymer include reduced phosphate levels or its

elimination in laundry, industrial and institutional formulations, and automatic

dishwashing detergents, to manage the development of insoluble scale (encrusta-

tion), while maintaining fabric softness and whiteness.

5.9 N-Vinyl Amide/Maleic Anhydride Copolymers

Up to this point, we have discussed many alternating copolymer compositions of

maleic anhydride with an electron-donating comonomer. This is due to the forma-

tion of a charge-transfer complex that activates both comonomers to react as a

single entity in free radical polymerizations, such as vinyl ether/maleic anhydride

copolymers. N-vinyl amide or lactam monomers can also participate in a charge-

transfer complex to activate copolymerization so that an alternating copolymer is

formed. Examples include N-vinyl pyrrolidone-maleic anhydride (as depicted in

Scheme 5.19), vinyl caprolactam, N-methyl N-vinyl acetamide, and vinyl

piperidone.

This feature arises because the pyrrolidone ring exhibits a large dipole moment

due to the cyclic lactam functionality of 4.1 Debye, whereas most linear amides are

3.6 Debye [47]. Therefore, resonance structures for N-vinyl-2-pyrrolidone can be

constructed such that a partial positive charge is located on the nitrogen atom and a

partial negative charge is on the carbonyl-oxygen atom (Scheme 5.20a-(I)). Since

the N-vinyl group is conjugated with the lactam amide, an electron-pushing

N O

OO O
N-Vinyl

-Pyrrolidone
Maleic

Anhydride

+

NO

OO O

H2C
x y

Poly(vinylpyrrolidone
-maleic)copolymer

Scheme 5.19 Poly (N-Vinyl-2-pyrrolidone-co-maleic anhydride) copolymer
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inductive effect leading to further stabilization of the pseudo-cationic nitrogen atom

can be achieved by the vinyl group (Scheme 5.20a-(I)).

Maleic anhydride exhibits an electron-deficient double bond and an electron-rich

anhydride group, resulting in a dipole moment of 3.95 Debye [47], whereas linear

anhydrides are approximately 2.8 Debye, as displayed in Scheme 5.20b. When

combining these two monomers together, a charge-transfer complex is formed that

activates both monomers toward free radical polymerization as illustrated in

Scheme 5.20c.

The complexes shown are derived from a simple electronic rearrangement of the

maleic anhydride unit itself that is extremely rapid. The charge-transfer complex

formed in situ is probably a hybrid of the two shown for maleic anhydride

(Scheme 5.20b-I and II) and the two shown for vinyl pyrrolidone (Scheme 5.20a).

These complexes arise both geometrically and electronically so that both monomers

are oriented in the right spatial configuration and that both monomers are electron-

ically stabilized by each other’s dipoles thereby activating both monomers toward

alternating free radical polymerization.

Despite the ambiguity that exists in the literature regarding the actual structure of

the charge-transfer complex between vinyl pyrrolidone and maleic anhydride

[48, 49], it is well documented that they form a charge-transfer complex in which
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Scheme 5.20 Resonance-stabilized structures leading to the formation of a vinyl pyrrolidone-

maleic anhydride charge-transfer complex (adapted from [48, 49])
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the growing macroradical has vinyl pyrrolidone as its chain end. This charge-

transfer complex provides a route to alternating copolymers with equal stoichiom-

etry for each comonomer. Block copolymers can also be constructed, where an

alternating block of maleic anhydride/electron-donating comonomer are easily

formed, followed by a homopolymer block of free radical-polymerized electron-

donating comonomer as well.

Typically, the slower-reacting monomer, in this case, maleic anhydride, will be

charged up-front into the reactor, and then polymerization is initiated and the faster-

reacting monomer is fed over time to remove all the residual maleic anhydride from

the reactor. In this way, one can control the exothermic heat of polymerization by

the feed rate of the faster-reacting comonomer to prevent a runaway polymeriza-

tion. Alternatively, one can also feed maleic anhydride at a much faster rate than the

other comonomer to achieve the same result when higher maleic anhydride con-

centrations approaching 30–40 mol% are employed.

One salient feature needs to be recognized here, particularly when using slower-

reacting monomers such as N-vinyl-pyrrolidone (VP) or N-vinyl-caprolactam in

free radical polymerizations. In particular, the reactivity of the vinyl pyrrolidone-

maleic anhydride charge-transfer complex reacts at least an order of magnitude

faster than vinyl pyrrolidone itself. Therefore, one cannot expect to homogenously

distribute the maleic functionality across the polymer backbone by just simple

dilution with vinyl pyrrolidone monomer.

Instead, Georiev, Konstantinov, and Kabaivanov demonstrated that regardless of

the VP concentration employed in a batch reaction where the VP concentration was

employed in great excess, the initial kinetics of the reaction were such that the

charge-transfer complex formed by vinyl pyrrolidone-maleic anhydride reacted at

least ten times faster in the free radical polymerization at the onset of the polymer-

ization until all the charge-transfer vinyl pyrrolidone-maleic anhydride intermedi-

ate was consumed. After total consumption of the charge-transfer complex, then

vinyl pyrrolidone homopolymerization ensued [49].

The copolymer sequence distribution along the polymeric backbone can gener-

ate alternating comonomer sequences, gradient comonomer sequences or blocks, or

random comonomer sequences depending on how the monomers are fed.

The resultant molecular weight of N-vinyl-pyrrolidone/maleic anhydride copol-

ymers produced in dioxane with AIBN initiator at 65 �C is affected by the

comonomer composition. In particular, as the maleic anhydride composition rises

within the N-vinyl-pyrrolidone/maleic anhydride copolymers, the rate of polymer-

ization slows from 1.5 to 19 h and the molar mass drops (Table 5.9). This arises

because the slower-reacting maleic comonomer decreases the propagation rate for

polymerization as the maleic concentration increases thereby increasing both the

polymerization time and increasing the probability that termination side reactions

will ensue [50, 51]. This results in an increased polydispersity as well, varying from

1.7 at 15 wt.% Maleic anhydride incorporation up to 2.9 when the Maleic content

of 75 weight% was obtained (Table 5.9).
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Some of the physical properties exhibited by these types of polymers have been

exploited as polymeric chelants. For instance, many of these N-vinyl amide/maleic

anhydride copolymers have found utility as anticorrosion additives for heating/

cooling systems. Corrosion may occur resulting in deposition of the corrosion

products on surfaces within the heating/cooling system reducing its heat-transfer

efficiency. Additionally, deposits may form as a result of crystallization or precip-

itation of salts from solutions employed in these systems.

These crystallized or precipitated salts are referred to as “scale,” and the

complexation/precipitation process is referred to as “scale formation.” Many fac-

tors affect the rate and quantity of scale formation. Some of these factors are as

follows: temperature, rate of heat transfer, pH of the water, and the character and

amount of dissolved solids in the water.

Any aqueous system containing calcium or magnesium cations or any other

positive hardness ions in the presence of phosphate, carbonate, sulfate, or any other

suitable anions can experience formation and deposition of scale. Historically,

circulating water systems were operated under acidic conditions because of the

increased solubility of scale forming salts under acidic pH.

However, in the last few decades, the operating conditions for most cooling

water systems are now commonly operated at relatively high pH. This conversion

to higher pH in water systems has greatly increased the possibility scale formation.

Calcium orthophosphate, calcium sulfate, or carbonate scale is particularly prob-

lematic and has proven to be very difficult to inhibit. However, N-vinyl amide/

maleic acid copolymers have proven their utility in this application [52, 53].

Table 5.9 Molecular weight distributions for N-vinylpyrrolidone/maleic anhydride copolymers

(adapted from [50])

% N-
vinylpyrrolidone

within the

copolymer

% maleic

anhydride within

the copolymer

Weight-average

molecular

weight (kDa)

Number-average

molecular weight

(kDa) PDIa
Timeb

(h)

85 15 122 73 1.7 1.5

76 24 134 74 1.8 1

70 30 129 67 1.9 3

65 35 113 51 2.2 4

50 50 90 34 2.6 3

25 75 48 18 2.9 19
aPolydispersity index
bPolymerization time
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N-Vinyl amide/maleic acid copolymers act as polymeric chelating agents in

which the maleic functionality complexes the free calcium in solution, while the N-
vinyl amide imparts water solubility and prevents coprecipitation out of solution.

The calcium scale inhibition by these types of copolymers is summarized in

Table 5.10 and demonstrates on a weight basis that at 100 ppm dose levels, all of

the copolymers are very good scale inhibitors. Conversely, the N-vinyl-pyrrolidone
comonomer is the least efficient in calcium complexation when compared to other

vinyl amide-maleic anhydride copolymers.

5.10 Introduction to Styrene-Maleic Anhydride

Copolymers and Their Physical Properties

Since the invention of styrene-maleic anhydride copolymers in the early 1930s by IG

Farbenindustrie Ag, German Application Serial No. 545,146, followed by US Patent

US 2,047,398 granted in 1936 [54], styrene-maleic anhydride (SMA) resins have

created a whole manufacturing industry for their use in countless applications. Almost

all of the major chemical manufacturers have patented these resin types that include

Dow, DuPont, Monsanto, BASF, Hoechst, Lubrizol, and Georgia-Pacific to name a

few, but surprisingly, most of them do not actually produce them anymore [55].

Some styrene-maleic anhydride polymers are formed by a charge-transfer com-

plex that activates the comonomers to form an almost perfectly alternating copol-

ymer (ABABAB) when using free radical polymerization techniques (Fig. 5.4).

Alternatively, styrene can be polymerized by free radical polymerization itself so

polymers containing much lower levels of maleic anhydride can still be produced.

Table 5.10 Calcium carbonate/phosphate scale inhibition by N-vinyl amide/maleic anhydride

copolymers (adapted from [52, 53])

Maleic anhydride

alternating

comonomer

% scale

inhibition

@ 20 ppm

polymer

@ 30 ppm

polymer

@ 40 ppm

polymer

@ 50 ppm

polymer

@ 75 ppm

polymer

@ 100 ppm

polymer

N-Methyl vinyl

acetamide

13 85 98+ 98+ 98+ 98+

Vinyl pyrrolidone 9 26 45 65 93 94

Vinyl piperidone 18 44 84 96 98+ 98+

Vinyl caprolactam 21 53 94 98+ 98+ 98+

Vinyl

pyrrolidone/

caprolactam

17 42 90 93 95 95
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However, poly-maleic anhydride does not readily polymerize by free radical

processes, and therefore only low-molecular-weight oligomers are obtained.

The main characteristics of a styrene-maleic anhydride copolymer are its trans-

parency, high dimensional stability, and high heat resistance, along with its reac-

tivity of the anhydride groups for later modification or attachment of specific

functionalities post-polymerization (Table 5.11). For example, the styrene-maleic

anhydride copolymer can be hydrolyzed under aqueous base forming ammonium or

inorganic salts to create clear water-based solutions or can be partially hydrolyzed

to form dispersions (Scheme 5.21). They can also be reacted with alcohols to form

half-esters or with amines to form amic acids and/or imides. Likewise, the styrene

functionality can be sulfonated to increase its hydrophilicity and make the styrene

unit more water soluble (Scheme 5.21).

Table 5.11 Physical properties of styrene-co-maleic anhydride

Property Value Property Value

Acidity 9.1 meq./g Acid number 510 mg

KOH/g

Density (73�F) 1.05 to 1.17 g/cm

[3]

Chemical resistance Good

Apparent density 0.60 g/cm [3] Clarity High

Melt mass-flow rate (MFR) (240 �C/
10.0 kg)

20–22g/10 min Copolymer

processability

Good

Tg 264–320�F Impact resistance Good

Vicat softening temperature 230–320�F Odor Low to none

Heat resistance High Thermal stability Good

Adhesion Good Paintable Yes

Amorphous Yes Copolymer

processability

Good

Dimensional stability Good Stiffness High

Stress-crack resistance High Filled strength High

Tensile strength High Foamable Yes

Fig. 5.4 Chemical structure of styrene-maleic anhydride copolymer
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High-molecular-weight styrene-maleic anhydride polymers are widely

employed in engineering plastics, generally in the impact molded or glass fiber-

filled variations for automotive parts inside the passenger compartment. Alterna-

tively, styrene-maleic anhydride is employed because of its transparency in com-

bination with other transparent materials such as polymethyl methacrylate (PMMA)

or because of its thermal properties to heat-boost other polymeric materials such as

polyvinylchloride (PVC) or acrylonitrile/butadiene/styrene (ABS) copolymers.

Additionally, many multifunctional variants of styrene-maleic anhydride copol-

ymers are commercially available from Cray Valley and other manufactures around

the world today, and some of their typical properties are summarized in Table 5.11.

These resins are employed in diverse applications such as in adhesives, binders,

and coatings, in paper sizing or powder coating, in pigment dispersions or inks, in

overprint varnishes, in leather tanning, in microelectronics, in carpet/textile
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cleaners, in interior or exterior automotive parts, for food packaging, and in floor

care products.

The solubility of styrene-maleic anhydride in alkaline solutions makes it appro-

priate for numerous applications such as in sizing for paper, in coatings, and in

binders. The specific reactivity of styrene-maleic anhydride makes it a suitable

agent for compatibilizing normally incompatible polymers such as acrylonitrile/

butadiene/styrene copolymers or polyacrylonitrile blends. Table 5.12 summarizes

the glass transition temperature of styrene-maleic anhydride copolymers that span

approximately 104–155 �C, while polystyrene itself is 90–100�C from 10 kDa to

10 million daltons, respectively.

Styrene-maleic anhydride resins can be esterified with alcohols to form poly-

esters. The styrene-maleic anhydride ester resins generally exhibit low melt vis-

cosities, improved solubility in many organic solvents, and polymeric surfactant

properties, resulting in better compatibility with other polymeric and

non-polymeric surfactants (Table 5.13).

Alcohols will react with styrene-maleic anhydride to form monoesters by ring

opening of the anhydride groups. For esterification greater than 50%, or formation of

diester groups, excess alcohol is employed with scrupulous removal of water. Diols

are sometimes used to cross-link the copolymer aswell.Watermust be removed, and a

catalyst is generally needed to increase reaction rate. For example, 1,4-butanediol will

react with styrene-maleic anhydride at room temperature [56–58].

Table 5.12 Physical properties of styrene-co-maleic anhydride copolymers

Styrene: MAn

Molar ratio

Mw

dalton PDI

Melt viscosity

Poise @ 200 �C
Acid number

mg KOH//g sample Tg (
�C)

50:50 5000 2.38 �60,000 480 155

66:33 7500 2.78 �6000 355 135

75:25 9500 3.15 �3000 280 125

80:20 11,000 3.05 �750 215 115

83:17 11,500 2.09 �70 156 106

88:12 14,500 1.92 �100 120 104

Polystyrene 10,000 1.05 ND 0 90

Polystyrene 10 million 1.05 ND 0 100

Table 5.13 Physical properties of styrene-co-maleic ester copolymers

SMA

polymer

Ester

type

Mw

kDa PDI

Melt viscosity

Poise @ 200 �C

Acid number

mg KOH/g

sample Tg (
�C)

A 2-Butoxyethyl 7 2.4 �300 185 60

B Cyclohexyl

isopropyl

7 2.4 �10,000 270 125

C n-Propyl 9 2.9 �1000 220 110

D C7–C9

Iso-alcohols

10.5 2.6 �50 117 75

E C16/C18 17 3.1 �15 110 45
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Addition of alkali hydroxides will react with the anhydride or carboxylic acid

functionality of styrene-maleic anhydride copolymer to form water-soluble salts.

Styrene-maleic ammonium salts are also commercially available as aqueous solu-

tions. These solutions are stable under basic conditions, but tend to exhibit lower

viscosity due to charge repulsion of the individual polymer chains. To increase the

solution viscosity, the styrene-to-maleic ratio can be varied such that higher styrene

content results in higher viscosities when neutralized with ammonia.

Polystyrene-maleic anhydride amic acid resin can be obtained by reaction with

the appropriate alkylamine at temperatures around 100 �C. These modified copol-

ymers exhibit polymeric surfactant properties useful in forming stable, low-tarnish

metallic pigment dispersions and inks [59].

Polystyrene-maleic anhydride imide resins are prepared from their corresponding

amic acid parent but heated to 130 �C or higher. One can lower this ring-closing

temperature by forming the mixed anhydride with acetic anhydride. Then, the

reaction temperature can be lowered to 60–80 �C for imidation to proceed.

The process for manufacturing these compounds is not as simple as one may

envision. In particular, alkylamines react with the anhydride polymer or with the

half-ester to form amides below 100 �C. However, a small fraction of the amide

population can, and does, ring-close to form its imide. Complete imidization can be

accomplished at 150–180 �C for 2 or 3 h. The resultant styrene/dimethyl amino

propyl maleimide copolymers usually exhibit higher Tg ranges and higher thermal

stability (Table 5.14).

The styrene-maleimide polymers can be useful in adhesives, in alkali-resistant

coatings, in polymer modification, in paper manufacture and surface sizing, in

pigment dispersions or inks, in overprint varnishes, and in water treatment. Some

other uses of styrene-maleic copolymers are summarized in Table 5.15. In fact, it

can even be employed as a male contraceptive. Initially, it was conceived as a

physical barrier agent when injected into the vas deferens, the tubule responsible for

carrying the spermatozoa out of the body, but instead, it removes and disrupts the

flagellum from the sperm resulting in loss of motility and hence sterilization.

Further, studies proved that the highly acidic maleic acid unit was responsible for

this effect [60, 61].

The pendant aromatic groups in polystyrene-maleic anhydride polymers partic-

ipate in substitution reactions characteristic for aromatic molecules. Sulfonation

occurs with sulfur trioxide (or other suitable sulfonation reagents) in an inert

solvent. The resultant sodium or potassium sulfonates exhibit surface-active attri-

butes and are useful as dispersants.

Table 5.14 Physical properties of styrene-co-maleimide copolymers

Styrene: MAn

Molar ratio

Amine index

meq/g

Mw

dalton Polydispersity Tg (
�C)

50:50 3.15 5000 2.38 85

66:33 2.50 7500 2.78 88

75:25 2.15 9500 3.15 90

80:20 1.75 11,000 3.05 90
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The solubility characteristics of free radical-polymerized polystyrene-maleic

anhydride and its derivatives are summarized in Table 5.16. All copolymers

regardless of styrene content are insoluble in aliphatic hydrocarbons. In contrast,

Table 5.15 Application/physical properties of styrene-maleic copolymers

Application/market Property Polymer type

Overprint varnishes,

ink

Heat resistance Sty-AN (1:1, 2:1)

Cyclo/alkyl esters

Adhesion to polymer films BGE ester

Fatty esters

Viscosity stability Sty-AN(2:1)

n-Propyl ester

Powder coatings Matting agent Sty-AN(2:1)

Alkyl/iso-alkyl esters

Paper making

Surface sizing

Water resistance Sty-AN(2:1)

n-Propyl-ester

Paper making—wet

end

Paper coatings for

ink jet

Stability in cationic systems Sty-AN (1:1, 2:1, 3:1)

imidized

Waterborne ink,

paint pigment

Dispersion

Dispersion stability, color

development, low viscosity

BGE ester

Cyclo/alkyl esters

Cationic systems Sty-AN (1:1, 2:1, 3:1, 4:1)

imidized

Carbon black BGE ester

Cyclo/alkyl esters

Metallics Sty-AN (1:1) hydrolyzed

Solvent-borne ink,

paint

Pigment dispersion

Dispersion stability, color

development, low viscosity

Iso-alkyl esters

Cyclo/alkyl esters

Latex gloves

Flame retardant

Antioxidant

dispersant

Stability of divalent ion

containing fillers (calcium, magnesium)

Sty-AN (1:1)

Cyclo/alkyl esters

Emulsion

polymerization

Particle size control and

stability, heat resistance

Sty-AN (1:1, 2:1),

Cyclo/alkyl esters

Carpet treatment/

shampoos

Stain/water resistance Sty-AN (1:1, 2:1),

Cyclo/alkyl esters

Wax/floor polish Coating leveling n-Propyl ester
Cyclo/alkyl esters

Printed wiring

boards

Improved dielectric properties,

heat resistance

Sty-AN (3:1, 4:1, 6:1, 8:1)

Wax emulsions Hydrophobicity, particle size

control and stability

Sty-AN (1:1, 2:1)

Leather tanning Divalent cation stability Sty-AN (1:1)

Male reproductive

contraceptive

Inert acid donor to remove the flagellum

of the sperm

Sty-maleic acid (1:1)
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only the high styrene-containing copolymers, such as styrene-maleic at 2:1 or

higher ratios, are partially soluble in aromatic solvents.

The esters of polystyrene-maleic anhydride increase the polarity of the copoly-

mer so that they become partially soluble in lower alcohols, but not in most glycols,

while all the anhydride and ester derivatives are soluble in ketones, esters, and

amides. Therefore, simple modification of the copolymer due to the anhydride

functionality enables one to tailor the properties and solubility of this copolymer

for its end use.

Table 5.16 Solubility properties of styrene-maleic copolymers

Solubility of styrene-maleic resins in common solvents at 30 �C
V¼>75 wt%, S¼ 15–50 wt%, PS¼ 1–15 wt%, I¼<1 wt%

Styrene-maleic resin S/M

(1:1)

An

BGE

ester

Cyclohexyl

IPA

esters

n-Propyl
ester

S/M

(2:1)

An

C7-C9

Iso-alkyl

esters

S/M

(4:1)

An

Aliphatic

Cyclohexane I I I I I I I

n-Hexane I I I I I I I

n-Heptane I I I I I I I

Aromatic

Toluene I I I I PS S PS

Xylene I I I I PS S I

Alcohols

Methanol I PS PS PS I PS I

Ethanol, 190 proof I PS I I I PS I

Ethanol, 200 proof I S PS PS I PS I

1-Propanol I PS PS PS I PS I

2-Propanol I PS I I I PS I

Ketones

Acetone V V V V V V V

2-Butanone V V V V V V V

4-Methyl-2-pentanone V V V V V V V

Ethers

Tetrahydrofuran V V V V V V V

1,4-Dioxane V V V V V V S

Miscellaneous

Ethyl acetate V V V V V V V

Propyl acetate V V V V V V V

Dimethylformamide V V V V V V V

Ethoxyethanol I S S S I S PS

Ethylene glycol I I I I I I I

Propylene glycol I PS I I I I I

Propylene carbonate S S S S S I S

I ¼ insoluble, P ¼ partially soluble, S ¼ soluble, V ¼ very soluble
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Additional modification of polystyrene-maleic anhydride copolymers with small

molecules includes attachment of amino-benzoic acids to generate enrichment

agents for rare earth elements such as germanium [62]. Hence, modification of

the base copolymer resin via the anhydride functionality enables a vast array of

different functionalities to be spliced onto the polystyrene-maleic copolymer.

5.11 Graft Copolymers of Styrene-Maleic Anhydride via

Chemical Acylation Reactions

Not only can one attach small molecules onto a styrene-maleic anhydride polymer

chain, but one can also attach another polymer onto it. These graft copolymers act

as block copolymers with hybrid properties. For example, polystyrene-co-maleic

anhydride is a thermoplastic-type polymer due to the presence of the maleic unit.

However, it suffers from poor adhesion to low-energy substrates, due in part to its

rather high Tg. Attachment of fatty alcohols to the maleic functionality somewhat

improves adhesion, but attachment of a polyolefin significantly improves adhesion

and can act as a compatibilizer for other hydrocarbon-rich polymers such as

polyethylene, polypropylene, or butadiene/acrylonitrile polymers.

Dharmarajan and coworkers demonstrated that polymer blends of styrene-

maleic anhydride copolymer, isotactic polypropylene, and two amino-

functionalized polyolefins can form a homogenous dispersion [63]. Blends roughly

comprising 25% styrene-maleic anhydride copolymer exhibited a morphology that

comprised a continuous polyolefin medium with a disperse phase of micron-sized

particles. The amino-modified polyolefins were predicted to construct graft poly-

mers with the styrene-maleic anhydride copolymer by an amidation process with

maleic anhydride (Scheme 5.22). The rheological properties of these blends were

complex but not atypical for immiscible polymer blends [63].

The accessibility of the amino-functionalized isotactic polypropylene to the

polymeric anhydride functionality suffers due to steric hindrance between the two

CH2 CH

O OO

x y Catalyst
CH2 CH

OO
x y

H2N

Poly(Styrene-co-Maleic Anhydride)

Amino-(isotactic)-Polypropylene

N

Poly(Styrene-co-Maleic)
-polypropylene graft

+

Scheme 5.22 Acylation reactions of styrene-co-maleic anhydride copolymer with other polymers

(amino-functionalized isotactic polypropylene) (adapted from [63])
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polymeric molecules so that a mixture of homopolymers and graft copolymers

exists. Despite the low efficiency in coupling of the two polymers, this mixture of

graft and individual polymers still exhibits hybrid properties with respect to the

overall solubility, thermal stability, and adhesion properties. These properties can

be rationalized in part by the development of an interpenetrating polymer network,

where the polypropylene section of the graft copolymer preferentially migrates into

the hydrocarbon-rich latex, while the hydrolyzed maleic units provide adhesion to

metals and provide more water solubility [63, 64].

Many other grafting reactions using the maleic anhydride comonomer unit as a

linkage point have been attempted. For instance, styrene-maleic anhydride copol-

ymer or ethylene/maleic anhydride copolymer was attached onto cellulose acetate

or methyl cellulose in DMF at 50 �C [63, 64]. The grafting reactions were

performed employing cellulose acetate, containing 2.4 degrees of substitution

(DS) corresponding to 20 mol% of free hydroxyl groups, or with methyl cellulose

(MC), with 1.8 degrees of substitution (40% free hydroxyl groups) with high-

molecular-weight versions of ethylene/maleic anhydride copolymer (EMA) and

styrene-maleic anhydride copolymer (Scheme 5.23) [63, 64]. The grafting linkage

points between the two polymers were derived by an esterification reaction with the

primary OH-group in the C6-position of cellulose reacting with the anhydride

moiety of the styrene-maleic anhydride copolymer [65].
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Scheme 5.23 Acylation reactions of styrene-co-maleic anhydride copolymer with other polymers

(cellulose acetate) (adapted from [64])
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Esterification catalysts such as N-methylimidazole (NMID) and 4-(N,N-
dimethylamino)-pyridine(DMAP) were found to greatly increase the rate of ester-

ifications. This finding was not unexpected since use of these more powerful

catalysts with activities of about 400 and 17,000 times greater than pyridine,

respectively, was already known [64].

It was also demonstrated that grafting does not dramatically alter the properties

of each copolymer since only a few linkages are involved. Specifically, this process

is a means to combine the positive attributes of each copolymer into one, with the

possibility of additional synergy between the two copolymers to overcome their

individual shortcomings.

Almost all the high-molecular-weight cellulose derivatives used in this study

gave gels as the end product [65]. This result underscores the difficulty in control-

ling grafting reactions with most maleic anhydride-based copolymers. Only one

sample did not undergo gelation; this was an oligomeric 1.7 KDa molecular weight

styrene-maleic chain containing about six reactive anhydride units per molecule,

even after 7 days of reaction at 50 �C with DMAP catalyst.

Grafting of two larger polymer molecules containing multiple reactive sites

without cross-linking in a reproducible manner remains challenging and has

prevented the use of this approach in industry. Alternatively, this approach is better

suited to form insoluble-hybrid substrates, for example, to surface modify polyeth-

ylene terephthalate(PET) films [66]. Bigan and coworkers evaluated a coupling

approach using a partially hydrolyzed polyethylene terephthalate copolymer that

contained terminal hydroxyl groups to react with the anhydride functionality of a

polystyrene-maleic anhydride copolymer in order to increase the hot melt proper-

ties of the polyethylene terephthalate substrate [66]. A blend of homopolymers and

graft copolymers was obtained as a cross-linked mass, as previously observed by

Rowland with modified celluloses [65].

Radiation-induced cross-linking such as gamma irradiation, electron beam, or

plasma-induced curing is another technique to form insoluble graft copolymers. For

instance, Abd-El-Rehim and coworkers grafted low-density polyethylene onto

polystyrene-maleic anhydride to form a membrane capable of removing heavy

metals from wastewater [67]. Their cross-linked product demonstrated a propensity

for binding Fe(III) ions at room temperature, as well as Cu(II) and Cr(III) at

70 �C [67].

In contrast, monosubstituted polymer molecules that contain a single reactive

site per chain are more desirable for generating soluble hybrid/grafted polymers

instead. Similar findings to the amino-functionalized isotactic polypropylene/sty-

rene-maleic anhydride graft copolymer system were obtained. In particular, Koning

and coworkers melt-blended (ɣ-aminopropyl)-polystyrene (PS) with a 71 mol%

styrene/29% maleic anhydride copolymer thereby providing the amino group of

one polymer to react with the maleic anhydride unit of the other polymer to form

imide linkages [68]. It was also noted that as the content of (ɣ-aminopropyl)-

polystyrene (PS) increased in the graft copolymer, a larger average particle size

was obtained for the dispersion.
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This graft copolymer was an effective compatibilizer for polystyrene-maleic

anhydride and poly(phenylene oxide) (PPO) blends, as well as blends containing

poly(acrylonitrile-co-butadiene-co-styrene) and poly[styrene-b-(ethylene-co-butyl-
ene)-b-styrene] triblock copolymer [68]. The resultant blends exhibited notably

improved impact strength in comparison to the control that consisted of just a

physical blend of the copolymers [68].

Given the wealth of information on styrene-maleic anhydride copolymers

derived from typical thermal free radical initiators available online and in book

chapters, the next section will focus on recent advances in the last two decades. For

example, newer techniques of “pseudo-living” free radical or controlled polymer-

ization methods by reversible-deactivation radical polymerization techniques have

arisen to generate a plethora of graft and block copolymers with unprecedented

control over their architecture.

5.12 Recent Advances in the Synthesis of Styrene-Maleic

Anhydride Copolymers by Controlled Free Radical

Polymerization

Controlled free radical polymerization techniques such as reversible-deactivation

radical polymerization methods have significantly advanced over the past 15 years

so that sophisticated polymeric architectures can be constructed. These include a

predetermined (co)monomer sequence for a particular section along the polymer

backbone, followed by the next section or block of monomer(s), and so on. Hence,

multiple blocks of different comonomers can be polymerized in sections along the

polymer chain. The key to this approach is the controlled switching of a living

polymerization between active and dormant states.

A living polymerization will continue until the monomer is completely con-

sumed. Then, the polymer-catalyst chain end enters its dormant state until a fresh

monomer is added. It then resumes its active polymerization and continues until the

catalyst is removed from the polymer chain end. This approach is limited, however,

by the type of monomer that can be employed for a given polymerization method-

ology, such as atom transfer, nitroxide-mediated, reversible addition-

fragmentation, or ring-opening metathesis polymerization, that will be discussed

in depth in Chap. 6.

Therefore, multiple approaches have been developed for constructing more

complex polymers such as graft and/or block copolymers in order to combine the

positive attributes of one polymer combination with another. Desirably, the hybrid-

ization of these two polymers into one chain will result in a synergy that is better

than the sum of the two parts. To do this requires a functional group that will

generate a free radical site by a trigger other than the typical thermal free radical

initiation event.
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5.12.1 Nitroxide-Mediated Polymerizations

One such approach to control free radical polymerization is nitroxide-mediated

radical polymerization (NMP). This strategy makes use of an alkoxyamine initiator

to produce polymers with narrow polydispersity index [69]. It is a category of the

reversible-deactivation radical polymerization (RDRP) mechanism, in which the

nitroxide functionality temporarily masks the chain end when no monomer is

present. Upon addition of fresh monomer and the right reaction conditions, it

reversibly detaches from the polymer chain end to enable polymerization

(Scheme 5.24b).

The initiating materials for NMP are a family of compounds referred to as

alkoxyamines generally based on TEMPO derivatives [72]. The utility of this
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Scheme 5.24 Reversible deactivation of growing polymer radical by nitroxide (adapted from

[70, 71])

5 Industrially Significant Copolymers Containing Maleic Anhydride 295



functional group is that under certain conditions, homolysis of the C–O bond can

occur, yielding a carbon radical which serves as an initiator for radical polymeri-

zation (Scheme 5.24a) and a stable nitroxide radical that serves to modulate the

polymerization (Scheme 5.24b) [72].

The reversible-deactivation radical polymerization (RDRP) mechanism by tem-

porarily end-capping the growing polymer chain end results in controlled molecular

weight and polydispersity by SEC. But more importantly, this technique enables the

construction of block copolymers that have been very difficult to synthesize by

conventional free radical methods.

For the purposes of NMP, the initiator typically contains sterically hindering

bulky R groups attached to the nitrogen to aid in bond dissociation, while the

alkoxy-amino group undergoes homolysis to generate a stable alkyl radical that

initiates polymerization. Once the alkyl radical initiates and the polymerization

proceeds, the nitroxide moiety modulates the rate of polymerization by reversible

attachment onto the growing chain to form a dormant adduct (Scheme 5.24b). This

results in an equilibrium between dormant and active states that preferentially

favors the dormant adduct [70, 71].

However, it still directs the repetitive dissociation of the nitroxide group from

the growing polymer chain end whenever a monomer is present and guarantees

consumption of residual monomers by active chains. Consequently, individual

polymer chains dissociate and polymerize at very similar rates, thereby creating a

uniform molecular weight and low polydispersity [73]. This rapid equilibrium also

inhibits permanent termination, as depicted in Scheme 5.25.

The stability of the nitroxide radical is a result of its unique structure. Typically,

the radical is portrayed on the oxygen atom, but another resonance structure exists

where the radical is on the nitrogen atom with a double bond to its attached oxygen

Dead Polymer Chains

P P Radical-Radical Termination

P C
+

P H

Disproportionation Termination

P X P + X
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Radical Species

Control Agent
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Scheme 5.25 Nitroxide-mediated radical polymerization mechanism (adapted from [73])
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(Scheme 5.26). In this form, it is stabilized by the bulky electron-donating groups in

the α-position [74, 75]. Electron-donating groups in the α-position help stabilize

this species. Therefore, this explains in part the need for methyl groups in the

α-position, as in the TEMPO molecule presented in Scheme 5.26.

The utility of this approach to generate polystyrene-maleic anhydride-grafted

polybutadiene or polyisoprene copolymers, using nitroxide-mediated processes to

graft polybutadiene or polyisoprene onto the Styrene-Maleic anhydride copolymer,

did indeed generate the desired graft copolymer; however, the polydispersity values

ranged from 2.0 at 30% conversion versus 5.6 at higher conversion values, clearly

indicating that a mixture of unreacted polyolefin, unreacted polystyrene-maleic

copolymer, and desired graft copolymer was formed [62].

The nitroxide-mediated polymerization reaction did not perform well from a

practical and industrial standpoint for the synthesis of this type of graft copolymer.

This behavior may in part be explained by the higher temperatures used for NMP.

In particular, the temperature may be as low as 90–115 �C, but are generally higher
for larger conversion values. This helps control the equilibrium toward free

nitroxide radicals, instead of the dormant species. Therefore, at these higher

temperatures, radical backbiting, disproportionation, and other side reactions can

occur to broaden the molecular weight distribution. Furthermore, the possible

presence of secondary amine impurities that may be present in the nitroxide catalyst

precludes its use in the personal care and pharmaceutical arenas because they can be

converted to nitrosamines, which are very potent carcinogenic inducers.

In 2010, Lessard and Maric demonstrated that a poly(styrene-co-maleic anhy-

dride-block)-polystyrene-block copolymer could be constructed with a polydisper-

sity index of 1.6 in a one-step process utilizing nitroxide-mediated polymerization

reaction (Scheme 5.27) [76]. While their polydispersities were improved over those

obtained from polyolefin-grafted polystyrene-co-maleic anhydride that could be as

high as 5.6 [77], they also observed a broadening in the molecular weight distribu-

tion/polydispersity from processes such as cross-linking and beta-scission side

reactions. The conversions were also typically poor, ranging from 30 to 50%,

and only oligomeric species were obtained in the 6–35 kDa range [76].

Garcia-Valdez and coworkers produced a hybrid polymer comprising chitosan

with polystyrene-co-maleic anhydride in supercritical carbon dioxide [78]. The

goal was to produce a solvent-free biodegradable graft copolymer based on a

O N

TEMPO

O
N

Scheme 5.26 Nitroxide-mediated radical resonance structures (adapted from [74, 75])
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chitosan frame with the aim to specifically control the release of acidic drugs. The

styrene-maleic copolymer attached to the chitosan scaffold still contains reactive

anhydride functionality that can further react with beneficial drugs for controlled

release within the human body [79–81].

The graft copolymerization of styrene-maleic anhydride onto chitosan was

carried out employing NMP in supercritical CO2 as the reaction solvent. A

preformed macroalkoxyamine TEMPO-functionalized chitosan (chitosan-

TEMPO) adduct was produced. This chitosan-TEMPO adduct can act as a macro-

initiator and a controller at the same time. The functionalization was performed

using a synthetic route recently reported by the Salvidar-Guerra group [77].

Moreover, this strategy targets the primary hydroxyl (OH) groups on the

chitosan biopolymer conserving the amino functionality required for complexation

to acidic drugs [79]. The graft copolymerization in supercritical CO2 was

performed because of its benign character and provides a solvent-free product

without any appreciable VOC content. The resulting material chitosan-graft-poly-

styrene-co-maleic-TEMPO exhibits a better thermal stability than chitosan itself

(Scheme 5.28).
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Scheme 5.27 Poly(styrene-co-maleic anhydride-block)-polystyrene-block copolymer by

nitroxide-mediated radical polymerization (adapted from [76])

298 M.A. Tallon and X.(J). Liu



5.12.2 Atom Transfer Radical Polymerization

Atom transfer radical polymerization, known as ATRP, is another strategy to

achieve molecular weight and polydispersity control in a free radical polymeriza-

tion [80]. In particular, it employs transition metal-based catalysts such as Cu, Fe,

Ni, Os, or Ru in the presence of an alkyl halide as an initiator (R-X).

This reversible process of the carbon-halide scission mediated by the metal

catalyst through a one-electron transfer from metal to initiator establishes an

equilibrium toward very low radical concentrations. Once the halide is attached

to a polymer chain end, the same metal helps catalyze polymer-halide scission to

yield an actively growing polymer chain end in the presence of monomers. The

molecular weight is dictated by the number of alkyl-halide molecules introduced as

these propagate between living/dormant polymer states (R-Polymer-Halide),

thereby producing polymers with comparable molecular weights and narrow

molecular weight distribution (Scheme 5.29) [80].

ATRP processes are very tolerant to different functional groups, such as amino,

allylic, epoxy, hydroxyl, or vinyl groups, present in either the monomer or the

initiator [82]. ATRP techniques are also useful due to the commercially available

reagents and inexpensive catalysts (copper complexes) [80–84]. However, ATRP

techniques tend to suffer from incomplete conversion of monomer into polymer,

resulting in high residual monomer levels (typically around 5–15%), so this process

has not yet achieved commercial success.
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polymerization (adapted from [77])

5 Industrially Significant Copolymers Containing Maleic Anhydride 299



5.12.3 Reversible Addition-Fragmentation Chain Transfer

Yet another approach to control free radical polymerization is reversible addition-

fragmentation chain transfer, or RAFT, polymerization. RAFT, like NMP and

ATRP, is a form of living radical polymerization employing conventional free

radical processes in the presence of a suitable chain transfer (RAFT) reagent.

RAFT technology can be employed with a wide range of commercial monomers

by all modes of free radical polymerization (solution, emulsion, and suspension).

It employs a reversible chain transfer agent to control the molecular weight and

polydispersity. RAFT polymerizations typically employ thiocarbonylthio com-

pounds [85], such as thiocarbamates, xanthates, and dithioesters to control the

polymerization by a reversible chain transfer mechanism (Scheme 5.30b).

RAFT has provided a route for the construction of a multitude of polymers with

varying functionality and architectures. Synthesis of block copolymers by RAFT has

garnered noteworthy attention due to the impediments with conventional method-

ologies. RAFT polymerization is a versatile route due to its compatibility with many

functional monomers and solvents, along with its relative ease of use. This has

resulted in the preparation of block copolymers with targeted molecular weight and

narrow molecular weight distribution can be achieved (Scheme 5.30) [86–89].

Some disadvantages are that the specific RAFT agent is only suitable for a

limited set of monomers; it requires laborious synthetic schemes and requisite

purification steps [90]. RAFT agents are also unstable when stored for extended

time periods, are highly colored, and are odoriferous yielding sulfur compounds.

These shortcomings are unacceptable in certain products and applications such as

personal care, oral care, and pharmaceutical industries.

Historically, there is no “universal” RAFT agent capable of preparing block

copolymers comprised of lower activity lactam monomers such as N-vinylpyr-
rolidone, N-vinylcarbazole, or vinyl acetate, along with more active monomers

such as (meth)acrylates or styrene. However, with the development of a new class

of stimuli-responsive, “pH-switchable” RAFT agents, polymethyl methacrylate/

O
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Scheme 5.29 Polystyrene block formed from atom transfer radical polymerization (ATRP)

(adapted from [80])
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styrene-block-poly(vinyl acetate) copolymers with narrow molecular weight distri-

butions can be readily achieved [91, 92].

The Monteiro group in the Netherlands demonstrated that RAFT could be

employed for styrene and maleic anhydride copolymerizations [93]. The product

exhibited a narrow polydispersity with a predictable molecular weight. More

importantly, they demonstrated that the colored, labile dithioester functionality in

the product could be removed by UV irradiation [93]. This tactic eliminates two

disadvantages when using RAFT. In particular, the odor and color from the

dithioester moiety are removed from the polymer after polymerization is complete.

Tandem techniques using NMP or ATRP followed by RAFT are now generating

interest to construct polymers that have previously been problematic [75, 90–

96]. Similarly, reactive polymer chain ends that can be further modified to include

a RAFT terminus post-polymerization are being constructed, such as that outlined

in Scheme 5.31, which provides alternative routes to use RAFT with preformed

polymers as macro-initiators.
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Scheme 5.30 Reversible addition-fragmentation chain transfer (RAFT) mechanism (adapted

from [86])
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Some authors propose that RAFT copolymerization with styrene and maleic

anhydride does not require more rigorous polymerization requirements than con-

ventional free radical methodologies [97–99]. For example, a RAFT macro-

initiator comprising a polyolefin block was prepared from Kraton L-1203, com-

posed from polyethylene-butylene-(polyethylene-butylene), to prepare block

copolymers (Scheme 5.31a). The second block consisted of either polystyrene

(PS) or poly(styrene-co-maleic anhydride) (Scheme 5.31b) [91]. The labile

dithioester was later removed by UV photolysis and further irradiated to produce

triblock and star-shaped polymers [89].

Maleic anhydride itself does not homopolymerize, while its copolymerization

with styrene favors a more alternating character, as evidenced by the reported

reactivity ratios in Chapter 4. Convincing evidence was published in 1994 indicat-

ing that the styrene-maleic anhydride copolymerization obeys the penultimate unit

model [89]. It was therefore proposed that a substantial mass of the propagating

radicals bear a terminal styrene unit during the polymerization because of
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resonance of the terminal radical into the phenyl ring as judged by its slower

propagation.

As displayed in Table 5.17 (experiments 3–5), three styrene-maleic anhydride

copolymerizations were performed under analogous conditions except to the RAFT

agent employed and the monomer concentrations utilized [91]. The control exper-

iment without the RAFT agent became turbid after a minute conversion due to

solvent incompatibility (experiment 3). In contrast, the experiment with the RAFT

agent remained in solution throughout the entire polymerization (number 4 in

Table 5.17). GPC analysis of the final sample indicated a number-average molec-

ular weight of 4.1 kDa, with a polydispersity of 1.06. This molecular weight is close

to the expected theoretical value of 4.4 kDa, thereby indicating a well-mannered

RAFT polymerization scheme.

Themacromolecular RAFT agent (Scheme 5.31b; experiment 5 in Table 5.17) also

enabled the preparation of a narrow polydispersity poly(ethylene-co-butylene)-block-
(styrene-co-maleic anhydride) polymer. The final product, a pink powder, has a

molecular weight close to the predicted value of 11 kDa and a polydispersity of 1.12.

The examples provided clearly indicate that well-defined molecular weights and

narrow polydispersity poly(ethylene-butylene)-block-(styrene-maleic anhydride)

copolymers can be prepared by RAFT. Further, UV irradiation also removes the

labile dithiobenzoate group thereby providing for less odor and color in the final

product. Consequently, it is expected that these types of polymers are to be more

useful in coating applications than previous versions.

5.12.4 Production of Styrene-Maleic Anhydride/N-Vinyl
Pyrrolidone Gradient Terpolymers by RAFT

In this chapter, the free radical copolymerization of styrene and maleic anhydride

with N-vinylpyrrolidone will be discussed and compared to the vinyl pyrrolidone-

maleic and styrene-maleic copolymers that have been previously discussed in

Sects. 5.8 and 5.9. Both proceed through charge-transfer mechanisms to produce

alternating copolymers. However, what would happen if you combine the electron

donors styrene and N-vinylpyrrolidone with the electron acceptor maleic anhydride

as illustrated in Scheme 5.32. Do you obtain a blend of individual copolymers or a

Table 5.17 Properties of polyolefin-block-styrene-maleic copolymers by RAFT [89, 91]

Exp

#

RAFT

agent

molar conc.

Styrene

molar conc.

Maleic

anhydride

molar conc.

Mn

(kDa)

Mw/

Mn

%

conversion

Theo. Mn

(kDa)

1 1.0 2.0 10 1.18 21 10

2 1.0 4.8 23 1.20 28 20

3 None 1.0 1.0 >2000 – – –

4 2.6 1.0 1.0 4.1 1.06 57 4.4

5 1.3 0.5 0.5 11 1.12 62 12
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terpolymer? If a terpolymer is produced, is it a statistical distribution of styrene-

maleic units to N-vinylpyrrolidone-maleic anhydride units, or does one obtain a

more complex architecture?

These interesting questions have been answered by several authors using free

radical, RAFT, and ATRP polymerization mechanisms [89, 96]. Here we will focus

on the RAFT approach since these methods predominantly yield the same end

result. One can first start with the individual monomer reactivity toward free radical

polymerization to evaluate how a copolymerization will proceed. Measuring the

reactivity ratios of the monomers is well known in the literature [100], and these

values are summarized in Table 5.18 [101–103].

The monomer reactivity ratios r1 and r2 are the ratios of the rate constants for a
given radical adding its own monomer (homopropagation/homopolymerization) to

that of the other monomer (cross-propagation/copolymerization) (Eq. (5.1)). Thus,

r1> 1 means that the radical M1 prefers to add to itself rather than monomer M2;

r1< 1 means that monomerM1 prefers to add toM2. In the system maleic anhydride

(M1) and styrene (M2), for example, where r1¼ 0.005 and r2¼ 0.05, the maleic

anhydride radical prefers to react 200 times faster with the styrene monomer than

Table 5.18 Monomer reactivity ratios for maleic anhydride, styrene, and N-vinylpyrrolidone
(adapted from [101–103])

Copolymer r1 r2 r1·r2

Maleic anhydride/styrene 0.005 0.05 2.5� 10�4

Maleic anhydride/N-vinylpyrrolidone 0.08 0.16 1� 10�2

Styrene/N-vinylpyrrolidone 15.7 0.05 0.79

Styrene/N-vinylpyrrolidone
Using γ-ray irradiation

0 0 0

N O

OO O

N-Vinyl-Pyrrolidone
Maleic Anhydride

+

OO O

y

+

Styrene

NO

H2C
x

H2C

OO O

Poly(maleic-styrene-vinyl-pyrrolidone)
Terpolymer

Scheme 5.32 Formation of poly(styrene-co-maleic anhydride-co-N-vinyl-2-pyrrolidone) terpolymer
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itself, while the styrene radical prefers to react 20 times faster with the maleic

anhydride monomer than itself:

r1 ¼ kM1�M1

kM1�M2

and r2 ¼ kM2�M2

kM2�M1

ð5:1Þ

d M1½ �
d M2½ � ¼

M1½ � r1 M1½ � þ M2½ �ð Þ
M2½ � M1½ � þ r2 M2½ �ð Þ ð5:2Þ

Note that the reactivity ratio is unit-less (Eq. (5.1)), so it does not indicate the

absolute value of the rate, such as how quickly it polymerizes in real time.

Likewise, it does not take into consideration the mole fraction of each of the

monomers present in the polymerization reaction. These must be included for an

absolute rate to be determined as shown in Eq. (5.2). This equation, known as the

copolymerization equation or copolymer composition equation, indicates the mole

fraction of the two monomers within the bulk copolymer.

Even though the styrene radical would rather add to itself and make blocks of

polystyrene rather than copolymerize with vinyl pyrrolidone, (15.7 versus 0.05 in

Table 5.18, respectively), Hu and Zhang demonstrated that in the presence of

maleic anhydride, styrene and vinyl pyrrolidone homopolymerization/copolymer-

ization were both negligible (<1%) over 10 h, but both monomers copolymerize to

>55% conversion with maleic anhydride [48].

The authors also determined the equilibrium constants and reactivity ratios for

each charge-transfer complex of styrene-maleic anhydride units and N-vinylpyr-
rolidone-maleic anhydride units that they designated as styrene-maleic anhydride

charge-transfer complex 1 (CTC1) and N-vinylpyrrolidone-maleic anhydride

charge-transfer complex 2 (CTC2) (Table 5.19).

The practical relevance of the charge-transfer equilibrium constants in

Table 5.19 would indicate that at the start of a batch polymerization containing

0.125 mol% styrene, 0.125 mol% vinyl pyrrolidone, and 0.5 mol% maleic anhy-

dride, the initial polymerization kinetics would favor blocks of styrene-maleic

anhydride to be constructed first until this charge-transfer complex (CTC1) was

consumed and then vinyl pyrrolidone-maleic (CTC2) blocks would be added. In

summary, a gradient copolymer of (styrene-maleic anhydride)-(vinyl pyrrolidone-

maleic anhydride) should be formed.

Table 5.19 Charge-transfer equilibrium constants and reactivity ratios for styrene-maleic anhy-

dride charge-transfer complex 1 (CTC1) and N-vinylpyrrolidone-maleic anhydride charge-transfer

complex 2 (CTC2) (adapted from [48])

Monomer pair forming CTC Keq (L/mol) at 293.2 K in

CHCl3

Reactivity ratio of

CTC

Styrene-maleic anhydride-(CTC1) 31� 10�2 rCTC1¼ 0.17� 0.01

N-vinyl pyrrolidone-maleic anhydride

(CTC2)

3.57� 10�2 rCTC2¼ 4.20� 0.34
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However, Hu and Zhang obtained the opposite result, where a poly(vinyl

pyrrolidone-maleic anhydride) copolymer was formed at earlier conversions

[48]. This finding highlighted an oversight in just using the equilibrium constants

of the charge-transfer complexes to predict the outcome of the polymerization.

In this case, despite the 1000-fold higher concentration of styrene-maleic anhydride

(CTC1) over vinyl pyrrolidone-maleic anhydride (CTC2) present in the medium,

once vinyl pyrrolidone was incorporated into the polymer, the vinyl pyrrolidone-

maleic anhydride CTC2 radical would rather homopropagate than cross-propagate to

a styrene-maleicCTC1. Likewise, styrene-maleicCTC1would rather cross-propagate

to vinyl pyrrolidone-maleic anhydride CTC2 than homopropagate with itself,

such as styrene-maleic CTC1.

A gradient terpolymer comprised of poly(vinyl pyrrolidone-maleic anhydride)

units is formed first, followed by alternating (vinyl pyrrolidone-maleic anhydride)-

(styrene-maleic anhydride) units in the center, and lastly (styrene-maleic anhy-

dride) sequences at the end [104–107]. This underscores the importance of not only

the equilibrium concentration of the charge-transfer complex present in this reac-

tion but a knowledge of the rate constants and reactivity ratios for each of the

charge-transfer complex needs to be known to truly predict the outcome of a

particular terpolymerization.

Schematically, this is displayed in Scheme 5.33 where at the beginning of the

reaction there is a very high level of styrene-maleic anhydride charge-transfer

Initiation:

Propagation:

Scheme 5.33 Equilibrium concentration of (maleic anhydride-styrene) CTC1 versus (maleic

anhydride-vinyl pyrrolidone) CTC2 during initiation versus propagation (adapted from [48])
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complex CTC1 over that of vinyl pyrrolidone-maleic anhydride charge-transfer

complex CTC2. Upon γ-irradiation, both charge-transfer complexes enter into their

excited triplet state for polymerization to ensue (Scheme 5.33a, b). However, there

is a disproportionately higher level of styrene-maleic anhydride charge-transfer

complex CTC1 present over vinyl pyrrolidone-maleic anhydride charge-transfer

complex CTC2 so that homopropagation of CTC1 should ensue (Scheme 5.33c).

But once the (styrene-maleic) CTC1 cross-propagates to the (vinyl pyrrolidone-

maleic anhydride), homopolymerization of CTC2 ensues instead. Likewise, the

(vinyl pyrrolidone-maleic anhydride) units would rather homopolymerize with

itself then cross-propagate to CTC1 (Scheme 5.33d). In the end, both initiating

charge-transfer complexes predominantly make the same polymers (Scheme 5.33e,

f), where a gradient distribution of poly(vinyl pyrrolidone-maleic anhydride)

blocks, followed by alternating (polystyrene-maleic anhydride-vinyl pyrrolidone-

maleic) sequences and by (styrene-maleic anhydride) blocks, is constructed.

In conclusion, this chapter has covered styrene-maleic anhydride copolymers by

free radical, ATRP, RAFT, and NMP techniques. The versatile nature of the

anhydride functionality within this monomer enables one to derivatize this mole-

cule after copolymerization thereby tailoring the functionality required for a par-

ticular application discussed. In general, the maleic unit can be employed as a metal

chelant, an adhesive promoter to metals. It can also introduce specific thermoplastic

properties into copolymers, such as high heat resistance.

The maleic anhydride monomer does not readily homopolymerize into high-

molecular-weight polymers, but rather into oligomers when extremes are

employed. However, it does readily copolymerize with electron-donor monomers

through a charge-transfer complex by free radical, ATRP, RAFT, and NMP tech-

niques. These donor monomers include styrene, acrylates, methacrylates, acrylam-

ides, methacrylamides, α-olefins (such as ethylene, propylene, and longer-chain

analogs), vinyl amides, vinyl lactams, and vinyl esters to name a few.

Under the right set of conditions, this charge-transfer complex can yield a highly

alternating comonomer sequence along the whole polymeric backbone or in sec-

tions of the polymer if desired. The charge-transfer complex can govern the

polymerization kinetics to overshadow the individual monomer’s reactivity ratios

and completely alter the sequence distribution of terpolymerizations as well.

Since the 1950s, maleic anhydride copolymers have continued to fascinate

scientists, and its uses continually rise year after year. This is a testament to the

versatility of this monomer and the properties it brings. This simple molecule rests

in a very special place for chemists and will continue to generate both small and

polymeric materials for years to come!
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Chapter 6

Ring-Opening Metathesis Polymerization

(ROMP) Using Maleic Anhydride-Based

Monomers

Michael A. Tallon

6.1 Introduction to Ring-Opening Metathesis

Polymerization (ROMP) Using Maleic Anhydride-

Based Monomers

In the 1950s, olefin metathesis reactions were intensely investigated as a new route

for carbon–carbon bond formation. These reactions used acyclic dienes that were

capable of coupling to each other enabling formation of longer linear olefin

molecules. Such approaches could also be employed to form simple hydrocarbon-

based polymers. This process was referred to as the acyclic diene metathesis

(ADMET) polycondensation process that was further developed by the Wagener

group [1]. By the 1960s, ring-opening metathesis polymerization, better known as

ROMP, was developed as a derivative of these early olefin metathesis reactions [2].

The ROMP polymerization of bicyclic monomers, like norbornene and

oxanorbornene, has been intensively studied using a variety of catalysts [3, 4]. Tran-

sition metal catalyst systems based on WCl6, MoCl5, and OsCl3 that were in situ

alkylated with Ph4Sn to activate the catalyst were employed in these earlier catalyst

systems. These catalytic methods suffered from poor reproducibility in terms of

molecular weight and chain length distribution. In addition, they were especially

sensitive to the functional groups present within the monomer [5]. The oxidation

state of the catalysts also influenced the level of cis/trans isomerization products

obtained. For instance, RuCl5 produced high cis content (54%) ROMP polymers,

while RuCl3 generated highly trans-ROMP polymers (89%) [3, 6].

Newer ROMP catalysts have been developed based on ruthenium [7] and

molybdenum [5] for the production of ROMP polymers. Even attachment of the

ROMP catalyst to solid supports for easier removal from the medium has been
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achieved [8]. Reported uses of such polymers include thermosetting resins [6],

elevated Tg polymers [3], materials exhibiting high heat impact strength and unique

flexural properties [4], new membrane materials [9], new hair care polymers and

cosmetic compositions [10], and polymers with potential drug delivery or antimi-

crobial properties via cell permeability [11].

6.1.1 ROMP Mechanism

In the production of ROMP polymers, a polyunsaturated backbone is constructed.

Differing physical properties are expected, often based on the level of cis versus
trans double bonds present within the polymer, which are controlled by the catalyst.

Catalyst/monomer systems exhibiting exclusively cis double bonds [12–21], or

entirely trans double bonds [22–25], or mixtures of both have been reported [26–

28]. Consequently, one can construct many different polymeric architectures for the

same monomer depending on which catalyst is employed.

The microstructure/tacticity of norbornene- and oxanorbornene-based ROMP

polymers can also influence the resultant physical properties [5, 8, 29–34]. This

section will introduce the reader to ROMP, with all of its intricacies, focusing on

maleic anhydride-based ROMP monomers and their resultant polymers.

ROMP is a catalytic polymerization process. This process involves a transition

metal catalyst that joins the next incoming cyclic monomer onto the growing

polymer end, as depicted in Scheme 6.1 [35–45]. The motivating force for the

polymerization process is the release of ring strain. As the process proceeds, the

cyclic monomer attaches to the growing polymer end, resulting in ring opening of

the cyclic monomer, thereby enhancing the growth of the newly forming linear

polyunsaturated polymer. Likewise when bicyclic monomers are used in ROMP,

they form a polyunsaturated polycyclic polymer (Scheme 6.2).

Mechanistically, first elucidated by Chauvin and Herisson, the metal alkylidene

catalyst complexes the incoming monomer, see Schemes 6.1a and 6.2a. A [2 + 2]

cycloaddition involving the metal alkylidene and the monomer establishes the

metallocyclobutane transition state as presented in Schemes 6.1b and 6.2b. The

orientation of the R-group relative to the incoming monomer will dictate if the new

double bond is cis or trans once the metallocyclobutane transition state is formed;

see Schemes 6.1b and 6.2b [46].

Note that the cis orientation has been constructed in Scheme 6.1b, while the

trans configuration has been formed in Scheme 6.2b. Upon cycloreversion and

thereby ring opening, the cyclobutane transition state relieves its ring stress. A cis
double bond is formed along the polymeric backbone in Scheme 6.1c, while a trans
double bond is formed in Scheme 6.2c.

The subsequent monomers are added by the same mechanism over and over

again; see Schemes 6.1d and 6.2d. The polymerization process is complete upon

monomer exhaustion; see Schemes 6.1e and 6.2e. Yves Chauvin, Robert H. Grubbs,

and Richard R. Schrock were awarded the 2005 Nobel Prize in Chemistry for their
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efforts in the field of metathesis reactions, further signifying the impact of this field

of science.

This deceptively simple reaction scheme can result in rather complex polymeric

architectures. The beauty of ROMP arises in the ease of forming these complex

block copolymers. Otherwise, such polymeric structures would be extremely diffi-

cult to construct with classical free radical, anionic, or cationic polymerization

methods.

ROMP does not suffer from a true termination process, unlike classical poly-

merization methods. ROMP is classified under the reversible activation/deactiva-

tion polymerization process, more commonly known, but erroneously defined, as

“living polymerization” methods. Such methods include reversible addition–frag-

mentation transfer (RAFT), atom transfer radical polymerization (ATRP), and

nitroxide-mediated polymerization (NMP). Unfortunately, these “living” methods

tend to suffer from high residual monomer levels or either toxic, highly colored, and

odiferous catalysts species [47–84].

Metal
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Ligands

Z

Z

A) B) C)

D)E)

ZMetal

Ligands
Z

H H

Metal

Ligands

Z

Cycloreversion
resulting in

Relief of Ring-Strain
cis-configuration

2nd cis-double
bond

Coordination [2+2] Cycloaddition
forming a

metallacyclobutane
intermediate

cis-configuration

Next monomer
coordinates with
metal alkylidene

Z= Polymer

Metal

Ligands

Scheme 6.1 Stepwise ROMP polymerization for monocyclic monomers through a metallo-

cyclobutane transition-state forming cis double bonds

6 Ring-Opening Metathesis Polymerization (ROMP) Using Maleic Anhydride-Based. . . 313



6.1.2 Initial Monomers Used in ROMP

Despite being superior in monomer conversion, ROMP can only use a limited

number of monomers. These monomers must possess a highly strained cyclic ring

structure to demonstrate utility. Examples include cyclobutene, cyclopentene, cis
cyclooctene, and bicyclic structures like 1,2-cyclopentanyl-cyclobutene,

norbornene, and oxanorbornene; see Fig. 6.1. Given this requirement for a highly

strained ring structure, typical commercial monomers cannot be employed by

ROMP. This has slowed the commercial influence of ROMP polymerization

processes.
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6.1.3 Catalyst Choice

While a number of transition metal-based catalysts have been elucidated for use in

ROMP, two major types come to the forefront. First, the highly active Schrock-type

catalysts based on tungsten or molybdenum exhibit outstanding cis/trans selectiv-

ity. These catalysts are sensitive to the type of functional groups present in the

ROMP monomer, as well as to the presence of oxygen and moisture; see Figs. 6.2

and 6.3 [2, 35, 36]. These catalysts can virtually form exclusively cis or trans
double bonds, by the strategic selection of ligands attached to the metal–carbene

catalyst.

Second, the Grubbs-type ruthenium catalysts are generally considered superior

due to their tolerance of functional groups. However, these catalysts lack cis/trans

control [37–43]. Three generations of Grubbs ruthenium catalysts have received

much attention. The focus of these catalysts originates from the lack of required

special equipment and conditions, such as deoxygenation and scrupulous removal

of moisture from reagents.
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Depicted in Fig. 6.4 are the chemical structures for first-generation (A), second-

generation (B), Hoveyda–Grubbs (C), and third-generation (D)Grubbs catalyst classes.

The first-generation catalyst is known to initiate much slower than second-

generation Grubbs catalyst. First-generation catalysts generally form higher trans-

containing polymers that are more extended and more accessible to further trans-

formations. This accessibility is extremely important since attachment of larger

molecules onto ROMP polymers enables the construction of a variety of new poly-

meric materials. This approach is more facile than trying to polymerize a

pre-derivatized monomer comprising this functionality from just steric factors

alone. The blue arrows in Fig. 6.4 denote the electron-donating character of the ligand

functionality, which promotes the dissociation of one of the ligands, such as tricloco-

hexylphosphine or bromopyridine, to produce the activated form of the catalyst.

Another interesting feature of the phosphine ligand is its large cone angle. This

spatial arrangement can hinder complexation of the incoming monomer, which can

negatively affect the overall rate of initiation, as well as decrease the polymeriza-

tion rate; see Fig. 6.5. In particular, half of the metal’s coordination sphere is

occupied by the tris-cyclohexyl groups 179�, whereas smaller ligands like the

tris-methyl groups only occupy 118� [85].
Initiation of ROMP can take several hours to days to proceed with first-

generation catalyst. Conversely, second-generation Grubbs catalyst only takes

several minutes. This disparity arises from slower detachment of the phosphine

ligand from the dormant catalyst in the first-generation class. Replacement by a

more electron-donating NHC ligand, like that in second-generation catalyst, not
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Mo

N

O

O

R

R Mo

N

O

O

R

R

Molybdenum-carbene Schrock Catalysts

R= C(CH3)3 , C-CF3(CH3)2 , C-(CF3 )2 CH3

Fig. 6.3 Molybdenum carbene Schrock catalysts used in ROMP polymerization (Adapted from [2])

316 M.A. Tallon



only promotes the uncoupling of the phosphine ligand from the quiescent catalyst to

form the activated catalytic entity involved in ROMP (Fig. 6.6) but also enhances

complexation to the olefinic ROMP monomer [41–43, 46].
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This mechanism has been thoroughly studied and was found to proceed by the

initial detachment of the phosphine moiety to form a 14-electron Ru intermediate;

see Fig. 6.6 [86, 87]. After the ligand dissociates, the olefinic substrate (ROMP

monomer) coordinates to the ruthenium to give a 16-electron complex. A

metallocyclobutane ring is then formed through coupling of the olefin and the

alkylidene moiety within the ruthenium coordination sphere. Note that this disso-

ciation is an equilibrium process as denoted by the double arrows in Fig. 6.6. The

phosphine ligand can reunite with the active catalytic entity to restore it to its

resting state. Hence, any ligand that stabilizes the active catalytic species will

enable an enhanced ROMP initiation. The electron-donating character of the

NHC ligand is expected to initiate quicker than first-generation Grubbs catalyst,

as illustrated by the blue arrow in Fig. 6.5b.

The first-generation Grubbs catalyst is a five-coordinate, 16-electron, Ru com-

plex exhibiting a slightly distorted square pyramidal geometry with the alkylidene

Fig. 6.6 Chemical structures for dormant first-generation catalyst and dissociated form of the

active Grubbs catalyst involved in ROMP
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group occupying the apex; see Fig. 6.6 [86, 87]. Exchange of one phosphine ligand

with a bulky N-heterocyclic carbene (NHC) ligand was found to enhance activity

and selectivity in several olefin metathesis reactions. Catalysts derived from both

unsaturated and saturated NHC ligands were investigated. Both exhibited very good

metathesis activity [42]. The electron-donating character of the NHC ligand tends

to stabilize the active catalyst as depicted by the blue arrow in Fig. 6.6. Hence, its

equilibrium value is further to the dissociated activate form than the first-generation

catalyst that is further to its associated dormant form.

Inclusion of the NHC ligands into the catalyst also improves the air and thermal

stability of the complexes, enhancing their resistance to oxidation. NHCs ligands

tend to provide stronger association to the ruthenium center than their phosphine

counterparts and thereby remain attached to the metal center throughout the ROMP

process. For several metals, the exchange of phosphines with NHC ligands pro-

ceeds readily and doesn’t require the NHC ligand to be present in excess. The

Hoveyda–Grubbs catalyst provides even more stability; see Fig. 6.4c.

To overcome the slower initiation by first-generation catalysts, larger amounts of

first-generation catalyst can be used. Unfortunately, these increased quantities alter

the average molecular weight of the resultant polymer, as well as enhance the levels

of residual of Ru catalyst present upon reaction completion. High levels of both

heavy-metal-based ruthenium and phosphine compounds can be troublesome in

certain commercial sectors (such as personal care products and pharmaceutical

arenas).

The initiation step of both Grubbs first-generation, second-generation, and

Hoveyda–Grubbs catalysts has been further improved by the replacement of the

phosphine ligand with weakly bound heterocyclic ligands. This 18-electron

bis-pyridine adduct possesses a very high initiation rate and is often referred to as

the Grubbs third-generation catalyst; see Fig. 6.7. Under vacuum, one pyridine

ligand decoordinates, with formation of the active mono-pyridine complex forming

the third-generation Grubbs catalyst class.

It is reported to initiate a millionfold quicker than first-generation catalysts in

ROMP [28, 88, 89]. An additional advantage of the strong bonding of NHC ligands

to the catalyst metal center is that immobilization of catalysts can be achieved by

the use of anchored NHCs ligands. Blechert and coworkers fastened the NHC

ligand to a Merrifield resin through an ether linkage, affording the second-

generation Grubbs [89] and the Hoveyda–Grubbs [90] catalysts, respectively.

Both immobilized catalysts still exhibited moderate activity in ROMP, and their

recoverability makes them attractive recyclable alternative catalysts too. Despite

the development of over 400 ruthenium catalyst compounds, there continues to be a

need for improved ROMP catalysts.
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6.1.4 ROMP Polymerization Stages

The efficiency of ROMP reactions results in >99% monomer conversion into

ROMP polymers, whose molecular weight or chain length can be simply controlled

by the monomer/catalyst ratio used. These ROMP polymers typically exhibit low

polydispersity (Pd) values, or variability in chain length, approaching two or less.

ROMP polymers also contain a polyunsaturated backbone, whose cis/trans levels

can be determined by the catalyst selection [2, 35–45]. To increase the thermal and

redox stability of ROMP polymers, hydrogenation of the polyunsaturated polymer

products is often employed.

Similar to classical polymerization techniques, such as free radical, a ROMP

polymerization exhibits three stages: initiation, propagation, and termination; see

Scheme 6.3. Under normal circumstances, termination requires a “quenching step,”
such as an addition of ethyl vinyl ether, to detach the polymer chain end from the

metal catalyst. Without this addition, the ROMP polymerization enters a dormant or

deactivated stage. Dormancy usually only lasts for days or weeks.

Side reactions can occur that inactivate the catalyst system. For example, cross-

metathesis side reactions not only broaden the molecular weight distribution during

the polymerization, analogous to chain transfer in classical systems (see

Scheme 6.4), but can also lead to the formation of catalyst dimers that are no longer

active (see Scheme 6.3b).

Cross-metathesis side reactions can occur between two polymer chains (see

Scheme 6.4), which can result in cyclic oligomers and in linear polymer fragments.

The net effect is a broadening of the molecular weight distribution. It should be

noted that intermolecular cross-metathesis can result in linear polymer fragments,

while intramolecular cross-metathesis can result in cyclic oligomers and linear

polymer by-products. While these side reactions are slow in the presence of

monomer during ROMP polymerizations, they do become more dominant during

dormant stages or upon storage where the presence of monomer is minimal. It is

critical to remove the metal catalyst as soon as possible to prevent these unwanted

by-products [2].
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6.1.5 Synthesis of Random Versus Block Copolymers
by ROMP

Excellent control over the polymeric hierarchy is possible with ROMP processes. In

a representative ROMP process at ambient temperature, monomer is solubilized in

solvent, such as THF, and subsequently the catalyst is added with constant stirring.

An increase in viscosity of the solution is usually observed during the first 12 h of

the reaction. The reaction is quenched by adding ethyl vinyl ether for an additional

30 min; see Scheme 6.5a. The polymer can then be isolated if desired by precip-

itation and dried.

To obtain a block copolymer, the same protocol is used as outlined above. In this

case, the ROMP polymerization is not quenched. The first monomer is allowed to

be completely consumed. A second monomer is put into the ROMP polymerization

solution to enable the construction of the second block. Because of the living nature

of ROMP polymerizations, this process is facile; see Scheme 6.5b. In fact, one can

continue to construct a third- or higher-order block sequence in a similar fashion.

In contrast, a random copolymer can be constructed by simply mixing the

individual monomers beforehand. The mixed monomers are then added to the

ROMP catalyst for polymerization; see Scheme 6.5c. This process continues with

the typical protocol of quenching and isolation as described. It becomes readily

apparent that ROMP polymers with multiple segments of blocks or random features

can be constructed as desired. This flexibility gives synthetic rise to exceptional

control of the overall polymer hierarchy in ROMP polymerizations.
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Scheme 6.4 Cross-metathesis side reactions during ROMP and storage (Adapted from

Sutthasupa, S.; Shiotsuki, M., Sanda, F., Polymer Journal, 2010, 42, p 905. Copyright 2010

with permission from Nature Publishing Group)
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Other tactics include atom transfer radical polymerization (ATRP), reversible

addition–fragmentation chain transfer polymerization (RAFT), and nitroxide-

mediated polymerization (NMP) which are examples of controlled free radical

“living” polymerization techniques. These methods are also described as reversible

deactivation techniques. These procedures rely on surrogate molecules, such as

nitroxide (NMP), dithioesters or thiocarbamates (RAFT), alkyl halides, and transi-

tion metal catalyst (ATRP) systems, to achieve control over the living polymeri-

zations. However, these systems are not as flexible as ROMP for a number of

reasons. ROMP can achieve monomer consumption values up to 99+%, while these

techniques are generally around 85–90%.

The additives employed in NMP, RAFT, and ATRP are sometimes odoriferous

as RAFT agents, toxic as nitroxide agents, or corrosive and toxic as ATRP agents,

and they are not as attractive as ROMP catalysts that can be selectively removed at

the end of polymerization. However, ROMP does require an additional hydroge-

nation step to produce a saturated oxygen/thermally stable polymer. Nevertheless,

ROMP catalysts can be recycled several times to perform multiple polymerization

reactions thereby making them more efficient catalytic systems as a whole.

Scheme 6.5 Synthesis of ROMP (a) homopolymer, (b) ROMP block copolymer, (c) ROMP

random copolymer
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6.1.6 ROMP Monomers Based on Maleic Anhydride or Its
Derivatives

One strategy to the formation of ROMP monomers is achieved by the Diels–Alder

cycloaddition reaction of dienophiles (maleic anhydride or dialkyl maleates), with

furan or cyclohexadiene, for the production of 7-oxanorbornene and norbornene

derivatives. These (oxa)norbornene monomers contain a highly tensioned bicyclic

ring and are mild reagents for ring-opening metathesis polymerization (ROMP),

enabling the formation of functionalized unsaturated polymers that can be further

derivatized [3–10].

The mechanistic details of Diels–Alder cycloaddition reactions involving rele-

vant derivatives of maleic anhydride were discussed in Sec. 2.6. Endo selectivity is
usually higher for rigid dienophiles like maleic anhydride (see Schemes 6.6 and 6.7)

and is the favorable kinetic isomer. The addition of heat results in isomerization

into the thermodynamically favored exo isomer.

This arises because of the geometrical orientation of cyclopentadiene with maleic

anhydride. The two molecules approach each other as depicted in Scheme 6.6a, as

this provides maximal overlap of the pi-bonds between the two reactants and favors
formation of an initial pi-complex resulting in the kinetic endo product. In addition,
dipolar and van der Waals attractions influence this effect [91, 92].

A multitude of new monomers useful for ring-opening metathesis polymerization

can be made from conjugated dienes, such as cyclopentadiene when using maleic

anhydride; see Scheme 6.6. Other derivatives such as its esters from dialkyl maleates,

amides, or maleimides are also available. 7-Oxanorbornene derivatives from furan are

presented in Scheme 6.7. Other useful monomers include thiophene- or pyran-based

derivatives; see Scheme 6.8a, b. However, the thiophene adducts require extremes of
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temperature and pressure to obtain moderate 37–47% yields of Diels–Alder adduct

[93]. These molecules can be further reacted to form a host of derivatives such as the

diacid, mono- and di-alkali salts, esters, amides, imides, and more.

ROMP monomers constructed from maleic anhydride have a fixed geometry such

as endo,endo or exo,exo with respect to the substituent carbonyl groups. Derivatives

of either maleic or fumaric can be constructed that are endo, exo, and exo, endo that

contain acid groups, ester groups, amic acid, and imide functionality. In most cases,

these monomers have additional stereochemical complexity. These monomers are

either prochiral or chiral and can exist as stereoisomers of each other (Scheme 6.9).

For example, the norbornene diester monomer M2 exists as a pair of diastereo-

mers, 5-endo,6-exo, and 5-exo,6-endo. Similarly, the oxanorbornene monomer M4

also comprises diastereomers (Scheme 6.9) because of the four stereocenters at

carbons 1, 4, 5, and 6, as designated by their R or S configuration in Scheme 6.9.
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ROMP polymers produced from these monomers will translate these

stereocenters into the polymer, resulting in the construction of a string of diaste-

reomeric sequences along the polymeric backbone. This additional stereochemistry

will affect the overall microstructure and physical properties of the resultant ROMP

homopolymer. Forming copolymers from different comonomers can result in even

higher-order complexity [32].

ROMP monomers based on maleic anhydride can also be ROMP cross-linkers

too. For instance, Leventis and coworkers manufactured polyimide aerogels by

utilizing a ROMP cross-linker from 4,40 methylene bis(aniline) and norbornene

dicarboxylic anhydride, as depicted in Scheme 6.10 [34]. This difunctional ROMP

monomer generates a nanoporous solid with low thermal conductivity, high surface

area, and excellent soundproofing properties. These polymeric materials are known

to be very thermally and mechanically stable and could be useful in ballistic armor,

and high temperature insulators, due to the rigidity of the molecule as a whole.
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6.1.7 Microstructure of ROMP Polymers

The physical and chemical nature of ROMP polymers requires a thorough and

comprehensive understanding on how these polymers are constructed on a molec-

ular level. Although the polymerization mechanism is deceptively simple, the

resultant ROMP polymers are quite sophisticated. The polyunsaturated backbone

can give rise to cis/trans isomerization, meso/racemic tacticity, head/tail, tail/tail,

or head/head linkages between monomers. All of these linkages or structures result

in the polymer’s conformation and susceptibility to subsequent derivatization

reactions. Therefore, we need to dissect each component, one by one, to gain

insight into the structural complexity of these interesting polymeric molecules.

Ring-opening metathesis polymerization using maleic anhydride-based

5,6-disubstituted norbornene or oxanorbornene-type monomers generate polymers

with a polyunsaturated main chain; see Scheme 6.9. This backbone unsaturation

can be in the cis configuration or the trans configuration or both. The cis/trans
content can impact the final properties of the polymer. Utilizing both proton and

carbon NMR analyses can quantify the level of cis double bonds and trans double
bonds in the polymer [23, 24].

Generally, the cis olefinic proton is located at lower chemical shift than its trans-
counterpart. In contrast, the cis-1,4 bridgehead methine protons are located at

higher chemical shift than its trans- companion [32]. The cis and trans content

for these ROMP polymers can be resolved and quantified by these variations in

proton and carbon NMR profiles.

Additional multiplicity is observed in the carbon spectra for ROMP polymers

due to meso versus racemic dyads that relate to tacticity [23, 24, 94, 95]. Tacticity

relates the orientation of the pendant groups relative to the main chain or polymer

backbone. In a meso dyad, the pendant groups are on the same side relative to the

polymer’s backbone, while in the racemic dyad the pendant side chains are on

reverse sides of the polymer’s backbone or from the main chain; see Fig. 6.8a.

For saturated polymers, this designation is straightforward and can relate to certain

physical properties like surfactancy, crystallinity, or density.

Because ROMP polymers contain an unsaturated backbone, the cis/trans orien-
tations do not directly equate to the meso/racemic orientations. Instead, tacticity

relates to the orientation of either the protons on carbons 1 and 4 or, alternatively,

the substituents on carbons 1 and 4 relative to the polymer’s backbone or main

chain. Each cis double bond can be either in the meso or racemic orientation. The
same orientations are also available for the trans double bond. These orientations

are illustrated in Fig. 6.8b, c.

The difference between the cis and trans double bond orientations can be related

to the protons on carbons 1 and 4, highlighted in red in Fig. 6.8. In the meso
orientation, all the protons on both monomers point in the same direction into the

page in this case. All substituents point out of the page. As a result, there is an

asymmetry along the chain where all the 1,4-protons are pointing in one direction or

toward one face of the polymer molecule, while all the substituents are pointing in

the opposite direction relative to the main chain (Fig. 6.8b).
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Conversely, the racemic dyad reveals one monomer’s protons at positions 1 and

4 into the page. The next monomer’s protons in positions 1 and 4 are pointing out of

the page. This racemic orientation has protons or substituents oscillating back and

forth in their directionality. Perhaps better described as facing forward or facing

backward as one traverses along the main chain of the polymer, Fig. 6.8c. Note that

meso or racemic dyads have nothing to do with the unsaturated double bond being cis
or trans. The four isomeric structures are formed from an achiral ROMP monomer.

Additional complexity arises when head–tail, tail–head, head–head, and tail–ail

dyad orientations are taken into account. In this case, an additional eight potential

diastereomers are possible (Fig. 6.9). As each new monomer adds to the growing

chain end, the number of potential diastereomers exponentially increases. In its

simplest representation, with only head–tail linkages, the potential ROMP micro-

structures for triad sequences are depicted in Fig. 6.10. A detailed discussion on the

observed microstructure for maleic anhydride-based ROMP polymers will be

presented in the final section of this chapter. Clearly, ROMP polymers contain

complex geometric isomers as part of their sequence and microstructure.

C
H2

C

HR

C
H2

HR

meso-dyad

A)

C
H2

C

HR

C
H2

RH

racemic-dyad

B) H H

C
H

C
H

H

HH

H

cis meso-dyad
isotactic

cis racemic-dyad
syndiotactic

H H

HC

C
H

H

H

H

H

H

H
C
H

H

H

trans meso-dyad
isotactic

trans racemic-dyad
syndiotactic

C
H

H H

H

HC
H

H

H

CH

H

H

Saturated Vinyl Polymer

Unsaturated ROMP Polymer

C)

Fig. 6.8 Meso versus racemic dyad for: (a) saturated vinyl polymer, (b) unsaturated ROMP

polymer in the cis-configuration, (c) unsaturated ROMP polymer in the trans-configuration

6 Ring-Opening Metathesis Polymerization (ROMP) Using Maleic Anhydride-Based. . . 329



O
(S) (R)

(S)
(R) O

(Z)

O

OHH

O
(R)(S)

(R)
(S)O

O

O

cis-SR-SR-Dyad= HT-HT

O
(S)(R)

(S)
(R)O

(Z)

O

O H H

O
(R) (S)

(R)
(S) O

O

O

cis-RS-RS-Dyad = TH-TH

Head-Tail
Meso-based Dyads = m

Head-Tail
Racemic Dyads = r

cis-SR-SR-Dyad= HT-HT

O (R)

(S)(R)

(S)

O

(Z)

OO

HH

O
(S)(R)

(S)
(R)O

O

O

cis-RS-RS-Dyad= TH-TH

O (S)

(R)(S)
(R)

O

(Z)

OO

HH

O
(R)(S)

(R)
(S)O

O

O

O
(S)

(R)
(S)

(R)

O

(E)

O

O

H

H

O
(R)

(S)

(R)
(S)

O

O

O
trans-SR-SR-Dyad = HT-HT

O
(S)

(R)

(S)

(R)

O

(E) O

O
H

H
O

(R)
(S) (R)

(S)

O
O O

trans-RS-RS-Dyad= TH-TH

O (R)

(S)(R)

(S)

O

(E)

O
O

H

H O(S)

(R) (S)

(R)

OO
O

trans-SR-SR-Dyad= HT-HT

O(R)

(S)
(R)

(S)

O

(E)

O
O

H

H
O (S)

(R)(S)

(R)

O O
O

trans-RS-RS-Dyad= TH-TH

trans-SR-RS-Dyad= HT-TH

cis-SR-RS-Dyad = HT-TH

O
(S) (R)

(S)
(R) O

(Z)

O

OHH

O
(S)(R)

(S)
(R)O

O

O

O
(R) (S)

(R)
(S) O

(Z)

O

OHH

O
(R)(S)

(R)
(S)O

O

O

cis-RS-SR-Dyad = TH-HT

Head-Head / Tail-Tail

O(S)

(R)
(S)

(R)

O

(E)
O

O

H

H
O(R)

(S) (R)

(S)

OO O

trans-SR-RS-Dyad= HT-TH

O (S)

(R)(S)

(R)

O

(E)

O
O

H

H O(S)

(R) (S)

(R)

OO
O

trans-RS-SR-Dyad= TH-HT

cis-SR-RS-Dyad = HT-TH

cis-RS-SR-Dyad=TH-HT

Head-Head / Tail-Tail

O
(S)

(R)

(S)

(R)

O

(E) O

O
H

H
O

(S)

(R) (S)

(R)

O
O O

O(R)

(S)
(R)

(S)

O

(E)

O

O

H

H

O
(R)

(S)

(R)
(S)

O

O

O
trans-RS-SR-Dyad= TH-HT

O (R)

(S)(R)
(S)

O

(Z)

OO

HH

O
(R)(S)

(R)
(S)O

O

O

O (S)

(R)(S)
(R)

O

(Z)

OO

HH

O
(S)(R)

(S)
(R)O

O

O

Fig. 6.9 Diastereomeric cis/trans dyads with head–tail, head–head, and tail–tail linkages

(Adapted from [32])

330 M.A. Tallon



cis-trans-SR-SR-SR-Triad= mm

trans-cis-SR-SR-SR-Triad= mm

Isotatctic
Meso-Triads = mm

O

(S)(R)

(S) (R)
O

(Z)

O

O
H

H

O (R)

(S)
(R)

(S)

O

(E)

O

O

O (R)
(S)

(R)
(S)

O

O

O
H

H

O(S)

(R)
(S)

(R)

O

(Z)
(E)

O

O

H

H
O

(R)
(S)

(R)
(S)

O

O

O

O(S)

(R)
(S)

(R)

O
O

O

H

H

cis-trans-SR-SR-SR-Triad= rr

Syndiotactic
Racemic Triads = rr

O (R)

(S)(R)

(S)

O

(E)

OO

H

H
O(S)

(R) (S)

(R)

OO O

(Z)

trans-cis-SR-SR-SR-Triad= rr

O
(R)

(S)
(R)

(S)

O
O

O

H

H

trans-cis

O (R)

(S)(R)

(S)

O

(Z)

(E)

OO

HH

O

(S)
(R)

(S)
(R)O

O

O O
(R)

(S)

(R)

(S)

O

O

O

H

H

Alternating Atactic-based Triads = mr + rm

cis-trans-SR-SR-SR-Triad= mr

O
(S)

(R)

(S)
(R)

O

(Z)

O

O

H

H

O (R)

(S)

(R)

(S)

O

(E)

O

O

O
(R)

(S)

(R)
(S)

O

O

O

H

H

cis-trans-SR-SR-SR-Triad= rm

O (R)

(S)
(R)

(S)

O

(Z)

(E)

O

O

H

H

O
(S)

(R)

(S)

(R)

O

O

O

O (R)

(S)
(R)

(S)

O

O

O

H

H

trans-cis-SR-SR-SR-Triad= mr

O(S)

(R)
(S)

(R)

O

(Z)
(E)

O

O

H

H

O
(R)

(S)

(R)

(S)

O

O

O
O

(S)

(R)

(S)

(R)

O

O

O

H

H

O (R)

(S)
(R)

(S)

O

(E)

O

O

H

H

O(S)

(R)
(S)

(R)

O

O

O

(Z)

trans-cis-SR-SR-SR-Triad = rm

O

(R)

(S)

(R)

(S)

O

O

O

H

H

Fig. 6.10 Diastereomeric triads for alternating cis/trans and trans/cis adjoined by head–tail

linkages (Adapted from [32])

6 Ring-Opening Metathesis Polymerization (ROMP) Using Maleic Anhydride-Based. . . 331



6.1.8 Aqueous ROMP as Green Chemistry

As the demand for petroleum-based chemicals increases, while petroleum reserves

decrease, an interest has accelerated in the use of chemicals from renewable

resources. Furan, a chemical that can be produced from agricultural waste products

such as corncobs or grain hulls from rice, oat, wheat bran, sugarcane, and sawdust, is

one compound of particular interest. To produce furan, the waste streams from these

agricultural products are boiled with dilute sulfuric acid to produce furfural. Furfural

can then be decarbonylated by a palladium-catalyzed vapor-phase decarbonylation

process and converted into furan, as illustrated in Scheme 6.11 [96].

Once the furan is obtained, a straightforward process to make 7-oxanorbornene

dicarboxylic anhydride by its Diels–Alder adduct with maleic anhydride is possible.

Many producers of maleic anhydride are also intensively researching ways to make

it from renewable resources such as bio-derived 1-butanol or by furfural itself, but

currently the processes are too costly to be economically viable [96, 97].

In the future when petroleum reserves are depleted, both of these processes will

become more relevant for the synthesis of maleic anhydride and furan. This is an

important point because ROMP polymers can be manufactured by totally renew-

able feedstocks and that by recycling the ruthenium catalyst it can be a way to make

polyanhydride polymers using totally Green Chemistry in the future.

One complication in the Green Chemistry strategy is that most ROMP poly-

merizations are run in polar organic solvent, such as THF, DMSO, or methylene

chloride. While ionic liquids have shown some promise in ROMP [28, 97], water

would be more desirable. Water’s low volatility, high heat capacity, thermal

stability, and low toxicity make it the perfect solvent. However, most of the

catalysts, particularly the Schrock catalyst, cannot be used with water. Many

other catalysts exhibit limited water solubility. Similarly, most of the typical maleic

anhydride-based ROMP monomers are not water-soluble either.

To overcome these hurdles, 7-oxanorbornene dicarboxylic acid and its water-

soluble derivatives were designed for use in aqueous processes. To prevail over the

issue of the water-insoluble ruthenium catalysts, water-soluble versions of
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ruthenium catalyst were developed. The Grubbs group first utilized ruthenium salts

like Ru(H2O)6-di-tosylates [98], while Viswanathan and Jethmaini employed the

ruthenium salts, RuCl3-hydrate and K2RuC l5 [99].

While the ruthenium tosylates suffered from slow and inefficient initiation

yielding erratic polymers [28], the RuCl3 and K2RuCl5 salts did perform extremely

well in aqueous ROMP. RuCl3 and K2RuCL5 salts could even be recycled multiple

times [99]. The authors demonstrated that an emulsion ROMP using 7-oxanornene

dicarboxylic anhydride could be obtained in near quantitative yields, with slight

preferences for cis double bonds over trans double bonds.
Given these findings, researchers investigated the use of emulsion polymeriza-

tion techniques for ROMP employing surfactants, dodecyltrimethylammonium

bromide in water, in the form of microemulsions [100–105]. While these polymer-

izations were successful, they were also prone to flocculation due to the heteroge-

neous nature of the medium.

To achieve a truly homogenous ROMP system, water-soluble functional groups

were attached at various positions within the ruthenium catalyst families. This

notion is illustrated in Fig. 6.11. This approach included attachment to the

alkylidene group and/or to the ruthenium ligands. For first-generation catalyst, a

maximum of three linkage points was constructed. For second- and third-generation

catalysts, up to six linkage points to attach water-soluble groups were constructed.

Employing this strategy, the first true homogenous aqueous ROMP reaction was

achieved using a water-soluble analog of first-generation Grubbs catalyst. In this

case, Lynn, Mohr, and Grubbs synthesized phosphine ligands containing water-

soluble quaternary ammonium groups, as depicted in Scheme 6.12 [106]. Although

these catalysts significantly decomposed after two days in water, they were found to

be somewhat stable in methanol. These catalysts were also very air sensitive in

solution and decompose slowly when stored under air as a solid.

These two quaternary catalysts must be stored and used under an inert atmo-

sphere with deoxygenated solvents. In water at pH¼ 7.0, the ROMP polymeriza-

tions do not proceed to complete conversion and yield polymers with a broad

polydispersity index (PDI). The addition of hydrochloric acid dramatically

increases the rate of polymerization, allowing for quantitative conversion of these

monomers to polymers with narrow PDIs [106]. It is possible that the acid stabilizes

the propagating species of the Grubbs catalyst by eliminating any hydroxide
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produced by the autoprotolysis or phosphine deprotonation of water. Notably, under

acidic conditions, ROMP with these catalysts is a living process and can be readily

used to generate block copolymers.

In 2005, the first water-soluble second-generation Grubbs catalyst analog

containing a PEG-substituted unsaturated NHC ligand was reported by Gallivan,

Jordan, and Grubbs, illustrated in Scheme 6.13 [107]. While the initiator did

catalyze ROMP, it was slow to initiate and was of limited utility. Once again,

upon addition of hydrochloric acid, the polymerization rate dramatically increased.

It was postulated that protonation of the free phosphine by the acid resulted in the

inhibition of the reunion of the phosphine ligand to the ruthenium center [108].

In 2007, Jordan and Grubbs reported on the use of three new water-soluble first-

generation Hoveyda–Grubbs analogs, as depicted in Schemes 6.14, 6.15, and 6.16,

to overcome the slow initiation observed with the second-generation Grubbs cata-

lyst analog in Scheme 6.13. To further test these new catalytic systems, they chose a

very slow reacting endo,endo version of the water-soluble norbornyl-aminoethyl-

trimethylammonium chloride monomer to perform ROMP as a demanding bench-

mark on the efficiency of the catalyst under investigation.

Although the ethoxylated Hoveyda–Grubbs catalyst in Scheme 6.14 did initiate

ROMP, it still suffered from slow polymerization rates and flocculation of the

catalyst itself out of the medium, similar to that observed with the second-generation

Grubbs catalyst analog. It was proposed that the ethoxylated catalysts in

Schemes 6.13, 6.14, and 6.15 behave as polymeric entities due to the PEG function-

ality, and this was responsible for the poor propagation rates observed in ROMP.
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Two smaller analogs that were water soluble were constructed from the

Hoveyda–Grubbs-based catalyst system. These are illustrated in Schemes 6.16

and 6.17. They included ammonium-based functionality onto the catalyst as either

simple ammonium salts and/or quaternary ammonium salts.

Despite being water soluble, albeit at a very low level in water (<0.01 M in

water), the catalyst depicted in Scheme 6.16 rapidly initiated and polymerized the
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endo,endo-norbornyl analog. In contrast to the solubility behavior of the catalyst in
Scheme 6.16, the catalyst illustrated in Scheme 6.17 is completely water soluble

and also capable of rapid and efficient polymerization of the endo,endo-norbornyl
analog by ROMP. This catalyst is phosphine-free and environmentally friendly.

While it is challenging to synthesize this catalyst due to the presence of the primary

amino group on the NHC ligand, requiring elegant protection and deprotection

schemes using the tert-butyloxycarbonyl protection scheme better known as the

BOC group, it indeed performed well as a ROMP catalyst.

Despite the superior water solubility of this catalyst, it did not enhance perfor-

mance versus the poorly water-soluble analog in Scheme 6.16. This result suggests
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water-soluble endo,endo ROMP monomers (Adapted from [109])
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this catalyst may be less efficient. The apparent lower efficiency may be attributed

to the presence of the weakly basic primary amine, potentially compromising the

catalyst itself by poisoning the ruthenium center by intermolecular complexation

with its vacant coordination orbital. It is well known that basic species can poison

the ruthenium catalyst by such mechanisms [2, 9, 19].

A pH-responsive catalyst has also been constructed using this weakly basic

amine behavior, as illustrated in Scheme 6.18. When unprotonated, the neutral

amino group acts as an electron-donating group, and the catalyst is inactive.

Lowering the pH enables the catalyst to activate because of the electron-

withdrawing character formed upon protonation of the tertiary amino group

[42, 110]. It is believed that the electron-withdrawing character of the ammonium

group activates the catalyst due to weakening of the O–Ru bond.

Numerous monocationic ruthenium catalysts have been constructed (Fig. 6.12),

and all were proficient in ROMP [111–113]. Dicationic betaines were also
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constructed where both the alkylidene and the NHC ligand were tagged. These

catalysts are more water soluble, and the polar character ensures the water solubility

can be maintained with the catalyst after initiation (Fig. 6.13) [42, 109, 114]. The

betaine structure is preferred if a broad pH profile for the ROMP catalyst is desired.

The amine structure provides for a more pH-responsive catalyst.

In contrast to the numerous cationic catalysts constructed that successfully initiate

ROMP, anionic ruthenium catalysts have been slow to develop. Catalysts bearing

sulfonate functionality have been constructed but do not participate in ROMP

(Fig. 6.14). This has been ascribed to the smaller cone angle of the aromatic-

(alkyl)-sulfonate groups, along with the instability of the catalyst itself. Direct

addition of the sulfonate functionality to existing catalysts cannot be formed due to

the liable halogens attached to the ruthenium center [106, 115]. Cationic ligands have

predominated the landscape as useful catalysts for homogenous aqueous ROMP.

The water-soluble ruthenium catalysts, which are successful polymerization

catalysts in water, exhibit similar solubility properties to the polymers they con-

struct. Monomers that are water soluble are critical in successful homogenous

aqueous ROMP. A number of water-soluble monomers can be constructed from

maleic anhydride-based Diels–Alder adducts, most notably, norbornene dicarbox-

ylic anhydride and its sister molecule 7-oxanorbornene dicarboxylic anhydride.

These two monomers provide the foundation to numerous water-soluble ROMP

monomer derivatives; see Scheme 6.19.

There are a large number of derivatives that can be constructed from the reactive

anhydride functionality. These include diacids, diesters, diamides, half-esters, amic
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acids, imides, as well as attachment of amino acids, proteins, polymers, sugars,

polysaccharides, oncology agents, etc. These derivatives can be segregated into

classes of molecules, as depicted in Fig. 6.15.

While the anhydrides illustrated in Scheme 6.19 are not water soluble, many of

their derivatives are water soluble. In particular, if the molecule is water soluble and

contains a reactive group (such as NH, OH, SH, etc.), then it can be attached to the

fundamental ROMP anhydride and polymerized [2, 32, 41, 116–120]. ROMP poly-

mers bearing anhydride groups have been constructed and further derivatized. This

has enabled orthogonal coupling schemes to construct protein–polymer conjugates,

polysaccharide–polymer hybrids, polymer–oncology agents, polymer–antibiotic,

and polymer–steroid constructs useful in biomedical applications [121–124].

Currently, there are seven orthogonal methodologies for construction of

polymer–protein conjugates by chemoselective reactions: Click chemistry, Heck,
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Diels–Alder cycloaddition, Sonogashira and Suzuki coupling, Staudinger ligation,

Michael’s addition, reductive alkylation, and oxime/hydrazone routes for the pro-

duction of peptide/protein–polymer conjugates [121]. Three have been investigated

for use with ROMP monomers and polymers. Schaefer and coworkers demon-

strated that maleimide functionalization, active ester groups, and click functiona-

lizations could all reside in the same ROMP polymer. This 3-in-1 ROMP polymer is

capable of selectively coupling with three different substrates to form reactive

polymer–substrate conjugates or hybrids [121].

6.2 Solid-Phase Supports for ROMP Synthesis

Two important factors have influenced the slow acceptance and use of ROMP

technology in the commercial sector: catalyst cost and heavy-metal toxicological

properties. To overcome the cost factor, a recyclable catalyst is desirable. Total

removal of the transition metal after ROMP is completed would be ideal. If both

could be achieved simultaneously, this would be the most preferred ROMP cata-

lytic system.

Attachment of ROMP catalysts to solid supports has been intensively investi-

gated as a means to filter out the ROMP catalyst from the medium after polymer-

ization. This capability should enable the catalyst to be effectively recycled for the

next ROMP polymerization, as illustrated in Scheme 6.20.

In Scheme 6.20, the ROMP catalyst is anchored to a solid support. The mono-

mers are added for polymerization to ensue. Once the ROMP process is complete,

addition of ethyl vinyl ether enables for detachment of the ROMP polymer from the

ROMP catalyst. The catalyst is then taken away by filtration, and the polymer is

Scheme 6.20 Recyclable ROMP catalyst system attached to solid support
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discharged. The free ROMP catalyst is recycled to prepare for the next ROMP

polymerization.

While this concept is rather simple to envision, the actual practice is fraught with

difficulties. For example, the ROMP catalyst must be anchored to a solid support by

a stable bond that is secure throughout the process. Therefore, first-generation

catalysts cannot be used. The attachment linkage between the catalyst and solid

support must also be far enough away from the catalytic center so that the support

does not impede the ROMP polymerization process. As the ROMP polymer forms,

the ever increasing size of the polymer and steric hindrance slow down the rate of

polymerization. The attachment point onto the solid support favors location on the

surface of a solid particle. Attachments located within a swollen gel-like particle are

less preferable because monomers must diffuse into the support particle for ROMP

to proceed. As the polymer grows, it can plug the pore of the support particle,

prematurely terminating the ROMP process.

Since surface modification of the support particle is preferred, the number of

available sites is limited. Ideally, these sites don’t hinder each other as the ROMP

polymer forms. As a result, only a limited catalyst loading is used to properly space

the catalytic sites enabling the ROMP process to proceed without interference from

other sites. Given the limited number of surface sites for catalysis, more insoluble

support particles are required to achieve a practical ROMP polymer yield. Increas-

ing the number of insoluble particles present in the reactor may affect the viscosity

of the ROMP slurry, reducing the effectiveness of mixing. Consequently, the use of

more insoluble particles inside the reactor vessel can be problematic. If the growing

polymer chains become entangled or the polymer is self-aggregating, the polymer

can precipitate thereby affecting the solution viscosity. Both effects can be trou-

blesome in batch mode processes.

Mechanical integrity of the support and the ROMP polymer shear stability, as

frictional forces increases, are critical. Fracturing of particles into smaller sizes

and/or catalyst disruption from the support or polymer by the stress-induced

processing environment can be detrimental. Does the support behave like a solid

sphere or does it deform easily as mixing pressures rise? How friable is the support?

These practical issues require a thorough process understanding to successfully

implement an economically viablemanufacturing process. Immobilized polymers onto

solid supports have been prepared by either attaching a ROMP monomer, or a ROMP

catalyst, onto an insoluble particle [125]. The solid support can be either organic, such

as polymers, or inorganic such as surface-treated silica [126]. Early studies focused on

attachment of the ROMP catalyst onto polystyrene or silica [127–131].

Barrett and Cramp demonstrated that with a simple cross-metathesis reaction, a

vinyl-terminated polystyrene bead could easily attach Grubbs catalysts up to

3 mmol/g loading. Using this catalyst in a ROMP process with additional mono-

mers added yielded a polystyrene core coated with a ROMP polymer. The product

formed was a ROMP sphere; see Scheme 6.21. This coated ROMP sphere could be

used in ring-closing metathesis reactions [128].

TheGrubbs group attached ruthenium catalysts onto insoluble cross-linked polymer

supports or silica particles (Fig. 6.16) [42]. These attachment points were on the NHC

ligand, enabling the catalyst to remain attached to the insoluble support throughout the
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ROMPpolymerizations, catalyst 15A, B, andD–F. The residual ruthenium level within

the polymer product was 70 ppm. The catalyst was recycled from 5 to 20 times. In

contrast, attachment of the insoluble support onto the third-generationGrubbs catalyst’s
isopropyl-benzylidene ligand results in the polymer chain remaining attached to the

WANG resin during polymerization, catalyst 15C, while the ruthenium catalyst

remains in solution. This effect results in a homogenous polymer product with higher

molecular weight because the catalyst is no longer impeded by accessibility and steric

factors that result in complex kinetics in ROMP polymerizations.

It was further proposed that the soluble ruthenium species are recaptured after

monomer consumption by forming the more stable chelating isopropoxyben-

zylidenes. This notion gives rise to the boomerang-type catalysts reported in the

literature [42]. However, since the polymer is attached to the insoluble support, the

catalyst must be cleaved off to produce the desired polymer product. These types of

catalyst are more suited for ring-closing metathesis reactions.

In more contemporary strategies for solid-phase ROMP synthesis, a ROMP

monomer is attached to the insoluble support, while the ROMP catalyst is in

solution. This strategy eliminates the issue of the catalyst accessibility. Since the

polymer is attached to the solid support, one can wash out the ruthenium catalyst to

much lower levels to less than 10 ppm. The soluble filtrate that contains the ROMP

catalyst is more easily recycled and can be supplemented with fresh catalyst to

maintain desirable kinetics and molecular weights.

Attachment ofmaleic anhydride-based ROMPmonomers is particularly well suited

for this task. For example, cross-linked resins bearing alcohol or amine functionality

can be readily reacted with norbornene dicarboxylic anhydride or its 7-oxa analog to

form esters or amide/imide linkages, respectively; see Schemes 6.22 and 6.23.
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polymer coated polystyrene particles, ROMP-Spheres (Adapted from [128])
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After ROMP polymerization, the polymers can be released by treatment with

caustic to free the polymer into solution. Saponification of the ester linkage releases

the immobilized ROMP polymer from the silica support; see Scheme 6.22. Treat-

ment with caustic and heat will cleave the amide/imide linkages from the amino-

bearing cross-linked resin support; see Scheme 6.23.
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In cases where the anhydride or ester functionality needs to be maintained, a

more sophisticated capture/release synthetic regime can be applied. This approach

was reported by the Kiessling group in 2005 [125]. They used a maleimide-

substituted norbornene analog, depicted in Scheme 6.24 as compound 24B, which
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was copolymerized by typical ROMP in solution with Grubbs catalyst, at a level of

1–2%.

The copolymer constructed now comprises maleimide groups that can be

employed to capture the polymer in solution. The polymer is immobilized onto
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the insoluble furan containing Rink amide polystyrene resin, compound 24C, by

formation of its Diels–Alder adduct [125]. They also used microwave radiation to

aid in this attachment and obtained 90% yield in the capture of ROMP polymer

onto their resin, 24 days. They also tested an end-functionalized maleimide deriv-

ative as a single-site capture mechanism. This approach only produced a 30%

ROMP polymer yield. Hence, multiple capture points along the ROMP polymer are

more efficient when using this regime.

The immobilized ROMP polymer was washed free of ruthenium catalyst and

further derivatized with amino-bearing functionality. The immobilized ROMP

polymer is released from the insoluble resin support by a retro-Diels–Alder reac-

tion, 24E. The key point is the reversible nature of the furan-based Diels–Alder

adduct. These adducts also undergo retro-Diels–Alder reactions. Specifically,

attachment of the ROMP polymer occurs because of a reversible Diels–Alder

reaction between furan attached to the insoluble support and the maleimide–

ROMP polymer for immobilization, and then after washing or further modification,

the immobilized ROMP polymer is released from the resin by a retro-Diels–Alder

reaction.

This strategy enables the ROMP polymer to be temporarily immobilized onto

the insoluble support to remove unwanted impurities or catalyst residues

completely. The polymer is then released back into solution while still maintaining

its reactive substituents intact. Another important point is that while furan gives a

reversible Diels–Alder adduct, cyclopentadiene does not exhibit the same capabil-

ity. Therefore, a Diels–Alder adduct comprising cyclopentadiene is irreversible.

This difference was expected to prove that predominantly all the ROMP polymer

was released by this capture and release methodology using the formation and

decomposition properties of the Diels–Alder reaction.

Many other solid-phase supports have been constructed for ROMP syntheses.

These molecular conjugates are not only for synthetic purposes, but they can also be

used for selective solid-phase extraction materials or surface modifiers such as

molecularly imprinted polymers (MIPS). Examples employing ROMP polymers

attached to an insoluble support include selective extraction of bisphenol A (BPA)

from drinking water [132], preparation of chiral beta-cyclodextrin-grafted HPLC

stationary phases [133], construction of smooth multilayered polymeric films with

nanostructured thickness by solid-phase ROMP on solid surfaces [134], used in

self-healing polymer composites [135], solid-phase extraction of trace metals [136],

and metathesis polymerization-derived monolithic supports [137].
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6.3 Ring-OpeningMetathesis Polymerization of Monomers

Containing Amino Acids, Peptide, and Protein

Mimetics

Proteins are biopolymers constructed from chiral amino acids that mediate every

function of biological life. Proteins are not only responsible for structural elements

like muscle tissue but serve as catalytic functions responsible for enzymatic pro-

cesses such as metabolism, anabolism (building up), and catabolism (breaking

down) of fuel sources, thereby converting them into required molecules like pro-

teins, polysaccharides, fats, steroids, hormones, and the construction and replica-

tion of DNA. While DNA is the informational library in biology, its real value is

only truly recognized by the proteins they code for.

Proteins are also natural biodegradable macromolecules. These macromolecules

can serve to provide immunity by antibodies, providing for a self-defensemechanism

against disease. They influence intracellular and intercellular signaling, conversion of

fuel into energy, and homeostasis (control of body temperature, metabolism, repli-

cation and repair, neural capacity). A thorough understanding of proteins is necessary

to comprehend their function and can bemanipulated to influence their function. This

understanding can further enable control of all biological processes.

Construction of synthetic proteins to control a particular aspect of human life, or

as therapeutic agents, is highly desirable. While proteins may comprise 50–150

amino acids residues in length, often only a handful of amino acids (3–7) are

required for its function. The remaining portion is responsible for positioning

these critical amino acid residues in the correct 3D orientation for function.

Synthetic polymer–protein hybrids composed of amino acids or peptides that can

be positioned by a controlled polymeric architecture are desirable [138–142].

Another extremely important factor is that 9 out of the 20 naturally occurring amino

acids must be obtained by diet. Biological systems have developed to actively

transport these essential amino acids into the cells. These include histidine, lysine,

methionine, phenylalanine, tryptophan, threonine, and the alkyl side chains of leucine,

isoleucine, and valine. Among these needed amino acids are the basic side chain

residues, histidine and lysine. It is believed that the basic side chain and its resulting

cationicity aid in its recognition and transport across the cell membrane [138, 139].

This active transport of basic amino acids in the body is important in that it provides a

transport system for drug delivery. In one example, HIV (human immunodeficiency

virus) responsible for AIDS (acquired immunodeficiency syndrome) capitalizes on this

transport system to deliver its si-RNA into the cell for infection. The protein HIV1-TAT

protein that complexes the si-RNA contains a sequence of basic amino acid residues

based on lysine (designated K) and arginine (designated R), RKKRRQRRR. This

amino acid sequence is recognized by the cell surface and actively transported across

the cell membrane thereby infecting the cell unknowingly [138].

Incorporation of amino acids or peptide functionality is straightforward with

maleic anhydride-based ROMP monomers like norbornene dicarboxylic anhydride

and its sister molecule, 7-oxa norbornene dicarboxylic anhydride (Scheme 6.19).
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Another advantage of ROMP is its tolerance to the polar groups found in the amino

acid side chains, such as hydroxyl, carboxy, amide, and ester functionalities.

Temporary protecting groups for the amino, guanidine, imidazole, and thiol func-

tionalities are available from solid-phase peptide synthesis methods [139].

Amino side chains of lysine, arginine, and histidine can be temporarily masked

with the t-butoxycarbonyl (BOC) protecting group by the formation of a urethane

linkage. The thiol of cysteine can be masked by the S-4-methoxybenzyl group

(Scheme 6.25). All of these groups can be cleaved by acid, such as trifluoroacetic

acid (TFA)/trifluoromethanesulfonic acid (TFMSA) blend to yield the free amino

acid. This strategy enables for regiospecific bond formation with the alpha-amino

group, while preventing any side chain side reactions.

Employing this masking strategy, amino acids and peptides attached to ROMP

monomers were investigated. The first amino acid monomers tested in ROMP

contained nonreactive side chains, like alanine (methyl side chain), glycine

(no side chain just H), or isoleucine (–CH(CH3)CH2CH3) [140]; see Scheme 6.26.

They were constructed from norbornene dicarboxylic anhydride to form the

imidized ROMP monomer and then polymerized with Grubbs catalyst.

In addition to actual amino acids bearing ROMP monomers, oxanorbornene-

substituted amino acid mimetics were also constructed. These molecules were

designed to be simple yet capable of mimicking the essential structure of the

amino acid. These types of molecules are usually less costly, easier to synthesize,

and more stable than their natural counterparts. For example, a lysine-mimicking

ROMP monomer has been constructed using a BOC protection scheme from

oxanorbornene dicarboxylic anhydride; see Scheme 6.27 [141, 142].

Utilizing a BOC-protected amino alcohol and oxanorbornene dicarboxylic anhy-

dride produces the monoester ROMP monomer. This monomer can be further

esterified with carbodiimide and alcohol, as depicted in Scheme 6.27. ROMP

polymerization produces the lysine-like ROMP polymer. Deprotection with

trifluoroacetic acid generates the lysine mimetic ROMP polymer [141, 142].

In a similar theme, the Tew group reported on the use of an arginine mimetic

specifically designed toward an active transport system [138]. deRonde and Tew

synthesized two arginine mimetics based on oxanorbornene dicarboxylic anhy-

dride; see Schemes 6.28 and 6.29.

These arginine mimetic oxanorbornene molecules exhibited controlled molecular

weights spanning 5.5–21.8 kDa, with polydispersities ranging 1.08–1.17 and were

successful in delivering fluorescently tagged si-DNA into Jurkat T cells [138]. Addi-

tionally, the bis-arginine mimetic polymers induced minimal cell death of the T cells.

Other designs followed, such as attachment of whole peptides onto the ROMP

monomer [143, 144]. These include cell adhesion promoting amino acid sequences

RGD from their one-letter code corresponding to arginine–glycine–aspartic acid

tripeptide of elastin onto norbornene dicarboxylic anhydride. These peptide-bearing

monomers were then polymerized with second-generation Grubbs catalyst

[144]. This ROMP polymer also incorporated polyethylene glycol-norbornene

dicarboxamide monomers to ensure water solubility of the whole construct, as

well as BOC-protected ethylenediamine–norbornene dicarboxamide units, for

post-polymerization cross-linking; see Scheme 6.30.
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This construct exhibited biological recognition to the cells’ surface and integrin

binding. The construct maybe used as a diagnostic reagent in cell proliferation like

that in cancer recognition [144]. Hahn and coworkers attached a series of hydro-

phobic and hydrophilic peptide sequences onto norbornene dicarboxylic anhydride

and copolymerized these monomers by ROMP [145]. The block copolymers still

exhibited very low polydispersities spanning 1.05–1.20 with average molecular

weights ranging 28–44 kDa. These copolymers still retained their biological activ-

ity as evidenced by their ability to be enzymatically processed by a disease-

associated enzyme; see Scheme 6.31.

While these studies demonstrated the utility of ROMP to construct polymer–

peptide hybrids that retained their biological activity, a simpler approach to these

types of conjugates is desirable. A reactive ROMP polymer that could also attach

proteins onto ROMP polymers would be ideal.

In 2012, Schaefer and coworkers demonstrated that maleimide groups, active

ester groups, and click-functionalized-based monomers could be incorporated into

one ROMP polymer. This resulted in a 3-in-1 reactive coupling polymer,

Schemes 6.32 and 6.33 [121].
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Synthesis of the maleimide–norbornene ROMP monomer is achieved by

reacting oxanorbornene dicarboxylic anhydride with ethylene diamine and heat to

imidize. This is followed by addition of maleic anhydride and heat to complete the

second imidation route to produce the maleimide group off norbornene

dicarboxamide ROMP monomer (Scheme 6.32a). The active ester moiety was

constructed from oxanorbornene dicarboxylic anhydride with hexanol followed
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by oxalyl chloride coupling with pentafluorophenol (Scheme 6.32b). Lastly, click

functionalization was achieved by imidation of oxanorbornene dicarboxylic anhy-

dride with ammonium hydroxide, followed by N-alkylation with a tosylated silyl-

protected alkyne; see Scheme 6.32c.

ROMP polymerization of these three monomers with first-generation Grubbs

catalyst yielded statistically random terpolymers and block copolymers with excel-

lent control over their molecular weight and moderate control over their
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polydispersity. In particular, average molecular weights spanned 13.7–16.2 kDa,

with polydispersity values ranging 1.29–1.48. The terpolymer with all three orthog-

onal reactive monomers exhibited a molecular weight of 10.8 kDa with a polydis-

persity of 1.41.

Once this terpolymer was constructed, it was envisioned that the polymer would

be capable of selectively coupling with three different substrates to form reactive

polymer–substrate conjugates or hybrids. This polymer could be targeted to attach-

ment of proteins with one type of chemistry, attachment of a fluorescent tag with

another chemistry, and finally cross-linking to a solid substrate with another

chemistry [121]. This 3-in-1 hybrid could be an interesting diagnostic agent, a

therapeutic delivery system, and an imaging agent.

To test the compatibility of the three target chemistries within this one polymer,

target model compounds were tested. One contained a thiol for maleimide attach-

ment, another comprised of an amine for coupling to the active ester, and finally an

azide model compound was reacted with the free alkyne to generate the desired

triazole adduct with a copper catalyst as the click attachment.

The authors found that the amine model substrate would react with both the

maleimide and the active ester moieties. This finding indicated that the first reaction
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had to be the maleimide attachment to the thiol. Hence, this polymer has a

limitation on the sequential order of what substrates can be attached. In this case,

first the thiol attachment, second the amine attachment, and third the click azide

attachment.

Accordingly, benzyl mercaptan was reacted first to the maleimide comonomer

unit, as depicted in Scheme 6.33a, b. The % attachment to the polymer functionality

was determined by gravimetric analysis and calculated to be 91%. Addition of

hexylamine was then added for coupling to the active ester functionality, and the %

attached was calculated at 88%; see Scheme 6.33b, c. Lastly, the formation of the

triazole substrate with the copper(I)-catalyzed azide/alkyne “click” chemistry

yielded 91% attachment; see Scheme 6.33c, d. This statistical terpolymer worked

very well for attaching three different model substrates to the ROMP polymer in a

very selective and high yielding manner.

An alternative approach to forming protein–polymer hybrids, or conjugates,

utilizes the strategy of attaching the Grubbs catalyst onto the surface of the protein

through its alkylidene moiety and then performing ROMP; see Scheme 6.34. In this

approach, the ROMP polymerization would yield an “octopus-like” structure where

there is a central proteinaceous core and polymer chains protrude like tentacles

[146]. An added benefit of this approach is that it was performed in water.

In the first step, norbornene dicarboxylic anhydride is attached to lysozyme, a

protein containing lysine and arginine residues to form a stable amide linkage with

the ROMP monomer; see Scheme 6.34a. The second step is the formation of the

water-soluble catalyst. Through the use of ligand exchange, third-generation

Grubbs catalyst replaces the pyridine moieties that contain polyethylene glycol

chains. By combining the lysozyme–ROMP derivative with the highly active third-

generation Grubbs catalyst analog, the synthesis of the protein–romp catalyst

hybrid is complete; see Scheme 6.34b. Lastly, the addition of ROMP monomer

extends the polymer chains from the central proteinaceous core outward, as depicted

by the red chains in Scheme 6.34c. Therefore, a protein–ROMP polymer hybrid or

conjugate has been constructed [146].

In this section, the versatility of ROMP to construct hybrid or conjugate-type

structures that combine polymer to either amino acids, peptides, or proteins has

been demonstrated. These linkage points can be on the chain ends of the polymer, or

along the main chain of the polymer, or grafted onto, or grafted from, multiple

substrates to the polymer chain thereby forming biologically active mimetics.

These hybrids have potential in diagnosis, imaging, and construction of enzymatic

systems. These studies have underpinned the importance of the ROMP potential in

biological systems.
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6.4 Antimicrobial ROMP Polymers

Another biologically important aspect of ROMP is the construction of antimicrobial

polymers. These have found use in hospital environments. The use of soluble

antimicrobial agents coated onto a catheter or surface has been found to cause
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irritation, swelling, and unwanted seepage into the host cells thereby killing them,

and as such, it can compromise the surrounding cells of the host for further

infection. It is advantageous to use an antimicrobial polymer coating instead,

because the bactericidal agent cannot migrate away from the surface of the device

and penetrate into the host’s living cells. This causes less irritation, stinging, and

damage to the surrounding tissue.

Taking inspiration from nature, the human body uses antimicrobial peptides to

defend itself from bacterial infection. One such peptide known as defensin folds in

space in such a way as to place cationic groups from lysine and arginine onto one

side of the macromolecule and hydrophobic groups onto the opposite surface of the

macromolecule (Scheme 6.35a). This arrangement is highly selective to bacterial
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BACTERIAL CELL
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CELL-LYSIS
AS CYTOSOL
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KILLS BACTERIUM

CYTOPLASM

CYTOPLASM
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CYTOPLASM CYTOPLASM

A)
B)

C)

D)
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Scheme 6.35 Postulated mode of action for antimicrobial peptides on bacteria by cell lysis and

leakage of the cytoplasm out of the bacterium (Adapted from [147])
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cells since their surface is highly anionic, and binding to this peptide is highly

favored. In contrast, human cells are more neutral, so binding is less favorable and

consequently less toxic [148, 149].

As several of these peptides bind to the surface of the bacterial cell membrane

(Scheme 6.35a, b), they aggregate and insert themselves into the membrane

(Scheme 6.35c) and form a pore that causes lysis of the membrane (Scheme 6.35d)

and leakage of the cellular fluids out of the bacterium thereby killing it [142, 150,

151]. Alternative pathways for disruption of the cell membrane are also

known [149].

Employing this simple and elegant approach, polymer molecules that mimic

these structural elements, known as mimetics, were constructed using ROMP, as

well as conventional methods [142].

Attempts to produce synthetic mimics of antimicrobial peptides (SMAMPs)

using polymers by conventional routes of free radical polymerization were not as

effective as the ROMP polymers. These included copolymers of poly(ammonium

salts of methacrylic acid)/ butyl methacrylate [152], dendritic AMPs [153],

polymaleic acid tethered to tetrapeptides [154], AMP’s based on lipopeptides

[155], and polyacrylamides [147].

In contrast, the ROMP polymers based on oxanorbornene derivatives containing

hydrophilic and hydrophobic side chains exhibited a 100x higher activity toward

bacteria than human blood cells [155]. Likewise, polynorbornenes containing

quaternary pyridinium functionality exhibited selectivities up to 20X toward

Escherichia coli (E. coli) [147]. To further this work, a toolbox of ROMP mono-

mers with a tunable hydrophobic ester moiety and hydrophilic cationic lysine-like

moiety were constructed and evaluated for their antimicrobial activity versus their

cytotoxicity to mammalian red blood cells [142].

To identify the optimal chain length for the ester to optimize its hydrophobicity,

the R-group in Scheme 6.36 was varied from methyl to hexyl, while the hydrophilic

lysine-like side chain aminoethyl oxanorbornene was held constant. The overall

yields for these monomers were roughly 40%. The molecular weight was investi-

gated to determine its contribution to antimicrobial activity. Two sets of molecular

weights were prepared for all copolymers investigated. A 3 kDa set exhibited an

average molecular weight ranging from 9200–11,500 with tight polydispersities

spanning 1.08–1.11. A 10 kDa set exhibited molecular weights 11,000–50,000 with

polydispersities of 1.04–1.16.

ROMP polymerization was carried out with third-generation Grubbs catalyst

using the BOC-protected amines since they hinder the catalyst by ligation

[142]. After polymerization, the BOC-polymers were deprotected by trifluoroacetic

acid to yield the finished antimicrobial copolymers. The biological results obtained

the homopolymers derived from the monoester (Scheme 6.36) were quite interest-

ing. The 3 kDa molecular weight set that revealed the methyl ester was not active

toward bacteria nor was it cytotoxic to the host’s red blood cells. The propyl-hexyl

ester series were extremely active against both gram-negative bacteria especially

E. coli and gram-positive bacteria such as Staphylococcus aureus (S. aureus) but
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was also cytotoxic to the host’s red blood cells. The 3 kDa ethyl ester gave the best

of both worlds, in that it was active against both E. coli and S. aureus, but not
cytotoxic to the host’s red blood cells.

Since gram-positive S. aureus contains a thicker peptidoglycan in its cell wall, it
was anticipated that higher molecular weight polymers would not be able to readily

diffuse through this cell wall as easily as the thinner peptidoglycan layer of gram-

negative E. coli (Scheme 6.37). Indeed, the 10 kDa propyl ester exhibited high

activity against E. coli but was 40-fold less active against S. aureus, but this
antimicrobial polymer was still cytotoxic to the host. Unfortunately, the ethyl

ester 10 kDa homopolymer was not active against S. aureus and only modestly

active against E. coli, despite being noncytotoxic to the host’s red blood cells.
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The molecular weight of the SMAMP polymer was too large to penetrate through

the cell wall of this microorganism.

To improve upon these results, copolymers were constructed with a 3 kDa chain

length. In this case, employing the nontoxic methyl ester monomer with a highly

toxic propyl ester as comonomer, while still retaining the lysine mimetic side chain

in both monomers. As little as 10% propyl ester/amidoethyl comonomer or higher

within the methyl ester/amidoethyl copolymer resulted in significant activity

against S. aureus without cytotoxicity to the host cells. These copolymers were

highly selective and toxic to only S. aureus, but did not kill E. coli or harm the

host’s red blood cells. This double selectivity is unusual for antimicrobial polymers.

In contrast, the 3 kDa ethyl ester/propyl ester copolymers were still highly toxic to

both bacteria and the host cells.

The effect of increasing the cationic charge density on the ROMP polymer was

evaluated by the synthesis of a double cationic amino alcohol (Scheme 6.38b).

Indeed, a higher level of cationicity enhances the selectivity of the SMAMP

polymer to bacteria than human host cells, and the most promising candidate

polymer for in vivo testing was a 10% butyl ester (38A)/90% dicationic (38B)

copolymer that was active against multiple strains of gram-positive and gram-

negative bacteria [156].

Antimicrobial ROMP polymers can also exhibit selectivity between the two

types of bacteria yet do not harm the host cells. Specifically, the ethyl ester

homopolymer with 10 kDa molecular weight kills gram-negative E. coli bacteria
but not S. aureus by a size exclusion pathway, while the 3 kDa methyl ester/propyl

ester copolymers kill S. aureus but not E. coli. This double selectivity between

bacteria is rare and prompted further analyses. At first, it was thought that the

difference in composition of lipids present between two bacteria was responsible,

but vesicle studies disproved that hypothesis.
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X
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Scheme 6.37 Schematic of gram-positive versus gram-negative bacteria due to the presence of a

thicker peptidoglycan cell wall, thereby inhibiting high-molecular-weight antimicrobial polymer

(SMAMP) from disrupting inner cell membrane (Adapted from [142])
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This led to the concept that the outside membrane structure for E. coli inhibited
the SMAMP from accumulating inside the peptidoglycan layer, so that its actual

concentration at the inner cell membrane was significantly less than at the outer cell

membrane. To prove this theory, E. coli cells were subjected to EDTA for one

minute and then quenched with CaCl2. This procedure compromises the outer cell
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membrane of E. coli but not the inner membrane. When these outer membranes

compromised E. coli cells were subjected to the SMAMP they were killed, while

their untreated counterparts were not compromised [150]. The double membrane

structure of E. coli appears to prevent the SMAMP from accumulating at the inner

membrane. This finding provides insight to how the propyl ester/methyl ester

SMAMP would kill S. aureus but not E. coli bacteria (Scheme 6.39).

6.5 Self-Assembly ROMP Polymers

Self-assembly of individual protein chains, or DNA strands, to come together to

form a higher-order configuration or scaffold required for catalysis or structure is

ubiquitous throughout nature. This is analogous to protein subunits coming together

to form a larger molecular entity required for enzymatic catalysis. These associa-

tions are driven by noncovalent forces that include van der Waals interactions,

columbic/electrostatic attractions, hydrogen bonding, and pi stacking [157].

A highly specific self-assembly mechanism is DNA base pairing (adenine to

thymine and cytosine to guanine) by which the sense strand of DNA (the one that

codes for the protein) binds to its antisense strand of DNA (used to stabilize the

helix and for repair of damaged sense strand DNA by its complimentary binding

pattern), Fig. 6.17. This highly selective complexation of two strands of DNA to

each other employs noncovalent forces through hydrogen bonding at a molecular

recognition site. The more sites available along the DNA chain results in a higher

complexation selectivity [158].
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Scheme 6.39 The double membrane structure prevents the SMAMP from accumulating at the

inner cell membrane so the 3 kDa SMAMP cannot kill the gram-negative E. coli bacteria, by
disrupting their inner cell membrane (Adapted from [150])
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The utility of self-assembly to form rods, spheres, or cone-like structures enables

formation of larger complexes by use of an external trigger for construction of new

architectures. These can be used as biomolecular sensors or delivery agents. Self-

assembly is not the same as aggregation or flocculation, because these events lack

any particular order or structure within them. These are just a conglomeration of

chains with random orientations to each other.

This use of self-assembly with synthetic polymer chains is interesting in that

block or random copolymer structures can be constructed, with specific direction-

ality and function. For example, self assembly can be used by the surface modifi-

cation of metal(gold) nanoparticles to achieve nanometer spacing of these spheres

for microelectronic applications [159], enzyme immobilization, biomimetic sys-

tems, controlled drug delivery, and in gene therapy [160]; self-healing block

copolymers for nanocomposites [161]; reversible hydrogel formation based on

either temperature or pH [162, 163]; the construction of polymeric light-emitting

diodes [164]; the formation of supramolecular hyperbranched polymers and den-

dritic polymer assemblies [165, 166]; and the self-assembly of random copolymers

into bilayers, vesicles, single-chain nanoparticles, nanogels, and micellar aggre-

gates, as illustrated in Scheme 6.40 [167].

Conventional free radical polymerization has constructed many of these self-

assembly polymers [168], including newer methodologies like RAFT [169], ATRP

[170], and NMP [171], but now ring-opening metathesis polymerization (ROMP) has

also joined the techniques available to synthesize polymeric self-assemblies [172].

Bazzi and Sleiman reported in 2002 on the synthesis of a DNA analog attached to

a ROMP monomer [172]. This was easily achieved through the use of the reactive

maleic anhydride-based Diels–Alder adduct oxanorbornene dicarboxylic anhydride

(Scheme 6.41). Once the DNA base is attached, ROMP polymerization of homopol-

ymers and block copolymers for each of the complimentary base pairs can be

produced so that individual polymer chains can self-associate by complimentary

base pairing induced by hydrogen bonding like that observed in DNA (Fig. 6.17).

N
N

N

N NH2

O

HO

HH
H

H

OP
O

-O

O

NH
N

N O

NH2

N
O

H

HH

H

H

O

OP-O

O

ADENINE

GUANINE

THYMINE

CYTOSINE

N

O

O
N

O

H O

H H

H

H
O

P
O-

O

N

N

O
N

O

H
O

H H

H

H
O

P O

H

H
H

O

O-

Fig. 6.17 Complimentary base pairing of DNA using hydrogen bonding

366 M.A. Tallon



In previous studies, the authors described the synthesis of polymers and block

copolymers with thymine-based monomer using ROMP [173]. In this study [172],

the authors only focused on the adenine self-associating behavior, instead of the

typical adenine–thymine association as that in DNA. They attached adenine by first

reacting an amino alkyl bromide to oxanorbornene dicarboxylic anhydride

(Scheme 6.41). The addition of acetic anhydride catalyzed the ring closure into

its imido-alkyl-bromide adduct. This was followed by attachment of adenine that

was pretreated with sodium hydride for N-alkylation.

ROMP homopolymerization of this adenine analog with first-generation Grubbs

ruthenium catalyst failed to produce any homopolymer. They deduced that the free

amino group in adenine was responsible, as it could ligate to the catalyst and

deactivate it (Scheme 6.42a). They then tried a more reactive catalyst, second-

generation Grubbs catalyst, and indeed obtained the homopolymer, but with only

70% yield (Scheme 6.42b).

They rationalized the lower yield again to the free amino group in adenine. In

response, they attempted complexing this amino group with succinimide before

addition of the catalyst. They obtained an increase in conversion of monomer up to

90% and then quenched the ROMP reaction followed by precipitation of the

homopolymer from methanol with a final homopolymer yield of 80%

A)

SELF
ASSEMBLY

DENDRITIC POLYMER

B)

SINGLE-CHAIN
NANOPARTICLES

BILAYERS

VESSICLES

NANOGEL

MICELLAR
AGGREGATE

RANDOM
COPOLYMER

Scheme 6.40 Some of the potential architectures formed by polymeric self-assemblies (Adapted

from [167])
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(Scheme 6.42c). The synthesis of block copolymers based on an N-
butylmaleimide–oxanorbornene, followed by the adenine mimetic monomer in

varying quantities, roughly yielded 85% block copolymers; see Scheme 6.42c.

The adenine mimetic block copolymer’s molecular weight spanned

196–315 kDa and polydispersity values ranging from 1.22 to 1.60. The self-

assembly behavior by TEM indicated large, nonspherical aggregates with diameters

ranging from 869 to 1238 nm, in addition to well-defined cylindrical rods with

average diameters of 30� 2 nm. Wide-angle X-ray scattering also indicated some

crystallinity for both the adenine homopolymer and the block copolymer aggre-

gates. This attribute was tentatively assigned to the self-binding/assembly process

illustrated in Scheme 6.43. This behavior is similar to that observed with DNA base

pairing. In this case, it is only related to the adenine moiety (pyrimidine unit) itself,

instead of its complimentary (purine) counterpart. Therefore, a self-assembly

polymer based on just a pyrimidine foundation was developed and was capable of

forming nanorod-like structures.

Many examples of homogenous self-assemblies in solution have been reported.

A great deal of work has also been focused on heterogeneous self-assemblies. For

example, Lee and coworkers described the self-assembled monolayers (SAMs)

onto a gold surface to indirectly place reactive functionalities on the metal’s surface
for further reaction by Diels–Alder adduct formation or “Click” chemistries [174].
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In particular, the authors reported on the ruthenium-catalyzed cross-metathesis of

vinyl-terminated self-assembled monolayers (SAM) to successfully introduce maleic

anhydride onto the SAM. During their study, it became apparent that dimerization of

the terminal vinyl groups on the surface was problematic and could not be used as a

generalized method to introduce reactive functionalities easily.
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To construct the maleic anhydride-based SAM required several reaction steps,

starting with the attachment of an ethoxylated thiol bearing a terminal alkyne and one

bearing a terminal vinyl group (Scheme 6.44a). It needs to be recognized that the bond

between thiol and gold is not thermally durable and will cleave around 60 �C. So any
subsequent reactions must be well below this temperature. Likewise, this bond is also

susceptible to cleavage under acidic and basic conditions. The incorporation of the

terminal alkyne and vinyl groups needs to be formed prior to attachment to the gold

particle. The details of this synthesis can be found in Lee et al. [174].

Once the disulfide bearing the alkyne and vinyl groups was constructed, it was

attached to the gold-coated silicon wafer by evaporation from an ethanolic solution

(Scheme 6.44a, b). Upon cross-metathesis, employing second-generation Grubbs

catalyst in benzene at 50 �C for 4 h, a 1,3-diene is formed (Scheme 6.44c). Addition

of maleic anhydride, or its derivatives, forms the desired Diels–Alder adduct and

completes the synthesis of the reactive self-assembled monolayer; see

Scheme 6.44d. This reactive SAM can now be reacted with a whole host of

derivatives, due to the maleic anhydride functionality.

6.6 Thermosetting ROMP Polymers

In general, thermosetting polymers are prepolymers that irreversibly cure upon

heating. These polymers are useful in resin transfer molding or reactive injection

molding and are capable to thermally cross-link and produce high-mechanical

strength materials with excellent thermal stabilities. These processes rapidly pro-

duce materials or composites in an extremely efficient manner with little to no

waste formed or pollution by solvents to the environment.

However, after the usefulness of the material is over, the currently produced

thermosetting polymers are so stable in that they do not degrade and ultimately

buildup in trash dumps and eventually pollute the environment for millennia to

come. Intense research into thermosetting materials that can be recycled into useful

products again is highly desirable in the marketplace today.

The key to this objective is that the thermosetting polymer can still be thermally

stable, but that the cross-linking structures should not. A thermally degradable linkage is

one strategy capable of recycling thermosetting materials into new useful products.

While chemically degradable linkages are available, they do not provide the selectivity

to cleave the cross-linking site only. For example, diepoxy monomers containing ester

groups [175–177], or carbamate linkages [178, 179], or carbonate functionalities

[180, 181], have many drawbacks in that they can degrade before curing is complete

so that the mechanical strength of the material is compromised. Maleimide resins have

also been used in electronic packaging applications due to their fast cure speed, better

adhesion, and low shrinkage after curing [182–185]. They can also copolymerize with

other acrylates and styrenics by free radical polymerization; however, the resulting

thermoset resins could not be recycled [185].
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A newer approach to these types of materials is to use ROMP to construct

polymers with well-defined molecular weights, polydispersities, and architectures

that are thermally stable and have excellent mechanical strength. It includes

superior control over the cross-link density and can use cross-linkers that are

thermally labile well below the polymer’s decomposition temperature. The crucial

aspect of this design is the thermal breakdown of only the cross-linking sites,

leaving the main chain intact, allowing for transition of the material from thermo-

setting to thermoplastic, thereby facilitating recyclability [186].

In 2010, Khosravi, Iqbal, and Musa reported on ROMP-based polymers with

acetal-ester linkages that cleave at 200 �C. This decomposition temperature is well

below the polymer’s main chain decomposition of 350–400 �C. Only acetaldehyde,

butadiene, butenyl alcohol, and pentenoic acid are generated as by-products [186]. The

synthesis of the thermally labile cross-linker is summarized in Schemes 6.45 and 6.46.

In particular, exo-norbornene dicarboxylic anhydride was reacted with

6-aminocaproic acid in toluene at 115 �C for 17 h to afford the N-caproic acid

dicarboxamide intermediate in 95% yield (Scheme 6.45a). This intermediate was

then reacted with a solution of butyl vinyl ether and 4-methoxyphenol reacted for

1 h at 75 �C followed by 10 h at 75 �C to generate the acetal-ester monomer

(Scheme 6.45b) in 50% yield. The acetal-ester cross-linker followed the same

procedure, using two equivalents of N-caproic acid dicarboxamide intermediate

with a reaction mixture of 1,4-butanediol and 4-methoxyphenol at 90 �C for 1 h

followed by 90 �C for 10 h (Scheme 6.46) in 50% yield.
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Synthesis of ROMP polymers containing the acetal-ester cross-linker

(Scheme 6.46) was achieved with first-generation Grubbs catalyst in methylene

chloride at ambient temperature. The cross-linked homopolymer was formed soon

after the addition of catalyst (Scheme 6.47).

Copolymers based on the monofunctional acetal-ester monomer (Scheme 6.45b)

were copolymerized with varying levels of acetal-ester cross-linker. This approach
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enabled the determination of the ability to control the cross-link density by the

cross-linker concentration (Scheme 6.48).

Sol–gel extractions were performed to determine the percentage of soluble

extractable polymer present that failed to undergo the cross-linking ROMP process.

All polymers and copolymers in this study yielded low values of soluble polymer.

Specifically, the difunctional cross-linker homopolymer has 89% gel content and

11% soluble/extractable polymer, while the copolymers varied from 82 to 89% gel

content or 18 to 11% soluble/extractable uncross-linked polymer.

Employing TGA and TGA-MS, the homopolymer and copolymers were subjected

to thermal degradation to evaluate their susceptibility as a function of cross-linker

level used. Indeed, the homopolymer using only the acetal-ester cross-linker resulted

in 58% weight loss starting at 200 �C and continued to up to 350 �C. Theoretically, a
total decomposition of the acetal-ester cross-linking structure would be 53%. As a

result, complete decomposition of the cross-linker structure was inferred. TGA-MS

also determined that the fragmentation of the cross-linker generates pentenoic acid,

butadiene, 3-butene-1-ol, and acetaldehyde, as depicted in Scheme 6.49.

Similar results were obtained on the copolymers. Copolymers containing 75%

acetal-ester cross-linker/25% monofunctional acetal-ester monomer resulted in

45% weight loss. Theoretically, it should have resulted in roughly 55% weight

loss. The 50/50 and 25/75 copolymers displayed 33% and 30%, respectively.

Theoretically, they should have corresponded to a weight loss of 55%.
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As the monofunctional acetal-ester comonomer increases, less than theoretical

weight loss is obtained. This finding suggests that the butyl functionality somehow

endows more stability to thermal degradation profile of these copolymers. The

reason for this is yet unknown. These cross-linked polymers are not amenable to

NMR characterization of the resultant degradation products of the polymer. Despite

this finding, the acetal-ester cross-linker demonstrated its utility in degrading

almost quantitatively at 200–300 �C, while the main chain of the polymer remained

intact.

Other ROMP polymers used in thermosetting-type applications such as aniline-

based ROMP polymers used in the aerogel and TFT display industries may be

amenable to insertion of this thermally labile acetal-ester cross-linker. For example,

thermoset monomers can be constructed from maleic anhydride-based norbornene

and oxanorbornene dicarboxylic anhydride. Choi and coworkers synthesized an

exo,exo-N-phenyl-norbornene 5,6-carboximide monomer from norbornene dicar-

boxylic anhydride and copolymerized it by ROMP with norbornene dicarboxylic

anhydride to form the thermoset polyimide depicted in Scheme 6.50 [33].

The polyimide/polyanhydride copolymer was further reacted with N,N0-4,40-
diamino-chlorinated biphenyl derivatives to cross-link the polymer matrix for

increased thermal stability. This cross-linked polyimide was then impregnated with

indium tin oxide to form clear colorless flexible thin-film transistor (TFT) displays [33].

Leventis and coworkers manufactured polyimide aerogels by utilizing a ROMP

cross-linker from 4,40-methylene bis(aniline) and norbornene dicarboxylic anhydride,

as depicted in Scheme 6.51 [34]. This difunctional ROMP monomer generates a

nanoporous solid with high soundproofing properties, low thermal conductivity, and
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high surface area. These polymeric materials are known to very thermally and

mechanically stable for use in ballistic armor and high temperature insulators.

Even Intel has evaluated and patented the use of specialized ROMPmonomers for

manufacturing polyimides for their microelectronics industry [186]. They produced

ROMP monomers and oligomeric dendrimer/hyperbranched materials that are com-

binedwith polyimide to form a low coefficient of thermal expansionmaterial for use as

a dielectric substrate layer or an underfill adhesive. These dendrimers/hyperbranched

ROMP materials are synthesized to produce low viscosity, high Tg, fast curing, and
mechanically and chemically stable materials for imprinting applications.

Given these industrially significant ROMP thermosetting materials, Hou and

Khosravi investigated the use of acetal-esters cross-linkers to thermally degrade

these materials [187]. 4-Phenyl-aminobutane was used to mimic the aniline func-

tionality as the monofunctional monomer, with the difunctional acetal-ester cross-

linker (Scheme 6.52). These materials were subjected to sol–gel extraction

(11–26 wt% soluble polymer) and thermal degradation by TGA.
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The monofunctional homopolymer, exo-norbornene-4-phenylbutyl-dicarboxamide

thermally degraded by only 2 wt%, while the difunctional acetal-ester homopolymer

degraded 23 wt%. In contrast, the 75 mol% monofunctional dicarboxamide/25%

acetal-ester cross-linker, 50/50, and 25/75 polymers decayed 11%, 16%, and 22%,

respectively. Indeed, the incorporation of the acetal-ester cross-linker into this thermo-

set ROMP polymer thermally degrades as expected and lends further support on the use

of this cross-linker as a thermally recyclable unit in the thermosetting industry.
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6.7 Microstructural Analysis of Maleic Anhydride-Based

ROMP Polymers

Recently, a fundamental study on the microstructure of ROMP polymers utilizing

maleic anhydride-based ROMP monomers, norbornene dicarboxylic and/or

oxanorbornene dicarboxylic derivatives, employing either first- or second-

generation Grubbs ruthenium catalysts, was undertaken [32]. Specifically, Grubbs

first-generation catalyst (GC1A) was compared to the Umicore catalyst, first

constructed by Nolan (GC1B) (Fig. 6.18) [187]. Both of these first-generation-

type catalysts were compared to second-generation Grubbs catalyst (GC2), using

the monomer derivatives presented in Scheme 6.53 [32].

With respect to the monomers employed, polymers based on monomer M1,

exo,exo-oxanorbornene dicarboxylic anhydride, yield polyanhydride molecules

that can be further reacted to generate a myriad of derivatives; see

Scheme 6.53a. Comparing the results of Poly-M1 to those obtained with Poly-

M3, exo,exo-oxanorbornene dicarboxylic dimethyl ester enables one to evaluate

how the steric bulk at positions 5 and 6 influences the polymeric hierarchy; see

Scheme 6.53c. Evaluating the results of Poly-M3, containing the exo,exo
dimethyl ester structure, to Poly-M4, containing the diastereomeric endo,exo
and exo,endo dimethyl esters, enables one to draw conclusions on how the

stereostructure impacts the final architecture; see Scheme 6.53d. And lastly,

comparing Poly-M4 (oxanorbornene) to Poly-M2 (norbornene) enables assess-

ment on how position-7 affects the microstructure; see Scheme 6.53c [12, 13,

23–32, 94, 95, 141, 188–191].

ROMP homopolymers, and both random and block copolymers, were

constructed with controlled molecular weight and low polydispersity. All the
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ROMP polymers were obtained in yields ranging from 92% to 98% for the

homopolymers and 86% to 98% for the copolymers [32]. Regardless of the identity

of the monomer(s) used, or the class of catalyst employed, the GPC results clearly

demonstrated a reproducible molecular weight range and low polydispersity for all

polymers produced. In particular, the relative molecular weight ranged (Mw) from

44 to 37 KDa, with polydispersities from 1.5 to 1.3, for the block copolymers.

Homopolymers and random copolymers exhibited relative molecular weights of

45–59 KDa and polydispersities ranging from 1.5 to 1.2.

Spectroscopic analyses on these polymers revealed that both the olefinic double

bond and the bridgehead signals at positions 1 and 4 are clearly resolvable for each

cis or trans isomer. A representative proton NMR spectrum for each of the

homopolymers is displayed in Fig. 6.19.

Fig. 6.19 Proton NMR spectra for each ROMP homopolymer
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Proton and 13C NMR were used to determine the cis/trans level in all the

polymers produced, and select examples are presented in Table 6.1. These results

reveal that first-generation-type Grubbs catalysts GC1A and GC1B tend to yield

high trans-containing polymers when using monomers M1–M3. Conversely, the

second-generation-type Grubbs catalyst GC2 tends to produce high cis-containing
polymers; see Table 6.1. There was sufficient resolution to determine the cis/trans
level for each comonomer in the block and random copolymers. These results

reveal the exact same trend, in that first-generation catalysts produce high trans-
containing copolymers, while second-generation catalyst produces high cis-
containing copolymers, regardless if it was a random or block copolymer; see

Table 6.1.

The Poly-M1 anhydride exhibits the highest trans content when using first-

generation ruthenium catalysts, �92–93%. Addition of the bulky ester groups

in the exo,exo configuration significantly decreases the trans content in Poly-

M3 as compared to Poly-M1, 60% versus 93%. A further decrease in trans
content is observed if one of the esters groups is in the endo configuration as

in Poly-M4 versus Poly-M3, 50% versus 60%; see Table 6.1. Interestingly,

when a methylene group is in position-7, as in the norbornene moiety of

Poly-M2, a higher trans content is observed as compared to its oxa analog

of Poly-M4, 70% trans versus 50%, respectively. Identical results were

obtained for both the random and block copolymers when using first-generation

Grubbs ruthenium catalyst; see Table 6.1.

Polymers constructed from second-generation Grubbs ruthenium catalyst

exhibit higher cis content than their first-generation counterparts when using

M1–M3 monomers. Analogous to the results of first-generation catalysts, incor-

poration of the exo,exo esters as in Poly-M3 versus the exo,exo anhydride of

Poly-M1 decreases the trans content of the polymer further. In other words, the

cis content is enhanced when comparing Poly-M3 (64% cis) with Poly-M1 (51%

cis). Incorporation of a methylene group in position-7, as in the norbornene

Table 6.1 Mole % trans double bonds in select polymers prepared by ROMP catalysts GC1A,

GC1B, or GC2 (Adapted from [32])

Polymer

Mole % trans for given catalyst (first monomer/second

monomer)

GC1A GC1B GC2

Poly-M1 93 92 49

Poly-M2 70 75 40

Poly-M3 60 64 36

Poly-M4 50 – 78

Poly(M2-block-M1) 75:25 70/93 73/90 40/40

Poly(M2-block-M1) 50:50 75/95 67/90 -

Poly(M2-block-M1) 25:75 75/90 67/83 40

Poly(M1-random-M2) 50:50 – 75/80 50/40

Poly(M1-random-M3) 50:50 – 69/68 40/40

– denotes not synthesized
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moiety of Poly-M2, along with the exo,endo esters, yields roughly the same cis
content as compared to Poly-M3, 60% cis versus 64% cis, respectively. The
block and random copolymers generated are virtually identical in their cis values
when comparing to their homopolymer counterparts constructed by the second-

generation Grubbs catalyst.

Results from 1D-13C-NMR and proton-NOESY experiments also indicate that

all polymers constructed by either catalyst family are atactic. In other words, the

monomer units are in a random distribution of orientations relative to the backbone.

This is clearly evident by the multiplicity of each carbon signal attributable to the

bridgehead 1,4-carbons of the oxanorbornene ring; see Fig. 6.20.

Astonishing results were obtained when using monomer M4 and second-

generation Grubbs catalyst. The Poly-M4 constructed by GC2 catalyst exhibited

the complete opposite trend. In this case, the catalyst produced a high trans-
containing polymer (78% trans), instead of a high cis-containing polymer. Struc-

turally, monomerM4 contains an endo substituent in position 5 or 6 and an oxygen
atom in position-7; see Scheme 6.54b. This combination results in a significant

difference in cis/trans selectivity by GC2. Thus, the interplay of the catalyst with

monomer M4 is different than with all other monomers used. Similarly, the

polymer architecture derived for the homopolymer of Poly-M3 is different than

that for Poly-M4, when using the second-generation Grubbs catalyst, 36% trans
versus 78% trans, respectively; see Schemes 6.54. Structurally, the only difference

between these two monomers is the presence of an endo substituent in the M4

monomer versus exo,exo in the M3 monomer.

Fig. 6.20 Carbon NMR profile for atactic Poly-M4–GC2 exhibiting resolvable trans-exo, trans-
endo, cis-exo, cis-endo-1,4 bridgehead signals (Adapted from [32])
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A similar trend was observed for Poly-M2 versus Poly-M4, 40% trans versus
78% trans, respectively; see Scheme 6.55. In this case, the only difference is the

oxygen atom at position-7 in oxanorbornene versus a methylene group in

norbornene, whereas both of the esters are in the endo,exo/exo,endo configurations.
At present, no ultimate rationale can be elucidated for the complete reversal in cis/
trans selectivity between M4 as compared to M2 or M3 monomer with regard to

the second-generation catalyst. What is clear is that the presence of an endo
substituent in either position 5 or 6 and an oxygen atom in position-7 drives the

trans bias when interacting with second-generation Grubbs catalyst.

Additional microstructural details with respect to the polymeric linkage points

between monomers (such as head–tail, head–head, or tail–ail) and the blockiness

of the cis or trans double bonds down the polymer’s main chain as well as the

determination of the comonomer sequencing for the polymer were obtained

through the use of 1H-13C-2D-HSQC–TOCSY NMR experiments, 2D-NOESY,

and deuterated analogs of oxanorbornene monomer. These results confirmed
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that random or block copolymers were indeed produced, rather than blends of

homopolymers.

Given the large dispersion in both the carbon and proton NMR chemical shifts

for these ROMP copolymers (Figs. 6.19 and 6.20) prompted further investigation

into their comonomer sequence distribution by NMR. When using a 30 millisecond

TOCSY mixing time, one obtains a correlation from a specific carbon signal to the

proton of its nearest neighbor two bonds away (gold arrow in Fig. 6.22). In contrast,

when using an 80 millisecond TOCSY mixing time, one obtains a correlation from

the carbon signal to the proton of its next nearest neighbor four bonds away (green

or red arrows). If one compares a 2D-HSQC correlating carbons to directly attached

protons, to a 2D-HSQC–TOCSY, correlating carbon signals to protons on adjacent

carbon atoms, one can construct the whole carbon backbone of the protonated

molecule.

This strategy was employed to determine the linkage points between adjacent

monomeric units in the ROMP copolymer backbone (Fig. 6.21). The bridgehead

1,4-proton and carbon signals corresponding to the exo or endo configurations, and

the large separation in chemical shift for the cis versus trans signals are all well

resolved from each other in both the Poly-M4 and Poly-M2NMR spectra (Figs. 6.19

and 6.20). These results compelled the authors to further evaluate the polymer’s
sequence distributions with respect to endo,exo (H–T), exo,endo (T–H), exo,exo (H–
H), and endo,endo (T–T) linkages by directly comparing HSQC–TOCSY results to

elucidate the mole fraction for each linkage type present in the ROMP copolymer.

Fig. 6.21 HSQC vs. HSQC–TOCSY analysis for endo/exo poly M4-I2
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Sequencing results further reveal that neighboring monomer units in the homo-

polymers of Poly-M2 or Poly-M4 are linked together in a head–tail fashion. In

other words, exo,endo to exo,endo as judged by the exo,endo cross peaks is

highlighted by green boxes/double-headed arrows for the trans comonomer unit

versus the red boxes/double-headed arrows for its cis counterpart in the 80 ms-

TOCSY experiments (Fig. 6.22).

The cis double bonds within the first-generation and second-generation-pro-

duced homopolymers are not in long blocks but are more homogenously distributed

along the polymer backbone. In fact, through the use of a deuteratedM1-monomer,

the authors demonstrated that the second-generation Grubbs catalyst produces 60%

cis/40% trans double bonds in Poly-M1 that are mostly alternating along the

polymer backbone, such as cis-trans-cis-trans. . .. This observation is further

Fig. 6.22 Monomer sequencing analysis using 80 ms HSQC–TOCSY results on Poly-M4–GC2

(Adapted from [32])
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supported by the sequencing results on Poly-M4 using GC2 catalyst, where the

trans-exo-4 to cis-endo-1 correlation is highlighted by blue arrow/box in Fig. 6.22.

Results further reveal that random copolymers comprising either M2 or M4

monomer are statically distributed along the backbone. Neither of the individual

comonomer units is in a long block of just one monomer type nor does it form an

alternating copolymer. A slight preference of oxanorbornene–oxanorbornene over

oxanorbornene–norbornene was observed in the 50/50M2/M3 random copolymer.

This discrimination signifies that despite an initial equimolar ratio of M3 to M2

monomer at the start of polymerization, there is a slight preference for M3 to

homopolymerize and form 60% oxa–oxa junctions in comparison to 40%M3–M2

oxa–nor links. The endo substituent may kinetically decrease random copolymer-

ization for monomer M2 with monomer M3.

These results further confirm that a copolymer is formed by ROMP and not a

blend of homopolymers or block copolymer. ROMP random copolymers predom-

inantly exhibit a statistically random sequence distribution of both its cis/trans

double bonds and its comonomer units along the main chain for this particular set

of norbornene dicarboxylic and oxanorbornene dicarboxylic monomers.

Conformational analyses on maleic anhydride-based ROMP homopolymers

were undertaken to elucidate the origin of particular structural features that explain

the difficulty of hydrolyzing and hydrogenating Poly-M1–G2. All other polymers

were less resistant to hydrolysis and hydrogenation processes. These findings

implied a compact globular structure that prevents reactants from diffusing into

the core of this particular homopolymer. Indeed, a high cis content was obtained for
Poly-M1–G2, inferring that a compact turn could be responsible for this outcome.

A head–tail meso dyad structure was one potential construct that could account for

this behavior for the Poly-M1–G2 homopolymer.

All other homopolymers could be hydrogenated and hydrolyzed, indicating

these particular homopolymers could be in a more extended conformation. To

reveal these structural elements, 2D-NOESY experiments were performed to obtain

distance constraints between functional groups present within the homopolymer.

Proton 2D-NOESY using 200, 300, and 400 ms mixing times reveal several

important findings. NOESY results indicate that the trans olefinic protons are in

close contact with the cis olefinic protons [36]. Given the intensity of the NOEs

observed for the Poly-M1–GC2 indicates that a high percentage of alternating cis/
trans double bonds within the main chain is present.

This alternating cis/trans double bond structural motif is unique for Poly-M1–

G2. Earlier reports indicated that the cis and trans double bonds are present in long
blocks of each when using these ROMP catalysts [15, 23, 37–45, 94, 192–197]. The

NMR results also indicate an overall atactic homopolymer.

Further studies utilizing deuterium isotopic labeling confirmed the original

findings, namely, that an alternating cis/trans turn is responsible for a compact

structure, involving three M1 monomers that place the central M1 monomer’s cis
and its trans double bonds in close special proximity as displayed in Fig. 6.23.

Additional interactions observed in the 2D-NOESY experiments are denoted by

purple arrows for intra-residue NOEs and red arrows for inter-residue NOEs in
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Fig. 6.23. Molecular modeling results also suggest this turn is energetically attain-

able as well.

Strong inter-residue NOEs between the cis double bond protons to the next

residue’s trans protons are observed denoted as (a) in Fig. 6.23. The exo-cis
bridgehead proton is in close spatial proximity to the trans double bond proton of

the next residue (b) in Fig. 6.20. The penultimate bridgehead proton to the trans
double bond two residues away is also observed denoted by (c). These NOE

correlations indicate that a turn structure would be required to obtain them, as

presented in Fig. 6.23.

Closer inspection of the molecular modeling results reveals that all seven

observed NOEs can be produced by this compact turn construct in Poly-M1–

GC2. The intensity of the NOE signals further suggests a repetitive pattern of

this structural element along the polymer backbone as well. These results would

suggest a compact structure for the Poly-M1–GC2molecule and would support the

problematic issue that this polymer could not be easily hydrolyzed nor hydroge-

nated as observed.

Utilizing the observed NOEs with molecular modeling and dynamics calcula-

tions gives rise to the proposed secondary structural elements that could be present

in these polymers. Two distinct models emerge that are coherent with the experi-

mental findings (Fig. 6.24). In particular, Poly-M1–GC1A exhibits an extended

structure, while Poly-M1–GC2 contains compact turns (Fig. 6.24). For visual

clarity, the yellow atoms signify chain ends.

An identical strategy was applied for Poly-M2(endo,exo-norbornene dicarbox-

ylic dimethyl ester) derived from first-generation Grubbs catalysts that produced

predominantly trans atactic Poly-M2–GC1 homopolymers(70–75 mol% trans).
The 2D-NOESY results revealed a trans-isotactic bias, while the results of the

1D-tacticity studies, Poly-M2–GC1B, exhibits an atactic structure (trans,
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Pr� 0.51/Pm� 0.49; cis, Pr� 0.56/Pm� 0.44) with a slight preference or bias to a

trans-isotactic and cis-syndiotactic.
From the correlations derived from the 2D-NOESY experiments and the results

from the 1D-tacticity studies, the following secondary structural elements can be

elucidated for Poly-M2–GC1, as depicted in Fig. 6.25. This extended structure is

consistent in that the Poly-M2 homopolymers, regardless of which catalyst is used,

can be hydrogenated.

In contrast to the results obtained by first-generation Grubbs catalyst (Table 6.1),

the second-generation Grubbs catalyst produces a predominantly cis homopolymer

exhibiting 60 mol% cis double bonds. 1D-tacticity studies indicated an atactic or

heterotactic arrangement with only a slight bias for a cis-syndiotactic configuration
(trans, Pr� 0.50/Pm� 0.50; cis, Pr� 0.55/Pm� 0.45).

The 2D-NOESY results reveal that the cis double bond between adjoining

monomers is arranged such that the rings of each monomer are perpendicular to

each other (Fig. 6.25). Conversely, the trans monomer’s rings are in a parallel or

antiparallel orientation. The secondary structural elements of this type of an

arrangement still give rise to an extended polymeric backbone structure. The

Poly-M2-homopolymer, derived by second-generation Grubbs catalyst GC2, can

be hydrogenated unlike Poly-M1-GC2, suggesting an extended polymeric

backbone.

Combing this information into molecular modeling reveals a very kinky but

extended secondary structure. The cis double bonds are accessible to hydrogenation
as empirically confirmed (Fig. 6.26). Both poly(endo,exo-norbornene dicarboxylic
dimethyl ester) homopolymers derived from either first- or second-generation

Atactic Poly-M1-GC1B Atactic Poly-M1-GC2

Fig. 6.24 Comparison of secondary structural elements for first-generation vs. second-generation

Grubbs catalyst-derived poly(exo,exo-oxanorbornene dicarboxylic anhydride), space-filling model

of atactic Poly-M1–GC1B containing 18 monomer units each (yellow atoms denote chain ends)

vs. atactic Poly-M1–GC2) (Adapted from Tallon, M.A.; Rogan, Y., Marie, B., Clark, R.B., Musa,

O.M., Khosravi, E., J. Polym. Sci. Part A; Polymer Chemistry, 2014, 52 (17), pp 2477–2501,

Copyright 2014 with permission from John Wiley & Sons)
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Grubbs catalyst exhibit a different polymeric architecture, but both homopolymers

are still extended and accessible. In contrast, the second-generation Grubbs catalyst

fabricated Poly-M1-(exo,exo 7-oxanorbornene dicarboxylic anhydride) is not.

Atactic Poly-M2-GC1B

Fig. 6.25 Comparison of secondary structural elements for first-generation Grubbs catalyst-

derived poly(exo,endo-norbornene dicarboxylic dimethyl ester) atactic Poly-M2–GC1B (Adapted

from [32])

Fig. 6.26 Comparison of secondary structural elements for first-generation Grubbs catalyst vs.

second-generation Grubbs catalyst-derived poly(exo,endo-norbornene dicarboxylic dimethyl

ester), (a) atactic Poly-M2–GC1B vs. (b) atactic Poly-M2–GC2 (Adapted from [32])
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The results on Poly-M4(endo,exo-oxanorbornene dicarboxylic dimethyl ester)

are the most interesting of all. A complete reversal in the trend for cis/trans
selectivity is observed by both classes of Grubbs catalysts. First-generation Grubbs

catalyst is expected to generate an atactic high trans-containing homopolymer,

while the second-generation Grubbs catalyst is expected to construct an atactic high

cis-containing homopolymer.

Yet, with the M4 monomer, both catalysts reverse this trend. The first-

generation Grubbs catalyst produces a higher 50 mol% cis-containing poly(endo,
exo-oxanorbornene dicarboxylic dimethyl ester) that exhibits a strong bias for cis-
and trans-syndiotacticity, 50 mol% trans-(trans, Pr� 0.65/Pm� 0.35; cis,
Pr� 0.67/Pm� 0.33. The second-generation Grubbs catalyst constructs an atactic

high trans-containing poly(endo,exo-oxanorbornene dicarboxylic dimethyl ester)

that exhibits a strong bias for trans-isotacticity and cis-heterotacticity, 78 mol%
trans-(trans, Pr� 0.33/Pm� 0.67; cis, Pr� 0.47/Pm� 0.53).

These unusual results must somehow be related to the presence of an oxygen

atom in position 7 of the ring system and its interaction with the catalyst/polymer

chain end complex. Both classes of catalyst, first or second generation, still con-

struct a homopolymer with an extended but kinky secondary chain structure

(Fig. 6.27).

In summary, the following conclusions can be derived. All ROMP polymers

exhibit an atactic microstructure. The adjoining monomers are linked in a head–tail

fashion, regardless of the monomer identity or the catalyst used. In general, first-

generation Grubbs catalyst constructs predominantly trans double bonds, while

second-generation ruthenium catalyst assembles higher cis-containing polymers. A

statistically random distribution of cis and the trans double bonds is predicted along
the polymer’s main chain from the models portrayed in Figs. 6.25, 6.26, and 6.27.

There are two notable exceptions to this trend. First is the Poly-M1, the

oxanorbornene anhydride, in which its cis and trans double bonds are more

alternating along the main chain. This results in a tight turn and an overall compact

globular tertiary structure when using second-generation Grubbs catalyst. Second is

the M4 monomer. In this case, a complete reversal in cis/trans selectivity is

obtained, where first-generation Grubbs catalyst constructs a high cis-containing
polymer and second-generation catalyst assembles a highly trans-containing poly-

mer with statistical distribution of cis/trans double bonds along the polymer’s main

chain.

For random copolymers, sequence distribution studies reveal that most of the

comonomers will produce polymers that are statistically random in monomer

distribution and not in long blocks of one monomer over the other. Even though a

slight bias was observed for the Poly-M2–M3 copolymer, where M3–M3

sequences account for 60% over the 40%M3–M2 sequences instead of the theo-

retical 50/50 ratio.

From these results, it is quite evident that ROMP can construct maleic anhy-

dride-based polymers with variable architectures. These structures can be compact

in nature or extended depending upon which catalyst is chosen. The structure of the

monomer with regard to its configuration being exo or endo further influences how
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the catalyst will choose the resultant cis/trans level in the ROMP polymer. This

results in greater diversity to the structural isomerization products obtained and

greater complexity than one would envision. Nevertheless, block copolymers are

easily constructed using ROMP, thereby producing innovative polymers with novel

structures.
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Chapter 7

Colloidal and Physicochemical Properties

of Maleic Anhydride Polymers

Roger L. McMullen

7.1 Introduction

The colloidal and physicochemical properties of maleic anhydride-based polymers

are very interesting due to their dynamic conformational behavior. A significant

portion of this chapter is dedicated to the topic of conformational behavior of

dilute solutions of copolymers of maleic anhydride copolymers. There is a wealth

of literature on this topic due to interest in elucidating the colloidal properties of

polyacids. Great strides were made in this area utilizing a variety of wet chemistry

and instrumental techniques, starting with potentiometric titration, which is a

fundamental approach to gaining insight into the chain dynamics of polyacids.

Studies based on sophisticated techniques, such as dynamic rheology and spectro-

fluorescence, help to provide greater insight into conformational phenomena

related to maleic anhydride-based polymers. In addition, the interactions of surfac-

tants with maleic anhydride-based polymers are equally intriguing and provide

researchers with insights into multicomponent systems, which are commonly found

in commercial formulations.

In addition to the solution behavior of maleic anhydride-based polymers,

there has been considerable interest in thin films of these polymers deposited on

selected substrates. Finally, polymers based on maleic anhydride have been

explored for their ability to form polyelectrolyte complexes. These multimolecular

complexes have potential applications in a variety of advanced technological fields,

and a vast number of studies have been carried out and are reported in the literature.
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7.2 Conformational Behavior of Dilute Solutions of Maleic

Anhydride Copolymers

In the last four decades, there has been a significant amount of interest in under-

standing the conformational behavior of maleic anhydride polymers in dilute

aqueous solution. The earliest work in this area, realized by Ulrich Strauss and

Paul Dubin in the late 1960s, focused on understanding hydrophobic microdomain

structure of copolymers of maleic anhydride and n-alkyl vinyl ethers (Fig. 7.1) [1–
3]. Hydrophobic substitution of the vinyl ether monomers of the polymer provide

unique behavior characteristic of polysoaps. In summary, it was found that the

microdomain structure is composed of micelle-like domains, and the polymer exists

in a compact hypercoiled conformation.

A number of techniques have been used to characterize these polymers; how-

ever, some of the very first studies were conducted using potentiometric titration

allowing researchers to monitor pH as a function of degree of dissociation (α) of the
protons from the carboxylic acid functionalities. Upon dissolution in water, maleic

anhydride copolymers convert to the diacid form in which each carboxylic acid has

a distinct pKa value. The most commonly studied copolymers of maleic anhydride

contained alkyl vinyl ethers with chain lengths ranging from n¼ 1 (methyl

substituted) to n¼ 16 (hexadecyl substituted). Overall, it was concluded that the

compact conformation exists at low pH for n¼ 4–10; however, as the polymers are

neutralized, they undergo a transition to an extended coil form. For polymers where

n¼ 1–3, the polymers exist in the random coil state at all dissociation values

(α¼ 0–2), and when n> 10 they exist in the compact conformation regardless if

the carboxylic acid groups are dissociated or not. In addition, the size of the

microdomains and the number of hydrophobic units participating in the intramo-

lecular micelles is also an important topic of discussion, which was not adequately

addressed until more recently [4–8].

In the paragraphs that follow, a number of techniques are summarized that help

shed light on the conformational behavior of copolymers of maleic anhydride and

n-alkyl vinyl ethers. Utilizing data obtained from potentiometric titrations, viscos-

ity measurements, and fluorescence spectrophotometry, we provide a detailed

description of the conformational transitions experienced by these polymers in

dilute aqueous solutions. Understanding these phenomena provides us with a

more comprehensive structure–function relationship of these materials.

Fig. 7.1 Molecular structure of a copolymer of n-alkyl vinyl ether and maleic anhydride, where

R¼ 1–16 methylene/methyl groups
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7.3 Potentiometric Titration Studies of Polyacids

Acid–base potentiometric titration is one of the most utilized techniques to study

the solution behavior of polyacids [9–11]. It allows one to determine pH and other

important equilibrium and thermodynamic parameters while the carboxylic acids

undergo dissociation. From a conformational perspective, the titration process,

starting from low pH and then increasing, leads to the removal of hydrogen ions

from the carboxyl groups. Such an event changes the polymer from a neutral

molecule to a polyelectrolyte containing negative charges. In a typical polyacid

that is not hydrophobically modified, one would expect the polymer chains to

transition from a random coil structure to an extended random coil structure. As

base is added to the system, the polymer becomes more and more negatively

charged, resulting in repulsion of adjacent carboxylate groups, which ultimately

leads to extension of the polymer chains.

7.3.1 Treatment of Titration Data

In a potentiometric titration, the degree of neutralization may be expressed as:

α ¼ NaOH½ � þ Hþ½ � � OH�½ �
Polymer½ � ð7:1Þ

in which case [NaOH], [H+], and [OH�] are the molarities of added titrant, free

hydrogen ion, free hydroxide ion, and polymer.

The Henderson–Hasselbalch equation is commonly used in chemistry to esti-

mate the pH of buffer solutions, determine the extent of ionization state in poly-

peptides, and study acid–base equilibrium [12]. It is given by the following

relationship:

pH ¼ pKa þ log
A�½ �
HA½ � ð7:2Þ

where pKa (equivalent to �logKa) is the dissociation constant of the weak acid.

[HA] and [A�] are the molarities of the weak acid and its conjugate base. For poly

(monoprotic acids), such as poly(acrylic acid), the Henderson–Hasselbalch equa-

tion becomes [13]:

pH ¼ pK0 � log
1� α

α

� �
þ 1

RTln 10ð Þ
∂Gel

∂α

� �
ð7:3Þ

where pK0 is the intrinsic dissociation constant of an ionized group in the poly-

electrolyte and Gel is the electrostatic free energy change. Most often, this equation
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is expressed in terms of the apparent dissociation constant, pKa, which can be

measured from the experiment:

pKa ¼ pHþ log
1� α

α

� �
þ 1

RTln 10ð Þ
∂Gel

∂α

� �
ð7:4Þ

In the case of poly(diprotic acids), the Henderson–Hasselbalch equation must take

into consideration the dissociation of two carboxylic acids [2]:

pH ¼ pK10 � log
1

2

1� α

α

� �
þ 1

2

1� α

α

� �2

þ 4K20

K10

1� α

α

� �" #1=2
8<
:

9=
;

þ 1

RTln 10ð Þ
∂Gel

∂α

� � ð7:5Þ

in which case K10 and K20 are the first and second intrinsic ionization constants of

the two carboxylic acid groups in poly(maleic acid) and related copolymers.

As already stated, the apparent dissociation constant, pKa, is determined from

the potentiometric titration. Values of pK10 are obtained by extrapolating pKa

(Eq. 7.4) to α¼ 0. By performing some algebraic manipulation, pK20 may then be

determined at α¼ 1 by Eq. (7.6), given that pK10 is already known:

pK10 þ pK20

2
¼ pHα¼1 � 1

RTln 10ð Þ
∂Gel

∂α

� �
α¼1

ð7:6Þ

Additional data from potentiometric titration studies may be obtained by calculat-

ing the area under the curves. Often, data are presented in the form of pH vs. α, pKa

vs. α, or RTln 10ð Þ½ ��1 ∂Gel=∂αð Þ vs. α.

7.3.2 Potentiometric Titration Studies of Hydrophobically
Modified Poly(Maleic Acid)

For illustration, Fig. 7.2 contains a potentiometric titration curve for several copoly-

mers of maleic anhydride and n-alkyl vinyl ethers. From the curves, one may note

that at low degrees of dissociation (0< α< 1), the methyl- and ethyl-substituted

polymers behave similarly. These titration data are very similar to that obtained for

poly(maleic acid) [13]. On the other hand, the butyl and hexyl forms have a steeper

slope in this region of the plot, which is indicative of the compact conformation in

these polymers at low degrees of dissociation. The strength of the intramolecular

hydrophobic interactions at low pH allows the hydrophobic forces to overpower

those of electrostatic repulsion brought about by the conversion of carboxylic acid

to carboxylate functional groups. Interestingly, conductometric titrations were

carried out on the same types of polymers, which demonstrated that the
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hydrophobically modified maleic anhydride copolymers [poly(maleic acid–decyl

vinyl ether)] have less conductance than polyelectrolyte samples without hydropho-

bic modification [poly(maleic acid–methyl vinyl ether)] [14].

At a certain point in the potentiometric titration, the curves for both the butyl-

and hexyl-substituted polymers flatten due to the transition from the compact to the

extended random coil state. It should be noted that the butyl-substituted polymer

undergoes the transition at lower dissociation than the hexyl system—a clear

demonstration that longer chain lengths provide greater hydrophobic interactions,

which to a certain extent are able to counteract electrostatic repulsions. At higher

degrees of dissociation (1< α< 2), and after the transition regions for the butyl-

and hexyl-substituted polymers, all of the titration curves are similar.

Titration data also provide insight into other structural properties of maleic

anhydride-based polymers. For example, since we know the pKa1 and pKa2 of the

carboxylic acid groups in poly(maleic acid–alkyl vinyl ether) are 3.47 and 6.47,

respectively, we can make several deductions about its local secondary structure.

The difference between these two pKa values is 3.0. For comparison,ΔpKa¼ 4.2 for

maleic acid, while ΔpKa¼ 1.4 for succinic acid. More than likely, the similarity of

the ΔpKa values for maleic acid and poly(maleic acid–alkyl vinyl ether) is probably
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Fig. 7.2 Potentiometric titrations of poly(maleic acid–methyl vinyl ether) (open triangle), poly
(maleic acid–ethyl vinyl ether) (open circle), poly(maleic acid–butyl vinyl ether) (closed circle),
and poly(maleic acid–hexyl vinyl ether) (closed triangle). Experiments were conducted in pure

water at 30 �C. Reprinted with permission from P. Dubin and U. Strauss, J Phys Chem 1970, 74
(14), 2842–2847 [2]. Copyright, 1970, American Chemical Society
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related to the similarity of their steric configuration. The two carbon atoms of

maleic acid are separated by a double bond, which is not the case for the polymer.

In fact, in terms of bonding architecture, the polymer is more like succinic acid.

Therefore, the mere fact that the ΔpKa of the poly(maleic acid–alkyl vinyl ether)

polymers is closer in value to maleic acid than succinic acid implies that steric

interactions may be involved and that there is restricted motion on the backbone of

the polymer chain [15]. It should also be noted that hydrogen bonding occurs

between adjacent carboxylic acid groups, and this also affects pKa values. As a

result, the carboxylic acid groups tend to be in the cis conformation.

7.4 Thermodynamics of the Ionization Process

for Copolymers of Maleic Anhydride

Thermodynamic parameters can provide insight into the polymer chain dynamics

during dissociation. Heat of dissociation (ΔH0) data is particularly intuitive as it can

provide some explanation of the local environment of the polymer chains. Like-

wise, changes in the free energy (ΔG0) and entropy (ΔS0) as a function of ionization
also yield insight into the physical state of the system. Normally, calorimetry is the

preferred method of choice for determining ΔH0. A calorimeter may be used to

measure physical changes as well as phase transitions in the polymer system. The

experiment is normally carried out by monitoring temperature, pressure, and

volume of the system and utilizing this data to calculate key thermodynamic

parameters. Other methods may also be used, often providing a qualitative descrip-

tion of the process of interest.

A typical plot of ΔH0 as a function of the degree of dissociation of poly(maleic

acid–butyl vinyl ether) is provided in Fig. 7.3. A broad transition centered at

α¼ 0.375 is clearly evident in the plot. By generating a baseline (dashed line),

one may integrate the negative peak to obtain a value for the enthalpy of the

polyelectrolyte conformational transition ΔHCð Þ.
As one might expect, salt concentration influences the thermodynamic transi-

tions. Figure 7.4 includes plots of heat of dissociation as a function of polymer

ionization for added salt concentrations of 0.04 M and 0.20 M NaCl. The heat of

dissociation in the transition becomes notably smaller (comparing 0.04 M NaCl

with the sample in Fig. 7.3, which does not contain salt) resulting in a ΔHC value

significantly smaller, �345 cal/mol for 0.04 M NaCl as compared to �561 cal/mol

for 0.0 M NaCl.

Potentiometric titration data may also shed light on thermodynamic parameters

related to the transition from the compact to extended random coil form. It has been

shown by Strauss and coworkers that a value proportional to the free energy change

associated with the transition (ΔG
�
t ) can be determined by taking the area difference

of the potentiometric titration curves between the polymer undergoing the transition

and the same hypothetical polymer if it existed in the extended random coil
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Fig. 7.3 Plot of heat of dissociation as a function of ionization of poly(maleic acid–butyl vinyl

ether). Temp¼ 25 �C; [polymer]¼ 2.0� 10�2 eq/mol. Reprinted with permission from Crescenzi

et al., J Polym Sci C 1972, 39, 241–246 [16]. Copyright, 1972, John Wiley & Sons
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conformation over all α values. In experiments, data obtained from poly(maleic

acid–ethyl vinyl ether) is used as the hypothetical extended random coil polymer

across all α values, simply because it behaves in this manner due to its short alkyl

chain [17]. Using this methodology, the butyl and hexyl forms of the copolymers

yield free energy values (ΔG
�
t ) of 310 and 1110 cal/mol, respectively. One may

further calculate the contribution of each methylene group as 400 cal/mol to the

stabilization of the compact conformation.

Another thermodynamic parameter that provides insight into the molecular

processes that take place during the dissociation of the polyacid is the entropy

difference associated with the transition. As already mentioned, ΔH0
c and ΔG0

c can

be determined by calorimetry and potentiometric titrations. Therefore, one may

employ the thermodynamic relationship below:

ΔG0
c ¼ ΔH0

c � TΔS0c ð7:7Þ

To solve for ΔS0c:

ΔS0c ¼ �ΔG0
c � ΔH0

c

T
ð7:8Þ

It should be pointed out that the use of this relationship is based on the assumption

that conditions are relatively close to standard state.

Studies conducted with poly(maleic acid–butyl vinyl ether) indicate that the

entropy change associated with the transition is negative [16]. Such a result

suggests that hydrophobic forces are primarily responsible for stabilizing the initial

compact conformation.

In similar studies, utilizing both calorimetry and potentiometry, a range of poly

(maleic acid–n-alkyl vinyl ethers) with varying degrees of hydrophobic modifica-

tion were studied. These consisted of the methyl, ethyl, propyl, butyl, pentyl, hexyl,

and octyl forms of the polymer. A sample of selected data will be presented in terms

of the rate of change ofΔG0
c as a function of the degree of ionization ∂G=∂αð Þ. The

slope for the polymers with low degrees of hydrophobic modification (methyl,

ethyl, propyl, and butyl) slightly increases as a function of dissociation until

α¼ 1 where they experience an abrupt increase (see Fig. 7.5). Overall, this group

of compounds behaves similarly over the entire ionization range. The initial slight

increase in the curves is typical for polyacids and can be ascribed to the increasing

electrostatic potential with increasing dissociation [18]. The sharp increase in

∂G=∂αð Þ, observed at α¼ 1, is believed to arise due to the electrostriction of

water by the doubly protonated acid groups [19].

A slightly different picture emerges when we examine poly(maleic acid–n-alkyl
vinyl ethers) with longer side chains. For the butyl-substituted polymer, at α¼ 0.4,

there is a drop in ∂G=∂αð Þ until α¼ 0.4, which is believed to be due to the lower

affinity of the polymer for hydrogen ion in terms of electrostatic interactions as it

becomes deionized and enters the extended conformation. Based on corresponding

enthalpy and entropy data obtained from this same region of the deionization curve,

it is thought that changes in thermodynamic behavior are caused by the
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reorganization of water around the newly exposed aliphatic chains [19]. Similar to

the butyl-substituted polymer, the pentyl, hexyl, and octyl forms of the polymer

show similar transitions in the ∂G=∂αð Þ curves, although the transitions are greater
in magnitude and slightly shifted. More than likely, this effect is observed due to

increasing degrees of hydrophobicity in these polymers.

7.5 Rheological Properties of Polyacids

The rheological performance of polymers in dilute aqueous solutions can provide

insight into their conformational behavior. Similar to the potentiometric titration

studies, solution viscosity measurements can be carried out at various degrees of

deionization for flexible copolymers of maleic anhydride allowing one to make

observations about their swelling behavior as a function of pH. The most simple

form of the molecule, poly(maleic acid), undergoes changes in viscosity as function

of dissociation of the carboxylic acid groups. As elaborated above, these changes in

solution behavior are due to conformational changes of the polymers as the

negatively charged carboxylate groups begin to repel each other resulting in

swelling in which extended random coil conformation prevails.
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Fig. 7.5 Plot of differential free energy as a function of ionization for variants of poly(maleic

acid–n-alkyl vinyl ethers): methyl (dotted line), ethyl (dashed line), propyl (open diamond), butyl
(multiplication symbol), pentyl (open square), pentyl baseline (wavy line), hexyl (open circle), and
octyl (open triangle). Reprinted with permission fromMartin and Strauss, Biophys Chem 1980, 11,
397–402 [19]. Copyright, 1980, Elsevier
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Utilizing the same systems described above, early work concentrated on eluci-

dating the viscosity behavior of copolymers of maleic anhydride and n-alkyl vinyl
ethers. Figure 7.6 provides a plot of viscosity as a function of dissociation of the

carboxyl groups (α). Not surprising, poly(maleic acid–ethyl vinyl ether) portrays

typical behavior expected for a weak polyacid. At increasing values of α, the
viscosity of the solution increases due to the electrostatic repulsions caused by

the anionic carboxylate groups.

Poly(maleic acid–butyl vinyl ether) also undergoes a rheological transition

although its viscosity values are much lower at low degrees of deionization.

Again, this behavior at low α may be interpreted as resulting from the presence

of a highly compact conformation. Once 50% of the carboxylic acid groups are

deprotonated (α¼ 1), the poly(maleic acid–butyl vinyl ether) solution reaches a

comparable value to poly(maleic acid–ethyl vinyl ether). The behavior of poly

(maleic acid–butyl vinyl ether) at α¼ 1 may be interpreted as the result of the

electrostatic repulsion forces becoming greater in magnitude than the van der Waals

forces present in the intramolecular stabilized conformation. As shown in Fig. 7.6,

poly(maleic acid–hexyl vinyl ether) behaves similar to poly(maleic acid–butyl

vinyl ether), although it has much lower viscosity values—again indicative of

greater stabilization of the compact conformation by longer alkyl chains.

Fig. 7.6 Plot of intrinsic viscosity as a function of degree of dissociation for poly(maleic acid–

ethyl vinyl ether) (open circle), poly(maleic acid–butyl vinyl ether) (open triangle), and poly

(maleic acid–hexyl vinyl ether) (inverted closed triangle) in 0.04MNaCl at 30 �C and poly(maleic

acid–octyl vinyl ether) (open square) in 0.01 M NaCl at 30 �C. Reprinted with permission from

Dubin and Strauss, “Hypercoiling in hydrophobic polyacids,” published in Polyelectrolytes and
their applications, Eds. A. Rembaum and E. Sélégny [3]. Copyright, 1975, D. Reidel

Publishing Co.
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7.6 Spectrofluorescence Studies of Polymer Conformation

A very informative way to study the colloidal behavior of polymers and surfactants

is to utilize fluorescent probe techniques. Typically, molecular fluorescence is

extremely dependent on the fluorophore’s environment. For example, the maximum

emission wavelength (λem) may shift or change in intensity due to a change in the

fluorophore’s molecular environment. This is very typical when monitoring fluores-

cence of a given material in polar versus nonpolar solvents.

Strauss and coworkers took advantage of these properties of fluorophores and

attached a dansyl group (1-dimethylamino-naphthalene-5-sulfonyl) to the polymer

backbone of several copolymers of maleic anhydride and n-alkyl ethers

[20, 21]. The reaction takes place between the amino group of the dansyl moiety

and the maleic anhydride group of the copolymers (see Scheme 7.1). A relatively

small degree of substitution (<10%) is carried out, as very little modification is

required to fluorescently tag the polymer. In a nonpolar environment, the fluores-

cent probe has a λem¼ 500 nm, which undergoes a shift to longer wavelengths, and

a decrease in intensity, in increasingly polar environments.

A plot of fluorescence emission at λem¼ 520 nm versus carboxylic acid disso-

ciation is provided in Fig. 7.7 for the butyl- and methyl-substituted copolymers.

Striking, but not surprising, the plot for poly(methyl vinyl ether–maleic acid) is

very low in intensity at all carboxylic acid dissociation values (0< α< 2). Such a

Scheme 7.1 Poly(maleic anhydride–alkyl vinyl ether) labeled with dansyl according to [20, 21]
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result is in accordance with a dye that is present in a polar environment. Hence, one

may surmise that poly(methyl vinyl ether–maleic acid) exists in the extended

random coil conformation regardless of the deionization state of the polymer.

Poly(butyl vinyl ether–maleic acid) exhibits slightly different behavior, where the

fluorescence probe is present in a nonpolar environment (reflected by the high

fluorescence intensity) at low dissociation values (0< α< 0.4). This state is indi-

cative of the hypercoiled compact conformation. After undergoing a transition

(0.4< α< 0.6), poly(butyl vinyl ether–maleic acid) transforms into the extended

random coil conformation.

Two additional trials of poly(butyl vinyl ether–maleic acid), completed at

different salt concentrations, demonstrate the role of electrostatic forces in polymer

dynamics. At 0.2 M and 0.5 M NaCl, the amount of fluorophore in a hydrophobic

environment at the initial state (0< α< 0.4) is significantly greater than in the

absence of salt. In addition, the onset of the transition region is shifted to higher

degrees of dissociation. It appears that screening the negatively charged electro-

static repulsions of the carboxylate groups with sodium counterions allows the

compact conformation to persist until greater degrees of dissociation are reached

since the repulsive forces are less powerful than is the case when no salt is added.

Fig. 7.7 Fluorescence intensity at 520 nm as a function of the degree of dissociation for

copolymers of maleic anhydride and n-alkyl vinyl ethers derivatized with a fluorescence probe

(dansyl group). Higher fluorescence intensity indicates that the dansyl group is in a more

hydrophobic environment. Poly(maleic acid–methyl vinyl ether) in water (closed circle) is com-

pared to poly(maleic acid–butyl vinyl ether) in water (open circle), 0.2 M NaCl (half-right closed
circle), and 0.5 M NaCl (half-top closed circle). Reprinted with permission from U. Strauss and

G. Vesnaver, J Phys Chem 1975, 79 (22), 2426–2429 [21]. Copyright, 1975, American Chemical

Society
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Studies carried out at several concentrations of each polymer show equivalent

behavior. Such a result demonstrates that the hydrophobic domains are formed as a

result of intra-chain, rather than interchain, van der Waals interactions of the alkyl

chains [8]. These findings are in contrast with surfactant micelles, which form

intermolecular micelles, demonstrating that there is no critical micelle concentra-

tion with polysoaps of copolymers of maleic anhydride and n-alkyl vinyl ethers.
Other fluorescent probes can also be used to investigate the intramolecular

association of copolymers of maleic anhydride and n-alkyl vinyl ethers

[22, 23]. In particular, pyrene is commonly used as a fluorescence probe to

determine the microenvironmental properties of micelles and other higher-order

assemblies of molecules (see Scheme 7.2).

Using such methodology, hydrophobically modified poly(maleic acid–octyl

vinyl ether) was compared to poly(maleic acid–methyl vinyl ether), also demon-

strating that the polysoap undergoes a conformational transition from the compact

to extended random coil conformation as the carboxylic acid groups are neutralized

(see Fig. 7.8) [22]. This work demonstrated that the long alkyl chains (octyl) from

the vinyl ether portion of the polymer form hydrophobic microdomains, and esti-

mates were made that as little as 50 octyl groups could participate in the intra-chain

association at low degrees of dissociation. At higher degrees of neutralization,

Scheme 7.2 Poly(maleic anhydride–alkyl vinyl ether) fluorescently labeled with pyrene according

to [23]. Please note that pyrene is normally supplied in its salt form
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the polymer extends resulting in a loss of the hydrophobic domains. It should be

noted, however, that some compact conformation does remain even at full neutral-

ization (α¼ 2). Also noteworthy, the addition of high concentrations of divalent

salts at pH 4.0 to aqueous solutions of poly(maleic acid–octyl vinyl ether) results in

the formation of a gel network, which has the properties of a reversibly cross-linked

system.

For further illustration, Fig. 7.9 provides an artistic rendition of the polymer

chain conformation for hydrophobically modified copolymers of maleic acid and

alkyl vinyl ethers. In summary, the (a) compact conformation is shown at low

degrees of dissociation in which one may observe a tightly packed chain structure

stabilized by intramolecular micelles. In the (b) transition region, there is an

intermediate conformation between the compact and extended random coil confor-

mation, illustrating that the intramolecular micelles begin to uncoil. Finally, at high

degrees of dissociation, the polymer exists in the (c) extended random coil

conformation.

It should be pointed out that these three conformations can be found in different

points in the neutralization process—starting at low pH and increasing to higher pH

values—for certain hydrophobically modified species of poly(maleic acid–alkyl

vinyl ether), specifically poly(maleic acid–butyl vinyl ether), poly(maleic acid–

hexyl vinyl ether), and poly(maleic acid–octyl vinyl ether). In the case of more

Fig. 7.8 Pyrene solubility in a solution of poly(maleic acid–octyl vinyl ether) (1000 ppm) as a

function of dissociation of the polymer’s carboxylic acid groups. Reprinted with permission from

Q. Qiu et al., Langmuir 2002, 18, 5921–5926 [22]. Copyright, 2002, American Chemical Society
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Fig. 7.9 Several conformations that exist for copolymers of maleic acid and alkyl vinyl ether: (a)

compact conformation, (b) transition region, and (c) extended random coil
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polar species, such as poly(maleic acid–methyl vinyl ether), only the extended

random coil conformation is found throughout the neutralization range. Likewise,

more nonpolar species, such as poly(maleic acid–hexyl vinyl ether), will exist in the

compact hypercoiled conformation at all pH values. An important point to make is

that the occurrence of these conformations and transitions as a function of pH is also

dependent on the degree of hydrophobic modification of the polymer and any

counterions present in the solution [17].

7.7 Conformation Behavior of Copolymers

of Maleic Anhydride and Styrene in Water

Similar to the studies carried out on copolymers of maleic anhydride and alkyl vinyl

ethers, investigations of the conformational behavior of copolymers of styrene and

maleic anhydride have also been of great interest to researchers. Most of the work

conducted in this area relied on potentiometric titrations, optical titrations, visco-

metry, dilatometry, and calorimetric measurements [24–29]. Overall, solution

behavior analogous to that described for copolymers of maleic anhydride and

alkyl vinyl ethers (Sects. 7.2–7.6) is observed for copolymers of maleic anhydride

and styrene. Similar to the studies already described, various physical measure-

ments have been conducted as a function of ionization of the acid groups of poly

(styrene–maleic acid) (see Fig. 7.10). Typical experiments are carried out starting at

low pH, corresponding to low degrees of ionization (carboxylic acid groups in the

uncharged state), while increasing pH results in an increase in the degree of

ionization of the polymer’s acid groups (carboxylic acid groups in the fully charged
state). In general, poly(styrene–maleic acid) in water exists in a compact coil

conformation at low degrees of ionization and undergoes a transition with increas-

ing ionization to an extended random coil conformation.

Based on thermodynamic studies of the conformational transition of poly

(styrene–maleic acid), evidence suggests that the compact form of the polymer is

stabilized by van der Waals and hydrophobic interactions between the phenyl

residues of the polymer [29]. Once beyond the conformation transition (greater

degree of dissociation), electrostatic forces overcome the hydrophobic and van der

Waals forces allowing the molecule to adapt to a more extended coil conformation

in which the negatively charged carboxylate groups repel each other.

Titration curves of poly(styrene–maleic acid) are shown in Fig. 7.11. The

transition region occurs in the range 0.2< α1< 0.6 for an ionic strength of I¼ 0.03.

Fig. 7.10 Molecular structure of the anhydrous form of poly(styrene–maleic acid)

414 R.L. McMullen



Surprisingly, there is very little temperature dependence for this polymer for the

range of temperatures tested. This is in contrast to findings with copolymers of

hexyl vinyl ether and maleic anhydride where ΔG
�
t depends on temperature [2].

For further illustration, Fig. 7.12 contains a plot of the fraction of monomeric

units in the extended coil conformation of poly(styrene–maleic acid) as a function

of carboxylic acid group dissociation. This data is based on potentiometric titration

data in which difference spectra are used to calculate the fraction of monomeric

units in the extended coil conformation [30]. The data in Fig. 7.12 clearly show that

more monomeric units are involved in the compact conformation at lower degrees

of dissociation. As the acid groups of the polymer become more charged, electro-

static repulsion causes more of the molecule to take part in the extended coil

conformation. In addition, by varying the salt concentration, one can observe

differences caused by ionic strength. The higher the ionic strength, the greater is

the observed shift to higher degrees of dissociation. Such a result is within reason

since cations from the added salt will interact with negatively charged acid groups

of the polymer causing a shielding effect that impedes electrostatic repulsion.

Fig. 7.11 Potentiometric titration curves for an aqueous solution of poly(styrene–maleic acid)

at I¼ 0.03 and various temperatures. The polymer concentration is 0.0128 mol/L. Plotting

constants are 0 at 20 �C, 0.1 at 25 �C, 0.2 at 30 �C, 0.3 at 35 �C, and 0.4 at 40 �C. Reprinted
with permission from T. Okuda et al., J Polym Sci 1977, 15, 749–755 [29]. Copyright, 1977,

John Wiley & Sons
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7.8 Interactions Between Maleic Anhydride-Based

Polymers and Surfactants

A number of key studies shed light on the interactions between maleic anhydride-

based polymers and various types of surfactants. The colloidal behavior of nonionic

(penta-ethylene glycol mono-n-dodecyl ether), cationic (dodecyltrimethyl ammo-

nium bromide), and anionic (sodium dodecyl sulfate) surfactants with poly(octyl

vinyl ether–maleic acid) was studied under various conditions, such as surfactant

concentration, pH, etc. Specific interest lies in understanding how the

hydrophobically modified polymer interacts with the surfactants, either electro-

statically or by hydrophobic interactions, often forming mixed micelle systems in

which the surfactant tails incorporate themselves into the hydrophobic portions of

the polymer. Most of the work in this area was carried out by a group of scientists at

Columbia University in New York City under the direction of Professor

Somasundaran. Several techniques, discussed to some extent in other sections of

this chapter, were used to probe the colloidal and molecular behavior of such

systems. In addition, fluorescence spectrophotometry, dynamic light scattering,

electron spin resonance, and surface tension measurements were also used to obtain

complementary information.

Fig. 7.12 Fraction of monomeric units ( fc) in the extended coil form as a function of dissociation

for poly(styrene–maleic acid). Ionic strengths of (A) 0.01, (B) 0.03, (C) 0.10, and (D) 0.27.

Reprinted with permission from T. Okuda et al., J Polym Sci 1977, 15, 749–755 [29]. Copyright,

1977, John Wiley & Sons
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7.8.1 Nonionic Surfactants

The interactions of hydrophobically modified polyelectrolytes with nonionic sur-

factants is an intriguing topic in colloid science that can be investigated with

various physical chemistry measurements. To shed light on polymer–nonionic

surfactant interactions, we use the example from the literature of penta-ethylene

glycol mono-n-dodecyl ether (C12EO5) with poly(octyl vinyl ether–maleic acid)

(see Fig. 7.13) [31]. Brief introductions to each of the techniques used to measure

phenomena are introduced.

Surface tension measurements are often carried out using the Wilhelmy tech-

nique in which a metal (e.g., platinum) plate is dipped into a test solution and

removed while monitoring the force required to pull the plate out of solution, which

can mathematically be related to the surface tension of the solution. Water has a

surface tension of about 72 mN/m, and, in general, adding a monolayer of surfactant

onto the water surface would reduce the surface tension. Figure 7.14 contains

measurements of surface tension for a control system (water) versus a polymer

solution as a function of added nonionic surfactant (C12EO5). As expected, curve

(b) initially starts at the surface tension of water and begins to progressively

decrease when the critical micelle concentration (cmc) of the surfactant is reached

(0.06 mM). In the polymer-containing system (curve (a)), the surface tension starts

at a much lower value (ca. 53 mN/m), which can more than likely be attributed to

the hydrophobic domains in the polymer. More than likely, they associate together

in bulk solution or present themselves at the air–solution interface. Addition of

nonionic surfactant to the polymer system results in an initial decrease in surface

tension followed by a rise (between 0.0075 and 0.075 mM), which might be

explained by considering that the polymer and nonionic surfactant form micelle

structures in bulk solution, leaving less surfactants and polymer available at the air–

solution interface, where they would influence the surface tension. Further addition

of C12EO5 to the solution leads to a decrease in surface tension (starting at

0.075 mM), which eventually reaches a steady value that corresponds to a fully

saturated system containing surfactant alone. The surplus of surfactant added to the

polymer–surfactant system most certainly causes the system to reach a state in

which excess surfactant results in more micelles formed by the nonionic surfactants

alone than mixed micelles containing both the surfactant and the polymer. As a

result, the properties of nonionic surfactant micelles predominate giving the overall

solution a surface tension similar to that obtained in a system containing only the

nonionic surfactant above its cmc value.

Fig. 7.13 Molecular structure of penta-ethylene glycol mono-n-dodecyl ether, referred to as

C12EO5 or nonionic surfactant in the text
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Equally intuitive, viscosity measurements of the same two aqueous systems

described above (water + nonionic surfactant and polymer + nonionic surfactant)

yield results consistent with expected behavior. Figure 7.15 includes plots of

viscosity for both systems as a function of added C12EO5. Not surprisingly, the

polymer solution is more viscous than the corresponding control system. Again, at

low surfactant concentrations, the polymer more than likely exists in a highly coiled

state stabilized by hydrophobic interactions that would cause a slight increase in

viscosity relative to a straight water solution. Increasing the concentration of

nonionic surfactant in both systems causes an increase in viscosity; however, it is

much greater in the case of the polymer system. The increase in viscosity for the

polymer beginning at approximately 0.1 mM provides evidence for the cooperative

interactions between the hydrophobic domains of the polymer and, presumably, the

aliphatic chains of the nonionic surfactant. The small increases in viscosity of the

aqueous solution containing only nonionic surfactant are probably due to micelle

structures.

A key learning from studies of C12EO5 with poly(octyl vinyl ether–maleic acid)

is that the surfactant integrates into the polymeric hydrophobic nanodomains well

below the cmc of the surfactant (see Fig. 7.16). When the surfactant is used in

conjunction with the polymer, a critical complexation concentration may be defined

as the surfactant concentration where mixed micelles containing the polymer

hydrophobic groups and the surfactant are formed. In addition, a saturation point

is reached, specific to the particular system under study, in which micelles (surfac-

tant only) and mixed micelles (surfactant + polymer) exist simultaneously. Addi-

tional data obtained by electron spin resonance, dynamic light scattering, and

spectrofluorescence support these conclusions [31].

Fig. 7.14 Plot of surface tension as a function of added nonionic surfactant (C12EO5) to (a) a

polymer solution containing poly(octyl-maleic acid) and (b) a control solution (water only).

Reprinted with permission from Deo and Somasundaran, Langmuir 2005, 21, 3950–3956 [31].

Copyright, 2005, American Chemical Society
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Fig. 7.15 Plot of viscosity as a function of added nonionic surfactant (C12EO5) to a control

solution (water only) and a polymer solution containing poly(octyl vinyl ether–maleic acid).

Reprinted with permission from Deo and Somasundaran, Langmuir 2005, 21, 3950–3956

[31]. Copyright, 2005, American Chemical Society

Fig. 7.16 Model of the interactions between C12EO5 and poly(octyl vinyl ether–maleic acid) at

various surfactant concentrations. Reprinted with permission from Deo and Somasundaran,

Langmuir 2005, 21, 3950–3956 [31]. Copyright, 2005, American Chemical Society
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7.8.2 Anionic Surfactants

Sodium dodecyl sulfate (SDS) is a common surfactant used for applications in

many different industries (see Fig. 7.17 for its molecular structure). It is particularly

well known for its detergency and was employed almost ubiquitously in personal

care cleansing formulations for many years. Studies of the interaction of SDS with

poly(octyl vinyl ether–maleic acid) are important to understand the colloidal

behavior of these molecules when formulated together. Dynamic light scattering,

rheological measurements, ultracentrifugation, and pyrene solubility measurements

were used to determine the solution behavior of the polymer and anionic

surfactant [32].

By adding pyrene crystals to test solutions, one can determine its solubility by

UV–visible spectrophotometry, by reading the absorbance of solubilized pyrene at

335 nm. Since pyrene is not soluble in aqueous environments, dissolution of the

crystals indicates its incorporation into a lipophilic environment. Figure 7.18 con-

tains a plot of pyrene solubility versus added anionic surfactant for a water (control)

system and polymer solution. In the control system (surfactant only), the pyrene

solubility is zero until the cmc (8 mM) is reached, where a significant increase

corresponds to the formation of micelle structures. In the polymer system, the

baseline reading for the poly(octyl vinyl ether–maleic acid) solution is higher

than the water system, even at low concentrations of SDS. This indicates that

hydrophobic nanodomains exist in the polymer in the absence and presence of

SDS. At about 2 mM of SDS, the pyrene solubility begins to increase, most likely

corresponding to a restructuring of the polymer hydrophobic domain [32].

Based on dynamic light scattering studies, Fig. 7.19 contains hydrodynamic data

as a function of SDS concentration. Up until about 1.5 mM, the size of the polymer–

SDS complex remains the same. However, at this point an abrupt increase in the

size of the complex occurs at SDS concentrations greater than 2 mM. Finally, a

plateau is reached after 12 mM of SDS is added. Together with the pyrene

solubility, dynamic light scattering, viscosity, and centrifugation data,

Somasundaran and coworkers developed a model of the interaction of SDS with

the polymer over the studied concentration range. This is illustrated in Fig. 7.20 and

shows that at low concentrations of the surfactant, the polymer exists in a

hypercoiled state (similar to its low-pH, deionized state).

More than likely, intra- and interchain interactions of the hydrophobic portion of

the polymer result in the formation of hydrophobic nanodomains. At low concen-

trations of SDS, these are the prominent colloidal interactions. As the concentration

of SDS increases—in the range of 2–12 mM—the SDS molecules interact with the

Fig. 7.17 Molecular structure of sodium dodecyl sulfate, referred to as SDS or anionic surfactant

in the text
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hydrophobic portion of the polymer. The resulting complex is best characterized as

a combination of both the surfactant and polymer. At higher concentrations of SDS,

it is believed that the polymer–SDS complex coexists with SDS micelles that form

once all of the possible hydrophobic binding sites on the polymer backbone are

occupied. At an SDS concentration of 12 mM, the saturation concentration of the

Fig. 7.18 Plot of pyrene solubility as a function of added sodium dodecyl sulfate to (a) a polymer

solution containing poly(octyl vinyl ether-maleic acid) and (b) a control solution (water only).

Reprinted with permission from Deo et al., Langmuir 2005, 21, 9998–10003 [32]. Copyright,

2005, American Chemical Society

Fig. 7.19 Plot of hydrodynamic radius as a function of added sodium dodecyl sulfate for a

solution of poly(octyl vinyl ether–maleic acid). Reprinted with permission from Deo et al.,

Langmuir 2005, 21, 9998–10003 [32]. Copyright, 2005, American Chemical Society
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surfactant is reached corresponding to about two SDS molecules per one n-octyl
chain of poly(octyl vinyl ether–maleic anhydride) [32].

7.8.3 Cationic Surfactants

The interactions between oppositely charged species are governed by electrostatics.

This is the most long-range force of the non-covalent interactions. However,

electrostatics can be influenced by the presence of hydrophobic interactions. In

the paragraphs that follow, we discuss the colloidal behavior of poly(octyl vinyl

ether–maleic acid) in the presence of the cationic surfactant, dodecyltrimethyl

ammonium bromide (DTAB) (see Fig. 7.21). Work conducted in the laboratories

of Professor Somasundaran at Columbia University shed light on the behavior of

this system at various pH levels [33].

Similar to the sections above—discussing the interactions of poly(octyl vinyl

ether–maleic acid) with nonionic and anionic surfactants—surface tension,

viscosity, and electron spin resonance were used to provide understanding of

the conformation behavior of the polymer with the cationic surfactant, DTAB.

Figure 7.22 contains a plot of surface tension versus DTAB concentration for a

Fig. 7.20 Conformational behavior of poly(octyl vinyl ether–maleic acid) as a result of increasing

SDS concentration. Three states may be distinguished falling in the following surfactant

concentration ranges: (a) [SDS]< 2 mM, (b) 2 mM< [SDS]< 12 mM, and (c) [SDS]> 12 mM.

The polymer concentration is 1% (w/w). Reprinted with permission from Deo et al., Langmuir
2005, 21, 9998-10003 [32]. Copyright, 2005, American Chemical Society
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0.1% (w/w) solution of poly(octyl vinyl ether–maleic acid) at pH 4 and pH 10 as

well as a solution without polymer. The surface tension of the solution without

polymer, at low DTAB concentration, is essentially equal to that of pure H2O. As

the concentration of DTAB increases, there is a sharp drop in surface tension

starting at 0.5 mM DTAB until it reaches extremely low surface tension values at

>10 mM DTAB, which corresponds to the cmc of DTAB (15 mM). The two

solutions of poly(octyl vinyl ether–maleic acid) (pH 4 and pH 10) show signifi-

cantly lower surface tension values (in the range of 50–55 dynes/cm) than pure

water (72 dynes/cm). As stated earlier, such a result indicates that hydrophobic

moieties of the polymer present themselves at the air–liquid interface (hydrophobic

interactions are lower in energy than hydrogen bonding). At pH 4, the surface

tension initially decreases when small amounts of SDS are added. However,

precipitation is observed between 0.6 and 12 mM, and measurement of the surface

tension of the supernatant reveals an abrupt increase between 0.6 and 0.8 mM.

Likewise, at pH 10 there is a decrease in surface tension with added DTAB until a

concentration of approximately 8 mM is reached. Precipitation occurs between

7 and 100 mM for the solution at pH 10. Similarly, a peak in the surface tension

curve is observed in this DTAB concentration range.

Based on surface tension, fluorescence, electron spin resonance, turbidity, and

viscosity measurements, Somasundaran and coworkers developed a model for the

interaction of DTAB with poly(octyl vinyl ether–maleic acid) at low (pH 4) and

Fig. 7.21 Molecular structure of dodecyltrimethyl ammonium bromide (DTAB)

Fig. 7.22 Plot of surface tension as a function of added DTAB for a solution of poly(octyl vinyl

ether–maleic acid) at pH 4 (circles) and pH 10 (triangles) and a solution not containing polymer

(line without symbols). Reprinted with permission from Deo et al., Langmuir 2007, 23, 5906–5913
[33]. Copyright, 2007, American Chemical Society
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high (pH 10) pH [33]. At pH 4 (see Fig. 7.23), at low concentrations of DTAB

(0 mM< [DTAB]< 0.6 mM), it is proposed that there is some interaction between

the positively charged surfactant and negatively charged carboxylic acid groups of

the polymer, and hydrophobic tails of DTAB insert themselves into hydrophobic

domains of the polymer. Continuing at pH 4, precipitation occurs at concentrations

of 0.6 mM< [DTAB]< 0.8 mM, which is presumably due to charge neutralization

between the two species. With further increase in DTAB concentration (0.8 mM<
[DTAB]< 50 mM), we have additional DTAB being added onto already existing

poly(octyl vinyl ether–maleic anhydride)–DTAB complex. This results in a charge

reversal and permits the resolubilization of the precipitate. A second precipitation

occurs (50 mM< [DTAB]< 300 mM), which more than likely could have resulted

from a change in the polymer chain conformation. At [DTAB]> 300 mM, the

precipitate dissolves again while maintaining the extended random coil conforma-

tion of the polymer with the DTAB interacting with the polymer. In addition, at this

concentration the solution properties are dominated by the DTAB micelles.

At pH 10 (which is assumed to be similar to pH 7), in the first concentration

range (0 mM< [DTAB]< 7 mM), most of the carboxylic acid groups on the

polymer background are ionized, resulting in a more highly extended conformation

than at pH 4 (see Fig. 7.24). The addition of DTAB more than likely results in the

Fig. 7.23 Proposed model of poly(octyl vinyl ether–maleic acid)–DTAB interactions at

pH 4 and at various DTAB concentrations. Region 1, 0 mM< [DTAB]< 0.6 mM; Region

2, 0.6 mM< [DTAB]< 0.8 mM; Region 3, 0.8 mM< [DTAB]< 50 mM; Region 4, 50 mM<
[DTAB]< 300 mM; Region 5, [DTAB]> 300 mM. Reprinted with permission from Deo et al.,

Langmuir 2007, 23, 5906–5913 [33]. Copyright, 2007, American Chemical Society
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interaction between the positively charged surfactant and the negatively charged

carboxylic acid groups. Additional stability is provided by van der Waals inter-

actions between the long alkyl chains of the surfactant and the pendant hydrophobe

on the polymer chain. At 7 mM< [DTAB]< 20 mM, precipitation occurs due to

charge neutralization of the negatively charged polymer by the positively charged

surfactant. Further addition of DTAB ([DTAB]> 20 mM) results in a charge

reversal of the complex and a resolubilization of the complex.

7.9 Thin Films of Copolymers of Maleic Anhydride

As we have already seen in previous sections, a number of different techniques

(e.g., potentiometric titration, NMR studies, and intrinsic viscosity measurements)

have been used to probe the behavior of alternating copolymers of maleic anhydride

in aqueous solution. Based on the results of these studies, one may conclude that

electrostatic forces, hydrogen bonds, and hydrophobic interactions are responsible

for the conformational behavior of these polymers. For example, copolymers based

on maleic anhydride have been shown to have two distinct pKa values

corresponding to each acid group on the hydrolyzed maleic anhydride monomer

unit. This anomaly arises due to electrostatic repulsion between adjacent carbo-

xylate groups and hydrogen bonding between protonated and deprotonated acids

[34]. In addition, hydrophobic moieties in copolymers of maleic anhydride are

responsible for a compact conformation that exists at low degrees of ionization

(acidic conditions). Neutralization of the copolymers results in deionization along

with the concurrent transformation of the polymer to an extended random coil.

There has been considerable interest in understanding similar properties of thin

films of copolymers of maleic anhydride [35–44]. An innovative approach to

investigating thin films is by electrokinetic studies using a microslit streaming

Fig. 7.24 Proposed model of poly(octyl vinyl ether–maleic acid)–DTAB interactions at

pH 10 and at various DTAB concentrations. Region 1, 0 mM< [DTAB]< 7 mM; Region

2, 7 mM< [DTAB]< 20 mM; Region 3, [DTAB]> 20 mM. Reprinted with permission from

Deo et al., Langmuir 2007, 23, 5906–5913 [33]. Copyright, 2007, American Chemical Society
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potential instrument to determine the zeta potential and surface conductivity of the

films [34]. In this manner, copolymers of maleic anhydride are spin coated on glass

or silicon wafers and placed in the electrokinetic cell. Copolymers of poly

(octadecene–alt-maleic acid), poly(propylene–alt-maleic acid), and poly(styrene–

alt-maleic acid) were investigated as representative examples of very hydrophobic,

hydrophilic, and intermediate substrates, respectively. Since these data were gen-

erated at various pH values, the information garnered from the experiments pro-

vided an overview of structural transitions and ionization potentials that could be

explained by electrostatic interactions, hydrogen bonding, and hydrophobic inter-

actions. At low pH or low degrees of ionization, there is a strong repulsion between

the anionic acid groups, resulting in expansion of the films (in the x-y direction) of

the more hydrophilic copolymers: poly(propylene–alt-maleic acid) and poly

(styrene–alt-maleic acid). However, in the case of the hydrophobic polymer, poly

(octadecene–alt-maleic acid), the film properties and dimensions remain

unchanged as a function of pH, illustrating the dominating force of the hydrophobic

interactions. Similar to solution behavior, the half-dissociated state in poly

(propylene–alt-maleic acid) and poly(styrene–alt-maleic acid) is stabilized by

hydrogen bonding between the carboxylic acid anion and its non-dissociated

carboxylic acid neighbor. Again, this gives rise to two distinct pKa values, not

only in solution but also in thin films of these polymers.

Other experiments to characterize thin films of maleic anhydride copolymers

consist of contact angle measurements (drop shape analysis), surface tension

(Wilhelmy method), ellipsometry, atomic force microscopy, transmission electron

microscopy, X-ray photoelectron spectroscopy, and dynamic light scattering

[34, 45, 46]. These experimental techniques provide information about the hydro-

phobicity/hydrophilicity, thickness, roughness, morphology, and chemical compo-

sition of the thin films. Using such techniques, one particular study provides very

instructive results on the conformational behavior of maleic anhydride copolymers

of varying polarities [45].

Contact angle measurements were carried out in the dry (annealed; maleic

anhydride form) and wet (hydrated; maleic acid form) states on a series of copoly-

mers based on maleic anhydride including poly(propene–alt-maleic anhydride),

poly(styrene–alt-maleic anhydride), and poly(octadecene–alt-maleic anhydride).

Table 7.1 contains molecular weight, film thickness, film roughness, pKa values,

and the surface concentration of maleic anhydride moieties in the films for the three

polymers.

The polymers, which possess various degrees of polarity, were covalently bound

to silicon (SiO2) wafers by annealing, thereby forming a monolayer of polymer on

the surface. Sessile drop experiments were conducted in the dry state, while captive

bubble measurements were carried out in the hydrated state. This type of measure-

ment is an axisymmetric drop shape analysis that determines the liquid–fluid

interfacial tension and contact angle by examining the shape of sessile or pendant

drops.

Not surprisingly, comparison of the contact angle results in the dry and wet

states for thin films of poly(propene–alt-maleic anhydride), poly(styrene–alt-
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maleic anhydride), and poly(octadecene–alt-maleic anhydride) demonstrated that

greater contact angle readings were obtained in the annealed states (maleic anhy-

dride form) than in the hydrolyzed states (maleic acid form). This is illustrated in

Table 7.2, where it is also shown that contact angle measurements in both the dry

and wet state depend on the degree of polarity of the molecule. For example, poly

(propene–alt-maleic anhydride), which has the greatest amount of maleic anhydride

groups at the surface of the film (see σfree in Table 7.1), yields the lowest contact

angle in both the annealed and hydrolyzed samples—a result that is in line with our

expectations for the most hydrophilic polymer of the group. Likewise, the most

hydrophobic polymer—poly(octadecene–alt-maleic anhydride)—yields the

greatest contact angle values. Not surprisingly, thin films of poly(styrene–alt-
maleic anhydride), which is intermittent polarity, provide values somewhere in

between the other two polymers.

In another series of experiments, researchers from Karina Grundke’s group at the
Leibniz Institute of Polymer Research in Dresden measured the contact angle of the

same thin films while submerged in water at various ionic strengths and pH levels.

These studies were carried out by conducting captive air bubble measurements.

Such liquid–fluid contact angle measurements provide insight to the film’s behavior

Table 7.1 Properties of thin films of maleic anhydride-based copolymers

Mw

(g/mol) Tdry (nm)

rms roughness

(nm)

pKa1 /

pKa2

σfree (10
13

cm�2)

Poly(octadecene-alt-maleic

anhydride)

50,000 4.5 � 0.5 0.32 3.7/6.8 6

Poly(styrene–alt-maleic

anhydride)

100,000 6.5 � 0.5 0.31 3.0/6.3 8

Poly(propene-alt-maleic

anhydride)

39,000 3.1 � 0.5 0.34 2.8/6.5 10

Molecular weight (Mw), film thickness (Tdry), film roughness (rms roughness), pKa values for each

carboxylic acid group in maleic acid, and surface concentration of maleic anhydride moieties

(σfree) are reported. Reproduced from P. Uhlmann et al. [45] Reprinted with permission from the

American Chemical Society, Copyright, 2005

Table 7.2 Contact angle measurements on dry films for the maleic anhydride copolymers

described in Table 7.1

Advancing contact angle (�)
Poly(propene–alt-maleic anhydride)

Annealed 73 � 1

Hydrolyzed 53.2 � 12

Poly(styrene–alt-maleic anhydride)

Annealed 84.2 � 2

Hydrolyzed 82.6 � 5

Poly(octadecene–alt-maleic anhydride)

Annealed 107.7 � 2

Hydrolyzed 97.9 � 7

Data from P. Uhlmann et al. [45]
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at various degrees of ionization of the maleic acid groups. Overall, these data

demonstrated that when the maleic acid groups are ionized (deprotonated), they

cause the surface of the film to be more hydrophilic. The data also revealed that

contact angle hysteresis—comparing the advancing and receding angle—was the

largest for the most hydrophobic polymer and least for the most hydrophilic

polymer. Insight to this finding is still forthcoming, although it more than likely

has to do with the number of maleic acid moieties on the surface of the film [45].

7.10 Polyelectrolyte Complexes of Maleic Anhydride-

Based Polymers

Polyelectrolyte complexes are formed by combining two oppositely charged poly-

mers together resulting in the formation of a polysalt. This complex is stabilized by

electrostatic interactions, and while these Coulomb interactions are the principal

stabilizing factor of polyelectrolyte complexes, hydrogen bonding, van der Waals

forces, and hydrophobic interactions also play important roles in maintaining

polyelectrolyte complex integrity. In addition, a number of other factors determine

the properties of the polyelectrolyte complex including the characteristics of the

polyanions and polycations involved (molecular weight, charge density, and the

nature of the ionic groups), solution properties (ionic strength, pH, and tempera-

ture), and the method of preparation [47, 48]. There is a great deal of interest in

polyelectrolyte complex technology as there are numerous applications in biotechno-

logy, nanotechnology, energy applications, and pharmaceutical technology.

Polyelectrolyte complexes can take on several different morphologies; however,

they are normally formed by separation from the solution phase as flocculated

precipitates or as complex coacervates [49]. Typically, polyelectrolytes are not

soluble in H2O even though their constituent parts (individual polymers) are H2O

soluble. For this reason, polyelectrolyte complexes tend to absorb water, similar to

the manner of a hydrogel. Polyelectrolyte complexes can be classified as: (1) soluble

polyelectrolyte complex, meaning that on the macroscale it is a homogenous

system that contains small polyelectrolyte aggregates; (2) turbid colloidal systems

containing suspended polyelectrolyte complexes; and (3) two-phase systems

containing a precipitate (the polyelectrolyte complex) and a supernatant (the

remaining solution) [50].

Numerous techniques have been used to characterize polyelectrolyte complexes

and consist of measurements of turbidity, pH/ionic strength, viscosity, dynamic and

static light scattering, zeta potential, polyelectrolyte titration, and particle size

distribution [51, 52]. Of these tests, turbidimetric measurements monitoring the

optical density at 500 nm (OD500) are commonly employed as they can be easily

instituted in most laboratories. Furthermore, the optical density is affected by a

number of the properties of the polyelectrolyte complex including the shape,

number of molecules involved (concentration), size, and polydispersity [50].
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Polyelectrolyte complexes of maleic anhydride copolymers are particularly

interesting due to changes in the ionization state of the maleic acid portion of the

molecule at various pH values [53–60]. A number of different systems have been

investigated and are summarized in Table 7.3. While many different combinations

have been explored, poly(diallyldimethylammonium chloride) (Fig. 7.25) is one of

the most popular cationic polyelectrolytes used in conjunction with anionic maleic

anhydride copolymer polyelectrolytes.

The formation of polyelectrolyte complexes depends on many factors including

the order of addition (Is the polyanion or polycation added first?) and if one of the

Table 7.3 Studies of polyelectrolyte complexes involving maleic anhydride copolymers

Polyelectrolyte complex References

MPEG-grafted poly(styrene–alt-maleic acid) with poly(diallyldimethy-

lammonium chloride)

[53]

Poly(ethylene oxide)–poly(maleic acid) with chitosan [54]

Poly(N-vinyl pyrrolidone–alt-maleic acid) with bovine serum albumin [55]

Poly(styrene–maleic acid) with gelatin [56]

Poly(maleic acid–alt-α-methylstyrene) with poly(diallyldimethylammonium

chloride)

[57]

Poly(maleic acid–co-α-methylstyrene) or poly(maleic acid–co-propylene) with
poly(L-lysine) or poly(diallyldimethylammonium chloride)

[58]

Poly(maleic acid–alt-divinyl ether) with poly(N-ethyl-4-vinylpyridinium) [59]

Poly(ethene–alt-maleic acid) or poly(isobutene–alt-maleic acid) or

poly(styrene–alt-maleic acid) with poly(X-alt-N-(triethylammonium)-

sulfonato-ethyl)-maleimide) or poly(X-alt-N0-trimethylammonium-(iodide)-pro-

pyl)-maleimide); X¼ ethene, isobutene, or styrene

[60]

Poly(maleic acid–alt-vinyl acetate) or poly(maleic acid–alt-styrene) or poly
(maleic acid–alt-vinylnaphthalene) with poly(diallyldimethylammonium chloride)

[52]

Poly(maleic acid–alt-propene) or poly(maleic acid–alt-α-methylstyrene) with poly

(diallyldimethylammonium chloride)

[47]

Poly(maleic acid–Na-co-propene) with poly(diallyldimethylammonium chloride) [61]

Poly(maleic acid–co-α-methylstyrene) with poly(diallyldimethylammonium

chloride)

[62]

Poly(maleic acid–co-propylene) or poly(maleic acid–co-styrene) with poly

(diallyldimethylammonium chloride)

[63]

Poly(maleic acid–co-propene) or poly(maleic acid–co-α-styrene) with poly

(diallyldimethylammonium chloride)

[64]

Poly(maleic acid–co-propene) with poly(diallyldimethylammonium chloride) [50]

Fig. 7.25 Molecular structure of poly(diallyldimethylammonium chloride), a polycation fre-

quently included in polyelectrolyte complex design
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polyelectrolytes is added in excess as well as molecular weight, charge density, and

charge distance within the polyelectrolyte chain. A comprehensive study by

Buchhammer and coworkers investigated various preparation parameters on the

physical characteristics of polyelectrolyte complexes utilizing quasi-elastic light

scattering, polyelectrolyte titration, and turbidity measurements to monitor the

particle size, polydispersity, and the degree of complexation [50]. These studies

shed light on a number of interesting phenomena involving the formation of

polyelectrolyte complexes of poly(diallyldimethylammonium chloride) and poly

(maleic acid–co-propene); however, the most intriguing—and this is a generalized

finding that probably applies to most polyelectrolyte complexes—is that the size

and polydispersity of the prepared complex depends if the starting polyelectrolyte

solution is deficient or in excess. If the starting solution is deficient, this means that

the second polyelectrolyte will be in excess. Therefore, the first polyelectrolyte will

be used up entirely, being totally occupied electrostatically with interactions with

the added second polyelectrolyte. On the other hand, the second polyelectrolyte will

be in excess, meaning that at some point it will run out of partner (i.e., oppositely

charged ions) to interact with.

Figure 7.26 contains a visual description of this phenomenon, illustrating one of

two possible pathways: (I) the starting polyelectrolyte is deficient or (II) the starting

polyelectrolyte is in excess. In this first case, the final polyelectrolyte complex will

contain less Polyelectrolyte 1 than Polyelectrolyte 2, while in the second case the

opposite will be true, there will be more Polyelectrolyte 1 than Polyelectrolyte

2. When the starting polyelectrolyte solution is deficient, all of the polyions interact

with the added second polyelectrolyte. There is, however, remaining Polyelectro-

lyte 2, which is adsorbed on to the surface. These polyelectrolyte particles are

larger, but have much lower polydispersity than particles that were created with the

starting solution in excess (i.e., the complex is made by starting with a higher

concentration of Polyelectrolyte 1 and a lower concentration of Polyelectrolyte

2 added to the solution). In this case, the polyelectrolyte complex particles will be

smaller, but the polydispersity will be higher. It should be noted that polyelectrolyte

complexes formed by starting with an excess amount of polycation (deficient

amount of polyanion) are more stable than complexes that are created with an

excess amount of polyanion (deficient amount of polycation). While the inner core

of such polyelectrolyte complexes is hydrophobic, the outer surface containing the

charge is rather hydrophilic in nature.

In the experiments by Buchhammer and coworkers, one of the polyelectrolyte

systems that they studied, and allowed them to arrive at the conclusions presented in

Fig. 7.26, was based on the polycation, poly(diallyldimethylammonium chloride),

and the polyanion, poly(maleic acid–co-propene) [50]. They were compared to

polyelectrolyte complexes of poly(diallyldimethylammonium chloride) and

copolymers based on acrylamide and sodium acrylate (polyanion). Their findings

demonstrate that the higher the molecular weight (and possibly the lower the

anionic charge density), the larger the size of the polyelectrolyte particles. It is

also reported that increasing the concentration of the polyelectrolytes results in an

increase in the polyelectrolyte complex size, but no change in the size distribution,
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until a critical polymer concentration is reached, where a large increase in both size

and size distribution is observed.

There is also significant interest in understanding the salt tolerance of poly-

electrolyte complexes. In fact, studies involving poly(maleic acid–co-propene) and
poly(maleic acid–co-α-methylstyrene) in conjunction with poly(diallyldimethyl-

ammonium chloride) demonstrate how chemical structural differences influence

colloidal behavior of the polyelectrolyte complexes [47, 61]. Not surprising, sta-

bility difference is observed when comparing polyelectrolyte complexes based on

poly(maleic acid–co-propene) and poly(diallyldimethylammonium chloride) with

poly(maleic acid–co-α-methylstyrene) and poly(diallyldimethylammonium chlo-

ride). Figure 7.27 provides turbidity data (OD500) as a function of NaCl concentra-

tion demonstrating that a complex containing poly(maleic acid–co-α-
methylstyrene) is stable over a much greater concentration range than the same

system with poly(maleic acid–co-propene). It should be noted that the plot only

provides a salt stability profile at one time point. The authors report that at low salt

concentrations, both complexes are relatively stable over time; however, as the

NaCl concentration is increased, precipitation of the complexes occurs with time

leading to low OD500 readings [47]. Also, at high salt concentrations, no precipitate

is formed, and therefore clear solutions are obtained; thus, low OD500 values are

observed. Nevertheless, the data in Fig. 7.27 suggest that hydrophobic interactions

probably play an important role in the stabilization of polyelectrolyte complexes.

Fig. 7.27 Turbidimetric determination of optical density (OD500) at various NaCl concentrations

for polyelectrolyte complexes containing poly(diallyldimethylammonium chloride) and poly

(maleic acid–co-α-methylstyrene) (closed square) as well as poly(diallyldimethylammonium

chloride) and poly(maleic acid–co-propene) (open circle), both at mixing ratios (n�/n+) of 0.5.
Reprinted with permission from Buchhammer et al., Langmuir 1999, 15, 4306–4310 [47]. Copy-

right, 1999, American Chemical Society
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Such an effect may also be related to chain flexibility, depending if the chain is

more prone to a compact random coil form or a more extended structure.

Polyelectrolyte complexes are crucial for flocculation applications in the paper

industry, water treatment, and mineral processing [65]. Their function is the

separation of unwanted particles from dispersions by flocculation. To better under-

stand their flocculation behavior, we can look at their interactions with negatively

charged silica particles. Examination of the flocculation capacity of poly(diallyldi-

methylammonium chloride) alone and in combination with poly(maleic acid–co-α-
methylstyrene) illustrates that flocculation occurs over a much broader polymer

concentration range when the polyelectrolyte complex is used, as opposed to the

polycation alone [47]. A possible explanation for this behavior is provided in

Fig. 7.28. It is very likely that the polycation alone forms a thin layer on the surface

of the silica particle, which leads to an overall neutralized charge on the particle

surface. Thus, the repulsion forces of the particles will be diminished. Increasing

the polymer concentration does help to alleviate this effect, although the polymer

has a limited range of efficacy. On the other hand, when a polyelectrolyte complex

is utilized for this application, such as that formed from poly(diallyldimethyl-

ammonium chloride) and poly(maleic acid–co-α-methylstyrene), much larger enti-

ties will be present on the silica surface leading to greater repulsion between the

silica particles over an extended concentration range.

Overall, polyelectrolyte complexes containing maleic anhydride-based copoly-

mers offer many possibilities for industrial and medical applications. This may be

attributed to their unique chemical properties, such as alternating copolymerization

as well as the ionization potential of the maleic acid portion of the molecule. The

studies outlined in Table 7.3 provide sufficient evidence of the academic interest in

understanding more about the fundamental properties of polyelectrolyte complexes

based on these polymers. We wait with bated breath for more such studies to help

guide us in understanding the colloidal behavior of similar systems.

7.11 Concluding Remarks

The physical chemistry of copolymers of maleic anhydride has fascinated scientists

for almost 50 years. Early work in this area focused on understanding the

pH-dependent conformational behavior of dilute solutions of these polymers with

specific emphasis on the influence of hydrophobic modification to these properties.

As a result, a great deal of understanding was achieved in terms of the molecular

dynamics of the polymers in relation to their structure. More recent studies provide

insight into interactions of surfactants with hydrophobically modified maleic anhy-

dride copolymers. Such investigations provide desired knowledge about the colloi-

dal behavior of these systems for a variety of industrial applications. Further, due to

the dynamic properties of these polyacid derivatives, there has also been keen

interest in their use in thin film applications. Finally, numerous work involving

maleic anhydride copolymers has been conducted in the area of polyelectrolyte
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complexes. This is a contemporary area of research with much promise in bio- and

nanotechnology.
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Fig. 7.28 Possible flocculation mechanisms for (a) poly(diallyldimethylammonium chloride)

alone and (b) a polyelectrolyte complex based on poly(diallyldimethylammonium chloride) and

poly(maleic acid–co-α-methylstyrene). Reprinted with permission from Buchhammer et al., Lang-
muir 1999, 15, 4306–4310 [47]. Copyright, 1999, American Chemical Society
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Chapter 8

Maleic Anhydride Applications

in Personal Care

Roger L. McMullen

8.1 Introduction

Maleic anhydride and its derivatives are used in many different areas in personal

care. They are indispensable ingredients used in hair, skin, and oral care formula-

tions. In hair care applications, copolymers containing maleic anhydride are mostly

found in hair fixative and styling formulas. They act as film formers, compatible

with a variety of solvent systems, which form polymer-hair fiber assemblies with

resistance to high humidity and mechanical insult to the hairstyle. The use of this

type of chemistry in hair care has a long history that began in the 1950s and

continues to find itself in contemporary products. In skin care, the largest impact

of maleic anhydride chemistry is in the form of copolymers of maleic anhydride

and methyl vinyl ether that are used in transdermal delivery systems and as

bioadhesives for biomedical devices. In addition, there are many innovative uses

of maleic anhydride chemistry in the delivery of cosmetic active ingredients as well

as adjuvants in antiperspirant formulations. Moreover, copolymers of maleic anhy-

dride function as rheology modifiers in finished skin care formulations providing

desirable textural and sensorial properties for the consumer. In oral care, poly

(methyl vinyl ether-maleic anhydride) is found in dentifrice formulations, where

it acts as a bioadhesive, film former, and delivery vehicle for active ingredients. For

many years, the bioadhesive nature of poly(methyl vinyl ether-maleic anhydride) to

the oral mucosa has been exploited in denture adhesive formulations as the key

active ingredient. In the pages that follow, we provide a summary and critical

analysis of both historical and contemporary uses of maleic anhydride in the

personal care arena focusing on traditional and innovative approaches.
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8.2 Applications of Maleic Anhydride Copolymers

in Hair Care

Human hair plays an important role in many facets of the consumer’s daily life. It is
important from a psychological and sociological perspective and often is indicative

of the beauty and/or health state of an individual. For these reasons, the hair sector

of the beauty industry has grown to colossal scale over the last century. A variety of

products are used to shape hair into various desired configurations. Some product

categories are permanent (e.g., hair relaxers and permanent waves) and require

chemically reactive treatments that change the chemistry of the mature hair shaft.

Other treatments, generally oils and polymers, are used to modify the three-

dimensional arrangement of the fiber assembly and to fix it in place. This latter

category of treatments covers a realm of products consisting of gels, mousses, hair

sprays, waxes, and pomades. A major requirement of these treatments is to provide

a durable style for a reasonable amount of time (~4–8 h) while withstanding

stressful environmental conditions, such as high humidity, as well as mechanical

disruption of the assembly, which occurs when the individual touches the hair fiber

assembly as well as motion caused by walking and other factors. In the paragraphs

that follow, we provide a description of hair structure as well as various applications

of maleic anhydride chemistry in hair care.

8.2.1 Structure and Function of Hair

The morphological structure of a mature human hair contains an inner core (cortex)

of spindle-shaped cortical cells (5 μm in diameter and 50 μm in length) aligned

along the length of the fiber. This is surrounded by overlapping flat cuticle cells that

are arranged in a manner analogous to fish scales or shingles [1–4]. The fiber may

also contain a medulla, which is located at the center of the cortex. Figure 8.1

contains an illustration of the three principle morphological components of hair,

while Fig. 8.2 provides a close-up look of the hair fiber only revealing the outer

cuticle structure. In many cases, the first thing that usually comes to mind when we

think of hair is alpha-keratin, which is a fibrous-type protein located in the cortical

cells of the cortex. The alpha-keratin chains associate together to form a hierarchal

quaternary structure. This is the “crystalline” part of the hair fiber known as the

intermediate filament (or microfibril). Intermediate filaments (hundreds of them)

are embedded in a pseudohexagonal array within a cysteine-rich protein matrix to

form the keratin macrofibril. Several tens of macrofibrils are packed longitudinally

within each cortical cell. The crystalline phase intermediate filaments play an

integral role in the mechanical tensile strength of the fiber. Equally important, the

cysteine-rich amorphous phase influences the mechanical properties of the fiber.

For example, in the wet state hair is more extensible, although it requires less
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energy to break than in the dry state. The uptake of water by the amorphous matrix

also greatly influences the styling behavior of hair.

The morphological and chemical structure of the hair cuticle is equally complex.

Each cuticle cell, which is ca. 0.5 μm thick and 60 μm square, consists of various

components known as outer beta-layer, epicuticle, A layer, exocuticle, endocuticle,

inner layer, and inner beta-layer. These cuticular subcomponents are lamellar and

arranged in the order listed above from the exterior of the fiber to its interior. The

outer and inner beta-layers constitute part of what is known as the cell membrane

complex, which is unlike most biological phospholipid membranes. It is believed

that the outer beta-layer, exposed to the surface and to overlying cuticle cells,

consists predominantly of 18-methyleicosanoic acid (18-MEA) [6]. In addition, the

cell membrane complex contains a delta layer, which is the intercellular cement that

joins the inner beta-layer of one cuticle cell with the outer beta-layer of an underlying

cuticle cell. TheA layer, exocuticle, and inner layer are thought to be proteinaceous in

nature and have been shown to be extremely rich in disulfide bonds [7]. The

endocuticle, on the other hand, is generally low in cystine, but is also comprised of

proteinaceous material. Human hair usually contains ca. 10 layers of cuticle cells at

the root of the fiber; however, this number diminishes along the length of the fiber

Fig. 8.1 Morphological structure of human hair, which contains three principle components:

(1) an internal cortex surrounded by (2) overlapping cuticle cells and (3) the medulla. For

demonstration, the cuticle is removed in the lower half of the illustration revealing the underlying

cortex structure. Individual cortical and cuticle cells are shown on the right side of the drawing.

This illustration originally appeared in G.A. Piersol, Human Anatomy, Vol. II, J.B. Lippincott
Company: Philadelphia, PA (1908) [5]
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toward the tip direction [8]. Overall, it is sufficient to say that undamaged hair has a

hydrophobic surface due to the composition of the outer beta-layer as well as

sebaceous lipids that do not play a structural role, but lubricate the fiber.

One should bear in mind, however, that chemically treated hair (dyed, bleached,

permanent waved, relaxed, etc.) has entirely different surface properties than virgin

hair. Contact angle readings can drop from ~98� in the case of virgin hair to ~74�

for bleached hair—representative of a hydrophobic surface (virgin hair) that has

become extremely hydrophilic (damaged hair). This will greatly influence how

fixative and styling agents interact with the hair due to wetting behavior. For

example, studies have shown that delipidized hair, which has a much lower contact

Fig. 8.2 Scanning electron microscope (SEM) micrograph of a human hair fiber
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angle than virgin hair, is stiffer when treated with a hydroalcoholic solution of

fixative polymer. The explanation stems from the greater wettability of delipidized

hair, which is allowed to swell to a greater extent, thereby resulting in greater

contact area in the weld regions where polymers bind with the fiber [9]. Thus, it is

essential to understand the morphological structure of hair to explain the interac-

tions of ingredients with hair and how they affect its cosmetic behavior.

8.2.2 Hair Sprays

A common method for maintaining a temporary hairstyle is manipulating hair into a

desired configuration followed by treatment with hair spray, which fixes the

hairstyle for an extended period of time. Hair sprays generally fall into one of

two categories: pump or aerosol hair sprays. Aerosol hair sprays are often referred

to as hydrocarbon or dimethyl ether aerosols, and they contain an alcohol-

hydrocarbon solvent-propellant system, polymeric resin, base to neutralize the

resin (if acid groups are present on the polymer), plasticizer, surfactant, and

fragrance [1]. The polymeric resin is the ingredient responsible for binding/gluing

fibers together; the base (the most common is 2-amino-2-methyl-1-propanol)

adjusts the solubility of the polymer allowing it to be more easily removed from

hair; the plasticizer fine tunes the mechanical properties of the film, such as

hardness/flexibility, to the desired state; and surfactant modifies the surface tension

making the polymer more/less spreadable on the hair surface. Essentially an aerosol

is a suspension of fine particles (solid or liquid) that forms when a liquefied

propellant gas is dispensed from a pressurized container. As the propellant reverts

to a gas under normal atmospheric pressure, it atomizes the carrier liquid into fine

droplets that form the spray. Pump hair sprays refer to similar systems that do not

require propellant, but rather are dispensed by a pumping mechanism that contains

an atomizer that in conjunction with springs, valves, etc. produces fine droplets of

the formulation through the mechanism of mechanical breakup.

Modern-day aerosol systems were invented in the early part of the twentieth

century. They were in cans with nozzles and contained a propellant. Following

advances made by the military during World War II for the delivery of insecticides

to prevent insect-borne diseases in soldiers, the beauty industry took advantage of

this technology to deliver polymeric setting resins to hair. The first hair spray

systems were based on shellac, a natural resin obtained from secretions by the lac

bug. By the 1950s, there was explosive growth in the development of polymeric

resins used for hair sprays. It was during this time that the first maleic acid-based

polymers were introduced to the marketplace, and the use of these polymers in hair

sprays started to appear in the patent literature [10, 11].

The earliest most successful maleic acid-based polymers to be incorporated into

these systems were copolymers of methyl vinyl ether and maleic acid (see Fig. 8.3).

Later adaptations of these molecules were based on esterification of one of the acid

groups on the maleic acid portion of the polymer resulting in either an ethyl or butyl
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ester (see Fig. 8.4). Not surprisingly, the butyl ester of poly(vinyl ether-maleic acid)

provides more resistance to breakdown of the hair set from high humidity than the

ethyl ester derivative. Hydrophobic modification of both hairstyling and fixative

polymers makes the polymer-fiber assembly more resistant to humidity and liquid

water. Nevertheless, these polymers were originally designed for and are still used

in aerosol hair sprays in many countries [12–17].

During the 1970s, the use of hair sprays declined in the United States in part

due to changes in hairstyles, but also due to regulatory pressures to reduce the

quantity of chlorofluorocarbons (CFCs) in consumer products. CFCs were com-

monly used propellants in aerosol systems; however, regulatory agencies, such as

the Environmental Protection Agency (EPA) in the United States, set guidelines

restricting their use due to growing concerns of the role of CFCs in the destruction

of ozone in the stratosphere. For this reason, CFCs have largely been replaced

with more environmentally friendly propellants, such as dimethyl ether and

1,1-difluoroethane—commonly known as hydrofluorocarbon 152-A. In the late

1980s to early 1990s, there was pressure to reduce the level of volatile organic

compounds (VOCs) in consumer products. The push toward 80% VOC then to

55% VOC hair spray systems in the United States led to a hair spray market with

increasing numbers of pump hair sprays. Polymers that functioned very well in high

VOC systems now faced the challenges presented by water-based formulas, such as

solubility, difficulty in spraying due to high viscosity, poor high-humidity curl

retention, and increased formulation tackiness [18]. Curl droop, or the relaxation

of the hair and consequent disturbance of the hairstyle after addition of the fixative

agent, is another issue since the hair physically interacts with water. In addition,

corrosion in metal aerosol cans also became a significant challenge due to the

greater presence of H2O. Regardless, there was a flurry of patent literature utilizing

poly(methyl vinyl ether-maleic anhydride) and its derivatives in low VOC systems.

Fig. 8.3 Molecular structure of poly(methyl vinyl ether-maleic acid)

Fig. 8.4 Molecular structure of (a) monoethyl ester of poly(methyl vinyl ether-maleic acid) and

(b) monobutyl ester of poly(methyl vinyl ether-maleic acid)
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They were formulated in both 80% VOC compositions [19–21] and 55% VOC

systems [22–25]. There are even examples of 0% VOC systems in which a

microemulsion of these polymers is dispersed in H2O [26]. Regardless, anhydrous

hair spray systems still exist largely in part due to higher use levels of

hydrofluorocarbon-152A, which is exempt from the VOC list, as the system

propellant and solvent. Overall, the use of this molecule as both propellant and

solvent leads to a more expensive formulation, although it offers the salon practi-

tioner and consumer access to anhydrous systems, for quick-drying formulations. In

fact, hydrofluorocarbon 152-A allowed aerosol systems to become the prominent

form of hair spray once again.

The reduction of VOCs in hair spray formulations led to the development of new

polymers that were compatible in these systems and lower molecular weight

analogs of polymers already used in the high VOC formulas. Another approach to

solve this problem was to utilize lower molecular weight analogs of polymers

already used in the high VOC formulas. This evolution eventually led to the

development of maleic anhydride polymer derivatives that were more soluble in

H2O and, hence, more suitable for 55% VOC applications. The best example of

a commercially successful polymer in this category is an imidized isobutylene/

maleic anhydride copolymer consisting of three monomeric units: isobutylene,

ethylmaleimide, and hydroxyethylmaleimide (see Fig. 8.5) [27, 28]. It is found in

many modern-day low VOC hair sprays. This polymer has some properties in

common with traditional maleic anhydride-based polymers (e.g., ethyl or butyl

ester of poly(vinyl ether-maleic acid)). However, the polymeric design leads to

more favorable hair fixative properties, such as pH stability, enhanced optical

properties (hair shine), no corrosion, no flaking, and increased stiffness of the hair

set [29]. Examples of several formulation types (e.g., hair spray, hair setting

formula) containing poly(isobutylene-ethylmaleimide-hydroxyethylmaleimide)

may be found in the patent literature [30, 31].

8.2.3 Hair Gel and Mousse Applications

Hair gels became popular in the 1960s when companies, such as Dep (California)

and Dippity-do (Canada), introduced gel formulations to the marketplace. Gels are

Fig. 8.5 Molecular structure of poly(isobutylene-ethylmaleimide-hydroxyethylmaleimide)
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still popular today and are largely comprised of a thickening polymer—cross-linked

poly(acrylic acid) is the most popular—used in conjunction with a styling polymer;

the most common are poly(vinyl pyrrolidone) and poly(vinyl pyrrolidone-vinyl

acetate). On the other hand, hair mousses were introduced in the 1970s, although

they did not become extremely popular until the early 1990s, when the grunge look

became fashionable [18]. Mousses are available as aerosol or nonaerosol formula-

tions. They are dispensed as a foam, which is then worked through the hair to give a

desired style. Typical ingredients in an aerosol mousse consist of solvent, propel-

lant, surfactant, and polymeric resin. In most cases the solvent is H2O. The most

popular propellants are 1,1-difluoroethane and mixtures of propane and isobutane

[32]. Surfactant is typically added to aid in the formation of a more stable foam or

mousse. Like hair sprays, there are also VOC restrictions on mousses and gels. For

mousses, VOC levels as set forth by the EPA in the United States should not exceed

16% and in some states, such as California, they cannot exceed 6%. Gel formula-

tions should contain no more than 2% VOCs [33]. As one might expect, polymers

designed for hairstyling applications (hair gel or mousse) are, in general, higher

molecular weight species than those employed in hair spray systems. They often

also contain cationic or pseudo-cationic polymers.

In general, most polymeric resins designed for anhydrous hair spray systems do

not formulate well in mousse or gel systems, since they are usually supplied as

alcoholic solutions, making it difficult to achieve the low VOC levels (J. Dallal,

Personal communication, 2014). In addition, hair spray polymers are typically lower

in molecular weight, allowing for better spray distribution patterns, while styling

polymers are generally higher molecular weight species. During the rise of popu-

larity of hair mousse systems in the early 1990s, it was found that higher molecular

weight poly(methyl vinyl ether-maleic anhydride) derivatives (~1,000,000 KDa)

produce mousses with optimum performance as compared to lower molecular

weight versions of this polymer, originally designed for hair sprays [34].

Maleic anhydride-based polymers, more suitable for hairstyling applications,

were developed and commercialized into the specialty chemical marketplace begin-

ning in the late 1990s. The monoester of poly(isobutylene-dimethylaminopropryl

maleimide-ethoxylated maleimide-maleic acid), sold under the trade name Aquaflex

XL-30, was designed for hair gel systems containing a poly(acrylic acid) thickener

(see Fig. 8.6 for molecular structure) [35]. Cross-linked poly(acrylic acid), commonly

referred to as carbomer, is an anionic thickening agent that forms clear gels. Most

developers of finished hair care products require that hairstyling polymers used in

conjunction with carbomer in hair gel systems are clear. While the monoester of poly

(isobutylene-dimethylaminopropyl maleimide-ethoxylated maleimide-maleic acid)

was originally designed for carbomer-based hair gels, there are a number of com-

mercial examples of its use in hair mousses and other types of styling lotions.

So far, our focus in this section has centered on maleic anhydride-based poly-

mers that act as hairstyling agents in formulations. Another key use of this chem-

istry is in the thickening of hair gel formulations [36, 37]. Water-soluble

gels containing hydrolyzed poly(vinyl ether-maleic anhydride) can be formed in

combination with various bases, such as mineral bases, aliphatic amines, amino
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alcohols, or triethanol amine. Utilization of these neutralizing groups renders a gel

that is irritating to the skin. To circumvent such issues, amino acids containing

pendant amine groups (e.g., proline, arginine, etc.) have been employed as neutral-

izing agents for personal care applications (see Fig. 8.7) [38].

More recent studies disclose compositions based on the interactions between

poly(methyl vinyl ether-maleic acid) and poly(lysine), which provide better high-

humidity curl resistance and anti-frizz benefits [39]. A different approach consists

of formulating aqueous solutions of hydrolyzed poly(methyl vinyl ether-maleic

anhydride) cross-linked with 1,9-decadiene, producing relatively viscous gels

(35,000–180,000 cps) in H2O at concentrations of 0.5–1.5% (w/w) within a pH

range of 4–11 [40, 41]. This cross-linked analog of poly(methyl vinyl ether-maleic

Fig. 8.7 Electrostatic interactions between the carboxylate groups of maleic acid and amino acids

containing pendent amino groups (e.g., lysine). At pH 6–7 85–90% of the hydroxyl groups of

maleic acid are protonated, assuming a pKa1 ¼ 3:47 and pKa2 ¼ 6:47

Fig. 8.6 Molecular structure of the monoester of poly(isobutylene-dimethylaminopropyl

maleimide-ethoxylated maleimide-maleic acid). It is also known by its INCI name: polyimide-1
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anhydride) comes in several commercially available forms and is sold under the

trade name Stabileze by Ashland, Inc.

8.2.4 Split End Mending with a Polyelectrolyte Complex

Repeated grooming (combing, brushing, etc.) of human hair exposed to chemical

treatments (bleaching, perming, and relaxing), UV radiation, and exposure to ther-

mal styling appliances often results in mechanical damage to the protective overlying

cuticle cells, leading to their erosion and, further, often to the development of split

ends [42]. Technically referred to as trichoptilosis, split ends are a splitting or fraying

of the hair shaft. There are several different forms, which are characterized by the

degree of splitting, for example, single versus multiple splits. For illustration, Fig. 8.8

contains an SEM micrograph of a split end containing fiber. Hair bears a negative

charge, which is thought to increase upon the formation of split ends due to overall

increased surface accessibility. Normally, damaged hair is treated with cationic

surfactants or polymers, which provide a lubricious feel during wet grooming pro-

cedures (e.g., combing or brushing). The electrostatic interactions between hair and

the applied cationic species are strong enough to withstand sustained rinsing of hair

with water; however, cationic surfactants are usually removed by washing the hair

with sodium dodecyl sulfate or similar anionic surfactants. Polymers are usually

more tightly bound since one polymer is attached at many different sites on the

Fig. 8.8 SEM micrograph of a hair fiber containing a split end
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hair surface, making it difficult to break all of the electrostatic and van der Waals

interactions simultaneously. In the case of hair containing split ends, treatment with a

cationic surfactant or polymer will help condition the fiber, but will do nothing to

ameliorate the split end. To circumvent such damage, a novel approach is to treat

split end containing hair with a polyelectrolyte complex.

Polyelectrolyte complexes are formed when two oppositely charged polymers

combine together (see Fig. 8.9). In many cases it is enough to mix a polycation and

polyanion in aqueous solution at an appropriate pH to obtain a robust complex that

may bear synergistic or unique behavior not observed in the component polymers

themselves. Reported studies demonstrate the use of neutralized poly(methyl

vinyl ether-maleic acid) in combination with cationic poly(vinyl pyrrolidone-

methacrylamido propyl trimethylammonium chloride) to mend split ends (see

structures in Fig. 8.10) [43–45].

Evidence for the formation of a polyelectrolyte complex is based on optical

microscopy, Malvern particle size analysis, and viscometry. When mixed together,

these polymers form a distinguishable microgel structure. One should bear in mind

that the charge on the quaternary amine of poly(vinyl pyrrolidone-methacrylamido

propyl trimethylammonium chloride) is not dependent on pH, since it contains a

quaternary amine group. On the other hand, the acid groups of the diacid moiety of

poly(methyl vinyl ether-maleic acid) need to become deprotonated in order to

interact with the cationic quaternary amine and form a polyelectrolyte complex.

It should be noted that the diprotic maleic acid moiety of this anionic polymer has

pKa values of 3.47 and 6.47 [46]. Figure 8.11 contains a titration curve in which the

Fig. 8.9 Illustration of the complexation of a polycation and polyanion to form a polyelectrolyte

complex

8 Maleic Anhydride Applications in Personal Care 451



Fig. 8.10 Molecular structures of (a) poly(methyl vinyl ether-maleic acid) and (b) poly(vinyl

pyrrolidone-methacrylamido propyl trimethylammonium chloride). The INCI names for these

polymers are PVM/MA copolymer and Polyquaternium-28, respectively

Fig. 8.11 Titration curve of poly(methyl vinyl ether-maleic acid) providing the percentage of

negatively charged carboxylate groups (COO�) in poly(methyl vinyl ether-maleic acid). The plot

was obtained using the Henderson-Hasselbalch equation and the literature values of pKa1 ¼ 3:47
and pKa2 ¼ 6:47
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percentage of negatively charged carboxylate groups (COO�) in poly(methyl vinyl

ether-maleic acid) is plotted as a function of pH. Therefore, one may determine the

relative number of negatively charged species on the polymer backbone. This is a

very useful tool for understanding polyelectrolyte interactions.

Based on viscometry measurements and the analysis of phase diagrams, the

optimum stoichiometric charge ratio for the two polymers is 1:1, which results in

concentrations of 0.2% (w/w) poly(methyl vinyl ether-maleic acid) neutralized to

pH 7 with NaOH and 0.8% (w/w) poly(vinyl pyrrolidone-methacrylamido propyl

trimethylammonium chloride). A proposed mechanism entails the polyelectrolyte

complex in the form of a micron-sized hydrogel which acts as a cross-linking

structure to bind the subassemblies of the damaged fiber together. More than likely,

the poly(vinyl pyrrolidone-methacrylamido propyl trimethylammonium chloride)

interacts with the negatively charged hair. Since poly(methyl vinyl ether-maleic

acid) has adhesive properties, it is likely to glue together with itself bringing frayed

or split ends together—a form of mending.

8.2.5 Thermal Styling and Protection

Thermal styling has been an integral part of the hair grooming process for many

years. Traditionally, hot rollers and curling irons (typical temperatures ranging

from 120 to 170 �C) were commonly employed to fix hair into a newly desired

configuration while driving water from its internal structure by applying heat. In

more recent years, the use of hot flat irons has exploded, often employing temper-

atures ranging from 180 �C to 235 �C. Their growth in popularity stems from their

ability to straighten the fiber, as many individuals prefer straight hair rather than

wavy, kinky, or frizzy hair. This trend has even escalated to the use of

formaldehyde-containing products in combination with hot irons, resulting in

permanent straightening due to alleged cross-linking of the keratin protein within

the hair fiber [47]. In general there has been a market need in the personal care

industry for thermal protectants and thermal activating agents. Such products began

to be introduced in the late 1990s. During this same period, studies investigating the

damaging effects of hot curling irons in the temperature range of 130–164 �C
concentrated on the damaging effects of heat on hair (e.g., protein damage, color

changes, and surface damage) as well as the effect of various treatments when

applied to hair in combination with hot irons [48, 49]. While the protective

mechanisms investigated in these studies were never clearly identified, it was

proposed that coating fibers could provide an insulation effect or, possibly, provide

lubrication to the fiber thereby preventing secondary grooming damage, resulting

from a combination of thermal and mechanical combing damage. Nevertheless,

based on combing force measurements, polymer-heat-treated hair often was more

lubricious in the wet state than virgin hair, which persisted even after multiple

washing cycles with sodium dodecyl sulfate. More than likely, the polymer became

permanently attached to the fiber via cross-linking (likely to occur at such high
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temperatures) or the formation of a polymer thermal set in which the polymer

reacted with itself after repeated treatment, eventually forming an extremely dura-

ble coating surrounding the fiber. Further studies demonstrated that poly(methyl

vinyl ether-maleic acid) protected hair keratin protein (monitored by measuring the

tryptophan content) to a greater extent than other polymers and that the polymer

permanently remained on the hair surface [50]. In the absence of spectroscopic data,

it was hypothesized that poly(methyl vinyl ether-maleic acid) would likely react

with amino groups on the surface of hair fibers by a mechanism proposed in

Scheme 8.1. During this process, ring closure of the maleic acid portion of the

polymer liberates H2O, which has an extremely high ΔHvap. Possibly, such an effect

could help protect surface proteins from conductive heat transfer from the hot iron

to the hair surface.

Another comprehensive study, exploring the protective effects of polymers for

thermally treated hair, demonstrates the use of the polyelectrolyte complex,

described in the preceding section, in preventing hair thermal damage during

exposure to hot flat irons with temperatures exceeding 200 �C [51]. To reiterate,

the polyelectrolyte complex consisted of anionic poly(methyl vinyl ether-maleic

acid) and cationic poly(vinyl pyrrolidone-methacrylamido propyl trimethy-

lammonium chloride). These researchers demonstrated evidence of its efficacy by

conducting FTIR spectroscopic imaging, dynamic scanning calorimetry (DSC),

dynamic vapor sorption (DVS), atomic force microscopy (AFM), and scanning

electron microscopy (SEM). Cross sections of hair were analyzed by FTIR spec-

troscopic imaging to monitor the quantities of alpha- and beta-keratin (see Fig. 8.12

for an example). DSC measurements were used to monitor the health state of hair,

Scheme 8.1 Proposed scheme for the conversion of poly(methyl vinyl ether-maleic acid) to poly

(methyl vinyl ether-maleic anhydride) followed by its reaction with protein amino groups on the

surface of hair
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providing information about the crystalline phase alpha-keratin and amorphous

matrix surrounding the keratin intermediate filaments. DVS of hair provides infor-

mation about the water management properties of hair. Thermally damaged hair has

reduced water regain and overall retention. Pretreating hair with the polyelectrolyte

complex prior to thermal exposure led to improvement in both of these parameters.

Surface damage to the hair cuticle, as monitored by AFM and SEM, decreased as a

result of pretreatment with the polyelectrolyte complex, providing a hair surface

with less cracks and other deformities.

In most hair care styling applications, polymeric resins are employed in the form

of styling agents, such as hair gels or mousses, or hair fixative agents such as hair

sprays. Normally, after application of these materials to hair, they are later removed

by shampooing. In some cases, the consumer desires a more semipermanent styling

Fig. 8.12 FTIR spectroscopic images of cross sections of (a) undamaged, virgin hair and (b) hair

that has been exposed to a thermal styling device. The FTIR image was generated from the ratio of

1516/1548 cm�1 obtained from the spectra gathered for each pixel. The representative spectra

were obtained from European dark-brown hair. The color scale on the right indicates the relative
levels of beta-keratin in the various morphological regions of hair. In virgin hair, beta-sheet

conformation is confined to the cuticle region, with significantly less found in the cortex. This is

the natural disposition of the hair fiber. However, after exposure to a thermal styling device, the

amount of beta-keratin greatly increases in the cortical region. Image kindly provided by

Dr. Guojin Zhang, Ashland, Inc.
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agent that withstands repeated shampooings. Technologies based on maleic anhy-

dride chemistry were developed as solutions to this consumer-driven durable-

styling need [52, 53]. While this invention covers several compositions, its primary

commercial application consists of treating frizzy hair with a polymer blend of poly

(methyl vinyl ether-maleic acid) and poly(isobutylene-dimethylaminopropyl

maleimide-ethoxylated maleimide-maleic acid) in combination with the applica-

tion of a high-temperature flat iron (ca. 230 �C). As a result, several benefits are

delivered to hair including de-frizzing, improved shine, and better fiber alignment,

which can withstand up to five wash cycles without reapplication of the polymer

blend. While the exact mechanism has yet to be elucidated, evidence suggests that

the polymer blend forms a thermoset or may have some reactivity with hair, which

could result in cross-linking [50].

8.3 Maleic Anhydride Chemistry in Applications for Skin

Care and Transdermal Delivery1

Over the last several decades, there have been considerable advances in the use of

maleic anhydride chemistry for applications related to the skin. First and foremost,

it is an excellent bioadhesive agent. This is important for both the biomedical and

personal care industries. It is an imperative component that helps to bind medical

devices to the skin, including biosensors, and also serves as an aid in wound

healing. In skin care, maleic anhydride polymers are used to remove unwanted

debris from facial pores, especially those surrounding the nasal region, and as an aid

to help reduce aluminum in antiperspirant formulations. Moreover, polymers based

on maleic anhydride are used as transdermal delivery agents in both traditional

systems and more innovative designs, such as microneedles. Maleated compounds

also play important roles as emollients in skin care formulations and as delivery

agents for active ingredients, such as vitamin C. Polymers based on maleic anhy-

dride are used as topical skin-tightening agents and rheology modifiers in various

types of cosmetic formulations. Before delving into these exciting topics, we begin

this section of the chapter with a thorough review of skin structure and function and

follow this with the vast application areas.

8.3.1 Skin Structure and Function

As the largest organ of the body, the skin provides a protective barrier for the body

against the external world and also prevents transepidermal water loss (TEWL),

permitting an aqueous organism to live in a rather arid environment. In addition,

1 Portions of this section were previously published in Refs. [54–57].
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there are many other functions provided by the skin, which are often overlooked.

For example, the skin maintains body temperature through two mechanisms: one in

which the body is cooled by the action of sweating, via sweat glands; the other is by

the vasoconstriction or vasodilation of the blood vessels in the dermis which either

decreases or increases the flow of blood to the dermis from other internal organs. If

the internal organs are overheated, vasodilation occurs in the dermis allowing

increased blood flow, which in turn releases heat to the environment. Through the

combined process of sweating, sebum production, and desquamation, a thin film is

present on the surface of skin protecting it from bacterial infections and invasion by

foreign substances as well as hydrating and lubricating the surface. Another essen-

tial function of the skin is sensation, which is provided by a complex network of

nerves located in the dermis and at the base of the epidermis.

Morphologically, the skin is composed of two principal components, the epi-

dermis and dermis, which contain various cell types and structural proteins. The

hypodermis—also known as the subcutaneous layer—is often categorized as a third

component, located below the dermis. Primarily it is comprised of adipose tissue.

The epidermis is a squamous epithelium that contains several appendages:

pilosebaceous unit, nail, and sweat gland. The dermis provides the skin with

mechanical strength and elasticity, which is brought about by collagen and elastic

fibers (e.g., elastin). A diagram of the skin is provided in Fig. 8.13 where the

structural components of the dermis and epidermis are shown as well as the various

appendages of the skin and its vascular network.

Fig. 8.13 Morphological structure of human skin. Reprinted with permission from R.L.

McMullen, Antioxidants and the skin [57]. Copyright, 2013, Allured Business Media
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8.3.1.1 Epidermis

This layer of the skin primarily consists of keratinocyte cells, which undergo a

process of events leading to terminal differentiation. The keratinocyte begins its

journey as a metabolically active cell at the base of the epidermis and eventually

makes its way to the outermost layer of the skin where it becomes void of its normal

cellular organelles, becomes filled with keratin intermediate filaments (KIF) and

matrix proteins, and contains an unusually tough, protein-rich plasma membrane—

known as the cell envelope—which is highly cross-linked. Through this process,

the keratinocyte drastically changes shape during its voyage from the bottom to the

top of the epidermis. Ultimately, a dehydrated morphological component is

formed—the stratum corneum—which prevents H2O loss to the environment and

the entry of foreign pathogens into the viable dermis. While keratinocytes make up

the majority of epidermal cells, there are also Langerhans cells, melanocytes, and

Merkel cells. Langerhans cells carry out an immunological function by seeking out

pathogens and presenting them to T cells, ultimately leading to the generation of

antibodies. As implied by their name, melanocytes are responsible for the synthesis

of melanin, which provides protection for the keratinocytes found in the lower

layers of the epidermis. Finally, Merkel cells are a type of nervous system cell

found in the lower layers of the epidermis and are responsible for the detection of

light touch and allow us to differentiate different textures.

There are several layers of strata within the epidermis, and they are categorized

based on the level of differentiation of the keratinocyte cells. Figure 8.14 provides a

schematic of the epidermis, which illustrates the different cell types present as well

as the histological changes associated with the keratinocyte differentiation. As

shown in the figure, the lowermost layer of the epidermis (stratum basale) and the

dermis are separated by the dermal-epidermal junction.

As implied by their name, keratinocytes synthesize KIF, which ultimately deter-

mine the shape of the cell as it makes its way up the epidermis. At the most

fundamental level of KIF structure, two molecules (chains) of alpha-keratin wrap

around each other (analagous to a rope) to form a coiled coil. Two coiled coils then

associate together to form a protofilament. Two protofilaments pair to form one

protofibril. Four protofibrils constitute one intermediate filament. There are about

30 different knownmembers of the keratin family—20 of epithelial origin and 10 from

hair. Keratins are classified as type I-acidic (K10–K20) or type II-basic (K1–K9).

Coiled coils are formed by the pairing of two alpha-keratins, one from each class.

8.3.1.2 Dermal-Epidermal Junction

This region of the skin, also referred to as the basement membrane zone, provides

the connection between the dermis and epidermis. It has an extremely important

function, not only to provide a good connection between the two layers of the skin

but also because it serves as the link between the vascularized dermis and
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nonvascularized epidermis in which nutrients must pass through this junction to

arrive at the epidermis. Often, the dermal-epidermal junction is categorized into

four distinct layers: the keratinocyte plasma membrane from the stratum basale

along with its associated hemidesmosomes, the lamina lucida, the lamina densa,

and the sub-lamina densa fibrillar zone. As can be inferred from their names, the

lamina lucida is transparent or lucent when viewed through the electron micro-

scope, while the lamina densa is an electron dense layer. Essentially, these two

layers represent the constitutive dermal-epidermal junction.

8.3.1.3 Dermis

The dermis of the skin is composed of two distinct regions, namely, the papillary

dermis and the reticular dermis, and provides the skin with its structural strength. It

primarily consists of connective tissue proteins such as collagen and elastic fibers;

however, various other components are found as reported in Fig. 8.15. In addition,

the dermis provides residence for the vascular network in which nutrients from the

blood supply are fed to the epidermis via the dermal-epidermal junction. A complex

nerve network also resides in the dermis and serves various sensory functions such

as touch, pressure, heat, and vibration. Moreover, the appendages of the cutaneous

Fig. 8.14 Structure of the epidermis. Reprinted with permission from R.L. McMullen, Antioxi-

dants and the skin [57]. Copyright, 2013, Allured Business Media
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system inhabit the dermis and consist of the nail, pilosebaceous unit, and sudorif-

erous glands (eccrine and apocrine sweat glands).

The primary cell types present in the dermis include fibroblasts,mast cells, and tissue

macrophages. Fibroblasts are the most abundant cell type and are responsible for the

synthesis and structuring of the structural tissue and ground substance. In addition,

various cells associated with the immune response are also found in the dermis.

The papillary layer receives its name from the dermal papillae, which are

fingerlike projections of the dermis into epidermis (see Fig. 8.13). Such a geometric

structure provides increased stability for the binding of the dermis and epidermis as

well as an increase in the surface area of the papillary layer which permits greater

exchange of nutrients and waste products between the dermis and epidermis.

Located just below the dermal-epidermal junction, the papillary layer primarily

contains type III collagen, which is arranged into fibrillar bundles. The fibrillar

bundles in this layer are smaller than those found in the reticular layer.

The reticular layer of the dermis is bordered above by the papillary layer and

below by the hypodermis. Collagen I, which is arranged in large bundles, consti-

tutes the largest population of collagen in this layer. The density of the fibers is

much greater in this layer than in the papillary dermis.

Collagen is arranged into fibrils or bundles and the elastic fibers are intertwined

within this network. Typically, four different types of collagen are present in the

dermis and consists of types I, III, V, and VI, but mostly types I and III. Collagen

has a polypeptide sequence that follows the scheme, Gly-X-Y, where X and Y

correspond to proline and 4-hydroxyproline, respectively. In terms of secondary

structure, collagen contains three alpha chains (not to be confused with alpha helix)

Fig. 8.15 Components of the papillary and reticular dermis. Reprinted with permission from R.L.

McMullen, Antioxidants and the skin [57]. Copyright, 2013, Allured Business Media
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that are supertwisted (protein tertiary structure) together to provide its fibril

structure.

The elastic fibers can be categorized into a fibrillar component (fibrillin) as well

as an amorphous component (elastin). Elastic fibers are further classified as

(1) oxytalan fibers, fibers that are lightly coated with elastin, and (2) elaunin fibers,

fibers more heavily coated with elastin.

8.3.1.4 Cutaneous Appendages

Additional components of the gross anatomical structure of the skin consist of the

cutaneous appendages: eccrine/apocrine glands, pilosebaceous unit, and nail unit.

The sudoriferous glands (eccrine and apocrine) aid in controlling body temperature

as well as play a possible role in pheromone signaling. The pilosebaceous unit is

comprised of the hair follicle and sebaceous gland, which lubricates the mature

hair shaft with sebum and antioxidants, bringing them to the surface of the skin

where they can provide protection. Apocrine glands are also associated with the

pilosebaceous unit. Their secretions, mostly composed of lipids and proteins, are

also brought to the skin surface by the growing hair fiber.

8.3.2 Bioadhesives

The area of adhesives is a very broad field that has applications in many industrial

fields. In relation to skin care, adhesives are especially important in the medical

device industry. Maleic anhydride polymers are used as bioadhesive agents in many

applications including pressure-sensitive tapes and tapes designed for surgical

purposes, dermatological tape strips to remove keratotic material from the skin,

and wound healing.

Usually, adhesives are categorized as inorganic or organic. Inorganic adhesives

are either silicon- (e.g., water glass) or calcium-based (e.g., cement or plaster).

These adhesives, of course, are not used in applications related to the skin. On the

other hand, organic adhesives, which make the vast majority of adhesives, consist

of heat-curing resins, thermoplastic resins, and rubber/elastomer materials. Fur-

thermore, adhesives can be classified by their curing process. Several examples are

volatile solvent (curing occurs due to vaporization of organic solvents: polyvinyl

acetate or nitrile rubber), moisture curing (curing occurs due to reaction with

moisture in the air: cyanoacrylate and silicon rubber), heat curing (curing is attained

when a hardener in the resin is activated and cured by heat: epoxy and acrylic resin),

UV curing (curing occurs due to activation when exposed to UV light: epoxy and

acrylic resins), and, finally, pressure sensitive (curing is achieved by applying

pressure: acrylic and maleic anhydride-based resins).

Equally important is the manner in which an adhesive bonds to a substrate.

Bonding can be chemical (chemical reaction between the adhesive and adherend),
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adsorption based (hydrogen bonding occurs between the adhesive and adherend),

electrostatic (the opposite charges of the adhesive and adherend cause them to bind

together), anchoring effect (the adhesive seeps into grooves and asperities of the

adhesive and adherend), and mutual diffusion (the adhesive dissolves the surfaces

of the adhesive and adherend and forms a strong junction at the interface of the

three components).

Pressure-sensitive adhesives are the most common type of adhesive utilized for

application to the skin. They adhere to the surface of the skin by simply applying

pressure to the tape while on top of the skin. Tape may contain several components,

principally the adhesive resin, a tack agent, pigment, plasticizer, and antioxidant.

Usually, these elements are incorporated on top of a backing material made of

paper, plastic, or cloth. The plasticizer provides flexibility to the adhesive resin

while antioxidants prevent accelerated aging due to exposure to solar radiation,

heat, etc.

As already mentioned, maleic anhydride-based polymers are frequently used as

bioadhesives for the skin. Early work in this area demonstrated the utility of these

materials in pressure-sensitive medical and surgical tapes [58–59]. In general, these

materials were based on copolymers of maleic acid and vinyl ether. In particular,

several advantages exist to using these resins. Notably, there is no need to employ

additional tack agents as the maleic acid-vinyl ether resin itself has a considerable

degree of stickiness. Further, such resins bind to a greater degree with substrates

than they do to themselves. Throughout the 1970s and 1980s, there was less activity

in the patent arena in relation to the use of maleic anhydride-based polymers in

adhesives [60]. Regardless, these materials remained in use with some improve-

ments in their formulation and application [61]. Cross-linking of poly(maleic acid-

alkyl vinyl ether) resulting in a cross-linked polymeric ester or amide/imide pro-

duces a hydrogel with desirable rheological behavior while maintaining

bioadhesion to the skin [62]. In addition, maleic acid-based polymers have found

utility in ostomy appliances where they serve as an adhesive holding together a

medical device and the skin at the point of a stoma—an opening or orifice surgically

created to provide a pathway from an internal organ to the surface of the body.

While these polymers have enjoyed success in this area, there have been several

accounts reporting peristomal allergic contact dermatitis in regions surrounding the

stoma [63, 64].

Silicone polymers such as polydimethylsiloxane are also frequently used in the

medical device industry as pressure-sensitive adhesives for transdermal delivery,

wound dressings, and other biomedical applications. One of the challenges with

silicones is the need to improve their adhesion, especially in moist environments.

Hydrocolloids can be used to absorb moisture; however, they often comprise the

dry peel strength of the adhesive. To circumvent such issues, poly(ethylene glycol)

can be grafted to poly(dimethylsiloxane), yielding an amphiphilic polymer that

when blended with poly(maleic acid-vinyl ether) provides desirable adhesion

properties [65].
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8.3.3 Biosensors

In the 1990s, there was considerable excitement in the maleic anhydride commu-

nity about the use of poly(methyl vinyl ether-maleic anhydride) derivatives in

biomedical sensor applications [66–68]. Ag/AgCl inks are used as biosensors for

biomedical monitoring, medical diagnostics, and iontophoretic drug delivery. Typ-

ically, the inks are printed onto a substrate, which then serves as the biosensor.

Bioadhesive polymeric hydrogels provide a very good flexible means for attaching

the biosensor to the skin. In addition, the hydrogel can be made conductive by

adding electrolyte. In a typical formulation, one could include the bioadhesive

component poly(methyl vinyl ether-maleic acid), plasticizer (glycerine), viscosity

builder (poly(vinyl pyrrolidone)), and electrolyte (sodium chloride) [68]. A key

advantage of the maleic anhydride chemistry for this application lies not only in its

bioadhesive properties but also its activation by water in moist environments. This

allows the adhesive to remain efficacious even during perspiration and in moist or

damp environments. It should be noted that over-wetting the adhesive polymer

results in a slimy residue that is difficult to dry.

8.3.4 Wound Healing

In addition to their use as adhesives in medical devices, maleic anhydride-based

polymers are also employed in other wound healing applications. Nitric oxide is a

known agent that is used topically to promote healing of chronic wounds, such as

diabetic ulcers [69]. It functions by regulating collagen formation, cell proliferation,

and wound contraction [70]. Unfortunately, the short half-life of nitric oxide and its

associated instability have hampered its success in finished pharmaceutical products.

To circumvent this problem, a group at the University of Toronto designed a

supramacromolecular complex capable of controlled delivery of nitric oxide to

wound areas of the skin. The general structure of the complex is provided in

Scheme 8.2. As shown in the illustration, poly(methyl vinyl ether-maleic anhydride)

is reacted with S-nitrosoglutathione, which becomes esterified to one of the acid

groups. S-nitrosoglutathione contains the functionality of the antioxidant, glutathione,

and contains nitric oxide embedded in the structure, which is released to the tissue.

Also shown in the scheme is the complexation of poly(vinylpyrrolidone),

which associates with poly(methyl vinyl ether-maleic acid) via hydrogen bonds.

Overall, the complexation of the two polymers and the esterification with

S-nitrosoglutathione result in a functional controlled release vehicle for nitric

oxide. The addition of poly(vinylpyrrolidone) to the supramolecular complex

causes an increase in the hydrophilicity of the complex, which is accompanied by

a decrease in the dissociation rate of nitric oxide due to its delayed release in

aqueous mediums. Therefore, it is not surprising that the controlled release of nitric

oxide depends on the concentration ratio of poly(vinylpyrrolidone) to poly(methyl
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vinyl ether-maleic acid), which is optimal at a one-to-one ratio. The kinetic release

profiles also depend on the molecular weight of both poly(maleic acid-methyl vinyl

ether) and poly(vinylpyrrolidone). Not surprisingly, higher molecular weight spe-

cies produce slower nitric oxide release profiles. In this case, higher molecular

weight polymers will yield a more structurally extensive complex that undergoes

slower dissolution [71].

Disinfection is extremely important during surgical procedures. As a preparatory

step, the area of the skin where the incision is to be administered as well as the

surrounding regions is treated with an antibacterial agent. Unfortunately this pre-

paratory procedure is not sufficient to completely sterilize the site or to immobilize

unwanted bacteria from migrating into the incision. In many instances, an addi-

tional step is added to the preparatory procedure that consists of treating the site

with incise drapes, which are large sheets of adhesive film. The incise drapes are

applied to the site prior to surgery and incisions are made directly through the

drapes. Skin sealants are also used for this purpose and essentially are thin-film skin

protectants. Due to its exceptional bioadhesivity, poly(vinyl ether-maleic acid) is

included in skin sealant formulations. Typically, the sealant components consist of

a suitable bioadhesive polymer and antibacterial agent that are soluble in ethanol

and form a water-insoluble film designed to immobilize bacteria and prevent

infection to the site of incision [72, 73].

8.3.5 Keratotic Plug Removal

Over the last decade, increasing attention has been given to the topic of skin

pores—also often referred to as facial pores. In this case, the term “pore” evolved

Scheme 8.2 Reaction scheme of nitrosoglutathione with poly(methyl vinyl ether-maleic anhy-

dride). The resulting molecule may complex with poly(vinyl pyrrolidone) by a hydrogen-bonding

mechanism
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from the lay population to describe an opening in the skin associated with a

pilosebaceous unit, which consists of the sebaceous gland and hair follicle. These

“pores” are clearly evident to the human eye and are especially visible in certain

anatomical regions of the body, such as the face where they often present them-

selves in areas adjacent to the nasal region. Such pores are generally associated with

excessive sebum production [74]. Comedones may be formed when there is an

excess of sebum and keratinocyte cell debris (keratotic plugs). In layman’s terms,

comedones refer to black heads (open pore) or white heads (closed pore). The dark

color of the black heads originates from oxidation of the cell debris and sebum.

There has been much effort in the personal care industry to design products to help

remove black heads. These products are essentially shaped like a Band-Aid strip

and are adhered to the nasal region of the face (see Fig. 8.16). After a certain period

of time, the tape strip is removed from the skin and it brings with it all of the gunky

dark material from the pore. Looking at the underside of the nose strip, one

normally observes something analogous to a range of mountain peaks

corresponding to all of the debris collected from the pore. Commercial products

based on this technology, were designed based on a high molecular weight

(1,500,000 Da) analog of poly(methyl vinyl ether-maleic acid), which serves as

the bioadhesive in the nose strip. The nose strip is constructed of a flexible

nonocclusive substrate sheet that is impregnated with the bioadhesive [75–

77]. Prior to application, the nose strip is immersed in water and placed in the

region of interest. After it dries, the nose strip is then removed from the skin site

bringing with it unwanted black head debris.

Fig. 8.16 Photograph demonstrating the use of adhesive strips for keratotic plug removal in

the skin
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8.3.6 Antiperspirant Technology

In Homo sapiens the principal mode of thermoregulation is accomplished by

evaporative cooling that takes place when sweat is secreted from eccrine glands

and evaporated from the surface of the skin. Overall, such a process ensures that the

body’s core temperature does not significantly rise above 37 �C to levels that can

lead to heat exhaustion or hyperthermia. There are about two to five million eccrine

glands distributed over the surface of the body that carry out this function. In

addition, there are approximately 100,000 apocrine glands localized in specific

regions of the body, most notably the axillae (underarm region). Although apocrine

glands secrete substances that eventually break down to malodorous compounds,

antiperspirant treatments target eccrine glands that are located in the axillae.

For many years, the mechanisms by which antiperspirant salts prevent sweating

mystified scientists. There are a number of different strategies to intervene with

sweat production. For example, one could impair the neuroglandular junctions

using an anticholinergic compound that prevents acetylcholine from reaching the

gland [78]. Researchers utilized botulin toxin specifically for this purpose in

patients suffering from hyperhidrosis [79]. Another strategy would be to prevent

the secretory coil (secretory cells) from mobilizing sweat and/or ions. More than

likely, this would require targeting enzymes, such as Na/K-ATPase, or other

membrane channels that couple the funneling of ions to the lumen with sweat

flow. Antiperspirant treatments could also damage part of the eccrine gland

(or possibly apocrine gland), such as the duct, resulting in escape of sweat from

the gland unit before it has a chance to reach the surface. This mechanism,

originally proposed by Papa and Kligman as the “leaky hose” model, results in

the loss of sweat through orifices in the duct allowing it to be reabsorbed in the

extracellular space of viable skin [80]. The most common mechanism for sweat

prevention occurs due to the formation of a plug in the lumen of the sweat gland

duct [78]. In the paragraphs that follow, we discuss the complexities surrounding

the issue of plug formation.

Historically, the most frequently employed antiperspirant salts were aluminum

chloride (AlCl3), aluminum chlorohydrate (ACH), and aluminum zirconium

chlorohydrate complex (AZAP). For this reason, most of our understanding of

plug formation comes from studies conducted with these materials. Studies

conducted in the 1950s by Shelley and coworkers were among the first to attempt

to address the question of plug formation in the eccrine sweat gland duct and

introduced the possibility of a biochemical event associated with the plug [81–

83]. The authors were studying several forms of miliaria—a disease of the skin

resulting from malfunctioning or underdeveloped sweat glands. Shelley and

coworkers examined the effects of various treatments of the skin (one being

AlCl3). Based on histological studies, they proposed that AlCl3, and the other

damaging treatments, produced a hyperkeratotic plug in the lumen of the duct—a

form of abnormal keratinization.
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For more than 30 years after the initial studies by Shelley and Horvath, a wave of

studies cast more light on the unanswered inquiries concerning the mechanism of

antiperspirant action. Reller and Luedders are credited as the first to propose that

aluminum salts form polymeric hydroxide gels at/below physiological pH, which

results in a plug that prevents the flow of sweat to the surface (see Fig. 8.17). It has

become known as the “emphraxis” theory [84]. Subsequent work suggests the

involvement of plug formation with biochemical events leading to a plug

containing both topically applied antiperspirant salt and tissue. One explanation

suggests that the eccrine acrosyringium is damaged as a result of complexation

between mucopolysaccharides of luminal cells and aluminum [85]. It was later

suggested that the secretory portion of the eccrine gland also experienced damage

from long-term treatment with AlCl3 [86]. Damage and eventual atrophy of eccrine

acini—groups of cells responsible for secretion in the coil—were just one of the

clinical manifestations found in their study. Corresponding apocrine glands, on the

other hand, appeared normal.

Researchers at Gillette made significant findings demonstrating the location of

plug formation in the eccrine gland dependant on the type of aluminum salt

employed [78, 87, 88]. For example, AlCl3 was found to form the deepest plugs

of the three salts tested, sometimes as far down as the dermal duct. In contrast,

treatment with ACH and AZAP, which are far less irritating, results in plugs mostly

in the stratum corneum region of the duct [89]. Still, many questions remain as to

Fig. 8.17 Illustration of an antiperspirant forming a plug (blue) in the eccrine gland duct
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the nature of the plug. However, we now have a better understanding of the

molecular composition, thanks to an infrared study, which confirmed that keratin

bound to aluminum is part of the plug [90]. Although it is postulated that luminal

cells desquamate, the authors point out that a plug bound to the ductal walls would

offer more resistance to the hydraulic pressure exerted by the gland. Another

important finding of the infrared spectroscopy study by Strassburger and Coble is

that the plug did not contain sweat proteins.

The activity of antiperspirant salts can be affected by various factors [91]. For

example, antiperspirant efficacy is enhanced if the treatment is administered at

night when the glands are dormant [83]. Also, occlusion during treatment is more

efficacious than treatment administered in open air. Treatment carried out before,

during, or after sweating yields a variety of results depending on the sweat state of

the subject. It is difficult to plug the glands when they are firing. Also, sweat

presumably changes the solubility of the antiperspirant formula. The effects of

lipids (sebum) on antiperspirant effectiveness yield conflicting results. Some stud-

ies demonstrate no difference in antiperspirant efficacy after delipidation [91],

while others show enhanced activity [92, 93]. It is likely that irritation is a major

factor. Likewise, surfactants were found not to influence sweating behavior; how-

ever, surfactant treatment may cause effects if used at concentrations that are

irritating to the skin [91]. Studies by H€olzle and Kligman also demonstrate that

massaging increases antiperspirant efficacy. Such a treatment protocol could have

applications in the mode of antiperspirant application, for example, spray versus

roll-on versus stick.

Due to the negative publicity of aluminum-based compounds in consumer

products and its association with Alzheimer’s disease and breast cancer, consider-

able efforts have been made to minimize its use in antiperspirant formulations [94–

98]. Such compositions can be achieved by supplementing the antiperspirant

formulation with polymers that act as co-gellants with the aluminum salts thereby

allowing lower levels of the aluminum salt to be employed.

Initial work in this area focused on maintaining the antiperspirant aluminum salt

and poly(vinyl ether-maleic acid) in two separate phases in the formulation

[94]. Upon application of the antiperspirant to the skin, the formulation mixes

allowing the polymer and aluminum salt to interact, resulting in gelation of the

ingredients. The mixture fills the sweat pores, which eventually clog, preventing the

passage of sweat.

The ability of maleic anhydride in its acid form to complex with Lewis acids,

such as aluminum chloride, is well known [99]. While not explained very well in

the literature with specific reference to antiperspirant salts, the aluminum/zirco-

nium salts are also believed to complex with the diacid groups of poly(methyl vinyl

ether-maleic acid). More than likely, positive charges from the aluminum or

zirconium ions are attracted to the negative charge of the deprotonated acid groups

of poly(methyl vinyl ether-maleic acid). As already mentioned, this permits the

formulator to reduce the amount of aluminum salt in the formulation, which can

often reach as high as 10–20% (w/w).
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Another approach to maintaining the antiperspirant salt and the maleic anhy-

dride polymer separate prior to application would be to utilize a water-in-oil

emulsion system in which the antiperspirant salt along with an emulsifier would

be present in the continuous oil phase and the polymer in the dispersed water phase

[96]. Other types of suspension systems could also be employed [95]. Similar to the

polyelectrolyte complex already discussed in relation to hair in the preceding

section, such compositions are also used in antiperspirant technology [97]. Poly-

electrolyte complexes formed between poly(methyl vinyl ether-maleic acid) and

poly(vinyl pyrrolidone-methacrylamidopropyl trimethylammonium chloride) exist

in the form of microgels and may be utilized in various antiperspirant vehicles,

including sticks, aerosols, and roll-ons. A key advantage of the polyelectrolyte

system is its low viscosity, allowing it to be used in various product vehicles and its

ability to form clear antiperspirant films, which is more aesthetically pleasing to

consumers. Furthermore, concentrations as low as 1% (w/w) of antiperspirant salts

can be employed in combination with maleic anhydride-based polyelectrolyte

complexes providing the same efficacy as antiperspirant formulations containing

10% (w/w) of antiperspirant salts.

8.3.7 Transdermal Drug Delivery

There is continued interest in the medical community to develop transdermal

delivery vehicles for the administration of medicine. This is a huge area of growth

in the pharmaceutical arena. Transdermal delivery offers several advantages to oral

delivery and hypodermic injections including bypassing the liver, which can some-

times prematurely metabolize drugs; providing an alternative to hypodermic injec-

tions, which are uncomfortable and have the normal risks associated with needle

use; and providing very good controlled release systems, which can last on the order

of days [100]. One of the challenges with transdermal drug delivery is crossing the

stratum corneum barrier, which is extremely efficient at keeping foreign substances

from compromising the skin and gaining access to the viable epidermis. First-

generation transdermal delivery systems focus on the delivery of small lipophilic

molecules to the skin utilizing a patch. Second-generation systems consist of

chemical penetration enhancers, non-cavitational ultrasound, and iontophoresis.

Third-generation delivery systems are based on microneedles, thermal ablation,

microdermabrasion, electroporation, and cavitational ultrasound [100]. While most

of the techniques in this third group are still in development, microneedles and

thermal ablation offer the most clinically promising prospects.

8.3.7.1 Transdermal Patch Applications

Maleic anhydride copolymers have been incorporated into the most basic transder-

mal delivery vehicle known as the patch. The essential components of the
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bioadhesive patch consist of a bioadhesive polymer in combination with a backing

material (e.g., nylon), plasticizer, and pharmaceutical active ingredient to be deliv-

ered to the skin. The plasticizer is a key component of this formulation. In the case

of poly(methyl vinyl ether-maleic anhydride), the Tg of the dry powder is 151 �C,
while in the free acid form (i.e., when the polymer is dissolved in H2O), the Tg drops
to 141 �C due to increased flexibility of the free acid structure [101]. Regardless,

films cast from poly(methyl vinyl ether-maleic acid) solution are brittle and not

suitable for transdermal delivery applications on their own. Thus, a suitable plas-

ticizer must be employed. Researchers at Queen’s University Belfast conducted a

great deal of research in this area over a period of a decade. Initial research

investigated the use of glycerol as a plasticizing agent. Unfortunately, supporting

evidence suggested that glycerol was cross-linking with poly(methyl vinyl ether-

maleic acid) [102]. Figure 8.18 provides the structures of five different oligomers,

which are likely to form as the result of a condensation reaction between glycerol

Fig. 8.18 Oligomeric structures formed as the result of cross-linking between glycerol and poly

(methyl vinyl ether-maleic acid)
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and poly(methyl vinyl ether-maleic acid). In certain cases, cross-linking could

produce adverse effects such as decreasing the degree of flexibility of the polymer

and reducing its capacity to make intimate contact with the skin surface. Further-

more, in many cases uncontrolled cross-linking could affect the bioadhesive prop-

erties of the resin. In any event, attempts to use glycerol as a plasticizer were

abandoned due to its high reactivity with the polymer. Other attempts to find a

suitable plasticizing agent focused on the use of tripropylene glycol methyl ether, an

innocuous compound that only contains one hydroxyl group and no carboxylic acid

moieties. Therefore, one would not expect any cross-linking to occur with poly

(methyl vinyl ether-maleic acid). There was much promise in the use of tripropylene

glycol methyl ether as a plasticizing agent in bioadhesive patch formulations

containing poly(methyl vinyl ether-maleic acid). Unfortunately, it is not commer-

cially available in pharmaceutical grade and, therefore, is not suitable for use in

transdermal delivery applications. This is unfortunate as the Belfast researchers

even completed clinical trials demonstrating the efficacy of this patch formulation

[103–105].

Further attempts to plasticize poly(methyl vinyl ether-maleic acid) focused on

combining it with poly(ethylene glycol) to obtain bioadhesive films with desirable

physicochemical properties [106–111]. In initial studies, researchers investigated

the influence of poly(ethylene glycol) molecular weight (200, 1000, and 10,000 Da)

on the properties of the films. The structural integrity of the films was determined by

mechanical analysis (e.g., tensile strength, elongation at break, Young’s modulus,

and the work of failure), and the degree of plasticization was monitored by measur-

ing the glass transition temperature with dynamic scanning calorimetry [106]. Not

surprisingly, tensile strength, Young’s modulus, and work of failure decrease when

higher concentrations of poly(methyl vinyl ether-maleic acid) or poly(ethylene

glycol) are used in the formula and also when lower molecular weight (200 Da)

poly(ethylene glycol) is employed. On the other hand, the elongation at break

increases at higher concentrations of poly(methyl vinyl ether-maleic acid) or poly

(ethylene glycol) and at lower molecular weights of poly(ethylene glycol). Further-

more, based on Tg data from differential scanning calorimetry, a molecular weight of

200 Da was found to be the most efficient plasticizer of the blended system, as

compared to 1000 and 10,000 Da. Also, increasing the concentration of poly(ethyl-

ene glycol) results in a greater degree of plasticity of the films. Clearly, polyols such

as poly(ethylene glycol) are hydrophilic and cause ambient H2O to diffuse into the

polymer structure. It is also very likely that poly(ethylene glycol) disrupts stabilizing

hydrogen bonds found in poly(methyl vinyl ether-maleic acid) (see Fig. 8.19). In any

event, plasticization and the increase in flexibility of poly(methyl vinyl ether-maleic

acid) occur due to the interpolation of poly(ethylene glycol) and H2O into the

polymer structure and the resulting disruption of intermolecular forces. More than

likely, lower molecular poly(ethylene glycol) provides a more plasticized system

due to its greater mobility than higher molecular weight variants leading to its ability

to diffuse more into the polymer structure. Such an effect can be explained by the

small molecular volume of the lower molecular weight species accompanied by a

greater number of hydroxyl groups per unit mass [106]. In addition, increases in the
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flexibility of poly(methyl vinyl ether-maleic acid) at increasing concentrations

may be explained as a self-plasticizing effect, which is commonly observed in

polymers.

After much work in investigating the properties of blends of poly(methyl vinyl

ether-maleic acid) and poly(ethylene oxide), considerable evidence (thermal anal-

ysis, attenuated total reflectance-FTIR, swelling studies, and scanning electron

microscopy) surfaced demonstrating that these polymers cross-link under the

employed mixing conditions, which were carried out at slightly elevated tempera-

tures, ultimately forming a hydrogel system [107]. For illustration, Fig. 8.20 con-

tains an SEM micrograph of a hydrogel containing a 2:1 ratio of poly(methyl vinyl

ether-maleic acid) to poly(ethylene glycol). The porous nature of the hydrogel is

clearly evident in the image.

The same molecular weight samples of poly(ethylene glycol) already described

were further investigated to determine the cross-link density imparted to the

finished hydrogel. The lowest molecular weight poly(ethylene glycol) (200 Da)

yielded the most highly cross-linked hydrogel network. Again, such a result is not

surprising, as lower molecular weight compounds will have greater access to the

interior structure of poly(methyl vinyl ether-maleic acid), or any polymer for that

matter. In any event, a cross-linked hydrogel system works extremely well for

transdermal delivery applications. Hydrogels are insoluble and can absorb signif-

icant amounts of H2O without dissolving. At the same time, they serve as good

vehicles for pharmaceutical active ingredients and can precisely control its diffu-

sion or permeation into the desired tissue. The diffusion coefficient of the drug

depends on a number of factors including hydrogel structure and pore size, water

content, molecular weight of the polymer, and degree of ionization [108]. It also

depends on the dimensions of the pharmaceutical active. In some instances, one

may wish to deliver a larger molecule, such as a peptide or protein. If the inherent

pore size of the hydrogel is too small, this will influence the diffusion rate of the

Fig. 8.19 (a) Hydrogen bonding of poly(methyl vinyl ether-maleic acid) with itself. (b) Hydrogen

bonding between poly(methyl vinyl ether-maleic acid) and poly(ethylene glycol)
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pharmaceutical active to be delivered. The pore size of the hydrogel can be

increased by adding a pore-forming agent. In fact, Donnelly and coworkers used

sodium bicarbonate in hydrogels made of poly(methyl vinyl ether-maleic acid) and

poly(ethylene glycol) to create large pores in the structure [110]. Increasing the

pore size results in higher equilibrium water content and average molecular weight

between cross-links. The overall expectation for this type of hydrogel modification

is increased permeation of the solute into the skin. Other studies with similar

hydrogel systems (without pore-forming agents) demonstrated increased perme-

ability of the drug when the ionic conductivity of the hydrogel is increased by

applying an external current [109].

8.3.7.2 Microneedles

The use of microneedles to painlessly bypass the stratum corneum is also a viable

route for transdermal drug delivery [112–116]. There are several methods of

microneedle administration, which are summarized in Fig. 8.21. A complete

description of the various types of microneedle systems is provided in the figure

caption. Briefly, these consist of (a) a solid microneedle system that punctures the

skin and is followed by treatment with a traditional transdermal patch; (b) a solid

microneedle system coated with the drug, which upon penetration the drug dis-

solves; (c) a soluble microneedle system containing the drug in which both the drug

and the microneedles dissolve upon introduction into the skin; and (d) a hollow

microneedle system in which the drug is discharged and the microneedles are

withdrawn. Historically, microneedles were constructed of silicon-type materials,

Fig. 8.20 SEM micrograph of a hydrogel containing a 2:1 ratio poly(methyl vinyl ether-maleic

acid) to poly(ethylene glycol). Originally published in T.R.R. Singh et al., Eur Polym J 2009, 45,
1239-1249 [107]. Reprinted with permission from the Royal Pharmaceutical Society of Great

Britain, copyright 2010
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which could cause issues due to lack of biocompatibility. A modern approach to this

problem is to fabricate microneedles with hydrogels [118]. Blends of poly(methyl

vinyl ether-maleic acid) (Mw¼ 1,080,000 Da) and poly(ethylene glycol)

(Mw¼ 200; 1000; and 10,000 Da) have been used at concentrations of 15%

(w/w) and 7.5% (w/w), respectively, together and then cross-linked to form a

suitable hydrogel [117]. The utility of a hydrogel system for a particular application

depends on its swelling and diffusional properties, which in turn is primarily

dependent on its cross-linking density [119].

8.3.7.3 Nanoparticle Technology

Over the last two decades, there have been tremendous efforts to develop polymeric

nanoparticles as controlled release agents for pharmaceutical actives. They offer a

variety of benefits as delivery agents including high loading efficiency of the drug,

ability to target specific organs or tumors, and delivery of proteins, DNA, and other

Fig. 8.21 Various methods of microneedle application to the skin during transdermal drug deliv-

ery. (a) Solid microneedles are used to puncture the skin, which is followed by a second step in

which a traditional transdermal patch is used. (b) Solid microneedles coated with the drug. The

microneedles are removed after the drug dissolves in the skin’s interstitial fluid. (c) Microneedles

fabricatedwith a soluble polymer/carbohydrate carrying the drug is applied to the skin until the drug

and microneedles dissolve in the skin. (d) Hollowmicroneedles containing the drug inside puncture

the skin and then discharge the drug. (e–h) A delivery system based on a backing layer, drug-loaded

adhesive patch, and hydrogel microneedle system. (f) The hydrogel microneedle-adhesive patch

system is in contact with the skin. (g) Water diffuses from the skin into hydrogel microneedles,

causing them to swell, and then further into the adhesive patch. (h) As a result, drug molecules are

liberated from the patch and migrate through the hydrogel and into the skin. Originally published in

R.F. Donnelly et al., Adv Funct Mater 2012, 22, 4979-4890 [117]. Reprinted with permission from

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright (2012)
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biomolecules to key tissue sites [120]. Polymeric nanoparticles are generally

10–1000 nm in diameter and delivered via the oral administration route [121].

In recent years there has been increasing interest in developing polymeric

nanoparticles as transdermal delivery agents for both pharmaceuticals and cos-

metics [122]. With respect to maleic anhydride chemistry, there has been consid-

erable interest in fabricating polymeric nanoparticles for the oral delivery route

[123–126]. The general principle behind controlled release when drugs are orally

administered is that the polymeric nanoparticles bind to key surfaces in the gastro-

intestinal tract (e.g., the interior of the stomach or intestinal region) providing

the pharmaceutical active with a desired pharmacokinetic release profile over an

extended period of time. Since maleic anhydride chemistry is very biocompatible

with the skin, it is not surprising that efforts have also been made to utilize maleic

anhydride-based nanoparticles as transdermal delivery agents [127, 128].

Cyanoacrylates are a family of adhesive molecules that are used for various

applications. The most commonly known products that contain cyanoacrylates

are Krazy Glue and Super Glue, two household adhesives with incredible strength.

Interestingly, copolymers of polyethylene glycol-modified maleic anhydride and

ethyl cyanoacrylate have been used in the fabrication of polymeric nanoparticles

designed for transdermal drug delivery [127]. Figure 8.22 contains the structure for

poly{[α-maleic acid-ω-methoxy-poly(ethylene glycol)]-co-(ethyl cyanoacrylate)}
[129, 130].

As already mentioned, the key to any successful controlled release agent is that it

releases the drug at a controlled rate. Normally, permeation studies of drugs through

the skin are carried out with a Franz diffusion chamber (Fig. 8.23). Ex vivo animal

skin (e.g., porcine or rat skin) is placed in the upper portion of the diffusion cell, and

the formula or delivery vehicle is placed on top of the skin. As the pharmaceutical

or cosmetic active penetrates through the skin, it arrives to the other side (dermis

side) and is dissolved in the receptor solution. Then, the amount of drug that has

traversed the skin barrier is determined by taking UV/visible spectra (assuming the

drug absorbs UV or visible light) at selected time intervals.

Figure 8.24 provides a plot of the cumulative amount of the pharmaceutical agent,

D,L-tetrahydropalmatine, that has crossed the skin barrier after treatment with

Fig. 8.22 Molecular structure for poly{[α-maleic acid-ω-methoxy-poly(ethylene glycol)]-co-
(ethyl cyanoacrylate)} used to fabricate polymeric nanoparticles
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nanoparticles based on poly{[α-maleic anhydride-ω-methoxy-poly(ethylene glycol)]-

co-(ethyl cyanoacrylate)}. It is nearly a linear release of the drug, which is the desired
effect.

Fig. 8.24 Typical data obtained from the Franz diffusion cell apparatus to determine the perme-

ation of ingredients through ex vivo skin. In this particular case, the skin was treated with

poly{[α-maleic acid-ω-methoxy-poly(ethylene glycol)]-co-(ethyl cyanoacrylate)} nanoparticles

containing the pharmaceutical agent, D,L-tetrahydropalmatine. Originally published in Xing et al.,
Int J Nanomed 2009, 4, 227-232 [127]. Reprinted with permission from Dovepress, copyright 2009

Fig. 8.23 Franz diffusion cell apparatus used for determining the permeation of ingredients

through ex vivo skin. Adapted from Kim et al. [131]
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For illustration, Fig. 8.25 contains a transmission electron micrograph of poly-

meric nanoparticles, which in this particular case, there is a distribution of sizes.

Another instructive example is the incorporation of Dead Sea minerals in

nanoparticles made of poly(maleic acid-alt-butylvinyl ether) in which 5% of the

maleic acid portion is grafted with poly(ethylene glycol) (MW¼ 2000) and 95%

grafted with 2-methoxyethanol (see Fig. 8.26) [128, 132]. Dead Sea minerals are

commonly used for the treatment of skin ailments such as psoriasis and atopic

dermatitis. Such nanoparticles are made using a mini-emulsion/solvent evaporation

process.

Fig. 8.26 Molecular structure of poly(maleic acid-alt-butylvinyl ether) grafted with poly(ethyl-

ene glycol) and 2-methoxyethanol to fabricate polymeric nanoparticles

Fig. 8.25 Transmission electron image of polymeric nanoparticles based on poly{[α-maleic

acid-ω-methoxy-poly(ethylene glycol)]-co-(ethyl cyanoacrylate)}. Originally published in Xing

et al., Int. J. Nanomed. 2009, 4, 227-232 [127]. Reprinted with permission from Dovepress,

copyright 2009
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8.3.8 Delivery of Active Ingredients

There are many compounds in the cosmetic industry that are used to improve the

health state of the skin. These active ingredients typically have some biological

activity and can modulate important processes in the skin. Examples of such

ingredients include antioxidants, biologically active peptides, and sunless tanning

agents. Other active ingredients such as sunscreens, anti-acne agents (e.g., retinol),

antiperspirant actives, whitening agents, and dandruff products are regulated by the

Food and Drug Administration (FDA) and are considered over-the-counter (OTC)

drugs. The delivery of these molecules to the skin is paramount to their ability to be

functional. Often times this includes choosing the correct formulation vehicle and

sometimes can even mean encapsulating products in a variety of vesicles for

effective delivery. The lack of affinity to the skin can hinder the molecule’s
efficacy. A creative approach to ensuring that agents are delivered in a sustained

manner is to utilize a nontoxic, biologically compatible binding agent that has

affinity for the skin and is also capable of binding active ingredients that can then be

ferried to the skin’s surface.
Throughout this chapter we discuss the bioadhesive properties of maleic anhy-

dride chemistry to the skin, although we do not discuss the interactions or possible

chemical affinity between maleic acid and the skin. A likely mechanism for the

enhanced affinity of maleic acid and its derivatives toward the skin and other

biological tissue could likely stem from possible covalent interactions between

the hydrolyzed form of succinic anhydride (succinic acid) and various amino acid

residues. Scheme 8.3 provides a possible explanation for the binding of maleic acid

with proteins via side-chain groups of amino acids, such as amino, sulfhydryl,

carboxyl, or hydroxyl functionalities [133].

There are numerous examples of different types of succinate-functionalized

materials. For example, Fig. 8.27 demonstrates the attachment of ascorbic acid,

an important antioxidant for skin health.

Fig. 8.27 Succinic anhydride covalently linked with ascorbic acid

Scheme 8.3 Reaction of succinic anhydride with side chains of amino acids (AA). Various types

of pendant groups (X) may be attached to the succinic anhydride molecule
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Other molecules that could similarly serve as functionalizing agents to a succi-

nate framework consist of glycerol (see Fig. 8.28) and benzophenone-3 moieties

(see Fig. 8.29). In general, one would expect that with enhanced binding at the

surface of the skin via the maleic acid moiety of the molecule, there would be

greater probability that these molecules would carry out their function in the skin.

For example, glycerol is a humectant that penetrates the skin and binds water,

thereby serving as a moisturizing agent that keeps the skin hydrated.

Benzophenone-3, on the other hand, is a sunscreen whose principal mode of

action is to remain on the surface of the skin and absorb UV radiation. It should be

noted that this type of approach, while inventive, does not discriminate as to the

location of the delivery of the cosmetic agent. For example, there may be certain

compounds that we want to penetrate deeply into the epidermis, while others would

preferentially like to remain on the surface—more or less analogous to the case of

glycerol and benzophenone-3.

It is often desirable to deliver lipophilic ingredients to the skin, which have poor

aqueous solubility. Normally, this is accomplished by incorporating the ingredient

in an oil-in-water or water-in-oil emulsion that is directly applied to the skin in the

form of a cream or lotion. In some cases, such compositions can be aesthetically

unpleasant or unstable with limited extended shelf life. More sophisticated delivery

systems have been gaining popularity in recent years. One example is a polymer/

lipid macromolecular complex that is used to deliver oil-soluble, hydrophobic

ingredients to the skin [134, 135]. These complexes are engineered utilizing

copolymers of poly(styrene-maleic acid) and phospholipids. Normally, an

oil-soluble delivery agent is solubilized in a phospholipid micelle (e.g., dilauroyl

phosphatidylcholine or dipalmitoylphosphatidylcholine) and then combined with

the polymer before adjusting the pH.

It has been postulated that the lipids in combination with the polymer form

discoidal (disk-shaped) micelles in which the lipids form a bilayer core. It is

Fig. 8.28 Succinic anhydride covalently linked with glycerol

Fig. 8.29 Succinic anhydride covalently linked with benzophenone-3

8 Maleic Anhydride Applications in Personal Care 479



believed that the polymer is in an alpha-helical conformation with one face occu-

pied by nonpolar groups (styrene monomers) and the other with polar groups

(maleic acid monomers) [136]. Figure 8.30 shows an illustration of the macromo-

lecular complex. Evidence of such structures has been confirmed by cryo-TEM

measurements [137]. This technology has been proposed for both pharmaceutical

and topical cosmetic application. The copolymer can be an alternating or block

copolymer of poly(styrene-maleic acid); however this will influence the secondary

structure of the polymer.

8.3.9 Skin Care Formulations

Maleic anhydride derivatives are utilized in a variety of skin care formulations

where they are used as emulsifiers, emollients, gelling agents, and soap additives.

Skin care formulations are usually classified as leave-on or rinse-off. Leave-on

treatments usually refer to creams, lotions, body milks, etc. They are applied to the

skin and absorbed by the stratum corneum through mechanical manipulation

(rubbing and massaging). On the other hand, rinse-off skin care products may

consist of soap bars, body washes, foaming cleansers, etc. Usually, the toxicolog-

ical profile for leave-on products must meet relatively strict guidelines to avoid

possible sensitization reactions during use, which could result in contact dermatitis

or even more serious skin or ocular conditions.

8.3.9.1 Applications of Skin Care Emollients

Emollients are skin care ingredients that are used in cream, lotion, or gel formula-

tions that, upon treatment, make the skin more soft and supple. With respect to

maleic anhydride, research activity in this area has focused on creating adducts of

Fig. 8.30 Illustration of a discoidal polymer/lipid macromolecular complex containing poly

(styrene-maleic acid) and phospholipids. Reprinted from S. Tonge and B. Tighe, U.S. Patent

6,436,905 B1, 2002 [136]
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vegetable oils with maleic anhydride [138, 139]. Specifically, the desire is to create

an adduct of maleic anhydride with the principal component of castor oil,

ricinolein, which is the triglyceride of ricinoleic acid. Castor oil is obtained from

the seeds of the plant, Ricinus communis, and is sought after for its therapeutic

properties in skin care formulations.

Figure 8.31 provides the structure for the maleated analog of ricinolein where it

is shown that one of the triglyceride chains is chemically modified with maleic

anhydride. A number of compositions for both rinse-off and leave-in formulations

have been described in the literature [140–142]. However, due to skin sensitization,

it is usually recommended that maleated castor oil be used in rinse-off applications

and at concentrations that do not exceed 0.5% (w/w). It should be noted, however,

that when used in liquid surfactant systems (e.g., body washes), maleated castor oil

helps to reduce surfactant-induced irritation and perturbation of the skin’s lipid

barrier [143]. When combined with palmitic acid, maleated castor oil forms a

highly ordered lamellar gel analogous to that found in the lipid barrier (in the

stratum corneum) of healthy skin [144]. It is believed that these ordered structures

can fortify the lipid matrix of the stratum corneum.

Maleated soybean oil and maleated sunflower oil are also two popular cosmetic

ingredients. In general, any oil that is not completely saturated can be maleated such

as avocado, coconut, corn, cottonseed, jojoba, linseed, nut, olive, palm, raisin,

rapeseed, safflower, sesame, squash, and sunflower [145]. Figure 8.32 provides an

example of a triglyceride from vegetable oil that has been maleated. There are

numerous examples in the literature demonstrating the modification of natural oils

with maleic anhydride [146–149]. Furthermore, maleated oils may be modified by

reaction with water ultimately forming a maleic acid derivative or with a hydroxide

resulting in the corresponding salt form [145]. Such chemical modification could

lead to many additional possibilities in regard to functional moieties that could be

included in the oil, while at the same time maintaining a renewable/sustainable

molecule. A major advantage of introducing the polar functionality of maleic acid

into the backbone is an increase in the molecule’s overall water solubility. More-

over, this leads favorably to the ability of the oil to self-emulsify [150].

Other interesting applications in skin care include modification of polysaccha-

rides with maleic anhydride to obtain functional moisturizing ingredients. Chitosan

derivatives are a good example of molecules that have been engineered by acylation

Fig. 8.31 Molecular structure of maleated ricinolein, the chief component of castor oil
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of chitosan with maleic anhydride [151]. Chitosan is derived from chitin, which is a

polysaccharide of N-acetylglucosamine units linked together by a β-1,40 bond.
Chitin is naturally found in the exoskeleton of crustaceans and insects. Chitosan

is obtained by a deacetylation reaction of chitin; however the reaction is not

complete and chitin is usually a mixture of both glucosamine and

N-acetylglucosamine units [152]. Figure 8.33 presents the structure of both

chitosan and its maleic anhydride-derivatized counterpart. As shown in the figure,

maleic anhydride is attached to chitosan via the amine group at the 2-position on the

glucosamine ring. One of the key motivations for modifying chitosan is due to

issues with solubility. Unmodified chitosan is insoluble in alkaline medium and, in

fact, is only soluble in acid medium in the form of salts.

Maleic anhydride-based materials may also be used as emulsifiers in emulsion

systems. An emulsion is a heterogeneous system in which two or more immiscible

liquids or semisolid materials are dispersed in another liquid in discrete droplets.

The materials that are dispersed (or emulsified) form the dispersed or internal

phase, while the rest of materials form the continuous phase or external phase.

There are a variety of emulsion types that consist of oil-in-water (o/w), water-in-oil

(w/o), multiple (oil-in-water-in-oil; water-in-oil-in-water), nano-, micro-, and Pick-

ering emulsions (a type of oil-in-water emulsion). O/W emulsions are probably the

most commonly employed vehicles in skin care formulations, which contain an

oil phase dispersed in an aqueous continuous medium. A schematic representation

of a dispersed droplet in an o/w emulsion is shown in Fig. 8.34. An emulsifier

(or emulsifying agent) is an amphipathic molecule, which arranges itself at

the interfaces between the two immiscible phases, thus reducing the surface

(interfacial) tension between the two phases, and is able to disperse oil droplets in

water. When used with o/w emulsions, they arrange themselves with the

Fig. 8.32 Maleic anhydride grafted onto a triglyceride of a vegetable oil in which treatment with

H2O or base (MOH) results in the opening of the anhydride ring
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hydrophobic tails in the oil (internal) phase and hydrophilic heads in the water

(external) phase.

One example of a polymeric maleic anhydride-based emulsifier is poly(isobu-

tylene) succinic anhydride. This polymer is obtained by reacting poly(isobutylene),

which contains vinylidene end groups, with maleic anhydride [153]. As a result, one

obtains a polymer with a hydrophobic interior and an end-capped polar function-

ality. For illustration, Fig. 8.35 contains the structure of poly(isobutylene) and poly

(isobutylene) succinic anhydride. One of the benefits of this molecule is its low

degree of color. It should be noted that the polyolefin portion of poly(isobutylene)

succinic anhydride is extremely hydrophobic, while the maleic anhydride-modified

end group is only slightly polar. Further reactions can be carried out with the maleic

anhydride portion of the molecule using more highly polar species, resulting in

greater surface activity of the polymer.

8.3.9.2 Skin Cleansing Formulations

In general, skin cleansing products are manufactured in the form of solids (bars),

liquids, or gels. They function to clean the skin by removing excess oils, dirt, and

dead, sloughed skin cells on the surface. Historically, soap was universally used as a

cleansing agent. Soaps are fatty acid salts that are manufactured by saponification of

vegetable oils or animal fats. There were many safety concerns regarding the use of

Fig. 8.33 Molecular structure of (a) chitosan and (b) maleated chitosan
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soaps and their role in causing irritation, dryness, scaling, and roughness. This led to

the development of a variety of anionic, amphoteric, and nonionic surfactants with

less skin irritation potential that could be used in skin detergents. In modern skin

cleansing formulations, the most commonly used ingredients are anionic surfactants,

Fig. 8.34 Illustration of a dispersed oil droplet in a typical o/w emulsion stabilized with an

emulsifier

Fig. 8.35 Structure of (a) poly(isobutylene) and (b) poly(isobutylene) succinic acid. Note that the

vinylidene end group in (a) can react with maleic anhydride to produce the structure in (b). The

vinylidene group in (a) and maleic acid group in (b) are circled
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which often include acyl phosphates, acyl sarcosinates, alkyl aryl sulfonates, alkyl

ether sulfates, alkyl sulfates, isethionates, and olefin sulfonates [154]. Even with the

development of this new arsenal of ingredients, there are still many reported cases of

skin irritation. Therefore, milder skin cleansing formulations are often sought after.

Terpolymers of alpha-olefin and maleic anhydride were suggested irritant-reducing

agents in skin cleansing formulations [155]. The alpha-olefin monomers consist of a

shorter chain 1-alkene and longer chain 1-alkene having at least 18 carbon atoms.

Therefore, the composition consists of a maleic anhydride, short-chain aliphatic, and

long-chain aliphatic monomeric components [156]. The polymer is 49–60 mol% of

maleic anhydride, 10–40mol%of shorter chain olefin, and 40–10mol%of long-chain

olefin (see Fig. 8.36). By adjusting the ratio of the shorter and longer aliphatic

monomers, one may fine-tune the solubility and waxiness of the polymer. The use

of this polymer, which can reach as high as 50% of the total surfactant concentration

in cosmetic detergents, reportedly does not comprise its foaming and cleansing

properties [157].

8.3.9.3 Soap Bar Dimensional Stability

Soap bars are used almost universally to clean the skin. There are, of course,

inherent problems with the stability of the soap bar during its life in the shower.

As the soap bar ages, cracking occurs in its structure due to the presence of water.

More than likely, such an effect occurs due to changes in the crystalline phase of the

soap bar caused by residual moisture. Studies have shown that incorporation of

polymers based on maleic anhydride, specifically poly(methyl vinyl ether-maleic

acid) and its esterified form, reduces the number of cracks in the soap bar and helps

to maintain its dimensional stability [158]. Further, the author reports an emollient

effect for such compositions coupled with a smoothening effect when applied to the

skin. In general, other types of polymers have been used in similar applications.

Fig. 8.36 Molecular structure of a terpolymer of alpha-olefin and maleic anhydride with the

following mole percent monomer composition: A¼ 10–40%, B¼ 40–10%, and C¼ 49–60%.

The aliphatic chains of the olefin monomers are x< 17 in A and y� 17 in B
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Unfortunately, the mechanism by which soap bar dimensional stability is conserved

is unknown.

8.3.9.4 Stabilization of Vitamin C

Vitamin C, or ascorbic acid, is an important antioxidant in the skin that prevents

free radical damage, stimulates collagen synthesis, boosts the immune response,

and acts as a synergistic antioxidant with vitamin E (alpha-tocopherol)

[159]. Unlike other mammalians, humans lack an enzyme required for vitamin C

biosynthesis. Therefore, it must be obtained through the diet or by topical treatment.

However, a major issue with formulating ascorbic acid in skin care preparations is

its inherent instability. Several approaches to circumvent this instability issue

include packaging that provides a more inert atmosphere, thereby preventing

oxidation; creating a two-phase formula in which one is a dry powder (containing

vitamin C) and the other is liquid—they are combined immediately prior to use;

formulating with high concentrations of glycols or polyols to reduce the solubility

of oxygen in the formulation; and formulating ascorbic acid in an anhydrous system

based on silicones [160]. There have even been numerous attempts to synthesize

vitamin C derivatives, such as sodium ascorbyl phosphate or ascorbyl palmitate;

however, the bioavailability of these materials is reportedly low [161]. In recent

years, there has been some patent activity utilizing low molecular weight poly

(styrene-maleic anhydride) chemistry to prevent oxidation of ascorbic acid in skin

care formulations [162–167]. Unfortunately, the precise mechanism by which the

polymer prevents oxidation is not disclosed.

8.3.9.5 Alpha Hydroxy Acids

Another important class of compounds for the treatment of the skin is hydroxy acids

[168]. These consist of alpha hydroxy acids, beta hydroxy acids, and polyhydroxy

acids. Alpha hydroxy acids are the most important in this group and have had

considerable success in the personal care marketplace. Structurally, alpha refers to

the position of a hydroxyl group on the carbon adjacent to the carboxylic acid

functional group in these molecules. These agents incur biologically induced

changes in the skin resulting in antiaging, antiwrinkle activity, and improved skin

tone. The most common alpha hydroxyl acids in skin care preparations are glycolic

acid, salicylic acid, citric acid, and lactic acid. After topical application, alpha

hydroxy acids function by stimulating proliferation of keratinocytes in the epider-

mis, which leads to enhanced skin turnover. Treatment with alpha hydroxy acids

also improves the condition of collagen and other molecules in the dermis. The

mechanism behind the overall enhanced skin renewal is still not well understood,

although strong clinical evidence demonstrates the efficacy of these materials in

rejuvenating skin. In addition, current evidence suggests that alpha hydroxy acids

incite a cascade of cell signaling events involving cytokines secreted by
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keratinocytes in the epidermis. The activation of cytokines in the skin leads to many

important processes in the skin including immune response, wound healing, and

accelerated cell turnover.

In regard to maleic anhydride chemistry, skin care compositions containing poly

(methyl vinyl ether-maleic acid) and poly(methyl vinyl ether-maleic acid-isobutyl-

ene) are proposed as possible agents that perform like alpha hydroxy acids

[169, 170]. One major drawback of alpha hydroxy acids is their high irritation

potential. Treatment with polyacids to minimize negative toxicological effects may

prove to be an alternative treatment modality, although its commercial relevance

has yet to be demonstrated by its incorporation into finished consumer products. In

addition, further work to investigate the use of the polymers in conjunction with the

alpha hydroxyl acids could prove interesting. Possibly, lower levels of alpha

hydroxy acids could be utilized to achieve similar results when the formulation

contains maleic anhydride-based polymers.

8.3.10 Incorporation of Maleic Anhydride Derivatives
in Sunscreen Formulations

Sunscreens are formulations regulated as an OTC drug by the FDA in the United

States. In Europe, on the other hand, they are regulated as cosmetics according to

Council Directive 76/768/EEC. Regardless, it is a critical product category for the

protection of the skin against harmful ultraviolet rays from the Sun. Exposure to

ultraviolet radiation could lead to sunburn reactions characterized by erythema and

edema. It is the culprit of many ailments of the skin including photoaging,

photoimmunosuppression, and photocarcinogenesis. Sunscreen actives are nor-

mally characterized as inorganic or organic filters. Inorganic compounds, such as

titanium dioxide or zinc oxide, are particulates that reflect or scatter incoming

ultraviolet rays, thereby preventing them from reaching the surface of the skin.

On the other hand, organic filters (e.g., benzophenone-4, avobenzone, etc.) absorb

the incoming light. In addition to sunscreen active ingredients, other components of

a sunscreen formulation are equally important. For example, how well the sun-

screen film spreads, whether it is waterproof, and if the formulation is stable,

especially at elevated temperatures, are all important considerations when engi-

neering a new product.

Often, it is desirable to create sunscreen formulations with aesthetically pleasing

properties, yielding a final product that leaves a nonoily, non-tacky film that is not

visible and dries quickly. Such sunscreen products may be formulated using water-

soluble maleic anhydride polymeric derivatives. One example is a gel based on poly

(ethylene-maleic anhydride) [171]. In this case, the formula is thickened by the

polymer and does not require emulsifiers or surfactants. On the other hand, it is also

desirable for the sunscreen formula to have waterproofing properties allowing the

treatment to remain stable during sweating or swimming. It has been a common
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practice to use a cross-linked terpolymer of methyl vinyl ether, tetradecene, and

maleic anhydride for this purpose [172]. Due to the long aliphatic chain of

tetradecene, this polymer is oil soluble, thereby providing compatibility with

organic sunscreens as well as waterproofing properties. More information is pro-

vided for this type of polymer technology in the next section on rheology modifiers.

In addition to serving as formulating agents, maleic anhydride derivatives may

also provide performance-boosting properties to sunscreen formulations by other

means. For example, inherent problems exist with some of the commercially

available sunscreen agents. Para-aminobenzoic acid is a very polar molecule

making it water soluble, thereby not allowing it to remain on the skin during

perspiration and swimming. Likewise, avobenzone undergoes keto-enol isomeri-

zation leading to instabilities of the molecule and ensuing reactions that render the

sunscreen less efficacious. Providing a more stable environment for the sunscreen

agent can circumvent some of these issues. Maleic anhydride functionalities within

a molecule readily undergo reactions with primary amines, opening the epoxide

ring and yielding a half-acid, half-amide functionality. Two amine functional

aromatic compounds that can be incorporated into a maleic anhydride functionality

are 2-aminobenzoic acid and 2-aminobenzophenone [173]. These molecules share

similar properties to their structural counterparts, para-aminobenzoic acid and

avobenzone, which are used universally in sunscreen formulations. Figures 8.37

and 8.38 provide a demonstration of how each of these molecules is incorporated

separately and together by grafting them on to the aliphatic chains of the triglyc-

eride component of maleated soybean oil derivatives. At this time, these molecules

are not FDA-approved sunscreen compounds; however, they could have possible

applications as photostabilizers or SPF boosters.

Fig. 8.37 Molecular structure of a maleated triglyceride from vegetable oil that has undergone

substitution with (a) 2-aminobenzoic acid and (b) 2-aminobenzophenone
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8.3.11 Rheology Modifiers for Skin Care Formulations

Rheology modification is extremely important for skin care. Formulations are often

engineered by taking into account the desired yield stress, sheer thinning behavior,

thixotropy, viscosity, and mechanical stability. Most of these measured parameters

apply to the cosmetic composition when it is applied to the skin. However, equally

important is the rheological behavior of a given material when it is dispensed from

its packaging element. There has been much interest in the personal care industry to

utilize rheology to determine the sensorial properties of cosmetic formulations and

to predict a product’s stability over long periods of time and at elevated tempera-

tures [174, 175]. A class of cross-linked maleic anhydride polymers are particularly

important in this area [176, 177]. They are used as rheology modifiers for many

different types of personal care formulations including topical wound healing

compositions, sunscreens, surfactant-based systems, nail treatment formulas, and

hairstyling gels [178–182].

Fig. 8.38 Molecular structure of a maleated triglyceride from vegetable oil that has undergone

substitution on the same chain with (a) 2-aminobenzophenone and (b) 2-aminobenzoic acid
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In the late 1980s, GAF Chemicals Corporation (later International Specialty

Products; currently Ashland, Inc.) developed a series of polymers based on poly

(methyl vinyl ether-maleic anhydride) cross-linked with 1,9-decadiene (Fig. 8.39).

Originally, there were several grades of the polymer available and sold under the

trade names Stabileze 06, Stabileze 12, and Stabileze 15, which were 2.5%, 2%,

and 3–3.5% cross-linked, respectively [183]. Today, only Stabilize 06 and

Stabileze QM are commercially available. The difference between these two

forms of the polymer lies in the particle size of the commercially available powder.

Stabileze QM has a smaller particle size and is more quickly dispensed in water and

converted into a gel.

In the powder form, the polymer exists as an anhydride. In order to thicken

formulations, these polymers must first be hydrolyzed in order to open the anhy-

dride ring resulting in the diacid form of the molecule. Much effort has gone into

developing processes for hydrolyzing and simultaneously neutralizing these cross-

linked polymers. Hydrolysis can be achieved by three methods: (a) dispersing the

polymer in water at room temperature for 24–48 h, (b) heating the polymer in water

at 65–80 �C for 30–90 min, or (c) heating the polymer in dilute sodium hydroxide

solution at 65 �C for 30 min [183–185]. High-viscosity gels may be obtained when

the polymer is fully neutralized with an organic or inorganic base, typically in the

pH range of 5.5–9, resulting in the expansion/uncoiling of the polymer chains. The

broad thickening pH range is afforded due to the two pKa values of the acid groups

in the polymer, which in pure maleic acid are 1.97 and 6.06 [186]. In poly(methyl

vinyl ether-maleic acid), these values are shifted to 3.47 and 6.47. There have been

proposals of replacing the conventional organic and inorganic bases used for

neutralization with basic amino acids [187]. This mainly stems from concerns

that traditional bases cause irritation. Nevertheless, amino acid neutralization is

not a common practice employed by formulators.

Fig. 8.39 Molecular structure of poly(methyl vinyl ether-maleic anhydride) cross-linked with

1,9-decadiene
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8.3.12 Skin Tightening

The modification of the rheological properties of the skin by cosmetic treatments is

an area of active research and product development in the personal care industry.

Often, the aim is to soften the skin by treatment with plasticizers, such as glycerol,

or by an occlusive effect of hydrophobic materials such as oils and emollients. As a

result, water accumulates in the stratum corneum resulting in plasticization, which

ultimately decreases the modulus of the skin, ameliorates the stress between the

stratum corneum and underlying skin layers, and softens lines and wrinkles.

Another approach to changing the mechanical behavior of the skin is to induce

skin tightness, also referred to as skin firming or lifting. This can be accomplished

by washing with water or surfactants, which removes low molecular weight mate-

rials such as amino acids, urocanic acid, squalene, cholesterol, and lipids from the

skin. This results in temporary stiffening of the stratum corneum and causes the

sensation of tightness.

Skin tightening can also be produced by surface deposition of certain film-

forming agents, including proteins, polysaccharides, and polymers. This area—

skin tightening induced by treatment with a film-forming polymer—is what we

are most interested in for our current discussion. Quite some time ago, it was

reported that ethylene-maleic anhydride copolymers were particularly useful at

smoothing the wrinkles of human skin [188]. In fact, this patent was well ahead

of its time. It was not until the early 2000s that polymeric skin-tightening

treatments really began to make any headway in the marketplace. While a

variety of polymeric film formers could induce a slight skin-tightening effect,

terpolymers of poly(isobutylene-alt-maleic acid) with dimethylaminopro-

pylamine and methoxy-PEG/PPG propylamine (INCI: polyimide-1) have been

reported to be exceptionally efficacious (see Fig. 8.6 for molecular structure)

[189]. While the precise mechanism is not fully understood, it is very likely

that upon dry-down this particular polymer has the ability to act like a shrink

wrap while still maintaining its bioadhesive strength [190]. Therefore, the skin

will experience an inward force while still maintaining good adhesion to the

polymer, overall providing a tightening sensation. Often such ingredients are

used in finished products for the temporary effects they produce. For example,

many formulas, such as antiaging and skin whitening, require that the consumer

repeatedly use the products for an extended period of time (e.g., 1 month or

even longer) in order to induce a quantifiable biological effect in the skin.

Often times, the consumer may quit the regimen if they do not see an

immediate effect. Therefore, many skin care finished good manufacturers will

attempt to include a secondary cue, such as skin tightening or a tingling

sensation produced from methanol, to maintain the consumer’s interest in repeat

use of the product.

8 Maleic Anhydride Applications in Personal Care 491



8.4 Maleic Anhydride Chemistry in Oral Care

Maleic anhydride-based polymers have a long and rich history of use in oral care

products. For over three decades, poly(methyl vinyl ether-maleic acid) salts have

been used in denture adhesive formulas. As a bioadhesive compound, this polymer

helps maintain the denture in place even when strong forces are encountered during

mastication. Maleic anhydride chemistry also plays an integral role in oral health. It

functions as a bioadhesive delivery agent for active ingredients including

antibacterial agents. In this section, we review some basic principles about tooth

anatomy and then discuss the details of the oral care health benefits provided by

poly(methyl vinyl ether-maleic acid).

8.4.1 Bioadhesive Properties of Poly(Methyl Vinyl
Ether-Maleic Acid)

Poly(methyl vinyl ether-maleic acid) polymers are known for their excellent

bioadhesive properties and used as denture adhesives and also to substantiate the

slow release of hydrophobic therapeutic agents in the oral cavity. The polymer’s
bioadhesive property is mainly attributed due to its hydrogen-bonding groups

(-COOH) that can form strong anionic charges and have excellent wetting charac-

teristics with sufficient flexibility that allows it to penetrate and adhere to mucus/

mucosal tissue surfaces [191]. For illustration, Scheme 8.4 demonstrates the pro-

tonation and deprotonation of the maleic acid moiety of poly(methyl vinyl ether-

maleic acid).

The adsorption kinetics of poly(methyl vinyl ether-maleic acid) can be described

as a three-step mechanism [192, 193]. The first step is the mass transport process, in

which polymers diffuse to the proximity of the surface. The second step, the

attachment onto the mucosal tissue surface, occurs when the polymer chains

begin to interact with the mucosal tissue surface through secondary interactions

including hydrophobic (or van der Waals), hydrogen bonding, and electrostatic

interactions [194–196]. The last step is the rearrangement of adsorbed polymer in

order to achieve a more stable state. In order to provide a frame of reference,

Table 8.1 describes the relative mucoadhesion force of poly(methyl vinyl ether-

maleic acid) in comparison to other bioadhesive polymers.

Scheme 8.4 Protonation and deprotonation of the maleic acid moiety of poly(methyl vinyl ether-

maleic acid)
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In addition, poly(methyl vinyl ether-maleic acid) possesses the following impor-

tant characteristics that make it versatile and useful for oral care applications:

• It adheres to oral tissues and forms stable films.

• It has an excellent safety profile.

• It does not irritate the mucous membrane.

• It has a high molecular weight to form strong non-covalent bonds with the

mucin-epithelial cells and tooth surfaces.

• It is compatible with oral care products.

8.4.2 Tooth Anatomy2

The human tooth is a complex morphological structure, in which part of the tooth is

exposed, while a considerable amount is embedded in the gums (gingiva) and

extends into the jaw bone (mandibula). An illustration of tooth and its component

parts is provided in Fig. 8.40 and can be subdivided into three components: root,

neck, and crown.

As already mentioned, the root is embedded in the bone mass of the

mandibula—the alveolar bone. The relatively long root structure also contains

nerve tissue that extends up until the pulp cavity, which also contains pulp and

Table 8.1 Mucoadhesive forces for various polymers. Assembled by Alexander et al. [197]

Mucoadhesive polymers Adhesive force

Poly(acrylic acid) 185.0� 10.3

Tragacanth 154.4� 7.5

Poly(methyl vinyl ether-maleic acid) 147.7� 9.7

Poly(ethylene oxide) 128.6� 4.0

Methylcellulose 128.0� 2.4

Sodium alginate 126.2� 12.0

Hydroxypropylmethyl cellulose 125.2� 16.7

Karaya gum 125.2� 4.8

Methylethyl cellulose 117.4� 4.2

Soluble starch 117.2� 3.1

Gelatin 115.8� 5.6

Pectin 100.0� 2.4

Poly(vinyl pyrrolidone) 97.6� 3.9

Poly(ethylene glycol) 96.0� 7.6

Poly(vinyl alcohol) 94.8� 4.4

Poly(hydroxyethyl-methacrylate) 88.4� 2.3

Hydroxypropyl cellulose 87.1� 13.3

2 Portions of this section were previously published in Ref. [198].
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blood vessels. Odontoblast cells in the pulp are responsible for forming dentin.

Nutrients are delivered to this region via the blood supply and allow the tooth to

sustain itself as a living tissue. The presence of nerves allows for the sensation of

pain, which is often caused by extreme temperatures, and is especially noticeable

when drinking cold or hot beverages. The root canal (also known as the pulp canal)

is the narrow conduit starting at the base of the root and extending up until the pulp

cavity, which provides access for vascularization and innervation. Problems in the

pulp cavity, such as infection, often require root canal therapy.

Surrounding the root structure, the cementum provides a biological adhesive layer

between the main body of the root and the periodontal ligament. It is composed of

fibrous tissue, which firmly attaches the teeth to the jaws. One end of the fiber bundle

is connected to the cementum and the other into the alveolar socket, which is the

connection point to the jaw. The neck of the tooth describes the area where the

gingiva (gum tissue) is located and the tooth becomes exposed to the buccal cavity

(the region of the oral cavity that is bound by the lips, cheeks, and gums).

Finally, the crown is the visible portion of the tooth and contains a hard,

crystalline outer layer of enamel that protects the interior structure of the tooth by

preventing demineralization. It also facilitates mastication, as it is a very smooth

Fig. 8.40 Anatomical structure of the tooth. Reprinted with permission from Ref. [198].

Copyright, 2016, The Cosmetic Chemist LLC
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surface. Since enamel is a hard structure, it is also very brittle. Enamel is a

translucent layer that is susceptible to damage due to eating sugary foods or

drinking acidic beverages and is not like the other bone tissue, which the body

can self-heal. Staining of teeth usually occurs on the enamel layer and is caused by

consuming beverages, such as tea and coffee, as well as by smoking tobacco or even

poor oral hygiene. Normal tooth color is not pure white, but a slight off-white, gray,

or even yellow color. Below the enamel, most of the tooth structure is composed of

dentin, a bone-like substance that provides teeth with their characteristic color.

At the chemical level, tooth is principally comprised of crystalline calcium

phosphate, which exists in the mineral form as hydroxyapatite and has the molec-

ular formula Ca5(PO4)3(OH). Enamel, which again is very hard and brittle, contains

relatively high levels of hydroxyapatite (ca. 92–94%) as well as much lower

quantities of water (2–3%), carbonate (2%), trace elements (1%) (e.g., sodium,

magnesium, potassium, chloride, zinc), fluoride (0.01–0.05%), and proteins and

lipids (<1%) [199]. Dentin, on the other hand, contains much less hydroxyapatite

and is also comprised of collagen and other organic matter (35–50%).

8.4.3 Plaque, Calculus, Caries, and Gingivitis and Strategies
for Protection3

Poor oral care health can result in a number of unfavorable conditions in the oral

cavity that are principally caused by bacteria. There has been considerable interest

in the cosmetic and toiletry industry to design and invent products in the form of

dentifrices for the treatment and prevention of these ailments. Plaque and calculus

(tartar) are principle concerns as well, as they can lead to more serious conditions

such as the formation of caries, commonly known as cavities, or the development of

gingivitis (inflammation of the gum tissue).

Dental plaque is a yellow biofilm film formed on the surface of the tooth enamel

due to bacterial colonization. There can be as many as 1000 bacterial species

present, and plaque owes its bacterial diversity due to the lack of a biological

self-cleansing system [200]. Initially, the biofilm is soft in nature; however, after

several days it begins to harden forming tartar, also known as calculus.

Dental biofilms represent a significant threat to oral health as many of the

bacteria present in dental plaque are cariogenic—they cause demineralization of

the tooth. Typically, such bacteria are acidogenic (they produce organic acids) and

aciduric (they are able to survive in acidic environments). Their degradative

activity occurs as a result of fermentation of dietary carbohydrates (e.g., sucrose)

into formic, acetic, and propionic acid, which makes the tooth more susceptible to

the perils discussed above.

3 Portions of this section were previously published in Ref. [198].
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The enamel pellicle contains a protective layer of proteins that bind to hydroxy-

apatite. In addition to these proteins, there are other salivary proteins that also

deposit on the surface of the enamel pellicle and protect it from metabolic

by-products of bacteria that comprise the biofilm [201]. These proteins have a

variety of functions in protecting the tooth, such as inhibiting the adhesion of

microorganisms and even helping the tooth remineralize by binding important

trace elements, such as calcium.

Dental calculus results from the crystallization of dental plaque. As already

noted, plaque exists in the form of a soft biofilm, which hardens due to the

accumulation of minerals from saliva, such as calcium phosphate. Often, calculus

is further classified as supragingival or subgingival, which indicates the location

where it is found—supragingival calculus occurs on the crown of the tooth, while

subgingival forms lower in pockets of the gingiva. Supragingival calculus has a

mineral content of about 37% and also contains proteins and lipids, which are also

believed to be an integral part of calculus formation [202]. It should be noted that

calculus cannot be removed simply by brushing and other normal oral hygiene

routines. Usually it requires special dental tools such as a traditional or ultrasonic

tooth scaler since it is so tightly bound to the tooth surface. Calculus buildup,

however, can be prevented when suitable dentifrices are utilized on a routine

basis.

Dental caries form as a result of demineralization of the tooth structure. The

acidic environment that prevails during the presence of plaque and calculus ulti-

mately leads to damage of the tooth’s enamel coating and can extend into the

interior dentin structure. Carie formation is usually detected in the early stages

during routine dental checkups. However, there are instances when visible pits or

holes can be found in the tooth.

Gingivitis is a type of periodontal disease resulting in inflammation and infection

of the gum tissue. It is a degenerative disease that is caused by the long-term effects

of dental plaque and calculus deposits on the teeth. The bacteria associated with

plaque and calculus, along with their metabolites, infect the gum tissue eventually

leading to the degeneration of tissue that supports the tooth, such as periodontal

ligaments and alveolar bone tissue of the tooth socket.

Despite innate protective mechanisms in the oral cavity against undesired

bacteria and other malicious agents, considerable efforts in the oral care industry

have aimed to circumvent the development of plaque, calculus, caries, and gingi-

vitis. In most circumstances, this strategy consists of treating the oral cavity with a

dentifrice in the form of a toothpaste or mouth rinse. An antibacterial agent, can be

employed to combat plaque microflora along with fluoride (usually in the form of

sodium fluoride, sodium monofluorophosphate, or stannous fluoride) as a fortifying

agent that remineralizes enamel and helps prevent the formation of caries. These

ingredients may be formulated in conjunction with poly(methyl vinyl ether-maleic

anhydride) in which the polymer acts as a bioadhesive, thereby ensuring that the

other key ingredients in the dentifrice are delivered to the site of interest on the

surface of the enamel.
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The bioadhesive properties of poly(methyl vinyl ether-maleic acid) ensure that

the polymer, along with active ingredients, remains on the tooth surface to ward off

flora that could otherwise lead to the development of plaque and calculus.

8.4.4 Denture Adhesives

Dentures are false teeth, which are removable prosthetic devices that adhere to the

gum. Dentures can be a complete prosthetic design, replacing all of the teeth on one

of the arches, or partial replacement of several teeth. Our discussion in this section

will focus on complete dentures, as these are the ones most commonly accompanied

by the use of an adhesive. For illustration, Fig. 8.41 contains a photograph of

conventional dentures for both the maxillary (upper) and mandibular (lower)

arches.

In order to ensure proper fixation of the dentures, adhesive materials are com-

monly placed on the surface of the dentures that comes in contact with the gum

tissue (Fig. 8.42). Adhesives are typically formulated as a paste or a powder that can

be of natural or synthetic origin. Normally, the adhesive is hydrophilic and absorbs

moisture from the saliva resulting in the formation of an adhesive hydrogel with

high tack. The denture adhesive formula is usually applied to the denture once a

day. Most dentures do not fit in perfect alignment with the gum tissue due to

changes that occur in the gum tissue over time. Therefore, by adding a denture

adhesive, the interstices between the gum and the prosthetic device are filled. It is

desirable that the denture adhesive can withstand the forces encountered during

mastication and also that it is resistant to degradation during the consumption of hot

and cold beverages. At the same time, the adhesive strength of the adhesive cannot

be so strong that the prosthetic device cannot be removed.

Many years ago denture adhesives were formulated with natural ingredients

such as karaya gum; however, such compositions did not provide consistent

adhesion between the denture and the gum tissue. In 1961, a patent was granted

Fig. 8.41 Photograph of conventional dentures that fit over the maxillary and mandibular region

of the oral cavity
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for the use of a synthetic polymer, consisting of mixed or partial salts of copol-

ymers of maleic acid with vinyl ether, for use as a denture adhesive [203]. The

salts used included calcium in combination with alkalies, such as sodium and

potassium, but quaternary ammonium compounds may also be used as counterions

to the acid groups of poly(methyl vinyl ether-maleic acid). There have been a

significant number of publications describing their use in denture adhesive formu-

lations [204–209].

A typical denture adhesive formula based on poly(methyl vinyl ether-maleic

acid) may be used in combination with either carboxymethyl cellulose or poly

(vinylpyrrolidone) [210]. Upon application, carboxymethyl cellulose or poly

(vinylpyrrolidone) becomes hydrated and binds via ionic interactions with the

gum tissue and the prosthetic device [211]. These interactions are short lived, and

poly(methyl vinyl ether-maleic acid) provides the long-term adhesion necessary to

ensure proper denture stability.
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Chapter 9

Application of Maleic Anhydride in Coatings,

Adhesives and Printing

David K. Hood and Osama M. Musa

9.1 Introduction

The mass production capabilities coupled with a broad synthetic platform have

powered maleic anhydride to an incredibly diverse range of commercial applica-

tions. Applications so vast, its broad detailed discussion is well beyond the ability

of one book chapter to capture. Consequently, this chapter is written more as a

survey, covering many of the most important maleic anhydride applications while

discussing a few specific topics in more detail. It is our hope that the reader will

finish this chapter with a greater appreciation for the broad applicability and

emerging potential for maleic anhydride.

9.2 Coatings

Maleic anhydride’s use in coating technology is widespread. From automotive and

architectural coatings to antimicrobial and anti-adhesive coatings, there are many

opportunities for the use of maleic anhydride chemistry. Most coatings are com-

prised on several key components. Each component delivers distinctive function-

ality. Functionalities often perform in concert with the other ingredients to yield the

final application performance attributes. Among the most common components are

pigments, binders, rheology modifiers, dispersants, and biocides. From these basic

ingredients, the various functional features of maleic anhydride will be further

elucidated.
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9.2.1 Binders: Alkyd Resins

Alkyd resins are the reaction product of fatty acids, polyols, and dibasic acids.

When the applied coating resin is exposed to air, the corresponding film undergoes

an auto-oxidative drying process. A common example of an oxidizing alkyd is a

composition comprised of soybean fatty acids, glycerol, and phthalic anhydride.

The auto-oxidative drying process is a process whereby free radicals abstract

hydrogens on methylene groups located between the double bonds, which can be

repeated, ultimately forming covalent cross-links, enabling curing of the film.

Metal driers, such as cobalt and manganese salts, are often added to these coatings

to increase the rate of the auto-oxidation process. With this simple example, maleic

anhydride is reported to be added to alkyd resin systems to impart better adhesive

properties coupled to increase drying speed [1].

An example of how maleic anhydride is typically incorporated and used in an

alkyd-type coating is demonstrated with a modified styrene–acrylic polymer.

Firstly, a multicomponent copolymer of styrene, acrylate, and maleic anhydride

monomers is prepared via conventional free radical polymerization. Coupled to this

copolymer is an additional additive component, the separate reaction product of

various unsaturated, olefinic, monocarboxylic acids and an aminoalkyl alcohol.

This product is reported to be in the form of a hydroxyalkyl amide. During the

complex synthetic process, these additive amide moieties are found to rearrange to

ester moieties, where the original amide nitrogen enables the subsequent formation

of an imide group. The idealized, final product is represented below [2, 3].

More specifically, the additive component is comprised of a mixture of soybean

oil fatty acids, or soya fatty acids, and a conjugated unsaturated C18 monocarbox-

ylic acid, such as Konjuvandol fatty acid from Henkel AG, which are further

reacted with an aminoalkyl alcohol, i.e., aminoethanol, enabling the formation of

hydroxyethyl amide-derived compounds. The polyimide functionality is then

obtained by the reaction of these various additive components with the modified

styrene–acrylic copolymer, which results in a rearrangement effect enabling the

formation of polyimide compositions, as depicted in Scheme 9.1. Note that R is the

esterified residues of soybean oil fatty acids as well as the conjugated unsaturated

C18 monocarboxylic acid. This imide-modified styrene–acrylic copolymer is then

combined with naphtha solvent and an oxime-based antiskinning agent (Ascinin R

Conz. Bayer AG). The equivalent ratio of anhydride groups to nitrogen was 1:1.13.

A comparative system was designed with another similar styrene–acrylic
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Scheme 9.1 Proposed structure of styrene–acrylate–maleic anhydride imidized alkyd polymer
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copolymer and the additive composition but employing xylene as the coating

solvent [2]. To these polymeric compositions, TiO2 [1–0.8 (binder to TiO2)] and

octoate-based drying aids (calcium, lead, and cobalt) were added. This final coating

composition was ground in a bead mill and further diluted with white spirit and

xylene mixtures to comparable DIN 4 mm cup flow times, thereby matching the

viscosity. Prior to application, the composition was further diluted to enable a

spray-applied coating on glass and steel plates. Application results for these coat-

ings are presented in Table 9.1.

In this example, both coatings comprise maleic anhydride, but the first example

exhibits improved performance. The performance differences could be attributed to

the level of imide present, where results suggest higher imide levels improved

overall performance. Other coatings presented in this research, but not in Table 9.1,

illustrate acceptable performance with comparably high, ~60%, imide formation. It

is possible that the molecular weight requires some suppression in order to get the

proper balance of film formation properties and cross-link density. These results do

highlight the importance of balanced compositional and physical properties to

achieve required coating performance parameters in a commercially viable finished

coating. Nevertheless, these maleic anhydride-based polymers have demonstrated

the capability to form an adhesive, insoluble, gasoline-resistant coating through the

oxidative cross-linking of unsaturated, olefinic monocarboxylic acid moieties.

Table 9.1 Performance properties of resins capable of oxidative cross-linking [2]

Property Example 1 Example 2

Styrene/maleic anhydride/n-butyl methacrylate/n-butyl acrylate/
methyl methacrylate

27/19/6/15/

28a
NA

Styrene/maleic anhydride/n-butyl methacrylate/n-butyl acrylate/
methyl methacrylate

NA 22/24.75/x/

23.1/26.3a

Percent of imide formed in polymer (weight %) 48% 60%

Solution viscosity (62% solids, 23 �C) (mPa s) 1100

(in naphtha)

4500

(in xylenes)

Paint solids 63% 55%

Drying hours (180 μm wet film, room temperature) 2.5 3

Gardner gloss (20�) 79 76

Feel No feel,

non-tacky

No feel,

non-tacky

Konig pendulum hardness (seconds)

2 days at room temperature 32 21

7 days at room temperature 52 27

Erichsen elasticity (mm) after 1 day at 70 �C 9.0 9.0

Resistance to premium gasoline (1 min) after 16 h at room

temperature (0¼ 0 dissolution; 5¼ heavily dissolved)

4 2

Adhesion to steel plates after 3 days at room temperature (0¼
best value; 5¼ worst value)

0 1

aWeight percent. Balance is t-butyl peroctoate initiator
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In the alkyd coating oxidation process, a hydrogen atom is easily abstracted from

an allylic methylene, resulting in the formation of a free radical. The free radical

can proceed to react with atmospheric oxygen, forming peroxy radicals. Ultimately,

the peroxy radical forms a hydroperoxide moiety. The net result is the formation of

a chain reaction capable of forming new C–O–C, C–O–O–C, and C–C bonds. A

schematic of the oxidative cross-linking process is presented in Scheme 9.2.

Once the radical is formed, it can then proceed to form new covalent bonds with

other unsaturated moieties. Radical formation initiates the process of polymer

network formation and ultimately reduces the solubility and solvent sensitivity of

the polymer. This effect is successfully demonstrated with the unsaturated olefin

moieties which are incorporated into styrene–acrylate copolymer, via maleimide

formation, coupled with esterification of the monocarboxylic acid. The coating

product transitions from a soluble polymer to an insoluble, thermoset film which

was insoluble to gasoline.

While such coatings are functionally capable of meeting many stringent eco-

nomic and performance requirements (i.e., cost, functionality, ease of use), there

are some significant limitations. The modern trend in coatings is to eliminate heavy

metals (i.e., cobalt and especially lead) in addition to minimizing and/or eliminating

volatile organic compounds (VOCs) (i.e., naphtha and xylene solvents). Conse-

quently, the prior example is best considered as instructive to a general coating

design strategy but of limited practical use. How has maleic anhydride helped

scientists successfully meet these current coating trends?

One approach to reducing or eliminating VOC content in alkyd coatings is to

employ reactive diluents in place of solvents. In order for this strategy to be

effective, the reactive diluents must exhibit the following attributes: (1) high

OO
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R-R
R-O-R
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Peroxy radical

HydroperoxideR-OO-R
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Scheme 9.2 Mechanism of oxidative cross-linking [4]. Reprinted from Progress in Organic

Coatings, 35, Zabel, K.H.; Klaasen, R.P.; Muizebelt, W.J.; Gracey, B.P.; Hallett, C.; Brooks, C.

D., “Design and incorporation of reactive diluents for air-drying high solids alkyd paints,” pages

255–264, Copyright 1999, with permission from Elsevier
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boiling point (>300 �C); (2) reactivity comparable to normal alkyd drying rates;

(3) capable of polymerization with linoleic acid, either via homo- or copolymeri-

zation; (4) low viscosity; (5) good resin compatibility; (6) low order of toxicity;

(7) low color; and (8) economical [4, 5]. With these attributes in mind, reactive

diluents based upon octadienyl maleate, fumarate, and succinate have been devel-

oped. The chemical structures of these reactive diluents are presented in Fig. 9.1.

A few distinct features become readily apparent upon examining the compounds

presented in Fig. 9.1. Structures A and B are cis/trans isomers of the maleic acid

ester while maintaining the acrylate-like double bond (a). Both A and B structures

also comprise olefinic double bonds (b) and (c). On the other hand, structure C loses

the acrylate-like double bond but gains more and different olefinic double bonds

(e), as a consequence of the Michael addition of 2,7-octadienol to the (a)-type

double bond. Another distinction is the oxidizable C–H bonds (d) that can be an

additional source for free radical initiation. The allylic ether group (e) is unique

among the olefinic double bonds of these compounds and more reactive than the

allylic ester groups (b) [4].

The variation in reactive features of these reactive diluents, in addition to the

allyloxysuccinate, enabled an effective paint system to be designed and exhibit

excellent performance characteristics [4]. For example, a reactive diluent compris-

ing of 11% (w/w) di-(2,7-octadienyl) maleate (Fig. 9.1a), 43% (w/w)

di-(2,7-octadienyl) fumarate (Fig. 9.1b), and 41% (w/w) 2-(2,7-octadienoxy)

di-(2,7-octadienyl) succinate (Fig. 9.1c) was added to a high-solid alkyd resin

system. Specifically, 30% (w/w) of the reactive diluent was added to Setal 293®,

a long oil alkyd resin with the following properties: min 99% nonvolatile, viscosity

of 1 Pa s at 23 �C, unsaturated fatty acid-type oil, and color¼4 [6]. The final coating

design is presented in Table 9.2.

The coating drying performance and weight measurements, for additional evi-

dence of the reactive diluents’ entrainment to the coated film, are presented in

Table 9.3.

These performance results demonstrate acceptable drying rates and negligible

weight change of the coating film. Essentially, the reactive diluent-modified alkyd

O
O

O

O

O
O

O

O

O
O

O

O
O

A)

B) C)

a

b
c

d

e

Fig. 9.1 Maleate-, fumarate-, and succinate-derived reactive diluents [4]
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coating performs as a 100% solid coating, with little or no VOC.While a promising

development, later testing reported that these films, when aged, can be susceptible

to yellowing and embrittlement. A more recent approach to addressing these issues

utilizes reactive diluents based upon derivatives of malonates, but these materials

are beyond the scope of this chapter [8].

9.2.2 Binders: Styrene–Acrylic–Maleic Anhydride

Aqueous-based styrene–acrylic–maleic anhydride coatings, which are self-cross-

linking, have been developed utilizing maleic anhydride functionality. For exam-

ple, a copolymer comprising styrene, maleic anhydride, n-butyl acrylate, and

2-ethyl hexyl methacrylate was prepared. This copolymer is presented in

Fig. 9.2 [9].

Table 9.2 Alkyd coating composition employing reactive diluents [7]

Ingredient Coating 1 (grams) Coating 2 (grams)

Setal® 293 70 100

Reactive diluents 30 –

Siccarol® 938 drier 6.7 6.7

Methyl ethyl ketoxime 0.5 0.5

Diluent Reactive diluents to target

viscosity

White spirit (Exxon 100) to target

viscosity

Application viscosity

(Pa s)

0.68 � 0.03 0.68 � 0.03

Table 9.3 Performance attributes of alkyd coating with reactive diluents compositions or white

spirits [7]

Coating

Drying time (hours) (paint stored for 1 week

at 23 �C)
Weight% remaining of coated film

after 195 h

1 5.69 100.03

2 3.9 97.28

CH2 CH

O O
x y CH2 CH

O

O

a CH2 C

O

O

b

O

Fig. 9.2 Copolymer of styrene, maleic anhydride, n-butyl acrylate, and 2-ethyl hexyl methacry-

late (poly(styrene-co-maleic anhydride-n-butyl acrylate-2-ethyl hexyl methacrylate)
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Targeting the reaction of the anhydride functionality, where succinic anhydride

is derived from the maleic anhydride, the copolymer in Fig. 9.2 was combined with

the reaction product of diethanolamine and isobutyraldehyde. The corresponding

oxazolane reaction product is depicted in Scheme 9.3a [10, 11].

The process to combine oxazolane with poly(styrene-co-maleic anhydride-n-
butyl acrylate-2-ethyl hexyl methacrylate) involves heating in a naphtha and water

mixture. As a result, the oxazolane and the succinic anhydride can hydrolyze to

yield diethanolamine, isobutyraldehyde (see Scheme 9.3b), and succinic acid. Upon

azeotropic removal of the water (with xylenes) (note that the liberated isobutyr-

aldehyde is also expected to be removed at this time), the succinic acid reacts with

the diethanolamine to form new amide (Fig. 9.3a) and ester (Fig. 9.3b) bonds.

Proposed structures are presented in Fig. 9.3 [12].

Because of the multifunctional nature of succinic acid and diethanolamine, it

becomes readily apparent that from beyond the first new covalent bond formations,

subsequent covalent bond formations are also possible, either via amidation or

esterification reactions. Thus, a self-cross-linking polymer system is formed. This

polymer is diluted in water to 30% solids. This coating system does not require

organic solvents, VOC neutralization agents, or blocking agents to yield good

performance characteristics [9]. The self-cross-linking polymer was applied to

glass, with a wet film thickness of 210 μm, and allowed to air-dry for 15 min at

room temperature. Then the coating is placed in an oven for 30 min at 140–150 �C
to yield a condensation-type, cross-linked coating that demonstrates high-quality
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Scheme 9.3 Hydrolysis of oxazolane product of diethanolamine and isobutyraldehyde
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Fig. 9.3 Proposed reaction products of poly(styrene-co-maleic anhydride-n-butyl acrylate-2-

ethyl hexyl methacrylate) with diethanolamine
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water and solvent resistance (i.e., no visible effects after 300 double wipes with

acetone), which is further evidence of film cure.

Self-cross-linking styrene–acrylic–maleic anhydride automotive topcoats have

also been the subject of renewed interest. Especially where there is a requirement

for strong acid rain resistance performance. In one study, half-esters of maleic

anhydride copolymers were developed and evaluated in the context of a

mar-resistant clear coating. Examples are given for a variety of useful copolymer

structures for styrene, maleic anhydride, isobutyl methacrylate, isobornyl meth-

acrylate, 2-hydroxyethyl methacrylate, 2-ethylhexyl methacrylate, 4-hydroxybutyl

acrylate, and glycidyl methacrylate. The structures for these copolymers are

presented in Fig. 9.4.

The anhydride group is known to react with epoxide groups, resulting in the

formation of new ester moieties. Likewise, the anhydride group is also well known

to react with hydroxyl groups which also result in the construction of ester bonds

and are commonly referred to as “half-ester.” This process can proceed rapidly at

room temperature. However, recyclization of the half-ester bond to the anhydride

requires additional heating. To better understand this effect, a variety of primary

alcohols were employed to determine not only suitability for half-ester formation

but also capability to efficiently recyclize to anhydride at 120 �C [13]. Specific

examples for several alcohols are presented in Scheme 9.4.

In determining the efficiency of formation of half-ester copolymers, three

different primary alcohols—half-esters—were prepared and studied. Their subse-

quent ability to reform the anhydride was also evaluated by heating the polymeric

film to 120 �C for 30 min and then analyzing the film composition via IR spectro-

scopy. The results of these various experiments are presented in Table 9.4.
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Fig. 9.4 Various copolymer structures suitable for an acid rain-resistant automotive topcoat [13]
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Scheme 9.4 Structures of various half-esters for poly(styrene-co-maleic anhydride-co-n-butyl
acrylate-co-n-butyl methacrylate)

Table 9.4 Results of various primary alcohols ability to form half-esters and recyclize to

anhydride [13]

Copolymer

%

conversion

% anhydride in

polymer after

heating

%

recyclized

Poly(styrene-co-maleic anhydride-co-n-butyl
acrylate-co-n-butyl methacrylate) with metha-

nol half-ester

95 57 55

Poly(styrene-co-maleic anhydride-co-n-butyl
acrylate-co-n-butyl methacrylate) with metha-

nol half-ester with benzyl alcohol half-ester

81 63 54

Poly(styrene-co-maleic anhydride-co-n-butyl
acrylate-co-n-butyl methacrylate) with metha-

nol half-ester with propargyl alcohol half-ester

62 99 98
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Results presented in Table 9.4 highlight a few important effects. First, methanol

was determined to be the most efficient in converting the anhydride group to

half-ester. Benzyl alcohol was also quite efficient but still noticeably less so than

methanol. Interestingly, note that propargyl alcohol was not efficient in converting

the anhydride to the half-ester. Second, after heating the half-ester copolymer,

results clearly demonstrate that propargyl alcohol half-esters yield the most capable

anhydride formation from half-esters. Third, the recyclization ratio was strongest

for propargyl alcohol, but basically the same for methanol and benzyl alcohol, in

spite of the large difference in boiling points. One possible explanation for this

effect is that the propargyl and benzyl alcohol oxyanions are more stable [13]. Sim-

ilar experiments in the presence of tetrabutyl ammonium bromide (0.2 mol%)

catalyst, in this case for the polymeric half-ester formed from methanol, when

heated to 140 �C, illustrate a conversion of ~85% in 20 min. This result suggests the

copolymer has suitability for an automotive topcoat.

In formulating an actual automotive clear coat, one system employs three of

these copolymers. In first system, 41.4% of copolymer A (see Fig. 9.4), 11.7% of

copolymer B (see Fig. 9.4), and 46.9% of copolymer C (see Fig. 9.4) were mixed

such that the COOH/epoxy/OH ratio was 1/1/1 in the presence of 0.5% catalyst

(i.e., tetrabutyl ammonium bromide) [13]. This approach enables not only esterifi-

cation between the carboxylic acid and hydroxyl moieties but also oxirane reactions

with carboxylic and hydroxyl moieties. Interestingly, analogous coatings prepared

with acrylic acid, in place of maleic anhydride, revealed lower cross-link density

(~1) in the coating indicating that the hydroxyl groups did not participate in cross-

linking the coating. However, for the present example, the cross-link density was

much greater (~2.5) suggesting significant cross-linking contributions from the

hydroxyl groups in addition to the glycidyl groups.

Another clear coat formulation employs two copolymers. In formulation #2,

36.8% of copolymer D (see Fig. 9.4) and 63.2% of copolymer E (see Fig. 9.4)

were mixed such that the COOH/epoxy/OH ratio was 1/1/1 in the presence of 0.5%

catalyst (i.e., tetrabutyl ammonium bromide). The cross-link density for this coating

(~3.1) was the largest reported in the study suggesting strong cross-linking contribu-

tions from the hydroxyl groups in addition to the glycidyl groups. Such results suggest

processing behavior and cross-link densities suitable for clear coating application,

a key to development in the implementation of the maleic half-ester approach

[13]. Another important feature of this coating design is that the free carboxylic

acid group should not react preferentially to a glycidyl moiety. Thus, with these two

design elements in mind, a one-package, mar-resistant coating system was developed.

Beyond acid rain resistance, mar resistance is an important feature to the

decorative appearance of the automotive topcoat. Especially for vehicles that are

likely to pass through cleaning machines equipped with brushing mechanisms. In

formulation #2, which exhibited the highest cross-link density (~3.1), demonstrat-

ing a Tg (
�C) of 86 �C and a gloss retention after marring of 80.5 was best in class.

Consequently, by utilizing a strategy of half-ester to anhydride cross-linking of

hydroxyl groups, in combination with cross-linking in the presence of glycidyl

groups, a higher cross-linking density was achievable resulting in acid rain-resistant
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automotive clear topcoat with superior mar resistance. This development was

commercialized in the early 1990s and was known as “MACFLOW” [13].

9.2.3 Binders: Corrosion Protection

Corrosion of metals is a significant challenge in many industrial fields. From pipes,

ships, locomotives, aircraft to automobiles, buildings, and bridges, there are many

metallic structures that require corrosion-resistant coatings to maximize their lon-

gevity. Corrosion-resistant primer coatings comprising zinc pigments are often

employed. As the industry transitions to water-based paints, a significant challenge

with zinc-based pigments is their hydrogen corrosion of the zinc in the aqueous,

alkaline paint. Hydrogen gas can build up in the coating container leading to a

dangerous pressure build [14]. Approaches that eliminate this issue have included

toxic materials, such as chromium (VI) compounds, but such approaches are not

favored today. More recently, organic, amphiphilic polymers have been shown to

be effective.

One approach employs a copolymer of styrene, maleic anhydride, and n-dodecyl
methacrylate. This polymer’s anhydride group can be hydrolyzed in water with a

catalytic amount of dimethylethanolamine. The succinyl dicarboxylic acid, derived

from the maleic anhydride unit, is then capable of chelating to the zinc pigment

surface [15]. An illustration of this is presented in Fig. 9.5.

Chelating zinc at the surface enables the polymer to protect zinc from hydrogen

corrosion. To test this effect, a corrosion medium comprising deionized water, butyl

glycol, and a small amount of nonylphenol ethoxylate, to improve surface wetting

of the zinc pigment, was prepared. The pH of this solution was adjusted with

dimethylethanolamine to achieve pH¼ 8 and pH¼ 10. To this solution, 0.5% (wt

%) of the hydrolyzed copolymer was added. Then the hydrocarbon solvent-based

zinc pigment paste was added and dispersed. The corrosion reaction was monitored

as a function of time for 35 days at room temperature by volumetric measurement

of evolving hydrogen gas. Results of this experiment are presented in Fig. 9.6.

CH CH2

O O
x y CH2 C

O
O

a

O O

Zn

Fig. 9.5 Chelating zinc with poly(styrene-co-maleic acid-co-dodecyl methacrylate)
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Results in Fig. 9.6 demonstrate that addition of the maleic anhydride-based

copolymer significantly reduced, but did not eliminate, the amount of hydrogen

gas generated. Apparent is the suggestion of a corrosion inhibition effect. It is also

apparent that the initial amount of evolving hydrogen gas is greater at pH¼ 8 than

at pH¼ 10. In further study of this effect, the following results were produced.

Results in Fig. 9.7 are comparative based upon polymeric compositions where

the maleic acid anhydride/styrene/(meth)acrylic ester weight ratio is 15:15:70. The

(meth)acrylic esters were varied to be ethyl, n-butyl, n-hexyl, n-dodecyl, and n-
octadecyl. (see copolymer nos. 2, 4, 6, 12, and 18 in Fig. 9.7, respectively). These

results indicate that longer-chain esters are generally less effective at preventing

zinc corrosion. The ethyl and butyl chain esters exhibit preferential performance

attributes coupled with improved performance at higher pH. Also note that a dosing

response to the polymer addition is observed, where results of 0.5 wt% additions are

directly compared to 1.0 wt% additions (see Fig. 9.7). Interestingly, these results

are opposite to similar evaluations with aluminum-based pigments [14].

Another approach to corrosion-resistant coatings is derived from surfactant-free

latexes. In one study, polymeric compounds comprising maleic anhydride were

subjected to partial ammonolysis, enabling the formation of surfactant-free latex.

Ammonolysis, in this case, describes a process whereby the treatment of anhydride

with ammonia results in the formation of amide and carboxylic acid moieties. For

example, poly(styrene-co-maleic anhydride) partly imidized with n-heptylamine,

polybutadiene grafted with 17% (wt%) maleic anhydride, and poly(octadecene-co-
maleic anhydride) were evaluated after partial ammonolysis [16]. These copolymers

were then cross-linked with adipic dihydrazide (ADH), a compound which imparts

Fig. 9.6 Time dependence (days) of the hydrogen formation from dispersions of the zinc pigment

in water/butyl glycol at pH 8 and 10 without polymers (standards) and with addition of 0.50 wt%

of copolymer 12 (only at pH 10) [14]. Reprinted from Corrosion Science, Muller, B.; Oughourlian,

C.; Schubert, M., “Amphiphilic copolymers as corrosion inhibitors for zinc pigment,” pages

577–584, Copyright 2000, with permission from Elsevier
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good adhesive properties to metals such as aluminum, the focus of this particular

study. A schematic of the cross-linking reaction is presented in Scheme 9.5.

In Scheme 9.5, “R” indicates a polymer backbone. Upon the addition of ADH,

the first step in cross-linking is the formation of an “amic acid”-type structure. This

step is reversible. At elevated temperatures though, the “amic acid” condenses,

losing water, and forms an irreversible “imide” structure. These coatings were

Fig. 9.7 A comparison of hydrogen volumes evolved within 35 days from dispersions of the zinc

pigment in water/butyl glycol at pH 8 and 10 with the addition of 0.50 and 1.0 wt% of the different

copolymers [14]. Reprinted from Corrosion Science, Muller, B.; Oughourlian, C.; Schubert, M.,

“Amphiphilic copolymers as corrosion inhibitors for zinc pigment,” pages 577–584, Copyright

2000, with permission from Elsevier
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Scheme 9.5 Cross-linking reaction of adipic dihydrazide with anhydride moieties. Adapted from

[16, 17]
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applied to alkaline pretreated aluminum substrates and dried at temperatures rang-

ing from 100 �C to 160 �C. Upon completion, the coated metal was submitted to a

variety of tests: 90� coating pull-off, Electrochemical Impedance Spectroscopy

(EIS) measurements (EIS is used to determine the barrier layer properties), and

5% (wt%) NaCl solution at room temperature (both undamaged and crosshatch

coatings). The polybutadiene-based coating exhibited the strongest adhesion

(~600–700 N) followed by the poly(styrene-co-maleic anhydride) coating

(~300 N). Note that the poly(octadecene-co-maleic anhydride)-based coating did

not exhibit good adhesive properties which was attributed to surface shielding

effects from the long aliphatic chains obstructing polymer/surface interaction

with acidic groups [16]. The polybutadiene-based 20 μm coating exhibited excel-

lent barrier properties in the NaCl solution. An example of the EIS spectra for this

coating is presented in Fig. 9.8.

Fig. 9.8 EIS spectra of a 20 μm PBDMA film, cured at 100 �C [16]. Reprinted from Progress in

Organic Coatings, 65, 1, Soer, W.J.; Ming, W.; Koning, C.E.; van Benthem, R.A.T.M.; Mol, J.M.C.;

Terryn, H., “Barrier and adhesion properties of anti-corrosion coatings based on surfactant-free latexes

from anhydride-containing polymers,” pages 94–103, Copyright 2008, with permission from Elsevier
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In evaluating the barrier layer properties, EIS results presented in Fig. 9.8

demonstrate no decrease in impedance with time, noting that the results nearly

overlap. No significant difference was observed for the phase angle (theta) either,

which suggests little or no water adsorption by the coating. These results coupled

with the lack of any visible damage to either the coating or substrate suggest

excellent barrier properties for the cross-linked copolymer coating. The other two

coatings did not exhibit similar EIS spectral stability. Salt water immersion

results confirm the performance attributes of the poly(butadiene-graft (g)-maleic

anhydride) based 20 μm coating. Good protective performance is observed for the

aluminum substrate, where the coating exhibits negligible mechanical insult due to

the crosshatch test in addition to only small defects indicative of corrosion onset at

4 weeks. Thus, the poly(butadiene-g-maleic anhydride)-based coating was found to

possess the critical characteristics: adhesion, barrier properties, hydrolytic stability,

and corrosion protection [16].

More recently, integrated pretreatment, corrosion-resistant coil coatings were

designed to incorporate thioamide moieties onto the copolymer. Thio-based com-

pounds are known to exhibit both corrosion inhibition and adsorption properties to

metals. Beyond the importance of adsorption to the surface for effective corrosion

inhibition, other critical factors which can influence inhibition effectiveness include

temperature, media pH, molecular structure, and metal surface properties [18]. A

broad series of maleic anhydride-based materials were prepared and evaluated. In

one specific set of examples, a copolymer of maleic anhydride, C12 olefin, and

C20–24 olefin was evaluated with no derivatization and as derivatives of –CSNH2

and –SH functional groups. Examples of the polymeric structures are presented in

Scheme 9.6.

The compounds in Scheme 9.6 are then formulated into cross-linkable coating

compositions comprising either polyurethane or epoxy-based resins. The compo-

nents of these two coating systems are presented in Table 9.5.

In comparing the two coating formulations presented in Table 9.5, both coating

systems are employing the same fillers (pigment). The epoxy-based coating is

comprised of butyl glycol, whereas the polyurethane coating is aqueous based.

Because of the aqueous-based nature of the polyurethane coating, additional ingre-

dients, exhibiting functionalities such as dispersing, flow control, and defoaming,

are required. To these base formulations, the thio-based poly(maleic anhydride-co-
olefin) copolymers (see Scheme 9.6) were added [at 5% (wt%)]. The final coil

coating is then applied to the cleaned surface of galvanized steel and dried at 185 �C
yielding a dried coating thickness of 6 μm. The corrosion resistance of the coated

steel plates was then tested for 10 weeks as per VDA [German Association of the
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Automotive Industry] test sheet 621-415 Feb 82) [19, 21]. The 1 week requirements

for this test are presented in Table 9.6.

Corrosion test results for various coil coating compositions are presented in

Table 9.7.

Table 9.5 Base formulations for cross-linkable integrated pretreatment coil coatings [19, 21]

Function Epoxy coating components Polyurethane coating components

Cross-

linking

binder

Epoxy bisphenol A binder (molec-

ular weight 1000 g/mol, 50%

solids)

Aqueous polyurethane dispersion (molec-

ular weight 21,000 g/mol (Mw), 44%

solids)

Unspecified

additive

– Dispersing additive

Unspecified

additive

Flow control agent with defoamer action

Cross-linker – Melamine resin (Luwipal® 072 from

BASF Ag

Filler Hydrophilic pyrogenic silica

(Aerosil® 200 V from Degussa)

Hydrophilic pyrogenic silica (Aerosil®

200 V from Degussa)

Filler Talc Finntalc M5 Talc Finntalc M5

Filler White pigment titanium rutile 2310 White pigment titanium rutile 2310

Filler Silica modified with calcium ions

(Shieldex® from Grace Davison)

Silica modified with calcium ions

(Shieldex® from Grace Davison)

Filler Zinc phosphate (Sicor® ZP-BS-M,

Waardals Kjemiske Fabriken)

Zinc phosphate (Sicor® ZP-BS-M,

Waardals Kjemiske Fabriken)

Filler Black pigment (Sicomix® Schwarz

from BASF Ag)

Black pigment (Sicomix® Schwarz from

BASF Ag)

Solvent Butyl glycol

Table 9.6 Corrosion resistance test parameters for pretreated coil coatings [19, 21]

Stage Parameters

Initial salt spray test Sample exposure to 5% NaCl solution at 35 �C for 1 day

Condensation water

test

Exposure to humid conditions (100% relative humidity at 40 �C for 8 h)

followed by dry conditions (60% relative humidity at 22 �C for 16 h)

repeating for four cycles

Room condition 2-day dry conditions (60% relative humidity at 22 �C)

Table 9.7 Performance test results of thioamide-functionalized maleic anhydride copolymers in

coil pretreatment coatings [19, 21]

Molar ratio Coating system Functional unit

Coated galvanized steel

panel results

1/0.6/0.4 Polyurethane/water – Same as blank

1/0.6/0.4 Polyurethane/dioxane/water –CSNH2 Same as blank

1/0.6/0.4 Epoxy/MEK –SH Less corrosion than blank
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Results presented in Table 9.7 suggest that for the functionalized –CSNH2 poly

(maleic anhydride-co-olefin) copolymer, there was no enhancement to the corro-

sion resistance of the galvanized steel plate when compared to the uncoated plate in

a polyurethane-based coating system. However, for the functionalized –SH poly

(maleic anhydride-co-olefin) copolymer, improvement was noted in corrosion

resistance when compared to the blank steel plate for an epoxy-based coating

system. It is important to note that there were many other systems tested in this

study, and in a few examples, un-functionalized poly(maleic anhydride-co-olefin)
copolymers, particularly those based on poly(maleic anhydride-co-C12 olefin-co-
undecenoic acid), outperformed the functionalized thio-based copolymers [19, 21].

9.2.4 Binders: Prevention of Marine Fouling

Another important function of a coating is the prevention of fouling to a structural

surface, particularly in marine environments. Fouling of marine paint can lead to

significant drag on ship hulls requiring increased energy consumption for transport-

ation goods. In one specific example, researchers designed an amphiphilic surface

with a layer-by-layer (LBL) approach employing fluorinated polymers derived

from poly(isobutylene-co-maleic anhydride) [22]. The synthetic route to this

copolymer derivatization in presented in Scheme 9.7.
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Scheme 9.7 Derivatization scheme for poly(isobutylene-co-maleic anhydride) with

perfluoroalkyl polyethylene glycol [22]. Adapted with permission from Zhu, X.; Guo, S.;

Janczewski, D.; Velandia, F.J.P.; Teo, S.L.M.; Vancso, G.J., Langmuir, 30, pp. 288–296, 2014.
Copyright 2013 American Chemical Society
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These antifouling coatings were constructed by a LBL technique employed on

silicon wafers. The wafer was first submerged in polyanion solutions, either

Scheme 9.7a or b, followed by deionized water rinse. The same wafer was sub-

merged into a polyethyleneimine solution followed by a deionized water rinse. This

cycle was repeated to make any desired number of layers. Upon completion, the

LBL film was dried under nitrogen stream followed by room-temperature vacuum

oven drying for 5 h. The final step was to cross-link the film by heating the dried

LBL film at 60 �C, in vacuo, for 5 h. To challenge these films, several test protocols

were designed, employing different test assays. For example, the LBL wafers were

submerged in marine bacterial suspension of Pseudomonas strain NCIMB 2021 for

up to 6 days, changing the bacterial suspension every 2 days. After exposure, the

LBL wafers were fixed in a solution of glutaraldehyde phosphate-buffered saline

(PBS), followed by rinsing with fresh PBS and oven drying at 60 �C. Other
protocols employed Amphora coffeaeformis. Results demonstrate that the untreated

wafer exhibits bacterial coverage of ~38%. Conversely, with the cross-linked LBL

system, little or no bacteria is observed at the surface. A reduction in surface

settlement by Amphora coffeaeformis was also reported, when compared to the

untreated silicon wafer [22].

9.2.5 Reactive Polymeric Surfactants

Another developing area in coatings is in the field of reactive polymeric surfactants

(RPS) [23]. There are many interfaces, such as air–liquid, air–solid, liquid–liquid,

and solid–solid, that coating materials must efficiently manage. As we learned in

the corrosion coating discussion, for the aqueous-based polyurethane coil coating

(see Table 9.5), additional components, such as dispersing and defoaming addi-

tives, were required to enable the coating to be applied properly. Building from

these basic functionalities, reactive polymeric surfactant materials can tether to

latex particles enabling the formation of latex materials with core–shell-type

morphology. For example, reactive polymeric surfactant copolymer can be pre-

pared through the polymerization of 5-t-butylperoxy-5-methyl-1-hexen-3-yne and

maleic anhydride. The product of this reaction is presented in Fig. 9.9.

O O
yCH CH2x

O
O

O

Fig. 9.9 A reactive polymer surfactant derived from maleic anhydride [23]
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The copolymer structure in Fig. 9.9 illustrates a peroxide-based moiety coupled

with the anhydride group and hydrophobic residues (ethylene backbone). Some

refer to these materials as “polyinisurfs” [23]. This type of copolymer can enhance

the solubilization of hydrophobic monomers in water and increase the localized

proximity of the initiating species to the micellar interface. A schematic represen-

tation of these effects is presented in Scheme 9.8.

In Scheme 9.8, the reactive polymeric surfactant copolymer physically adsorbs

to the surface, with the peroxide moiety oriented to the latex particle. Upon heating,

the peroxide decomposes producing two free radicals: one polymeric and one a

small molecule. It is possible for chain transfer, or hydrogen abstraction, type

processes to occur with the active small-molecule free radical. Subsequently, the

newly formed polymeric free radical can proceed to polymerize and/or recombine

with radicals to yield a new graft to the latex particle. Essentially, the reactive

polymeric surfactant becomes a tethered, covalently bound copolymer to the latex

particle.

Another analogous approach is accomplished with reactive polymeric surfactant

inisurf copolymer that is structured with an amide-bonded peroxide moiety. The

structure for this copolymer is presented in Fig. 9.10.
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Scheme 9.8 Scheme of reactive polymeric surfactant (RPS)-4 immobilization on the surface of

latex particles [23]. Reprinted from Current Opinion in Colloid & Interface Science, 19, Voronov,

S.; Kohut, A.; Tarnavchyk, I.; Voronov, A., “Advances in reactive polymeric surfactants for

interface modification,” pages 95–121, Copyright 2014 with permission from Elsevier
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The reactive polymeric surfactant inisurf copolymer presented in Fig. 9.10

yields latex particles that can exhibit localized peroxide groups on the surface, if

controlled decomposition of the peroxide moieties is achieved. This effect yields

the prospect of further functionalization of the latex particles with exposure to other

monomers. In studying the behavior of this reactive polymeric surfactant copoly-

mer, peroxidized, monodispersed polystyrene latex treated with a reactive poly-

meric surfactant (see Fig. 9.10) was added, at 1 and 10% (wt%), to an acrylic latex

in order to assess the impact of RPS/polystyrene reinforcement to the acrylic latex.

These formulations were applied to aluminum panels and placed into an oven for

12 h of curing at 90 �C or 120 �C. Physical test results for these films are presented

in Table 9.8.

These physical properties illustrate that the addition of peroxidized latex parti-

cles to the acrylic latex results in a hard film that is more solvent resistant. Other

studies based upon styrene–butadiene latexes also confirm this effect. However,

with the styrene–butadiene systems, the difference in hardness is more pronounced,

an effect likely due to the additional unsaturation present within the butadiene

comonomer [23].

Table 9.8 The effect on physical properties with the addition of peroxidized, monodispersed

polystyrene latex to an acrylic latex [23]

Property 0% Reinforcement 1% Reinforcement 10% Reinforcement

Impact resistance (intrusion/

extrusion), in. lb.

>176/136 + 8 >176/120 + 8 >158/24 + 4

Konig hardness, s 110 + 5 114 + 5 126 + 6

Pencil hardness (gouge) B HB H

# of MEK double rubs 0 + 1 2 + 1 8 + 3

Thickness (μm) 16 + 2 13 + 2 13 + 3

O O
y

CH2 CHx

O
O

O O
Na Na

O NH

Fig. 9.10 Reactive polymeric surfactant inisurf derived from maleic anhydride and N-
[(t-butylperoxy)methyl]acrylamide, in the ionized form [23]
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9.2.6 Photostabilizers

Photostability is an important topic in coating science, especially for applications

where coatings are likely to experience continuous exposure to sunlight. Coatings

that are not photolytically stable can degrade, discolor, and become unable to

protect/decorate the object’s surface. Photostabilizers based upon maleic anhydride

diamines have been developed and evaluated [24]. A few examples are provided in

Fig. 9.11.

To determine the effectiveness of the photostabilizer, coating compositions with

polystyrene and photostabilizer at 2% (wt%) were prepared in dry toluene then

allowed to vacuum dry in a 60 �C oven to a film thickness of 0.25� 0.02 mm. These

films were then subjected to a high-pressure mercury lamp (λmax¼ 365 nm) for

varied time periods. Weight loss during exposure, gel formation, and viscosity

average molecular weight were monitored. The end results of the 30 h tests are

presented in Table 9.9.

Results in Table 9.9 demonstrate that brominated maleic diamide yields the least

amount of weight loss and gel content. The viscosity average molecular was

slightly higher for this compound, relative to others. When comparing this result

to the pure polystyrene film, the rate and overall magnitude of the molecular weight

change is substantially reduced, indicative of a reduction in photodegradation by

these compounds. Note that this study also discusses possible mechanistic routes to

photolytic degradation and stabilization [24].
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Fig. 9.11 Photostabilizers based upon maleic anhydride diamines [24]

Table 9.9 Test results for aged films of polystyrene and photostabilizer [24]

Compound (Fig. 9.11) % weight loss % gel content Mv (�104)

A 4.1 9.9 10.9

B 4.5 11.0 10.4

C 2.6 6.1 12.1
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9.2.7 Antimicrobial Compositions

Antimicrobial and biocidal compounds are commonly used in coating applications

to reduce or prevent bacterial growth in coating storage container and after appli-

cation to the surface of the substrate. Most often, low molecular weight compounds

are employed in these applications. While effective, there can be challenges. These

compounds can leach out of the film, reducing or eliminating the coating’s ability to
prevent defacement. Some compounds can leach into waterways which can also be

environmentally problematic. A common strategy is to develop larger molecules to

reduce the leach effect and, potentially, permanently fix the antimicrobial activity

into the film to enhance its service life. For example, antimicrobial compounds

constructed from poly(styrene-co-maleic anhydride) have been designed. Deri-

vatives with 3-dimethylamino-1-propylamine moieties have been developed and

demonstrate activity. The process to produce this antimicrobial compound is

illustrated in Scheme 9.9.

To produce the antimicrobial polymer depicted in Scheme 9.9, the poly(styrene-

co-maleic anhydride) is first treated with 3-dimethylamino-1-propylamine to yield

an imidized version of the maleic copolymer. In the second step, the copolymer is

treated with ammonia to yield an additional amic acid form to the residual anhy-

dride groups. These copolymers are then employed as a polymeric surfactant

[at 1.1% (total mass)] during the synthesis of styrene/butyl acrylate latex.

Wet-state bacterial and yeast challenge testing, using nutrient agar and potato

dextrose agar, revealed no contamination after 13 days. Conversely, after 24 h,

O
O

O O N

N

N

N

O

O O

B

A

O
O

O H2N
O

O O O

Scheme 9.9 Reaction scheme of partial imidization of SMA (A) and subsequent ring opening of

residual maleic anhydride units (B) [25]. Reprinted from European Polymer Journal, 49, Cloete,

W.J.; Verwey, L.; Klumperman, B., “Permanently antimicrobial waterborne coatings based on the

dual role of modified poly(styrene-co-maleic anhydride),” pages 1080–1088, Copyright 2013,

with permission from Elsevier
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the control exhibited dense growth. Wet-state fungal challenge testing, using fungal

spores, also indicates no growth after 28 days for samples with �1 wt% of

antimicrobial polymer. The 0.5 wt% for the antimicrobial polymer and the control

were not resistant. This study indicated improved coating microbial resistance for

the approach that tested the polymeric surfactant during latex polymerization. It

should be noted that as a post-add compound, the antimicrobial polymer demon-

strated effectiveness, but, importantly, the inhibition properties were not uniform

across the film [25].

9.3 Composite Resins and Adhesives

Composite materials are objects that are comprised of at least two different com-

ponents. In structural composites, these objects can be fashioned from materials

such as fibers and adhesive resins and bi-phase resin systems (with or without

fibers). Composite applications have rich diversity, ranging from transportation,

electrical, buildings/structures, and electronics to sporting equipment, furniture,

and appliances. Composite materials are quite desirable and capable in many

wide-ranging applications because of the generally high strength/weight ratio,

high stiffness/weight ratio in addition to flexural characteristics, anti-corrosiveness,

chemical resistance, and electrical insulation properties. Examples of applications

described in more detail below include unsaturated polyester resins in marine

applications, bismaleimide resins in aerospace composites, electronic adhesives,

and epoxy-based adhesives.

9.3.1 Unsaturated Polyesters

Unsaturated polyester resins are the largest single application, by volume, for

maleic anhydride [26, 27]. There are many types of unsaturated polyester resins,

including polymers derived from maleic anhydride/acids and diols (condensation-

type polymerization), maleic anhydride, and oxiranes (addition polymerization),

and two-stage processes that enable incorporation of isophthalic acid [28]. Once the

copolymer resin is prepared, it is often solubilized in a monomer (i.e., styrene),

which serves as the reactive diluent solvent, to enable the resin to be applied to

fibers. This combination is then cured and solidified in order to achieve a fully

consolidated composite material comprised of fiber and matrix (cured resin). The

curing process typically involves a radical initiator (i.e., peroxide system), mono-

mer polymerization (i.e., styrene), and cross-linking of the double bonds, found in

the unsaturated polyester chains, which originate from maleic anhydride.

A specific example of a condensation-type unsaturated polyester is presented in

Scheme 9.10.
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Several structural elements are apparent upon a closer examination of the

unsaturated polyester structure. The methyl group, derived from the propylene

glycol, serves to enhance the hydrophobic character of the copolymer. The maleic

anhydride yields two ester linkages, resulting in a double bond that can be poly-

merized by free radicals. More subtle is the depiction of trans orientation about the
double bond. During the esterification, the maleic acid can isomerize to a cis-
maleate ester moiety or a trans-fumarate ester moiety. The degree to which there

are cis and trans orientations is determined by the reaction conditions: time,

temperature, diol nature, acidity, and catalysts [29]. Generally, the trans-fumarate

double bond is more reactive than the cis-maleic double bond [30]. At 1580 g/mol,

this copolymer would exhibit roughly 10 vinylene bonds per polymer strand couple

to a 1:1 molar ratio of propylene glycol/fumarate ester. When dissolving into

styrene, at 71% solids, the molar ratio of vinylene bonds to styrene double bonds

is determined to be 1.24. The commercial rendition of this system is the AropolTM

Q6585 product from Ashland Performance Materials [31]. This product is consi-

dered a highly reactive closed molding resin suitable for structural sheet molding

compound (SMC) fabrication systems, particularly for the transportation

market [32].

To fabricate a SMC object, a common approach is to employ a resin transfer

molding technique. An example of such a process is often employed in the

manufacturing of boats. An illustrated cross-sectional view of the part assembly

is presented in Fig. 9.12 to help navigate the following discussion.

OH
OH OO O

HO O

O

O

Ox
+ nH20+

Scheme 9.10 Idealized synthesis of an unsaturated polyester prepared via condensation
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Fig. 9.12 A cross-sectional view of a resin transfer molding assembly [33]
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The general features describe this process. To a rigid mold surface (13), such as a

boat hull, which often has a release coating applied to it, numerous fibrous sheets

(19), or mats, of glass or carbon are laid in a manner to conform to the shape (the

fabric lay-up). In addition, a resin distribution medium (20, 201, and 202) is also

applied which comprises strands and helical springs (16) placed to prevent direct

contact between the peel ply (21) and the outer sheet (11). Once the lay-up and the

resin protection layer have been applied to the mold, a resin impervious outer sheet

is applied so as to cover the entire lay-up surface and tightly pressed or sealed with

tape (12). There is an outer trough (14) that surrounds the perimeter of the lay-up.

The resin inlet (15) and vacuum outlet (17) complete the assembly. The prefabri-

cation steps are now completed. A resin inlet is connected to the surface of the part

and a vacuum outlet is connected to the bottom of the part. Once the vacuum is

applied, the outer film will collapse to the resin distribution layer. The resin is then

allowed to flow into the part lay-up. As the resin penetrates into the fibers of the

lay-up, it will rapidly distribute throughout as well as vertically descend toward the

vacuum inlet. Using this process, the fibers are uniformly wetted to promote

physical properties, especially when compared to prepreg autoclave processes.

The part is then cured to achieve the final, desired structure. This process is

commonly referred to as the Seemann Composites Resin Infusion Molding Process

or SCRIMP. An illustrated depiction of the SCRIMP assembly for boat hull

production is presented in Fig. 9.13, which employs the same descriptive numbers.

Among the many important elements to these applications are the ability to

control viscosity, cure speed, degree of cure as well as residual monomers, and

shrinkage. Using the SCRIMP process, AropolTM Q6585 was studied to determine

strategies for controlling volume shrinkage and residual styrene. In the processing

of an unsaturated polyester resin system, as the curing process proceeds, the

reaction becomes diffusion controlled near and after gelation, essentially due to

the decreased mobility of free radicals and reactive double bonds as the network
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Fig. 9.13 Typical SCRIMP assembly for production of a fiberglass boat hull [33]
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structure grows, transitioning to a thermoset. Consequently, the unsaturated poly-

ester resin’s ability to move is dampened. The net effect is that as the conversion

increases, the styrene reaction becomes more dominant primarily due to its greater

mobility. However, the rate of homopolymerization for styrene is low, more so at

lower temperatures. One approach to overcoming this challenge is to incorporate a

comonomer, such as methyl methacrylate (MMA). By using MMA as an additive,

this study found that the final product conversion and residual styrene could be

enhanced, indicating that styrene and MMA copolymerization is more preferred

than just styrene alone. However, this study also found that MMA exhibited a

negative effect on shrinkage control, due to the increased challenges of phase

separation in which increasing MMA levels tend to make the system more

compatible [34].

A typical SMC resin can have numerous additional components. Beyond the

unsaturated polyester resin and reactive diluent monomer(s), there will also be an

initiator(s), typically a peroxide-based compound. Examples of suitable peroxide

include methyl ethyl ketone peroxide, acetylacetone peroxide, benzoyl peroxide,

and lauroyl peroxide. Some initiators, such as benzoyl peroxide, require an accel-

erating agent, which could be dialkyl aniline or dimethyl-p-toluidine. The basis for
selecting the initiator is typically pot life of the resin, gel time, exotherm behavior,

and application temperature. Other typical additives for SMC resins include fillers,

calcium carbonate, clay, antimony oxide, glass spheres, aluminum oxide trihydrate,

and chlorinated alkanes [29].

As the production capabilities of composite manufacturing advance, greater

expectations are placed upon the performance characteristics of these materials.

A critical element to the ultimate performance of composite materials is the

behavior of the fiber/matrix resin interface. The more intimate this interface

becomes, the stronger adhesive forces become at the interface, enabling efficient

load transfer properties at the interface between the fiber and matrix resin. In one

study, polyalkenyl-poly-maleic-anhydride-ester/amide resin compounds were

found to be effective coupling agents (sizing agents) for glass fiber-reinforced

polyester composites [35]. A specific example from this study is presented in

Fig. 9.14, which is an ester/amide derived from dodecanol and n-butylamine.

CH2 CH2 CH
O O

O HN

CH

CH2

CH3

x n

Fig. 9.14 Idealized structure for polyalkenyl-poly-maleic-anhydride-ester/amide coupling addi-

tive (CA-4). Adapted from [35]
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Physical properties of the coupling additive are presented in Table 9.10.

This low molecular weight polymer was then added to hydrocarbon (10 wt%) to

enable treatment of glass-woven fibers [0/90�] at 80 �C followed by drying in an air

oven at 110 �C for 2 h. After treatment, these glass fibers were then used to produce

composites with AropolTM M105 TB unsaturated polyester resin from Ashland

Performance Materials. AropolTM M105 TB is a thixotropic, pre-accelerated prod-

uct based on an orthophthalic acid-modified polyester resin. The typical properties

of the liquid resin are presented in Table 9.11.

To produce composite samples, five layers of glass fabric were employed in

hand lay-up fashion. Curing is accomplished at a fixed temperature yielding

laminate structures that were 200 mm� 300 mm. The laminates were then

Computer Numerical Control (CNC) machined to dog-bone forms, as required in

ASTM D638 type 2, to the following dimensions: overall length 150.0� 0.4 mm,

width 5.0� 0.2 mm, and thickness 2.9� 0.4 mm. It is important to note that that

this study monitored and controlled the fiber/matrix ratio to 61.4� 2.1%. Results of

the mechanical tests are presented in Fig. 9.15.

Results presented in Fig. 9.15 demonstrate that the overall performance of the

various coupling agents was similar. The CA-4 coupling agent exhibited similar

modulus properties but the highest maximum load and extensional properties.

Perhaps more compelling are the Charpy impact test results. Charpy tests are

used to measure the resilience of a material and its resistance to damage under

shock loading, another critical attribute to composite performance. Results for the

Charpy are presented in Fig. 9.16.

Charpy results indicate that coupling agents CA-4 and CA-5 (a similar copoly-

mer employing glycerin and dodecyl amine to achieve the ester/amide derivative)

yield significant improvement to the impact strength of glass-woven composite

samples, especially when compared to the untreated composite samples [35]. These

Table 9.10 Properties of polyalkenyl-poly-maleic-anhydride-ester/amide coupling additive [35]

Property Result

Mn (number average molecular weight) 2060

Mw (weight average molecular weight) 2470

Polydispersity 1.2

Acid number (mg KOH/g) 15.5

Table 9.11 Properties of AropolTM M105 TB unsaturated polyester resin [36]

Property Result

Brookfield viscosity (RV2, 10RPM) 1400 mPa s

Styrene content 41%

Density 1.1 kg/dm3

Gel time (1% MEKP-50) 40 min

Peak exotherm 110 �C
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series of results led to the proposal of a coupling mechanism for the interfacial

interactions of the glass fiber/coupling agent/unsaturated polyester resin surfaces.

The proposed scheme for the coupling mechanism is presented in Fig. 9.17.

Figure 9.17 illustrates the coupling agent aromatic rings orienting to the unsatu-

rated polyester, which is known to comprise aromaticity. The coupling agent

interacts with the glass fiber surface through the –NH–, –O–, and –OH moieties.

Generally, they suggest stronger interaction for the –NH– moiety but to a limit.

Fig. 9.15 The tensile test diagram of glass-woven [0/90�] fabric-reinforced polyester composites

[35]. Reprinted from Materials and Design, 31, Varga, Cs.; Miskolczi, N.; Bartha, L.; Lipoczi, G.,

“Improving the mechanical properties of glass-fibre-reinforced polyester composites by modifi-

cation of fibre surface,” pages 185–193, Copyright 2009, with permission from Elsevier
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Fig. 9.16 Charpy impact strength of reinforced polyester composites in case of different coupling

additives [35]. Reprinted from Materials and Design, 31, Varga, Cs.; Miskolczi, N.; Bartha, L.;

Lipoczi, G., “Improving the mechanical properties of glass-fibre-reinforced polyester composites

by modification of fibre surface,” pages 185–193, Copyright 2009, with permission from Elsevier
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Preferred performance attributes were found with the combination of ester and

amide functionality. In a later study, by the same research team, industrial-scale

composites were fashioned using a similar experimental design. The results of this

work suggest similar performance improvements for Charpy impact tests. How-

ever, tensile and elongation results were more mixed, when compared to the earlier

laboratory work. It is possible that the relationship between the coupling agent’s
styrene content and its solubility in the unsaturated polyester resin is a potential

influencing factor to these results [37].

Dicyclopentadiene (DCPD) coupled with maleic anhydride is another type of

unsaturated polyester resin. When heated to temperatures above 150 �C, DCDP
de-dimerizes to yield cyclopentadiene (CPD). CPD undergoes a Diels–Alder reac-

tion with maleic anhydride to yield endomethylene tetrahydrophthalic anhydride

(EMTHPA). From EMTHPA, reactions with diols are possible. Also, under parti-

cular reaction conditions, such as heating at temperatures below 120–140 �C and

acidic mediums, DCPD is capable of reacting with carboxylic acids, glycols, and

water via nucleophilic addition [38]. Examples of these various transformations are

presented in Scheme 9.11.

Given the variety of possible reactions, there are numerous approaches to

preparing dicyclopentadienyl unsaturated polyesters. For example, a synthetic

approach where maleic anhydride, phthalic anhydride, diols, and DCPD are all

combined and heated to 120–140 �C for a few hours is one possibility. This

approach is referred to as the “beginning” method. Another possibility is the

Fig. 9.17 The possible scheme of coupling [35]. Reprinted fromMaterials and Design, 31, Varga,

Cs.; Miskolczi, N.; Bartha, L.; Lipoczi, G., “Improving the mechanical properties of glass-fibre-

reinforced polyester composites by modification of fibre surface,” pages 185–193, Copyright

2009, with permission from Elsevier
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combination of maleic anhydride and DCPD which is heated to 180 �C, in an inert

atmosphere, to yield EMTHPA. To this product, phthalic anhydride and diol with

heating to 200 �C coupled with water removal were added. This approach is often

called the “anhydride” method. In the “end” method, DCPD is added to the

unsaturated polyester at the end of the reaction to enable the copolymer to be end

capped by DCPD moieties [38, 40].

A current challenge in marine composite industry is to reduce emission of

styrene reactive diluents. Because these structures are based upon large and thick

composite materials, hand lay-up techniques are still widely employed. As such,

there is a trend toward implementation of other manufacturing processes, such as

injection and infusion process (i.e., the SCRIMP process), but these processes have

not completely eliminated hand lay-up. In parallel, resin suppliers have been

working to develop new formulations to reduce or eliminate styrene emission

and/or content [41]. Toward that end, resins suppliers have developed unsaturated

polyester resin systems with lower styrene emission/content properties, some based

upon modifications employing DCPD. DCPD is known to enhance the solubility of

the unsaturated polyester resins, which enables higher concentrations of resin to be

diluted by styrene reactive diluent [42].

The mechanical properties of glass fiber-reinforced composites based upon

low-styrene emission resins have been compared to more conventional systems

[41]. The resins evaluated are presented in Table 9.12.
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Scheme 9.11 Various dicyclopentadiene reaction possibilities [39]. Reprinted from Polimery,

44, 11–12, Frydrych, A.; Ostrysz, R.; Penczek, “The Effect of Built-in Dicyclopentadiene on

Selected Properties of Unsaturated Polyester Resins,” pp. 745–749, Copyright 1999, with permis-

sion from Polimery
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A comparative assessment of the tensile behavior of cast resin plates in addition

to degree of cure (DSC) and dynamic mechanical behavior (DMA) measurements is

presented in Fig. 9.18 [41].

In Fig. 9.18a, results demonstrate that the low-emission and low-styrene resin

systems exhibited both lower failure stress and strain behaviors when directly

compared to the other conventional systems. To examine these differences in

more detail, stress–strain plots of a three-resin system are presented in Fig. 9.18b.

Again, the low-styrene resin system exhibits lower stress failure magnitudes

coupled with lower percent elongation. Taking these results into account, this

study found that the DCPD resins tend to exhibit a brittleness that is not found in

conventional resin systems [41].

Chlorendic unsaturated polyester resins are prepared from the reaction of maleic

anhydride and chlorendic anhydride. These resins are typically employed in appli-

cations such as corrosion-resistant pultruded pipes, flanges, pumps, pump housing,

and mist eliminator blades or other equipment which will be exposed to corrosive

gases and liquids. The general structure of this resin type is presented in Fig. 9.19.

The decoration of the unsaturated polyester resin by chlorine atoms enables

these resins to be particularly resistant to corrosive wet chlorine gas in addition to

strong oxidizing chemicals such as nitric, sulfuric, and chromic acids. These resins

are widely employed in the chlorine manufacturing industry [43].

An example of a chlorendic system is HetronTM 197 from Ashland Performance

Materials. The properties of HetronTM 197 are presented in Table 9.13.

Bisphenol A fumarates are another class of unsaturated polyester resins prepared

from the reaction of dipropoxylated bisphenol A and fumaric acid. These materials

are also employed in corrosive environments, offering good caustic corrosion

resistance, particularly in high-temperature sodium hydroxide applications. They

Table 9.12 Resins studied [41]

Reference Product Supplier Resin type Type

SO1 Polylite 420-731 Reichhold Polyester orthophthalic Standard

SO2 Synolite 3785-L1 DSM Polyester orthophthalic Standard

LS Synolite 8388-L7 DSM Polyester orthophthalic

DCPD

Low-styrene content

LE Polylite

505-M800

Reichhold Polyester orthophthalic Low-styrene emission

LES Synolite 8388-P1 DSM Polyester orthophthalic

DCPD

Low-styrene content

and emission

SI Synolite 3720-I1 DSM Polyester isophthalic Standard

SV1 Dion 9100-700 Reichhold Vinylester Standard

SV2 Atlac 580 ACT DSM Vinylester Standard

Springer and Applied Composite Materials, 13, 2006, pages 1–22, “Mechanical Properties of

Composites Based on Low Styrene Emission Polyester Resins for Marine Applications,” Baley,

C.; Perrot, Y.; Davies, P.; Bourmaud, A.; Grohens, Y., Table 1, ©2006 Springer with kind

permission from Springer Science and Business Media
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Fig. 9.18 (a) Tensile failure stresses and failure strains of the resins studied. (b) Tensile behavior.

Stress–strain plots for three resins [41]. Springer and Applied Composite Materials, 13, 2006,

pages 1–22, “Mechanical Properties of Composites Based on Low Styrene Emission Polyester

Resins for Marine Applications,” Baley, C.; Perrot, Y.; Davies, P.; Bourmaud, A.; Grohens, Y.,

Figures 1 and 2, ©2006 Springer with kind permission from Springer Science and Business Media
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Fig. 9.19 HetronTM chlorendic unsaturated polyester resin [43]
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are also employed in chlorine dioxide storage systems. The general structure on this

polyester resin is presented in Fig. 9.20 [43].

An example of a bisphenol A fumarate unsaturated polyester resin is AtlacTM

382 from DSM. The properties of AtlacTM 382 are presented in Table 9.14.

To better understand the behavior of AtlacTM 382 resin when exposed to

aggressive environments, its exposure to monochlorobenzene was undertaken

[46]. A composite of the resin and glass fiber mat was cured using methyl ethyl

ketone peroxide in conjunction with cobalt octoate accelerator. After post-curing

the panels at 180 �C for 3 h, the panels were subjected to the aggressive solvent.

Dynamic mechanical experimental results for samples exposed to monochloro-

benzene at room temperature are presented in Fig. 9.21.

Results in Fig. 9.21 illustrate that the virgin sample shows only a single α1
relaxation transition, near 137 �C at 1 Hz. After exposure (Sample 2, Fig. 9.21a), in

addition to the decreasing magnitude of the α1 transition, a new broad transition is

observed in the lower-temperature region. Additionally, the storage modulus (E0)
decreases significantly upon exposure (Sample 2, Fig. 9.21b). These effects are

ultimately attributed to the possible monochlorobenzene plasticization of the poly-

styrene regions in the unsaturated polyester [46]. These types of tests can aid

scientists in developing a deeper understanding of the fundamental nature of

exposure mechanisms and the root cause as to why this solvent is, ultimately, not

recommended [47]. All credible resin manufacturers provide significant, detailed

Table 9.13 Properties of HetronTM 197, a chlorendic unsaturated polyester resin [44]

Property Result

Brookfield viscosity (#3, 30RPM) 2000 mPa s

Solids 68.5%

Specific gravity 1.20 g/cc

Gel time (1% Lupersol DDM-9,

CoNaph6, phr¼ 0.5)

15 min

OHO O
O

O H
O

O n

Fig. 9.20 Bisphenol A fumarate unsaturated polyester resin

Table 9.14 Properties of AtlacTM 382, a bisphenol A fumarate unsaturated polyester resin [45]

Property Result

Viscosity (mPa s) 560–660

Solids ~50%

Density (kg/m3) 1030

Gel time (from 25 �C to 35 �C) (1.5%
Butanox, 0.6% NL51P, 1% NL 63-10

based on 100 g resin) (min)

5–12

Peak exotherm (�C) 140–170
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literature to aid in the proper selection of resins suitable for liquid and gas

applications (e.g., [47, 48]).

9.3.2 Bismaleimide Resins and Adhesives

For advanced composite materials, where thermal, mechanical, and electrical

properties are critical to the performance success criteria, bismaleimide (BMI)-

based thermosetting resins have been developed. Bismaleimide resins are primarily

based upon low molecular weight oligomers that are capable of homopolymerizing

into a highly cross-linked network. This class of resin can be found in composite

materials employed in applications ranging from the US Air Force’s F-22 aircraft to
high-performance automobiles. Perhaps the most compelling attribute of BMI

resins is their performance in high-temperature applications, some capable of

230–290 �C service temperatures, coupled with epoxy-like autoclaving process

behavior characteristics, a common processing technique in the advanced compos-

ite industry [49]. Maleic anhydride is employed in the production of a class of

bismaleimides often referred to as addition bismaleimides.

The most widely practiced route to addition bismaleimides is via the condensa-

tion reaction of maleic anhydride with difunctional amines. This route is depicted in

Scheme 9.12.

This synthetic approach is often referred to as Searle’s route [51]. Essentially,

maleic anhydride is reacted with a diamine compound, via condensation, to yield

the bismaleiamic acid product. A subsequent condensation reaction enables the

formation of the bismaleimide compound. What is particularly interesting in these

compounds is the reactivity of the maleimide double bond, which is suitable for
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Fig. 9.21 Dynamic mechanical behavior after exposure to MCB (monochlorobenzene) for

ATLAC A-382: (a) loss factor, (b) storage modulus, (1) original sample, (2) after 6 h in MCB

[46]. Reprinted with permission from the Journal of Applied Polymer Science, 71, Valea, A.;

Gonzalez, M.L., Mondragon, I., “Vinyl Ester and Unsaturated Polyester Resins in Contact with

Different Chemicals: Dynamic Mechanical Behavior,” pages 21–28. Copyright 1999 John Wiley

and Sons
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addition polymerization via free radical catalysis and its susceptibility to primary

amines via the Michael addition reaction. This type of Michael addition reaction is

represented in Scheme 9.13.

The cross-linking of the bismaleimide as presented in Scheme 9.13 occurs via

nucleophilic attack by the primary diamine, which is possible due to the activation

of the maleimide double bond by the two neighboring carbonyl moieties. Because

of these two separate and powerful reaction pathways, namely, the addition poly-

merization and Michael addition reaction, there is a significant degree of formula-

tion space. Also note that the polymerization process for the bismaleimide oligomer

is temperature induced, which is another attractive feature of these materials.

Therefore, there are many options to the modification of the composite resin

composition to achieve the most desirable processing behavior and physical prop-

erties for the finished composite [49].

One commercial example is Cytec’s CYCOM® 5250-4 RTM resin system. The

main components of the resin system are presented in Fig. 9.22.

The CYCOM® 5250-4 resin system is comprised of three main components.

The first two components are both bismaleimide structures, where the

4,40-bismaleimidediphenylmethane can be thought of as “para” in arrangement

and the bismaleimide-1,3-tolyl can be considered “ortho” when considering the

orientation of the maleimide moiety. Interestingly, the o,o’-diallylbisphenol A is

also incorporated, while not a maleimide, to enable the BMI resin to be more

processable and less brittle [52]. The allylic bonds are known to be less reactive,

suggesting that this component essentially functions as reactive plasticizer.

This material is a one-part, homogeneous resin system suitable for resin transfer

molding. The properties of CYCOM® 5250-4 resin are presented in Table 9.15.

CYCOM® 5250-4 resin is a common bismaleimide resin system in the aerospace

industry. Another product form for this material is a prepreg, where the resin is

applied to high-performance fibers, including carbon (IM-7) and glass materials.

For example, unidirectional, 12K carbon fibers comprising 33% (wt) resin are
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Scheme 9.12 General synthetic route to an idealized addition bismaleimide resin [50]
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Fig. 9.22 Main components to Cytec’s CYCOM® 5250-4 RTM resin system [52]

Table 9.15 Standard properties of neat Cytec’s CYCOM® 5250-4 resin [53]

Property Result at standard cure + standard post-curea

Cured resin density (g/cm3) 1.25

Tg (
�C) dry 271

Tg (
�C) wet 207

Gel time at 177 �C (min) ~35
a6 h at 177 �C to 191 �C + 4 h at 227 �C
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supplied as a unidirectional tape, up to 152.3 cm wide. This material should be

stored in a freezer to minimize resin advancement. Typically, prepreg materials are

cut to the proper dimensions and laid up into the desired geometry and fiber pattern,

with the number of layers determined by the engineering requirements. This

construction is then covered by release film, vacuum bagged (sealing with high-

temperature tape), and debulked for up to 30 min. Finally, the vacuum seal of the

construction is confirmed by verifying minimal vacuum loss over 10 min, with the

vacuum source disconnected from the part. Examples of two-part assembly

approaches are presented in Fig. 9.23.

Glass Tow: at the corners
crosses over sealant tapes to

Sealant
Tapes

contact 2nd Glass Breather
Nylon Bagging

Film

Glass

Caul Plate with

Breather

Release Film

Release Film,
Solid FEP

Laminate

Nylon Bagging
Film

7781 Glass,
2-ply

Soft Caul Plate

Release Film, Solid
FEP (poke small
 holes 2” apart)

LaminateTool Plate (with release film)

Tool Plate (with release flim)

Sealant Tape

4” Boat Cloth

Glass Fabric, 120, 1-ply Sealant Tapes

 2nd Glass

Sealant
Tape

Breather

(a)

(b)

Fig. 9.23 Vacuum bag configuration for (a) autoclave and (b) vacuum processing of IM7/5250-4

prepreg tape ([54]; see also [55] for additional information). Springer and Applied Composites

Materials, 18, 2011, pages 231–251, “An Enhanced Vacuum Cure Technique for On-Aircraft

Repair of Carbon-Bismaleimide Composites,” Rider, A.N.; Baker, A.A.; Wang, C.H.; Smith, G.,

Figure 1, ©2010 Springer with kind permission from Springer Science and Business Media
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Once properly tested, the part is then positioned into a high-temperature auto-

clave for curing. In the autoclave, a typical pressure of 15 psi is applied while the

assembly remains attached and under vacuum at the laminate edge. The part is then

heated from room temperature to 121 �C at 0.6–3 �C/min. This heating reduces the

viscosity of the resin for a certain period of time to enable the fiber and resin to

consolidate into a continuous composite structure. After about 30 min, when the

temperature is 121 �C, the polymerization of the bismaleimide resin begins to

advance to the point where the viscosity begins to build, thereby reducing the

fluidity of the resin. Once at 121 �C, the part is held isothermally for 45 min. The

pressure is then increased to 85 psi, and the vacuum is vented. The part is heated

from 121 �C to 177 �C at 0.6–3 �C/min. Once at 177 �C, the part is held isother-

mally for 6 h. The part is then allowed to cool under pressure to<49 �C at 0.6–3 �C/
min. The final part is post-cured in an air oven by heating from room temperature to

227 �C at 0.6–3 �C/min, held isothermally for 6 h, and cooled to <49 �C at

0.6–3 �C/min [56]. Some physical properties of bismaleimide composites fabri-

cated with unidirectional carbon fibers using these cure guidelines are presented in

Table 9.16.

Generally, bismaleimide matrix resin properties are superior to unsaturated

polyester resins. They are widely used in high-temperature, high-strength applica-

tions such as primary aircraft structure like fuselage skins, stiffeners, wing and

stabilizer spars, and skins [56]. Their high cross-link density also provides for

excellent chemical and solvent resistance. However, this high cross-linked density

imparts brittleness to the resin which can lead to composite micro-cracking [57].

Recently, researchers have developed self-healing polymeric materials based

upon bismaleimide moieties. This effort highlights two features of these materials:

the potential for these materials to be reworkable, remendable and, potentially,

recyclable. Such properties would be unusual in thermosetting materials [58]. A

schematic of the reaction between bismaleimide and furan-functionalized

polyketone (PK-furan) is presented in Scheme 9.14.

In describing the reaction processes presented in Scheme 9.14, the forward path

highlights the Diels–Alder reaction between the furfuryl moiety and maleimide

double bond. Studying this reaction in solution, gel formation occurred in 2 h at

50 �C. At 150 �C, the retro-Diels–Alder reaction occurred in 5 min. These processes

were repeated numerous times without any visible appearance differences. Further-

more, the kinetics of these processes were found to be suitably adjusted by altering

Table 9.16 Some physical properties of IM-7 unidirectional carbon fiber composite (60% fiber

volume) with CYCOM® 5250-4 matrix resin using standard cure and post-cure conditions [56]

Property Test temperature (�C) Result

0� Compression strength (MPa) (ASTM D695 MOD) 24 1620

0� Compression modulus (GPa) 24 158

0� Flexural strength (MPa) (ASTM D790) 24 1723

0� Flexural modulus (GPa) 24 157

Neat resin Tg (dry,
�C) – 300
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the molar ratios of the components [58]. In another series of experiments, the self-

healing properties of the furan-functionalized polyketone and bismaleimide were

demonstrated by compression molding small granules of the cross-linked system

into bars, at 110–150 �C for 10–30 min, and then mechanically evaluated by

dynamic mechanical analysis (DMA) techniques. One series of these results is

presented in Fig. 9.24.

In Fig. 9.24, the re-workability of the furan-functionalized polyketone and

bismaleimide (ratio¼ 1) is demonstrated. Upon the first heating #1, the sample

exhibits a softening (Tg) around 100
�C, via an inflection point determination of G’.

This sample was cooled and reheated six times. The material’s ability to maintain

Scheme 9.14 Reversible reactions between furan-functionalized polyketone (PK-furan) and

bismaleimide [58]. Reprinted with permission from Zhang, Y.; Broekhuis, A.A.; Picchioni, F.,

Macromolecules, 42, pp. 1906–1912. Copyright 2009 American Chemical Society

Fig. 9.24 DMA test results for continuous heat cycling of furan-functionalized polyketone and

bismaleimide (ratio¼ 1) [58]. Reprinted with permission from Zhang, Y.; Broekhuis, A.A.;

Picchioni, F., Macromolecules, 42, pp. 1906–1912. Copyright 2009 American Chemical Society
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its shape and mechanical properties during thermal cycling is evidence of its

reforming capabilities. Note that the slight decrease in G’ from cycle 1 to 2 is

attributed to discrepancy between DMA measurement time-scaling effects and the

kinetics of the cross-linking reaction [58]. Another mechanical evaluation was

performed using three-point bending, which then is related to self-healing effi-

ciency by comparison of the remended result to the original fracture load capability.

An example of these tests results is presented in Fig. 9.25.

Three-point bending results demonstrate that the relative ratio of bismaleimide

to furan-functionalized polyketone has an impact on the mechanical performance of

the system. Generally, the lower amounts of bismaleimide generate increased

fracture loading capabilities. After the test was completed, the fractured sample

was shredded and remolded into the geometry via compression molding at 120 �C
for 20 min. Upon retesting these remolded samples, the fracture load capability was

completely recovered [58]. In the future, such an approach may prove to have merit

in challenges surrounding micro-cracking and damage/repair of bismaleimide

materials.

One of the most rapidly changing parts of our world is the field of microelec-

tronics, electronic devices, and telecommunications. Today, portability, appear-

ance, and ease of use are major considerations for the consumer when considering

an electronic device. The consumer now expects a new device or capability to be

produced every year or even more frequently. It is instructive to see how far the

technology has progressed by reflecting, if only for a moment, into the past. The

singular technical development that enabled the electronic revolution was that of

Fig. 9.25 Three-point bending test results for furan-functionalized polyketone and bismaleimide

(ratios¼ 1, 0.75, and 0.5) [58]. Reprinted with permission from Zhang, Y.; Broekhuis, A.A.;

Picchioni, F., Macromolecules, 42, pp. 1906–1912. Copyright 2009 American Chemical Society
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the transistor. In 1947, the transistor, or point-contact transfer resistor, was discov-

ered by Bardeen and Brattain. Not long after, the junction transistor was invented

by Shockley [59]. Bardeen, Brattain, and Shockley were awarded the 1956 Nobel

Prize in Physics for their “researches on semiconductors and their discovery of the

transistor effect” [60]. A picture of the first transistor is presented in Fig. 9.26.

The main components to the transistor are emitter (or source), base (gate), and

collector (drain). Essentially, an electrical signal is applied to the base and influ-

ences the semiconductive material, in this early example a germanium crystal,

which can enable an electrical current to proceed to the collector [61]. The devel-

opment of the transistor resulted in the replacement of vacuum tube technologies.

Early transistors were large in size, as it becomes readily apparent in an early

advertisement from Texas Instruments shown in Fig. 9.27. Another early photo-

graph of a the various assembly features of a commercially available transistor,

relative to a common match (far left) and tweezer tip (second from left) holding the

germanium layer, is shown in Fig. 9.28.

To appreciate the progress made over the last decades, one 1955 silicon transis-

tor is ~1 square inch in size. The Intel® Itanium 2 Processor (9 MB Cache) (2004)

comprises 592,000,000 transistors and occupies an area of about seven US postage

stamps, an obvious and tremendous leap in manufacturing and technical

capability [64].

Another key component of an electronic device is the joining technology

employed to connect various device components, i.e., transistors, to a primary

structure (printed circuit board). From the earliest days of the electronics industry,

the joining technology most commonly applied was tin–lead solder compositions.

Tin–lead compositions have been employed as soldering materials for thousands of

years, when even the Romans used such compositions in plumbing and art

Fig. 9.26 The first transistor, 1947 [59]. Reproduced from Boudenot, J.C., “From transistor to

nanotube,” Comptes Rendus Physique, 9, pages 41–52. Copyright © 2008, published by Elsevier

Masson SAS. All rights reserved
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applications. More recently, the electronics industry has been experiencing pressure

to replace tin–lead solder compositions due to the inherent hazards of these

materials and the limited recycling of disposed electronic products [65]. Replacing

this technology is difficult, given its long use and manufacturing familiarity coupled

with low cost. But there has been important progress.

In developing new joining technologies, conductive organic adhesives have been

a focus. Maleic anhydride has enabled new conductive adhesives and approaches to

device joining. In other words, conductive adhesives have been developed for use in

bonding integrated circuits to lead frames and printed wire boards. This application

is often referred to as die attach, where a semiconductor die (or chip) is attached

Fig. 9.27 1954 Texas Instruments’ advertisement for the silicon transistor [62], used with

permission from Texas Instruments Incorporated

Fig. 9.28 Commercially available alloy junction transistor [63]. Reprinted from Journal of The

Franklin Institute, Vol. 259, No. 2, Herold, E.W., “Semiconductors and The Transistor,” pages

87–106, 1955, with permission from Elsevier
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(or bonded) to a substrate [66]. For example, one die-attach adhesive system is

designed to function with an electron donor/acceptor strategy, where both a

bismaleimide (electron acceptor) and vinyl ether (electron donor) are employed

to form the die-attach adhesive. The chemical structures of these two components

are presented in Fig. 9.29.

Within these two components are several key properties. First, the polar func-

tionalities, i.e., esters, maleimide, and carbamate moieties, enhance the adhesive

properties of the integrated circuit chip to the lead frame. Second, both compounds

are difunctional cross-linkers, ensuring a thermosetting, adhesive performance by

either thermal or UV cure. Third, both compounds comprise a C36 spacer group,

which aids in promoting a homogeneous adhesive system and ensuring the adhesive

is hydrophobic, minimizing any moisture pickup.

To formulate the conductive, die-attach paste, the compounds in Fig. 9.28 were

mixed with several additional ingredients, most important of which is silver flake.

The specific formulation is presented in Table 9.17. For comparative purposes, a

nonpolar dimer divinyl ether (DDVE) derived from C36 was also formulated in a

similar fashion.

O
H
N

C36

H
N O

O

O O

O
C36

O

O O
N

O

O
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O
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Vinyl ether (electron donor) 

Bismaleimide (electron acceptor) 

O

Fig. 9.29 Chemical structures for key organic components to a die-attach conductive electronic

adhesive [67]

Table 9.17 Die attach adhesive formulation [67]

Component Weight %

Bismaleimide 11.19

Vinyl ether 10.31

Maleic anhydride 8% (Ricon 131) 2.50

Initiator 0.50

Blend of adhesion promoters 0.50

Silver flakes 75.0
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In evaluating the cure kinetics of this polar formulation, the onset to polymer-

ization was found to be 97.78 �C coupled with a peak exotherm of 113.99 �C. The
degree of enthalpy was 239.5 (J/g). The cure kinetics for the nonpolar DDVE

formulation are as follows: The onset to polymerization was found to be

101.49 �C coupled with a peak exotherm of 119.01 �C. The degree of enthalpy

was 207.2 (J/g) [67]. These results indicate similar curing behaviors.

To evaluate the adhesive properties, the formulation was placed between a

120 mil by 120 mil silicon die and a metal lead frame (i.e., Pd, Ag, and Cu).

Each assembly was placed on a 200 �C hot plate and cured for ~60 s. After curing,

pressure is applied at a defined temperature until shearing occurs. The results of

these tests are presented in Table 9.18.

As indicated by the adhesive test results, the more polar adhesive exhibited a

significant improvement in the room-temperature adhesive strength. While not as

significant at 240 �C, the adhesion was still improved at the elevated temperature.

In another thermosetting die-attach adhesive strategy, a trifunctional maleimide

resin comprising an isocyanurate core was designed. This maleimide resin was then

formulated into a conductive adhesive system with an acrylate resin, also with an

isocyanurate core. The chemical structures for these two reactive compounds are

presented in Fig. 9.30.

An interesting feature to the trifunctional maleimide compound is that at 50 �C,
the compound demonstrates a viscosity of 26,000 cPs, whereas most maleimide

compounds are solids. Also important to note is this compound has very little

volatility, about 0.12% at 200 �C. To a formulation that was designed around

base components, the isocyanurate core compounds were added to assess the

adhesive performance. The formulation strategy is presented in Table 9.19.

The adhesive performance was evaluated by testing the shear strength of a

500 mil by 500 mil silicon die on a silver-coated lead frame at 260 �C, after curing
the assembly at 200 �C for 2 min. The formulation with the additive components

exhibited ~30% improvement in adhesive strength, when compared to the control

formulation [68].

One challenge with thermosetting, die-attach adhesives is their permanence.

Integrated circuits and chips are expensive devices. If there is an error in the device

placement or an unexpected design change, there is no way to conveniently rework

the assembled and cured structure resulting in a significant cost for waste. In the

realm of 2D devices, that could mean a loss of one device. A schematic of a circuit

Table 9.18 Adhesive test results for conductive die-attach formulation [67]

Room-temp die shear 240 �C die shear

Pd (kg) Ag (kg) Cu (kg) Pd (kg) Ag (kg) Cu (kg)

Die attach adhesive 13.2 11.1 11.7 4.4 3.8 2.8

DDVE 7.0 7.9 7.2 4.0 3.3 2.2
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Table 9.19 Die attach adhesive based upon an isocyanurate core formulation [68]

Control formulation Parts by weight

Bismaleimide resin 10

Acrylate resin 10

Epoxy resin 10

Ethylene glycol diethyl methacrylate 15

Curing agent Effective amount

Adhesion promoter Effective amount

Silver flakes 45

Additive components

Trifunctional maleimide resin (isocyanurate core) 2.5

Trifunctional acrylate resin (isocyanurate core) 2.5
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Fig. 9.30 Die attach adhesive compounds designed with an isocyanurate core [68]
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panel assembly with individually packaged chips, in two dimensions, is presented

in Scheme 9.15.

As illustrated in Scheme 9.15, individually packaged chips (12) are placed and

bonded onto the circuit panel (10). The chips can be mounted with solder columns

(not shown) and interconnected with conductive circuit lines (13). In the early days

of circuit board assembly, when tin–lead solder was employed, it would be possible

to melt the solder to reposition, repair/replace, or otherwise alter the positioning of

the chip on the board. In deploying a thermosetting adhesive, this would not be

possible, resulting in a potential loss of the chip or, even worse, the board assembly

itself. As the technology has progressed, 3D integrated circuit assemblies are

becoming more common. An example of a multiple chip package, or 3D integrated

circuit, is presented in Scheme 9.16.

Scheme 9.15 Top view of individually packaged chips on a circuit board [69]

Scheme 9.16 3D integrated circuit package [70]
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In examining the 3D semiconductor package (400) presented in Scheme 9.16, it

is readily apparent that multiple chips are assembled on top of the substrate (402).

The bottom of the semiconductor die (404), which is connected to the substrate

(402), has an active side (406). A top semiconductor (408), with an active side

(410), is connected to the substrate (402) via die to die interconnect structures (412)

equipped with many bump columns (420) and intermediate solder balls (422).

Between these columns are molding layers. These structures are further coupled

by an underfill material layer (418). Molding and underfill layers are nonconductive

resinous materials such as epoxy comprising silica filler [70]. If the adhesive is a

thermoset and there is an assembly issue, it is possible to lose many chips or even an

entire board assembly with many more chips than in the past. Increasing the

potential cost in production waste. With this challenge in mind, adhesive techno-

logy has been developed to help the electronic fabricator or repair person salvage

such assemblies.

In designing an adhesive that can be thermally degraded and reworkable,

thermosetting bismaleimides incorporating acetal–ester groups were designed. An

example of such a compound is presented in Fig. 9.31.

The compound presented in Fig. 9.30 exhibits a viscosity of 5000 cPs at 25 �C.
In formulating the compound, 1,1-di(tert-amyl peroxy) cyclohexane (at 2 wt%), the

polymerization begins at 105 �C, reaching its pinnacle at 121 �C. The degree of

enthalpy was 389 (J/g). In evaluating this compound as an underfill for a standard

electronic package, the adhesion was tested after curing for 10 min at 120 �C. The
adhesion of the compound at room temperature was found to be 35.2 kg but dropped

to 2.3 kg at 150 �C, demonstrating that the thermoset degraded upon exposure to

heat. To better conceptualize these various processes, a mechanism is proposed in

Scheme 9.17.

As proposed in Scheme 9.17, heating of a maleimide comprised of carboxylic

acid functionality in the presence of divinyl ether compounds enables the formation

of a new bismaleimide compound composed of acetal–ester linkages. The

bismaleimide compound can be free radically polymerized to form a thermoset

adhesive. Importantly, upon further applied heat to the thermoset, a thermal deg-

radative process begins, first with decomposition of the C–O bond adjacent to the

C¼O group, resulting in the formation of a vinyl ether and carboxylic acid moiety,

thereby cleaving the thermoset linkages. In an acidic environment, the vinyl ether

can hydrolyze to form acetaldehyde and alcohol. The alcohol can backbite the other

acetal–ester to form a cyclic acetal and another carboxylic acid moiety. It is

possible that the other acetal–ester can also yield butanediol and acetaldehyde,

but experimental results indicate this reaction to be less favored [71]. These pro-

cesses are more clearly represented in Chap. 3 of this book. Bismaleimides

N
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O

O

O

O
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Fig. 9.31 Bismaleimide comprising thermal degradable acetal–ester moieties [71]
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comprising acetal–ester groups demonstrate an ability, upon heating to high tem-

perature, to facilitate integrated circuit removal, providing innovative opportunities

to rework, repair, and, perhaps, even recycle expensive electronic components and

assemblies.

9.3.3 Epoxy-Based Adhesives

Adhesives based on epoxy chemistry are found in numerous applications, ranging

from aerospace composites to electronics and construction-oriented adhesive prod-

ucts. They can also find utility in potting compounds to protect components from

environmental exposure. For example, such compounds have been used to protect

wire and cable splices on telecommunication equipment and signal transmission

devices. Often these products are two-part systems, where the individual compo-

nents are mixed, then potted. Once potted, the composition is allowed to cross-link

and cure in place. Epoxy compounds are known to generate exothermic reactions

during cure, which can damage the wire and cables. By reducing the exothermic

behavior, the excellent physical properties of these systems can be used more

advantageously.

A two-part epoxy potting system was designed using that which employs maleic

anhydride technology. The formulation for this two-part epoxy resin is presented in

Table 9.20. Part A is gray shade and Part B is unshaded.
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R1 = linear C5 or C2
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O

= acetal ester linkage 
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80 oC
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Scheme 9.17 Proposed synthesis, polymerization, and degradation mechanism for bismaleimide

comprising thermal degradable acetal–ester moieties [71]. Adapted with permission from Journal

of Polymer Science Part A: Polymer Chemistry, 47, Zhang, X.; Chen, G.C.; Collins, A.; Jacobson,

S.; Morganelli, P.; Dar, Y.L.; Musa, O.M., “Thermally Degradable Maleimides for Reworkable

Adhesives,” pages 1073–1084. Copyright 2009 John Wiley and Sons
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To prepare the formulations presented in Table 9.20, Part A is prepared by

mixing, in order, the first four components until the mixture appears homogeneous.

Similarly, Part B is prepared by mixing components five through ten, in order, until

the mixture appears homogeneous. Then the two parts are combined and mixed

until homogeneous. At 23 �C, it takes about 20 min for the composition to cross-

link and cure. The cured composition exhibits a dielectric strength of about

13.5� 105 V/m, a Shore A hardness of about 80, and a tensile strength of about

2.84� 106 N/m2 [72].

Another common examples of an epoxy-based adhesive are general purpose

adhesives designed for bonding a wide variety of substrates, i.e., plastic, ceramic,

glass, leather, and cloth materials. An example of this product is 3M Scotch-WeldTM

Industrial Adhesive 4475 [73]. Adhesive 4475 is comprised of four components,

which are presented in Table 9.21.

The chemical structure of the poly(vinyl chloride-co-vinyl acetate-co-maleic

acid) and epoxy resin, respectively, are presented in Fig. 9.32.

Table 9.20 Two-part epoxy compound for protecting telecommunication equipment and signal

transmission devices [72]

Component Weight 
Percent

Equivalent Weight 
(mol fraction)

Polybutadiene with 35% maleic anhydride functionality (Ricon MA, 

Lithen)

30 0.4

Poly(maleic anhydride-co-methyl vinyl ether) Gantrez AN 119 (30% 

suspension in bis(isopropyl)naphthalene (Ruetasolv DI)

19.7 0.59

Hydrocarbon resin solution (naphthalene) (Nevchem LR) 18.4 ---

Bisphenol A epoxy resin (EPON 828) 35.7 0.69

Bis(isopropyl)naphthalene (Ruetasolv DI) 14.7 ---

Hydrocarbon resin solution (naphthalene) (Nevchem LR) 25.4 ---

100% Active urethane diol (KFlex UD 320-100) 9.2 0.34

Polyol with a high level of primary alcohols (CASPOL 5004) 9.7 0.33

Castor oil polyol (Polycin M365) 5.2 0.3

2,4,6-tris(dimethylaminomethyl)phenol, epoxy accelerator (DMP 30) 7 ---

Table 9.21 Ingredients of 3MTM Scotch-WeldTM Industrial Plastic Adhesive 4475 [74]

Ingredient Weight (%)

Methyl ethyl ketone (MEK) 50–60

Polyurethane polymer 15–25

Poly(vinyl chloride-co-vinyl acetate-co-maleic acid) 15–25

Epoxy resin 0.1–1
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CH3
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O OH
x y z O O

OH
n
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Fig. 9.32 Chemical structure for poly(vinyl chloride-co-vinyl acetate-co-maleic acid) (a) and

epoxy resin (b)
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The formulation of these polymers in MEK results in a clear viscous product that

is 6500–10,500 cPs at ~43% solids. For some plastic surfaces, the MEK can serve

as a softener to enhance the adhesion of the polymer system. However, care must be

taken due to the potential flammability of the solvent. In testing the peel strength of

canvas to steel, at ~24 �C, the strength continued to build from 13 lbs./in., in 1 day,

to 44 lbs./in. after 3 weeks [73]. As the solvent dries, over time, the polymer system

can esterify, via carboxylic acid and hydroxyl moieties, to yield cross-linking, in

addition to the inherent adhesive behavior of these polymers.

9.4 Printing and Imaging

There are many functional uses for maleic anhydride in printing applications.

Beyond purely monolithic requirements, such as adhesion, flexibility, and viscosity,

are often found more subtle necessities, such as color, color stability, reactivity/cure

speed, and compositional versatility. Maleic anhydride, through its myriad possible

transformations, can provide the link required to achieve the requisite product

performance.

9.4.1 Adhesion

In thermal transfer imaging processes, the adhesion layer must be carefully

designed to enable proper retention of the color image upon heating and peeling

of the image during transfer to its final position. To accomplish this complex task,

an adhesive layer comprising a maleic anhydride-based copolymer was designed.

Specifically, a poly(α-olefin-co-maleic acid-co-maleic acid anhydridemonoisopropyl-

ester) (i.e., Ceramer 1608 from Petrolite Corporation) is formulated into a coating

solution comprising poly(ethylene-co-vinyl acetate), aromatic petroleum resin (i.e.,

Neopolymer 160 from Nippon Petrochemical), methyl ethyl ketone, cyclohexane, and

toluene. This coating solution is applied to the coloring layer at 0.6 g/m2, on a

dry weight basis [75].

For many packaging applications, specially designed printing inks are required

to achieve the proper adhesion and flexibility. For example, in printing of uncoated,

lightweight paper stocks, high holdout inks are desired. To develop a high holdout,

adhesive ink, a modified, carboxylated polyamide ink composition is designed with

maleic anhydride in mind. Specifically, in the first example, gum rosin and maleic

anhydride are combined and mixed to 200 �C for 2 h. This process enables a Diels–

Alder reaction between the gum rosin and maleic anhydride to occur. An amor-

phous polyamide, such as Versamid® 930, is slowly added, while the heat is raised

to 240 �C for 5 min, enabling a condensation reaction between the maleinized gum

rosin and amorphous polyamide to occur. Afterward, diethanolamine is added and

this mixture heated for 10 min at 180 �C [76].
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In a different, second approach, a poly(styrene-co-maleic anhydride) and poly-

amide resin (i.e., GAX-340 from Henkel) are combined. While the mixture appears

incompatible, the heat is gradually raised to 240 �C for 1 h. This enables a

condensation reaction between the poly(styrene-co-maleic anhydride) and amor-

phous polyamide resins to occur. After 1 h, the heating is turned off and the mixture

cooled to room temperature. Water, t-butyl alcohol, and ammonia are added, and

the temperature is gradually raised to 80 �C, enabling the solids and pH to be

adjusted to the final, aqueous solution [76].

In preparing a base varnish blend, the rosinated polyamide from the first example

is blended with a poly(styrene-co-acrylic ester-co-acrylic acid) (i.e., Lucidene®

604) latex, polyethylene wax, and n-propanol. To the base varnish, water, poly

(styrene-co-maleic anhydride) rubine chip, ammonium hydroxide, glycol

(defoamer), and amine are added. This aqueous ink is then printed onto treated

stretched polyethylene using an anilox roller at 700–1000 ft/min, revealing a

printed image with excellent gloss, adhesion, and no pinholes [76].

Adhesion to polyolefins is a particularly important topic in printing, giving the

wide use of polyolefin films in the printing and packaging industry. Chlorinated

resins are one option for formulators to evaluate in an effort to boost the adhesive-

ness of the ink applied to the polyolefin. However, chlorinated resins can suffer

from poor weather resistance and less favorable environmental profiles, limiting

their use in some applications. Non-chlorinated adhesion promoters have emerged

as an important topic and one that is also influenced by maleic anhydride. In one

example, poly(ethylene-co-propylene-co-butene) is placed into an extrusion

device. Once the temperature reaches 170 �C, maleic anhydride, styrene, and the

peroxide Perbutyl D are added and kneaded for 10 min. This process enables high

levels of maleic anhydride, in addition to styrene, to be grafted onto the polyolefin.

In this example, 5.4% maleic anhydride grafting is achieved [77].

The composition previously described was then evaluated as an adhesion pro-

moter in white ink. To test its functionality, the maleic anhydride- and styrene-

grafted polyolefin was solubilized in an 80/20 solvent blend of toluene/ethyl

acetate. Then this composition was formulated with a urethane resin, titanium

dioxide, ethyl acetate, and isopropyl alcohol. This white ink was coated onto

oriented polypropylene film (OPP) with a #12 Mayer rod, dried, and then adhesion

tested with cellophane tape. This white ink not only exhibited strong adhesive

quality to OPP but, in other tests, exhibited strong heat seal, weathering, and oil

resistance attributes [77].

In another approach to a non-chlorinated adhesion promoter, poly(propylene-co-
ethylene-co-butene) was added to an extrusion device with maleic anhydride and

lauryl methacrylate. Peroxide initiator was added into the extruder, with a total

residence time of 10 min at 180 �C; the maleic anhydride and lauryl methacrylate

were successfully grafted onto the polyolefin at 5.2% and 6.2%, respectively. In

evaluating the performance of this adhesion promoter, this grafted composition was

solubilized in a 70/30 blend (wt) of ethylcyclohexane/butyl acetate. To this solution

urethane resin, titanium dioxide, ethyl acetate, and isopropyl alcohol were added.

This white ink was coated onto oriented polypropylene film (OPP), high-density
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polyethylene (HDPE), poly(ethylene terephthalate) (PET), and nylon (NY) films

with a #12 Mayer rod, dried, and then adhesion tested with cellophane tape

[78]. Results of these tests are presented in Table 9.22.

Again, this white ink not only exhibited strong adhesive quality to a variety of

synthetic films but, in other tests, exhibited strong heat seal, warm water resistance,

and gasoline resistance attributes [78].

9.4.2 Nonaqueous Printing

Phase-change inks, also referred to as solid inks or hot-melt inks, are an increas-

ingly important ink class. Phase-change inks are found in nonimpact printing

technologies in either thermal transfer or digital printing via solid ink [79]. An

example of this printing process is presented in Scheme 9.18.

In examining the process presented in Scheme 9.18, during the rotation of the

anodized aluminum drum heated to 65 �C, the drum is cleaned prior to receiving a

thin layer of silicone release oil. Concurrently, the solid ink is melted by an ink

melter and allowed to pass into the print head, which is fashioned from stainless

steel. The printhead heats the ink to 135 �C to enable spraying of ink droplets, or

ink-jets, to the drum in a desired pattern [80]. Concurrently, the paper is moving

through the printing web. The paper is preheated and then passes into a gap between

the pressure/transfer roller and drum, effectively forming a pressure nip. At this

moment, the four-color ink droplets on the drum are transferred to the paper, under

heat and pressure. The pressure roller also flattens the ink droplets to reduce any

light scattering resulting from the previously spherical surface orientation. After the

ink is transferred, the paper is ejected from the machine [80]. This process is

depicted in Scheme 9.19.

Because phase-change inks are solid materials at room temperature, there are

several advantages to this growing technology. Good storage stabilization of the ink

product and reduced nozzle clogging due to lack of solvent evaporation enables the

printhead to last for the lifetime of the machine [80, 81]. Other advantages include

good image quality and ease of use for solid ink, and the final prints are water-fast.

Furthermore, this process enables fast ink dry time enabling rapid printing speeds,

with some solid ink-jet printing machines, such as the Xerox1 ColorQube1 9302/

9303, capable of >50 color pages per minute [82].

Table 9.22 Adhesiveness of white ink formulated with poly(propylene-co-ethylene-co-butene)
grafted with maleic anhydride and lauryl methacrylate adhesion promoter [78]

Film Adhesiveness

OPP No peeling

HDPE No peeling

PET No peeling

NY No peeling
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Scheme 9.18 Solid ink printer with offset printing. Molten color ink is sprayed onto the drum by

an ink-jet printhead [80]. Reprinted with permission of IS&T: The Society for Imaging Science

and Technology sole copyright owners of www.imaging.org

Scheme 9.19 Solid ink printer with offset printing path. Semisolid color ink transfers from the

drum onto a heated sheet of paper. The duplex path allows two-sided printing [80]. Reprinted with

permission of IS&T: The Society for Imaging Science and Technology sole copyright owners of

www.imaging.org
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On the other hand, the elevated temperature often employed to melt the solid ink

has resulted in color stability and color stabilization as important technical chal-

lenge topics for phase-change inks. In one approach to developing new magenta ink

compositions that exhibit improved color stability, in addition to other required

qualities of phase-change inks, ink compositions based upon modified poly(maleic

anhydride-co-α-olefin) were designed [81]. In the first case, the maleic copolymer

was derivatized with N,N-diethylaminophenol, in the presence of sulfuric acid, to

yield a solid magenta zwitterionic copolymer. The proposed chemical structure of

this compound is presented in Fig. 9.33.

The composition depicted in Fig. 9.33 was then formulated into a solid ink base.

The solid ink base is comprised of a polyethylene wax, a stearyl stearamide wax, a

tetra-amide resin (from Example 1 in [83]), a hydroabietyl alcohol derivative (from

Example 1 in [84]), a urethane resin derivative (from Example 4 in [85]), and an

antioxidant. To prepare this mixture, the components are first melted, mixed, and

then filtered. Then the components are mixed at 135 �C in an oven until molten,

transferred to a heating mantle, and mixed for 45 min. This final product is then

filtered and poured into molds for testing purposes. For laboratory print testing, the

*

O N
C4H9

C4H9
N
C4H9

C4H9

CO2 O OO

*
n m 6

Fig. 9.33 Magenta phase-change ink based upon poly(maleic anhydride-co-α-olefin) [81]
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ink wax molds are melted onto a printing plate at 150 �C. Then a roller bar fitted

with paper is rolled over the plate. Once the paper is cooled, the ink was evaluated

visually for performance [81].

In another approach to a magenta phase-change ink, octadecyl succinic anhy-

dride is reacted with dibutyl-hydroxybenzoyl benzoic acid to yield the phase-

change intermediate depicted in Scheme 9.20a. This intermediate is then reacted

with N,N0-diethyl-m-aminophenol, in the presence of sulfuric acid, to yield a

magenta, unsymmetrical solid depicted in Scheme 9.20b [86].

The composition depicted in Scheme 9.20 was then formulated into a solid

ink base.

Another important class of ink is liquid toner. Liquid toner inks are found in

another offset printing technology that is sometimes referred to as a liquid electro-

photography process. This process is depicted in Fig. 9.34 representing HP Indigo

printing process.

In a brief overview of this printing process, a uniform electrostatic charge is

applied to a charge roller comprising the photo imaging plate (PIP) mounted on the

imaging cylinder (1). While the imaging cylinder continues rolling and, after

charging, the PIP is exposed to laser imaging (2), this laser exposure enables the

surface charge to be dissipated resulting in the formation of an invisible

O

O

O

N
C4H9 C4H9

HO

O
O N

C4H9

C4H9

HO
OH

N
H3CH2C CH2CH3

HO

OO

O NN
CH2CH3

H2SO4

CH2CH3

C4H9

C4H9

A)

B) HSO4

Scheme 9.20 Synthetic approach to a phase-change ink derived from octadecyl succinic anhy-

dride [86]
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electrostatic image on the PIP surface. As the imaging cylinder continues to rotate,

the image is developed by binary ink developer (BID) units, where the ink is

attracted to image areas and repelled from nonimage areas (3). The imaging

cylinder has now transitioned from the invisible image to a clean inked image

that is now visible. Immediately prior to the image transfer, the PIP is exposed to

diodes to form a uniform surface conductivity to allow for a clean transfer of the

image, in the pre-transfer erase unit (4). The ink image is then transferred to an

electrostatically charged blanket located on the transfer cylinder (5). The ink image

is now transferred to the heated blanket, resulting in the ink particles partially

melting and blending, while, simultaneously, the carrier oil is evaporating and

being recycled. The process results in an image that is in the form of an almost

dry, hot, adhesive plastic film (6). The hot, adhesive ink film then comes into

contact with the substrate, which is below the melting temperature of the ink

film, which results in 100% transfer of the ink film from the heat blanket to the

substrate (7). For the PIP, the final step is a pass through the cleaning station to

prepare the PIP for the next image (8) [88].

One key to the success of the HP Indigo printing process is the complete transfer

of the hot, adhesive ink film to the substrate as indicated in (7) above. In one

example of preparing an adhesive toner, a composition comprising poly(ethylene-

co-methacrylic acid), poly(ethylene-co-acrylic acid), and poly(ethylene-co-ethyl
acrylate-co-maleic anhydride) is blended in an isoparaffinic oil (Isopar L). To this

pasty blend, pigments, aluminum stearate, and additional Isopar are added to

provide for a cyan color after 20 h of mixing. Additional Isopar is added to form

a dispersion to which a charge director containing lecithin, basic barium petronate,

and isopropylamine dodecylbenzesulfonate is added to yield the final cyan toner.

Fig. 9.34 HP Indigo digital press printing process [87]. Reprinted from HP Indigo Digital Offset
Color Technology, 4AA1-5248ENW, Hewlett-Packard Development Company, 2012, with per-

mission from The Hewlett-Packard Company
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This toner highlights the use of maleic anhydride thermoplastic as exhibiting a

higher affinity for paper than other materials [89].

In another approach, a paper coating was designed which includes the reaction

product of maleic anhydride, polyethylene glycol monomethyl ether, and styrene

which is pH adjusted with sodium hydroxide to yield a dispersion [90]. A proposed

structure for the base copolymer reaction product, in un-neutralized form, is

presented in Fig. 9.35.

SMA–PEG was added to a solution of oxidized potato starch which was then

applied, via size press, to wood-free paper at 0.1–5 g/m2 (solid). After conditioning

the paper for 24 h at 50% relative humidity and room temperature, the paper was

calendared. The paper was then printed on using an Indigo 3000 digital printing

press and the toner adhesiveness judged with adhesive tape as a function of time.

Test results indicate immediate improvement in adhesiveness of the liquid toner,

which the adhesiveness continues to positively build over a 24 h period. Also,

coatings which were 100% SMA–PEG generated even greater immediate adhesive

power when compared to either starch or starch/SMA–PEG blends [90].

Recently, a variety of maleic anhydride-based materials were developed and

proposed as additives to toner receptive coatings or as adhesion enhancement

agents to solvent-based toner systems. Examples of the copolymers are presented

in Fig. 9.36. (Note: Fig. 9.36 abbreviations are as follows: ODA¼ octyl/decyl

acrylate, IBOA¼ isobornyl acrylate, MAN¼ maleic anhydride, VCHE¼ 4-vinyl-

1-cyclohexene 1,2-epoxide).

A key property to the copolymers presented in Fig. 9.36 is their compatibility to

hydrophobic oils such as isoparaffinic fluids (ISOPARTM). To better demonstrate

their compatibility with oil such as ISOPARTM, a polymer solubility study was

performed. Results of this oil solubility evaluation are presented in Table 9.23.

9.4.3 Aqueous Printing

For print-receptive surfaces that receive aqueous-based inks, water-soluble and

water-sensitive polymers continue to deliver many important properties to the

final coated product. Water-soluble polymers such as hydroxyethylcellulose and

CH CH2

O O
x y

OH O

O

O n

Fig. 9.35 Proposed structure for poly(styrene-co-maleic anhydride)-g-polyethylene glycol

monomethyl ether) (SMA–PEG)
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sodium carboxymethyl cellulose (HEC and CMC), polyvinyl alcohol (PVOH),

polyethylene oxide (PEO), polyethyleneimine (PEI), poly(2-ethyl-2-oxazoline)

(PEOX), and polyvinylpyrrolidone (PVP) are commonly employed. Most are

capable of forming glossy films suitable for absorbing or displacing the print ink

CH2 CH

O O

CH2 CH

O
O

CH2 CH

O
O

O

O

x y zx

CH2 CH

O O

CH2 CH

O
O

O

O

y zx

CH2 C

O O

CH2 CH

O
O

O
y zx

O
O

O
O

O

IBOA/MAN/VCHE

ODA/MAN/VCHE

IBOA/MAN/ACAC

Fig. 9.36 Maleic anhydride copolymers for toner printing application [91]

Table 9.23 Oil solubility of maleic anhydride-based copolymers for toner printing applications

[91]

Polymer

Isopar H Isopar K Isopar L Isopar M Isopar V

Soluble?

(Y, P, N)

Soluble?

(Y, P, N)

Soluble?

(Y, P, N)

Soluble?

(Y, P, N)

Soluble?

(Y, P, N)

ODA/MAN/VCHE

(80/10/10)

Y Y Y Y Y

IBOA/MAN/VCHE

(80/10/10)

Y� Y� Y� Y Y�

IBOA/MAN/ACAC

(80/10/10)

P P P P+ N

Polymer

Linseed oil Mineral oil Isopar C Isopar E Isopar G

Soluble?

(Y, P, N)

Soluble?

(Y, P, N)

Soluble?

(Y, P, N)

Soluble?

(Y, P, N)

Soluble?

(Y, P, N)

ODA/MAN/VCHE

(80/10/10)

Y Y Y Y Y

IBOA/MAN/VCHE

(80/10/10)

Y Y Y� Y� Y

IBOA/MAN/ACAC

(80/10/10)

Y P P Y P

P partial
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solvent. However, their ability to bind the dyes and pigments, enabling enhanced

image resolution and high optical density, is not universal. Often, these materials

require further modifications to achieve optimal performance [92, 93].

Paper coatings comprising derivatives of styrene–maleic anhydride resins have

been developed to support a growing digital ink-jet printing market. In one exam-

ple, a poly(styrene-co-maleimide) resin neutralized with acetic acid was evaluated

in a paper coating [94]. The base chemical structure of the SMA® 1000I resin is

presented in Fig. 9.37.

To formulate the paper coating, partially hydrolyzed polyvinyl alcohol, poly

(styrene-co-maleimide) resin neutralized with acetic acid, and precipitated calcium

carbonate were formulated in water. Coatings of 8–9 g/m2 were applied using a

standard laboratory coater. After conditioning the paper for 24 h at 50% relative

humidity and room temperature, the paper was calendared at 100 �C. Anionic,
aqueous base ink-jet ink was printed onto coated surface and evaluated. Results of

the study indicate that this approach enables chemical fixation of the anionic ink to

the cationic, poly(styrene-co-maleimide) resin neutralized with acetic acid, resin

leading to high optical density and sharpness, Furthermore, water fastness is

improved, which is another indicator of dye fixation, coupled to enhance surface

and print gloss properties [94].

Beyond print receptivity, enhancing the physical performance properties of

coatings often requires cross-linking to develop the film and product performance

attributes. Cross-linking, a process forming new bonds or links between polymer

and oligomer chains, can result in significant improvements to water/solvent resis-

tance, toughness, and durability, as these new bonds lead to dramatic increases in

molecular weight. Cross-linking can also reduce print receptivity, so a targeted

approach is required. Another interesting subsegment of cross-linking is in the field

of applied temperature. Knowledge and capability in low-temperature cure or

curing at ambient temperature is being developed. Ambient curing is interesting,

not only because of the ability to form networked, gel structures on heat-sensitive

materials but in introducing the possibility of reducing energy consumption during

the product production process. Aziridines and carbodiimides are known to be

useful in this area, especially for carboxylic acid-containing polymers. The

acetoacetyl moiety is also known to be useful for a variety of polymer systems

where suitable reactions with functional materials comprised of isocyanate, acti-

vated alkenes, aldehydes, and polyfunctional amine moieties are desirable.

CH CH2

O ON

N

x y

Fig. 9.37 Poly(styrene-co-dimethylaminopropylamine maleimide) SMA® 1000I resin [95]
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Toward this end, a study of multi-reactive features of a terpolymer comprised of

poly(vinyl pyrrolidone-co-maleic anhydride–co-acetoacetoxyethyl methacrylate)

(PVP/MAN/AAEM) was designed and evaluated in the context of various curing

strategies [96]. The structure of PVP/MAN/AAEM is presented in Fig. 9.38.

The PVP/MAN/AAEM polymer has a number of interesting attributes. The

maleic anhydride can hydrolyze upon introduction to water, yielding a vicinal

maleic acid terpolymer which can be suitably neutralized with bases such as

ammonium hydroxide or sodium hydroxide. Another interesting attribute of this

terpolymer is the inherent hydrogen bonding capacity of the pyrrolidonyl carbonyl

group coupled with the proton donating group on the maleic group. This coupled

functionality results in polymeric, zwitterionic behavior [98]. The physical proper-

ties of the terpolymer are presented in Table 9.24. In general, the polymer is a

low-viscosity material that exhibits a reasonably high Tg. In addition to the previ-

ously mentioned properties, the polymer also exhibits high gloss, transparency, film

forming, and dye fixation properties.

To demonstrate the cross-linking functionality of the PVP/MAN/AAEM ter-

polymer, a variety of cross-linking strategies were evaluated. First, films were

constructed, to clearly elucidate the thermal cross-linking between PVP/MAN/

AAEM + hydroxyethyl cellulose and PVP/MAN/AAEM + polyvinyl alcohol. The

results demonstrate that water-resistive films, which were clear, glossy, and hard

films (8H pencil hardness), coupled with good solvent resistance, were observed.

Analogous test results for polyvinylpyrrolidone (PVP K-90) were inferior.

Second, other popular printing applications deploy microporous coating tech-

nology, where alumina pigments are critical components to the print-receptive layer

O
O

O
O

O

NO
OO
w yx

O

Fig. 9.38 Poly(vinyl pyrrolidone-co-maleic anhydride–co-acetoacetoxyethyl methacrylate)

(PVP/MAN/AAEM) structure [93, 97]

Table 9.24 Physical properties of PVP/MAN/AAEM curable polymer

Property PVP/MAN/AAEM data

Viscosity (cPs) (50% in hydroxyethyl acrylate) (DV-III, 100 RPM,

#4 spindle)

1580

Tg (
�C) ~95 (first heating)

K-value range ~10
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[99]. A key feature of the microporous coating pigment loading is that the dry

coating comprises ~90% (by weight) pigment. A common binder employed in

these coatings is polyvinyl alcohol, which can cross-link with melamine/formalde-

hyde, glyoxal, or zirconates. For the PVP/MAN/AAEM terpolymer, AAEM mono-

mer is also known as good chelator of metals such as copper and alumina. A variety

of films were made to elucidate the cross-linking potential of PVP/MAN/AAEM

terpolymer employing alumina chelation coupled with thermal cross-linking to

evaluate the general coating behavior. Water-resistive films were also noted as

arising from this approach.

Third, previous work on polymers comprising carboxylic acid and acetoacetyl

moieties for dual-cure coatings demonstrated that using a cross-linker blend of

dialdehyde and aziridine enabled improvements to water resistance of nonwoven

articles, such as paper towels [100]. An interesting feature of this curing approach is

the low-temperature cure range (20–40 �C). Utilizing this approach, the cure

response of PVP/MAN/AAEM terpolymer was evaluated for both high-

temperature and ambient-temperature curing. Excellent water resistance was

observed for both temperature ranges. Note that for low-temperature curing, the

time was extended to enable the coating to dry [97].

Fourth, to render PVP/MAN/AAEM terpolymer suitable for UV cross-linking,

the base polymer was derivatized by employing the “Michael addition” of an

acrylate to the acetoacetate moiety in the presence of a base catalyst

1,5-Diazabicyclo[4.3.0]non-5-ene (DBN) (see Route 1 in Scheme 9.21). Such

approaches have been thoroughly presented in earlier papers [101, 102]. Mechanis-

tically, the addition of DBN enables the deprotonation of the acetoacetoxy’s
methylene group to yield an enolate anion. The enolate anion then readily attacks,

in the fashion of 1,4-conjugate addition, the olefin of the acrylate. The carbonyl

Scheme 9.21 Strategy for dual cure of PVP/MAN/AAEM via the Michael addition and aziridine

[92, 93, 97]
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stabilizes the resulting anion until the base is regenerated from proton transfer. This

reaction occurs easily at room temperature. The result is a polymer suitable for

further initiating common UV-coating monomer and polymer components. For

dual cure, aziridine was also added to enable facile, low-temperature, reactive

cross-linking with the acid groups of maleic anhydride (see Route 2 in

Scheme 9.21). A schematic of these proposed reactions is presented in

Scheme 9.21.

Various nonaqueous coating compositions were made to demonstrate the dual-

cure functionality of this system. The coatings are presented in Table 9.25.

Table 9.26 presents the final physical coating properties.

The PVP/MAN/AAEM terpolymer in hydroxyethyl acrylate exhibited UV cure

in the presence of photo-initiator. Interestingly, the PVP/MAN/AAEM terpolymer

exhibited cure, in the absence of photo-initiator, where only the Michael addition

product formed by DBN was employed. Films were glossy and transparent and

exhibited excellent adhesion. Dual-cure (UV and thermal) performance, in the

presence of DBN and aziridine, was also observed. This is demonstrated by the

boost in the performance of the film, comparing DBN to DBN + aziridine. The

additional aziridine boosts the MEK rub resistance, which is indicative of an

additional cure response for this coating system [92, 93, 97].

Acknowledgments The authors would like to express their sincere gratitude to Alan Fernyhough,

Frank Fusiak, Randy Johnson, and Laurence Senak, all of Ashland, Inc., for their many helpful

conversations/suggestions and thorough review of the manuscript prior to publication.

Table 9.26 Properties for PVP/MAN/AAEM UV–thermal dual cure

Property Coating I Coating II Coating III Coating IV

Appearance Transparent Transparent Transparent Hazy

Gloss High High High High

Pencil hardness 2H 2H 3H 6H

Adhesion 100% 100% 100% 100%

MEK rubs 60 100 180 >200

Water resistance Water resistant Water resistant Water resistant Water resistant

Table 9.25 Compositions for PVP/MAN/AAEM UV–thermal dual cure

Material Coating I Coating II Coating III Coating IV

PVP/MAN/AAEM 48.75 48.75 47.25 46

Hydroxyethyl acrylate 48.75 48.75 47.25 46

Darocur 1173 2.5 – – –

DBN – 2.5 2.5 2.4

TEA – – 0.5 –

PZ-33 (aziridine) – – 2.5 5.6

Total 100 100 100 100
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Chapter 10

Application of Maleic Anhydride-Based

Materials

David K. Hood and Osama M. Musa

10.1 Introduction

Exploration of maleic anhydride’s utility continues in this chapter, which is a

continuation from Chap. 9. Written as a survey, this chapter addresses the most

important maleic anhydride applications while discussing a few more interesting

topics in detail. It is our hope that the reader will finish this chapter with a greater

appreciation for the broad applicability and emerging potential for maleic

anhydride.

10.2 Additives for Automotive Applications

Additive packages for engine oil and automotive fuels are essential components to

properly operating equipment, whether for improving fuel efficiency, reducing

engine wear, or ensuring compliance with local emission standards. Not unexpect-

edly, each ingredient found in the additive package serves a different purpose and,

in some cases, can interfere with other additive’s performance capabilities. Conse-

quently, significant testing is required to ensure proper formulation design and

capability prior to market implementation. We will examine only a few examples of

additives found in these automotive applications to understand how maleic anhy-

dride fundamentally contributes to this industry.
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10.2.1 Fuel Additives

Storage and conveyance of diesel fuel and gasoline commonly occurs in vessels and

pipes constructed from mild carbon steel. As free water is commonly found in fuel,

internal corrosion of pipes and storage vessels is a significant problem. In addition

to surface corrosion, fine particles of rust can separate from the steel surfaces and

transport in the fuel itself. Such corrosion issues can not only lead to increased drag

on fluids, resulting in greater energy consumption during pump operation, but also

increase wear on equipment, increasing maintenance issues and downtime. To

overcome these challenges, compounds capable of inhibiting rust formation are

frequently added to fuel. These compounds are known as rust inhibitors [1]. Exam-

ples of low molecular weight corrosion inhibitors are presented in Fig. 10.1.

2-Octadecen-1-ylsuccinic anhydride (ODSA), 2-dodecen-1-ylsuccinic anhy-

dride (DDSA), 2-Octen-1-ylsuccinic anhydride (OSA), and 6-(3-tetrapropenyl-

2,5-dioxopyrrolidin-1yl)hexanoic acid (Tetra-PSCA) are all liquid at room temper-

ature [2]. Essentially, these compounds function by the polar head group, i.e.,

anhydride moiety, anchoring or adhering to the metal surface, enabling the metal

surface to be protected. The hydrophobic tail enables the solubilization of the

compound in the fuel [3]. In addition, the hydrophobic tail can shield the metal

surface from exposure to water molecules.

OO

O

OO

O

OO

O

2-Octadecen-1-ylsuccinic anhydride 

2-Dodecen-1-ylsuccinic anhydride

2-Octen-1-ylsuccinic anhydride

NO

O

6-(3-tetrapropenyl-2,5-dioxopyrrolidin-1-yl)hexanoic acid

O
HO

Fig. 10.1 Chemical structures for commercial corrosion inhibitors
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In a modification of succinate derivatives, the incorporation of triazole function

was evaluated in corrosion inhibition. Specific examples of the triazole compounds

studied are presented in Fig. 10.2.

In developing these triazole compounds, DDSA was employed as the foundation

to which, through an esterification reaction, the alcoholic triazole compound was

constructed. The triazole moieties were first prepared via “click” chemistry. Octyl,

dodecyl, and octadecyl substituent derivatives (labeled as R0 in Fig. 10.2) were

synthesized and evaluated. The dosing effect of rust prevention was evaluated as

per ASTM D665 Method where steel coupons are immersed in a seawater/paraffin

oil for a period of 1 day. Results of these tests are presented in Table 10.1.

Test results suggest slightly better performance for the mono-functional triazole

corrosion inhibitor. This slight improvement is attributed to the presence of the

carboxylic acid group, which can react with products of corrosion, thereby increas-

ing the thickness of the protective layer. However, in general, the testing demon-

strated good anti-corrosion behavior for both classes of materials. Interestingly,

increasing the length of theR0 (see Fig. 10.2) alkyl group was found to be a hindrance
to performance. This effect was attributed to a reduced number of molecules

resulting from an increasing molecular weight, at identical concentrations [4].

In addition to small molecule compounds, polymeric corrosion inhibitors are

also well known. For example, polysuccinimide, prepared from maleic anhydride

Table 10.1 Dosing effect on performance of succinic-based triazole compounds in rust preven-

tion, where R0 is C8 (adapted from Table 2 in [4])

PPM of triazole compound Compound 1 (Fig. 10.2) Compound 2 (Fig. 10.2)

20 Severe Severe

40 Pass Light

80 Pass Pass

150 Pass Pass

300 Pass Pass

Adapted with permission from Baek, S.-Y.; Kim, Y.-W.; Yoo, S.-H.; Chung, K.; Kim, N.-K.; Kim,

J.-S., Ind. Eng. Chem. Res., 51, pp. 9669–9678. Copyright 2012 American Chemical Society

Fig. 10.2 Succinic-based triazole compounds for corrosion inhibition [4]. Adapted with permis-

sion from Baek, S.-Y.; Kim, Y.-W.; Yoo, S.-H.; Chung, K.; Kim, N.-K.; Kim, J.-S., Ind. Eng.
Chem. Res., 51, pp. 9669–9678. Copyright 2012 American Chemical Society
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and ammonia, can be employed directly or further hydrolyzed to form polyaspartic

acid compounds. An example of these transformations is presented in Scheme 10.1.

There are a wide variety of polymer derivatives that can be constructed from

this preparative strategy. Among these are the sodium salt of polyaspartic acid,

polysuccinimide, polysuccinic acid octadecylamide, and polysuccinic acid

dodecylamide. All of these compounds are reported to exhibit corrosion inhibition

properties for carbon steel deployed in sour gas conditions incorporating seawater [6].

10.2.2 Lubricants and Fuels: Detergents and Dispersants

Detergents have a long history of use in engine oils dating back to the 1940s. Their

primary function was to reduce the carbonaceous deposits that form on hot, metallic

engine components. Overbasing, where additional dispersed basic material (i.e.,

colloidal CaCO3), significantly improved the performance of these additives

[7]. The two common additives in overbased lubricants are alkaline-earth alkylaryl-

sulfonates and poly(isobutenyl)succinimides [8]. The alkaline-earth alkylaryl-

sulfonate serves to stabilize the colloidal inorganic dispersion in the hydrocarbon

oil, where the typical particle size range is 8–16 nm. The poly(isobutenyl)

succinimide is deployed to prevent sludge formation in the engine, via steric

stabilization where the polar moiety of the succinimide adsorbs onto particulates

and enhances their suspending behavior. A schematic of proposed surface inter-

actions of these three components is presented in Scheme 10.2.

Langmuir adsorption experiments demonstrate that the amount of polysuccinimide

interaction with the inorganic particle is significant. As reflected in Scheme 10.2, the

polysuccinimide, especially for higher chains of polyethylene polyamines (i.e.,

DETA, TETA, etc.), adsorbs in a ratio of approximately one bis(succinimide) for

every four calcium alkylarylsulfonate molecules. The adsorption is attributed to the

polar head group which is comprised of both polyamine and succinimide moieties.

Consequently, it is believed the particle surface is essentially covered by some type of

mixed micelles [8]. Work has also been done in this technical space to develop

techniques to probe the neutralization mechanisms for the systems [9].

Typically, when developing such a product for automotive applications, the

additive packages must be evaluated in actual automotive engines in order to

clearly demonstrate effectiveness. With increasing regulatory pressure to develop

engines with improved fuel economy, changes to engine designs are becoming

O
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O

O

OH

NH2

O

O

H

H
OH
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and N

O

O

-H2O

β-amide α-amide

Scheme 10.1 Maleamic acid route to polysuccinimide via maleic anhydride and ammonia [5]
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more frequent. For example, the High Pressure Common Rail (HPCR), which was

first mass produced in 1995, can increase degradation of fuel as a consequence of

high-temperature exposure [10]. An illustration of a diesel engine common rail

design is presented in Scheme 10.3.

Scheme 10.2 Pictorial representation of hypothesized interactions between a calcium sulfonate

colloidal particle and adsorbed poly-(isobutenyl)bis(succinimide) dispersants [8]. Reprinted with

permission from Papke, B.L.; Bartley, L.S.; Migdal, C.A., Langmuir, 7, pp. 2614–2619. Copyright
1991 American Chemical Society

Scheme 10.3 Doosan High Pressure Common Rail (HPCR) system [11]. Reprinted from Doosan
Stage IIIB Tier 4 Interim, Doosan, D4401500-EN, 2011, with permission from The Doosan

Corporation
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Scheme 10.4 (A) Thermally modified succinicimido-amide (additive A); (B) mono-

alkenylsuccinicimide (additive B), bis-alkenylsuccinicimide, tris-alkenylsuccinicimido-amide;

(C) chemically modified succinicimido-amide (additive C) [12]. PIB polyisobutene. Reprinted

from Fuel, Volume 122, Zak, G.; Ziemianski, L.; Stepien, Z.; Wojtasik, M., “Engine testing of

novel diesel fuel detergent–dispersant additives,” Pages 12–20, Copyright 2014, with permission

from Elsevier
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In the Doosan HPCR system, diesel fuel is fed from the tank into a high

pressure pump, operating at 1577–2344 bar. The high pressure pump then feeds

the common rail, which stores the fuel. When demanded, the injectors deliver the

fuel in a fine mist to the internal combustion engine. The fine mist ensures a more

effective burning of fuel, cleaner exhaust, more energy output due to multiple

injections during each cycle, and noise reduction due to reduction in cylinder

pressure [11].

Key to the effectiveness of these types of engines is the ability to keep spray

nozzle free from deposits. Toward this end, new detergent dispersants were devel-

oped in an effort to enhance the cleanliness of the metal surface during engine

operation. Several different succinicimido-amides were designed for this purpose

and are presented in Scheme 10.4.

The compound “A,” in Scheme 10.4, is a thermally modified material. Likewise,

the compounds in “B” are unmodified succinicimido-amides and the compound

“C” is a chemically modified succinicimido-amide. These materials were evaluated

on Peugeot XUD 9A/l, Fiat 2.0 JTD, and Ford Duratorq 2.0i 16V TdCi engine test

stands at dosages of 100 mg/kg of fuel. Engines were operated in a manner that

simulates city driving conditions for a period of 10 h [12]. The cycling conditions

are presented in Table 10.2.

Not surprisingly, the performance results of these different compounds yielded

somewhat unique effects in the test engines. For example, the succinicimido-amide

compounds exhibited improved detergent properties on the Peugeot engine by

demonstrating less impact on air flow restriction. The Ford engine demonstrated a

decrease in particulate matter and smoke emission as well as lower fuel consump-

tion. Finally, the Fiat engine exhibited a small decrease in engine power [12]. The

results clearly highlight the need for real application testing to ensure optimal

product design and implementation.

10.2.3 Anti-static Additive for Fuels

The combustible nature of fuels, in air or oxygen, is well known. A contributing

factor to this behavior is their poor electrical conduction behavior which can result

in accumulation of charge and discharging of sparks in an unexpected manner. To

overcome these effects, the anti-static behavior of fuel is modified by additives

Table 10.2 Test conditions for diesel engines that simulate city driving [12]

Phase Time (s) Engine speed (RPM) Engine load (Nm)

1 30 1200� 30 10� 2

2 60 3000� 30 50� 2

3 60 1300� 30 35� 2

4 120 1850� 30 50� 2
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capable of enhancing the conductivity of the medium. An example of an anti-static

additive formulation is presented in Table 10.3.

Electrical conductivity measurements, using DIN Standard 51412-2 (Field

Method), enabled the experimental determination of anti-static properties for

the composition presented in Table 10.3. These results can be found in

Table 10.4.

In all of the fuels evaluated, the additive package is reported to demonstrate an

effective improvement to the electrical conductivity of the fuel, which enhances the

anti-static properties of the fuel. The poly(C20/24-olefin-co-maleic anhydride),

which was converted to imide with tallow fat-1,3-diaminopropane, is oil soluble.

Oil solubility is also an important property for effective activity and storage

stability. For these compounds, it has been suggested that the absence of nitrogen,

in this particular case imide functionality, would lead to a reduction or even total

loss of anti-static performance [14].

10.3 Biologically Active Compounds and Pharmaceutical

Compositions

10.3.1 Introduction

Maleic anhydride is employed in a wide variety of biological and pharmaceutical

applications. Beyond its highly versatile synthetic capabilities are some attractive

Table 10.3 Additive formulation for fuel anti-static composition [13]

Component Mass (wt%)

1-Decene-sulfur dioxide copolymer 21

Solvent naphtha heavy 54

Dodecylbenzenesulfonic acid 7

Poly(C20/24-olefin-co-maleic anhydride)

converted

to imide with tallow fat-1,3-diaminopropane

(Mw ~ 2000–5000 g/mol)

18

Table 10.4 Effect of anti-static additive package to the electrical conductivity of various fuels

[13]

Fuel sample (dosage in mg/L) Electrical conductivity (pS/m)

Commercial petroleum (3) 890

Commercial diesel fuel (3) 670

Commercial heating oil (3) 690

Commercial turbine fuel (1, 3, 5) 174, 750, 1275

Commercial turbine fuel (1, 3, 5) after 4 days storage 230, 735, 1205

Commercial hydraulic oil (130) 167
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inherent functional features. From an environmental perspective, for example, it is

not harmful to aquatic organisms, not bio-accumulative, and readily biodegradable

[15]. From a human perspective, the compound is harmful if swallowed and can be

a severe irritant but not considered a mutagen, carcinogen, and not expected or

anticipated to be a developmental toxic or reprotoxicity material for

reproduction [15].

Some compounds consisting of maleic anhydride have approved regulatory

status with the US Food and Drug Administration (FDA) for use in various

applications. For example, compounds such as pentaerythritol ester of maleic

anhydride-modified wood rosin have been approved under the Code of Federal

Regulations Title 21 (21 CFR):172.210 for use in coatings of fresh citrus fruit.

Another example is the approved use of styrene-maleic anhydride copolymers in

21 CFR Section 177.1820 Subpart B for use as basic components of single and

repeated use food contact surfaces. It is important to note that these materials must

also meet certain criteria for molecular weight, residual monomers, and extract-

ables to be suitable for such applications. A final example is the approved use of

polyvinylmethylether maleic anhydride (PVM-MA), acid copolymer, and carboxy-

methylcellulose sodium (NaCMC) denture adhesive in 21 CFR Section 872.3500

(Dental Devices) [16]. Given the inherent properties of maleic anhydride and the

regulatory familiarity of this compound, we will now examine a few more examples

in more detail.

10.3.2 Salt Formation

The formation of salts with pharmaceutically active compounds is a common

industrial practice. Salt formation with drug active compounds can result in solu-

bility modification. Enhancing drug active solubility is often critical to its efficacy

because many active compounds are, in fact, poorly water soluble. In addition, salt

formation enables the alteration of the drug active dissolution rate. Today, many

currently available US Federal Drug Administration (US FDA) drugs employ not

only this technical strategy, but utilize maleic anhydride chemistry in the salt-

forming compounds. Examples of such approved compounds are presented in

Table 10.5.

A few chemical structures for pharmaceutical salt compounds employing maleic

anhydride-based materials are presented in Fig. 10.3.

During the developmental stages, numerous salts are screened to develop

structure–property relationships, in the search for the most effective solid form of

the pharmaceutical active. An example of this effort has been reported for (1R, 2S)-

(�)-ephedrine salts. The generalized salt structure for this compound is presented in

Fig. 10.4.

Among the numerous ephedrine compounds that were evaluated in crystalliza-

tion experiments are combinations of maleic acid, fumaric acid, and succinic acid.

Interestingly, only maleic and succinic acid were capable of forming a crystalline
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salt structure. Note that the succinic acid formed a disordered structure via crystal-

lization from an amorphous phase. The researchers point out that the experimental

conditions are critical in such crystallization experiments and highlight that

stoichiometry for diacids along with water content are especially important.

Table 10.5 US FDA approved pharmaceutical compounds that employ salt formation technology

derived from maleic anhydride [17]

Type of administration Pharmaceutical compound Salt former

Intravenous Methylergonovine-hydrogenmaleate Maleate

Oral Timolol-hydrogenmaleate Maleate

Oral Desvenlafaxine-hydrogensuccinate Succinate

Oral Loxapine-hemisuccinate Succinate

Oral Bisoprolol-fumarate Fumarate

Intravenous Ibutilide-fumarate Fumarate

Fig. 10.3 Pharmaceutical salt compounds employing maleic anhydride based materials [18–20]
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Experimentally determined physical properties of various salts are presented in

Table 10.6.

Results presented in Table 10.6 clearly demonstrate the wide variety of physical

properties that are possible when forming different salt structures with biologically

active compounds. Compounds can change from low melting materials to high

melting, or even not exhibit melting behavior. While the salt structures examined in

both cases exhibit lower pH, their respective solubility notably differs by a factor of

two. This result is a significant observation and clearly reinforces the need to assess

active salt structures in a careful systematic manner.

10.3.3 Organophosphates

Malathion is another biologically active material that is made from a maleic

anhydride derivative, diethylmaleate or diethyl fumarate. It is classified as an

organophosphate. The general synthetic approach to producing Malathion is

presented in Scheme 10.5.

This broad-spectrum insecticide is used to control mosquito, boll weevil, and

fruit fly insects in both agricultural and residential environments. In addition, it is

also used to control head lice as delivered by shampoo [23]. The physical properties

of Malathion are interesting and presented in Table 10.7.

NH2
CH3

OH

CH3

A

Fig. 10.4 Generalized (1R, 2S)-(�)-ephedrine salt structure [21]. Reprinted with permission from

the Journal of Pharmaceutical Sciences, 96, 5, Black, S.N.; Collier, E.A.; Davey, R.J.; Roberts, R.

J., “Structure, Solubility, Screening, and Synthesis of Molecular Salts,” pages 1053–1068. Copy-

right 2007 John Wiley and Sons

Table 10.6 Selected properties of ephedrine salt compounds

Compound Tm (�C)
ΔHm

(kcal/M)

Density

(g/cm3)

Solubility (mol

(ephedrine)/L) pH

Ephedrine 34.7 2.86 1.114 0.345 11.52

Ephedrine-maleate

monohydrate salt

Hydrate Hydrate 1.273 3.792 3.41

Ephedrine-HCl salt 217 8.7 1.229 1.601 3.18

Adapted with permission from the Journal of Pharmaceutical Sciences, 96, 5, Black, S.N.; Collier,

E.A.; Davey, R.J.; Roberts, R.J., “Structure, Solubility, Screening, and Synthesis of Molecular

Salts,” pages 1053–1068. Copyright 2007 John Wiley and Sons
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Malathion was first developed in the early 1950s [25]. Yet, it still receives

attention today in efforts to improve product quality. It has been reported that the

storage instability of Malathion, where temperatures �40 �C, can increase the

toxicity of the material. This effect has been attributed to an increase in

isomalathion content [22]. The chemical structure for isomalathion is presented in

Fig. 10.5.

By reducing not only isomalathion, but other impurities, through new synthetic

and purification approaches, has resulted in improved storage stability. These

developments have enabled less hazardous materials to be deployed in pharma-

ceutical formulations, such as lotions, gels, and creams [22].

10.3.4 Polymer-Enhanced Active Compounds

An important derivative of maleic anhydride is succinic anhydride. While it is the

case that succinic acid can be produced by bacterial fermentation, it is mostly

O
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H3CO
SH

OCH3

O

O

O

H

OP
SH3CO
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Scheme 10.5 Chemical preparation of Malathion [22]

Table 10.7 Physical properties of Malathion (adapted from [23, 24]

Property Result

Form Liquid

Odor Skunk or garlic odor

Vapor pressure (mmHg at 25 �C) 1.78� 10�4

Octanol/water partition coefficient (log Kow) at

25 �C
2.7

Solubility in water (mg/L) 145

Boiling point (�C) No value determined due to decomposition at

174 �C

P
OH3CS

S
H3CO

O

O

O

H

O

Fig. 10.5 Chemical structure of isomalathion [22]
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produced via catalytic hydrogenation of maleic anhydride [26–28]. Succinic acid is

often employed to add important functionality to polymeric materials. One exam-

ple, which is found in pharmaceutical applications, is hydroxypropyl methyl cellu-

lose acetate succinate (HPMS-AS). HPMC-AS was specifically developed as an

enteric coating polymer. An enteric coating provides for a protective layer to a

product, such as a pill or tablet, enabling the product to pass through the stomach

unaffected but designed to deliver the product in the intestinal tract. The general

chemical structure for HPMC-AS is presented in Fig. 10.6.

The key elements of the HPMC-AS structure include a cellulosic ether deri-

vative containing mixed esters of acidic succinyl and aliphatic monoacyl moieties.

This composition results in enteric coatings that exhibit increased flexibility with-

out the use of large quantities of plasticizers, dosage forms that exhibit less tack and

less tendency for adhering to each other, and coatings that are chemically and

physically stable under the influence of moisture over time [30]. Recently, there has

been much patent activity in compositional modification of HPMC-AS, illustrating

the effect of structure variations (i.e., degree of substitution and molecular weight)

on key performance characteristics [31–33].

A popular use of HPMC-AS is in the preparation of pharmaceutical spray-dried

dispersions (SDD). Solubility and bioavailability of active compounds, a critical

attribute in pharmacology, as illustrated by commercial importance of salt forma-

tion as discussed previously, can also be enhanced by spray-dried solid amorphous

dispersion processes. In the SDD process, typically the active compounds and the

Fig. 10.6 General chemical structure for HPMC-AS [29]
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polymer are dissolved in solvent (i.e., methanol or acetone) and then pumped into

an atomizer to be spray dried. The conditions for this process are selected to enable

the trapping of the active compound in an amorphous form, which enhances the

solubility of the active compound relative to its crystalline analog [34]. An example

of the enhancement to bioavailability is presented in Fig. 10.7.

Figure 10.7 presents results of a dissolution study for Itraconazole for materials

prepared by SDD or in a bulk, crystalline form via micro-centrifuge dissolution at

37 �C. Itraconazole active compounds are used to treat fungal infections in the lungs

that can spread throughout the body [35]. As these results illustrate, the bulk, crystalline

active compound exhibits very little solubility. HPMC-AS significantly enhances the

solubility of this compound. Importantly, the chemical structure of the polymer is

critical to this solubility behavior and can yield a wide array of solubility behaviors.

In this particular example, HPMC-AS-LG (aka: Shin Etsu’s AQOAT® ) resulted in the

highest solubility. This grade corresponds to a granular (“G”) material containing a

methoxyl content of 20.0–24.0, a hydroxypropoxyl content of 5.0–9.0, an acetyl content

of 5.0–9.0, and a succinoyl content of 14.0–18.0 [32]. Note that these results will vary,

sometimes strongly, depending on factors such as chemical composition of the active

compound, polymer structure, SDD process conditions, and formulary strategy.

In 2012, the FDA approved a new cystic fibrosis (CF) treatment called Kalydeco®.

This is the first drug targeting the root cause of CF, by improving the function of the

defective protein, CFTR [36]. The active compound in Kalydeco® is N-(2,4-di-tert-
butyl-5-hydroxyphenyl)-1,4-dihydro-4-oxoquinoline-3-carboxamide, N-[2,4-bis(l,
l-dimethylethyl)-5-hydroxyphenyl]-l,4-dihydro-4-oxoquinoline-3-carboxamide, or

ivacaftor. The chemical structure for this compound is presented in Fig. 10.8.
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Fig. 10.7 Solubility of various forms of Itraconazole [32]
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Ivacaftor is practically insoluble in water (<0.05 μg/mL). The oral solid tablet

comprises colloidal silicon dioxide, hydroxypropyl methyl cellulose acetate succi-

nate or hypromellose acetate succinate HPMC-AS, sodium croscarmellose, lactose

monohydrate, magnesium stearate, microcrystalline cellulose, and sodium lauryl

sulfate [38]. The tablet is also coated and printed on by other chemical components

that are beyond the focus of this discussion. In preparing this tablet, an intermediate

SDD composition is prepared. An example of this composition is presented in

Table 10.8.

The mixture presented in Table 10.8 is allowed to mix at ~23 �C until it

becomes homogeneous and all components have dissolved. Then this mixture is

presented to a Niro Mobile Minor Spray Drier equipped with an extended cham-

ber and a two-fluid atomizer (1.3 mm) under processing conditions presented in

Table 10.9.

Once the SDD composition is prepared, it is then blended with microcrystalline

cellulose, lactose, sodium croscarmellose, SLS, colloidal silicon dioxide, and

magnesium strearate and dry mixed and sieved until thoroughly mixed. This

mixture is then presented to a mechanical tablet press for producing the final

tablet product form [37]. From this point the tablet is then coated and marked prior

to distribution to doctors and patients. The commercial product may have a

different formulation and product route than the prior discussion; a 150 mg oral

dose to healthy patients achieves the peak plasma concentration in approximately

4 h [38].

H
N

H
N

OH

OO

Fig. 10.8 The chemical structure for N-[2,4-bis(l,l-dimethylethyl)-5-hydroxyphenyl]-l,4-

dihydro-4-oxoquinoline-3-carboxamide or ivacaftor [37, 38]

Table 10.8 SDD ingredients for pre-tablet manufacture of N-[2,4-bis(l,l-dimethylethyl)-5-

hydroxyphenyl]-l,4-dihydro-4-oxoquinoline-3-carboxamide or ivacaftor [37]

Ingredient Mass (kg)

N-[2,4-bis(l,l-dimethylethyl)-5-

hydroxyphenyl]-l,4-dihydro-4-oxoquinoline-

3-carboxamide or ivacaftor

9.00

HPMC-AS 8.91

Sodium lauryl sulfate (SLS) 0.09

MEK 64.80

Water 7.20
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10.4 Microencapsulation

Microencapsulation describes a process where small particles, comprised of a

liquid, solid, or gas “payload,” are encapsulated, or surface coated, with a thin

film. There are numerous excellent reviews on this technology [39]. The process

employed to microencapsulate the payload will dictate the form of the final

microencapsulated particle. Some of the classic microencapsulated particle forms

are core-shell, multi-core, or multi-shell in structure. Maleic anhydride can have a

role in the payload and thin film surface coatings. For this part of the discussion, we

will focus on examples of various types of surface coatings that employ maleic

anhydride technology.

Octenyl succinic anhydride (OSA) starch is a well-established commercial

technology for microencapsulation coatings. The structure OSA starch is presented

in Scheme 10.6.

OSA is derived from maleic anhydride. Starches known to have been modified

by OSA include waxy maize, potato, barley, and rice [40]. A specific example of a

linear OSA-modified starch is HI-CAP® 100, a waxy maize-based compound, from

Ingredion [41, 42]. By incorporating the OSA functionality to starch, the molecule

becomes amphiphilic, comprised of both hydrophilic and hydrophobic regions, and

Scheme 10.6 Structure of OSA-modified starches [40]. Reprinted from Carbohydrate Polymers,
Volume 92 (1), Sweedman, M.C.; Tizzotti, M.J.; Schafer, C.; Gilbert, R.G., “Structure and

physicochemical properties of octenyl succinic anhydride modified starches: A review,” Pages

905–920, Copyright 2012, with permission from Elsevier

Table 10.9 Spray drying parameters for N-[2,4-bis(l,l-dimethylethyl)-5-hydroxyphenyl]-l,4-

dihydro-4-oxoquinoline-3-carboxamide or ivacaftor pre-tablet composition [37]

Processing parameter Result

Flow rate for atomizer (kg/h) 10.5

Spray solution flow rate (kg/h) 7

Temperature of inlet (�C) ~105

Temperature of outlet (�C) 40� 5

Temperature of vacuum dryer (�C) 55

Drying time in vacuum (h) 24
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exhibits surface active behavior. Various physical properties of HI-CAP® 100 are

presented in Table 10.10.

The intrinsic viscosity and Huggins parameter (k0) provide insight into the

polymer behavior in solution. They are determined from the classic Huggins

equation (10.1).

ηsp
c

¼ η½ � þ k0 η½ �2c ð10:1Þ

where ηsp is the specific viscosity, c is concentration, and k0 is the Huggins

coefficient. Interpreting the viscosity results, the Huggins parameter (k0 � 1) is

indicative of a tendency of the polymer to aggregate and self-associate [47]. In

other words, the polymer prefers itself as opposed to the surrounding water

medium. This is an important effect for microencapsulation, especially for flavor,

fragrances, and oil encapsulated products.

OSA-modified starch is generally employed to emulsify an oil and/or fra-

grance in water, followed by a spray-drying process. As starting point for the

encapsulation of a flavor, 30% (wt%) of HI-CAP® 100 is mixed with 5% (wt%)

flavor oil, the balance of this mixture being water. The oil is emulsified using a

colloidal mill, homogenizer, or blender and then spray dried [41]. The flavor oil

transitions to the “payload,” with the OSA-modified starch traveling to the oil–

water interface and effectively coating the surface of the oil. This approach was

used to encapsulate vanilla extract, a common flavor ingredient in food. A

scanning electron microscopic (SEM) image of the surface of a spray-dried,

HI-CAP® 100 encapsulated vanilla extract (5% ethanol content) is presented in

Fig. 10.9.

The encapsulated particle exhibits a smooth surface texture coupled with an

interesting dimpled surface. While this research actually found that vanilla extract

was more effectively encapsulated by another branched OSA-modified starch,

Capsul®, but both starches, which are based upon a maleic anhydride modification,

were capable of encapsulating the extract oil [42].

Beyond food ingredients, encapsulated products can be found in personal care

items, such as antiperspirant sticks. In a separate development, fragrance was

Table 10.10 Physical properties of HI-CAP® 100, OSA-modified starch (adapted from [41, 43])

Property Result

Intrinsic viscosity (100 cm3/g) (20 �C water) 0.1171

Huggins (k0) constant (20 �C water) 1.2864

Color White

Form Fine powder

Moisture 6%

pH 4

10 Application of Maleic Anhydride-Based Materials 593



encapsulated by HI-CAP® 100 and poly(vinyl pyrrolidone) (PVP K-30). The

specific encapsulation formulation is presented in Table 10.11.

To prepare the capsule solution, the fragrance and OSA-modified starch are

throughly mixed. In a separate container the PVP and silica are mixed, forming the

silica capsule slurry. This slurry is then added to the previously formed fragrance

emulsion and continuously mixed until spray dried [44]. Particles prepared by this

process will exhibit a structure similar to Fig. 10.10.

These encapsulated particles normally exhibit a centrally located air pocket

surrounded by large hole-type structures. In this study, consumer panel testing

found that formulating this type of encapsulated fragrance into an antiperspirant

stick base resulted in improved fragrance intensity [44].

Fig. 10.9 SEM image obtained from S2 samples of HI-CAP® 100 with the addition of 5% vanilla

extract (1000�) [42]. Reprinted from Journal Food Research, Rodriguez, S.D.; Wilderjans, T.F.;

Sosa, N.; Bernik, D.L., “Image Texture Analysis and Gas Sensor Array Studies Applied to Vanilla

Encapsulation by Octenyl Succinic Anhydride Starches,” 2, 2, pages 36–48, 2013 with permission

Table 10.11 HI-CAP® 100 fragrance capsule composition [44]

Ingredient Dry weight percent (%)

Water

HI-CAP® 100 41.5

Fragrance 25.0

Poly(vinyl pyrrolidone) (PVP) K-30 3.5

Silica capsule slurry 30.0
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10.5 Thermoplastics and Films

10.5.1 Molding

Many automotive applications employ thermoplastic resins. Parts such as side rear

view mirrors, front and rear bumpers, and fenders are often fabricated from

thermoplastic materials. Critical to the success of these components is their ability

to resist damage from impact, whether from rocks or other foreign objects. One

widely used class of thermoplastic resin is polyamides such as nylon 6. Polyamides

have a complex structure comprising amorphous and crystalline domains as a result

of the hydrogen bonding originating from the amide bond. These regions can be

adjusted by controlling the composition of the amide copolymer itself in addition to

blending with other copolymer materials. Critical to improving the toughness of

polyamides is the ability to form homogeneous dispersed phases within the poly-

amide resin, particularly dispersed phases that can react with the functional ends,

such as the –NH2 groups, of the polyamide resin. These materials can help to ensure

good adhesion between the interface of the dispersed phase and the matrix resin as

well as enhancing the quality of the dispersed phase. Examples of effective dis-

persed phases often incorporate reactive functionalities, such as maleic anhydride

and acrylic acid, which can covalently bond the dispersed phase to the polyamide

matrix resin. Additionally, these materials enhance the dispersion of other

nonreactive materials, such as linear low-density polyethylene and very

low-density polyethylene, and poly(ethylene-co-vinyl acetate) materials [45]. In

the first example, the impact modifier is comprised of poly(ethylene-co-butyl

Fig. 10.10 Fragrance encapsulated by HI-CAP® 100, an OSA-modified starch [44]
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acrylate-co-maleic anhydride (3 wt%)) (i.e., Lotader® 3410 from Arkema) and

mono-functional –NH2 polyamide 6, Irgafos® 168 (Ciba, stabilizer). Irganox®

1098 (Ciba, antioxidant) is then added to these components, extruded at

240–280 �C, and pelletized. This composition is then added to low-density poly-

ethylene by compounding and further dry blended with a polyolefin elastomer

(density 0.87 g/cm3) (Engage® 8200) from Dow Chemical Company to be injection

molded. In a second example, the impact modifier is poly(ethylene-co-ethyl
acrylate-co-maleic anhydride (1.5 wt%)) (Lotader® 4700 from Arkema). In the

third example, the impact modifier is poly(ethylene-co-octene)-graft(g)-maleic

anhydride (Fusabond® MN493D from DuPont). The physical properties of this

injection molded compositions are presented in Table 10.12.

In examining the experimental results presented in Table 10.12, the polyamide-

block graft copolymer (Example 1) demonstrated a significant improved in Charpy

Impact at 23 �C and �40 �C when compared to the impact modifier (Example 2).

Interestingly, results for Example 3 exhibit a similar Charpy Impact, but the melt

flow index is reduced which is not ideal for thin and large size objects produced by

injection molding. The polyamide-block graft copolymer, which employs an

imidization approach to maleic anhydride, provides the most effective route to

the impact-resistant polyamide [45].

In another thermoplastic process called roto-molding, or rotational molding, a

multi-layer thermoplastic tank can be prepared using maleic anhydride grafted

materials to improve the adhesion characteristics between the thermoplastic layers.

In a one-shot approach, the thermoplastic, outer layer is added into the mold at the

same time as the inner layer thermoplastic. However, the inner layer thermoplastic

is encapsulated in a thermoplastic bag to physically separate the two thermoplastics

until a desired temperature is achieved which enables the thermoplastic bag to melt

and enable the inner layer thermoplastic to coat the inside of the mold. In one

example, a blend of medium-density polyethylene and polyethylene grafted with

maleic anhydride is added into a roto-mold. To this system, polyamide

11 (Tm¼ 190 �C) encapsulated in a 5 mil thick copolyamide (poly(adipic acid-co-
hexamethylene diamine-co-lactam 6-co-lactam 12) bag is added. The bag film

exhibits a melting temperature of 150–155 �C. The roto-mold oven temperature is

set to 300 �C and an internal air temperature of 215 �C is employed for polyamide

6 materials. Upon heating, the polyethylene materials melt, first coating the inside

of the mold. Once the internal air temperature of ~150 �C is achieved, the poly-

amide bag melts enabling the polyamide 11 to begin melting and coating the mold.

Table 10.12 Physical properties of injection molded impact resistant polyamide [45]

Example

Pressure

head (bar)

Melt flow index

(235 �C, 2.16 kg)

Notched Charpy

Impact at 23 �C (kJ/m2)

Notched Charpy

Impact at �40 �C
(kJ/m2)

1 14 8.7 78 25

2 15 5 47 10

3 17 5.8 99 25
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Once cooled, in examining the tank, excellent separation between the layers was

observed, with no apparent mixing between the polyethylene and polyamide. This

tank also exhibited excellent interlayer adhesion [46].

Another process developed to improve interfacial adhesion performance

between polyethylene and fluorinated thermoplastics does not employ a bag ele-

ment in the roto-molding process. In one example, a blend of polyethylene

(density¼ 0.940 g/cc) and poly(ethylene-co-methyl acrylate-co-glycidyl meth-

acrylate) is added to a roto-mold and heated using an oven temperature of

300 �C. This step enables the polyethylene resin to become fluid and form the

first layer on the inside of the mold. When the internal air temperature reaches

130–170 �C, the 5000 ppm maleic anhydride grafted PVDF is added to the roto-

mold. Mixing is continued until the internal air temperature reaches 210–235 �C.
The outside of the roto-mold is then cooled with an air/water mist combination to

solidify the polyethylene layer prior to the PVDF layer. The result is a two-layer

tank, the outer layer being polyethylene based and the internal layer PVDF based,

with good adhesion between the two layers. Interestingly, the order of addition for

the functionalized polyethylene and PVDF resins is not specific. If this process is

repeated, but without the functionalized polyethylene and PVDF thermoplastics,

then no adhesion between these materials is displayed [47].

10.5.2 Tubing

Thermoplastic resins are used in tubing applications to transfer fluids and gases in

fields such as automotive, medical, municipal, and oil and gas. In many cases,

multiple layers of thermoplastic resin are required in order to provide a sufficient

barrier for the materials to be conveyed in the tubing.

In automotive applications, for example, polyamide resins find wide utility due

to a number of excellent physical attributes. Among these attributes are mechanical

strength, toughness, abrasion resistance, chemical resistance (i.e., gasoline resis-

tant), electrical insulative, and arc resistance properties. However, polyamide resins

used in automotive tubing and hose applications have been limited due to rubber

compatibility, flexibility, viscosity, and processability challenges coupled with low

impact resistance at low temperatures, poor appearance, and high price. In devel-

oping an improved polyamide thermoplastic system, ethylene/propylene/diene

monomer (EPDM) rubber grafted with maleic anhydride was employed to develop

a more suitable automotive tube. Specifically, nylon-6, EPDM-g-maleic anhydride,

sulfonamide plasticizer (i.e., o,p-toluenesulfonamide), caprolactam (plasticizer),

ethylene-co-vinyl acetate (EVA) resin, thickener (i.e., styrene/maleic anhydride

copolymer), and carbon black were dry blended followed by melt-kneading at

240 �C, pelletized, and twice dried at 70–90 �C and then processed in an extruder.

This composition was then compared to a similar construct fashioned with nitrile

rubber. These compositions are described in detail in Table 10.13. The physical

properties of these two compositions are presented in Table 10.14.

10 Application of Maleic Anhydride-Based Materials 597



In comparing the physical properties of the two tubing compounds, the compo-

sition fashioned from EPDM-g-maleic anhydride exhibits comparative tensile

strength and modulus behavior. Interestingly, this composition is tougher, as

reflected in the improved elongation and low-temperature impact strength. In

further testing of these materials, these compositions were immersed in gasoline

at 50 �C for up to 96 h and then the physical properties reevaluated. Under these

harsh conditions, Example 1 exhibited generally superior flexural properties (i.e.,

flexural strength and modulus) in addition to similar oil adsorption properties.

Generally, the appearance of the EPDM-g-maleic anhydride composition was

better [48].

In another approach to improving the barrier resistance of tubes and hoses

constructed from polyamides is to couple to a layer of metal (i.e., aluminum).

While sputtering techniques are known for applying metal to plastics surfaces, it

does not enhance the barrier properties or impermeability behavior. To improve

such properties, foil laminate structures are preferred for such objects as fuel tanks,

hoses, and gas rails. To enhance the adhesion between these two dissimilar surfaces,

olefin grafted with maleic anhydride is employed. To test the laminate strength, a

laminate structure is prepared in the following order: 4 in. diameter (1/8 in. thick)

discs of nylon 6,6 (Zytel® 101 NC0101 from DuPont), a layer of adhesive film,

aluminum foil, a second layer of the same adhesive film, and nylon 6,6. The

assembly is placed into an 180 �C press and 10,000 psi is applied for 5 min. The

assembly is removed and cooled. These samples are then cut into 1 in. squares and

strength tested and fuel resistance tested. In an example where the adhesive film

layer was high-density polyethylene grafted with maleic anhydride (Bynel® 4003

from DuPont), superior laminate strength and fuel resistance properties are

observed. Interestingly, while low-density polyethylene was found to be inferior

Table 10.13 Polyamide tubing for automotive for fuel tubing [48]

Example

Nylon

6 Caprolactam

EPDM-

g-MA

Nitrile

rubber Sulfonamide Thickener EVA

Master

batch of

Carbon

Black

1 53.3 8.0 30.0 NA 1.5 0.2 5.0 2.0

2 60.0 8.0 NA 30.0 NA NA NA 2.0

Table 10.14 Physical properties of polyamide tubing for automotive for fuel tubing [48]

Example

Melt index

(g/10 min)

Tensile

strength

(kg/cm2)

Elongation

(%)

Flexural

strength

(kg/cm2)

Flexural

modulus

(kg/cm2)

Impact Strength

(kg cm/cm)

Appearance

Extrusion

behavior

23 �C
(left)

40 �C
(right)

1 0.8 400 290 210 5100 No

break

27.6 Excellent Excellent

2 1.1 400 200 210 4750 No

break

10.5 Not

uniform

Excellent
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in both laminate strength and fuel resistance, EPDM elastomer grafted with maleic

anhydride was also inferior to fuel resistance despite exhibiting good laminate

strength properties [49]. The results highlight the importance of not only the grafted

maleic anhydride but also the importance of the base thermoplastic capability to

resist the fluid medium.

In municipal applications, thermoplastic tubing is used for transporting water

and natural gas. In these applications, the materials need to be resistant to aggres-

sive chemicals, such as chlorinated chemicals (i.e., bleach) and ozone, in addition to

being capable of withstanding pressure, sometimes >10 bar. Some chemical addi-

tives can be especially damaging to the tubing. To overcome this damage, multi-

walled tubing is often deployed to enable the tubing to become more chemically

resistant [50]. An example of a suitable construction is presented in Fig. 10.11.

In Fig. 10.11, the first layer (1) is a fluoropolymer that is covered by a radiation

grafted fluoropolymer layer (2). The next layer (3) is an adhesion layer which is

then covered by polyolefin layer (4). Another adhesion tie layer (5) follows which is

covered by a gas barrier (6) layer. Covering the gas barrier is another adhesion tie

layer (7) with a final outer layer of polyolefin (8). In one example of construction,

KYNAR® PVDF is modified by radiation grafting of maleic anhydride. The PVDF

and maleic anhydride are blended and coextruded at 230 �C at 150 RPM with a

throughput of 10 kg/h. The extrudate is then irradiated with gamma radiation by

exposing to Co60 to 3 Mrad for 17 h which yielded a grafting content of 1%, as

determined by infrared spectroscopy. The PVDF-g-maleic anhydride (1) is covered

by Lotader® AX 8840 (8% glycidyl methacrylate/92% ethylene) (3), which

Fig. 10.11 Multi-walled pipe suitable for transporting water or gas [50]
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performed as the adhesive tie layer, and finally covered by XPE (i.e., BorPEX

ME2510, a silane cross-linked olefin using MB 51 to accelerate the moisture-

induced cross-linking reaction) to achieve the final cross-linked polyolefin outer

layer [50].

In oil and gas applications, several different tubing approaches are employed

which utilize thermoplastic resins. In the first example, thermoplastic resins are

used to protect oil and gas pipelines from corrosion [51]. In this application, a multi-

walled tube is constructed which is depicted in Fig. 10.12.

In Fig. 10.12, a hollow metal tube is depicted as (1). The hollow metal tube is

covered with an epoxy resin (3), followed by a binder layer (5), and then covered by

a layer of olefin (7). Critically, these layers must exhibit excellent adhesion at high

temperatures (80 �C). To fabricate this structure, the metal tubing is heated to

195 �C and then an epoxy resin is spray applied to the hot metal surface. The epoxy

quickly forms a gel. An adhesive binder composition is then applied to this epoxy

gel. To prepare the olefin binder, a mixture of linear low-density polyethylene

(LLDPE) (density¼ 0.934 and 0.920) is coextruded in the presence of maleic

anhydride [1.5% (wt)] and free radical initiator (2,5-di(t-butylperoxy)-2,5-

dimethyl hexane (Luperox® 101). This process enables the maleic anhydride to

graft to polyethylene extrudate. To this extrudate, additional polyethylene

(density¼ 0.934) and poly(ethylene-co-butyl acrylate) (Lotryl® 30BA02) are

mixed and coextruded into a film. This film is then applied to the hot epoxy coated

pipe. Finally, a 3 mm thick layer of high-density polyethylene is applied by rolling

to the binder layer. The tube is then cooled to room temperature with water and

prepared for testing or use. In peel strength testing, this approach enabled excellent

room temperature and 80 �C adhesive protective layers to be formed onto the metal

pipe [51].

Fig. 10.12 Multi-walled tubing structure for oil and gas pipelines [51]
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The ability of thermoplastic materials to replace steel and iron piping is increas-

ing along with continued evolution of their performance properties. In another

approach to manufacturing a thermoplastic, flexible pipe, maleic anhydride grafted

thermoplastic resins are deployed to improve the overall performance of the flexible

pipe. A schematic of the composite pipe is presented in Fig. 10.13.

Figure 10.13a provides for a cross-sectional view of the flexible pipe (1). The

interlocked tube (3) is fashioned from stainless steel configured in an “S” shape and

interlocked so as to provide flexibility to the pipe. A resin layer (5) is covering the

interlocked steel (3) which can comprise polyamide (nylon) or PVDF, depending

on the ultimate service temperature of the pipe. Covering this layer is an optional

seat layer (13), comprised of nonwoven fabric to provide a cushion for the uneven

layer below. An internal-pressure-resistant layer (7) is provided by metal tapes,

possessing a C or Z shape cross section for interlocking purposes. The yield

strength of these metallic tapes is ~1000 MPa. An axial-force reinforcement layer

(9) is provided for by reinforcing strips (15) and provides a long pitch and

deformable behavior with the flexibility of the interlocked tube. In Fig. 10.13c,

the reinforcing strip (30) provides a closer detailed view where resin layers (31) and

(33) form the outer layer of the strip body (17). Layer (31) comprises more adhesive

power than (33) to prevent exfoliation between layers (31) and the strip body (17).

Fig. 10.13 Diagram of flexible tube for fluid transport [52]
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To achieve this enhanced adhesion, maleic anhydride-modified polyethylene,

maleic anhydride-modified polypropylene, and maleic anhydride-modified ethyl-

ene-vinyl acetate copolymers are preferred. Likewise, for PVDF systems, preferred

adhesive enhancements are achieved with maleic anhydride-modified

polyvinylidene fluoride and maleic anhydride-modified ethylene-tetrafluoro-

ethylene (ETFE) copolymers. For polyamide systems, dimer acid-based poly-

amides are the preferred adhesion enhancement agents [52]. In assessing the

adhesive performance, maleic anhydride-modified resins were found to exhibit

good peel strength properties coupled with good corrosion resistance. Both of

these properties are critical to flexible pipes, which can be several kilometers in

length.

10.5.3 Films

Thermoplastic films are deployed in a wide variety of applications, ranging from

safety, security, and medical films to specially designed packaging materials. There

are many processes employed to produce these materials, from extrusion and blown

film to extrusion coating and thermoforming. Additionally, these films can be

composite in construction, incorporating fiber and other fillers to provide the correct

physical properties for the application. We will focus on the application of maleic

anhydride in two particular film application spaces: air bag (safety) films and

packaging films.

10.5.3.1 Airbags

Since the passage of the Intermodal Surface Transportation Efficiency Act (ISTEA)

(P.L. 102-240) in 1991, 100% of passenger vehicles produced in 1998 model year

were required to have airbags to protect vehicle passengers [53]. Typically, airbags

are constructed out of synthetic fabrics, such as nylon, polyester, polyethylene,

polyaramid, and a barrier film to provide an airtight seal during inflation. This

construction enables a flexible laminate bag structure suitable for folding, rapid

unfolding, and human impact at high vehicle speed. Critical to the performance of

an airbag is the adhesive strength of the lamination film, coupled with permeability,

flexibility, thickness, and overall strength of the laminated film [54].

Of particular utility in airbags is polyolefin film, because it exhibits low perme-

ability, has excellent adhesive properties, and is economical. To achieve the

required adhesive properties, an adhesive layer consisting of polyolefin grafted

with maleic anhydride is employed, for example, poly(ethylene-block(b)-octene)
grafted with 0.8 wt% maleic anhydride which exhibits a peak melting temperature

of 120 �C and a Tg of �60 �C. The maleic anhydride grafted copolymer is blended

with two un-grafted polyolefins, a poly(ethylene-b-octene) (a peak melting temper-

ature of 120 �C and Tg of �60 �C) and low-density polyethylene (a peak melting
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temperature of 108 �C). These materials are extruded into a strand and then

pelletized. Then these pellets are processed on a blown film extrusion line, operat-

ing to produce a two-layer polyolefin film 50 microns thick. The barrier layer #1 is a

polypropylene film and the adhesive layer #2 is comprised of the three thermo-

plastics described above. This two-layer film is then laminated to nylon fabric by

fusing sheets of nylon fabric and the two-layer polyolefin film between two moving

belts at 160–177 �C for 30 s at 30 psi [54]. Physical test results on these complex

structures are presented in Table 10.15.

In a second approach to producing an airbag structure, a barrier layer consisting

of several un-grafted polyolefins is employed. For example, poly(propylene-co-
ethylene) is blended with an un-grafted polyolefin, a poly(propylene) (a peak

melting temperature of 160 �C). These materials are extruded into a strand and

then pelletized. The pellets are processed on blown film extrusion line, operating to

produce a two-layer polyolefin film 50 microns thick. The barrier layer #1 is a

polypropylene film and the adhesive layer #2 is comprised of poly(ethylene-b-
octene) grafted with 0.8 wt% maleic anhydride. This two-layer film is then lami-

nated to nylon fabric by fusing sheets of nylon fabric and the two-layer polyolefin

film between two moving belts at 160–177 �C for 30 s at 30 psi [55]. Physical test

results on these complex structures are presented in Table 10.15.

Not surprisingly, results presented in Table 10.15 illustrate that while the maleic

anhydride grafting enables the construction of an airbag composite film, the airbag

can be fabricated out of an adhesive layer comprised solely of maleic anhydride

grafted polyolefin or grafted olefin blends with un-grafted olefin.

10.5.3.2 Tamper Evident Products

Tamper evident, secure films are employed in applications ranging from letter and

envelope films to labels for pharmaceutical containers and expensive electronic

items. In many cases, these films are composite structures that reveal messages or

other indications of changes to indicate counterfeiting and/or tampering of the

article [56].

To structure secure films, composite films of different peel strengths are often

employed. A schematic of a complex, tamper evident multilayer film structure is

presented in Fig. 10.14.

In Fig. 10.14, the composite film (10) is comprised of the first film layer (12), a

second film layer (14), and a third film layer (16). In designing this composite film

Table 10.15 Physical properties of polyolefin film/nylon fabric airbag structure [54, 55]

Example

Ratio of

barrier film to

adhesive film

Adhesive

film melt

temperature

(�C)

Film

density

(g/cm3)

Film

thickness

(microns)

Maleic

anhydride

(g/m2) Permeability

Peel

failure

mode

1 30/70 120 0.903 50 0.054 0.020 Cohesive

2 30/70 120 0.903 50 0.051 0.020 Cohesive
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structure, de-lamination strategies to indicate an improper use are designed such

that layer (12) preferentially de-laminates from layer (14) or, alternatively, layer

(12) and layer (16) can delaminate from layer (14). In one example, layers (12 and

16) are comprised of polyethylene terephthalate (PET) film. The middle layer (14)

is comprised of mixture of low-density polyethylene and poly(ethylene-co-methyl

acrylate-co-maleic anhydride (0.3 wt%)). In a second example, the middle layer

(14) is comprised of mixture of low-density polyethylene and poly(ethylene-co-
butyl acrylate-co-maleic anhydride (3.1 wt%)). For comparison, a third film was

constructed where the middle layer (14) was pure low-density polyethylene

[56]. Physical test results on these complex structures are presented in Table 10.16.

Interestingly, results presented in Table 10.16 exhibit a wide range of peel

strength properties, ultimately depending on the composition of the middle layer.

Consequently, in addition to adjusting the composition of this middle layer, the

thermoplastic film of the two outside layers can also be altered, resulting in many

different, customizable peel behavior possibilities.

10.5.3.3 Packaging

Flexible packaging films serve a variety of functions: gas and water barrier

(to enhance food preservation), sealing and weld-ability, re-tort-ability

(or hermetically sealed for long-term unrefrigerated storage), mechanical properties

Fig. 10.14 General cross section of a composite, tamper evident multilayer film structure [56]

Table 10.16 Physical properties of polyethylene terephthalate tamper evident films [56]

Sample

Average peel

strength (gf/in.)

Maximum peel

strength (gf/in.)

1 4.3 4.8

2 36.7 44.5

3 3.1 3.6
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sufficient to protect product from tampering, and visual appeal. The films can be

found in applications ranging from pharmaceutical wrappers, to candy bar wrap-

pers, microwave packages, potato chip bags, and flexible wine “bottles.” Because

of the wide variety of applications, coupled with stringent requirements by both

consumer food companies and governmental regulatory agencies, packaging film

specifications are typically complex multilayer structures to meet all requirements.

Perhaps the most common application for maleic anhydride in packaging is in

the tie layer, for its adhesion functionality. Maleic anhydride-modified polypropyl-

ene films are typically found as solvent-free extrusion tie layers. For example,

biaxially oriented polyamide film is coated with an aqueous primer layer of poly

(ethylene imine). To this poly(ethylene imine) layer an extrusion coated layer of

blended polypropylene grafted maleic anhydride is applied. Then a sealant layer of

polypropylene is applied to finalize the construction of the packaging film. The

resulting structure is inseparable in direct and soaking water tests and no delami-

nation is observed in re-tort testing [57].

Recently, the development of recyclable packaging films has accelerated, as

pressure to reduce pollution, reduce dependence on fossil fuels, and reduce accu-

mulation of waste increases. Toward that end, bio-renewable and biodegradable

polymers, derived from plant sources, have been developed to meet packaging

application requirements. For example, a tie-layer composition consisting of maleic

anhydride grafted onto poly(lactic acid), un-grafted poly(lactic acid), and poly

(ethylene-co-ethyl acrylate-co-maleic anhydride) was coextruded between film

layers of poly(lactic acid) and poly(ethylene-co-vinyl alcohol) [58]. This process
yielded a multilayer packaging structure containing significant amounts of

bio-renewable and biodegradable materials.

In fashioning blister packs, maleic anhydride grafted olefins, such as poly

(ethylene-g-maleic anhydride) and poly(ethylene-co-vinyl acetate-g-maleic anhy-

dride), are typically employed as tie layers between polyesters and polyvinylidene

chloride (PVDC) films. In a primary example of a composite film structure, a blend

of a copolyester of ethylene 1,2-cyclohexyldimethylene terephthlate (intrinsic

viscosity¼ 0.75 dL/g and 0.52 dL/g), poly(ethylene-co-vinyl acetate-g- maleic

anhydride (0.11 wt%)), a formulated polyvinylidene chloride consisting of magne-

sium hydroxide, a poly(ethylene-co-vinyl acetate-g- maleic anhydride (0.11 wt%)),

and a blended copolyester of ethylene 1,2-cyclohexyldimethylene terephthlate

(intrinsic viscosity¼ 0.75 dL/g and 0.52 dL/g) (first outer layer, first tie layer,

core layer, second tie layer, second outer layer, respectively) is structured. In a

second film structure example, a copolyester of ethylene

1,2-cyclohexyldimethylene terephthlate (intrinsic viscosity ¼ 0.73 dL/g), a poly

(ethylene-co-vinyl acetate-g- maleic anhydride (0.11 wt%)), a slightly different

formulated polyvinylidene chloride comprising (Ca, Mg, Al)(OH)2 SiO2 stabilizer,

a poly(ethylene-co-vinyl acetate-g- maleic anhydride (0.11 wt%)), a copolyester of

ethylene 1,2-cyclohexyldimethylene terephthlate (intrinsic viscosity¼ 0.73 dL/g)

(first outer layer, first tie layer, core layer, second tie layer, second outer layer,

respectively) are all structured. These complex film structures are then processed in

a blister pack line resulting in packages of dessicant silica, sealed with foil, for
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evaluating the effectiveness of the final assembly [59]. Testing results are presented

in Table 10.17.

Results presented in Table 10.17 illustrate that modest structural changes, such

as PVDC thickness, coupled with slight variations in extrusion formulations, such

as magnesium oxide thermal stabilizers, can lead to significant changes in film

appearance and performance. Specifically, the haze increases by a factor of two

while the water vapor transmission, oxygen transmission, and moisture vapor

transmission rate decrease by greater than a factor of two. These results are

indicative of a strong inter-relationship between the various performance capabil-

ities of each component.

Another approach to improving the barrier properties of packaging films is to

employ metalized surfaces. Particularly for applications that require good oxygen

barrier properties, it is common to employ thin layers of aluminum film. Generally,

polyolefin films poorly bind to metals due to the non-reactive surface. To enhance

the affinity of these materials towards metals, functional groups, such as maleic

anhydride, are grafted or copolymerized to the polyolefin. Grafting of the maleic

anhydride is the more economical route to functionalization of the polyolefin. To

demonstrate the utility of this approach, square film thermoplastic coupons

consisting of maleic anhydride grafted polyolefin are cut and then placed into a

vacuum chamber. Aluminum metal is then vacuum deposited to achieve a thickness

to 200 Å and used to form different packaging structures for testing purposes. To

test the aluminum metal adhesion, Nucrel® 903 film was heat sealed to the metalize

film at 135 �C and 40 psi for 0.5 s. Peel testing on the heat sealed film was then

performed. Experimental results demonstrated that the maleic anhydride grafted to

linear low-density polyethylene and very low-density polyethylene used as modi-

fiers in polypropylene compositions is an effective approach to developing good

bonding between the aluminum metal and the thermoplastic film [60].

Dielectrically heating thermoplastic films, also known as radio frequency

welding, is a common technique used to seal products inside of flexible packages.

This method is a noncontact method. Polyolefin films are insufficiently lossy to

permit efficient welding. Consequently, polyolefins must be formulated to enable

Table 10.17 Properties of multilayer blister packs [59]

Property Example 1 Example 2

Gauge, mil 10 10

Percent Haze 14.8 26.5

PVDC layer thickness, mil 0.9 2.3

Water vapor transmission rate (g/m2/day) 0.752 0.27

Oxygen transmission rate (cc/m2/day/atm) 1.353 0.48

Moisture vapor transmission rate (mg/day/blister) 1.12 0.42

Percent shrink �1.56 �1.0

Elmendorf tear, g 370 250

Modulus, kpsi 180 115

Yellowness index 6 6
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an appropriate response to high-frequency electromagnetic excitation. In one

approach, a zeolite is added, at a level of at least 5 wt%, to the polyolefin

formulation. For example, a polyolefin composition containing poly(ethylene-co-
octene) and polyethylene wax grafted with maleic anhydride is blended with

Purmol® 4 zeolite (Zeochem) and extruded into a 10 mil film. Using a Callanan

Radio Frequency Welder, output frequency of 27.12 MHz, Clayton set for 20, 90%

power, and a weld time of 4 s, weld strength of 9.6 pounds per inch is achievable

coupled with a characteristic cohesive failure. Using this approach, structures

ranging from inflatable toys, watercraft, furniture and awnings, tents, pool liners

are among the many articles that can be produced [61].

10.6 Water Treatment

10.6.1 Desalination of Seawater

Water is an essential part of life. In many arid regions of the planet, there is

insufficient freshwater reserve to support the human population. Consequently, to

supply freshwater to these regions, desalination of seawater has emerged as a

critical technology. One important seawater desalination process is known as

multistage flash (MSF) [62]. From the 1960s, where less than 10 plants were

operating, the technology has emerged to become the most commonly practiced

technology [62, 63]. A schematic of the MSF desalination process is presented in

Scheme 10.7.

The MSF desalination process is typically divided into three zones: Heating

Section, Heat Recovery Section, and Heat Rejection Section. Seawater is pumped

into the plant entering through condenser tubing in the heat rejection (cool side) of

the plant. Once through the heat rejection section, the seawater can be mixed with

brine discharge, directly discharged, and/or mixed with brine to enter the condenser

tubing in the heat recovery section. As the seawater progresses through the con-

denser tubing, under pressure, its temperature is progressively rising. Once the

seawater exits the condenser tubing in the heat recovery section, it enters the feed

water heater in the heating section of the plant. At this point, heat is applied to the

seawater with steam to achieve an elevated temperature, ranging from 90 �C to

115 �C. The hot seawater/brine solution is then forced back into the heat recovery

section, this time into a reduced pressure chamber, which can be up to 20 m wide

and 100 m long. The wide expanse of hot seawater/brine enables its partial

volatilization and condensation on overhead tubing discussed previously. The

condensate then collects in pans as freshwater to be pumped out of the plant for

use. As the seawater/brine cascades through the plant, from hot side to cool side,

seawater can be added to supplement the flow. Ultimately, the remaining seawater/

brine in the heat rejection section is pumped to discharge from the plant or

recirculated through the plant for more processing. A large-scale MSF desalination

plant can produce between 10,000 and 65,000 m3 of water per day [64].
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Key to successfully operating an MSF plant is the minimization of fouling.

Seawater is comprised of many elements that are more than capable of forming

scale. Additionally, with elevated temperature, pressure, and more concentrated

seawater solutions present, fouling must be controlled and minimized to limit

downtime in the production of valuable freshwater. Fouling is generally related to

two types of scales: alkaline (i.e., calcium carbonates and magnesium hydroxides)

and non-alkaline (i.e., calcium sulfates). To alleviate issues originating from these

scaling compounds, chemical additives are employed. These chemical additives

function by exhibiting an effect on at least one of three general properties: threshold

(solubility), crystallization behavior, and dispersion behavior. Interestingly, while

polyphosphates exhibit many of these properties, they are infrequently used

because they can yield thick sludge in MSF plants that is difficult to remove due

to strong adhesive properties to heat transfer surfaces [65].

A variety of water treatment polymers are prepared from maleic anhydride, in an

effort to prevent scale formation. As a class, they are commonly referred to as

maleates. Maleic anhydride’s vicinal carboxylic acid groups are excellent chelation
moieties for calcium, magnesium, and other metals commonly found in surface

waters in addition to being readily polymerizable with many other monomers. The

common polymer design strategies include compositional variation and polymer

architecture modification (i.e., molecular weight, co-monomer ratio, charge, etc. . .)
coupled with specific, target scaling salt [66]. Established examples of polymer

compositions include poly(maleic acid), poly(maleic acid-co-acrylic acid), poly

(maleic acid-co-sodium methallyl sulfonate), poly(maleic acid-co-acrylic acid-co-
acrylamide), poly(maleic acid-co-styrene sulfonic acid), and poly(maleic acid-co-
ethyl acrylate-co-vinyl acetate), to name but a few.

In one example of an industrial scale control polymer is poly(maleic acid) which

has been evaluated as an anti-foulant in the context of a seawater desalination

plant that employs multistage flash and multi-effect desalination processes

[65]. The physical properties of a commercial poly(maleic acid) product, known

as Belgard1 EV, are presented in Table 10.18.

In this study, calcium carbonate control was evaluated for control of deposits and

crystal growth inhibition. To evaluate the performance of this polymer, a test rig is

assembled to simulate deposition onto metal under suitable process conditions. As

schematic of this test rig is presented in Scheme 10.8.

To determine the effectiveness of chemical additives, synthetic seawater

containing calcium, magnesium, chloride, sodium, carbonate, sulfate, and

Table 10.18 Physical properties of Belgard1 EV, a poly(maleic acid) solution (from [67])

Property Result

Viscosity (at 25 �C) 10–25 cSt

Solids 30–60%

Relative density (at 20 �C) 1.16–1.19

pH value <2

Boiling point (�C) 100–102 @ 760 mm Hg

Partition coefficient (N-Octanol/Water) 0.73
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potassium in water which is pH adjusted to 8.6. To this solution, the polymeric

additive is added at 2 mg/L. This solution is pumped through a 316 stainless steel

capillary tube which coiled and heated to 90 �C in a water bath. The time for the

pressure to exhibit a change of 1 psi is determined. An increase in the length of

time indicates an improvement to the inhibition performance of the additive.

Using this test method, poly(maleic acid) was determined to be inferior for

deposition control. However, poly(maleic acid) exhibits excellent crystal growth

inhibition properties. Magnesium hydroxide control was marginal for poly

(maleic acid) as well as its dispersion properties for mixtures of calcium carbon-

ate and magnesium hydroxide scale. It was found to be excellent in inhibiting

calcium sulfate [65].

To improve the overall anti-fouling performance, an additive approach with

“enhanced maleates” incorporating both “polyacrylate and phosphonate”

technology was developed [65]. This strategy resulted in a significant improve-

ment in resistance to calcium carbonate deposition coupled with maintaining

the good crystal growth inhibition properties. These same trends were observed

for magnesium hydroxide as well. However, poly(maleic acid) continued

to demonstrate superior performance in calcium sulfate inhibition

[65]. Clearly, performance improvements can be realized by developing a clear

understanding of each components behavior in the context of a solid blending

design strategy.

SOLN 1 P.M.A.C UNIT SOLN 2 + ADDITIVE

MIXING CELL

WATER BATH

WASTE
TO

DRAIN

T8.15

P.S.I

CHART

RECORDER

COIL

P

O O O

Scheme 10.8 Calcium carbonate deposition test rig [65]. Reprinted from Desalination, 124, Patel,

S.; Finan, M.A., “New antifoulants for deposit control in MSF and MED plants,” pages 63–74,

Copyright 1999, with permission from Elsevier
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10.6.2 Oil Spill Dispersants

Given our dependence on crude oil, the risk of oil spills into or onto the Earth’s
surface waters continues to be a significant concern, especially, given that crude oil

is transported in large quantities in most regions of the globe. In recent times,

several significant oil spills can be easily recalled: Deepwater Horizon [Gulf of

Mexico (2010)], Amoco Cadiz [Off Brittany, France (1978)], Exxon Valdez

[Alaska (1989)], and Kuwait [Gulf War (1991)] [68]. In many of these catastrophes,

dispersants were applied to the oil slicks to help clean up and minimize the long-

term effects on the shore-line, animals, and the environment.

In the specific case of the Deepwater Horizon event, the US EPA received

notification from BP that the dispersant Corexit® EC9500A would be applied to

the oil spill, from the surface and subsurface, in an effort to minimize the environ-

mental damage and disperse the oil plume [69]. The disclosed information of Nalco’s
Corexit® 9500 ingredients, and their common use, is presented in Table 10.19. The

physical properties of Corexit® EC9500A are presented in Table 10.20.

An important component to Corexit® 9500 is butanedioic acid, 2-sulfo-, 1,4-bis

(2-ethylhexyl) ester, sodium salt (1:1), which is derived from maleic anhydride.

This compound is also known as AOT, Aerosol® OT, bis(2-ethylhexyl)

sulfosuccinate sodium salt, DOSS, and docusate sodium. A chemical structure for

this compound is presented in Fig. 10.15.

Table 10.19 Nalco’s Corexit® 9500 ingredients [70]

Ingredient Common use

Sorbitan, mono-(9Z)-9-octadecenoate Personal care products (e.g., skin creams,

shampoo, emulsifiers)

Sorbitan, mono-(9Z)-9-octadecenoate, poly

(oxy-1,2-ethanediyl) derivatives

Personal care products (e.g., children’s bath,
oral rinse, face lotion, emulsifiers)

Sorbitan, tri-(9Z)-9-octadecenoate, poly

(oxy-1,2-ethanediyl) derivatives

Personal care products (e.g., body lotions)

Butanedioic acid, 2-sulfo-, 1,4-bis

(2-ethylhexyl) ester, sodium salt (1:1)

Wetting agent (e.g., personal care products,

beverages additives)

Propanol, 1-(2-butoxy-1-methylethoxy) Household cleaning products

Distillates (petroleum), hydrotreated light Household air freshener and cleaning products

Table 10.20 Physical properties of Nalco’s Corexit® EC9500A [71]

Property Result

Boiling point (�C) 147

Density (lb/gal) 7.91

pH (100%) 6.2

Vapor pressure (37.8 �C) 15.5 mm Hg

Viscosity (at 0 �C) 177 cSt
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The surfactant properties of bis(2-ethylhexyl) sulfosuccinate sodium salt

(Aerosol® OT) are a result of its chemical structure, where the polar head (orga-

nized around the sulfate anion) is neighboring a hydrophobic region (a consequence

of branched alkane chains). This structure enables rapid wetting coupled to low

critical micelle concentrations (CMC). For Aerosol® OT-S, a 70% solution of

Aerosol® OT in light petroleum distillate (from Cytec Industries), the surface

tension in water was determined to be 26 mN/m and the critical micelle concen-

tration (cmc) (%/wt) is 0.12 [73]. There have been many studies related to better

understanding of the structure of this compound and how it affects the interfaces of

air, water, and oil [74–76]. In one particularly interesting series of studies, by

Eastoe et al., a variety of molecular structures were prepared to enable an elucida-

tion of the impact of molecular structure to performance properties. The chemical

structures of the various compounds are presented in Fig. 10.16.

Fumaryl chloride was used to prepare the compounds presented in Fig. 10.16 and

is derived from maleic anhydride [77]. In studying the behavior of these various

derivatives, experimental results report a trend of increased hydrophobic chain

length coupled with a decrease in molecular area, as reflected in the CMC. As

expected, side branching on hydrophobic chains increases the molecular area, when

compared to linear sodium sulfosuccinates. Interestingly, the molecular area within

a comparison of linear hydrophobic groups changes more dramatically when

compared to the variation within the branched compounds. In other words, the

branched compound’s molecular area is generally less affected by changes to the

branching structure [74]. In evaluating the microemulsion behavior of these com-

pounds, results indicate that the structure of the hydrophobic tail determines

packing at the interface. However, in assessing the air–water and oil–water inter-

faces, there was little difference between the molecular behavior. In forming

microemulsion systems, disorder (branching) in the hydrophobe was found to be

important; the ability to solubilize water can be correlated to the hydrophobe

structure, and, in the case of Aerosol® OT, the interfacial film is liquid-like [75].

Beyond the fundamental understanding of Aerosol® OT, work has also been

undertaken to study the effect of Corexit® 9500 on dispersing artificially weather

Arabian medium crude oil in a near-shore environment [78]. To accomplish this

work, numerous tanks suitable for simulating a beach shore-line, outfitted to

simulate tidal cycles and various wave patterns, were employed. A profile of the

wave tank is presented in Scheme 10.9.
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Fig. 10.15 Chemical structure of bis(2-ethylhexyl) sulfosuccinate sodium salt [72]
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Fig. 10.16 Schematic molecular structures of di-CnSS and AOT surfactants [74]. Reprinted with

permission from Nave, S.; Eastoe, J.; Penfold, J., Langmuir, 16, pp. 8733–8740. Copyright 2000
American Chemical Society
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As indicated in Scheme 10.9, various locations for sampling are located within

each wave tank. Three scenarios were studied: pre-mixed oil and dispersant, oil

only, and un-oiled control. Known amounts of materials were added to the tanks to

enable a material balance to be determined. Samples of sediment and water are

retrieved to establish locations for oil accumulation/location. This study was able to

establish that timely application of dispersant can significantly reduce the accumu-

lation of oil on the beach. In this case, less that 1% remained in the beach sediment,

when using a dispersant to oil ratio of 1–10 versus 49% of oil remaining on beach

sediment for the untreated oil [78].

Returning to the Deepwater Horizon incident, Corexit® 9500 was applied at the

surface as well as below the surface of the Gulf of Mexico. A depiction of the

various modes of dispersant application in the context of the incident is presented in

Fig. 10.17.

Clearly, from the depiction presented in Fig. 10.17, fundamental knowledge of

chemical structure, properties, and function is critical to success in the context of

such complex problems. In carefully examining these images, it is easy to identify

parameters such as air–water, oil–water interfaces, wave/wind action, from the

image of aerial dispersant application. Likewise, current, density, salinity, emulsi-

fication/dispersion kinetics, and fluid flow can easily be anticipated as parameters to

understand the subsurface application of dispersant.

Scheme 10.9 Beach profile in wave tank. Also depicted are sampling locations for sediments and

water, low/high tide delineations, and control volumes for sediment and water phases used in mass

calculations [78]. Reprinted from Water Research, 34(9), Page, C.A.; Bonner, J.S.; Sumner, P.L.;

McDonald, T.J.; Autenrieth, R.L.; Fuller, C.B., “Behavior of a Chemically-Dispersed Oil on a

Near-Shore Environment,” pages 2507–2516, Copyright 2000, with permission from Elsevier
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10.6.3 Cleaners and Detergents

The major trend in the household cleaning and detergents industry has been to

improve the environmental footprint of these products. As a result, two product

development themes have emerged as focus points: phosphate replacement and

biodegradability. By July of 2010, all major automatic dishwashing detergent

(ADW) cleaning products in the USA had removed phosphates, such as sodium

tripolyphosphate (STPP). STPP was a common ingredient to ADW products

[80]. STPP had developed a strong position in the ADW application because of

its ability to inhibit corrosion, remove oil substances, suspend insolubles, and

maintain pH while at the same time sequester calcium and magnesium ions,

resulting in a pleasing appearance to clear glasses. With all of the functionalities,

replacing phosphate performance in cleaners and detergents has not been an easy

task for product manufactures, in terms of performance matching.

Some important phosphate alternatives have been comparatively evaluated for

calcium binding power. The binding properties for these compounds are presented

in Table 10.21.

In this experimental work, two maleic anhydride compositions were studied:

trisodium carboxymethyloxysuccinate and poly(maleic acid). In further analyzing

the results presented in Table 10.21, essentially two types of behavior are noted.

First, compounds that exhibit calcium binding power <400, which are citric acid,

ethylenediaminetetraacetic acid, pentasodium tripolyphosphate, and trisodium

carboxymethyloxysuccinate, are all low molecular weight compounds. Conversely,

high, only in this context, molecular weight compounds poly(acrylic acid) and poly

(maleic acid) exhibit calcium binding power >500. Notably, nitrilotriacetic acid, a

Table 10.21 Calcium binding power of common chelating agents and polymers [81]

Composition

Theoretical calcium

binding power (CBP)

Actual calcium

binding power

(CBP)

Stability

constant (log

K )

Ethylenediaminetetraacetic

acid (EDTA)

342 340 7.0

Citric acid 520 391 4.1

Pentasodium tripolyphosphate

(STPP—Na 5)

272 269 7.0

Trisodium carboxymethyloxy-

succinate (CMOS—Na 3)

240 237 6.8

Nitrilotriacetic acid (NTA) 523 509 6.1

Poly(maleic acid) (Belcene

200) (MAO)

861 539 3.7

Poly(acrylic acid) (Good-rite

K-700) (PAA)

695 869/620 5.3

With kind permission from Springer Science and Business Media: Journal of the American Oil

Chemists’ Society, “The binding of free calcium ions in aqueous solution using chelating agents,

phosphates and poly(acrylic acid),” 60, 3, 1983, pages 618–622, Chang, D.M., Table 1
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low molecular weight compound exhibits a high binding power. When investigat-

ing the stability constant, however, the low molecular weight compounds are

clustered together and the high molecular weight compounds are clustered, but at

a lower value. The major finding of this study was to point out that calcium

binding at the equivalence point, alone, is not effective at comparing sequester-

ing compounds. Only in unique situations are materials employed at stoichio-

metric amounts. The author suggests that it is more meaningful to compare

materials at particular concentrations. Using this strategy, the utility of poly-

meric compounds will become apparent because of their suitableness over a wide

concentration range coupled with additional electrostatic effects benefits of

polyelectrolytes [81].

In 2001, Bayer Corporation (technology acquired by Lanxess) earned the

“Greener Synthetic Pathways Award” for Baypure™ CX (Sodium

Iminodisuccinate): An Environmentally Friendly and Readily Biodegradable Che-

lating Agent Baypure™ CX (Sodium Iminodisuccinate): An Environmentally

Friendly and Readily Biodegradable Chelating Agent from the U.S. E.P.A. Presi-

dential Green Chemistry Challenge. According to the award statement, sodium

iminodisuccinate, along with nearly all other aminocarboxylates, was produced

from acetic acid derivatives with amines, formaldehyde, sodium hydroxide, and

hydrogen cyanide. Hydrogen cyanide, in particular, is an extreme toxicity hazard.

The product and process developed by Bayer is produced from maleic anhydride,

water, sodium hydroxide, and ammonia, using only water as a process solvent. The

only side product generated in this process is ammonia dissolved in water, which is

recycled back into sodium iminodisuccinate production or used in other processes

at Bayer [82]. A chemical representation of the Baypure® succinate product forms

and chemical structures is presented in Scheme 10.10.

Properties of Baypure® DS100 and CX 100 are presented in Table 10.22.

An important attribute to this succinate platform is biodegradable functionality.

In addition, both sodium polyaspartate and sodium iminodisuccinate exhibit strong

chelation capabilities, notably for iron(III), copper(II), and calcium(II). From a

toxicological and ecotoxicological standpoint, these materials are considered envi-

ronmentally friendly and nonpolluting. These features have made the technology an

attractive phosphate alternative in applications such as builders and bleach stabi-

lizers for laundry and dishwashing detergents, which after use will find their

effluents in surface waters around the globe [83].

In one study related to calcite (CaCO3) dissolution, a mechanism for the

dissolution of CaCO3 via exposure to polyaspartic acid was proposed. A schematic

of this mechanism is presented in Scheme 10.11.

The study proposed different mechanisms of CaCO3 dissolution. In one possi-

bility, the solubilized polymer (H3L
�1) translates from the bulk to the calcite

surface interface. Once at the interface, the dissociation occurs, resulting in the

formation of H+ and a deprotonated polymeric ligand (H2L
�2). This process

enables free calcium, hydrogen carbonate, and calcium–polymer complexes

to form. An unstable calcium–polymer complex will collapse in the bulk to reveal

Ca2+ and free polymer ligands (H2L
2�), resulting in primarily proton transport and

10 Application of Maleic Anhydride-Based Materials 617
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dissociation functions for the polymer. If the calcium–polymer complex is stable,

the complex will remain in solution and chelation is main function [84]. Note that

while the chelation properties of polyaspartate is strong, the CaCO3 dispersion

properties, at pH¼ 10, are clearly superior to polycarboxylate type sequestering

agents, suggesting that this is a key attribute to the functionality of this

polymer [83].

One commercial example of a product that employs sodium polyaspartic acid

includes Method’s Smarty Dish Plus dishwasher detergent packs, which lists the

polymer functionality as chelator and dispersant [85]. Another example is 7th

Generation’s Free and Clear Natural Dishwasher Detergent Packs, which reports

using polyaspartic acid in this product [86]. For the last example, tetrasodium salt of

aspartic acid or tetrasodium iminodisuccinate, products such as PortionPac

LaundryPac Commercial Strength Laundry Detergent 940 Professional Use laundry

detergent employ such technology [87].

Table 10.22 Physical Properties of Baypure1 DS 100 and CX 100 [83]

Baypure® property DSP DS 100 CX 100

Solids 100 100 100

Solubility in water at 20 �C (g/100 g H2O) Insoluble 80 56

Bulk density (kg/L) 0.50–0.60 0.55–0.90 0.5–0.7

pH (10% solution) – ~10.5 11.0

Scheme 10.11 Mechanisms of calcite dissolution in the presence of PASP (polyaspartic acid)

[84]. Reprinted with permission from Burns, K.; Wu, Y-T.; Grant, C.S., Langmuir, 19, pages
5669–5679, Copyright 2003 American Chemical Society
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10.6.4 Membranes

Seawater can also be desalinated using a membrane process. One of the largest

desalination plants is the reverse osmosis (RO) membrane plant located in

Ashkelon, Israel. This plant is capable of processed 110 million m3/year of drinking

water by directly pumping seawater into the plant intake to begin the water

treatment process. A plant process diagram is present in Scheme 10.12.

In briefly analyzing this plant process, seawater received in the plant is

pretreated, using chemicals, such as sodium hypochlorite (chlorination), sulfuric

acid (pH modification), ferric chloride (coagulant), and polymers, followed by

gravity filtration. Once the pretreatment process is completed, the water is pressur-

ized into the reverse osmosis process. In this plant, a four-pass system has been

designed due to the stringent requirement for chloride< 20 ppm and

boron< 0.4 ppm. The plant operates >25,000 seawater and >15,000 brackish

reverse osmosis membranes that are manufactured by FilmTec. Once the water

passes through the reverse osmosis process, it is treated with lime to re-mineralize

the water to help limit corrosion throughout the distribution network [88]. Typical

formats of RO membranes include flat sheet and hollow fibers.

Osmosis takes advantage of natural effects based upon the principle of equilib-

rium. In a classic osmosis experiment, freshwater and brackish water are separated

by a semipermeable membrane, a membrane that is permeable to water but not salt.

The freshwater will flow through the semipermeable membrane to the brackish

water until a new state of equilibrium is achieved. At this new equilibrium point,

there will be a difference in the liquid height, where the brackish water is now

elevated relative to the freshwater and the brackish water is now applying a pressure

across the semipermeable membrane. This pressure is the osmotic pressure. In

reverse osmosis, a pressure is applied to the brackish feed water, forcing the flow

of freshwater across the semipermeable membrane to the freshwater (permeate),

effectively concentrating the brackish water salt solution. In a modern reverse

osmosis processes, a cross-flow filtration technique is employed. A diagram of

cross-flow membrane filtration is presented in Scheme 10.13.

This simple process concept does have some significant technical challenges.

For example, to maximize the water flux through the membrane, the membrane

should exhibit good hydrophilicity for wetting and permeability but still demon-

strate effective salt rejection. Fouling of the membrane surface, from salts or other

foreign matter found in production feed waters, can lead to “blinding” the mem-

brane surface, requiring more energy (pressure) to yield similar quantities of water.

Cleaning is a remedy often employed in these processes, but performance can suffer

depending on time and cleaning frequency.

Recognizing the need to improve membrane performance attributes, some

researchers have developed technology that employs maleic anhydride composi-

tions in a post-fabrication membrane treatment strategy. For example, partially

saponified polyvinyl acetate was modified with maleic anhydride or succinic

anhydride to yield modified poly(vinyl acetate-co-vinyl alcohol-g-maleic acid) or
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poly(vinyl acetate-co-vinyl alcohol-g-succinic acid) resin. Proposed structures for

these compounds are presented in Scheme 10.14.

The impact of these modified polyvinyl acetate resins was evaluated on cellulose

acetate asymmetric reverse osmosis membranes by adding the maleic anhydride-

based polymer, at 100 ppm, to a 3.5% sodium chloride feed solution and pumping

through the membrane at 0.30 m3/m2 day. After an hour of treatment, the salt

rejection improved, from 98.7% to 99.35% but the water flux was reduced to

0.25 m3/m2 day. Returning the feed solution to 3.5% sodium chloride, the mem-

brane performance was maintained for more than 24 h. In a similar evaluation, the

succinic anhydride-based polymer, at 10 ppm, was added to a 3.5% sodium

chloride feed solution and pumped through the membrane. After 24 h of treatment,

the salt rejection improved, from 97.27% to 99.37%, but the water flux was

reduced to 0.33 m3/m2 day from 0.36 m3/m2 day. This membrane performance

was maintained for more than 24 h upon returning the feed solution to just the salt

solution [90]. This improvement is also depicted in Fig. 10.18.

Figure 10.18 (1) indicates the original performance of the membrane while

(4) indicates the effect of the polymer treatment, which is significant in terms of

O OH OH

O OH O

O OH OO

O

O

O

O

HO2C

CO2H

maleic 

anhydride

succinic

anhydride

Scheme 10.14 Proposed structures of maleic and succinic anhydride treated partially saponified

polyvinyl acetate

FEED

MEMBRANE

PERMEATE

BOUNDARY
LAYER

CONCENTRATE

Scheme 10.13 Cross-flow membrane filtration [89]. Reprinted from FILMTEC™ Membranes:

Basics of RO and NF: Desalination Technologies and Filtration Processes, Form No. 609-02002-

504, with permission from The Dow Chemical Company
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salt rejection improvement. In a second series of experiments, the same maleic

treated polymer demonstrated an ability to improve the performance of a

degenerated membrane (2) to become rejuvenated (3) with a significant recovery

in salt rejection [90].

In another approach, this time incorporating a maleic anhydride base polymer,

poly(methyl vinyl ether-co-maleic anhydride), as an additive to the poly(vinylidene

fluoride) (PVDF) membrane dope solution was developed for fabrication in a

similar induced phase separation process as previously described [91]. An example

of the hollow fiber membrane dope solution is provided in Table 10.23.

4
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Fig. 10.18 Membrane performance improvement upon modification with maleic anhydride

treated partially saponified polyvinyl acetate [90]

Table 10.23 Membrane dope solution for hollow fiber production [91]

Ingredient Weight percent

PVDF 17

Lithium chloride 3

Poly(vinyl pyrrolidone-co-vinyl acetate) (PVP/VA S-630) 2.7

Poly(methyl vinyl ether –co- maleic anhydride) (Gantrez®) 3.1

N-methyl-2-pyrrolidone 74.2
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Upon finished fiber production of this membrane dope solution, the fibers were

subjected to a posttreatment solution consisting of one of the following compounds:

tetraethylenepentamine, tris-(hydroxymethyl)aminomethane, sulfuric acid, poly-

ethylene glycol, calcium carbonate, or butanol. The posttreatment is performed to

further functionalize the membrane surface by employing the anhydride function-

ality to achieve surface grafting. Towards that end, the permeability results for poly

(ethylene glycol), tris-(hydroxymethyl)aminomethane, and CaCO3, on 0.85 mm

(OD) fibers, were most interesting. Also notable was the impact of increasing the

molecular weight of the polysulfone on the improvement of mechanical properties

for this formulation strategy [91].

Beyond water desalination of seawater, other materials largely consisting of

water can be subjected to membrane process. Products such as wine, vegetable

juice, and fruit juice are excellent examples. To process such fluids, a hollow fiber

microfiltration membrane structure incorporating maleic anhydride was designed

[92]. An example of this viscous membrane casting solution is provided in

Table 10.24.

Once the casting solution is assembled, it is spun into fibers by passing through a

small annular spinneret orifice, a shown in (14) in Scheme 10.15. Simultaneously, a

bore fluid, consisting of N-methyl-2-pyrrolidone, poly(ethylene glycol) (PEG 400),

and isopropyl alcohol, is pumped inside the hollow fiber (16) to control pore size

and prevent the fiber from collapsing. The extruded fiber exits and falls freely into

the coagulation bath, consisting of combinations of water, N-methyl-2-pyrrolidone,

Table 10.24 Membrane casting solution for hollow fiber production [92]

Ingredient Weight percent

Polysulfone (degree of polymerization ¼ 1700) 15

N-methyl-2-pyrrolidone 65

Poly(vinyl-2-pyrrolidone) (PVP) 5

Maleic anhydride 15

16

18

14

12
10

32

30
23

38

42

44 46 48

50

54

56

5852

40
41

43
3634

26

22
20

28

24

21
+

+

+ +

+

+ +

+

+

+

+

+

Scheme 10.15 Hollow fiber spinning system [92]
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isopropyl alcohol, and poly(ethylene glycol). As the fiber travels through the

coagulation bath and the leaching bath (22), the soluble materials are removed

resulting in the formation of the membrane structure.

Once the fiber exits the leaching bath, it travels through the godet station (40),

where water is removed via line (41). The fiber passes through a laser scan

micrometer at (44). Finally, the fiber is wound onto the take-up wheel (50) which

is partially submerged in a second leaching bath (52). The controlling parameters

for the phase inversion and pore size are achieved by the compositions and

temperatures of the bore fluid and the coagulation bath coupled with the rates of

extrusion for the dope and the flow of the bore fluid, while solidification is achieved

by the leaching bath composition and temperature. Maleic anhydride is employed

in this process because it is highly soluble in the casting solution, remaining in the

membrane during phase inversion, while exhibiting instability towards hydrolysis,

contributing to the formation of pores [92].

The properties of the hollow fibers produced as described are presented in

Table 10.25.

The color passage test is used to determine how much red pigment from red wine

is capable of passing through the hollow fiber. The UV/visible spectrum of the wine

feed, when compared to the membrane permeate, indicates nearly overlapping

spectra. This test provides an indication of the ability of the membrane to maintain

product color through the filtration process.
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