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PREFACE

The aspects of organic polymer theory and mechanisms, polymer processes,
and practical chemistry have already appeared in other books. However, the
synthesis of the various classes of polymers by functional group types remained
unavailable. This book aims to fill this gap and to present detailed laboratory
instructions for the preparation of polymers by various functional group
classes. Each chapter contains a critical review of the best available synthetic
methods. The classes of polymers covered include olefin and diolefin, hydro-
carbon polymers, polyesters, polycarbonates, polymerization products of
epoxides, cyclic ethers, aldehydes, polyureas, polyurethanes, thermally
stable polymers, acrylic-methacrylic esters, polyacrylonitriles, polyacryla-
mides, and organophosphorus polymers. Some of the heterocyclic polymers
included in the chapter on thermally stable polymers are polyimides,
polybenzimidazoles, polyquinoxalines, poly-1,3,4-oxidazoles, poly-1,2,4-tria-
zoles, polybenzothiazoles, and polybenzoxazoles.

This book is enhanced by the chapter on phosphorus-containing polymers.
It appears to be the first review that presents detailed laboratory procedures
for the preparation of polymers containing phosphorus in various oxidation
states. The synthesis of phosphonitrilic polymers is also included in this
chapter. This chapter should be especially valuable to those chemists involved
in the designing of phosphorus polymers to meet present and future fire
retardant requirements of their various products.

Added details on the synthesis of peroxide and hydroperoxide free radical
initiators are of special interest. This information is included to aid those
polymer chemists who may have to design special initiators for unusual
applications.

In all chapters the latest journal articles and patents have been reviewed.
Each chapter contains tables of data to show the scope of the various methods
of synthesis with references given for each entry. Some preparations are taken
from the older literature because they are of a classic nature and suitably
describe the polymer preparation. Most are taken from present-day literature
and are included only if they appear to be the best available.
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X Preface

In presenting preparative details of the various techniques of polymerization,
an effort was made to select, if possible, methods which would have wide
application not only for the formation of polymers of the specific system cited
but also for many related situations. Thus, for example, the principles involved
in the preparation of emulsion polymers are applicable to the preparation of
polymers of a wide variety of vinyl monomers as well as to many copolymeriza-
tions.

This book is designed only to give helpful polymer synthesis information
and not to override the question of legal patentability or to suggest allowable
industrial use.

We would like to take this opportunity to thank Dr. Jack Dickstein, Research
Manager of the Central Research Laboratories of Borden Chemical, Division
of Borden, Inc., for encouragement and support in the preparation of this
manuscript. Special thanks are due to Miss Emma Moesta for her untiring
devotion in the preparation of the typed manuscript. Finally, we thank our
wives and children for their patience, understanding, and encouragement
during all stages involved in the preparation of the manuscript.

Stanley R. Sandler*
Wolf Karot

* Present address: Pennwalt Corporation, King of Prussia, Pennsylvania.
+ Currently a research consultant in Huntingdon Valley, Pennsylvania.
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l. INTRODUCTION

Olefinic and diolefinic monomers can be polymerized using either free-
radical, anionic, cationic, or coordination type initiators. These will be dis-
cussed individually in each of the four sections of this chapter. It is interesting
to note that not all monomers respond equally well to each of the types of
initiators.

The substituents placed on ethylene greatly affect stereochemistry, reso-
nance, and polarity of the monomer, and have a decided effect on which
initiator system works best with it. For example, propene and 1-butene can
only be homopolymerized well with heterogeneous initiators, whereas iso-
butene responds mainly to cationic initiators. Styrene can be polymerized
using any of the four types of initiators. Isoprene and 1,3-butadiene can be
homopolymerized with all the initiators except the cationic type, whereas
ethylene polymerization can be initiated by all except the anionic type.

The free-radical initiating system has the practical advantage that the poly-
merizations can be carried out in the gas, solid, and liquid phases (bulk,
solution, emulsion, suspension, and precipitation techniques). Free-radical
reactions can be carried out in water, whereas the other initiators usually
require anhydrous conditions.

Many of the anionic and cationic polymerizations can be considered to have
no inherent termination step and may be called “living polymers.”

The stereochemistry of the repeating units depends on the structure of the
starting monomer, the initiating system, and the conditions of the poly-
merization reaction. Optical isomerism, geometric isomerism, repeat unit
configuration (isotactic, syndiotactic, atactic) and repeat unit orientation
(head-to-tail or head-to-head) are some important aspects of the stereo-
chemistry problem.

The mechanisms of polymerization will not be discussed here but several
worthwhile references should be consulted [1]. This chapter will give mainly
examples of some selected preparative methods for carrying out the major
methods of polymerization as encountered in the laboratory. All intrinsic
viscosities listed in this chapter have units of dl/gm.



§2. Free-Radical Polymerizations 3

2. FREE-RADICAL POLYMERIZATIONS

In 1838 Regnault [2] reported that vinylidene chloride could be polymerized.
In 1839 Simon [3] and then Blyth and Hofmann (1845) [4] reported the prepar-
ation of polystyrene. These were followed by the polymerization of vinyl
chloride (1872) [5], isoprene (1879) [6], methacrylic acid (1880) [7], methyl
acrylate (1880) [8], butadiene (1911) [9], vinyl acetate (1917) [10], vinyl
chloroacetate [10], and ethylene (1933) [11]. Klatte and Rollett reported that
benzoyl peroxide is a catalyst for the polymerization of vinyl acetate and vinyl
chloroacetate [10].

In 1920 Staudinger [12] was the first to report on the nature of olefin poly-
merizations. leading to high polymers. A great many of his studies were
carried out on the polymerization of styrene. These studies led to recognition
of the relationship between relative viscosity and molecular weight [13]. The
radical nature of these reactions was later elucidated by Taylor [14], Paneth
and Hofeditz [15], and Haber and Willstétter [16]. The understanding of the
mechanism of polymerization was greatly aided by Kharasch [17], Hey and
Waters [18], and Flory [19].

No effort will be made to discuss the mechanism of polymerization in this
chapter, but let it suffice to say that the polymerization is governed by the
three main steps shown in Egs. (2), (3), and (4), (5), (6), and (8).

The most common initiators are either acyl peroxides, hydroperoxides, or
azo compounds. Hydrogen peroxide, potassium persulfate, and sodium per-
borate are popular in aqueous systems. Ferrous ion in some cases enhances
the catalytic effectiveness. The use and preparation of acyl peroxides and
hydroperoxides is described in Chapters 14 and 15.

Ethylene is conveniently polymerized in the laboratory at atmospheric
pressure using a titanium-based coordination catalyst (see Section 5) [20]. It
may also be polymerized less conveniently in the laboratory under high pres-
sures using free-radical catalysts at high and low temperatures [21]. Other
olefins such as propylene, 1-butene, or 1-pentene homopolymerize free radi-
cally only to low molecular weight polymers and require ionic or coordina-
tion catalysts to afford high molecular weight polymers [22,22a]. These olefins
can effectively be copolymerized free radically.

The free-radical polymerization process which can be carried out in the
laboratory is best illustrated by polymerization of styrene.

Free-radical polymerization processes [22a] are carried out either in bulk,
solution, suspension, emulsion, or by precipitation techniques, as described
in Sections A-E. In all cases the monomer used should be free of solvent and
inhibitor or else a long induction period will result. In some cases this may be
overcome by adding an excess of initiator. Table I describes some typical
examples of the polymerization of various olefinic and diolefinic monomers.
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6 1. Polymerization of Olefinic—Diolefinic Hydrocarbons

Initiator:
I, — 2I- 1)
Initiation:
CH;=CHR + 1. —— I——CHQ-(IZH' 2
R
Propagation:
nCHa=CHR
—_

I—CH.CH: + CH;=CHR —— I—CH.—CH—CH.—CH:
k kR
I(CH.CH),,,CH,CH- (3)
ROR
Termination (by radical coupling, disproportionation, or chain transfer):

Radical coupling:

WCHz(I:H' + WWCH:;—(I:H' _— WCHz(I:H(I:HCHzM” (C))
R R R R
Disproportionation of two radicals:
mCH,—(I3H~ + wCH,—(IZH' _— ‘M’"CHz(I:Hz + wCH:?H )
R R R
Chain transfer:
WCHQCIZH- + R'SH —— -CH2(|3H2 + R’S- 6)
R R
R’S: + CH,———ClH —_— RS'CHQCIH- (start of new monomer chain)
R R M

A. Bulk Polymerization

Bulk polymerization consists of heating the monomer without solvent with
initiator in a vessel. The monomer—initiator mixture polymerizes to a solid
shape fixed by the shape of the polymerization vessel. The main practical dis-
advantages of this method are the difficulty in removal of polymer from a
reactor or flask and the dissipation of the exothermicity of the polymeriza-
tion. Some typical examples are shown in Preparations 2-1 and 2-2. This
method finds importance in producing cast or molded products, such as
plastic scintillators, in small or very large shapes, but is difficult since the
formation of local hot spots must be avoided.
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Fic. 1. Infrared absorption spectra between salt plates and identifying numbers of
styrene dimers and related compounds. Other distinctive bands and their maximum
absorbances on the same sample are indicated. The curves are marked at 11.00, 12.50,
and 13.30 p to bring out differences at critical points. Glpc retention times for some of
the compounds are: 2 and 13, 10.5 min; 8, 11.3 min; 4 and 5, 13.3 min; 1, 15.6 min;
7, 16.1 min; 6, 17.9 min; 3, 18.6 min; 9, 20.4 min; 10, 26.0 min. Reprinted from F. R.
Mayo, J. Amer. Chem. Soc. 90, 1289 (1968). Copyright 1968 by the American Chemical
Society. Reprinted by permission of the copyright owner.
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8 1. Polymerization of Olefinic-Diolefinic Hydrocarbons

2-1. Preparation of Polystyrene by the Thermal Polymerization of Styrene
[23,23a]

®

n

To a polymer tube is added 25 gm of distilled styrene monomer (preferably
inhibitor-free) (see Note a), then the tube is flushed with nitrogen and placed
in an oil bath at 125°C for 24 hr. At the end of this time the monomer is con-
verted in 907, yield to the polymer. Heating for 7 days at 125°C and then 2
days at 150°C gives a 99%, or better conversion to polymers. If all the air has
been excluded the polystyrene will be free of yellow stains on the surface
[23a]. The polystyrene is recovered by breaking open the tube and can then
be purified by dissolving in benzene and precipitating it with methanol. The
solid polymer is filtered, and dried at 50°-60°C in a vacuum oven to give a
90%, yield (22.5 gm). The molecular weight is about 150,000-300,000 as
determined by viscometry in benzene at 25°C.

NOTES: (a) The monomer should be distilled prior to use to give a faster
rate of polymerization. If this is not practical then the sample should be
washed with 107, aq. NaOH and dried. (b) Styrene monomer also polymerizes
at room temperature over a period of weeks or months. (c) Use of 0.5%, of
benzoyl peroxide allows one to prepare the polymer at 50°C over a 72 hr
period to give 7; = 0.4 (0.5 gm/100 ml C4H, at 25°C). This type of combina-
tion is suitable for preparing castings or molds of polystyrene objects.

Additional information on the polymerization of styrene and related
monomers has been described by Boundy and Boyer [24] and also by the
Dow Chemical Company [25].

The thermal polymerization of styrene at 150°C also gives a mixture of
dimers of which eleven C,¢ hydrocarbons have been identified by Mayo [26].
For example, after 0.18 hr at 155°C (no catalyst or solvent used) there is
formed 0.2%, dimer and 13.7%, polymer. The structure of some of these
dimers and their infrared spectra are shown in Fig. 1.

2-2. Preparation of Polybicyclo[2.2.1lhepta-2,5-diene (Polynorbornadiene)

[27a]
D — D N}

To a 250 ml three-necked round-bottomed flask equipped with a reflux
condenser, Teflon magnetic bar, and gas inlet and outlet tube is added nitro-
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gen over a 1 hr period to purge the system. Then a slurry of 0.1804 gm (0.1
mole %,) of azobis(isobutyronitrile) in 100 gm of norbornadiene is added under
nitrogen. The reaction mixture is purged for several minutes using nitrogen
and then the mixture is heated for 6 hr at 70°C. The polymer is isolated by
precipitating it in hexane, dissolving it in benzene, and then reprecipitating
it in hexane. The polymer (mol. wt. 17,000 by light scattering in benzene) is
freeze-dried to afford 5.7 gm (5.7%,). The polymer darkens at 225°C and soft-
ens at 238°C, at which point it thermosets. The heat distortion temperature is
186°C. Using 1 mole ¥, of initiator and heating for 24 hr at 70°C gives 567,
of benzene-insoluble polymer (colorless gel). Norbornadiene (Mj) copoly-
merizes with vinyl acetate (M;) to give the following reactivity ratios as cal-
culated by the Fineman-Ross equation: r, = 1.28; r, = 0.82 [27].

B. Solution Polymerization

Solution polymerization has the advantage of allowing heat dissipation
and ease of removal of polymer from the vessel [27a]. The main disadvantages
are that the solvent acts as a chain transfer agent to lower the molecular
weight and the solvent is difficult to remove from the free polymer. Properly
chosen solvent systems allow one to prepare polymer solutions which can be
used to cast films or be spun into fibers. In most cases dilute solutions have to
be prepared in order to avoid high viscosity buildup and stirring problems.

Aqueous solution polymerization (emulsifier-free latex system) is of tech-
nological importance and has recently been reviewed [27b].

C. Precipitation Polymerization

If the polymer formed is insoluble in its own monomer of a monomer—
solvent combination and precipitates out as it is formed, the process is termed
“precipitation polymerization” [27a]. Some examples are bulk polymeriza-
tion of vinyl chloride [28] and vinylidene chloride [29], styrene in alcoholic
solutions [30], and methyl methacrylate in water [31].

D. Suspension Polymerization

In suspension polymerization a catalyst is dissolved in the monomer, which
is then dispersed in water. A dispersing agent is added separately to stabilize
the resulting suspension. The particles of the polymer are 0.1 to 1 mm in size.
The rate of polymerization and other characteristics are similar to those found
in bulk polymerization. Some common dispersing agents are polyvinyl alco-
hol, polyacrylic acid, gelatin, cellulose, and pectins. Inorganic dispersing
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agents are phosphates, aluminum hydroxide, zinc oxide, magnesium silicates,
and kaolin. Several worthwhile references should be consulted for more
details [27a,32,32a].

2-3. Preparation of Polystyrene by Suspension Polymerization [32a]

To a 350 ml glass bottle is added 100 gm of styrene (see Note), 0.3 gm of
benzoyl peroxide, 150 ml of water, and 3.0 gm of zinc oxide. Then conc.
aqueous ammonium hydroxide is added to adjust the pH to 10. The bottle is
then sealed and rotated (30 rpm) in an oil bath for 7 hr at 90°C and 5 hr at
115°C. At the end of this time the pH is 7.25. The polymer granules are fil-
tered, suspended in water, and acidified to pH approx. 2 with 10%, aqueous
hydrochloric acid in order to remove the zinc oxide. The polymer granules
are then washed with water and dried.

NOTE: This process works well for other olefins such as vinyltoluene,
vinylxylene, and tert-butylstyrene.

E. Emulsion Polymerization

Emulsion polymerization is discussed more fully in Chapter 10 and only
a brief review will be given here.

The system basically consists of water and 1-3%, of a surfactant (sodium
lauryl sulfate, sodium dodecyl benzenesulfonate, or dodecylamine hydro-
chloride) and a water-soluble free-radical generator (alkali persulfate, hydro-
peroxides, or hydrogen peroxide—ferrous ion). The monomer is added
gradually or is all present from the start. The emulsion polymerization is
usually more rapid than bulk or solution polymerization for a given monomer
at the same temperature. In addition the average molecular weight may also be
greater than that obtained in the bulk polymerization process. The particles
in the emulsion polymerization are of the order of 1075 to 10~ % mm in size. It
is interesting to note that the locus of polymerization is the micelle and only
one free radical can be present at a given time. The monomer is fed into the
locus of reaction by diffusion through the water where the reservoir of the
monomer is found. If another radical enters the micelle then termination
results because of the small volume of the reaction site. In other words, in
emulsion polymerization the polymer particles are not formed by polymeri-
zation of the original monomer droplets but are formed in the micelles to give
polymer latex particles of very small size. For a review of the roles of the
emulsifier in emulsion polymerization see a recent review by Dunn [33].
Other references with a more detailed account of the field should be consulted
[34,34a). These references are only a sampling of the many that can be found
in Chemical Abstracts.

The polymer in emulsion polymerization is isolated by either coagulating
or spray-drying.
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2-4. Emulsion Polymerization of Styrene [35)

To a resin kettle equipped with a mechanical stirrer, condenser, and nitro-
gen inlet tube, is added 128.2 gm of distilled water, 100 gm of styrene,
0.070 gm of potassium persulfate, and 100 ml of 3.56%, soap solution (see
Note). The system is purged with nitrogen to remove dissolved air. Then the
temperature is raised to 50°C and kept there for 2 hr to afford a 909, con-
version of polymer. The polymer is isolated by freezing-thawing or by adding
alum solution and boiling the mixture. The polystyrene is filtered, washed
with water, and dried.

NOTE: In place of soaps such as sodium stearate one can use 1.0 gm of
either sodium dodecyl benzenesulfonate or sodium lauryl sulfate.

Price and Adams [36] earlier reported on the effect of changes in catalyst
concentration, type of soap, and monomer ratio on the emulsion polymeriza-
tion of styrene at 50°C. Figures 2, 3, and 4 and Tables II and III summarize
their data.

Styrene emulsion polymerizations have been studied in greater detail by
several workers. Recently Williams and Bobalek [37] studied the application
of molecular weight and particle growth measurements in continuously uni-
form lattices to kinetic studies of styrene emulsion polymerization.
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FiG. 2. Rate of polymerization of styrene at 50°C, persulfate 0.00203 mole/liter:
expt. 5, O; expt. 10, @; expt. 28, @; expt. 29, @; expt. 30, ©; expt. 31, . [Reprinted
from C. C. Price and C. E. Adams, J. Amer. Chem. Soc. 67, 1674 (1945). Copyright 1945
by the American Chemical Society. Reprinted by permission of the copyright owners.]
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Loggm styrene in 10 ml of latex

0 30 60 90
Minutes

FiG. 3. Rate of polymerization of styrene at 50°C (plotted as a first-order reaction),
persulfate 0.00203 mole/liter: expt. 5, O ; expt. 10, @ ; expt. 28, @; expt. 29, @; expt. 30,
©; expt. 31, @. [Reprinted from C. C. Price and C. E. Adams, J. Amer. Chem. Soc. 67,
1674 (1945). Copyright 1945 by the American Chemical Society. Reprinted by permission

of the copyright owners.]
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FiG. 4. Rate of polymerization of styrene at 50°C, persulfate 0.00101 mole/liter:
expt. 22, @; expt. 23, O; expt. 24, @; expt. 25, @; expt. 26, ©; expt. 27, (). [Reprinted
from C. C. Price and C. E. Adams, J. Amer. Chem. Soc. 67, 1674 (1945). Copyright 1945
by the American Chemical Society. Reprinted by permission of the copyright owners.]
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14 1. Polymerization of Olefinic-Diolefinic Hydrocarbons

TABLE III
RATES OF EMULSION POLYMERIZATION OF STYRENE AT VARYING MONOMER AND
CATALYST CONCENTRATIONS®

Ratio Max.
Catalyst® styrene: temp. Mol.
Expt.  (mole/liter) water °O) ko k* (cor.) wt.

42 0.00203 1:8 40.8 0.0101 0.207 235,300
43 0.00406 1:8 41.0 0.0130 0.185 292,700
44 0.00406 1:8 41.0 0.0122 0.174 >40°C 379,400
45 0.00609 1:8 41.5 0.0199 0.221 306,600
46 0.00812 1:8 42.0 0.0218 0.199 —
22 0.00101 1:8 51.3 0.0186 0.520 314,000
23 — 1:8 51.0 0.0164 0.471 352,000
24 — 1:8 51.4 0.0183 0.507 290,500
25 — 1:6 51.0 0.0168 0.482 301,000
26 — 1:6 51.0 0.0177 0.509 332,000
27 — 1:4 51.2 0.0180 0.508 375,000

5 0.00203 1:8 52.0 0.0282 0.523 290,700
10 — 1:8 52.5 0.0283 0.502 269,500
28 — 1:6 52.5 0.0290 0.514 321,000
29 — 1:6 52.2 0.0287 0.523 ; 50°C 299,300
30 — 1:4 52.3 0.0283 0.509 299,300
31 — 1:4 52.7 0.0294 0.512 305,200
32 0.00305 1:8 52.9 0.0352 0.512 279,500
33 — 1:8 52.7 0.0344 0.488 250,500
34 0.00406 1:8 53.0 0.0394 0.471 269,900
35 — 1:8 53.2 0.0394 0.463 238,400
36 — 1:6 53.1 0.0396 0.464 226,800
37 — 1:4 53.4 0.0404 0.466 258,100
38 0.0406 1:8 55.8 0.216 (?) 0.638 196,200
39 0.00203 1:8 64.3 0.0642 0.987 219,300
40 0.00101 1:8 63.7 0.0526 1 .205}60°C 256,700
41 0.00051 1:8 62.6 0.0344 1.218 271,300

¢ Reprinted from C. C. Price and C. E. Adams, J. Amer. Chem. Soc. 67, 1674 (1945).
Copyright 1945 by the American Chemical Society. Reprinted by permission of the
copyright owner.

b K2S20s.
¢ k = ko/[cat.]'’2. The values reported have been corrected for the observed temperature
rise.

Robb [38] has studied the emulsion polymerization of styrene at 40°C
[styrene (30 gm), water (300 gm), sodium dodecyl sulfate (2.1 gm), and potas-
sium persulfate (0.60 gm)]. After 2 hr a 92%, conversion was obtained. Robb
determined the number of particles per unit volume of latex during the emul-
sion polymerization of styrene and described their properties.
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2-5. Emulsion Polymerization of Styrene to Give Uniform Monodisperse
Polymer Particles [37]

Polymerization experiments are carried out in a bottle polymerizer main-
tained at 60° +1°C. To the bottle is added 155 gm of water, 100 gm (0.95
mole) of styrene monomer, 0.5 gm of potassium persulfate (0.014 mole) dis-
solved in 10 gm of water, and 0.78 gm (0.0035 mole) of potassium laurate
soap. The bottle is sealed and through a hyperdermic cap opening is added
2.35 gm (0.0105 mole) of soap dissolved in 15 gm of water in 1 ml increments
every 12 min after the reaction starts. The kinetic data, molecular weight,
particle size, and other data are shown in Table IV.

In contrast, «-methylstyrene has been polymerized in only low yields (24.1%,)
by emulsion polymerization techniques and even lower yields by other radical
processes [39].

2-6. Preparation of Butadiene-Styrene Copolymers by the Emulsion
Polymerization Technique [40]

nCH;=CH—CH=CH; + nCsH;—CH=CH, —>

—CH,—CH=CH—CH,—CH,—CH—
| (10)
CGHS n

To an ice-water—salt-cooled 275 ml stainless steel pressure bomb (or 4 oz
bottles with metal caps containing a rubber gasket for a total charge of only
100 gm) is added 180 gm of distilled water, 5 gm of Proctor & Gamble SF
Flakes (see Note a), 0.3 gm of potassium persulfate (reagent grade) (Note b),
and 0.5 gm of dodecyl mercaptan dissolved in 25 gm of styrene. Then the
butadiene, 75.0 gm, is weighed into an ice-chilled 4 oz bottle and one addi-
tional 0.5 gm is added to allow for transfer loss in pouring into the stainless
steel bomb. The bomb is sealed and placed into a shaker—oil bath at 110°C-
125°C for 1 hr. The bomb is cooled in a stream of air and then finally cooled
in an ice bath. The latex is poured out into a beaker containing phenyl-g-
naphthylamine (see Note c) and coagulated with a saturated salt-dilute
sulfuric acid solution to give 75 gm (75%,) of 96%, solubility in benzene.

NOTES: (a) Sodium soap of hydrogenated tallow fatty acid (anhydrous)
may also be used. (b) A mixture of 0.08 gm of 1007, active p-menthane hy-
droperoxide (Hercules Powder C.), 0.08 gm of sodium formaldehyde sul-
foxylate (FeSO,-7H;0), and 0.02 gm of Versene Fe-3 (100%,) may be used if
one wants the polymerization to proceed at 5°C [41]. In addition, amines
and peroxides have been reported to give electron-transfer complexes which
decompose at room temperature or below [42]. (c) CAUTION : carcinogenic.
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2-7. Emulsion Polymerization of 1,2-Dimethylenecyclohexane to Give an
All-cis-Diene Polymer [43]

Hzc\ /CHQ
—C
Hzc >CH2 —_—
H,C—CH.
~CH2\ /CHz CHZ\ /CHz' CHz\ /CHQ-—-
me(  )cH, H2C< Yo, Hzc< >CH2 an
HQC—CHZ Hzc_CHg ch___CHZ

In a 2 oz screw-cap bottle are placed 10.0 gm of 1,2-dimethylenecyclo-
hexane, 0.50 gm of sodium stearate, 0.03 gm of potassium persulfate, 0.05 gm
of lauryl mercaptan, and 18.0 gm of water. The bottle is rotated end over
end in a 55°C water-bath for 24 hr, at which time the emulsion has broken.
The mixture is acidified and the solid filtered off, washed thoroughly, and
dried under vacuum to produce 8.5 gm (85%, conversion) of the polymer. The
8.5 gm of polymer is dissolved in 1 liter of boiling toluene containing a trace
of N-phenyl-g-naphthylamine and the solution poured with rapid stirring into
3 liters of cold methanol to reprecipitate the polymer. The precipitate is
filtered, washed with a solution of N-phenyl-8-naphthylamine, and dried under
vacuum to yield 7.5 gm of purified poly-1,2-dimethylenecyclohexane, m.p.
164.5°-165.0°C. Additional purification can be effected by dissolving the
polymer in boiling toluene, filtering to remove any extraneous material,
cooling to allow the polymer to crystallize out, filtering the precipitated
polymer, and treating as before. The melting point is determined by placing
the polymer in a thin-walled capillary and heating the capillary in a melting
point bath, in the same way that the melting point of any crystalline organic
compound is determined. No visible change is noted below 160°C, but at
approximately this temperature shrinking occurs. Shrinking continues with-
out any visible appearance of melting until the temperature reaches 164.5°C.
At this temperature the polymer consists of a solid white column with about
half the original diameter but otherwise with very nearly the original appear-
ance. Within a half of one degree the polymer passes from this white solid to a
thin, water-white liquid which runs down the side of the capillary. [From
W. J. Bailey and H. R. Golden, J. Amer. Chemical Soc. 76, 5418 (1954).
Copyright 1954 by the American Chemical Society. Reprinted by permission
of the copyright owner.]
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3. CATIONIC POLYMERIZATIONS

Cationic polymerization has a history dating back about 183 years and
has been extensively investigated by Plesch [44], Dainton [45], Polanyi [46],
Pepper [47,47a], Evans [48], Heiligmann [49], and others [50]. Whitmore [51]
is credited with first recognizing that carbonium ions are intermediates in the
acid-catalyzed polymerizations of olefins. The recognition of the importance
of proton-donor cocatalysts for Friedel-Crafts catalysts was first reported by
Polanyi and co-workers [46]

MX. + SH [MX,S]-H* 12)
(SH and RX = Lewis Base)

MX, + RX’ [MX.R]"E* (13)

Some common initiators for cationic polymerization reactions are either
protonic acids, Friedel-Crafts catalysts (Lewis acids), compounds capable of
generating cations, or ionizing radiation.

Of all the acid catalysts used [52a—c] sulfuric acid is the most common.
Furthermore, sulfuric acid appears to be a stronger acid than hydrochloric
acid in nonaqueous solvents. Some other commonly used catalysts are HCI,
H,SO,, BF;, AICl;, SnCl,, SnBr,, SbCl;, BeCl,, TiCl,, FeCls, ZnCl,, ZnCly,
and I,.

For alkenes the reactivity is based on the stability of the carbonium
ion formed and they follow the order: tertiary > secondary > primary.
Thus olefins react as follows: (CH3),C=CH, ~ (CH;3),C=CHCH; >
CH;CH=CH, > CH,=CH,. Allylic and benzylic carbonium [53a,b] ions
are also favored where appropriate.

The cationic polymerization process has been reviewed and several refer-
ences are worthwhile consulting [47,54,55].

Certain aluminum alkyls and aluminum dialkyl halides in the presence of
proton- or carbonium-donating cocatalysts act as effective polymerization
catalysts. Table V gives several examples used to polymerize isobutene-iso-
prene (3 wt %,) mixtures with AlEt,Cl catalyst in several solvents.

In the absence of monomers, trimethylaluminum (0.5 mole) reacts with
t-butyl chloride (1.0 mole) at —78°C to give a quantitative yield of neopen-
tane [55]. Kennedy found that aluminum trialkyls (AIMe;, AlEt;, AlBu;) in
the presence of certain alkyl halides are efficient initiators for the cationic poly-
merization of isobutylene, styrene, etc. [56].

AIR; + R’X —— [AIR:X]™ + [R]*

All the experiments described in Table V were carried out under a nitrogen
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atmosphere in stainless steel equipment [57]. The purification of the reagents
has been described previously.

Some typical examples of the experimental conditions for the cationic
polymerization of various olefinic and diolefinic monomers are shown in
Table VI

It should be recognized from the results in Table VI that cationic poly-
merizations are usually initiated at low temperatures in order to suppress
chain-terminating reactions and also to keep the reaction from becoming
explosive in nature. These low temperatures thus favor high molecular weight
polymer formation.

Substituted olefins which are capable of forming secondary or tertiary car-
bonium ion intermediates polymerize well by cationic initiation but are
polymerized with difficulty or not at all free radically.

3-1. Preparation of Polyisobutylene [58]

CIHa (I:Ha
nCH;—C=CH, — —CHz—(f— (14)
CHj; _in

A flask containing 10 gm of isobutylene and 20 gm of carbon tetrachloride
is cooled to —78°C and boron trifluoride gas is bubbled into the mixture. The
isobutylene polymerizes and the whole mass apparently solidifies. On warm-
ing to room temperature the carbon tetrachloride melts away, leaving 5.0 gm
(50%,) of polymer, mol. wt. 20,000.

NOTE: Ethylene dichloride can also be used in place of carbon tetrachlor-
ide, and other suitable solvents for the polymerization of isobutylene are
either ethylene dichloride or a mixture of 2 volumes of liquid ethylene and 1
volume of ethyl chloride. Propane is not as good as the latter solvents but
gives a higher molecular weight product than for the case of carbon tetra-
chloride above.

A good account of the early development of high polymers and copolymers
of isobutylene is given by Schildknecht [59].

Thomas, Sparks, and Frolich have also described the early work and
patents on the polymerization of isobutylene with acidic catalysts (TiCly,
AICl;, BF;) [60]. In particular, Thomas and Sparks described the early work
on the AICl;-CH;Cl-catalyzed copolymerization of isobutylene with iso-
prene at low temperatures and gave several worthwhile examples in their
patent [60a]. Additional examples are later described by Calfee and Thomas
[60b].
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26 1. Polymerization of Olefinic—Diolefinic Hydrocarbons

3-2. Preparation of Polyisobutylene by the Cationic Polymerization of
Isobutene with AICl,—CH;Cl Catalyst [61,62]

T
nCHa—-('3=CH2 S —-—(IZ-—CHz— @1s)
CH, CH, n

To a cooled (Dry Ice-hexane) three-necked 1 liter round-bottomed flask
equipped with a stirrer, nitrogen inlet-outlet tube, and low-temperature
addition funnel is added a solution of 31.9 gm of isobutylene in 250 gm of »-
pentane (see Note). Then 32 ml of 4.13 x 10~2 mole/liter aluminum chloride
in methyl chloride is slowly added while keeping the temperature at —78°C.
After 1 hr the polymer is isolated by evaporating the solvent to afford a
quantitative yield of polyisobutylene, DP = 10,000.

NOTE: All glassware is dried at 130°C and all the reagents are anhydrous
and purified as described by Kennedy [62]. The reaction can best be carried
out in a stainless steel dry box under a nitrogen atmosphere.

The effectiveness of several Friedel-Crafts catalysts for the polymerization
of isobutylene at —78°C is given in Table VII [63]. BF; is the most effective
catalyst. In most cases the molecular weight of the polymer increased as the
starting temperature of polymerization was reduced. Moisture had the effect
of acting as a promoter [48].

TABLE VII
POLYMERIZATION OF ISOBUTYLENE BY FRIEDEL-CRAFTS CATALYSTS

Minimum
effective cat.
conc. %/% ¥, Conc. 9%, Starting Reaction time ¥, Yield Mol. wt.

Catalysts  isobutene used  isobutylene (sec) polymer x10-2
BF; —_ 0.05 10 — 100 120-150
AlBr; 0.01/1 0.05 20 0-5 min 70-90 120-150
TiCly 0.12/7.0 0.12 30 20-70 min  35-50 100-130
TiBr, 0.50/20 1.0 30-40 12-18 30-50 70-90
BCl; 0.8/20.0 0.9 40-50 12-18 0.5-1.5 30-50
BBr; —_ 0.6 50 12-18 0.5-1.5 20-30

SnCl, 10/1.0 1.5 50 17-50 10-18 12-25
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3-3. Emulsion Polymerization of Butadiene Using a Rhodium Chloride
Cationic Catalyst to Give 99, trans-1,4-Polybutadiene [64)

RhCl;3-3H,0 CH.
nCHz CH—CH C 2 . . AN / . ( )

80°C

To a stainless steel Hoke cylinder containing a pressure relief valve and a
valve for venting is added 200 ml of distilled water, 1.0 gm of rhodium chloride
trihydrate (Engelhard Industries, Newark, N.J.), and 5.0 gm of sodium dode-
cylbenzenesulfonate. The cylinder is cooled in an ice bath, weighed, and more
than 100 gm of butadiene is added. The excess is allowed to evaporate off in a
hood until only 100 gm remains. The cylinder is sealed closed and then placed
in a shaking thermostatted water bath at 80°C for 5 hr. The cylinder is then
cooled, vented, and the polymer precipitated by the addition of methanol con-
taining 0.5 gm of N-phenyl-8-naphthylamine (CAUTION: carcinogenic).
The polymer is washed with fresh methanol and dried to afford 72 gm (72%,)
of polybutadiene of greater than 98%, trans-1,4-configuration. The crystal-
inity as estimated by X-ray diffraction is 37%,. Further details are given
in Table VIII and Figs. 5 and 6. The data in Table VIII and Fig. 6 show that
the rate of polymerization is faster in the presence of emulsifier.

3-4. Preparation of Butyl Rubber (Copolymerization of Isobutylene with
Isoprene Using BF; Catalyst) [65]

BF:
CH,=C(CHj); + CH;=CH—C=CH, ——>
CH,Cl
CH, -78°C
an
[—CH;—C(CHa)z—CHz—CH=(|3—CH2—}
CHa n

To an oven-dried micro resin flask equipped with a thermocouple, stirrer,
and cooled jacketed dropping funnel and placed in a Dry Ice-acetone bath
(—78°C) is added 9.7 ml (6.8 gm, 0.121 mole) of isobutylene and 0.3 ml of
isoprene dissolved in 30 ml of methyl chloride (all volumes measured at —78°C).
Then BF; (1.8 x 10~° mole) dissolved in methyl chloride is added dropwise
so that a temperature rise no higher than 1° is experienced. After 1-2 hr
reaction at —78°C the polymerization is terminated by adding 10 ml of pre-
cooled methanol and stirring for 5 min. The unreacted monomers are evapor-
ated and the polymer washed with methanol and dried for 48 hr at 45-50°C
to afford 4.8 gm (68.6%,), mol. wt. 140,200; DP = 2510. The mole percent
isoprene content is 1.84 and is determined as described in Ref. [66].
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gol-
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Fi1G. 5. Polymerization in emulsion: (1 gm RhCl;-3H,0, 100 gm butadiene, 5 gm
sodium dodecyl benzenesulfonate, 200 ml H;0). [Reprinted from R. E. Rinehart, H. P.
Smith, H. S. Witt, and H. Romeyn, Jr., J. Amer. Chem. Soc. 84, 4145 (1962). Copyright
1962 by the American Chemical Society. Reprinted by permission of the copyright
owner.]

Kennedy has also described the preparation of butyl rubber utilizing an
AIRX catalyst with an HX promoter at 0° to —100°C [66a]. In this case
R = C, to C,; aliphatic hydrocarbon radical and X = F, Cl, or Br. (See
Table VI for an example.)

Marvel and co-workers [67] have also described the cationic polymerization
of butadiene using one of several Friedel-Crafts catalysts at various tempera-
tures and concentrations. Aluminum chloride and chlorosulfonic acid were
effective at —75°C and stannic chloride, boron trifluoride etherate, boron
trifluoride hydrate, sulfuric acid, and fuming sulfuric acid required higher
temperatures to bring about substantial polymerization. The catalysts usually
were added in chloroform or ethyl bromide as solvent. Butadiene also was
found to copolymerize well with styrene at —75°C using aluminum chloride
in ethyl bromide as catalyst.
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FiG. 6. Catalyst concentration effects in the polymerization of butadiene by
Rh(NO3);-2H20 (100 gm butadiene, 200 ml H,O: emulsion curve; plus 5 gm sodium
dodecyl benzenesulfonate). [Reprinted from R. E. Rinehart, H. P. Smith, H. S. Witt, and
H. Romeyn, Jr., J. Amer. Chem. Soc. 84, 4145 (1962). Copyright 1962 by the American
Chemical Society. Reprinted by permission of the copyright owner.]

4, ANIONIC POLYMERIZATIONS

The anionic polymerization of styrene was first reported in 1914 by Schlenk
and co-workers [68] and more recently reinvestigated by Szwarc [69] and
others [70]. Almost 60 years ago sodium and lithium metal were used to
polymerize conjugated dienes such as butadiene [71a-c], isoprene [71a],
1-phenylbutadiene [71b], and 2,3-dimethylbutadiene [72]. Ziegler [73] in
1929 described the addition of organoalkali compounds to a double bond. In
1940 the use of butyllithium for the low-pressure polymerization of ethylene
was described [74]. In 1952 the kinetics of the anionic polymerization of
styrene using KNH, was reported [75]. Some anionic polymerizations have
been described as living polymers in the absence of impurities) [76].

Electron-withdrawing substituents adjacent to an olefinic bond tend to
stabilize carbanion formation and thus activate the compound toward anionic
polymerization [77].
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The relative initiator activities are not always simple functions of the
reactivity of the free anion but probably involve contributions by complexing
ability, ionization, or dissociation reactions [78].

Recently Waack and Doran [79] reported on the relative reactivities of 13
structurally different organolithium compounds in polymerization with
styrene in tetrahydrofuran at 20°C. The reactivities were determined by the
molecular weights of the formed polystyrene. The molecular weights are in-
versely related to the activity of the respective organolithium polymerization
initiators. Reactivities decreased in the order alkyl > benzyl > allyl >
phenyl > vinyl > triphenylmethyl as shown in Table IX.

The structure-reactivity behavior found for similar organosodium poly-
merization initiators of styrene [80] or that for addition reactions with
1,1-diphenylethylene [80a] is almost identical with that found for the lithium
initiators of Table IX. It is interesting to note from Table IX that the re-
activity of lithium naphthalene, a radical anion type initiator, is between that
of the alkyl lithiums and the aromatic lithium initiators.

The anionic polymerization of styrene using the organolithium initiators
can be described as a termination-free polymerization, as shown in Egs. (18)
and (19).

RLi + St —— RStLi (18)
RStLi + nSt —> RSt,StLi (19)

The degree of polymerization (DP) is determined by the ratio of the overall
rate of propagation to that of initiation.

“Living” polymers have been extensively investigated by Szwarc and co-
workers [81], who have shown that the formed polymer can spontaneously
resume its growth on addition of the same or different fresh monomer. Block
copolymers are easily synthesized by this technique. The lack of self-termina-
tion is overcome by the addition of proton donators, carbon dioxide, or
ethylene oxide.

Earlier examples of ‘“‘living”” polymers were reported by Ziegler for the
sodium-initiated polymerization of butadiene [82]. The anionic polymerization
of ethylene oxide also gives a “living”” type polymer [83]. Cationic polymeri-
zations such as the BF; - H,O complex-catalyzed polymerization of isobutylene
is considered a ““living”’ type polymer [84].

Alfin (alkoxide-olefin) catalysts have been developed by Morton and co-
workers [85,85a] and they are special combinations of sodium salts (typically
1.5 mole sodium chloride, 1.0 mole sodium alkoxide, and 0.39 mole allyl-
sodium) which cause the rapid polymerization of butadiene to high molecular
weight polymer. The reagents are also insoluble aggregates of ions whose
behavior is affected by the ions in the aggregate [85]. Table X shows some
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TABLE IX
“STANDARD POLYMERIZATIONS”’ OF
STYRENE IN TETRAHYDROFURAN SOLUTION

AT 20°C
Mol. wt.
of polymer®
Organolithium catalyst (temp, °C)
t-Butyl 3,200° (— 66)
3,200 (—40)
sec-Butyl 3,500° (—69)
Ethyl 3,500
n-Butyl 3,600
a-Methylbenzyl 3,700
Crotyl 6,500
Benzyl 6,700
Allyl 9,600
p-Tolyl 9,900
Phenyl® 12,000
Phenyl¢ (LiX) 24,000 (LiCl)
22,000 (LiBr)
Methyl 19,000
Vinyl 23,000
Triphenylmethyl® 66,000
Triphenylmethylsodium 53,000
Lithium naphthalene 6,000

o Average values.

® At higher temperatures there is rapid reaction
with THF.

¢ Salt-free.

4 Contains equimolar lithium halide (see Ref. 12).

e Contains equimolar LiCl. Lithium halides are
indicated to have little effect on the reactivity of
such resonance stabilized species. Reprinted from
R. Waack and M. A. Doran, J. Org. Chem. 32, 3395
(1967). Copyright 1967 by the American Chemical
Society. Reprinted by permission of the copyright
owner.

examples of alfin catalysts and their effectiveness in the polymerization of
polybutadiene. Other examples are described in Ref. [86,86a].

Replacement of 85%, of the sodium ions by potassium ions in the alkoxide
portion and then replacement of 2/3 of NaCl by NaF causes butadiene to
give more 1,2- than 1,4-polybutadiene (ratio 1.4 to 1.2 = 0.86). If only Na
jon was present then the ratio of trans-1,4 to trans-1,2 structures is approx.
3.0 [85]. This difference indicates that the nature of the catalyst surface is im-
portant for the alfin catalyst system.
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TABLE X
GENERAL AND SPECIFIC FORMULAS FOR SOME ALFIN CATALYSTS AND VISCOSITIES
OF CORRESPONDING POLYBUTADIENES®*®

Alcohol Hydrocarbon 7]

RCH(CH;)ONa CH,=CHCH(R)Na —
or HC=C—CH:Na —

HUH
H H

(CH;),CHONa CH,=CHCH;Na 11-13
n-C3H-,(CH;)CHONa CH,=CHCH.;Na 12-13
CeHe(CHs)CHONa CH2=CHCH2N3 6-7
(CH;).CHONa [CH=+CH==CHCHj;]Na 67
(CH;),CHONa CsHsCH,Na 6-7
(CHj;).CHONa [CH,=—=CHCHCH.CH=—CH:]Na 11-12
n‘C3H7(CH3)CHONa [C2H5CH—'—‘CH4CH2]N8 <2

@ All catalysts contain NaCl.
® Reprinted from A. A. Morton, Ind. Eng. Chem. 42, 1488 (1950). Copyright 1950 by
the American Chemical Society. Reprinted by permission of the copyright owner.

The use of xylylsodium greatly affects the stereochemistry of the polymer
[86b].

The alfin catalyst can also polymerize styrene and it can be used in styrene—
butadiene copolymerizations.

It is interesting to note that with ordinary organosodium reagents such as
amylsodium, styrene polymerizes much faster than butadiene. However, with
the alfin catalyst butadiene polymerizes nearly five times faster. In addition,
the intrinsic viscosity of the alfin polybutadiene (11-13) is much higher than
that of the alfin polystyrene (1.1-3.6) depending on the amount of isoprop-
oxide present.

Reference [87] is a general review of the anionic polymerization process
and is worthwhile consulting.

Some typical examples of the anionic polymerization of various olefinic—
diolefinic monomers are given in Table XI and Preparations 4-1, 4-2, 4-3,
and 4-4.

4-1. Preparation of Polystyrene by the Polymerization of Styrene Using
Sodium Naphthalene Catalyst [88]

Styrene + naphthalene~ ——— styrene- styrene | polystyrene - (20)

CH30H

polystyrene
Polystyrene - styrene
further polymerization @n
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(a) Preparation of Sodium Naphthalene [88a]. A 2-liter three-necked flask

THF
+ Na —— Na* (naphthalene™) (22)

which has been dried at 150°C and then assembled warm with a nitrogen gas
stream going through it is equipped with a mercury-sealed stirrer (or ground
glass type). Then 1 liter of a molal solution of naphthalene in pure dry tetra-
hydrofuran is added followed by 25 gm of sodium sticks (2-3 cm long x 3-5
cm square on the end). After adding the sodium the mixture is stirred rapidly
at the start. The reaction starts in 1-3 min and some cooling may be necessary
to keep the temperature from exceeding 30°C. At 20°-25°C the reaction takes
about 2 hr, and then an aliquot of the mixture is added to methanol and
titrated with dilute standard HCI using methyl red.

(b) Polymerization of styrene [88). To a flask as described previously but
with a side arm with a serum cap is added 60 ml of pure dry THF containing
3.3 x 10~*mole of sodium naphthalene (positive nitrogen pressure main-
tained throughout reaction). Then the contents are cooled to —80°C and
9.2 gm of dry pure distilled styrene is injected. Polymerization proceeds
rapidly and the reaction mixture turns a bright red color due to the formation
of the styrene anion. After completion of the reaction the solution is warmed
to room temperature and the viscosity (see Note) is 1.2-1.5 sec. The solution
is recooled to —80°C, and an additional 7.7 gm of styrene in 50 ml of THF
is injected. After 1-2 hr the color of the reaction is still bright red and the
viscosity (see Note) of the reaction mixture is 18-20 sec at room temperature.
The polymerization is quenched (red color disappears) by the addition of cold
methanol, filtered, washed with methanol, and dried to afford 16.6 gm (98%,)
of polystyrene, inherent viscosity in toluene at 0.5%, concentration is 1 to 1.5.
This preparation proves that the living ends of the polystyrene were able to
initiate further polymerization when the second addition of styrene was
made.

NOTE: Viscosity taken without removing sample from reaction vessel.

Szwarc [88] has shown that styrene initiated as described above can also
react with isoprene to give block copolymers.

4-2. Preparation of Polybutadiene by the Amylsodium-Catalyzed

Polymerization of Butadiene [39]
C5H11Na
nCHy;=CH—CH=CH, ——— [—CHs—CH=CH;—CH,—]» (23)
(3

pentan

A 500 ml creased Morton flask [89a] that has been dried at 150°C is
assembled warm with a mechanical stirrer, dropping funnel, and nitrogen
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inlet-outlet. While a positive nitrogen atmosphere is maintained a 300 ml
pentane suspension of amylsodium (see Note) (0.083 mole) is added. The
flask is cooled to 0°~10°C and 1.00 mole of butadiene is added over a 1 hr
period. After stirring for an additional hour the reaction mixture is carbonated
by pouring the contents of the flask on solid carbon dioxide. When the solid
carbon dioxide evaporates 200 ml of water is dropwise added. Then 0.4 gm
of hydroquinone is added and the pentane is removed by warming on a steam
bath. The polymer is removed from the aqueous layer, acidified with hydro-
chloric acid, and steam-distilled in order to remove any decane. The rubbery
mass is dried by distilling chloroform from it and then dried under reduced
pressure to afford 45.4 gm (74%,).

NOTE: Amylsodium is prepared in 75-80%, yield by the dropwise addition
(1 hr) of the halide (0.25 mole) to two equivalents of finely divided sodium in
pentane at —10°C.
4-3. Preparation of Polybutadiene Using the Alfin Catalyst [90]
nCHy;—CH—CH=CH, —= %%  CH,—CH=CH—CH,—], (24)

Mixture of cis- and trans-
1,4 and vinyl

(a) Catalyst preparation [86,90]
CAUTION: Alfin catalysts are pyrophoric and can ignite the pentane if
spilled in the air.

pentane i-C3H,OH
_— _—

C5H11Cl + Na C5H11Na + NaCl

CH,=CH—CH:Na

CsH,;Na + NaCl +
{ + —CHy—CH—CH, , NaCl (25)
i-C;H,ONa +
i-CoH,ONa

To a 1 liter four-necked flask attached to a high-speed stirrer (see Note b)
is added 500 ml of dry n-pentane and 23 gm (1.0 atom) of sodium sand under
a nitrogen atmosphere. The flask is cooled to —10°C and 63 ml (0.522 mole)
of amyl chloride is added dropwise. The addition is stopped after 10-15 ml of
the amyl chloride is added and the mixture stirred vigorously until the reac-
tion is initiated as evidenced by a dark purple coloration. The addition is then
continued over a 45-60 min period while keeping the temperature at —20° to
—10°C. The mixture is warmed to room temperature and then stirred for an
additional 4 hr.

Isopropanol (0.20 mole) is added at 0°C just prior to the addition of propyl-
ene. The propylene is bubbled into the reaction mixture over a 0.5-2% hr



38 1. Polymerization of Olefinic—Diolefinic Hydrocarbons

period while the temperature is kept at — 10°C using high-speed stirring. The
propylene is bubbled in until there is a steady reflux of it from the Dry Ice-
methanol condenser. The propylene addition is stopped, and the catalyst
stirred for an additional 1 hr before use or may be kept overnight without any
deleterious effect.

(b) Polymerization. To a 16 oz oven-dried soft drink bottle containing a
serum pressure cap (see Note a) is added 150 ml of dry n-pentane using a
nitrogen atmosphere. Then 30 gm of polymerization grade (Matheson)
butadiene is condensed into the calibrated bottle at —20°C using a two-hole
rubber stopper and weighed. At —20°C 30 ml of the Alfin catalyst is added,
the bottle securely capped (Note b), and then shaken well. Polymerization
starts at —20°C as evidenced by a temperature rise to 40°C in about 10-15
min. The bottle is agitated at 40°-60°C until the contents completely solidify
(less than 1 hr). The bottle is allowed to stand for 1-2 hr and then the seal
slowly opened to allow pressure equalization. The solid polymer is removed
and added to 500 ml of ethanol containing 1.0 gm of N-phenyl-2-naphthyl-
amine antioxidant. The mixture is stirred in a blender and then filtered. The
solid crumbly polymer is washed twice with 500 ml of ethanol in the blender
and then in the same way twice with acetone (1.0%, N-phenyl S-naphthylamine
per 500 ml of acetone). The polymer is filtered and dried at 40°C under re-
duced pressure to afford 21-27 gm (70-90%,) or more of polybutadiene (mix-
ture of cis, trans, and vinyl). The intrinsic viscosity in toluene at 25°C is
approx. 11-15 dl/gm (mol. wt. about 2~5 x 10¢ based on KM*® = [n] where
K= 1.1 x 1072 and a = 0.62) [86].

NOTES: (a) Serum cap catalog #5300 Harshaw Scientific Co. or other
suitable type. (b) *Slip-Seal” bottle closure device may be used as available
in local hardware stores for resealing beverage bottles.

The use of 40 ml of a catalyst (prepared by passage of propylene into
1.0 mole of amylsodium which had been first been reacted with 0.2 mole of
methylphenylcarbinol caused 75%, conversion of 30 ml of butadiene over a
1 hr period to give a polymer with an intrinsic viscosity of 5.2 [90].

The catalyst prepared without use of an alcohol gives a slow rate of poly-
merization of butadiene.

The molecular weights of the alfin polybutadienes are very high and are
difficult to process. Greenberg and Hansley [86,86a] found that the molecular
weight can be controlled to give products of mol. wt. 50,000 to 1,250,000 by
adding dihydro aromatic compounds such as 1,4-dihydrobenzene to the
polymerization mixture, as shown for example [86], in the following
tabulation.
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1,4-Di-
Alfin cat.  hydro-
Butadiene n-Hexane (0.065 benzene Temp. Time Yield 7
(gm) (gm) gm/ml) (gm) ({(®) (hr) (%) Mol. wt. (toluene)
30 100 17.5 2.0 25 2 96 537,000 3.9
360 300 210 10 25 6 95 229,000 2.3

In place of a soft drink bottle the polymerization can be carried out in a
three-necked flask equipped with a Dry Ice-acetone-cooled condenser. The
dry butadiene can be metered into the stirred mixture of alfin catalyst and
solvent, etc. [86].

4-4. Preparation of Poly(cis-1,4-isoprene) [91]

CH, /H
nCHy;=C—CH=CH; —— C=C (26)
! —Ccfl, CH—|,

CH3

To a polymerization bottle cooled to 0°C is added 100 gm of isoprene,
300 gm of n-pentane, and 0.04 gm of a fine dispersed lithium metal. The bottle
is sealed with a crown cap and slowly warmed from 0° to 50°C over a 1-2 hr
period to give 100%, conversion to polymer. The polymer is purified by disso-
lution in toluene followed by precipitation in acetone. Such a polymer was
analyzed by infrared spectroscopy and shown to contain 94.2%, as 1,4 groups

and 5.8%, as 3,4 groups. The inherent viscosity is 6.85.

The use of ethyllithium or butyllithium in n-pentane in place of lithium
metal in the above preparation gave similar results.

Surprisingly, ethyl ether in place of n-pentane gave little or no cis-1,4-
polyisoprene but a mixture of trans-1,4-, trans-1,2-, and 3,4-polyisoprene.

In addition sodium and alkyl sodium compounds, potassium and alkyl
potassium compounds, and rubidium, cesium, or alfin (sodium) catalysts in
n-pentane gave mixtures of cis-1,4-, trans-1,4-, trans-1,2-, and 3,4-polyiso-
prenes.

5. COORDINATION CATALYST POLYMERIZATIONS

The earliest reported coordination polymerization was the cationic poly-
merization of vinyl isobutyl ether [92]. Other early references reported the
polymerization of ethylene using titanium tetrachloride-aluminum-aluminum
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chloride [93] and the polymerization of styrene using phenylmagnesium
bromide-Ti(OBu), [94].

Ziegler [95] first recognized the importance of the catalyst and the novel
type of polymerization it induced, especially for ethylene monomer. The poly-
ethylene produced was very linear (m.p. 135°C), whereas the high-pressure
radical process gives a short-chain branched product (m.p. 120°C). Natta
[96] almost at the same time reported on a similar catalyst useful for a wide
range of olefin, diolefin, and acetylenic monomers. These new catalysts have
now become known as the Ziegler-Natta catalysts. These catalysts are com-
plexes formed by the reaction of halides or other derivatives of transition
metals of groups IV-VIII and alkyls of metals of groups I-III, for example,
as shown in Eq. (27).

AlR; + MCl, —— RAICl + RMCl, _, 27

The catalysts which are based on insoluble transition metal compounds or
complexes afford little information as to the active species present. Many of
the catalysts have metal salts in varying oxidation states. These catalysts
therefore have a structure which is not known with certainty and leads to
difficulties in trying to reproduce results.

Recently various well-defined =-allylnickel halides [97,98] have been re-
ported to initiate diene polymerization. However, the polymerization is slow
and also affords low molecular weight products. The addition of Lewis
acids (AICl,, VCl,, or TiCl,) to these =-allylnickel complexes speeds up the
rates and gives products with high molecular weights. Again, the structure of
these new catalysts is unknown.

The factor that influences the control of the stereoregularity of the polymers
obtained by polymerizing monomers with coordination catalysts is not fully
understood. However, it is probable that the monomer is precomplexed with
the catalyst center in the configuration which is ultimately retained in the
polymer chain. For example, cis attachment of the monomer double bonds in
1,3-pentadiene to the catalyst site (AlEt,Cl/CoCl,) leads to syndiotactic
cis-1,4-polymer from the frans isomer of the monomer and no polymer for
the cis isomer (Eq. 28) [99].

R
\

Cat
A

CH: N\ - N (28)

N\

Some data on using soluble catalysts for the polymerization of butadiene
are shown in Tables XII and XIII.
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TABLE XII
POLYMERIZATION OF BUTADIENE BY SOLUBLE CATALYSTS®?

[c¢ M] Temp. R;,
Catalyst® (ml-* x 109 (mD)~* °C) 10* ml-? sec?

Co(Np)./AlEt,Cl/H,O 0.28 2.26 25 1.75
Co/Al/H,O = 1/1000/100
Co(acac)s/AlEt,Cl/HO 2.5 2.0 2 8.5
Co/Al/H,0 = 1/400/8
Co(acac)s/AlCl3Et; 0.32 0.9 41 324
Al/Co = 1700
Cr(acac)s/AlEt; 43 1.0 20 0.5
Al/Cr = 11.6
m-CaH;sNiCl 100 2.0° 50 0.3

¢ Monomer concentration not given but calculated assuming polymerization tempera-
ture, also not stated, is 50°C.

® Reprinted from W. Cooper, Ind. Eng. Chem., Prod. Res. Develop. 9, 457 (1970).
Copyright 1970 by the American Chemical Society. Reprinted by permission of the
copyright owner.

° Np = naphthenate.

4 Transition metal concentration.

Cooper has reviewed the coordination catalyst mechanism of polymeriza-
tion of conjugated dienes and is worthwhile consulting [100]. Other earlier
reviews, papers, and texts should also be consulted [101].

Some typical examples of the monomers polymerized using these catalysts
are shown in Table XIV and Preparations 5-1, 5-2, 5-3, and 5-4.

TABLE XIII
COMPARISON OF SOLUBLE Cr AND SOLUBLE Co CATALYSTS FOR BUTADIENE
POLYMERIZATION®
Increase in
Polymerization Al/[M] ratio Polymer ROH
Catalyst rate Mol. wt. on mol. wt.  structure termination
Cr(acac);/AlEt; Low Low Falls 1,2 +
Co(acac)s/AlEt,Cl High High  Independent 1,4 -

¢ Reprinted from W. Cooper, Ind. Eng. Chem., Prod. Res. Develop. 9, 457 (1970).
Copyright 1970 by the American Chemical Society. Reprinted by permission of the
copyright owner.
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5-1. Preparation of High-Density Polyethylene [102]

AlBr3, VClg, Sn(CgH
nCH,;=CH, o, VOl SMGHek L | CH,—CHy—Jn 29)

cyclohexane

CAUTION: The reaction should be carried out in a well-ventilated hood
behind a safety shield.

The polymerization is carried out with stirring or near atmospheric pressure
in a 3 liter flask (see Note a) attached to a manometer and sealed from the
atmosphere. The reactor is thermostatted at 65°C, purged with nitrogen and
then ethylene, and charged with 1 liter of purified dry cyclohexane,
5 mmoles of Sn(C¢H5), (Note c), 0.026 mmole of VCIl, (Note c), and 15 mmoles
of AlBr; (Note c) in this order. Upon addition of the AlBr;, polymerization
starts and the pressure drops to 200 mm Hg (Note d). Ethylene is fed in at the
rate of 1 liter/min and after 1 hr the reaction is quenched with methanol, the
polymer washed with methanol, filtered, and dried to afford 40.8 gm of
polyethylene, m.p. 136°C, intrinsic viscosity dl/gm is 2.6 in tetralin at 130°C
(mol. wt. 135,000).

NOTES: (a) The three-necked flask is oven-dried at 150°C, assembled
while warm, and immediately purged with dry nitrogen. The joints should be
lightly greased and the stirrer must be sealed to prevent air from entering the
reactor flask. A bubbler should be attached to the exit from the condenser to
show that an excess of ethylene is passing through the system. A serum cap is
attached to one neck of the flask.

(b) The ethylene is obtained from Union Carbide and contains 967, ethyl-
ene, 4%, inert hydrocarbons, and 0.003%, oxygen. The ethylene is passed
through Linde molecular sieves and Ascarite before use. Oxygen concentra-
tions in the 0.003 to 0.05%, range were obtained either by injecting oxygen
into the flow metering system or by blending with Matheson C.P. commercial
ethylene containing 0.05%, oxygen. In some cases only Matheson C.P. com-
mercial ethylene is used. Note that 400~600 ppm of oxygen is essential for
this polymerization catalyst system.

(c) The catalyst components are added as cyclohexane solutions through a
serum cap via a hypodermic syringe. Tetraphenyltin may be added as a solid
since it is stable in air.

(d) CAUTION: Do not allow air to be sucked into the flask. Keep the
ethylene flow going steadily into the flask as evidenced by the gas bubbler
attached to the exit of the condenser.

The use of TiCl, (4.6 mmoles)-Al(CzHs); (2.0 mmoles) catalyst does not
require oxygen in the system. A more branched polyethylene is obtained and
the reaction is carried out in a similar manner [103]).
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5-2. Preparation of Polyethylene Using a Ni-BuLi Catalyst [104]

nCH,—CH, — 21, | CH,—CH,—], (30)

To a dry steel pressure bomb is added under a nitrogen atmosphere 0.5 gm
of an active hydrogenation catalyst (Note a) and 189 gm of benzene solution
containing 3.72 gm of n-BuLi. The bomb is sealed and then charged with
ethylene to a pressure of 990 lbs/in%2. The temperature rises to 48°C upon
introduction of the ethylene. The mixture is agitated for 6 hr under a pressure
of 800 to 1010 lbs/in? which is maintained by occasional introduction of
ethylene to a total of 126 gm added. During this reaction time the temperature
drops to 35°C and the bomb upon standing for an additional 16 hr gives a
reaction temperature of 22°C. The pressure of the reaction mixture drops from
995 to 700 lbs/in%. The excess ethylene is vented and the semisolid product
transferred to a flask containing 500 gm of aq. 5%, HCI. The volatile material
is removed by steam distillation and the residue dried to afford 36 gm (28.8%,)
of a light gray waxy solid, m.p. 106-110°C. The polymer is insoluble in cold
solvents but dissolves in hydrocarbon solvents boiling approximately 106°-
110°C or higher. The polymer shows a crystalline pattern by X-ray diffrac-
tion analysis.

Omitting the nickel catalyst gave only 0.6 gm of crude polymer.

NOTE: The nickel catalyst is an active hydrogenation catalyst on kiesel-
guhr. It is prepared by reaction of 276 gm of 259, Ni(NO,), solution con-
taining 34 gm of kieselguhr in suspension with 1700 gm of 6%, NaHCO,. The
precipitate of basic nickel carbonate on kieselguhr is reduced by hydrogen at
450°-475°C. The reduced catalyst is stabilized by exposure at room tempera-
ture to air. The catalyst contains 30-357, elementary nickel and the balance
mainly consists of nickel oxide.

5-3. Preparation of Polypropylene [105]

. —CH,—CH—
1 2

nCH;—CH=CH, —usobutys l: :l 61
Ticl, CH, J,

To a 200-ml three-necked oven-dried flask equipped with a condenser,
nitrogen inlet-outlet tube, mechanical stirrer, and syringe cap on one neck is
added 100 ml of dry xylene and 2.0 ml of triisobutylaluminum via a hypoder-
mic syringe and 10 drops of titanium tetrachloride. The flask is swept with
nitrogen and then heated in an oil bath to 59°-62°C for } hr. Propylene gas,
dried by passage through an activated alumina column, is bubbled through
the mixture for 14 hr while the temperature is kept at 60°-65°C. The reaction
mixture is then cooled, poured into 50:50 conc. HCl-acetone solution,
filtered, and extracted with boiling methanol to afford 2.0 gm of isotactic
polypropylene, m.p. 156°-160°C.
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Other olefins are also polymerized in an analogous manner using this same
catalyst system, as shown in Table XV.

TABLE XV
COORDINATION CATALYST-INITIATED POLYMERIZATION OF OLEFINS [105]

Reaction conditions

Olefin Temp. Time VA M.p.
(gm) () (hr) Polymer (§(®)} Mol. wt.
1-Octene
(10.6 gm) 93-96 27 13 — 1400
d,1-3-Methyl-1-pentene
(4.85 gm) 120-132 168 12 229-237 —
d-3-Methyl-1-pentene
(6.28 gm) 125-130 168 11 271-278 —

5-4. Preparation of trans-1,4-Polyisoprene (Synthetic Balata) [106]

val —CH,—CH=C—CH,—
nH;C=CH=C=CH; —————> [ | ] (32)
l Al(isobutyl)s CH; n

CH;,

To a stainless steel bomb containing 350 gm of dry benzene is added under
an argon atmosphere, 0.5 gm of a supported VCl; catalyst (see Note) (con-
tains 55 mg VCl;) and 0.495 ml (0.382 gm) of triisobutylaluminum as a 10%,
solution in benzene. The bomb is sealed and then 60 gm of isoprene is injected
into the bomb. The bomb is shaken for 72 hr at 50°C using a shaking machine.
Then the bomb is cooled, opened, and the polymer precipitated with about
800 ml of methanol. The polymer is washed with methanol and dried to afford
26 gm (43.3%,), intrinsic viscosity in benzene 3.47 dl/gm. The X-ray diffrac-
tion pattern is substantially identical with that of natural balata.

NOTE: The catalyst is prepared as follows: 7.0 gm of TiO, (specified sur-
face area, 5.5 sq. meters/gm) and 1.53 gm VCl, in 50 ml of dry benzene are
stirred and irradiated for 3 hr with a UV light source (quartz mercury arc)
under a nitrogen atmosphere. The reaction mixture is filtered, washed with
benzene, and vacuum-dried to give a catalyst containing 7.48%, of chlorine
(Volhard method) corresponding to 11%, VCl, [106].

uv
TiO; + VCly, —— TiO; + VCl; + Cl; * (33)
—

catalyst


file:///4-Polyisoprene

§6. Miscellaneous Methods 47

The use of the above catalyst in the presence of tetra(2-ethylbutyl)titanate
gave increased yields at lower reaction times [106a].

cis-1,4-Polyisoprene has been prepared by Saltman using a TiCl,-Al(i-C,Hg)s
catalyst system [107]. Some typical reaction rate data at 10°C are shown in
Fig. 7.

40_
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FiG. 7. Typical reaction rate curve at 10°C. Monomer concentration 1.00 mole/liter,
TIBA concentration 7.96 x 10~3 mole/liter, TiCl, concentration 6.64 x 10~2 mole/liter.
Different symbols represent replicate runs. Reprinted from W. M. Saltman, W. E. Gibbs,
andJ. Lal,J. Amer. Chem. Soc. 80, 5615 (1958). Copyright 1958 by the American Chemical
Society. Reprinted by permission of the copyright owner.

6. MISCELLANEOUS METHODS

1. cis-trans Isomerization of polybutadienes and polyisoprenes [108].
2. Heterogeneous radical polymerization of ethylene [109].
3. Preparation of polyethylene in a continuous process using free-radical-
forming catalysts [110].
. Preparation of divided expandable polystyrenes [111].
. Preparation of foamed polystyrene [112].
. Effect of dimethylaniline on polystyrene preparation [113].
. Preparation of polystyrene in liquid sulfur dioxide [114].
. Polymerization of cycloolefin derivatives [115].
. Trialkylboron catalysts for the polymerization of olefins [116].
. Polymerization of substituted 1,6-heptadiene [117].
11. Preparation of norbornene-ethylene copolymers [118].
12. Preparation of crystalline polyacetylene [119].
13. Polymerization of acetylenes to polyenes [120].

—
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14. Polymerization of bicyclo[2.2.2] heptadiene to give a polymer with
nortricyclene units [121].

15. Thermal polymerization of 2,6-diphenyl-1,6-heptadiene [122].

16. Polymerization of 1,5-hexadiene to afford a polymer containing cyclo-
pentane rings [123].

17. Polymerization of cyclooctadiene using Al(iso-C,H,)-TiCl, at —20°
to 70°C to give five-membered ring-fused polymer systems [124].

18. Polymerization of diisopropenyl monomers [125].

19. Ring-forming polymerizations [126].

20. Preparation of a butadiene oligomer: trans-3-methylhepta-1,4,6-triene
[127].

21. Polymerization of isobutylene via photoinitiation with vacuum ultra-
violet radiation [128].

22. Cyclooligomerization of butadiene on polymerization catalysts such as
diethylbis(dipyridyl)iron and diethyldipyridylnickel [129].

23. Polymerization of cyclopentadiene by free ions [130].

24. Polymerization of trans-1,3-pentadiene by y radiation [131].

25. Radiation-induced polymerization of isobutylene [132].

26. Polymerization of optically active 2- and 1,2-substituted butadienes
[133].

27. Polymerization of styrene catalyzed by clay-cracking catalysts [134].

28. Radiation-induced cationic polymerization of ethylene [135].

29. Radical-initiated homopolymerization of «-methylstyrene [136].

30. Free-radical copolymerization of «-olefins with ethylene [137].

31. Photopolymerization of ethylene [138].

32. Free-radical polymerization of ethylene at low temperature [139].

33. Polymerization of methylstyrenes and the effect of dimethylaniline on
their polymerization [140].

34. Copolymerization and terpolymerization in continuous nonideal reac-
tors [141].

35. Ring-opening polymerization of cycloolefins [142].

36. Polymerization of ethylene or propylene using cation-exchanged
zeolite [143].

37. Preparation of amorphous polybutadiene (96%, 1,2-units) using MoCls
and AI(C.H;),0C,Hs—ethyl acetate catalyst [144].

38. Catalytic polymerization of ethylene using a 1:1 complex of bis(1,5-
cyclooctadiene)nickel(0) and o-(diphenylphosphine)benzoic acid [145].

39. Chromium oxide-TiO; catalysts for the polymerization of olefins[146].

40. Crystalline polypropylene using Al(C;H;),CI-TiCls~cinnamates or
cinnamic amides [147].

41. Organometallic halide initiators for the polymerization of butadiene
[148].
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42. Tonic-coordinated catalysts for the initiation of butadiene polymeriza-
tion [149].

43, Perfluorocarboxylato nickel salts as initiators for the stereospecific
polymerization of 1,3-butadiene [150].

44. Kinetics of Ziegler propylene polymerization [151].
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I. INTRODUCTION

Polyesters are polymers with repeating carboxylate groups
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in their backbone chain. Polycarbonates are esters of carbonic acid and will
be discussed in Chapter 3.

Polyesters are synthesized [1-11] by the typical esterification reactions,
which can be generalized by the reaction shown in Eq. (1)

i i i
R—(F—N ———> RC—N + X:

X

l
RC—X + N:
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where N: is a nucleophilic reagent such as OR'. The rate of reaction will be
dependent on the structure of R, R’, X, N and on whether a catalyst is used.

Tartaric acid—glycerol polyesters were reported in 1847 by Berzelius [12]
and those of ethylene glycol and succinic acid were reported by Lorenzo in
1863 [13]. Carothers extended much of the earlier work and helped to clarify
the understanding of the polyesterification reaction in light of the knowledge
of polymer chemistry at that time. Polyethylene terephthalate [14] and the
polyadipates [15] (for polyurethane resins) were the first major commercial
fruition of polyesters.

The major synthetic methods used to prepare polyesters all involve con-
densation reactions as shown in Eqgs. (2)-(12).

[ (”)]
HOR—CoOH % H|or—C J.0H @
n]
R’COOR—COOH -1, R’CO[ORC LOH A3)
[ (")]
RCOOROCOR + R(COOH), —25 rco LORCJ,0H @
[ i (ﬁ]
8,19 ,
HO—R—OH + R(COOH), ¥, y| orROCR’CJ,0H o)
0200 [ n ,n}
HO—R—OH + R(COOR"), 22 ylor—oC—r'CJ,0H ©
00
wag | T 1]
HO—R—OH + R(COX)s 2224 HlorOCRC.X @
[ I n]
22
NaOR—ONa + R(COX)s — 2+ Nal OROCRC J.X ®)
(X = CI, OCHy)
, n n]
HO—R—OH + R(C0)0 —2» H[OROCR’C OH ©)
| pa [ n] ,
HO—R—OH + R'OCOR’ —2L, H| oRrOC JOR (10)

[ n ﬂ
Br—R—Br + R(COOAg); —22> BrLOROCR'CJ,Ag an
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[25a)

; i
(CHg)y—C— — L)(CHz)u—C " (12)
[

The use of triols or tricarboxylic acids leads to cross-linked or network
polyesters. For example, an alkyd resin is formed by the reaction of glycerol
with phthalic anhydride [26].

Some typical examples of the preparation and properties of some repre-
sentative polyesters are shown in Table I.

Polyesters [27] find use in fibers [poly(ethylene terephthalate), poly(ethylene
oxybenzoate), poly(ester-ethers), poly(ester-amides), etc.] [27a], coatings
(especially unsaturated polyesters) [28], plasticizers, adhesives, polyurethane
base resins, films, etc. Cross-linked polyesters prepared from glycerol and
phthalic anhydride (alkyd resins) have been reviewed [29]. High-melting
polyaryl esters have been investigated for high-temperature applications.

Polyesters usually have good thermal and oxidative stability (up to 200°C)
but have poor hydrolytic stability at elevated temperatures.

2. CONDENSATION REACTIONS

Polyesters are essentially prepared by the typical procedures used for the
preparation of the monoesters described in an earlier volume by the present
authors [30]. Catalysts are used to increase the speed of esterification.
Aromatic acids and aromatic alcohols afford high-melting polyesters as
compared to the viscous liquids prepared from aliphatic starting materials.
The use of stoichiometric amounts affords high molecular weight products
whereas an excess of one reactant lowers the molecular weight. In many cases
hydroxy acids have a great tendency toward forming cyclic dimers, especially
if five- or six-membered rings can be formed as in the case of hydroxyacetic
acid [31].

0 o
2HOCH,COOH — :l/\:j:o + 2H;0 a3)

o
(glycolide)

Heating glycolide with zinc chloride affords a linear polyester,
HO(CH,COO),H. Heating lactide at 250°-275°C affords a linear polyester
of a molecular weight of about 3000. Use of potassium carbonate allows the
same reaction to occur at 140°-150°C [32]. B-Hydroxy acids often undergo
dehydration on heating [33]. y-Hydroxy acids afford y-lactones [34] and
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8-hydroxy acids afford unstable lactones which are easily converted to linear
polyesters [32,34]. When the hydroxyl is more than six positions away from
the carboxyl group only linear polyesters are obtained [35]. w-Hydroxy-
decanoic acid polymerizes to afford molecular weights of 780-25,000 depend-
ing on the polymerization conditions [16].

Functionality greater than two in the acid or alcohol affords three-
dimensional or cross-linked polymers often referred to as alkyd resins [36].

Preparation of polyesters using a diacid and an excess of diol leads first to
low molecular weight hydroxy-terminated polyesters (see Eq. 14). These
polymers are useful for the preparation of polyurethane resins or they may
be converted to high molecular weight polyesters by further heating under
reduced pressure to eliminate the excess diol by ester exchange reactions.

nHOOC(CH,),COOH + (7 + 1)CH,—CH, —>
OH OH (14)

HO «LCHgCHZ—OC(CH2)4COJ»”CH2CH20H + 2nH;0
Mol. wt. 2000—4000

Polymerization to high molecular weight products requires that an equal
number of reacting groups be present at all times. Since some glycol or diol
may be lost during the liberation of the water as steam, a 10-20 mole %, excess
of diol should be used. This should also lead to a hydroxy-terminated polyester
capable of reacting with other functional groups such as diisocyanates.

The direct esterification usually is self-catalyzed but helpful catalysts include
(1-2.5%, by weight of the reactants) p-toluenesulfonic acid or camphorsulfonic
acid. Some typical examples are described in Ref. [37). The starting materials
are either heated at 170°-230°C under reduced pressure or the water is
removed with high-boiling solvents by azeotropic distillation.

The direct esterification procedure works well for diols containing primary
or secondary hydroxyl groups but is not effective for tertiary hydroxy groups
or most phenols except p-hydroxybenzoic acid. Oxalic and malonic acids
cannot be heated too long otherwise decarboxylations occur. Kinetic studies
indicate that the functional groups have reactivities independent of the
molecular chain size; the reaction is third order for p = 0.8 to p = 0.98
[«((COOH)?*(OH)] and the reaction is catalyzed by strong acids [1,38]. The
rate of polyesterification of substituted phenyl itaconic acids with ethylene
glycol was found to follow a second-order rate equation [39].

The ester-interchange reaction (Eq. 15) is used commercially to prepare
poly(ethylene terphthalate) [40] and related polyesters [41]. Griehl and
Schnock [42] found that the rate of the ester-interchange reaction varied
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considerably with the type of diacid but hardly at all with the type of glycol.
Terephthalic acid ester reacted more rapidly than phthalic or isophthalic acid
esters. Benzoic acid esters were the least reactive, whereas sebacic acid esters

[ (”) o o
HOCH,CH,0C —:LR _heat | OCHzcuzolclk—g—],, + HOCH,CH,OH (15)
were as reactive as terephthalic acid esters. Exchange catalysts such as sodium
alkoxides, and cadmium, zinc, and lead acetates are more effective ester-
interchange catalysts than sulfuric acid, p-toluenesulfonic acid, and sodium,
cobalt, barium, and magnesium acetates [42].

Polyesterification using acidic catalysts is useful when preparing polyary-
lates of aliphatic [43] and ring-containing [44] dicarboxylic acids. For
example, the diacetate of the dihydroxybenzene compound is heated with the
dicarboxylic acid in the presence of p-toluenesulfonic acid (or magnesium
metal, antimony oxide, zinc or sodium acetate). At 208°C acetic acid is
eliminated and then the reaction is heated further under reduced pressure at
280°C.

A complicating factor in some polyester preparations is isomerization of
the unsaturated alcohols or acids. For example, maleic acid esters isomerize
to fumarates at elevated temperatures [45]. Ethylene glycol reacts with maleic
anhydride at 160°~175°C to give a polyester with 55.5%, fumarate and 44.57,
maleate structures [45].

The polycondensation of diols with diacid chlorides is effected either by
directly heating the components in a nitrogen atmosphere, or by a variation
of the Schotten-Baumann reaction using trialkylamine dissolved in an inert
solvent (acetone) [46]. The latter reaction can also be carried out interfacially
by using a bisphenol dissolved in aqueous base (NaOH) and then adding the
diacid dichloride in a water-immiscible solvent. Using the latter method the
yields are approximately 80-100%, and the molecular weights are as high as
80,000-90,000. The interfacial polycondensation procedure gives higher
molecular weight polyesters than the melt polymerization procedure. Mono-
functional phenols or acid chlorides act as molecular weight regulators.

a. Melting Point-Chemical Structure Relationship

Wilfong [19] has summarized many studies describing the relationship
between chemical structure and physical properties. The following factors
afford high-melting point polymers: (a) hydrogen bonding, dipole interaction,
and polarization [resonance forces lead to high melting points, as is the case
in poly(ethylene terephthalate), m.p. 265°C, and poly(ethylene p,p’-diphen-
ylate, m.p. 355°C], (b) stiff interchain bonds, (c) molecular symmetry or
regularity, (d) linear polymer chains capable of close packing. The following
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factors afford low-melting amorphous polymers: (a) bulky side chains and
irregularity and (b) flexible interchain bonds.

Several other references describing studies of the effect of melting point on
the structure of polyesters are worthwhile consulting [47].

b. Thermal Stability of Polyesters

Polyesters usually degrade via a cyclic transition state to afford the free
acid and an olefin [48]. The presence of a 8-hydrogen aids this degradation,

H\ -
O CHR o CH—R
O | + (16)
R——C\O _CH, R—C\O _H  CH,

as is seen in Eq. (16). Substitution of the H by F raises the decomposition
temperature and the degradation probably occurs by a free-radical mechanism.
Removal of the a-hydrogen of the carboxylic acid makes the free-radical
decomposition difficult, as would be true for poly(hexafluoropentamethylene
isophthalate), which degrades at 480°C (in helium, based on TGA data) [49].

o)
I

1
ocam&cacncmoc-@—c—o

The reaction of terephthaloyl chloride with dihydroxyanthraquinone affords
polyesters with melting temperatures of about 500°C [50].
Some polyesters which are thermally stable are shown below [51].

(”) o)
I
ocmc&cncacnm-c@-o-@-c

Decomposition temperature, 500°-525°C (TGA)

i) o
I
OCHgCF2CFgCF2CH20C—©—O(CHz)s—O©C

Decomposition temperature, 480°C (TGA)

i
OC—OCH2CF2CF2CF2CH2l'

Decomposition temperature, 450°C (TGA)
(oxidatively stable polymer)



64 2. Polyesters

i i
|
OCH3CH2CH2CH2CH2—OC~©—C—

Decomposition temperature, 150°C (TGA)

P
I
ocu,@o-@cm-oc@—c
n

Decomposition temperature, 150°C (TGA)

2-1. Preparation of Poly(ethylene maleate) [52]

CO—

o, .
[ /O + HOCH.CH,0H feat, [ +2H,0 (17)
co COOCH,CH,0— |,

To a polymer tube is added 32.5 gm (0.33 mole) of maleic anhydride and
18.6 gm (0.30 mole) of ethylene glycol. The tube is heated to 195°-200°C for
4 hr. Then the heating is continued at 210°-215°C at reduced pressure (0.2 mm)
for 3 hr. The polymer tube is cooled and ethylene chloride added. The
polymer 40 gm (94%,) separates as an oil which later changes to a white
powder when cooled for 2 hr at 5°-10°C, m.p. 88°-95°C. After drying the
polymer has m.p. >250°C and is insoluble in most common solvents including
ethylene dichloride.

This polymer has also been obtained by reacting silver maleate with
ethylene dibromide [53].

In a related manner Carothers prepared poly(ethylene phthalate),
poly(trimethylene phthalate), poly(hexamethylene phthalate), poly(deca-
methylene phthalate), and poly(ethylene fumarate) [52].

2-2. Preparation of All-trans Polyesters from Diethyl Fumarate and
trans-2-Butene-1,4-diol [ 54]

" ” —~2C;HsOH
nHOCH;CH=CHCH;OH + nC;HsOCCH=CH—C—OC;Hy ——
trans trans

o o
I I (18)
—O0—CH;CH=CHCH;0C—CH=CH—C—
n
all trans
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To a resin kettle with a nitrogen atmosphere and containing 137.6 gm
(0.80 mole) of diethyl fumarate and 70.4 gm (0.80 mole) of zrans-2-butene-
1,4-diol is added 0.4 gm of freshly cut sodium metal. The mixture is warmed
at 45°-58°C and becomes a clear orange color after 1 hr. The temperature is
gradually raised and the pressure lowered in order to remove the ethanol by
distillation. After 13 hr the temperature is finally raised to 116°C and the
pressure reduced to 1 mm Hg. The contents are heated for 60 hr at the latter
conditions to give an 80%, yield of ethanol and an opaque yellow polymer at
room temperature. A polyester prepared in this way had an intrinsic viscosity
of 0.094 at 25°C in cyclohexanone and a Rast mol. wt. of 837.

2-3. Preparation of All-cis Polyesters from cis-2-Butene-1,4-diol and
Maleic Acid [54]

I I
nHOCH,CH=CH—CH;OH + nHOC—CH=—CH—COH ——
cis cis

(o)
I I
{—OCHQCH::CHCH,—OC—CH=CH—C— . (19)
all cis

To a resin flask containing 176.0 gm (2.0 moles) of cis-2-butene-1,4-diol is
added 232 gm (2.0 mole) of maleic acid. The mixture is heated for 5 hr at
55°-95°C and then the pressure reduced to 100 mm Hg. After 2 hr the
pressure is reduced to 1 mm Hg and the contents heated for 77 hr at 90°-~105°C.
The polyester is a clear amber color and has an intrinsic viscosity of 0.055 at
25°C in cyclohexanone. The polymer is also soluble in acetone.

NOTE: Whether or not any of the maleic acid is converted to fumaric acid
units under these conditions is questionable. The authors at that time used
only infrared spectra to establish their conclusions. Reinvestigation of this
problem using NMR should give more conclusive data.

Similar polyesters were prepared from cis- or trans-2-butene-1,4-diol and
sebacic acid [55]. The cis polyester was obtained in 909, yield, m.p. 58°-59°C,
inherent viscosity 0.56; and the frans polyester was obtained in 86, yield,
m.p. 68°-69.5°C, inherent viscosity 0.30.

2-4. Preparation of Poly(1,4-butylene sebacate) [20]

HOCH,CH,CH;CH,OH + (CH,)s(COOCH,), ——22
—2CH3;0H

H[OCH,CH.CH,CH;OCO(CH,);COl.OH (20)

To a polymer tube containing 4.95 gm (0.055 mole) of butane-1,4-diol and
11.5 gm (0.05 mole) of dimethyl sebacate is added 0.1 gm of litharge. The
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mixture is heated at atmospheric pressure to 183°C for 2 hr, then raised to
259°C, quickly lowering the pressure to 0.01 mm Hg. The melt becomes very

viscous and after 1 hr heating the polymerization is discontinued.

The

polymer is dissolved in 100 ml of hot chloroform, filtered, precipitated with
100 ml of cold acetone to afford the solid polyester, m.p. 64°~64.5°C; intrinsic
viscosity, [7] = 0.61 (measured as a 0.4%, solution in chloroform at 25.5°C).

The crude and purified polyesters can be drawn into fibers.

The same experiment was carried out under modified conditions to give the

same polyester of slightly different properties, as shown in Table II.

TABLE II
EFFECT OF CATALYST AND REACTION CONDITIONS ON POLYMER PROPERTIES®®

Catalyst used Temp. Time Pressure M.p.
Inhibitor added (gm) °O) (hr) (mm Hg) (°C) [n]
— PbO (0.1) 155 3 760
155 1 0.03 64-64.5 0.33
Di-z-butyl PbO (0.1) 172 2 760
hydroquinone 172 4 0.05
(0.1 gm) 215 18 0.05 — 1.16
— Pyrophoric lead (0.05) 172 2 760
172 6 1.0
215 18 1.0 — 0.98
— PbO (0.1) 172 6-7 760 — 0.26
2 From Marvel and Johnson [20].
b Reactants the same as in Preparation 2-4.
2-5. Preparation of Poly(ethylene terephthalate) [40]
(0] (0]
I l —2CH,0H
CH,0C —C—OCH; + 2HOCH,CH,OH —>
T 0
HOCH,CH,0C—CgH,—C—OCH,CH,OH
heat l- HOCH,CH,0H
l |
OCH;CH,0C—CeH,—C—|, (02))
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CAUTION: This reaction should be carried out in a hood behind a
protective shield.

To a weighed thick-walled glass tube with a constricted upper portion for
vacuum tube connection and equipped with a metal protective sleeve is added
15.5 gm (0.08 mole) of dimethyl terephthalate (see Note a), 11.8 gm (0.19
mole) of ethylene glycol (Note b), 0.025 gm of calcium acetate dihydrate, and
0.006 gm of antimony trioxide. The tube is warmed gently in an oil bath to
melt the mixture and then a capillary tube connected to a nitrogen source is
placed in the melt. While heating to 197°C a slow stream of nitrogen is passed
through the melt to help eliminate the methanol. The tube is heated for
2-3 hr at 197°C, or until all the methanol has been removed (Note c¢). The
side arm is also heated to prevent clogging by the condensation of some
dimethyl terephthalate. The polymer tube is next heated to 222°C for 20 min
and then at 283°C for 10 min. The side arm is connected to a vacuum pump
and the pressure is reduced to 0.3 mm Hg or less while heating at 283°C for
34 hr. The tube is removed from the oil bath, cooled (Note d) behind a safety
shield, and then weighed. The yield is quantitative if no loss of dimethyl
terephthalate has occurred. The polymer melts at about 270°C. (The crystal-
line melting point is 260°C.) The inherent viscosity of an 0.5%, solution in
sym-tetrachloroethanol/phenol (40/60) is approx. 0.6-0.7 at 30°C.

NOTES: (a) Dimethyl terephthalate is the best grade or is recrystallized
from ethanol, m.p. 141°-142°C. (b) The ethylene glycol is anhydrous reagent
grade or prepared by adding 1 gm of sodium/100 ml, refluxing for 1 hr in a
nitrogen atmosphere, and distilling, b.p. 196°~197°C. (c) Failure to remove
all the methanol leads to low molecular weight polymers. (d) On cooling the
polymer contracts from the walls and this may cause the tube to shatter.

2-6. Preparation of Poly(1,4-butylene isophthalate) [21)

o
Il

o
” —-2HCI
HOCH,CH,CH,CH,0H + cnc-@—ccn —Ha,
i 9
—O(CH2)40C©C— @

To a polymer tube equipped with a capillary tube for a nitrogen inlet
extending below the surface of the reaction mixture is added 6.3 gm (0.0310
mole) of isophthaloyl chloride and 2.8 gm (0.0311 mole) of 1,4-butanediol
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(1%, excess). The reactants are added in a nitrogen atmosphere and the
nitrogen flow is slowly continued during the reaction. The reaction is exo-
thermic and warms up to 40°C. After 10 min the reaction mixture is heated
to 218°C and kept there for 35 min to afford a clear viscous polymer with a
melt viscosity of 2500 poises. A clear film of the amorphous material crystal-
lizes on standing to form a white opaque polymer, m.p. 140°~142°C.

2-7. General Procedure for the Preparation of Polyphenyl Esters by the
Interfacial Polycondensation Process [50a]

(o]
ol
HOR—OH + R(COCl); —— H I:OROC——R’C . Cl 23
(R = aryl)

TABLE III
POLYPHENYL ESTERS BY INTERFACIAL POLYCONDENSATION®

PMT Film
Bisphenol Acid chloride® Ninn® (°C)¢  toughness
Hydroquinone Isophthaloyl (Insoluble) (Infusible) —

Terephthaloyl  (Insoluble) (Infusible) —

Succinoyl 0.15 230 Very brittle

Adipoyl 0.15 190 Very brittle

Sebacoyl 0.17 150 Very brittle
Resorcinol Isophthaloyl 1.38 245 Very tough

Terephthaloyl (Insoluble) (Infusible) —

I/T 50/50 1.01 220 Very tough
4-Chlororesorcinol I/T 50/50 1.47 220 Very tough
2,2-Bis(4-hydroxy- Isophthaloyl 1.86 280 Very tough

phenyl)propane Terephthaloyl  1.59 350 Very tough
4,4'-Sulfonyl-  0.45 230 Brittle
bibenzoyl

Hydroquinone- 0.85 165 Tough

diacetyl

Fumaroyl 0.30 240 Very brittle

Oxaloyl 0.12 155 Very brittle

Adipoyl 0.08 80 —

Sebacoyl 0.10 (Gum) —
1,5-Dihydroxynaphthalene I/T 50/50 1.00 290 Brittle

@ Reprinted from Eareckson [50]. Copyright 1959 by the Journal of Polymer Science.
Reprinted by permission of the copyright owner.

® I/T 50/50 = mixture of equal parts of isophthaloyl and terephthaloyl chlorides.

¢ Measured at 0.5%, concentration in sym-tetrachloroethane/phenol, 40/60 (by weight),
at 30°C.

¢ Polymer melt temperature.



§3. Miscellaneous Methods 69

To a blender is added 0.05 mole of a given bisphenol or dihydroxybenzene
and 0.1 mole of sodium hydroxide in 300 ml of water. A solution of 3.0 gm
of sodium lauryl sulfate in 30 ml of water is also added. The speed is regulated
so that at low speed a second solution of 0.05 mole of the acid chloride of a
dicarboxylic acid in 150 ml of a nonreactive solvent is quickly added.

The emulsified reaction mixture is stirred at high speed for 5-10 min and
then poured into acetone to coagulate the polymer. The polymer is filtered,
washed with water, and dried to afford an 80-100%, yield.

Some typical polymers prepared by this process are shown in Table III.

3. MISCELLANEOUS METHODS

1. Polyesters from N-substituted bis(B-hydroxyethyl)amine and maleic—
phthalic anhydride [56].

2. Preparation of nitrogen-containing unsaturated polyesters by the
polycondensation of unsaturated discarboxylic anhydrides, glycols, and
primary or secondary amines [57].

Preparation of polyesters with tertiary nitrogen atoms [58].
Preparation of unsaturated nitrogen-containing polyesters [59].
Preparation of unsaturated polyesters [60].

Synthesis of cyclic di(ethylene terephthalate) [61].

Reaction of dimethylketene and acetone to form a polyester [62].
Reaction of dinitriles with glycols in the presence of hydrochloric acid

PN bW

[63].

9. Reaction of epoxides with anhydrides to give polyesters [64].

10. Reaction of trimesic acid with polyhydric alcohols in the presence of
0.1 to 59, tetrabutyl titanate to give polyesters [65].

11. Preparation of polyamide-esters [66].

12. Preparation of soluble polyesters from poly(vinyl alcohol) and high
molecular weight acid chlorides [67].

13. Preparation of a polyester by the self-condensation of 12-hydroxy-
methyltetrahydroabietic acid and 12-hydroxymethyltetrahydroabietanol [68].

14. Preparation of polyesters from bicyclic alcohols or bicyclic carboxylic
acids [69].

15. Catalysts for the production of polyesters [70].

16. Preparation of halogenated esters having flame-retardant properties
[71].

17. Aromatic polyesters for filaments or fibers [72].

18. Polyester-amides [73].

19. Polycondensation of w-amino alcohol with some aliphatic dicarboxylic
acids [74].



70 2. Polyesters

20. Lactone polyesters [75].

21. Photosensitive polyesters [76].

22. Polyesters from benzenedicarboxylic acids and an alkylene oxide [77].

23. Poly(B-hydroxybutyrate) [78].

24. Preparation of crystalline thermoplastic poly(ethylene terephthalate)
[79].

25. Preparation of aromatic polyesters with large cross-planar substituents
[80].
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I. INTRODUCTION

Structurally, polycarbonates are polyesters derived from the reaction of
carbonic acid or its derivatives with dihydroxy compounds (aliphatic,
aromatic, or mixed type compounds).

[
H I:—-OROC— ,OROH

Polycarbonates are almost unaffected by water and many inorganic and
organic solvents. These properties allow these resins to fill many applications,
especially in view of their attractive mechanical properties. The stability of
polycarbonates is good below 250°C and this property has been reviewed [1].

Einhorn [2] first prepared polycarbonates by the Schotten-Baumann
reaction of phosgene with either hydroquinone or resorcinol in pyridine

73
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(Eq. 1). Bischoff and von Hedenstrom [3] later reported that the same poly-
carbonates can be prepared from the ester-interchange reaction of hydro-
quinone or resorcinol with diphenyl carbonate (Eq. 1).

o)
- I
nHO—R—OH + nCOC], —2HC, l:—OR—OC—— .

A:QHSOH 1)

nHO—R—OH + nC¢Hs—OC—OC¢H;

Carothers and Hill [4] were the first to systematically study methods to
prepare high molecular weight polymers. Later Peterson [5] improved the
procedure and developed a way to prepare high molecular weight poly-
carbonates having useful film and fiber properties.

The subject of polycarbonates has been reviewed earlier and many references
to their applications are given [6-8].

Polycarbonates of 2,2-bis(4-hydroxyphenyl ) propane (Bisphenol A) are
commercially the most important polycarbonates [6a,b]. Polycarbonates are
also prepared by the reaction of bischloroformates with dihydroxy com-
pounds. Some typical examples of the preparation of polycarbonates are
shown in Table I

2, CONDENSATION REACTIONS

A. Aromatic Polycarbonates [3, 9-37]

The Schotten-Baumann reaction of phosgene with aromatic dihydroxy
compounds is carried out in either an organic or an aqueous alkaline system.
In the aqueous system a water-insoluble organic solvent is used (interfacial
polycondensation reaction) to obtain high molecular weight products. For
solution polymerization the use of pyridine or triethylamine in a chlorinated
hydrocarbon solvent (chloroform or chlorobenzene) gives good results. Both
reactions are carried out at room temperature. The reactions are exothermic
and catalyzed by pyridine or triethylamine. The final polymer is soluble in
the tertiary amine and is precipitated out by the addition of methanol. For
the aqueous system quaternary ammonium halides are effective catalysts and
vigorous stirring is required. These two methods are illustrated in Prepara-
tions 2-1 and 2-2.

The two major methods for preparing aromatic polycarbonates are sum-
marized in Eq. (2) and examples are described below in more detail.
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The latter procedure may involve an interfacial polymerization [9-16] of
an aromatic dihydroxy compound with phosgene or bis(chloroformate) in

0
I
HO—Ar—OH + COCl, =N, [—O—Ar—-OC—— |+ 2RaNHCI @
HO—Ar—OH
2R3N

I
HO—Ar—OH + 3COCl; ——> CI—C—O0Ar—O0C—Cl

the presence of an inert solvent. This reaction can also be carried out in a
mixed aqueous—organic immiscible layer system as described below.

Another method which is useful under certain conditions is the transesteri-
fication of dialkyl and more preferably diaryl carbonates with aryl dihydroxy
compounds (Eq. 3). The monohydroxy compound should be removed from
the reaction to shift the equilibrium toward product formation.

o]
X—HO—Ar—OH + ArO("?——O—Ar — Ar—O("?— [—O—Ar—og—l —OAr
+
2XArOH
3

Catalysts [18,22] are effective in speeding up the rate of polycarbonate
formation. Catalysts such as alkali and alkaline earth metal oxides, hydroxides,
and amides and acidic catalysts (H;PO, and salts) are effective. Large amounts
of alkaline catalysts tend to give discolored products and partially insoluble
polycarbonates. The reaction is usually carried out at 260°-300°C to give
products of molecular weights of 100,000. An advantage of the transesterifi-
cation process is that the product need not be contaminated with amine and
subjected to extraction. However, the major disadvantages are that the
process requires high temperatures and vacuum and must be carried out at
the melt temperature of the polycarbonate. The condensation reactions for
preparation of polycarbonates are illustrated in Table I.

2-1. Preparation of Poly[2,2-propanebis(4-phenyl carbonate) ]. Interfacial
Polycondensation with Phosgene Gas [35,36,37]

CAUTION: Use an explosion-proof blender and a well-ventilated hood.
Use great care in handling phosgene gas.

To a blender jar containing 30 ml of 1,2-dichloroethane is added 2.85 gm
(0.0125 mole) of 2,2-bis(4-hydroxyphenyl)propane, 1.0 gm (0.025 mole) of
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%
NamQ»?OONa + coCl, —
CH,
Q O c—o— + 2NaCl (4)
CHa

sodium hydroxide, and 1.0 gm of tetraecthylammonium chloride. While the
mixture is vigorously stirred, phosgene gas is passed in (3—1 hr) until the pH
of the reaction mixture drops frott 12 to 7. The polymer is isolated by precipi-
tation with acetone, filtration, and drying to afford 2.96 gm (93%,), N =
0.5146, m.p. 240°C.

A similar experiment was carried out with phenolphthalein and the phos-
gene added until the color faded. The color is restored with several drops of
20%, aqueous sodium hydroxide and the phosgene addition repeated. This
process was repeated two more times to afford the polycarbonate polymer in
93%, yield, nyn = 2.20.

Poly[2,2-propanebis(4-phenyl carbonate)] can also be prepared by the
reaction of phosgene with 2,2-bis(4-hydroxyphenyl)propane dissolved in
excess pyridine at 25°-30°C [19,36]. The stoichiometric amounts of reactants
are used and the pyridine hydrochloride precipitates during the reaction.
The polymer is isolated by pouring the reaction mixture into water to give a
polymer, m.p. 240°C, 7, = 0.6-0.8 [0.5%, conc. at 25°C in sym-tetrachloro-
ethane/phenol (40/60)].

2-2. Preparation of Poly[2,2-propane-bis(4-phenyl carbonate) ] [35,36]

CH;,

i o
H C OH + CoCl, 23¥€,
I pyridine
CHs
:.—_ CHs
CH:,

CAUTION: Use extreme care when working with phosgene. Use a well-
ventilated hood.

To a 500 ml resin kettle equipped with a mechanical stirrer, gas inlet tube,



78 3. Polycarbonates

TABLE 1I
PHYSICAL PROPERTIES OF SLIGHTLY CRYSTALLINE POLYCARBONATE FILMS
CAST FROM SOLUTION®

Second-
order
Melting transition
range® point  Density Refractive
Polycarbonate from @) (°C) (gm/cm®) index
4,4’-Dihydroxydiphenyl-
methane >300 — — —
1,2-ethane 290~300 —_ — —
1,1-ethane 185-195 130° 1.22 1.5937
1,1-butane 150-170 123® 1.17 1.5792
1,1-isobutane 170-180 149° 1.18 1.5702
2,2-propane 220-230 149° 1.20 1.5850
2,2-butane 205-222 134° 1.18 1.5827
2,2-pentane 200-220 1370 1.13 1.5745
2,2(4-methylpentane) 200-220 — 1.14 1.5671
2,2-hexane 180-200 — — —
4,4-heptane 190-200 148¢ 1.16 1.5602
2,2-nonane 170-190 — — —
phenylmethylmethane 210-230 176° 1.21 1.6130
diphenylmethane 210-230 121° 1.27 1.6539
1,1-cyclopentane 240-250 167¢ 1.21 1.5993
1,1-cyclohexane 250-260 175¢ 1.20 1.5900
ether 230-235 —_ —_ —
sulfide 220-240 — — —
sulfoxide 230-250 — —
sulfone 200-210 — — —
4,4’-Dihydroxy-

3,3’-dichlorodiphenyl-2,2-propane 190-210 147¢ 1.32 1.5900
3,3,5,5-tetrachlorodiphenyl-2,2-

propane 250-260 180° 1.42 1.6056
3,3’,5,5’-tetrachlorodiphenyl-1,1-

cyclohexane 260-270 163¢ 1.38 1.5858
3,3’,5,5-tetrabromodiphenyl-2,2-

propane 240-260 157¢ 1.91 1.6147
3,3’-dimethyldiphenyl-2,2-propane 150-170 95° 1.22 1.5783

¢ In contrast to crystalline polyesters and polyamides, polycarbonates have no sharply
defined melting point.

b Determined by refractometer.

¢ Determined by dilatometer.

¢ Reprinted from Schnell [36]. Copyright 1959 by the American Chemical Society.
Reprinted by permission of the copyright owner.
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reflux condenser with calcium chloride drying tube, thermometer, and an
aqueous sodium hydroxide-alcohol bath is added 49 gm (0.22 mole) of
bisphenol A and 350 ml of pyridine. The phosgene gas is bubbled (75 ml/min)
into the reaction mixture at room temperature and the mixture cooled if the
temperature exceeds 30°C. At the midpoint of the reaction pyridine hydro-
chloride begins to precipitate and gradually thickens to a heavy slurry. The
end point (approx. 2% hr) of the reaction is sometimes accompanied by a
yellow-red color change. The polymer is precipitated in 1600 ml of water,
washed with 500 ml of hot water, the solid suspended in 1 liter of water,
stirred for 10 min at 80°C, filtered, washed with 500 ml of cold water, and
dried under reduced pressure to afford 54.9 gm (95%,), softening point
215°-230°C. The infrared spectrum of this polymer compares well with the
published spectrum. The polymer is also soluble in methylene chloride and
films can easily be cast from solution.

Some physical. properties of polycarbonates prepared in a similar process
are shown in Table II.

The use of thiophosgene has been reported to also give polythiocarbonates
on reaction with dihydroxy compounds [37].

S
“ 6)
HOR—OH + CSCl, — H|—0—ROC— | Cl

2-3. Preparation of Poly[2,5-bis(3'-propyl carbonate)-1,4-benzoquinone] [36]

o
CH,CH,CH.OH + COCl, pyridine
HOCH,CH.CH; —-l;l;)["l:c
—2HC1
o
(0]
I
CH:CHQCHQOC_O—‘
—CH.CH;CH. @
(0] n

CAUTION: Use a well-ventilated hood only. Great care should be exer-
cised when working with phosgene.

To a flask equipped with a mechanical stirrer, dropping funnel, and Dry Ice
condenser is added 1.79 gm (0.008 mole) of 2,5-bis(3’-hydroxypropyl)-1,4-
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benzoquinone dissolved in 25 ml of tetrahydrofuran (THF) and 5.0 ml of
pyridine. The solution is cooled to —20°C, and 1.0 ml (0.01 mole) of phosgene
is slowly added with vigorous stirring. The mixture is stirred for 1 hr at 0°C,
the excess phosgene is removed by displacement with a nitrogen gas stream,
and the solid product filtered. The filtrate is poured into 300 ml of n-pentane
to afford a dark yellow polymeric oil. The latter oil is separated and redissolved
in THF and again precipitated by n-pentane to afford brown-yellow flakes
weighing 2.0 gm (80%,). The polycarbonate is soluble in acetone, chloroform,
THF, and dimethylformamide. The polymer is insoluble in water, acetic acid,
or aliphatic hydrocarbons.

The polycarbonate possesses the following properties: ng,/c = 9.3 cm®/gm
(in95%, THF); UV, Ayex = 256 mp, 15, = 16.5 x 102 (in methylene chloride);
IR, 1655 cm~* (quinone group), 1745 cm~? (carbonate group) (recorded as a
film on a sodium chloride plate).

Polycarbonates can also be prepared by the reaction of bischloroformates
with dihydroxy aliphatic or aromatic compounds as shown in Preparation 2-4
[38,39].

2-4. Preparation of the Polycarbonate Formed by the Reaction of
2,5-Bis(3'-hydroxypropyl)-1,4-benzoquinone and Diethylene Glycol
Bis(chloroformate) [38)

(o)
CH;CH,;CH;OH I I pyridine
+ CICOCH,;CH;0CH;CH;0CCI 0°-5°C
HOCH,;CH,CH;4 —2HC1
o (o)
II [
—CH,CH;CH;—0—COCH;CH;OCH;CH,0—C—0— ;
8)
—CH,;CH,;CH,;
o n

CAUTION: This reaction should be carried out in a well-ventilated hood
and great care should be exercised in handling phosgene.

(@) Preparation of diethylene glycol bis(chloroformate) [38]

HOCH,;CH;0CH,CH,0H + 2COCl; —>

I I
Cl—COCH,;CH,—0—CH,CH,0CCI + 2HCl  (9)
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To a flask equipped as in Preparation 2-3 is added 5.6 ml (0.08 mole) of
phosgene, and a solution of 4.24 gm (0.04 mole) of diethylene glycol in 50 ml
of benzene is slowly added with vigorous stirring. The phosgene refluxes from
the Dry Ice condenser and after 2 hr the reaction temperature is allowed to
rise to 20°-25°C. The reaction mixture is heated for 3 hr at 50°C and then
nitrogen gas sweeps the excess phosgene into an alcoholic potassium hydroxide
solution. The benzene is removed by distillation under reduced pressure at
50°C to give the bischloroformate, which is then used in the next step of this
preparation.

(b) Polycarbonate formation. To a dry flask equipped with a magnetic
stirrer, dropping funnel, and condenser with drying tube is added 1.79 gm
(0.008 mole) of 2,5-bis(3’-hydroxypropyl)-1,4-benzoquinone dissolved in
30 ml of THF. Then 1.85 gm (0.008 mole) of diethylene glycol bis(chloro-
formate) is quickly added at 0°-5°C. Pyridine (4.0 ml; 0.005 mole) is added
with vigorous stirring. As the pyridine hydrochloride precipitates the solution
becomes viscous. The mixture is stirred for 2 hr at room temperature,
filtered, and the polymer isolated as in Preparation 2-2 to afford 2.14 gm
(70%,), nsp/c = 10 cm?®/gm (in 95%, THF); UV, 255 my, eyax = 16.5 x 108
(in methylene chloride); IR, 1659 (quinone group), 1745, 1260 cm ~* (carbon-
ate group) (recorded as a film on a sodium chloride plate).

B. Aliphatic Polycarbonates

Aliphatic polycarbonates are prepared by similar processes. The bischloro-
formate process yields low molecular weight polycarbonates but the trans-
esterification method gives polycarbonates of molecular weights of about
3000 or more [23-25]. The latter procedure can be modified using vacuum to
give high molecular weight aliphatic polycarbonates suitable for fiber and
film-forming applications [27, 28].

[
nHOROH + n(C;H;0);,CO —— H,:—OROC— » OC:Hs + (2n — 1)C;H,OH (10)

Carothers [23] also showed that aliphatic diols form polycarbonates but
where in the structure unit —O—(CH,),—CO, n is 5 or 6, then a cyclic
monomer is formed. These classical results are given in Table III.

2-5. Preparation of Poly(hexamethylene carbonate) [23]

To a polymer tube is added 12 gm (0.10 mole) of hexamethylene glycol and
12 gm (0.10 mole) of ethyl carbonate. A small piece of sodium metal is added
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TABLE I

No. of
atoms in Anal.
chain of calcd. for

Names of Formula of structural structural
carbonates structural unit unit unit
Ethylene —O(CHz);—0—C— 5 C 40.91
H 454
Trimethylene (monomeric) —O(CHgz);—O0—C— 6 C 47.06
l H 59
Trimethylene (polymeric) =~ —O(CHg);—O—C— 6 C 47.06
I H 592
Tetramethylene —O(CH3)s—0—C— 7 C 51.711
I H 694
(o)
Pentamethylene —O(CHz)s—O0—C— 8 C 55.96
| H 7.75
Hexamethylene —O(CHz)e—0—C— 9 C 58.33
I H 833
(0]
Decamethylene —O(CHg)10—0—C— 13 C 65.96
Il H 10.07
o .
Diethylene —O(CH3);—0—CHz).—0—C— 8 C 45.44
I H 6.11
p-Xylylene (soluble) —O0—CH;CsH,CH;—O0—C— 9 C 65.84
I H 491
(o)
p-Xylylene (insoluble) —O0—CH;CsH,CH,—0—C— 9 C 65.84
(I,L H 491

¢ The analyses were carried out by the Pregl micro method.

b D. Vorlinder, Justus Liebigs Ann. Chem. 280, 187 (1894).

Reprinted from W. H. Carothers and F. J. Van Natta, J. Amer. Chem. Soc. 52, 314
(1930). Copyright 1930 by the American Chemical Society. Reprinted by permission of
the copyright owner.
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GLycoL ESTERS OF CARBONIC ACID

Av. no. of
structural
units
Mol. wt. per
Analysis found® obs. Method molecule Physical properties
41.07° 90 93* F.p. CgHsOH® 1 M.p. 39°C®
4.88 76 Vapor density B.p. 238°C
46.97 47.14 105 114 F.p. C¢Hs 1 Colorless needles
596 5.98 112 114 B.p. CeHs M.p. 47°—48°C
B.p. 135°C at 4 mm
47.06 47.08 4670 3880 B.p. CgHg 38-45  Glass gradually changes
6.01 6.19 to powder
52.18 52.32 1450 1400 B.p. CsHsg
7.05 7.06 1350 1310 11-12  Powder
1290 1370 F.p. C¢Hs M.p. 59°C
55.29 55.47 2840 2830 B.p. C¢He 20-22 Powder
7.90 7.83 2550 M.p. 44°—46°C
58.58 58.54 2740 2970 B.p. CsHe 18-21 Horny and elastic
846 8.21 2610 M.p. 55°-60°C
65.80 66.04 1880 1800
10.18 10.10 1810 1640 B.p. C¢Hs 8-10 Powder
1770 1830 F.p. C¢Hg M.p. 55°C
45.53 4533 1540 1550 B.p. CgHs 12 Sirup
6.30 6.38
65.81 66.00 840 780 810 B.p. C;H.Cl, 5 Powder
5.60 5.63 M.p. 137-138°C
65.02 65.03 1010 1030 M.p. camphor 6 Powder

529 5.19 M.p. 177°-185°C
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and then the mixture is heated from 130° to 170°C over a 2 hr period. Approxi-
mately 86%, of the ethanol is collected. After removal of sodium the residue
is subjected to distillation under reduced pressure. A small amount of
starting diol is collected. The residue, 10 gm (67%,), is a light-colored, horny,

HOCH,(CH,),CH;OH + (C;H50),CO —2

[
[—O—CH,(CH,).CH,OC— , + 2CH;OH  (11)

tough mass, m.p. 55°-60°C. The average number of structural units per
molecule is 18-21 because the determined molecular weight (boiling method
of benzene) is 2740, 2970, and 2610. The X-ray diffraction pattern shows that
it is crystalline. The polymer is soluble in benzene, acetone, and chloroform
but insoluble in ether and alcohol.

More recently Sarel and Pohoryles [26] described the effect of alkyl
substituents at carbons 1 and 2 in 1,3-propanediol (more specifically substi-
tuted neopentyl glycols).

]{1 ]{1
| I
(C32HsCO)3;0 + HOCHQ_Cl_CHQOH —_— —CH,—(IZ—CHQOCOO— (12)
R2 R2
where R! = R? = H n = 38-45
R! = R? = CH,4 n = 20-22
R! = CH@, R2 = H'C:;H'y n = 14-15

2-6. Preparation of Poly(2,2-dimethyl-1,3-propanediol carbonate)
[poly(neopentylene carbonate) ] [26]

g G
CHa CHS

20-22

(13)

To a flask equipped with a 3 ft Vigreaux column is added 20.8 gm (0.2 mole)
of neopentyl glycol, 24 gm (0.2 mole) of diethyl carbonate, and 0.05 gm of
dry sodium methoxide. The mixture is gradually heated and the ethanol that
is formed is distilled off at 77°-84°C. After the ethanol stops distilling the
pressure is reduced and the mixture heated to 200°C to complete the reaction.
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The residue (25 gm) on cooling is an opaque, glassy, and tough polymer.
The polymer is purified from ligroin-benzene to afford 23.5 gm (90%,) of a
white powder, m.p. 107°-109°C. Intrinsic viscosity of the polymer is 0.035;
mol. wt., 2500. The polymer is soluble in benzene but insoluble in most other
organic solvents. The polymer is stable to 1 N aq. ethanolic NaOH on re-
fluxing for 2-3 hr.

Cyclic carbonates can also be polymerized to give high molecular weight
polycarbonates [23, 24, 30].

O, Hz0 or
7 5 |
wCHy)- >c=o e ROG— l:——O(CHa)x—OC—J”—OH (14)
O 200°C
(x = >5)

Aromatic-aliphatic polycarbonates can also be prepared. For example,
p-xylylene glycol can be reacted with bisallyl carbonates using catalytic
amounts of titanium tetrabutoxide or titanium tetrachloride [31]. The re-
action of bisaryl or bisalkyl carbonates with bishydroxyethyl ethers of
aromatic compounds also gives high molecular weight polycarbonates [32-34].

3. MISCELLANEOUS METHODS

1. Reduction of polycarbonates containing quinone groups with sodium
hydrosulfite in a THF-water mixture (saturated with NH,CI) or with
hydrogen using Pd/C catalyst [38].

2. Polycarbonates derived from bisphenol A structures containing un-
saturated substituents [40].

3. A new synthesis of carbonates. The reaction of carbon monoxide with
alkoxides in the presence of selenium [41].

4. Polymerization of cyclic carbonates [42-44].

5. Polycarbonates by the reaction of N,N’-carbonyldiimidazoles with
bisphenol A in the melt and elimination of imidazoles [45-47].

6. Polycarbonates by the reaction of diesters of bisphenol with diphenyl
carbonate and elimination of phenyl acetate [48].

7. Preparation of copolycarbonates [36,49,50].

8. Preparation of copoly(ester-carbonates) [51-54).

9. Preparation of poly(carbonate-urethanes) [55-57].

10. Preparation of cycloaliphatic polycarbonates [58)].
11. Recovering polycarbonates from emulsions using inorganic salts [59].
12. Accelerated preparation of polycarbonates by a transesterification [60].
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13. Condensation of organic dihalides with bifunctional carbonate esters

using AICI; catalyst to give polycarbonates [61].

14. Preparation of bisphenol di- and polycarbonates [62].
15. Preparation of polyamide~polycarbonate resin [63].
16. Preparation of bisphenol A-tetrachlorobisphenol A-polycarbonate

copolymers [64].

N
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I. INTRODUCTION

Polymeric amides are found in nature in the many polypeptides (proteins)
which constitute a variety of animal organisms and the composition of silk
and wool. It was a search to prepare substitutes for the latter which led to the
commercial development of the synthetic polyamides known as nylons.

Several early investigators reported polyamide type materials. Balbiano and
Trasciatti [1] heated a mixture of glycine in glycerol to give a yellow amor-
phous glycine polymer [2]. Manasse [3] obtained nylon 7 by heating 7-amino-
heptanoic acid to the melting point. Curtius [4] found that ethyl glycinate

nNH3(CH;)i COOH —— [—NH(CH,)¢CO—], + nH;O ¢))

polymerizes on standing in the presence of moisture or in the dry state in
ethyl ether to afford polyglycine [5].

nNH;CH;COOC;:Hs —— [—NHCH,CO—], + nC;HsOH 2)

The B-amino acids on heating afford ammonia but no polymers. In addi-
tion, the y- and 8-amino acids on heating afford stable lactams and no poly-
mers. However, the e-, {-, and »-amino acids give polyamides.

The reaction of dibasic acids with diamines was reported in the early lit-
erature [6a-h] to give low molecular weight cyclic amides as infusible and
insoluble products. It was Carothers [7a-e] who first recognized that poly-
meric amides were formed by the reaction of diamines with dibasic acids.
Many of the polyamides were able to be spun into fibers and the fibers were
called ““nylon” by du Pont [7a-g].

The major methods of preparing polyamides are summarized in Scheme 1.
Other methods of less importance are summarized in Scheme 2.

Polyamides with molecular weights above 7000 are useful since they possess
properties which allow them to be spun into fibers [8a].

Cross-linked polyamides may be prepared from polyfunctional amino
acids, triamines, or tricarboxylic acids, etc. The chapter will describe only
linear polyamides.

The preparation of polyamides has recently been reviewed and this review
is worthwhile consulting [8b].

Some of the main uses [8a,b] of polyamides or nylons are for synthetic
fibers for the tire, carpet, stocking, and upholstery industries. Use of poly-
amides as molding and extrusion resins for the plastics industry is also of
increasing importance [8d].



90 4. Polyamides

SCHEME 1
The Major Preparative Methods for the Synthesis of Polyamides

C=0

H;N(CH_.).COOH (CHy),

\"20 / NH
catalyst

[NH(CH.).CO—]x
I— 2H,0

a-
l I + +
—OC(CH,):CO—]  H,N(CH,).NH,

- | I ]
R(COZ); + R'(NHy), —%» | -C—R—CNHR'NH—|,

(Z = Cl, OR”, or NH,)
00
I

R(COOH),; + R(NHCOR"); ——> RCO[—HNR'NHCRC—]nOH + R"COOH

SCHEME 2
Miscellaneous Methods for the Synthesis of Polyamides from Nitriles

o} o
[ l
—C—R—CNHR'NH— |,

H3SO,
~HaO (Ritter reaction)

nR(CN),; + R'(NHg). R(CN); + R’(OH),

H,NR—CN 2%, [_NHRCO—], + 27H,0

T,
.
#RCH—=CR'—R’CN —+ | —C—R"—CONH—

CH:R n
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2, CONDENSATION REACTIONS

A. Amidation of Dibasic Acids with Diamines

In order to achieve a good reactant balance the diammonium salt is first
prepared by the reaction of the diamine with the dibasic acid, as shown in
Eq. (3). The salt is then heated to eliminate water and form the polyamide.

nR(NH,); + nR'(COOH);, ——> n{R/(COO-),][R(NHy);] —H20

heat

ﬁ (0]
—C—R’—CNHRNH—|, (3)

The salt is conveniently formed by bringing together alcoholic solutions of
equivalent amounts of the reactants and following the reaction electrometric-
ally. The white salt that separates from the cooled solution is dried and then
used directly in the polymerization reaction [7e]. Recrystallization of the salts
may be effected to give pure crystalline compounds of melting points as shown
in Table 1.

TABLE I
MELTING POINTS OF POLYMETHYLENE DIAMMONIUM
DICARBOXYLATES AND THEIR RESULTING POLYAMIDES®

Melting point (°C)

Diamine Dicarboxylic acid
(CH2)s(NHz):  (CH2).(COOH), .
n= n= Salt Polyamide
4 4 204 278
4 5 138 233
4 7 175 223
5 8 129 195
6 4 183 250
6 8 170 209
8 4 153 235
8 8 164 197
9 4 125 204-205
9 8 159 174-176
10 4 142 230
10 8 178 194
11 8 153 168-169
12 4 144 208-210
12 8 157 171-173

¢ Data taken from D. D. Coffman, G. J. Berchet, W. R. Peterson, and
E. W. Spanagel, J. Polym. Sci. 2, 306 (1947).
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The salts are converted to polyamides (see Table I) either by fusing them
under reduced pressure or by heating them in an inert solvent such as cresol
or xylenol. ‘

The polyamides derived from polymethylene diamines and polymethylene
dicarboxylic acids can be spun into fiber filaments by drawing a cold rod from
the molten polymer.

2-1. Preparation of Poly(pentamethylenesebacamide) [8c]

H;N—(CH.)s—NH, + (CH;)s(COOH), ——
[—NH(CH,)s—NHCO(CH;)sCO—]» + 2H,0 (4

(@) Preparation of pentamethylenediammonium sebacate. To a flask con-
taining 510 gm (2.51 moles) of sebacic acid dissolved in 2350 ml of n-butanol
is added 272 gm (2.67 moles) of pentamethylenediamine. The mixture is
heated at the reflux temperature to effect the solution and then cooled. The
crystalline product is filtered, washed with acetone, and dried to afford
729 gm (94%,), m.p. 129°C (soluble in water, ethanol, and hot butanol but
insoluble in acetone, ethers, and hydrocarbons).

(b) Polyamide formation. To a flask equipped with a condenser, nitrogen
inlet, thermometer, and a viscometer and containing 150 gm (0.50 mole) of
pentamethylenediammonium sebacate is added 2.5 gm of sebacic acid as a
stabilizer. Then 152 gm of xylenol (b.p. 218°-222°C) is added as a reaction
solvent. The mixture is refluxed for 6} hr, cooled, and then poured into a
large volume of alcohol. The precipitated polymer is filtered and dried to
afford a white, powdery polymer, m.p. 190°C; intrinsic viscosity, 0.65 in
m-cresol.

The polyamide can also be formed by placing 30 gm (0.1 mole) of penta-
methylenediammonium sebacate together with 0.5 gm of sebacic acid in a
Pyrex polymer tube (2.5 cm diameter x 40 cm long), evacuating, filling with
nitrogen, reevacuating, sealing, and heating for 2-3 hr at 150°~200°C. The
tube is cooled, opened, and then heated under reduced pressure at 195°-
225°C for an additional 2 hr to complete the polymerization.

Polyamides prepared from diamino ethers and polymethylene dicarboxylic
acids, such as [—NH(CH,),O(CH);NHCO(CH;) CO—],, have been report-
ed to be soluble in hot water [9]. However, the introduction of ether groups
as in the latter polyamide lowers the polymer melt temperature to about
150°-160°C compared to poly(octamethylene adipamide) which melts at
230°C. The greater flexibility of the ether groups accounts for the lowering
of the melting point. However, if piperazine is used as the diamine and is
condensed with diglycolic acid to give poly(piperazine diglycolamide) the
melting point is raised to 258°C but the polyamide is soluble in hot water [10].
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B. Amidation of Dicarboxylic Acid Esters with Diamines

The preparation of polyamides by the aminolysis of reactive esters pro-
ceeds under mild conditions and without racemization [11]. Speck [12] re-
ported that the phenyl esters of some substituted malonic acid derivatives
condense with aliphatic diamines to produce heat-stable high molecular
weight polyamides. Heating the free malonic acid with the same diamines
caused only decarboxylation to take place at 115°-185°C. The polyamides are
prepared as follows: Equivalent amounts of diamine and the phenyl ester of
malonic acid are weighed into a glass tube, and the tube is evacuated, sealed,
and heated at 200°-210°C. The tube is cooled, opened, and heated to 260°-
280°C in the presence of nitrogen. The polymerization is completed by heating
under reduced pressure for several hours as described in Table II.

This method has also been used to prepare long-chain peptides [13] and
for the polymerization of tripeptides [14]. Recently Overberger and Sebenda
reported the rate of polymerization of several esters of bicyclo[2.2.2]octane-
trans-dicarboxylic acid with piperazine [15].

2-2. Polycondensation of Piperazine with Bis(2,4-dinitrophenyl)
( +)-Bicyclo[2.2.2 Joctane-trans-2,3-dicarboxylate [15]

COOR HN CON
+
NH N—

COOR co— n
)
NO,

R = -G_No,

To an ice-cooled flask containing 48 gm (0.56 mole) of piperazine is added
296.3 gm (0.56 mole) of bis(2,4-dinitrophenyl) ( + )-bicyclo[2.2.2]octane-trans-
2,3-dicarboxylate (see Note), 110 ml of cold triethylamine, and 5 liters of
cold chloroform. The reaction mixture is stirred for 1 hr at 0°C and 48 hr at
room temperature. The reaction mixture is added to an ethanol-ether mixture
to precipitate the polymer. The filtered polymer is boiled with 14 liters of
0.1 N sodium hydroxide solution (50%, excess ethanol), filtered, washed with
ethanol, and then with acetone. The polyamide is dried under reduced pressure
to afford 111 gm (80%,), [5] 25°C = 0.295 (CHClI,).
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NOTE: Bis(2,4-dinitrophenyl) (+)-bicyclo[2.2.2]octane-trans-2,3-dicarb-
oxylate is prepared by the condensation of 2,4-dinitrophenol (21.1 mmole) in
15 ml of DMF with 10.4 moles of bicyclo[2.2.2]octane-trans-2,3-dicarboxylic
acid in the presence (added slowly at 0°C) of 24.9 mmole of N,N’-dicyclo-
hexylcarbodiimide in 10 ml of DMF at 0°C. The mixture is allowed to stand
in the refrigerator several hours and then is filtered to remove dicyclohexyl-
urea (theoretical). The residue is concentrated under reduced pressure and
the solid after recrystallization from toluene is obtained in 33.5%, yield,
m.p. 200°-201°C.

C. Condensation of Amino Carboxylic Acids and Their Derivatives

Amino carboxylic acids condense in the absence of catalysts at approx.
260°C to liberate water. The reaction may be accelerated by use of reduced
pressure. In the case of nylon 7 and nylon 11 the probability of occurrence
of intramolecular dehydration to from 8- or 12-membered ring lactams is
very remote, but nevertheless approx. 0.5%, do form in both cases [16].

In a continuous industrial process utilizing 11-aminoundecanoic acid, the
monomer dissolved in water is dried by being sprayed on the hot walls of the
reactor and the resulting liquid monomer is then polymerized [16].

The physical properties of nylons 6-11 are shown in Table III. Note that
the even-numbered polymethylene polyamides melt higher than the odd-
numbered ones.

TABLE III
PHYSICAL PROPERTIES OF POLYAMIDES PREPARED
FROM w-AMINO AcCIDS?*

Density of
M.p. crystalline
Polyamide (§(®) polymer

—HN—(CH_.)s—CO— 214 1.14
—HN—(CHz)e—CO— 225 1.10
—HN—(CHz)—CO— 185 1.08
—HN—(CHz)se—CO— 194 1.06
—HN—(CHz)s—CO— 177 1.04
—HN—(CH,);0—CO— 182 1.04

¢ Data taken from [17].
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2-3. Preparation of Nylon 7 [ Poly(7-heptanamide) ] [17]

nNH3(CH;3)eCOOCH; — [—NH(CH;)sCO—I]. + nCH;0H (6)

To a Pyrex test tube equipped with a nitrogen capillary is added 20.0 gm
(0.12 mole) of methyl 7-aminoheptanoate. The amino acid ester is heated at
270°C for 5 hr while nitrogen is passing through the molten material. After
this time the tube is cooled to afford 15.2 gm (100%,) with reduced viscosity
of 0.89 [0.2 gm/100 ml phenol tetrachloroethane (3:2) at 30°C]. In a similar
manner 7-aminoheptanoic acid was heated for 14 hr to give the same poly-
amide of reduced viscosity of 1.64. Nylon 7 is a white semicrystalline poly-
amide and is stable in the molten state at 250°C for over 24 hr. Products of
molecular weight 15,200-30,000 give useful fiber, film, and molding resins of
properties similar to nylon 66.

Recently it has been reported that acrylates add to amino alcohols and the
resulting N-(hydroxyalkyl)-B-alanine esters give polyamides by undergoing a
base-catalyzed condensation at room temperature (Eq. 7) [18].

CH;=CH—COOR + H,N—R'—OH —— HOR’'—NHCH;CH;COOR

A/—1101-1 l -ROH

[—N—cu,cn,co— —O—R’NHCH,CH,CO— o
I
n n

R’OH

D. Condensation of Lactams to Give Polyamides (Addition Type
Reaction)

Lactams may be polymerized [19] under acidic or basic conditions to give
polyamides by an addition type reaction.

The nomenclature in Table IV is used for the more common lactams.

Schlack [20] reported that the polymerization of caprolactam to nylon 6
can be carried out in the absence of air in a sealed tube at 220°-250°C for a
prolonged period. Hanford and Joyce [21] confirmed these results and also
reported two rapid methods (hydrolytic and catalytic) for converting capro-
lactam to nylon 6. It is interesting to note that at first Carothers [22] and later
Hermans [23] reported that caprolactam under rigorously anhydrous condi-
tions is hardly affected by heating at 250°C for 600 hr in a sealed evacuated
tube.
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TABLE 1V
NOMENCLATURE OF LACTAMS

Ring size Lactam name Other name
4 B-Propiolactam 2-Azetidinone
5 y-Butyrolactam 2-Pyrrolidone, pyrrolidinone
6 8-Valerolactam 2-Piperidone
7 Caprolactam 6-Hexanolactam
or 2-oxohexamethylenimine
8 Enantholactam 7-Heptanolactam
or 2-oxoheptamethylenimine

9 Capryllactam 8-Octanolactam
: or 2-oxooctamethylenimine

a. Base-Catalyzed Polymerization [24]

Hanford and Joyce [21] reported that caprolactam can be polymerized
smoothly and rapidly by heating at 200°-280°C in a closed vessel with an inert
atmosphere in the presence of small amounts of alkali or alkaline earth metals
[25]. The alkali metals such as sodium or lithium are more effective than cal-
cium and magnesium. In practice the metal (0.5 to 1%, of the lactam) is
reacted with the lactam at about 100°C and then the temperature raised to
200°-280°C. The melt becomes viscous after 10 min heating at 250°C and the
reaction after 2 hr still contains 3-7.5%, residual caprolactam. Heating for
prolonged periods at 285°C causes a decrease in molecular weight. The reac-
tion is thought to go through the steps shown in Eq. (8).

The following other catalysts have been reported as effective catalysts for
the polymerization of e-caprolactam: alkali metal salts of carboxylic acids
[26], alkali metal cyanides or azides [26], alkali metal hydroxides [27,28],
Grignard reagents [29], or aluminum trialkyls [30]. Acylating agents (car-

NH
NH N—Na (s N—CO(CH,)sNHNa
C=0
(CHo)s +Na —— (CHy)s (C{k
\c=o \C=O C=0
NH
(CHa)s
C=0

N—[CO(CH,)sNHI; Na
(CHy)s ®
c=0
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boxylic acid chlorides or anhydrides, isocyanates, inorganic anhydrides such
as P,0O;) act as very effective activators {31,31a] in the anionic polymeriza-
tion of lactams [31,32,32a,32b]. The ease of polymerization of lactams varies
with ring size as follows: caprolactam > pyrrolidone > piperidone [32b].
Polymers are often produced having a broad molecular weight distribution
because of the proton-transfer reaction with amide groups on a polymer
instead of with monomer [32a].

Some typical catalysts which are effective for the polymerization of «o-
piperidone are sodium hydride, sodium borohydride, lithium hydride, lithium
aluminum hydride, and triethylaluminum-ethylmagnesium bromide [32b].
The following showed no catalytic effect: titanium tetrachloride and triethyl-
aluminum, triethylboron and diethylcadmium [32b].

Recently Konomi and Tani reported that five, six-, and seven-membered
ring lactams can be polymerized at low temperature by using Na piperidonate-
AlEt (piperidone), system or the salt of MAIEt, (M = Li, Na, K) [33]. Other
catalysts such as MAIEt, or MOAIEt,~AlEt; were also reported to be effec-
tive for the polymerization of e-caprolactam [34].

Hall [35] reported that water and alkali metals were equally potent catalysts
at temperatures above 200°C. In addition alkyl or aryl groups on the ring
caused a decrease in polymerizability, as is shown in Table V.

b. Acid-Catalyzed Polymerization

Caprolactam is also polymerized to nylon 6 in the presence of catalytic
amounts of hydrogen chloride [36,37]. Lactams polymerize at rates corre-
sponding to the following order of lactam ring size: 8 > 7 > 1 > 5and 6 [3f].
These results are related to the relative basicities of the ring lactams toward
hydrogen chloride [38].

Water can also initiate the polymerization of lactams at elevated tempera-
ture as shown in Eq. (9) [23,39].

Water reacts with the lactam to form amino acid, which then initiates the

C=0
C=0 (CHy)s

(CHa)s + H,0 —— HOOC(CHp)sNH, —— 1

[ _
HOOC(CH;)sNHC  —H©, [—CO(CH2)5——NHCO(CH2)5NH—] )

((,:Hz)s

NHZ
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TABLE V
POLYMERIZATION OF LACTAMS'

Polymerized

Did not polymerize

Four-Membered Rings

2-Azetidinone®

Five-Membered Rings

2-Pyrrolidinone®

1-Methyl-2-pyrrolidinone®
5-Methyl-2-pyrrolidinone®
5,5-Dimethyl-2-pyrrolidinone®
5,5-Pentamethylene-2-pyrrolidinone®
5-Carbethoxy-2-pyrrolidinone®
2-Pyrrolidinethione (d.)*
4-Thiazolidinone®
2-Phenyl-4-thiazolidinone®
2-Phenyl-4-thiazolidinone-1-dioxide®

Six-Membered Rings

2,5-Piperazinedione?

1,4-Dimethyl-2,5-piperazinedione®
1-Methyl-2,5-piperazinedione®
3,6-Dimethyl-2,5-piperazinedione?
1,4-Diphenyl-2,5-piperazinedione?
2-Piperidone®
3-Morpholone (d.)*¢
3-Thiamorpholone (d.)*
1-Isopropyl-5,5-dimethyl-2,3-
piperazinedione®
Benzo-2H-1,4-0xazin-3(4 H)-one®
Benzo-2H-1,4-thiazin-3(4 H)-one®

Seven-Membered Rings

2-Oxohexamethylenimine’ (caprolactam)
3-Methyl-2-oxohexamethylenimine?:*
4-Methyl-2-oxohexamethylenimine®+*
5-Methyl-2-oxohexamethylenimine?:¢-*
6-Methyl-2-oxohexamethylenimine™
7-Methyl-2-oxohexamethylenimine*
5-Ethyl-2-oxohexamethylenimine®
2-Hexamethyleneiminethione':/
Endomethylene-2-oxohexamethylenimine*
Endoethylene-2-oxohexamethylenimine*

1-Methyl-2-oxohexamethylenimine®
1-Phenyl-2-oxohexamethylenimine®
1-Methylol-2-oxohexamethylenimine®
1-Ethylthiomethyl-2-oxohexamethylenimine®
5-Isopropyl-2-oxohexamethylenimine®
7-Isopropyl-2-oxohexamethylenimine®
5-n-Propyl-2-oxohexamethylenimine®
5-t-Butyl-2-oxohexamethylenimine®
5-Phenyl-2-oxohexamethylenimine®
5-Cyclohexylmethyl-2-
oxohexamethylenimine®
4-Methyl-7-isopropyl-2-
oxohexamethylenimine®
5-Methyl-2-hexamethyleneiminethione (d.)®
4,6-Dimethyl-2-hexamethyleneiminethione
@)

2-Oxo0-5-thiahexamethyleneimine (d.)®
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TABLE V (cont.)

Polymerized Did not polymerize

2-Oxo0-5-thiahexamethyleneimine-5-dioxide
d.)e
1-Benzenesulfonyl-1,4-diazepin-5-one?
2,3-Benzo-1,4,5,6-tetrahydroazepin-7-one*
Perhydro-3,4-benzazepin-7-one®
2,3-Benzotetrahydro-1,4-thiazepin-5-one
d)e
2,3-Benzotetrahydro-1,4-thiazepin-5-one-1-
monoxide (d.)*
2,3-Benzotetrahydro-1,4-thiazepin-5-one-1-
dioxide (d.)*
Eight-Membered Rings
2-Oxoheptamethylenimine®
2-Heptamethyleneiminethione®*
1,5-Diazacyclooctane-2,6-dione®
Nine-Membered Rings
2-Oxooctamethylenimine’
2-Octamethyleneiminethione®*

2 Hall (1958), see below. The lactams were treated with water at 200°C or higher, and
with sodium or sodium hydride at several temperatures between the melting point of the
monomer and 250°C. N-Acetylcaprolactam was added in many of the alkali-catalyzed
experiments; (d.) signifies serious decomposition.

b R. W. Holley and A. D. Holley, J. Amer. Chem. Soc. T1, 2129 (1949).

¢W. O. Ney, Jr., W. R. Nummy, and C. E. Barnes, U.S. Patent 2,638,463 (1953);
W. O. Ney, Jr. and M. Crowther, U.S. Patent 2,739,959 (1956).

4 A. B. Meggy, J. Chem. Soc., London, p. 1444 (1956).

¢ R. Leimu and J. I. Jansson, Suom. Kemistilehti B 18, 40 (1945); Chem. Abstr. 41, 769
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polymerization by the proton transfer from the carboxylic acid. This type of
initiation is effective with readily polymerized lactams, for example, capro-
lactam > enantholactam ~ capryllactam. The latter is said to be less reactive
because the amide function may exist in the trans or anti conformation com-
pared to the cis or syn conformation of caprolactam and enantholactam [39].

/N—H /H/N

(CH2)n (CH,).
T~ oo
cis trans

Van der Want found that carboxylic acids such as trifluoroacetic acid are
not as effective as amino acids as an initiator. The effectiveness of HCI, water,
and other initiators is described in Table VI.

TABLE VI
POLYMERIZATION OF e-CAPROLACTAM AT 254°C USING VARIOUS INITIATORS?®

Moles initiator ~ Reaction time A
Initiator per mole lactam (hr) Conversion
H;0 0.025 2 5
4 56
HCI 0.025 2 52
HCIO, 0.025 1 Very rapid (100%,)
NH.SO;H 0.025 1 Very rapid (100%,)
p-CH;—CgH,—SOz;H 0.025 2 31
CF;COOH 0.05 2 0
4 6
H,N(CHz)s COOH 0.025 2 65
3 76
(CH.CH.CH,;NH{ Cl), 0.0125 1 39
NH,CI 0.05 1 34
NH,BF, 0.025 1 34
(NH,).SO, 0.0125 4 69

e Data taken from G. M. van der Want and C. H. Kruissink, J. Polym. Sci. 35, 119
(1959).

2-4. Preparation of Poly(y-butyramide) from 2-Pyrrolidinone Using Anionic
Catalysis [35]

(@) Cocatalytic polymerization. To along glass test tube containing 6.5 gm
(0.076 mole) of anhydrous 2-pyrrolidinone is added 0.13 gm (0.006 mole) of
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sodium hydride. After the evolution of hydrogen ceases 0.10 gm of acetic
anhydride is added as a cocatalyst. An exothermic reaction takes place,

— i
N O —— | —HN—CH.CH,CH.C—], (10)

H

leading to a hard white polymer. The tube is broken and the polymer broken
up into small pieces. The polymer is extracted with water and acetone and then
dried to afford 5.7 gm (88%,) of poly(y-butyramide), 7;,, = 0.88 (obtained in
m-cresol).

Other effective cocatalysts are N-acyl lactams, acyl halides, isocyanates, iso-
thiocyanates, esters or dimethylcyanamide, nitriles, aromatic nitro com-
pounds, fluorene, dialkyl amides, and polyhalo aliphatics.

(b) Non-cocatalytic polymerization. To a long glass test tube containing
10.0 gm (0.11 mole) of anhydrous 2-pyrrolidinone is added 0.10 gm of sodium
hydride. The resulting turbid solution is kept for approx. 18 hr at room
temperature and then 0.8 gm (8%,) of poly(y-butyramide) is isolated, »,, =
0.20 (m-cresol).

2-5. Preparation of Nylon 6 by the Anionic Polymerization of e-Caprolactam
[21]

C=0 (lzl)
(CHo)s —> | -NH—CH)s—C—|, an
NH

To a 2.2 liter stainless steel autoclave containing 1385 gm (12 moles)
of anhydrous caprolactam (2-oxohexamethylenimine) is added 1.77 gm
(0.77 gm atom) of sodium metal. The autoclave is sealed, purged with nitro-
gen, and heated at 90°-124°C for 15 min to form sodiocaprolactam. The
temperature of the autoclave is raised to 250°-270°C and kept there for 14 hr.
The resulting polymer, nylon 6 [poly(e-caproamide)], is hard and light colored
with an intrinsic viscosity of 0.78 (0.5%, solution in m-cresol at 25°C).

2-6. General Procedure for the Preparation of Nylon 6 by the Anionic
Polymerization of Caprolactam in the Presence of N-Acylcaprolactam
Cocatalysts [31a]

A test tube containing 11.3 gm (0.1 mole) of caprolactam is placed in an oil
bath at 150°-160°C and nitrogen is bubbled through the melt for } hr to
remove traces of water. Then 0.225 gm (0.0042 mole) of sodium methoxide is
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added and the nitrogen capillary is placed in the melt again for 4 hr to remove
the resulting methanol. Next 0.1-1.5%, of the N-acylcaprolactam cocatalyst
is added and the mixture kept in the heating bath until it solidifies. The

C=0 [ fo}
NaOMe ”
( CH2)5 N-acylcaprolactam —HN—(CHy)s—C— ., (12)
\NH

nylon 6 sample is ground up and extracted with chloroform to remove un-
reacted caprolactam. The vacuum-dried polymer is dissolved in sulfuric acid.
Table VII gives the results of a series of preparations with various N-acyl-
caprolactam cocatalysts. The inherent viscosities were determined in a No. 75
viscometer.

2-7. Preparation of Nylon 6 from Caprolactam Using Sodium Hydride and
N-Acetylcaprolactam [35]

=0 NaH [ o ]

N-acetylcaprol |
(CH), acetylcaprolactam — HN—(CHa)s—C— (13)

NH

To a polymer tube containing 25.0 gm (0.22 mole) of caprolactam is added
0.60 gm (0.025 mole) of sodium hydride. After the tube is evacuated and filled
with nitrogen several times the lactam is melted to allow the sodium hydride
to react. When the hydrogen evolution ceases 0.33 gm (0.002 mole) of N-acetyl-
caprolactam is added. The tube is shaken and then placed in a heating bath
set at 139°C. The contents quickly solidify, and after 4 hr the tube is cooled,
broken, and the polymer ground up. The polymer is extracted with hot water
and dried to afford 18.9 gm (74.7%,), %in = 1.0 (m-cresol) and 7, = 26.77
(in formic acid). Experiments carried out in the absence of N-acetylcaprolac-
tam gave no polymer below 150°C.

The experimental procedure for the cationic polymerization of caprolactam
is similar except that N-acyl derivatives are not necessary. The use of HCI
requires a polymerization temperature of 170°C and H;PO, requires 185°C
[37].

2-8. Preparation of Nylon 6 by the Hydrolytic Polymerization of
e-Caprolactam [21]

To a 2.2 liter stainless steel autoclave is added 937 gm (8.3 mole) of capro-
lactam, 600 gm (33.3 moles) of water, and 2.0 gm (0.03 mole) of glacial acetic
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TABLE VII
PREPARATION OF NYLON 6 USING N-ACYLCAPROLACTAM COCATALYSTS IN THE
ANIONIC POLYMERIZATION OF CAPROLACTAM IN PROCEDURE 2-6°

Time for
N-Acyl substituent polymerization A Inherent
(mole %7,) (sec) Yield viscosity
(0]
cH—
(1.0) 138 100 0.74
(1.5) 70 85.5 0.69
i
C3H7é—c
(1.0) 338 90.0 0.64
1.5) 161 97.4 0.84
(l'f
C17HgsC—¢
1.0 — 4.5 0.25
(1.5) — 4.3 0.32
(0]
Il
C(;I'Is(:——e
(1.0) 625 81.6 0.65
(1.5) 144 100 0.65
(I)
P-CHaO—CeHglc—!
1.0) 1520 48.3 0.52
(1.5) 325 87.9 0.68

¢ Data taken from R. P. Scellia, S. E. Schonfeld, and L. G. Donaruma, J. Polym. Sci.
8, 1363 (1964).

® B.p. 126°C (14 mm Hg).

¢ B.p. 100°C (0.1 mm Hg).

¢ B.p. 156°C (0.1 mm Hg), m.p. 37°-39°C.

¢ M.p. 69°C.

7 M.p. 95°C.

acid. The reactor is purged with nitrogen and heated at 250°C under 250 psi
pressure. The pressure is slowly released over a 30 min period and the poly-
merization is completed for 1 hr at atmospheric pressure to give 881 gm (94%,).

C=0

[0}
' J
(CH,), a0 HOAe | [—NH-«CH,)s—C— . 14)

NH
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Approx. 6%, of the caprolactam is probably in the water phase. The polymer
has an intrinsic viscosity of 0.74 (as determined in 0.5%, solution in m-cresol
at 25°C).

E. Low-Temperature Polycondensation of Diacid Chlorides with
Diamines

The Schotten-Baumann [40] reaction (described in Volume 1 of Organic
Functional Group Preparations [41]) can be applied to the preparation of
polyamides using bifunctional reagents. Since the reaction is very rapid at
room temperature it can be carried out at low temperatures (a) in solution or
(b) by an interfacial polycondensation technique.

In the solution polycondensation method the reaction is carried out in a
single inert liquid in the presence of an acid acceptor. The polymer may pre-
cipitate out of the solution or it may be soluble.

In the interfacial polycondensation method the reaction is carried out at the
interface of two immiscible solvents. The amine is dissolved in water and the
acid chloride is dissolved in the hydrocarbon layer. Earlier (1938) Carothers
[7c] reported on the potential use of this reaction to prepare polyamides. How-
ever, it was not until the work of Magat and Strachan [42] and later Morgan
and co-workers [43,43a-43c] that this reaction was exploited for the prepara-
tion of various polyamides.

The use of the low-temperature interfacial condensation technique to
prepare polyamides and various other polymers has recently been reviewed in
a monograph on this subject [44,44a].

Some of the important variables involved in interfacial polymerization are
(a) organic solvent; (b) reactant concentration; and (c) use of added detergents
[43].

The organic solvent is the most important variable since it controls parti-
tion and diffusion of the reactants between the two immiscible phases, the
reaction rate, solubility, and swelling of permeability of the growing polymer.
The solvent should be of such composition as to prevent precipitation of the
polymer before a high molecular weight has been attained. The final polymer
does not have to dissolve in the solvent. The type of solvent will also influence
the characteristics of the physical state of the final polymer. Solvents such as
chlorinated or aromatic hydrocarbons make useful solvents in this system.

Concentrations in the range of approximately 5%, polymer based on the
combined weights of water and organic solvent usually are optimum. Too
low concentrations may lead to hydrolysis of the acid halide and too high
concentrations may cause excessive swelling of the solvent in the polymer.

In some cases the addition of 0.2 to 1%, of sodium lauryl sulfate has been
found to give satisfactory results. In many cases it may not be necessary.
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The reactants should be pure but need not be distilled prior to use. An exact
reactant balance is not essential as in the melt polymerization process since
the reactions are extremely rapid. A slight excess (5-10%,) of the diamine
usually helps to produce higher molecular weights.

The advantage of the interfacial polymerization process is that it is a low-
temperature process requiring ordinary equipment. It also allows one to
prepare those polyamides that are unstable in the melt polymerization pro-
cess. Random or block polymers can easily be prepared depending on the
reactivity of the reactants and their mixing (consecutively versus all at once.)

2-9. Preparation of Poly(hexamethylenesebacamide) ( Nylon 6-10) by the
Interfacial Polymerization Technique [43b]

(0]
I I
(CH)e(NHy), + (CH)s(COCl); —— [——HN—-(CHQ)B——NHC——(CHQ).;—C— ”(15)

To a tall-form beaker is added a solution of 3.0 ml (0.014 mole) of sebacoyl
chloride dissolved in 100 ml of distilled tetrachloroethylene. Over this acid
chloride solution is carefully poured a solution of 4.4 gm (0.038 mole) of
hexamethylenediamine (see Note) dissolved in 50 ml of water. The polyamide
film which begins to form at the interface of these two solutions is grasped
with tweezers or a glass rod and slowly pulled out of the beaker in a contin-
uous fashion. The process stops when one of the reactants becomes depleted.
The resulting *‘rope’’-like polymer is washed with 50%, aqueous ethanol or
acetone, dried, and weighed to afford 3.16-3.56 gm (80-90%,) yields of poly-
amide, 7, = 0.4 to 1.8 (m-cresol, 0.5%, conc. at 25°C), m.p. 215°C (soluble
in formic acid).

NOTE: In this experiment excess diamine is used to act as an acid acceptor.

2-10. Preparation of Poly(hexamethyleneadipamide) (Nylon 6-6) by the
Interfacial Polymerization Technique [43c)

0

I I
(CH2)s(NH,), + (CH,),(COCl), — [—HN—(CHa)s——NH—C—(CHz),—C— .
(16)

In an ice-cooled blender jar containing a solution of 3.95 gm (0.034 mole)
of hexamethylenediamine dissolved in 200 ml of water containing 3.93 gm
(0.070 mole) of potassium hydroxide is added with agitation a solution of
6.22 gm (0.034 mole) of adipoyl chloride dissolved in 200 ml of xylene. The
addition takes about 5 min and the speed of the blender agitation is slow at
first and then speeded up toward the end of the addition period. The product
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