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Liquid chromatography is one of the workhorses in the analysis of polymers. When
it comes to the determination of the molar mass distribution, there is no other
technique that can compare with size exclusion chromatography in terms of accu-
racy and reliability. However, size exclusion chromatography separates according
to the size of the macromolecules and not molar mass, and has its limits when
complex polymer systems must be analyzed.

Complex polymer systems such as random, block and graft copolymers, polymer
blends, telechelics and macromonomers necessitated liquid chromatography to be
used not only for molar mass determinations but also for evaluation of the chemical
heterogeneity and the functionality type distribution. Powerful methods for this task
include liquid adsorption chromatography and liquid chromatography at the critical
point of adsorption. To address multiple distributions of molecular parameters in
complex polymers, multidimensional fractionation and analysis techniques have
been developed, most prominently comprehensive two-dimensional liquid
chromatography.

A number of text books on liquid chromatography of polymers have been
published over the years covering the fundamentals of the different techniques. In
our textbook ‘HPLC of Polymers’ we addressed the experimental aspects of the
different techniques, in particular in interaction chromatography, and gave detailed
instructions for conducting experiments using the diverse techniques. Since experi-
ment is always the proof of the theory, we intended to give an introduction into
liquid chromatography by proposing a number of more or less simple experiments.
‘HPLC of Polymers’ was published in 1998 and became quite popular as a basis for
teaching polymer chromatography courses.

Over the last 15 years polymer chromatography advanced significantly with
comprehensive 2D-LC becoming more and more a ‘routine’ method. New coupling
techniques have been developed including LC-NMR and LC-MALDI-TOF. It
became even possible to analyse complex polyolefins by high-temperature 2D-
LC. Considering these new developments we thought that the time had come to
update and extend the previous ‘HPLC of Polymers’ book by focusing on multidi-
mensional separation methods. The result of our efforts is the present textbook



Vi Preface

‘Multidimensional HPLC of Polymers’ that intends to review the state of the art in
polymer chromatography and to summarize the developments in the field during the
last 15 years.

Similar to the previous textbook, this laboratory manual is written for beginners
as well as for experienced chromatographers. The subject of the book is the
description of the experimental approach to the analysis of complex polymers. It
summarizes important applications in liquid chromatography of polymers with
emphasis on multidimensional experiments. The theoretical background, equip-
ment, experimental procedures and applications are discussed for each separation
technique. It will enable polymer chemists, physicists and material scientists, as
well as students of polymer and analytical sciences to optimize experimental
conditions for a specific separation problem. The main benefit for the reader is
that a great variety in instrumentation, separation procedures and applications is
given, making it possible to solve simple as well as sophisticated separation tasks.

This book is dedicated to friends and colleagues that contributed (directly or
indirectly) to this book by pioneering HPLC, cross-fractionation and multidimen-
sional chromatography of polymers, among others Steve Balke (Canada), Gottfried
Glockner (Germany) and Sadao Mori (Japan), Boris Belenkii, Victor Evreinov and
Alexander Gorshkov (Russia), Yefim Brun (USA), Peter Kilz, Helmut Much and
Giinter Schulz (Germany), Taihyun Chang (Korea), Peter Schoenmakers (The
Netherlands), Tibor Macko and Wolf Hiller (Germany).

Stellenbosch, South Africa Harald Pasch
Graz, Austria Bernd Trathnigg
March 2013
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Synthetic polymers are highly complex multicomponent materials. They are com-
posed of macromolecules varying in chain length, chemical composition, and
architecture. By definition, complex polymers are heterogeneous in more than
one distributed property (for example, linear copolymers are distributed in molar
mass and chemical composition).

Properties typically considered important to polymer performance in products
may be very diverse and can be divided into simple and distributed properties.
Simple properties are the total weight of polymer present, the residual monomer or
oligomer content, total weight of microgels or aggregates, and properties that
depend only on these measures, such as conversion in the polymerization reaction,
monomer composition and average copolymer composition. For other properties,
different molecules in the same polymer will have different values of the property.
These properties are termed distributed properties, the most important of them in
polymer chemistry being the molar mass distribution, the distribution of chemical
compositions, the distribution of sequence lengths, the distribution of functional
groups and the distribution of molecular topologies.

The end-use application of polymers is most frequently determined not only by
their chemical identity but more importantly by the distributions of the key physical
and physico-chemical parameters. This is similarly true for synthetic and for
biopolymers, for technical polymers used as construction materials and for spe-
cialty polymers used in drug delivery and tissue engineering. Adequate understanding
and monitoring of polymer distributions helps to improve polymer performance and
to predict long term behaviour.

Separation science is an important tool for the determination of polymer
distributions. A summary of different separation methods, the accessible macromo-
lecular parameters and representative end-use properties are summarized in
Table 1.1. The principles and details of the different separation methods will be
discussed in the forthcoming chapters and typical applications will be presented.

H. Pasch and B. Trathnigg, Multidimensional HPLC of Polymers, Springer Laboratory, 1
DOI 10.1007/978-3-642-36080-0_1, © Springer-Verlag Berlin Heidelberg 2013



2 1 Introduction

Table 1.1 Polymer distributions, end-use properties and separation methods

Polymer

distribution End-use properties Separation methods®

Molar mass Elongation, tensile strength, adhesion SEC, FFF, HDC, TGIC, CEC, SFC
Chemical Toughness, biodegradability, Gradient HPLC, TGIC, CEC,
composition morphology, solubility LCCC

Long-chain Shear strength, tack, peel, crystallinity SEC-MALLS, SEC-VISC
branching

Short-chain Haze, stress-crack resistance, SEC-FTIR, SEC-NMR, TREF,
branching crystallinity CRYSTAF, HPLC

Topology Flow, viscosity, diffusion SEC-MALLS-VISC

Tacticity Crystallinity, toughness, solubility SEC-NMR, TGIC, LCCC
Copolymer Miscibility, flexibility, haze SEC-spectroscopy, gradient
sequence HPLC, LCCC, 2D-LC

Polyelectrolyte  Flocculation, complexation, transport SEC-conductivity, CEC
charge

Adapted with permission from [1]. Copyright (2004) American Chemical Society

4SEC size exclusion chromatography, FFF field flow fractionation, HDC hydrodynamic chroma-
tography, TGIC temperature gradient interaction chromatography, CEC capillary electrokinetic
chromatography, SFC supercritical fluid chromatography, HPLC high performance liquid chro-
matography, LCCC liquid chromatography at critical conditions, MALLS multi-angle laser light
scattering, VISC viscometry, TREF temperature rising elution fractionation, CRYSTAF crystalli-
zation fractionation, 2D-LC two-dimensional liquid chromatography

1.1 Molecular Heterogeneity of Complex Polymers

In general, the molecular structure of a macromolecule is described by its size, its
chemical structure, and its architecture. The chemical structure characterizes the
constitution of the macromolecule, its configuration and its conformation. For a
complete description of the constitution, the chemical composition of the polymer
chain and the chain ends must be known. In addition to the type and quantity of the
repeat units, their sequence of incorporation must be described (alternating, random,
or block in the case of copolymers). Macromolecules of the same chemical composi-
tion can still have different constitutions due to constitutional isomerism (1,2- vs.
1,4-coupling of butadiene, head-to-tail vs. head-to-head coupling, linear vs. branched
molecules). Configurational isomers have the same constitution but different steric
patterns (cis- vs. trans-configuration; isotactic, syndiotactic and atactic sequences in a
polymer chain). Conformational heterogeneity is the result of the ability of fragments
of the polymer chain to rotate around single bonds. Depending on the size of these
fragments, interactions between different fragments, and a certain energy barrier,
more or less stable conformations may be obtained for the same macromolecule
(rod-like vs. coil conformation).

Depending on the composition of the monomer feed and the polymerization
procedure, different types of heterogeneities may become important. For example,
in the synthesis of tailor-made polymers telechelics or macromonomers are fre-
quently used. These oligomers or polymers usually contain functional groups at the
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Fig. 1.1 Schematic representation of the molecular heterogeneity of complex polymers (reprinted
from [2] with permission of Springer Science + Business Media)

polymer chain end. Depending on the preparation procedure, they can have
a different number of functional endgroups, i.e., they can be mono-, bifunctional,
etc. In addition, polymers can have different architectures, i.e. they can be branched
(star- or comb-like), or cyclic.

The structural complexity of synthetic polymers can be described using the
concept of molecular heterogeneity, see Fig. 1.1, meaning the different aspects of
molar mass distribution (MMD), distribution in chemical composition (CCD, e.g.
block length distribution), functionality type (e.g. endgroup) distribution (FTD) and
molecular architecture distribution (MAD). They can be superimposed one on
another, i.e. bifunctional molecules can be linear or branched, linear molecules
can be mono- or bifunctional, copolymers can be block or graft copolymers etc. In
order to characterize complex polymers it is necessary to know the molar mass
distribution within each other type of heterogeneity.

All synthetic polymers are disperse or heterogeneous in terms of molar mass.
The molar mass distribution originates from randomness of the polymerization
process. In the daily routine synthetic polymers are often characterized by average
molar masses, considering the frequencies (numbers) of macromolecules of a
certain molar mass M, in the sample. Most frequently used are the number-average
molar mass M,,, expressing the amount of species in terms of number of moles n;,
and the weight-average molar mass M,,, considering the mass m; of the species. As
m; is related to n; via m; = n; M;, and for a single species M; = M,, P;, the molar
mass averages may be expressed as average degrees of polymerization, where P, is
the number-average and P,, is the weight-average degree of polymerization.
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My = mMi/ Y nj=PM,, (1.1)
My =Y wiMi/ Y wi =Y mM?| > niM; = PyM,. (1.2)

Molar masses of polymers may be determined by different methods, SEC
being the most important [1-7]. The difference between number and weight
average molar masses gives a first estimate of the width of the MMD. The
broader the distribution, the larger is the difference between M, and M,,.
The ratio of M,,/M,, is a measure of the breadth of the molar mass and is termed
the dispersity.

When two or more monomers of different chemical structures are involved in a
polymerization reaction, instead of a chemically homogeneous homopolymer in
most cases a chemically heterogeneous copolymer is formed. Depending on the
reactivity of the monomers and their sequence of incorporation into the polymer
chain, macromolecules can be formed which differ significantly in composition
(meaning the amounts of repeat units A, B etc. in the copolymer), and the sequence
distribution. With respect to sequence distribution, copolymers can be classified as
alternating, random, block and graft copolymers.

Chemical heterogeneity is a consequence of CCD and can be presented as an
integral or differential distribution curve of composition vs. molar mass. Consider a
random copolymer obtained in a homogeneous reaction from a mixture of A and B
monomers. Even under such favourable conditions the resulting macromolecules
will differ in chemical structure. There are differences in the sequence of the A and
B monomers along the macromolecules, differences in the average chemical
composition of the copolymer molecules formed at any instant of the polymeriza-
tion (instantaneous heterogeneity), and differences due to the depletion of the
reaction mixture in one of the monomers.

The sequence distribution of a copolymer chain may be characterized by the
number-average lengths of uninterrupted sequences of A and B units in this chain.
The average sequence lengths can be measured by physical or chemical methods.
The former methods (FTIR or NMR analyses) usually measure the percentage of A
and B units inside of triades, pentades etc. whereas the latter methods measure the
percentage of A—A, A-B, and B-B linkages. Macromolecules of random
copolymers, even if identical in chain length and composition (and thus also in
the average sequence length), still offer a great variety with respect to the order of
individual sequences in the molecules. Thus, a copolymer sample contains a
tremendous number of constituents. In terms of liquid chromatography (LC), a
sample of this kind is an extremely complex mixture; it is difficult to separate by
size exclusion or interaction chromatography [1].

In addition to the sequence distribution, conversion heterogeneity has to be
considered when analyzing copolymers. Only in special cases is the composition
of a copolymer identical to the composition of the monomer batch. These cases
are azeotropic copolymers or systems whose monomer reactivity ratios equal 1.
In general, the instantaneous composition of a copolymer differs from the
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composition of the monomer mixture, which causes depletion of the batch of the
monomer that is preferably incorporated. Thus, subsequent portions of a copolymer
sample are polymerized from mixtures of various compositions and this gives rise
to additional chemical heterogeneity. Accordingly, when discussing the CCD of
copolymers, sequence distribution, instantaneous heterogeneity and conversion
heterogeneity must be considered.

Oligomers and polymers with reactive functional groups have been used exten-
sively to prepare a great variety of polymeric materials. In many cases, the
behaviour and reactivity of these functional homopolymers is largely dependent
on the nature and the number of functional groups. In a number of important
applications the functional groups are located at the end of the polymer chain.
Macromolecules with terminal functional groups are usually termed “telechelics”.
Special cases are “macromonomers” which contain one polymerizable endgroup.
They can be used a starting materials for the synthesis of graft polymers, combs
or brushes.

Molecular functionality, f, of a telechelic polymer is described as the number of
functional groups per molecule. Macromolecules with the same structure of the
polymer chain may differ in the number and the nature of the functional groups.
When functional homopolymers are synthesized, functionally defective molecules
are formed in addition to macromolecules of required functionality, For example, if
a target functionality of f = 2 is required, then generally in the normal case species
with f = 1, f = 0 or higher functionalities are formed as well [3], which may result
in a decreased or increased reactivity, cross-linking density, surface activity etc.
Each functionality fraction has its own molar mass distribution. Therefore, for a
complete description of the molecular structure of a functional homopolymer, the
determination of the molar mass distribution and the functionality type distribution
is required.

Typically, functionality is quantitatively described as number-average function-
ality, f,,, where f, is the ratio of the total number of functional groups to the total
number of molecules in the system, i.e. the average number of functional groups per
initial molecule. The f, value provides information on the average functionality but
does not characterize the functional dispersity. An average functionality of 1 may
be simulated by equal amounts of non-functional and difunctional species, and is
therefore ambiguous. The characterization of the width of the functionality type
distribution is more informative. In analogy to the average molar masses, number-
average and weight-average functionalities may be introduced,

fo = Znifi/zni’ (1.3)
oS Y Y Y, 0

where n; is the number of molecules of functionality f;, and w; = n;f.. For the
description of the functional dispersity the term f,/f;, may be used. For polymers
containing only one type of molecule, f,/f, =1 is obtained. In the case
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of a distribution of molecules of different functionality f,,/f;, > 1 is obtained. In the
characterization of polymers, a separation according to different distributions is
required. This can be achieved using different modes of liquid chromatography.

Using the traditional methods of polymer analysis, such as infrared spectroscopy
or nuclear magnetic resonance, one can determine the type of monomers or
functional groups present in the sample. However, the determination of functional
endgroups is complicated for long chain molecules because of low concentration.
On the other hand, these methods do not yield information on how different
monomer units or functional groups are distributed in the polymer molecule.
Finally, these methods generally do not provide molar mass information.

With respect to methods sensitive to the size of the macromolecule, one
can face other difficulties. SEC which is most frequently used to separate
polymer molecules from each other according to their molecular size in solution,
must be used very carefully when analyzing complex polymers. The molecular
size distribution of macromolecules can generally be unambiguously correlated
with MMD only within one heterogeneity type. For samples consisting of a
mixture of molecules of different functionalities, the distribution obtained
represents a sum of distributions of molecules having a different functionality
and, therefore, cannot be attributed to a specific functionality type without
additional assumptions.

For the analysis of copolymers by SEC either the chemical composition along
the molar mass axis must be known or detectors must be used which, instead of
providing a concentration information, can provide molar mass information. To this
end, SEC has to be coupled to composition-sensitive or molar mass-sensitive
detectors. Another option for the analysis of complex polymers is the separation
with respect to chemical composition or functionality by means of interaction
chromatography. In this case, functionally or chemically homogeneous fractions
are obtained which then can be subjected to molar mass determination.

To summarize, for the complete analysis of complex polymers a minimum of
two different characterization methods must be used. It is most desirable that each
method is selective towards a specific type of heterogeneity. Maximum efficiency
can be expected when, similar to the 2D distribution in properties, 2D analytical
techniques are used. A possible approach in this respect is the coupling of different
chromatographic modes in 2D chromatography or the coupling of a separation
technique with selective detectors.

1.2  Liquid Chromatography of Polymers
Any chromatographic process relates to the selective distribution of an analyte
between the mobile and the stationary phase of a given chromatographic system.

In LC the separation process can be described by

Ve = Vi + VoKq, (1.5)
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where V. is the retention volume of the solute, V; is the interstitial volume of the
column, V,, is the volume inside the pores of the packing, i.e. the “stationary”
volume, and Ky is the distribution coefficient which is equal to the ratio of the
analyte concentration in these fractions of the liquid phase inside the column.
In other words, a molecule moves along the column as long it is in the interstitial
volume, and it is retained as long as it is inside the pores.

It should be mentioned that the stationary volume can comprise a volume fraction
of the mobile phase and the volume of the boundary layer at the surface of the
stationary phase, which can have considerably different compositions. In typical
reversed phase systems, there is a layer of bonded alkyl chains (which may be swollen
or collapsed) as well as an adsorbed layer of almost pure organic component of the
mobile phase [8—10], and there is no dividing interface between these layers and
the bulk liquid. A similar situation is observed on hydrophilic interaction columns,
which contain an aqueous layer close to the surface of the stationary phase [11].

As it is not possible to determine these fractions of the stationary volume, it does
not make sense to consider another distribution coefficient for the partitioning of a
solute between the bulk phase inside the pores and the boundary layer at the surface
of the stationary phase. In both situations, the molecule will be retained. If there is
an enthalpic interaction between the solute and the stationary phase, it will stay
longer in the pore, which results in a larger distribution coefficient.

K4 is related to the change in Gibbs free energy AG related to the analyte
partitioning between interstitial and pore volume [12].

AG = AH —TAS = —RT InKy. (1.6)

In a logarithmic plot of the distribution coefficients as a function of 1/7, one may
determine the entropic and enthalpic contributions (van t’Hoff plot). As will be
discussed later on:

InKg = — — —. (1.7)

The change in Gibbs free energy may be due to different effects:

1. Inside the pore, which has limited dimensions, the macromolecule cannot
occupy all possible conformations and, therefore, the conformational entropy
AS decreases.

2. When penetrating the pores, the macromolecule may interact with the pore walls
resulting in a change in enthalpy AH. Obviously, the interaction of a polymer
chain with the stationary phase has also an entropic contribution: when the chain
interacts with the surface, it will loose degrees of freedom. Instead of a random
coil, there will be adsorbed trains, loops and free ends, see Table 1.2. Depending
on the chromatographic system and the chemical structure of the macromole-
cule, there may be different entropic or enthalpic contributions.

In SEC separation is accomplished with respect to the hydrodynamic volume of
the macromolecules. The stationary phase is a swollen gel with a characteristic
pore size distribution, and depending on the size of the macromolecules a larger
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Table 1.2 Model presentation of the adsorption of macromolecules

Molar mass and surface
Model Relation between adsorbed amount thickness

Flat layer Independent of M Independent of M

Independent of M ~M°S
~M'3 M3

Brush ~M Y,

];oops and trains . ~M“ Independent of M
0<a<05

Reprinted from [3] with permission of Springer Science + Business Media

or lesser fraction of the pores is accessible to the macromolecules. Very large
molecules, which are excluded from the pores, will elute at the interstitial volume
Vi, while small molecules, which have access to the entire pore volume, will elute
at the void volume which is Vo = V; + V,,. Consequently, the separation range is
0 < Kgge < 1.

In ideal SEC, enthalpic interactions are absent, and the distribution coefficients
are exclusively determined by the entropy change. In real SEC, this may not strictly
be fulfilled. Especially with charged polymers it is often difficult to suppress
enthalpic interactions completely. These interactions may be attractive or repulsive.

In liquid adsorption chromatography (LAC), where the separation is dominated
by enthalpic interactions between the macromolecules and the stationary phase, an
ideal and a real case may be defined as well. In ideal LAC (which may be observed
with small molecules) conformational changes are assumed to be zero (AS = 0)
and the distribution coefficient is exclusively determined by enthalpic effects. In
real LAC only a fraction of the pores of the packing is accessible for the polymer
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chains, which are more or less deformed, when they interact with the stationary
phase. Therefore, entropic contributions must be assumed. Accordingly, the distri-
bution coefficient is a function of AH and AS.

Real SEC and real LAC are often mixed-mode chromatographic methods with
predominance of entropic or enthalpic interactions. With chemically heterogeneous
polymers, effects are even more dramatic because exclusion and adsorption act
differently on molecules with different compositions. In a more general sense, the
size exclusion mode of LC relates to a separation regime where entropic
interactions are predominant, i.e., TAS > AH. In the reverse case, AH > TAS,
separation is mainly directed by enthalpic interactions. As both separation modes in
the general case are affected by the size of the macromolecule and the pore size, a
certain energy of interaction € may be introduced, characterizing the specific
interactions of the monomer unit of the macromolecule and the stationary phase.
¢ is a function of the chemical composition of the monomer unit, the composition of
the mobile phase of the chromatographic system, the characteristics of the station-
ary phase and the temperature.

The theory of adsorption at porous adsorbents predicts the existence of a finite
critical energy of adsorption &, where the macromolecule starts to adsorb at the
stationary phase. Thus, at € > ¢, the macromolecule is adsorbed, whereas at € < &
the macromolecule remains non-adsorbed. At € = ¢, the transition from the non-
adsorbed to the adsorbed state takes place, corresponding to a transition from SEC
to LAC. This transition is termed “critical point of adsorption” or “critical adsorp-
tion point” (CAP) and relates to a situation, where the adsorption forces are exactly
compensated by entropy losses [13—15].

TAS = AH. (1.8)

Accordingly, at the critical point of adsorption the Gibbs free energy is constant
(AG = 0) and the distribution coefficient is K4 = 1, irrespective of the molar mass
of the macromolecules and the pore size of the stationary phase.

The critical point of adsorption relates to a very narrow range between the size
exclusion and adsorption modes of LC, a region which is very sensitive towards
temperature and mobile phase composition. The transition from one to another
chromatographic separation mode by changing the temperature or the composition
of the mobile phase was reported for the first time by Tennikov et al. [16] and
Belenkii et al. [13, 17]. They showed that a sudden change in elution behaviour may
occur by small variations in the solvent strength. Thus, just by simply gradually
changing the eluent composition, a transition from the SEC to the LAC mode and
vice versa may be achieved. The point of transition from SEC to LAC is the critical
point of adsorption and chromatographic separations at this point are termed liquid
chromatography at the critical point of adsorption or liquid chromatography at
critical conditions (LCCC).

The retention behaviour of linear homopolymers in these separation modes is
shown schematically in Fig. 1.2: with increasing molar mass, retention decreases in
SEC, increases in LAC, while it is constant in LCCC. The separation modes
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Fig. 1.2 Molar mass vs. 1gM | s b
retention volume behaviour [
L
in different chromatographic SEC LAC
modes

described above can be combined in various ways in order to separate polymers

according to the distributions of molar mass, chemical composition and

functionality.

For SEC as the most important and well established separation method a number
of approaches are in place to obtain chemical composition and molar mass infor-
mation in the same chromatographic run [18]:

1. Multiple detection SEC systems: n independent detector signals (different
responses by components) allow the composition calculation of n components
in the sample.

2. Universal calibration: measurement of Mark-Houwink coefficients for
copolymers with homogeneous and known composition will give copolymer
molar masses.

3. SEC with on-line viscometric detection: on-line measurement of Mark-Houwink
coefficients for copolymers of various architectures. Here, copolymer M, mea-
surement according to the Goldwasser approach [19] is an additional benefit.

4. SEC with light-scattering detection: direct measurement of copolymer molar
masses for chemically homogeneous and segmented copolymers independent of
their chemical structure.

The different approaches of copolymer analysis, their requirements, benefits,
and limitations are summarized in Table 1.3.

Although these approaches are most useful, they are not based on a chemical
composition separation as in the case of interaction chromatography. SEC is,
therefore, intrinsically not able to provide a CCD. The chemical composition
information that is obtained is an average value that relates to a given molar mass
fraction.

1.3  Multidimensional Separation of Complex Polymers

Complex polymers are distributed in more than one direction of molecular hetero-
geneity. Copolymers are characterized by the molar mass distribution and the
chemical heterogeneity, whereas functional homopolymers are distributed in
molar mass and functionality. Hence, the experimental evaluation of the different
distribution functions requires analysis in more than one direction. The molecular
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Table 1.3 Chromatographic methods for copolymer and blend analysis

Method Requirements Preconditions Advantages Limitations
Multiple Two or more No segment- Bulk composition and  Statistical
detection detectors, segment compositional copolymers, densely
proper interactions, no  distribution, broad grafted polymer
calibrants neighboring applicability, no chains
group effects additional sample
preparation
Universal Base Validity of Simple and accurate Chemically
calibration  calibration, universal MMD homogeneous
[n]-M calibration, samples only,
relationship ~ homogeneous detailed information
sample about sample
composition required
Light- Light- Known dn/dc asa Direct MMD No CCD information
scattering scattering and function of measurement, no
detection concentration elution volume calibration,
detectors independent of
architecture
Viscometric Viscometric ~ Validity of Easy MMD calculation, No CCD information,
detection and universal independent of no heterogeneous
concentration calibration architecture, K and a samples
detectors for copolymers

Reprinted with permission from [18]. Copyright (1995) American Chemical Society

Composition
(A in copolymer AB)

Composition

Molar Mass

Fig. 1.3 Representation of the molecular heterogeneity of a random copolymer, (a) three-
dimensional diagram, (b) contour diagram; A; and M; indicate the average composition and
molar mass, respectively (reprinted from [3] with permission of Springer Science + Business
Media)

heterogeneity of a random AB copolymer is presented in Fig. 1.3 showing the
distributions in molar mass and chemical composition.

For a complete analysis both distributions must be determined. The classical
approach is based upon the dependence of copolymer solubility on composition and
chain length. A solvent/non-solvent combination fractionating solely by molar
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mass would be appropriate for the evaluation of MMD, another one separating with
respect to chemical composition would be suited for determining CCD. Unfortu-
nately, in most cases precipitation fractionation yields fractions which vary both in
molar mass and chemical composition. Even high resolution fractionation would
not improve the result and it is nearly impossible to obtain perfectly homogeneous
fractions.

By the use of different modes of liquid chromatography it is possible to separate
polymers selectively with respect to hydrodynamic volume (molar mass), chemical
composition or functionality. Using these techniques and combining them with
each other or with a selective detector, one can obtain two-dimensional information
on different aspects of molecular heterogeneity. If, for example, two different
chromatographic techniques are combined in a “cross-fractionation” mode, infor-
mation on CCD and MMD can be obtained. Literally, the term “chromatographic
cross-fractionation” refers to any combination of chromatographic methods capable
of evaluating the distribution in size and composition of copolymers.

First attempts to make use of orthogonal chromatography were presented by
Balke et al. [20] and Glockner [12] in the 1980s. Balke et al. used the fact that
macromolecules of the same chain length but different composition have different
hydrodynamic volumes. Since SEC separates according to hydrodynamic volume,
SEC in different eluents can separate a copolymer in two diverging directions. The
authors coupled two SEC instruments together so that the eluent from the first one
flowed through the injection valve of the second one. At any desired retention time
the flow through SEC 1 could be stopped and an injection made into SEC 2. The
first instrument was operated with THF as the eluent and polystyrene gel as the
packing, whereas for SEC 2 polyether bonded-phase columns and THF-heptane
were used. The schematic presentation of this system is given in Fig. 1.4. Both
instruments utilized SEC columns. However, whereas the first SEC was operating
so as to achieve conventional molecular size separation, the second SEC was used
to fractionate by composition, utilizing a mixed solvent to encourage adsorption
and partition effects in addition to size exclusion.

Much work on chromatographic cross-fractionation was carried out with respect
to combination of SEC and gradient HPLC. In most cases SEC was used as the first
separation step, followed by HPLC. In a number of early papers the cross-
fractionation of model mixtures was discussed. Investigations of this kind
demonstrated the efficiency of gradient HPLC for separation by chemical compo-
sition. Mixtures of statistical copolymers of styrene and acrylonitrile were
separated by Glockner et al. [21]. In the first dimension a SEC separation was
carried out using THF as the eluent and polystyrene gel as the packing. In total,
about 10 fractions were collected and subjected to the second dimension, which was
gradient HPLC on a CN bonded-phase using isooctane-THF as the mobile phase.
Model mixtures of statistical copolymers of styrene and 2-methoxyethyl methacry-
late were separated in a similar way, the mobile phase of the HPLC mode being
isooctane-methanol in this case [22]. Graft copolymers of methyl methacrylate onto
EPDM rubber were analyzed by Augenstein and Stickler [23] whereas Mori
reported on the fractionation of block copolymers of styrene and vinyl acetate [24].
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COPOLYMER & MONOMERS
ORTHOGONAL ) &P~ AND INTERNAL STANDARD
CHROMATOGRAPHY : ¥ (POLYSTYRENE)(-AAA-)

Copolymer Analysis

DIODE
ARRAY
SCANNING

v v

Fig. 1.4 Schematic representation of an orthogonal chromatographic system showing size frac-
tionation of a linear copolymer by SEC 1 and the variety of molecules of the same molecular size
within a chromatogram slice, A-styrene and B-butyl methacrylate units (reprinted from [3] with
permission of Springer Science + Business Media)

A more feasible way of analyzing copolymers is the pre-fractionation through
HPLC in the first dimension and subsequent analysis of the fractions by SEC [25, 26].
HPLC was found to be rather insensitive towards molar mass effects and yields very
uniform fractions with respect to chemical composition. Principal considerations of
LC couplings will be discussed more in detail in Chapter 6.

The major disadvantage of all early investigations on chromatographic cross-
fractionation was related to the fact that both separation modes were combined to
each other either off-line or in a stop-flow mode. Regardless of the separation order
SEC vs. HPLC or HPLC vs. SEC, in the first separation step fractions were
collected, isolated, and then subjected to the second separation step. This procedure
was very time-consuming and the reliability of the results at least to a certain extent
depended on the skills of the operator.

A fully automated two-dimensional chromatographic system was developed by
Kilz et al. [27-29] in the 1990s. It consists of two chromatographs, one which
separates by chemical composition or functionality and a SEC instrument for
subsequent separation by size. Via a storage loop system, fractions from the first
separation step are automatically transferred into the second separation system. The
operation of the column switching device is automatically driven by the software,
which at the same time organizes the data collection from the detector. The design
of a typical system is presented schematically in Fig. 1.5.

Another option to address the molecular heterogeneity of complex polymers is
the combination of selective fractionation methods with information-rich detectors,
see Fig. 1.6.
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2. Dimension:

Data
Processing

I

=1 Detector
SEC Column

Fig. 1.5 Schematic representation of an automated two-dimensional chromatographic system
(reprinted from [30] with permission of Elsevier)

Fig. 1.6 Schematic representation of the hyphenation of a selective chromatographic separation
and spectroscopic analysis for the analysis of a sample that is distributed regarding composition
(different colours) and molar masses (different sizes)

During the last two decades a number of techniques have been introduced in
organic chemistry and applied to polymer analysis, combining chromatographic
separation with spectroscopic detection [31]. GC-MS has been used in polymer
analysis, but, due to the low volatility of high molar mass compounds it is limited to
the oligomer region. The combination of pyrolysis and GC-MS, however, is of great
value for polymer characterization [32, 33]. It provides for the analysis of complex
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polymers with respect to chemical composition. Much more important are the
different techniques of liquid chromatography. Using SEC, liquid adsorption chro-
matography (LAC), or liquid chromatography at the critical point of adsorption
(LCCC) polymers can be fractionated with respect to different aspects of molecular
heterogeneity, including molar mass, functionality, and chemical composition. As
will be shown in the next chapters, liquid chromatography can be efficiently
coupled to infrared spectroscopy [34—39], to mass spectrometry, and to nuclear
magnetic resonance spectroscopy [40, 41]. Another most feasible approach is
multidetector SEC where molar mass separation is hyphenated with molar mass
sensitive detectors like on-line viscometry and on-line static light scattering [1, 42].
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The retention of a species in liquid chromatography can be expressed in terms
of the distribution coefficient relevant to the partition function of a polymer
between the flowing and the stagnant liquid phase in the column, which correspond
to the interstitial volume V; (i.e. the volume of the solvent outside the particles of
the packing) and the pore volume V/,.

(2.1)

The regimes in liquid chromatography, in which the distribution coefficient may
assume different values, may be classified in terms of the adsorption interaction
parameter ¢, which has been introduced by de Gennes [1]. It is measured in inverse
length (nm ™). The value of ¢ strongly depends on the mobile phase composition
(for a given polymer-sorbent system), and on temperature.

2.1 Size Exclusion Chromatography

Size exclusion chromatography (SEC) is governed by entropy. In SEC, the interac-
tion parameter is strongly negative, and 0 < K < 1. In ideal SEC, the elution
volumes of linear macromolecules in wide slit-like pores [2, 3] are given by

Vere = Vi + v, (1- 2 R 2.2)
SEC — Vi p \/7_Z'D’ .

wherein D is the pore diameter and R is the radius of gyration of the analyte
molecule, which can be expressed by the length @ and number 7 of the repeat units:

n
R=ay/-. 2.3
G (2.3)
H. Pasch and B. Trathnigg, Multidimensional HPLC of Polymers, Springer Laboratory, 17
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SEC separates polymers according to molecular dimensions, regardless of their
functionality.

2.2  Liquid Adsorption Chromatography

Liquid adsorption chromatography (LAC) is based on the enthalpic interactions of
the polymer with the stationary phase. In LAC the interaction parameter is positive,
and K increases exponentially with the number of repeat units, hence K > 1.

In LAC, retention is often described by Martin’s rule [4-8], an empirical
equation between the retention factor k = (V. — V)/V, and the number of repeat
units n within a homologous series of oligomers [5—8].

Ink =A + Bn. (2.4)

The dimensionless retention factor & is given by the elution volume V, of the
solute and the hold-up volume of a column, i.e. the elution volume of an unretained
compound. It must be mentioned, that the hold-up volume and the total volume of
the mobile phase in the column (the void volume Vo = V; + V,) need not be
identical [9-11]. Moreover the extra-column volume is often ignored, which
leads to erroneous retention factors [12—14]. There have been numerous papers
concerning the question of the hold-up volume. An excellent review has been given
by Rimmer et al. [10].

As has been shown [15-17], Martin’s rule can be explained using the theory of
polymer chromatography [18-22]. There is, however, a considerable difference
between these equations. In Eq. (2.4) the retention factor £ is calculated using the
void volume instead of the accessible volume. Many chromatographers consider the
elution volume of the solvent peak as the void volume, which leads to considerable
deviations from linearity at low n.

The theory of chromatography of flexible homopolymers which can interact with
the pore walls of a stationary phase (for Gaussian polymer chains and slit-like
pores) has been developed by Gorbunov and Skvortsov [23, 24]. According to this
theory, the elution volume of a non-functional chain in LAC is given by

4 R\ 2V, 2V,
%:%+%O )

~ D) " C—DP + c_Dp exp (cR)’[1 + erf (cR)], (2.5)

wherein R is the radius of gyration of the macromolecule, D is the pore diameter
of the stationary phase, c¢ is the interaction parameter, and erf(cR) is the error
function. It must be mentioned, that the value of ¢ does not depend on D, V,,, V;
or R (i.e. on the degree of polymerization n).

At sufficiently strong interaction (which is typical for LAC), the term erf(cR)
approaches unity, hence one may write
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4 R\ 2V, 4V
Ve=Vi+V,[1—-—=) 2224 7P R)? 2.6
- p( ﬁD) o " ep PR (2.6)
or
. 4V cta®
Ve = VO + C_Dp exXp <I’l T), (27)

wherein Vjj is the accessible volume, which can be entered by a polymer chain.
4R 2V 2V
VE; =Vi+V, (1 ) S p

S R S VAt 2.8
NG D ) (2.8)

Evidently, the accessible volume V{ is always smaller than the void volume
Vo = Vi + Vp, and it is also smaller than the elution volume of the same polymer
chain in ideal SEC.

As has been shown previously [16], the accessible volume in LAC can be easily
obtained from a plot of the elution volumes V,, of oligomers with n repeat units
versus the differences AV, =V, —V,_; in the elution volumes of consecutive
oligomers.

Ve =V +7AV,. 2.9)

The intercept in such a plot represents the accessible volume, and the interaction
parameter ¢ can be calculated from the slopey = 8 /(e® — 1) (wherein B = (c?a?)/6

is the slope in Martin’s rule).
1 v
c=—,/6In . (2.10)
a y—1

It must be mentioned, that the determination of the accessible volume and the
interaction parameter does not require the knowledge of n for the individual peaks
(provided that they belong to the same series). This works well in the range of
sufficiently strong interaction (as long as the approximation of erf(cR) = 1 holds).

There is, however, another approach, which has been developed by Gorbunov
et al. [25]. Using special software the interaction parameter can be determined in all
modes of LC (from LAC to SEC). This approach requires a set of measurements
with non-functional polymer standards, the molar mass of which is known.

Equation 2.7 may also be written in terms of the retention factor & :

Ve =Vy 4V, c*a?
K - oy, 2.11
Vi vy P\” .11
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Fig. 2.1 Determination of the interaction parameter and the pore surface (schematically)

In logarithmic form this yields an equation, which corresponds to Martin’s rule.

4V 2a?
In k¥ =1 P —_— 2.12
n n(cDV(j) +n c (2.12)

In slit-like pores, the internal surface of the pores is given by the ratio of pore
volume and pore diameter [17]:

2V,
Sy =—"L. 2.13
»=p (2.13)
For non-functional chains, Martin’s rule can be written in the form
In k' = In 20 4 (ca) (2.14)
nkf=In—+n . .
9% 6

Using Eq. (2.9), the interaction parameter can be determined from a chromato-
gram of a polymer homologous series, in which a sufficient number of peaks is
reasonably resolved. Once the interaction parameter is known, one may determine
the pore surface from the intercept in Martin’s plot. This requires, however, the
identification of the peaks (i.e. the number of repeat units for each peak). The
procedure is shown schematically in Fig. 2.1.
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For monofunctional chains, an additional parameter ¢ has to be taken into account
[19, 26]. The specific endgroup parameter ¢ measures the difference of the free
energy of adsorption Ay (in RT units) between endgroup and repeat unit (6 is the
interaction distance between the specific group and the sorbent) [20, 21]. A simple
procedure for the determination of ¢ has been described previously by Trathnigg
et al. [27].

In LAC, retention of monofunctionals with an adsorbing endgroup can be
decribed by

4V 2a?
In k& =1In[ — —2(1 ‘ — 2.15
n ky, n<cDV37m( +qc)>+n P (2.15)

wherein V{j = is the accessible volume for monofunctionals, which is somewhat
smaller than the accessible volume for non-functionals:

=Vi-2 ==L, (2.16)

In both cases, k increases exponentially with the number of repeat units. In a plot
of In k versus n straight lines with the same slope, but a different intercept are
obtained. For samples with a narrow molar mass distribution (MMD) this may be
done with isocratic elution, otherwise gradient elution has to be applied.

After all, LAC can be applied to determine the MMD of non-functionals and
monofunctionals with a weakly adsorbing endgroup. If the interaction of the
endgroup is too strong, no resolution of the individual oligomers can be achieved
by LAC.

2.3 Liquid Chromatography at Critical Conditions

In liquid chromatography at critical conditions (or at the critical point of adsorp-
tion) (LCCC) [18, 19, 28-36] entropic and enthalpic terms compensate each other,
and the interaction parameter equals zero. At the so-called critical adsorption point
(CAP), which is defined by mobile phase composition and temperature, the distri-
bution coefficient of non-functional molecules equals unity: Ky = 1. Consequently,
non-functional chains are eluted (regardless of their molar masses) at the void
volume V.

For monofunctional molecules (with an adsorbing endgroup @) an additional
term ¢, appears, which describes the influence of the endgroup on retention. As has
been discussed previously by Trathnigg and Gorbunov [20-23], the elution volume
of monofunctionals with an adsorbing endgroup at the CAP is larger than the void
volume, but still independent of molar mass.

Ve Vi+ Vol +q4) = Vo + qdVp. (2.17)
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As the retention of monofunctionals at the CAP depends only on the magnitude
of the endgroup parameter ¢,, but not on their molar mass, they elute as narrow
peaks. LCCC allows the separation of monofunctionals according to their function-
ality, regardless of their molar mass.

A very different behaviour is, however, observed with difunctional chains (with
adsorbing groups at both ends) [21, 37-39]. The elution volume of symmetrical
difunctionals (with the same adsorbing groups a at both ends) is given by

q> D
Ve = Vi+ V[ 1+2q, a ., 2.18
+p<+q+ﬁR) (2.18)

which means, that they are separated according to the radius of gyration R of the
critical block, which can be expressed by the length @ and number 7 of the repeat
units, see Eq. (2.3). A similar relation holds for asymmetrical difunctionals having
different endgroups a and b:

gy D
va,,zvi+vp<1+qa+qb+q“ b —).

R (2.19)

Difunctionals elute much later than monofunctionals: the shift in their elution
volumes is, however, not only the sum of the endgroup contributions, but contains
an additional term, which depends on the ratio of the pore diameter D of the
stationary phase and the radius of gyration R of the polymer molecules [21, 38].
Consequently, difunctionals with adsorbing endgroups elute in SEC order: smaller
molecules elute later than larger ones.

A special situation occurs, if the endgroup is adsorbed, while the repeat units
elute in SEC mode. This is utilized in a regime that could be named liquid
exclusion-adsorption chromatography [22]. If the interaction parameter of the
repeat unit ¢ is negative and the one of the endgroup cg positive, monofunctional
chains elute in SEC order, but far behind the void volume. For small polymer chain
lengths the elution volume V45 of monofunctionals with the repeat unit A and the
end group B is given by

Vap ~ Vg (1 - ?CBRA) =Vp(1 — Cy/na) (2.20)

Consequently, the elution volumes decrease with increasing radius of gyration
(and hence with the square root of the number of repeat units). A molecule
containing just the endgroups but no repeat units elutes at V. This is the method
of choice in the separation of monofunctionals with a strongly adsorbing endgroup
and an average degree of polymerization below 10-15. As it is performed under
isocratic conditions, one may use refractive index (RI) detection, which allows an
accurate quantification in the analysis of non-ionic surfactants [40].
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As has already been briefly discussed, the distribution coefficient corresponds to the
change in Gibbs free energy, which results from the changes in enthalpy and
entropy, see Eq. (1.6). Consequently, the distribution coefficient results from an
entropic and an enthalpic term, see Eq. (1.7). SEC is governed by the entropy
change. LAC is generally considered as an enthalpic process, but in real LAC,
entropic contributions must also be taken into account. In LCCC the changes in
entropy and enthalpy compensate each other: at the critical adsorption point (CAP)
is AG = 0, as AH = TAS.

As follows from Egs. (1.6) and (1.7), these mechanisms may show different
temperature dependences. In ideal SEC, where enthalpic interactions should be
absent, distribution coefficients should not depend on temperature. In LCCC,
a temperature change will require a change in mobile phase composition to main-
tain critical conditions. In LAC, retention depends on both entropy and enthalpy
changes. Consequently, the retention of a polymer in LAC on a given stationary
phase depends on mobile phase composition and on temperature, but in a different
way and to a different extent. The enthalpy change (which reflects the interaction of
the polymer with the stationary phase) is generally assumed to be negative in LAC,
and its absolute value should increase with decreasing eluent strength. Conse-
quently, retention is expected to decrease with increasing temperature.

As has been shown previously [41-43], this needs not always be the case. On
typical reversed phase columns, polyethylene glycols (PEG) show a completely
different behaviour in different mobile phases: while the expected behaviour is
observed in methanol-water, the opposite is found in acetonitrile-water, where
retention increases with temperature. In acetone—water, retention is almost inde-
pendent on temperature.

The changes in entropy and enthalpy can be determined from the intercept and
slope in a plot of In K vs. 1/T according to Eq. (1.7) (van’t Hoff plot). In the
literature, different approaches have been used in the determination of the thermo-
dynamic parameters [41-44]. These approaches differ in the calculation of the
distribution coefficient (or the retention factor, which is typically used instead of
the distribution coefficient).

In many papers, a relation is applied, which is based on the assumption of a
direct proportionality between the distribution coefficient K and the retention factor
k= (Ve — V())/V()Z

AH° n AS°
RT R

Ink=—

+1n ¢. 2.21)

In Eq. (2.21), the term ¢ is the so-called phase ratio (the volume ratio of the
stationary to the mobile phase), which is generally unknown. In principle, these
volumes should correspond to the pore volume and the interstitial volume. The
slope and the intercept in a plot of In k vs. 1/T represent the thermodynamic
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parameters AH°/R and (AS*/R) = (AS°/R) + In ¢. There is, however, an important
difference between Egs. (1.7) and (2.21), as becomes clear from the definitions of
the retention factor k and the distribution coefficient K.

Ve =V
f=-2_"0 (2.22)
Vo
e Vi e — Vi
K= 4 = Ve —V . (2.23)
Vo Vo —Vi
From Egs. (2.22) and (2.23) follows Eq. (2.24):
V,
k=(K—-1)-2L. (2.24)
Vo

Obviously, there is no direct proportionality between k and K, as is typically
assumed. The assumption of kK = K - ¢ is an approximation which holds only for
K > 1. The exact relation contains the distribution coefficient K, but this requires
the determination of the characteristic volumes V;, V,, and V.

It must be mentioned, that the determination (and even the definition) of Vj, is not
trivial. There have been numerous papers on the determination of the void volume,
dead volume or hold-up volume of a column [9-11]. In the literature, different
definitions are given, which may be relevant in different situations [7, 10, 45-54].
The void volume is the total amount of solvent in the column, which may be
determined by gravimetry: Vo = V; + V,,. The hold-up volume is considered to
be the elution volume of an unretained sample. Various methods for the determina-
tion of the hold-up volume have been proposed [9—11]. The interstitial volume V;
can be easily determined by inverse SEC (ISEC): V; is the elution volume of a
polymer, which is completely excluded from the pores (i.e. a polymer with a molar
mass above the exclusion limit). This is, however, not as easy for the pore volume:
as ISEC is typically performed in a good SEC solvent, large errors in V, may result
in other mobile phase compositions. As has been shown previously [11], the pore
volume may be considerably smaller in mixed mobile phases, while the interstitial
volume remains the same. Consequently, the correct pore volume in LAC will only
be obtained, if ISEC is performed in the same mobile phase composition. This
would require a set of polymer standards, which do not interact with the stationary
phase under such conditions.

Polyethylene glycol (PEG) elutes in SEC mode on typical reversed phase
columns in acetone—water mobile phases containing 50-80 wt% acetone [38]. In
such mobile phases, polypropylene glycols or similar polymers elute in LAC mode.
In methanol-water mobile phases this approach cannot be applied, as PEG does not
elute in SEC mode at any composition.

The pore volumes of reversed phase columns in acetone—water may, however,
also be assumed in methanol-water mobile phases [30, 41, 55]. This is, of course,
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an approximation, but still better than the usual approach. Obviously, the results
obtained with Egs. (1.7) and (2.21) will be different. The entropy change can only
be determined using Eq. (1.7), as the other equations yield the apparent parameter
AS” [50, 56].

The correct relation is Eq. (1.7), as has already been discussed. The distribution
coefficient characterizes the distribution between the flowing part of the mobile
phase (the interstitial volume) and the stagnant volume, which comprises the bulk
phase inside the pores and the volume of the adsorption layer at the internal surface
of the pores. As the assumption of a dividing interface between the adsorption layer
and the bulk phase is problematic [50, 56], there is also no defined volume of the
stationary phase.

The interstitial volume can be easily determined, the crucial point is, however,
the determination of the pore volume [11], which may be subject to various sources
of error. In LAC, this problem can be solved by the following approach, which does
not require the knowledge of the pore volume.

For two consecutive oligomers with n and (n — 1) repeat units and the elution
volumes V,, and V,,_; one may write

Vo — Vi AH, — AH,, AS, — AS,_
InK,—In K,_; =In _ L AS = ASer
Vo1 — Vi RT R

(2.25)

From the intercept and slope in a plot of In (V, — Vi)/(V,—1 — Vi) vs. 1/T, the
increments (AS)g and (AH)g in the entropy and enthalpy change are obtained, which
represent the additional entropy or enthalpy change caused by addition of one more
repeat unit to the chain. One may assume, that the total entropy or enthalpy change
(AS),, or (AH),, of a chain with n repeat units results from the contributions of the
endgroup(s) and the repeat units, (AS)g and (AH)g, respectively. In this case,
straight lines should be obtained in a plot of (AS), or (AH),,.

(AS), = (AS), +n- (AS)g, (2.26)

(AH), = (AH)g + n - (AH)g. (2.27)
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Interaction chromatography is based on the retention of solute molecules by
interaction with the surface of the stationary phase including the pore surface.
This interaction can be due to adsorption, hydrophobic, polar or ionic interactions
or dispersive forces. Intermittent capture and release of solute molecules by the
stationary phase are controlled by two basically different mechanisms or some
combinations thereof. With regard to adsorption-desorption phenomena, an abrupt
process is the critical step leading to sorption or desorption. This process is typified
by molecular desorption from surfaces where molecules can detach, and then do so
suddenly, if they possess sufficient activation energy to cause the necessary rear-
rangement or rupture of chemical or physical bonding. Quite different in effect are
the diffusion-controlled sorption-desorption kinetics where a change occurs only
gradually as molecules diffuse in and out of localized regions [1].

The interactive modes of polymer chromatography are based on selective
interactions with the surface of the stationary phase inside and outside the pores
resulting in separations that are mainly based on the chemical composition and/or
functionality of the analyte. In contrast, size exclusion chromatography (SEC) is
based on the diffusion of macromolecules into pores of different sizes and as a
result a size separation is obtained. Modes, experimental setups and applications of
SEC have been extensively described. Here, the authors just refer to a number of
standard publications [2-8].

The behaviour of polymer molecules in interactive modes of liquid chromatography
(LC) deviates in several respects from the behaviour of low molar mass compounds.
The differences are caused by the following properties of polymers [9]: small diffusion
coefficients of macromolecules in solution, size of the macromolecules, which may be
of the same magnitude as the pores of the packing, retention of polymers via “trains” of
numerous repeat units, the flexibility of chain molecules, which enables conforma-
tional changes to occur, limited solubility of polymers [9, 10]. Very frequently in a
first step, a part of the repeat units of the polymer chain is bound to the active groups of
the stationary phase. If the adsorption energy per repeat unit is too low, the
macromolecule is repulsed from the surface and will not adsorb. In this case most
frequently a SEC separation mode is operating. When the adsorption energy
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exceeds a certain limit, the macromolecule is adsorbed. If the change in adsorption
enthalpy AH is higher than the entropy losses AS, related to the transformation
from a three-dimensional coil to a two-dimensional adsorbed structure, the macro-
molecule changes its conformation and becomes fully adsorbed with all repeat
units. The type of the final conformation of the macromolecule at the surface of the
stationary phase depends on the flexibility of the polymer chain, its chemical
composition, the molar mass and the number of adsorbed repeat units.

Different modes of interaction chromatography (IC) can be identified depending
on the type of interactions with the stationary phase, the effect of enthalpic and
entropic factors as well as the temperature. Under liquid adsorption and gradient
chromatography all methods are summarized that are based on the adjustment of
the interactions by changes in the mobile phase composition. The section on liquid
chromatography at critical conditions (LCCC) summarizes all methods that are based
on enthalpy-entropy compensation phenomena while the section on temperature
gradient interaction chromatography (TGIC) describes the adjustment of interactions
by temperature changes. The different modes of interaction chromatography have also
been named “non-exclusion liquid chromatography”” (NELC) by Mori to indicate that
size exclusion effects in these cases are less important than in SEC [11].

3.1 Liquid Adsorption and Gradient Chromatography

Each type of interaction chromatography requires a mobile phase that comprises
two or more solvents. In liquid adsorption chromatography (LAC) the initial and
final mobile phases are good solvents for the polymer. In most cases silica gel is
used as the stationary phase. The sample injected into the column adsorbs on the
silica surface at the initial mobile phase. For very low molar mass samples the
adsorption might be sufficiently weak and desorption in the same mobile phase
composition may take place. In this case elution takes place under isocratic
conditions and in some cases single mobile phases are used.

In most cases and, in particular, for higher molar mass samples adsorption is
too strong. The strength of the mobile phase has a dramatic effect on retention.
With a weak mobile phase, the retention time of a polymer usually far exceeds any
reasonable period of experimental work. Increase of the elution strength will
eventually lead to a sudden change to the opposite behaviour: the polymer is not
retained at all and leaves the column at interstitial volume V;. A small alteration of
elution conditions causes transition from zero retention to infinity. This “on or off”
behaviour can be understood as a consequence of multiple attachment [9]. Synthetic
polymers consist of a large number of repeat units. In principle, all of them have the
chance of becoming adsorbed. A polymer chain is retained in the stationary phase
as long as at least one of its repeat units is adsorbed. A chain can migrate only if all
constituting units are in the mobile phase. Assuming independent adsorption-
desorption equilibrium for each unit the mobility condition of a macromolecule is
a function of the corresponding probabilities of the repeat units and the chain
length. For weak eluents and long polymer chains it can be assumed that there is
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always a repeat unit interacting with the packing material. Accordingly, the proba-
bility is very high that the macromolecule is retained for a very long time.
Consequently, in most cases solvent gradients must be used to enhance the solvent
strength of the mobile phase and to balance the adsorption-desorption behaviour of
the macromolecules.

LAC has been applied widely for the separation of copolymers according to
chemical composition; the first paper was published in 1979 by Teramachi et al.
[12]. Mori and others developed separation methods for different styrene-acrylate
copolymers while Mourey et al. focused on different polyacrylate combinations
[13-17].

Another important aspect of adsorption chromatography of polymers is solubil-
ity. Solubility in general requires a negative change in Gibbs free energy on mixing.
This is easily fulfilled with low-molar-mass solutes due to the large entropy
contribution. In low-molecular mixing processes, the contribution TAS,, is so
large that even positive values of AH,, do not prevent dissolution. In contrast to
low molar mass compounds, macromolecules normally have low order in the solid
state. In addition to this, the regular arrangement of the repeat units along the
polymer chain remains on dissolution. Furthermore, in solutions of equal weight
concentrations the number of solute molecules is much greater in low molar mass
samples than in polymer systems. Thus, an entropy contribution to AG,, will be
small and the condition AG,, < O requires a negative change in enthalpy, AH,,
< 0. Accordingly, the solubility parameters of the solvent must be very close to that
of the polymer. In addition to sufficient solubility of the macromolecules in the
mobile phase, a certain solvent strength of the mobile phase is required. In view of
the separation mechanism in adsorption chromatography, the solvent strength must
be high enough to promote desorption of the macromolecules from the packing.

One type of liquid chromatography (LC) that makes use of the solubility of
macromolecules of different chemical compositions is high performance precipita-
tion liquid chromatography (HPPLC) [9]. In HPPLC, the initial mobile phase is a
non-solvent for the sample so that the sample injected into the column will
precipitate. Gradient elution is then performed by adding a good solvent to the
sample and fractions start to re-dissolve and elute with the mobile phase. As
solubility is a function of chemical composition, HPPLC can be used for chemical
composition separation of copolymers and polymer blends. Examples of this kind
of separation have been presented by Glockner and others for styrene and acrylate
copolymers [18-21].

Very frequently it is difficult to classify a separation technique as LAC or
HPPLC since it is not completely clear if the sample fully precipitates in the initial
mobile phase (different chemical compositions of the macromolecules). In such
cases the separation can be classified as normal-phase (NP-LC) or reversed-phase
chromatography (RP-LC). In both cases the initial and final mobile phases should
be good solvents for the sample. In NP-LC a polar (hydrophilic) stationary phase is
used. The initial mobile phase is less polar and the solvent strength is increased by
adding a polar solvent. Typical examples are n-hexane/THF [22] and n-hexane/
chloroform [23]. RP-LC uses non-polar (hydrophobic) stationary phases and a polar
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Fig. 3.1 Gradient HPLC chromatograms of random decyl methacrylate-methyl methacrylate
copolymers, stationary phase: Nucleosil 5 CN, 200 x 4.6 mm i.d., mobile phase: isooctane-THF
gradient, copolymer compositions are given as DMA/MMA in mol% (reprinted from [26] with
permission of Springer Science + Business Media)

initial mobile phase that is modified in the course of the gradient with a less polar
solvent. Typical examples for this case are ACN-THF [24] and ACN-methylene
chloride [25].

A typical example for the separation of random copolymers by NP-LC is given
in Fig. 3.1. Using a cyanopropyl-bonded silica gel as the stationary phase and a
solvent gradient of isooctane-THF, copolymers of decyl methacrylate and methyl
methacrylate were separated by composition [27].

In other examples, copolymers of styrene and methyl methacrylate were
separated by composition in numerous eluents. Most of them represented normal-
phase systems with gradients increasing in polarity and a polar stationary phase.
Figure 3.2 shows the separation of a mixture of seven statistical poly(styrene-co-
methyl methacrylate) samples on a silica column through a gradient of i-octane/
(THF + 10% methanol) [19].

3.2 Liquid Chromatography at Critical Conditions

As has been pointed out in Sect. 3.1 both entropic and enthalpic interactions affect
the chromatographic behaviour of macromolecules. They are adjusted to the required
type of separation by selecting suitable stationary and mobile phases. In a specific
mode of LC of polymers—LCCC—the adsorptive interactions are fully compensated
by entropic interactions. TAS is equal AH and, therefore, AG becomes zero. Ky is 1
irrespective of molar mass and, consequently, homopolymer molecules of different
molar masses co-elute in one chromatographic peak [19, 28-32].
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The transition from one to another chromatographic separation mode can be
accomplished by changing the temperature or the composition of the mobile phase.
From an experimental point of view most frequently the composition of the mobile
phase is adjusted rather than the temperature. However, as will be shown later it can
be more advantageous to achieve a certain separation by adjusting the temperature.

To explain the experimental treatment of LCCC, the individual steps required to
determine the critical point of polymethyl methacrylate are discussed. The critical
point is usually obtained by investigating a number of samples of different molar
masses, preferably calibration standards, in mobile phases of varying composition.
The chromatographic system must be selected such that weak adsorptive interactions
of the polymer chain with the stationary phase can be achieved. In the case of PMMA
a polar stationary phase based on silica gel was selected.

Figure 3.3 shows the chromatographic behaviour of a number of PMMAs on a
polar silica gel column using a mobile phase comprising mixtures of methyl ethyl
ketone (MEK) and cyclohexane [33]. When the MEK concentration in the mobile
phase was >73% by volume, the retention time decreased as the molar mass of the
sample increased. Accordingly, retention corresponded to a size exclusion mode. In
mobile phases, comprising a higher amount of cyclohexane, different retention
behaviour was obtained. At a MEK concentration <73% by volume in the mobile
phase, the retention time of the samples increased with increasing molar mass,
indicating that the system was in the adsorption mode. At exactly 73% by volume of
MEK in the mobile phase, the critical point of adsorption of PMMA was obtained.
At this point all samples, regardless of their molar mass, eluted at the same retention
time and a straight line parallel to the molar mass axis was obtained in the molar
mass vs. retention time plot.

The fact that the molar mass effect on elution of a given homopolymer disappears
has been named “chromatographic invisibility” to explain the LCCC behaviour of
polymer blends and segmented copolymers. For diblock copolymers for example,
chromatographic conditions can be found where one block elutes irrespective of



32 3 Interactive Modes of Polymer Chromatography

Fig. 3.3 Critical diagram log M
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molar mass at LCCC conditions (the “invisible” block) while the other block elutes at
SEC conditions (the “visible” block). Provided suitable detection and calibration
procedures are used the molar mass of the “visible” block can be quantified in the
diblock copolymer [19, 34-37]. Other applications of LCCC include the separation of
homo- and copolymers according to functional endgroups, see the following chapters
for more details.

A further refinement in the classification of enthalpy-entropy compensation
phenomena has been proposed by Berek et al. Depending on the strength of the
sample injection solvent relative to the mobile phase they proposed to use the terms
“liquid chromatography at the critical adsorption point” (LC-CAP), “liquid chro-
matography under limiting conditions of adsorption” (LC-LCA), and “liquid chro-
matography under limiting conditions of desorption” (LC-LCD) [38—41].

3.3 Temperature Gradient Interaction Chromatography

As explained earlier, in addition to changing the mobile phase composition changes
in the column temperature can be used to adjust chromatographic separations. It has
been shown that the retention behaviour in interaction chromatography can be
changed via temperature and even critical conditions of adsorption can be adjusted
very delicately. As compared to changing the mobile phase composition the range
of temperature variation is limited by the freezing and boiling points of the mobile
phases [32].

A rough idea on the effect of temperature and mobile phase composition
regarding the actual operating LC separation mechanism for a given stationary
phase has been presented by Chang [32]. On a porous C,g-modified silica gel and
dichloromethane-acetonitrile as the mobile phase all three modes of polymer LC
were realized, see Fig. 3.4. It is clear from these experiments that for a given
temperature (or mobile phase composition) SEC, LCCC and IC conditions can be
obtained by changing the mobile phase composition (or temperature). This con-
vincingly proves that all three modes are in agreement with a unified interaction
mechanism of polymer liquid chromatography.
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Fig. 3.4 Chromatograms of six polystyrene standards at different temperatures (b, dichloromethane-
acetonitrile 57:43 v/v) and compositions of mobile phase (a, temperature 35 °C), operating modes:
SEC, IC, LCCC, stationary phase: Nucleosil C18, 100 10%, mobile phase: dichloromethane-acetonitrile,
sample molar masses: (1) 2.5, (2) 12, (3) 29, (4) 165, (5) 502, (6) 1,800 kg/mol (reprinted from [32]
with permission of Springer Science + Business Media)

There are two major advantages of temperature gradient interaction chromatog-
raphy (TGIC) over other comparable HPLC methods: as compared to SEC much
higher molar mass resolution and lower band broadening can be achieved, as
compared to solvent gradients higher resolution can be achieved with temperature
gradients in selected applications.

The accurate analysis of molar mass distributions is a major topic in LC of
polymers. Classically this is done by SEC, however, instrumental band broadening
decreases the SEC resolution and is one of the disadvantages of MMD analysis. The
application of TGIC for MMD analysis was first reported by Lee and Chang [42]
and excellent separations were obtained for various polymers including polystyrene
[43] and PMMA [44], see Fig. 3.5.
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Fig. 3.5 TGIC separation of 14 PS standards, stationary phase: Nucleosil C18, mobile phase:
methylene chloride—ACN, temperature program is shown (reprinted from [32] with permission of
Springer Science + Business Media)

Using a similar approach for the MMD analysis of different polystyrenes and
comparing these results with SEC data it was found that the TGIC data fit the
calculated Poisson distributions much more closely due to the fact that in TGIC
(different from SEC) instrumental band broadening was insignificant compared to
MMD based peak dispersion [45]. Further results on the application of TGIC for the
separation of segmented and branched copolymers and functional homopolymers
have been published in a series of papers by Chang et al. [46-50]. They all indicate
that TGIC is an interesting alternative to the conventional HPLC methods that are
based on changes in the mobile phase composition.
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A high performance liquid chromatography (HPLC) instrument must meet a num-
ber of challenging requirements to provide high-quality, reliable results. Typically,
the design of a state-of-the-art HPLC instrument is such that all possible types of
separations can be conducted. This requires a flexible pump to conduct isocratic and
solvent gradient separations, a column oven for stable temperature conditions and a
set of detectors that can provide quantitative information on a number of molecular
parameters. Criteria that have to be met by any HPLC instrument are listed in
Table 4.1.

4.1 Instrumental Setup

A general schematic of a SEC/HPLC system is presented in Fig. 4.1. The main

components of any instrumental design are a solvent delivery system, a sample

injection device, a set of detectors and a data acquisition and handling system. The
core of any instrument is the column containing the stationary phase that is selected
based on the required separation.

Very frequently solvent reservoirs are designed so that the mobile phase may be
degassed automatically to prevent gas bubbles to form in the detector during separa-
tion. Elimination of oxygen by purging the mobile phase with inert gas is also required
to prevent reactions with sensitive samples. Alternatively, mobile phases can be
degassed by ultrasonication. In this case, however, re-dissolution of air may occur.

For solvent/mobile phase delivery the following types of pumps are typically
used in HPLC:

1. Syringe pumps work like a large syringe, the plunger of which is actuated by a
screw-feed drive (usually by a stepper motor), hence they deliver a completely
pulseless flow.

2. Reciprocating pumps exist in various modifications:

(a) Single piston pumps are cheap, but are generally not well suited for SEC/HPLC.

(b) Dual piston pumps with parallel pistons deliver a smooth flow.

H. Pasch and B. Trathnigg, Multidimensional HPLC of Polymers, Springer Laboratory, 37
DOI 10.1007/978-3-642-36080-0_4, © Springer-Verlag Berlin Heidelberg 2013
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Table 4.1 Important criteria for HPLC equipment (adapted from [1] with permission of J. Wiley
& Sons)

Equipment design Analytical Retention Analysis Separation
feature accuracy reproducibility speed versatility

X
X X
X

Precise flow rate
Temperature control
Precise sampling

Stable detection

High signal/noise ratio
Fast detection
High-pressure pumping
Efficient columns
Automatic data handling

XXX XXX

Low dead volume

XD KK X XX X XX

Flow rate sensing
Range of column X
packings

Chemical resistance X
Variety of detectors X X

Fig. 4.1 Typical SEC/HPLC instrument equipped with inlet reservoir (A), inlet filter (B),
degasser (C), pump (D), in-line filter (E), pulse dampener (F), column oven (G), sample injector
and autosampler (H), chromatographic column (I), detector (J), waste reservoir (K), data system
(L) (Reprinted from [1] with permission of J. Wiley & Sons)

(c) Dual piston pumps with pistons in series are easier to maintain, because they
have only two check valves instead of four. The slightly higher pulsations,
however, can be reduced by a pulse dampener to a level comparable to that
of the parallel arrangement.

There are a number of general requirements for SEC/HPLC that include (1) a

flow rate precision of better than 0.2%, (2) a pressure output of at least 6,000 psi, (3)
a pulse-free or pulse-dampened output with pressure pulsations of less than 1% at
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syringe syringe

sample loop _w sample loop

to

column
waste

from from
pump pump

Fig. 4.2 Function of LC injection systems, load (left), inject (right) (reprinted from [2] with
permission of Springer Science + Business Media)

1 mL/min, (4) flow rates in the range of 0.01-10 mL/min in either 0.1 or 0.01 mL/
min increments, (5) chemical resistance to a wide range of mobile phases, (6) small
hold-up volume for rapid solvent changes [1].

When selecting the pump for a given separation, one has to decide according to
the separation technique: syringe pumps offer considerable advantages in SEC
(flow stability) and LCCC (no evaporation of solvent, and thus absolutely constant
composition of the mobile phase), but cause problems, when the mobile phase has
to be changed. In gradient elution, only high-pressure mixing is possible with this
type of pump, which makes the whole system more expensive, because it requires
two pumps. On the other hand, reciprocating pumps allow gradient elution also with
low-pressure mixing (i.e. with just one pump).

Typically, two-position six-port valves are used for sample injection, which may
be operated manually or automatically (such as in an autosampler). The principle is
shown schematically in Fig. 4.2.

For high precision, the loop should always be filled completely with the sample,
and a sufficient amount of the sample solution (at least three volumes of the loop)
should be used to rinse it thoroughly. The optimum size of the sample loop is
determined by the column dimensions, the sensitivity of the detector(s), and the
nature of the separation. In SEC of high molar mass samples, it is recommended to
use a larger loop (50-100 pL) rather than a higher concentration of the sample
solution. In LAC and LCCC, higher concentrations may be injected, and a smaller
loop (1050 pL) is preferred.

4.2  Stationary Phases

Depending on the mechanism of the separation, different types of stationary phases
and dimensions of columns are used in liquid chromatography of polymers. As
stationary phases for SEC are presented in detail in Refs. [1-3] and elsewhere, this
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Table 4.2 Classification of HPLC columns with respect to size

Type Column diameter (mm) Column length (mm) Particle size (pm)
Microbore 1-2 5 3

Narrow bore 2-3 5-10 3

Analytical 4-5 10-25 3-5
Semipreparative <10 25 5-10

Preparative >10 >25 >10

section will focus on columns for adsorption chromatography and liquid chroma-

tography under critical conditions.

Unlike in SEC, where high separation efficiency can only be achieved with long
columns (large volumes of the stationary phase), there is a trend towards the use of
smaller columns in HPLC. As retention is determined by the distribution
coefficients between stationary phase and mobile phase, the composition of the
latter is the parameter governing the separation. Smaller columns mean faster
analyses as well as lower solvent consumption. In analytical applications the
diameter as well as the length of columns may be reduced. In practice, there are,
however, limitations of miniaturization:

— The quality of the column packing (the plate height) determines the length of the
column that is required to achieve the desired plate number and resolution.

— High efficiency (a lower plate height) can only be achieved with smaller
particles, which can be packed more densely. Hence a higher back pressure
will result for such a column, the magnitude of which is determined by the flow
rate, the viscosity of the mobile phase, and the diameter of the column.

— The length and diameter of the connecting capillaries and the internal volume of
the detector cell have also to be small to maintain the overall efficiency of the
system.

A classification according to column dimensions is shown in Table 4.2. Microbore
LC requires special injection systems, detectors and capillaries, while narrow bore
systems can be operated frequently with normal equipment.

Basically, HPLC columns can be packed with different stationary phases, the
nature of which is determined by the separation problem. Porous particles are used
in SEC where the separation occurs exclusively by limited accessibility of the pores
(see Chap. 2), and LAC because of their higher surface area. In LCCC, where
both effects (exclusion and adsorption) compensate each other, the pore size
distribution is also highly important. In the last years, nonporous phases with a
particle diameter of 1.5 pm have been introduced, which may reduce analysis time
and solvent consumption in LAC dramatically. These packings are available in
column sizes of 3.3-5 cm length and a diameter of 4.6 mm.

From a chemical point of view, most stationary phases are based on silica or on
cross-linked organic polymers. For special applications, alumina can also be used
as a matrix. A common classification refers to the polarity of the stationary and
mobile phases: in normal-phase separations the stationary phase is more polar than
the mobile phase, and the opposite is true for reversed-phase LC. Some typical
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polar stationary phases, as they are used in normal-phase or in ion-exchange LC, are
shown in Fig. 4.3. Some typical nonpolar stationary phases are given in Fig. 4.4.
In reversed phase LC, stationary phases based on modified silica are most fre-
quently used, which are typically obtained by reacting the silica with alkylsilanes. As
this modification is seldom complete, the residual silanol groups may affect the
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separation, especially in the analysis of basic compounds, such as amines. Most
producers offer packings with high carbon load and a high degree of end-capping,
which should minimize these effects. The safest way, however, is the use of polymer-
based packings (mainly crosslinked styrene-divinylbenzene copolymers). Note that
the nitrile phase can be used either in normal or in reversed phase chromatography,
depending on the polarity of the mobile phase.

4.3 Mobile Phases

The mobile phase is chosen primarily based on sample solubility and complex
interactions between the sample, the stationary phase and the solvent. With
macromolecules, diffusion is slow, and the need to maintain high column efficiency
by using small particles and low-viscosity solvents is another important
consideration.

Solvents can be classified by their chemical nature and by their polarity. The
latter is the most important criterion in interaction chromatography (LAC, LCCC).
With regard to polarity, solvents can be classified in terms of ‘eluotropic series’.
There are varying values reported for solvent polarity by different sources, but the
order is in most cases roughly the same. Some typical HPLC solvents/mobile
phases are listed in Table 4.3. It is obvious, that the polarity may vary considerably
within each class of solvents even for chemically quite similar solvents.

Another limitation in mobile phase selection concerns the mode of detection. If a
UV detector is used, one has to take into account the absorption of the solvent (UV-
cutoff). When a chromatographic separation is to be coupled to FTIR or NMR
spectroscopy, the spectroscopic behaviour of the mobile phase must also be con-
sidered. Typical solvents used in LC of polymers are presented in Table 4.3
together with their polarity indices and the UV-cutoff.

Another measure for polymer solubility is the comparison of the solubility
parameters 6 of the polymer with those of different solvents. When the values are
close to each other then there is a good chance that the polymer is soluble in the
given solvent. A refinement of this approach is the consideration of different types
of polymer-solvent interactions such as dispersive (84), polar (5,) and hydrogen-
bonding (6;,) interactions. It is helpful to compare these different types of
interactions to evaluate polymer solubility [4—7]. Tables 4.4 and 4.5 give an
overview of different solvents and polymers.

4.4 Detectors

When the separated polymer molecules leave the column, they have to be detected
by one or more detectors, the signal of which must represent the concentration of
the polymer with good accuracy. In the analysis of polymers by SEC/HPLC most of
the detectors that are used for low molar mass analytes can be used. However,
specific requirements and approaches must be considered that result from the
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Table 4.3 Typical solvents used in liquid chromatography of polymers

Class Solvent Polarity index UV cutoff
Alkanes Hexane, heptane 0.0 200
Cyclohexane 0.2 200
Aromatics Benzene 2.7 280
Toluene 24 285
Xylene 2.5 290
Ethers Diisopropyl ether 22 220
Methyl-t-butyl ether 2.5 210
Tetrahydrofuran 4.0 215
Dioxane 4.8 215
Alkyl halides Tetrachloromethane 1.6 263
Dichloromethane 2.5 235
Dichloroethane 4.0 225
Chloroform 4.8 245
Esters Butyl acetate 4.0 254
Ethyl acetate 4.4 260
Ketones Methyl ethyl ketone 4.7 329
Acetone 5.1 330
Alcohols n-Butanol 39 215
i-Propanol 3.9 210
n-Propanol 4.0 210
Methanol 5.1 205
Nitriles Acetonitrile 5.8 190
Amides Dimethyl formamide 6.4 268
Carboxylic acids Acetic acid 6.2 230
Water 9.0 200

Table 4.4 Solubility parameters of solvents [in (J/em?)?]

Solvent Os dq Sp on
Acetone 20.0 15.5 10.4 7.0
Benzene 21.3 18.7 8.6 53
Chloroform 18.8 17.7 3.1 5.7
Cyclohexane 16.7 16.7 0 0
DMSO 26.5 18.4 16.4 10.2
Dioxane 20.5 19.0 1.8 7.4
Ethanol 26.4 15.8 8.8 19.4
Formamide 36.2 17.2 26.2 19.0
Pyridine 21.7 18.9 8.8 5.9

Water 48.1 12.3 31.3 34.2
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Table 4.5 Solubility parameters of polymers [in (J/cm®)"?]

Polymer Om 04 Sp On
Polyethylene 15.8-17.1

Polypropylene 16.8-18.8

Polyisobutylene 16.0-16.6 16.0 2.0 7.2
Polystyrene 17.4-19.0 17.6 6.1 4.1
Poly(vinyl chloride) 19.2-22.1 19.2 9.2 7.2
Poly(vinyl acetate) 22.5-24.1 19.0 10.2 8.2
Poly(methyl methacrylate) 22.0-25.0 18.8 10.2 8.6
Poly(propylene oxide) 15.4-20.3

specific nature of very large molecules. Basically, one has to distinguish between
the following groups of detectors:

Concentration sensitive detectors

Selective detectors  Universal detectors Molar mass sensitive detectors
UV detector RI detector Single capillary viscometer

IR detector Conductivity detector Differential viscometer
Fluorescence Density detector Light scattering detectors: LALLS,
detector MALLS, RALLS

Electrochemical Evaporative light scattering

detector detector

In addition, there are spectroscopic detectors that provide direct chemical com-
position information.

4.4.1 Concentration Sensitive Detectors

The signal (response) of a concentration sensitive detector is determined by the
concentration of the solute in the mobile phase. Among the concentration sensitive
detectors, one has to distinguish detectors measuring a property of the solute and
detectors measuring a (bulk) property of the mobile phase. The first group can thus
be regarded as selective, the second one as universal (even though this is not a
general rule). In the analysis of copolymers, two detectors may be required to
monitor the concentrations of the two comonomers.

In HPLC, various selective detectors are available, but not all of them can be
applied to polymers. Among the photometric detectors, the UV detector is the most
frequently used instrument. IR detectors are very useful, but limited to certain mobile
phases, which do not absorb at the detection wavelength. A good alternative is off-line
coupling of FTIR with HPLC using an evaporative interface, which provides valuable
qualitative information. In such a system, the eluate is sprayed onto a Germanium disk,
which can be transferred to any FTIR spectrometer to yield the full spectral informa-
tion over any peak of the chromatogram. It must, however, be mentioned, that such a
device should be combined with an additional concentration detector, because quanti-
fication may be problematic sometimes. Fluorescence detection cannot be applied to
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most polymers, and the same is true for electrochemical detection. In the case of
oligomers, these detectors may be used after derivatization of the end groups, which is,
however, typically not feasible in chromatography of high polymers.

4.4.1.1 UV Detector

The most familiar solute property detector is the UV absorption detector, which
exists in different modifications and is available from most producers of HPLC
instruments. This detector measures the absorption of light of a selected wavelength
and can be applied to polymers containing chromophoric groups. Typical detection
wavelengths are in the range of 180-350 nm, however, UV can be utilized only in
solvents with a sufficiently low absorbance, see Table 4.3. Many typical solvents
for polymers (aromatics, esters, ketones, DMF, CHCI; etc.) do not allow UV
detection at low wavelengths (<250 nm). In ethers the UV-cutoff may be dramati-
cally influenced by contaminations, which are formed by oxidation, such as
peroxides in THF etc., or by stabilizers.

Basically, one has to distinguish between three types of UV detectors, which
differ in the way monochromatic light is obtained: fixed wavelength detectors,
variable wavelength detectors, diode-array detectors (DAD). In most fixed wave-
length detectors, a low-pressure mercury lamp emitting at 254 nm wavelength is
used as the light source. In variable wavelength detectors, monochromatic light is
obtained by means of a holographic grating. In some instruments, wavelength
programming is also provided. DADs allow simultaneous measurement of an entire
UV spectrum at any point of the chromatogram. The main difference between
classical variable wavelength detectors and the DAD is the arrangement of mono-
chromator and sample cell: in the DAD, the monochromator is placed in the light
beam behind the sample cell (“inverse optics”™).

There are four important types of universal detectors, which are applied to
HPLC: refractive index (RI) detector, conductivity detector, density detector,
evaporative detectors. Even though universal detectors are in general less sensitive
than selective detectors, they are applied to the analysis of many polymer samples,
such as polyolefins, aliphatic polyethers or the like, which cannot be detected by a
selective detector. The most familiar instrument in this group is the RI detector,
which exists in various modifications. The conductivity detector is not a common
option in polymer chromatography. The density detector (operating according to
the mechanical oscillator principle) is very useful in polymer analysis, especially in
combination with other detectors. Evaporative detectors vaporize the mobile phase
and the nonvolatile components of the sample can be detected by measuring the
scattering of a transversal light beam, as is the case in the evaporative light
scattering detector (ELSD). It is also possible to use such an evaporation device
as an interface to a mass spectrometer or an FTIR spectrometer. In LC of polymers,
only the ELSD is used as a routine instrument.

4.4.1.2 Rl Detector

There are basically three types of RI detectors, the most common one being the
deflection refractometer. Deflection refractometers have a better linear range than
Fresnel refractometers but have larger measuring cells. Interferometric refractometers
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Fig. 4.5 PL-ELS 1000 detector with the solvent condensation device allowing recovery of
material from the nebulizer drain and the solvent vapor from the exhaust (a) and scheme of the
evaporator tube (b) (Courtesy of Varian/Polymer Labs)

are more sensitive (by 1 order of magnitude) than the other RI detectors. It must be
mentioned, that response factors of the RI detector depend on molar mass and on
chemical composition, as is also the case for the density detector. While molar mass
dependence can be compensated rather easily, the use of a second concentration
detector is inevitable in the analysis of copolymers or polymer blends. Moreover,
preferential solvation of the polymer coils by one component of the mobile phase may
affect detector signals [8, 9], which can also require a second concentration detector.

4.4.1.3 Density Detector

The density detector provides additional information in isocratic elution
experiments, when combined with a UV or RI detector. This instrument utilizes
the mechanical oscillator principle [10-12]. Its measuring cell is an oscillating
U-shaped capillary the period of which depends on the density of its content. Period
measurement is performed by counting the periods of an oven-controlled 10 MHz
quartz during a predetermined number of periods of the measuring cell. The signal
of such a detector is thus inherently digital, which means that no A/D-converter is
required in data acquisition, and its response is integrated over each measuring
interval.

4.4.1.4 Evaporative Light Scattering Detector

Although the ELSD measures a property of the solute, it can be regarded as
universal detector, because it detects any non-volatile components of a sample
[13—15]. While there are lots of UV detectors in the market, only a few producers
offer this type of detector. In such an instrument, the eluate is nebulized and the
solvent evaporated from the droplets. Each droplet containing non-volatile material
will form a particle. When the aerosol thus obtained crosses a light beam, the light
will be scattered. This effect can be utilized for detection, even though there are
some problems in quantification of the signal due to the non-linearity of the detector
response (Fig. 4.5).
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Even though such an instrument is very useful in interaction chromatography
because it allows solvent gradient elution (provided that no non-volatile buffers
have to be used), quantification is a challenge. The dependence of the detector
response on molar mass and chemical composition of the sample as well as mobile
phase composition has to be addressed. Moreover, the size of the droplets formed in
the nebulizer depends on operation conditions of the instrument. Hence some
additional parameters influence the sensitivity, such as oven temperature, flow
rate of carrier gas and eluate, viscosity and surface tension of the latter (which
will of course change when a surface active substance is eluted, and also in gradient
elution) etc. This means, that an ELSD must be calibrated very carefully in order to
yield reliable results, as has been shown by several authors [16—18].

4.4.2 Molar Mass Sensitive Detectors

Molar mass sensitive detectors are particularly useful in SEC because they provide
the molar mass of each fraction of a polymer peak. Since the response of such a
detector depends on both concentration and molar mass of the fraction, it has to be
combined with a concentration sensitive detector. For experiments in interaction
chromatography these detectors are used to a much lesser extent because (A) the
separation occurs mainly regarding chemical composition and (B) frequently sol-
vent gradients are used that make it difficult to use these detectors.

The following types of molar mass sensitive detectors are commonly used
[19-22]: differential viscosimeters, low angle laser light scattering detectors
(LALLS), right angle laser light scattering detectors (RALLS), multi-angle laser
light scattering detectors (MALLS). Since viscosity and light scattering yield
different information, it makes sense to combine both of them [23]. From light
scattering detection, the absolute molar mass distribution (MMD) can be deter-
mined directly. Using more than one angle, one may also obtain the radius of
gyration. On the other hand, SEC with viscosity detection yields the intrinsic
viscosity distribution (IVD). In this case, the MMD is, however, determined
indirectly and is thus subject to retention errors. Hence, a combination of a
concentration detector with both a light scattering detector and a viscosity detector
provides the highest reliability of results. Moreover, information on branching can
be obtained in this way [24, 25].

4.4.2.1 Viscosity Detector [1, 26-32]
The viscosity of a polymer solution is closely related to the molar mass (and
architecture) of the polymer molecules. The viscosity of a dilute polymer solution
depends on the nature of polymer and solvent, the concentration of the polymer, its
average molar mass and molar mass distribution, the temperature and the rate of
deformation. In the following discussion it is assumed that the rate of deformation is
so low, that its influence can be neglected.

The ratio of the viscosity of a solution # to the viscosity of the pure solvent 7 is
called the viscosity ratio or the relative viscosity 7.
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Mrel = 1/Mo- (4.1)

The relative increase of the viscosity of a polymer solution to that of the solvent
is called the specific viscosity #sp.

Ny = (M —10) /Mo = Mt — 1. (4.2)

This quantity is divided by the concentration ¢ to obtain the reduced viscosity
nsp/c Which expresses the average contribution of the solute molecules at concen-
tration c to the viscosity. The limiting reduced viscosity or the Staudinger index [#]
which is also called the intrinsic viscosity is the value of the reduced viscosity at
infinite dilution, i.e.

[n] = limng,/c = lim[(n — o) /1o c]- (4.3)

The viscosity of polymer solutions, especially high molar mass polymers, is
often appreciably dependent on the rate of shear in the range of measurement. The
intrinsic viscosity should, therefore, be given as the limiting value of #,,/c not only
at infinite dilution but also at a shear rate of zero, or the value of the rate of shear
should be specified.

The intrinsic viscosity is a measure of the capacity of a polymer molecule to
enhance viscosity, which depends on the size and the shape of the polymer
molecule. Within a given series of polymer homologues, [] increases with M;
hence it is a measure of M. The empirical Mark-Houwink-Sakurada equation
describes the viscosity-molar mass relationship for Gaussian coils:

[7] =K M* 4.4)

where K and a are coefficients that are characteristic of the polymer, solvent, and
temperature.

Viscosity measurements as an online tool in SEC can be performed by measur-
ing the pressure drop P across a capillary, which is proportional to the viscosity ; of
the flowing liquid (the viscosity of the pure mobile phase is denoted as 7). The
relevant parameter is, however, the intrinsic viscosity [#], see Eq. (4.3). When a
polymer passes the capillary, the pressure drop is increased by AP. In viscosity
detection, one has to determine the viscosity # of the sample solution as well as the
viscosity 7o of the pure mobile phase. The specific viscosity 1, = An/n is obtained
from AP/P. As the concentrations in SEC are typically very low, [#] can be
approximated by #yy/c.

The design of various viscometric detectors is presented in Fig. 4.6. The simple
approach using one capillary (see Fig. 4.6a) and one differential pressure transducer
will not work very well, because the viscosity changes Ay = n—no will typically be
very small compared to 7, which means, that one has to measure a very small
change of a large signal. Moreover, flow-rate fluctuations due to pulsations of a
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Fig. 4.6 Design of various viscometric detectors (reprinted from [33] with permission of Marcel
Dekker Inc)

reciprocating pump will lead to much greater pressure differences than the change
in viscosity due to the eluted polymer. Instruments of this type can only be used
with a syringe pump.

A significantly better approach is the use of two capillaries in series, each of
which is connected to a differential pressure transducer and a sufficiently large
holdup reservoir in between, as is shown in Fig. 4.6c. With this approach, one
measures the sample viscosity # from the pressure drop across the first capillary,
and the solvent viscosity 7, from the pressure drop across the second capillary.
Pulsations are eliminated in this setup, because they appear in both transducers
simultaneously. Another design is the differential viscometer in which four
capillaries are arranged similar to a Wheatstone bridge, see Fig. 4.6b. In this
‘bridge’ design, a holdup reservoir in front of the reference capillary (R4) ensures
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that only pure mobile phase flows through the reference capillary, when the peak
passes the sample capillary (R3). This design offers considerable advantages: the
detector measures actually the pressure difference AP at the differential pressure
transducer (DP) between the inlets of the sample capillary and the reference
capillary, which have a common outlet and the overall pressure P at the inlet of
the bridge. The specific viscosity 7y, = A#n/no is thus obtained from AP/P. One
concern with this type of detector is that the flow must be divided 1:1 between both
arms of the bridge. This is achieved by capillaries R1 and R2, which must have a
sufficiently high back pressure. Nevertheless, when a peak passes through the
sample capillary, a slight deviation of the 1:1 ratio might be observed.

4.4.2.2 Light Scattering Detector

In a light scattering detector, the scattered light of a laser beam passing through the
cell is measured at angles different from zero. The (excess) intensity R(€) of the
scattered light at the angle 6 is related to the weight-average of molar mass M,:

K*c 1
R@) ~ Mo T O @

wherein ¢ is the concentration of the polymer, A, is the second virial coefficient, and
P(0) describes the scattered light angular dependence. K* is an optical constant
containing Avogadro’s number N4, the wavelength Ay, the refractive index n of the
solvent, and the refractive index increment dn/dc of the sample:

K* = 47%(dn/dc)?/(A*N a). (4.6)

In a plot of K*c/R(6) versus sin%(6/2), M, can be obtained from the intercept and
the radius of gyration from the slope. A multi-angle measurement provides addi-
tional information. The accuracy of the results strongly depends on the method of
data treatment [34].

A typical experimental SEC-MALLS setup is shown in Fig. 5.4. The design of a
multi-angle laser light scattering detector [35] and the experimental result from a
SEC-MALLS measurement are presented in Fig. 4.7. The arrangement of
photodiodes at different observation angles can be seen clearly. The MALLS
detector is coupled in series to a concentration detector. Therefore, the delay
volumes between the detectors must be determined with very high precision.

Product specifications of various commercially available light scattering (LS)
detectors are summarized in Ref. [1].

The analysis of a polymer sample by SEC-MALLS-RI is presented in Fig. 4.8. It
shows the RI and LS (angle 90°) detector readings and the angular dependence of
the MALLS detector reading. The extrapolation to an angle of 0° provides the
weight-average molar mass My, and the slope of the extrapolation curve provides
the radius of gyration R,.
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Fig. 4.7 Design of a MALLS detector (a) and typical experimental result from a multi-angle
measurement showing the MALLS detector reading at different angles (b)
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Fig. 4.8 SEC-MALLS-RI analysis of a polymer (a) and the angular dependence plot from the
MALLS detector reading (b)

An important point relevant to all SEC-MALLS experiments is the fact that the
refractive index increment drn/dc must be known. For a number of polymers these
values are tabulated for different polymer-solvent combinations. If dn/dc is not known
it must be determined experimentally. This is typically done with a DRI detector [1].
Selected dn/dc values for some of the common polymers are given in Table 5.3.
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4.4.3 Spectroscopic Detectors

Accurate molar mass analysis can only be conducted when the chemical composi-
tion of the analyte is known. For homopolymers this information can be obtained
easily by spectroscopic methods such as FTIR and NMR. For chemically heteroge-
neous polymers (copolymers, polymer blends) these methods provide average
information with no details about the chemical heterogeneity. Generally, it is not
possible by FTIR or NMR to define a sample as being a copolymer, or a blend of
homopolymers or a blend of homo- and copolymers.

For the analysis of the chemical heterogeneity of a complex polymer, a separa-
tion step is strictly required that is mainly based on chemical composition. As has
been discussed before there is a variety of interactive modes of polymer chroma-
tography in place that can be used for chemical composition, functionality or
microstructure fractionation.

The separation according to chemical composition is preferably monitored not
only by a concentration detector but also by a spectroscopic detector that can
provide direct chemical composition information on chromatographic fractions.
The most common spectroscopic methods that are used as chemistry-selective
detectors are FTIR, NMR and mass spectrometry. The fundamentals and experi-
mental approaches of these detector couplings are discussed in detail in Chap. 7.
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Size exclusion chromatography (SEC) is the premier polymer characterization
method for determining molar masses. As a polymer fractionation method it
provides not only average molar masses (like viscometry or light scattering) but
also molar mass distributions (MMD). In SEC, the separation mechanism is based
on molecular hydrodynamic volume. For linear homopolymers, condensation
polymers and strictly alternating copolymers, there is a direct relationship between
elution volume and molar mass. Thus, chemically similar polymer standards of
known molar mass can be used for calibration. However, for SEC of random and
block copolymers and branched polymers, no simple correspondence exists
between elution volume and molar mass because of possible compositional hetero-
geneity of these materials. As a result, molar mass calibration with polymer
standards can introduce a considerable amount of error. To address this problem,
selective detection techniques in addition to universal concentration detectors were
introduced to be combined with SEC separation. In this chapter the focus is on
using these powerful detectors for the SEC analysis of complex polymers.

The experimental setup of SEC is quite simple and the components to be used
are similar to the components that are used in interactive modes of liquid chroma-
tography (LC). Figure 5.1 shows the first part of a SEC experiment being the
fractionation of the sample and the generation of a chromatogram.

The sample is injected into the SEC column filled with a porous stationary phase
as a dilute solution in the mobile phase. The sample molecules are transported by the
stream of the mobile phase through the column. Based on entropic interactions with
the pores of the stationary phase the molecules are separated according to their
hydrodynamic volumes, the largest molecules eluting first followed by smaller
molecules. The concentration of the eluting molecules is monitored by one or
more detectors. As aresult a chromatogram is generated where the detector response
corresponding to the concentration profile of the eluting species is plotted against
the elution time (or elution volume). The elution time 7. is the time that elapses
between the injection of the sample into the column and the detection of the sample
by the detector. It is related to the elution volume V, (equivalent to retention volume
V) through the flow rate (=V./t,). Typical stationary phases for SEC are

H. Pasch and B. Trathnigg, Multidimensional HPLC of Polymers, Springer Laboratory, 55
DOI 10.1007/978-3-642-36080-0_5, © Springer-Verlag Berlin Heidelberg 2013
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Fig. 5.1 Schematic presentation of a SEC experiment (reprinted from [1] with permission of
Springer Science + Business Media)

cross-linked polymers, e.g. cross-linked polystyrene, or porous silica gel. Typical
mobile phases are thermodynamically good solvents for the polymer. Extensive
overviews on the experimental conditions of SEC are given in Refs. [1-6]. Further
important sources are the multi-author volumes published in the ACS Symposia
Series and edited by Provder and Barth [7—11]. Updated reviews on SEC have been
published by Barth and Boyes in Analytical Chemistry [12]. Most recently, Striegel
et al. summarized the state-of-the-art in multidetector SEC [13, 14].

As has been discussed previously, SEC is a relative method and needs to be
calibrated. In a typical case calibration is done with well characterized narrow
dispersed polymers, e.g. polystyrene, polymethyl methacrylate, polyethylene oxide
or others. The data processing requires four basic steps, as schematically presented
in Fig. 5.2.

Following the conversion of the elution time to elution volume, the elution
volume must be converted to molar mass using the calibration curve. Alternatively,
molar mass sensitive detectors can be used as will be discussed later. In the next
step the detector signal must be converted to concentration. Depending on the
detector used, a detector calibration might be necessary. Finally, polymer concen-
tration is converted into weight fraction through a normalization procedure. Typi-
cally, the refractive index detector is assumed to be a universal concentration
detector. Other options for concentration-sensitive detectors are UV, RI and ELS
(evaporative light scattering) detectors [14].

When analyzing complex systems such as copolymers and polymer blends by
SEC, one must take into account that the dimensional distribution of macromolecules
can in general be unambiguously correlated with MMD only within one heterogene-
ity type. For samples consisting of molecules of different chemical composition, the
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Fig. 5.2 Basic steps in obtaining a molar mass distribution from a chromatogram (reprinted from
[1] with permission of Springer Science + Business Media)

distribution obtained represents an average of dimensional distributions of molecules
having different compositions. As a result, in the same SEC volume fraction
molecules elute that are different in molar mass, chemical composition and
branching. The inadequacy of using SEC without further precaution for the determi-
nation of molar mass distribution (MMD) of polymer blends or copolymers can be
explained with reference to Fig. 5.3 [16].

For a linear homopolymer distributed only in molar mass, fractionation by SEC
results in one molar mass being present in each elution volume. The polymer fraction
at each elution volume is monodisperse. If a blend of two linear homopolymers is
fractionated then two different molar masses can be present in one retention volume.
If now a copolymer is analysed then a multitude of different combinations of molar
mass, composition, and sequence length can be combined to give the same hydrody-
namic volume. In this case, fractionation with respect to molecular size is completely
ineffective in assisting the analysis of composition or MMD.

To overcome the problems related to SEC of complex polymers, multidetector
systems have been developed over the years. One approach is the use of a combination
of SEC with multiple concentration detectors. If the response factors of the detectors
for the components of the polymer are sufficiently different, the chemical composition
of each slice of the elution curve can be determined from the detector signals.
Typically, a combination of ultraviolet (UV) and refractive index (RI) detection is
used; another possibility is the use of a diode-array detector. In the case of non-UV
absorbing polymers a combination of RI and density detection yields information on
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chemical composition [13, 17-22]. Similar information can be obtained by coupling
SEC with spectroscopic detectors like FTIR, NMR or mass spectrometry. This
approach will be addressed in Chap. 7. Such detector combinations, however, are
normally not able to differentiate between copolymers and polymer blends. In this case
it might be more suitable to carry out a separation according to chemical composition
in a first step followed by a molar mass analysis (see for more details Chap. 6).

The most useful approach for the molar mass analysis of complex polymers is the
coupling of molar mass-sensitive detectors to the SEC. Since the response of such
detectors depends on both concentration and molar mass, they have to be combined
with a concentration-sensitive detector, see Fig. 5.4. The following types of molar
mass-sensitive detectors are used frequently [13, 23-28]: differential viscometer,
low-angle laser light scattering detector (LALLS), multi-angle laser light scattering
detector (MALLS). The details of these detectors are outlined in Chap. 4.

Frequently a triple-detector SEC technology is used, where three on-line detectors
are used together in a single SEC system. In addition to the concentration detector, an
on-line viscometer and a MALLS instrument are coupled to the SEC (TriSEC). With
TriSEC, absolute molar mass determination is possible for polymers that are very
different in chemical composition and molecular conformation. The usefulness of the
TriSEC approach has been demonstrated in a number of applications [29-33].

The combination of SEC and molar mass-sensitive detectors is a powerful tool for
the analysis of complex polymers. However, it is important to distinguish between
claimed vs. actual capabilities and between potential expectations and demonstrated
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Table 5.1 SEC analysis using molar mass-sensitive detectors

Information content

Method Primary Secondary

Regular SEC MMD

SEC-LALLS MMD

SEC-MALLS MMD RGD

SEC-VIS IVD MMD, RGD, copolymer M,
SEC-VIS-LS IVD, MMD, RGD Copolymer M,,

MMD molar mass distribution, /VD intrinsic viscosity distribution, RGD radius of gyration
distribution

performances [34]. The following two Tables 5.1 and 5.2, taken from a critical review
of different techniques summarize the information content and additional details of
SEC-light scattering and SEC-viscometry coupling [35]. The information content is
classified into two categories: “primary” information is of high precision and accu-
racy, insensitive to SEC operation variables, and not requiring molar mass or
universal calibration; “secondary” information is less precise and requires calibration.

5.1 Analysis of Copolymers by SEC with Dual
Concentration Detection

In the molar mass analysis of binary copolymers or polymer blends two different
concentration detectors can be used. Typically, a combination of UV and RI
detection is used, but other detector combinations have also been described. If the
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Table 5.2 Generalization of molar mass-sensitive detectors

Intended measurements LALLS/MALLS Viscometer
MMD Requires precise n and dn/dc, not ~ Requires universal calibration and
affected by non-exclusion effects K, a-parameters

IVD Directly from experiment, not
affected by non-exclusion effects

RGD MALLS only Calculated from [#]M

Chain conformation R, vs. M plot, MALLS only [#] vs. M plot, R, vs. M plot

and branching

Chemically Limited Better

heterogeneous polymer

analysis

Noise, particulates, Strongly affected Less affected

bubbles

components of the copolymer have different UV spectra, a diode array detector will
be the instrument of choice. One has, however, to keep in mind that non-linear
detector response may also occur with UV detection.

The principle of dual detection is rather simple: when a mass m; of a copolymer,
which contains the weight fractions w, and wg (=1 — w,) of the monomers A and
B, is eluted in the slice i (with the volume AV) of the peak, the area x;; of slice i
obtained from detector j depends on the mass m; (or the concentration ¢; = m;/AV)
of polymer in the slice, its composition (w,), and the corresponding response
factors f; A and f; g, wherein j denotes the individual detector.

Xij = m,'(WAf}?A + WBf},B)- (51)

The weight fractions w, and wg of the monomers can be calculated using

I/wa=1- {[(XI/XZ)fz,A —fl,A]/[(Xl/XZ)fz,B —fl,B]}~ (5.2)

Once the weight fractions of the monomers are known, the correct mass of
polymer in the slice can be calculated using

m; = x;/ Wa(fia —f18) + /18] (5.3)

and the molar mass M¢ of the copolymer is obtained by interpolation between the
calibration lines of the homopolymers [36].

lllMC =1In MB +wA(ln MA—ll’l MB), (54)

wherein M 4 and My are the molar masses of the homopolymers, which would elute
in this slice of the peak (at the corresponding elution volume V).

It is clear, that the interpolation between the calibration lines cannot be applied
to mixtures of polymers (polymer blends): if the calibration lines are different,
different molar masses of the homopolymers will elute at the same volume.



5.1 Analysis of Copolymers by SEC with Dual Concentration Detection 61

The universal calibration is not capable of eliminating these errors either, which
originate from the simultaneous elution of two polymer fractions with the same
hydrodynamic volume but different composition and molar mass. Ogawa [37] has
shown by a simulation technique, that the molar masses of polymers eluting at
the elution volume V, are given by the corresponding coefficients K and a in the
Mark-Houwink equation.

In SEC of a polymer blend, molar masses of the homopolymers eluting in the
same interval can be calculated using

In M =[AV./(1+a)]+ [(B—InK)/(1+a). (5.5)

The architecture of a copolymer (random, block, graft) has also to be taken into
account, as Revillon [38] has shown by SEC with RI, UV, and viscosity detection.
Intrinsic viscosity varies largely with molar mass according to the type of polymer,
its composition, and the nature of its components. Tung [39] found, that for block
copolymers in good SEC solvents the simpler first approach [Eq. (5.4)] is more
precise.

The common combination of the RI with the UV detector can only be applied if
at least one of the monomers of the complex polymer absorbs a suitable wave-
length, and if the UV spectra of both components are sufficiently different. Suc-
cessful applications of this set-up are the analysis of mixtures of polystyrene with
PMMA, polybutadiene, polyvinyl chloride or polybutyl methacrylate. The RI
detector provides the total elution profile, whereas the UV detector yields the
elution profile of polystyrene. Substracting the latter from the former, the elution
profile of the non-absorbing component can be generated.

For polymer systems without UV activity the combination of the RI detector
with a density (D) detector can be used. The working principle of the density
detector is based on the mechanical oscillator method. Since this detector yields a
signal for every polymer, provided that its density is different from the density of
the mobile phase, this detector can be regarded as universal [20, 21, 40]. The
separation of mixtures of polystyrene and polybutadiene by SEC with dual
density-RI detection is presented in Fig. 5.5. In a first set of experiments, the
response factors of both polymers in both detectors have to be determined. Then
from the intensity of each slice of the elution curves in both detectors, the mass
distribution of both polymers across the elution volume axis can be calculated. As
can be seen in Fig. 5.5a, a separation into the component peaks is obtained due to
the fact that the molar masses of PS and PB are sufficiently different. For both
components the individual elution profiles can be determined and using
corresponding calibration curves for PS and PB the individual MMDs can be
calculated. Similar information can be extracted from an experiment, in which
the molar masses of the components are similar and SEC separation does not work,
see Fig. 5.5b. Again the individual mass distributions are obtained and the MMDs
for PS and PB can be determined.
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Fig. 5.5 Mass distribution and separated distributions of the components of a mixture of
PS 50000 and PB 3000 (a) and PS 50000 and PB 31400 (b) from SEC with D-RI detection,
stationary phase: styragel, eluent: chloroform (reprinted from [22] with permission of Springer
Science + Business Media)

Besides obtaining information on the overall composition of blends and random
copolymers, one may obtain valuable information in the case of block copolymers. If a
block copolymer contains a homopolymer fraction, a shoulder or second maximum in
the MMD curve can be obtained that should have a different chemical composition.

Further information on quantitative aspects of SEC with dual detection is
provided by Trathnigg et al. [41]. Different applications of dual detection SEC in
the analysis of segmented copolymers [42], block copolymers [43, 44], star
polymers [45], and polymer blends [46] are also available. The limitation of SEC
with dual detection is that only binary combinations of monomers can be
investigated successfully. In the case of ternary combinations, more than two
detectors must be used or one of the detectors must be able to detect two
components simultaneously.

5.1.1 Analysis of PMMA-b-PDMA Block Copolymers by SEC
with D-RI Detection

The analysis of copolymers by SEC is a challenge due to the fact that the samples
exhibit a chemical composition distribution in addition to the molar mass distribu-
tion. In the general case it must be assumed that different molar mass fractions have
different chemical compositions, see Fig. 5.3. A correct molar mass analysis by
SEC with only one concentration detector is nearly impossible because the detector
signal will be affected by the chemical composition. For example, in refractive
index detection the refractive index increment dn/dc is a function of chemical
composition and therefore the signal intensity depends not only on the concentra-
tion but also on the chemical composition of the respective molar mass fraction.
One possible way to overcome this is to use two detectors that exhibit different
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sensitivities towards the different monomers in the macromolecules to obtain
information about chemical composition at any point of the MMD. A very useful
detector setup is the combination of a RI detector with a density detector. Both are
universal detectors that detect different polymer species with different sensitivities.
The advantage over the classical RI/UV detector combination is that in all cases
both monomers give a detector signal.

Aim

The characterization of PMMA-b-PDMA block copolymers requires the analysis of
MMD and chemical composition. With SEC a separation according to hydrody-
namic volume is obtained which can be correlated to molar mass when the chemical
composition of the molar mass fractions is known. The chemical composition along
the polymer peak will be determined by dual detector SEC. This technique yields
not only the chemical composition as a function of molar mass. It may provide
additional information on the presence of homopolymers if their molar masses are
different from that of the copolymer, even though it is not fully equivalent to a two-
dimensional separation.

Materials

e Calibration Standards. Narrow-disperse PMMA (Polymer Laboratories,
Church Stretton, UK), polydecyl methacrylate (PDMA) (laboratory products
of Rohm GmbH, Darmstadt, Germany).

* Sample. PMMA-b-PDMA block copolymer (laboratory product of Rohm
GmbH, Darmstadt, Germany).

Equipment

* Chromatographic System. Standard HPLC instrument, e.g. Agilent 1200 or
similar.

e Columns. Phenogel M, average particle size 5 pm, column size 600 x 7.6 mm.

* Mobile Phase. 2-Butanone HPLC grade (Mallinckrodt, USA).

¢ Detectors. Density detection system DDS 70 (Chromtech, Graz, Austria) cou-
pled with an ERC 7512 RI detector.

¢ Column Temperature. 25 °C.

» Sample Concentration. 1.0-4.0 g/L in the mobile phase.

* Injection Volume. 100 pL.

Preparatory Investigations

Before analyzing copolymers, one must analyze the homopolymers. In a first step
the response factors for both homopolymers and for both detectors must be deter-
mined. If they are reliable, one should find the compositions 0 and 100%, respec-
tively, in both cases (as shown in Fig. 5.6). In a second step the calibration curves
for PMMA and PDMA must be obtained. The difference between the calibration
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Fig. 5.6 Molar mass distribution and chemical composition of PMMA, stationary phase:
Phenogel M, mobile phase: 2-butanone, detection: D-RI (reprinted from [1] with permission of
Springer Science + Business Media)

curves is quite small: all the standards seem to fall on one line. In the case of
PDMA, however, the order of the fit is a crucial point. Because of the limited
number of available standards, too high an order produces erroneous results, as can
be seen from Fig. 5.7.

Measurement
An analysis of copolymers by SEC with D-RI detection will require the following

steps:

1.

2.

3.

4.

5.

Determination of SEC calibration functions for both homopolymers, prefera-
bly with narrow MMD standards, if these are available.

Determination of the response factors of both detectors for the
homopolymers. In the case of low molecular samples, the dependence of
response factors on molar mass has also to be considered.

Determination of interdetector volume.

Analysis of the corresponding homopolymers. From the results the accuracy
of steps 1-3 can be evaluated.

Analysis of the copolymer sample.

A PMMA-b-PDMA block copolymer which had been synthesized by anionic
polymerization with sequential addition of monomers was separated by SEC. The
chemical composition of each slice of the polymer peak was obtained from coupled
density and RI detection as shown in Fig. 5.8.
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Fig. 5.7 Calibration functions for PMMA and PDMA, stationary phase: Phenogel M,
mobile phase: 2-butanone, detection: D-RI (reprinted from [1] with permission of Springer
Science + Business Media)
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Fig. 5.8 MMD and chemical composition of a block copolymer PMMA-b-PDMA determined by
dual detection SEC, stationary phase: Phenogel M, mobile phase: 2-butanone, detection: D-RI
(reprinted from [1] with permission of Springer Science + Business Media)

Evaluation
The analysis of homopolymer standards prior to copolymer analysis is very impor-
tant, particularly because it provides information on

— the quality of the calibration functions for both homopolymers.

— the accuracy of response factors (the suitability of the mobile phase).
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— the accuracy of the interdetector volume.

— the extent of peak dispersion between the detectors.

Once the quality of the calibration functions has been evaluated as described
above, the response factors for the homopolymers should be sufficiently different. If
this is not the case, a change of the mobile phase may bring about a considerable
improvement. One should, however, avoid mixed mobile phases, because in this
case preferential solvation of the polymer may affect the accuracy of results. It is
evident that erroneous response factors will yield overall compositions different
from 0 and 100%, respectively, for the homopolymers.

As chemical composition is obtained in dual detection SEC from the ratio of the
detector signals (x1/x;) along the chromatogram, two other sources of error affect
narrow peaks (such as monodisperse oligomers) much stronger than broad MMD
polymers. Obviously, an incorrect interdetector volume and peak dispersion will
affect the results, but in a different way. An incorrect interdetector volume will shift
the second detector tracing against the first one. An insufficiently compensated
delay will lead to a low value of x;/x, at the beginning of the peak and a high
value at the end. This will result in an apparent variation of chemical composition
along the peak. Peak dispersion between the detectors, however, leads to a high
ratio (x;/x,) on both sides of the peak. Especially at the very ends of narrow
peaks, where both x; and x, approach zero, this will cause considerable errors in
the chemical composition. In the first case, the composition shows a slope, but a
linear shape, while a U-shaped curve will be found in the second case. It must,
however, be mentioned that similar deviations from the expected shape (horizon-
tal, straight line) may be caused by other reasons, such as molar mass dependence
of response factors, or simply an incorrect baseline. Once these sources of error
have been eliminated, the composition of copolymers can be determined with
good accuracy.

Besides the overall composition of the copolymer, one may obtain valuable
information on possible by-products. If the sample contains homopolymer(s)
fractions, a shoulder (or a second maximum) in the MMD may be found, which
should have a different composition. Figure 5.8 shows the MMD of the block
copolymer in which a second (lower molecular) maximum can be identified as
PDMA. The increase of the PDMA content with molar mass in the main fraction is
quite reasonable and corresponds well with what should be expected from the
synthesis. These findings can be supported by liquid chromatography under critical
conditions (LCCC) for both of the blocks [47].

Obviously, a combination of LCCC and dual detector SEC will give a much
better understanding of the composition of the copolymer than each of these
techniques, when applied alone. SEC yields the composition as a function of
molar mass, but does not give information on whether a peak is a copolymer or a
mixture of co-eluting homopolymers. LCCC yields the length of the blocks, but
does not provide information on whether they are linked together.
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5.1.2 Analysis of PEO-b-PPO Block Copolymers by SEC
with D-RI Detection

Aim

Block copolymers of ethylene oxide (EO) and propylene oxide (PO) are useful for
many applications: their low temperature viscosity behaviour makes them attractive
as lubricants (because of their low toxicity even in the food industry). As amphi-
philic molecules they may form micelles, which can be utilized in pharmacology
and many other fields.

Reliable characterization of these materials is important, but also complicated.
The problems in the characterization of EO-PO diblock copolymers are related to
the fact that they may contain poly(ethylene glycol) (PEG) and poly(propylene
glycol) (PPG) homopolymers. Even more interesting materials are the three-block
copolymers, which may contain not only the PEG and PPG but also two-block
copolymers. These materials are typically prepared either by ethoxylation of PPG
or by propoxylation of PEG, mostly with basic catalysts. Under these conditions
chain-transfer reactions may occur, which lead to the formation of homopolymer
fractions besides the copolymer. Since these by-products have considerably lower
molar masses than the desired copolymer, they can be separated from the main
fraction by SEC and identified by dual detection.

Materials

« Calibration Standards. Narrow-dispersed PEG (Polymer Laboratories, Church
Stretton, UK), polydisperse PEG and PPG (Fluka/Sigma-Aldrich, Buchs,
Switzerland).

¢ Oligomers. Oligoethylene glycols (n = 2-6) and oligopropylene glycols
(n = 2-3) (Fluka/Sigma-Aldrich, Buchs, Switzerland), block copolymers were
laboratory products (H.-R. Holzbauer, Institute for Applied Chemistry
Adlershof, Berlin, Germany).

Equipment

» Chromatographic System. Standard HPLC instrument, e.g. Agilent 1200 or
similar.

¢ Columns. Phenogel M, average particle size 5 pm, column size 600 x 7.6 mm.

¢ Mobile Phase. Chloroform (stabilized with 2-methyl-butene) HPLC grade
(Mallinckrodt, Hazelwood, USA).

* Detectors. Density detection system DDS 70 (Chromtech, Graz, Austria) cou-
pled with an ERC 7512 RI detector.

¢ Column Temperature. 25 °C.

« Sample Concentration. 3.0-10.0 g/L.

* Injection Volume. 100 pL.
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Fig. 5.9 MMD and chemical composition of an EO-PO block copolymer, as obtained from SEC
with coupled density and RI detection, stationary phase: Phenogel M, mobile phase: chloroform,
detection: D-RI (reprinted from [1] with permission of Springer Science + Business Media)

Preparatory Investigations

As the first step, the response factors of PEG, PPG, and the available monodisperse
oligomers were determined for both detectors. With the same standards, SEC
calibrations for PEG and PPG were established, which were found to be consider-
ably different. This problem can be solved by using the dual detector setup. With
dual detection the chemical composition can be calculated for each SEC slice. Once
the composition is known, one may extrapolate between the two calibration curves
to obtain a ‘copolymer’ calibration curve.

Separations

Once the necessary calibrations had been performed, a block copolymer was
analyzed as described above. In Fig. 5.9 the MMD of the block copolymer is
shown, which was obtained by propoxylation of PEG 600. This sample contains a
fraction with lower molar mass which was assumed to be PPG formed by chain
transfer to water in the reaction mixture. From the signals of the density and the RI
detectors the chemical composition was determined at any point of the MMD,
proving that the low molar mass fraction was indeed pure PPG.

Evaluation

As can be seen in Fig. 5.9 there is sufficient separation between the block
copolymer and the homopolymer to be able to determine their molar masses
and chemical compositions. The fact that the lower molar mass component
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indicates an EO content of 0% clearly indicates that the dual detector setup works
with high accuracy. This is sufficient proof for the assumption that this component
is residual PPG that did not take part in the copolymerization. Using the
extrapolated ‘copolymer’ calibration curve the molar masses of both the PPG and
the copolymer can be analyzed. Knowing these and assuming that the PPO block
size in the copolymer is the same as in the residual PPG, the molar mass of the PEO
block can be calculated. Here, however, it must be assumed that only a diblock
copolymer was formed.

5.2  Analysis of Polymers by SEC with Molar Mass
Sensitive Detection

As has been pointed out, for SEC of complex polymers no simple correspondence
exists between elution volume and molar mass. It is, therefore, useful to determine
the molar mass not via a calibration curve but directly from the SEC effluent. This
can be done by using molar mass-sensitive detectors based on Rayleigh light
scattering or intrinsic viscosity measurements [24]. Molar mass sensitive detectors
are useful because they yield the molar mass of each fraction of a polymer peak
directly from the detector reading. Since the response of such a detector depends on
both the concentration and the molar mass of the fraction, it has to be combined
with a concentration-sensitive detector. The following types of molar mass sensi-
tive detectors are most common [23, 48, 49]:

— Differential viscosimeters

— Low angle laser light scattering detectors (LALLS)

— Right angle laser light scattering detectors (RALLS)

— Multi-angle laser light scattering detectors (MALLS)

Since viscosity and LS yield different types of information, it is sensible to
combine both of them in a triple detector setup (TriSEC) [50]. From light scattering
detection, the absolute MMD can be determined directly. Using more than one
angle, one may also obtain the radius of gyration. On the other hand, SEC with
viscosity detection yields the intrinsic viscosity distribution (IVD). In this case, the
MMD is, however, determined indirectly and is thus subject to retention errors.
Hence, a combination of a concentration detector with both a light scattering
detector and a viscosity detector provides the highest reliability of results. More-
over, information on branching can be obtained in this way [51, 52].

5.2.1 RI-MALLS Detection

In a LS detector, the scattered light of a laser beam passing through the cell
is measured at angles different from zero. The (excess) intensity R(0)
of the scattered light at the angle @ is related to the weight-average of molar
mass M,,:
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K*c/R(O) = [1/MyP(O)] + 2Asc, (5.6)

wherein c is the concentration of the polymer, A, is the second virial coefficient, and
P(60) describes the scattered light angular dependence. K* is an optical constant
containing Avogadro’s number N 5, the wavelength A, the refractive index ng of the
solvent, and the refractive index increment dn/dc of the sample:

K* = 4’ng*(dn/dc)?/ (A*Na). (5.7)

In a plot of K ¢/R(0) versus sin*(6/2), M,, can be obtained from the intercept and
the radius of gyration from the slope. A multi-angle measurement provides addi-
tional information.

In most cases the injected concentration is small and A, can be neglected. Thus,
if the optical properties (1o and dn/dc) of the polymer solution are known, the molar
mass at each elution volume increment can be determined.

My i = R(0),/K"P(0);c;. (5.8)

If a low-angle LS instrument is used, P(0) is close to unity and M,, ; can
be calculated directly. For a multi-angle LS instrument, the mean-square radius
of gyration < Rg2 > at each elution volume can also be obtained from P(6):

1/P(0);, = 1+ ¢* <Ry*>/3, 5o
q = (4n/X)sin(0/2). )

In practice, however, the radius of gyration can only be determined for
molecules larger than 20 nm in diameter. By measuring the radius of gyration as
a function of My, insight into the molecular conformation of the polymer can be
obtained [14].

The molar mass determination requires the knowledge of the specific RI
increment dn/dc which in the case of complex polymers depends on chemical
composition. Copolymer RI increments (dn/dc)cqp, can accurately be calculated
for chemically monodisperse fractions, if comonomer weight fractions w; and
homopolymer values are known:

(dn/dc).y,, = Zwi (dn/dc);. (5.10)

copo

However, in some cases additional effects on (dn/dc)cop, must be considered.
Due to cooperative interactions between the monomer units in the polymer chain,
copolymer RI increments may deviate from the summation scheme. As a result of
different sequence length distributions, different (dn/dc)cqp, can be obtained for the
same gross composition. Copolymer (dn/dc).opo values can be obtained by multiple
detection SEC providing the chemical composition at each slice of the elution
curve.
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Table 5.3 Selected dr/dc values at room temperature at a detector wavelength of 633—690 nm

Polymer Solvent dn/dc (mL/g)
Polystyrene THF 0.185
Polystyrene Toluene 0.105
Polystyrene TCB at 135 °C 0.047
Poly(methyl acrylate) THF 0.068
Poly(methyl methacrylate) THF 0.084
Poly(butyl methacrylate) THF 0.076
Polyisoprene THF 0.127
Polybutadiene THF 0.130
Poly(vinyl acetate) THF 0.059
Polyethylene TCB at 135 °C —0.104

Selected values for dn/dc for a number of polymers are shown in Table 5.3. The
refractive index increment depends on both the polymer and the solvent. In cases
where dn/dc for a specific polymer-solvent combination (e.g. PS in toluene) cannot
be found, it can be estimated from the values of a known polymer-solvent combi-
nation (e.g. PS in THF) and the pure solvent (e.g. toluene) using the following
simple equation: dn/dcPS~Oene — dp /dcPS=TF — (4 1uene — nur). The calculated
value in this case is 0.098 mL/g which is close to the value in Table 5.3 [53].

Unfortunately, LS investigations of copolymers are even further complicated
by the fact that SEC does not separate into chemically monodisperse fractions.
Accordingly, due to compositional heterogeneity the RI increment of a particu-
lar scattering center may be different from the total dn/dc of the corresponding
SEC slice. Therefore, in general only apparent molar masses for copolymers
can be measured [54]. Another influencing factor is the RI of the solvent. As
has been shown by Kratochvil, the solvent RI should be significantly diffe-
rent from the values of the copolymer fractions and the corresponding
homopolymers [55].

The evaluation of light scattering detectors for SEC was conducted by Jeng et al.
with respect to precision and accuracy [56] and the proper selection of the light
scattering equation [57]. The results obtained for PS and polyethylene were compared
for low-angle and multi-angle light scattering instruments. The application of SEC-
light scattering has been discussed in numerous papers. In addition to determining M,
values, the formation of microgels has been studied by Pille and Solomon [58].
Mourey and Coll investigated high molar mass PS and branched polyesters, and
discussed the problems encountered in molar mass and radius of gyration determina-
tion [59, 60]. Grubisic-Gallot et al. proved that SEC-light scattering is useful for
analyzing micellar systems with regard to determining molar masses, qualitative
evaluation of the dynamics of unimer micelles re-equilibration, and revealing the
mode of micelle formation [61, 62].
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5.2.1.1 Analysis of Polyamides-11 and -12 by SEC
with RI-MALLS Detection [63]

Aim

Polyamides are thermoplastics that exhibit high strength, abrasion resistance,
stiffness and perpetuation of their physical and mechanical properties over a wide
range of temperatures. The semicrystalline morphology and the intermolecular
hydrogen bonds of the amide groups are responsible for the advantageous
properties of the polyamides. On the other hand, morphology and hydrogen bond-
ing influence the dissolution behaviour of polyamides and, hence, the determination
of the molar mass and its distribution. Poor solubility in common organic solvents
and strong adsorptive interactions are a challenge for the molar mass analysis by
SEC. Today typically hexafluoro isopropanol (HFiP) is used as solvent for the
molecular mass characterization of polyamides. As has been shown in a number of
studies, salts have to be added to the solvent/mobile phase to prevent aggregate
formation and to obtain exact molar masses [64—70]. The aim here is to develop a
suitable SEC procedure for polyamide-11 and polyamide-12 using HFiP as the
solvent and mobile phase. This is an important subject since PA-11 is becoming a
fast developing biobased polymer.

Materials

¢ Calibration Standards. Narrow-dispersed PMMA (PSS GmbH, Maingz,
Germany).

» Samples. Commercial samples of PA-11 and PA-12 as well as laboratory
products produced by Arkema, Collombes, France.

Equipment

e Chromatographic System. Standard HPLC instrument, e.g. Agilent 1200 or
similar.

« Columns. PSS PFG 100 A, PSS PFG 300 A, PSS PFG 1,000 A, two columns
PSS PFG linear all 8 x 300 mm i.d., 7 pm average particle size (PSS GmbH,
Mainz, Germany), two PL HFiP Gel columns, 7.5 x 300 mm i.d. (Polymer
Laboratories, Shropshire, UK).

e Mobile Phase. HFiP (1,1,1,3,3,3-hexafluoro-2-propanol) (Fluorochem Ltd.,
Derbyshire, UK), used as received; KTFAc (potassium trifluoroacetate) with a
purity of >99.9 % (Fluka/Sigma-Aldrich, Buchs, Switzerland).

¢ Detectors. RI (G1362A) detector (Agilent Technologies, Santa Clara, USA),
MALLS detector Dawn Eos, wavelength of 690 nm (Wyatt Technologies, Santa
Barbara, USA).

e Column Temperature. 35 °C.

« Sample Concentration. 2.0 g/L.

* Injection Volume. 50 pL.



5.2 Analysis of Polymers by SEC with Molar Mass Sensitive Detection 73

08 - -
08 - without salt

o7 F -—---0,1 mol/l KTFAc
f —— 0,2 mol/l KTFAc

07

06 [
05
04

03

RI-detectorsignal
RI-Response

02

01

0,0

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
elution volume [ml] elution volume [ml]

Fig. 5.10 Elugrams of (a) PA-11 (sample B1) and (bo) PA-12 (sample Al) atodifferent mobile
phase compositions; stationary phase: PSS PFG 100 A and PSS PFG 1,000 A; mobile phase:
HFiP + KTFAc (reprinted from [63] with permission of Elsevier)

Preparatory Investigations

For suitable SEC conditions, the composition of the mobile phase and the type of
stationary phase must be optimized. In agreement with previous findings HFiP
was used as the mobile phase and potassium trifluoroacetate was added to
prevent aggregate formation. Using different concentrations of KTFAc in
HFiP the minimum salt concentration was found to be 0.05 mol/L
KTFAc for PA-11 and PA-12. The elution curves of a polyamide-11 (PA-11) in
Fig. 5.10 show typical SEC profiles. When no salt was added to the mobile
phase, early elution is observed that could indicate some aggregate formation.
Salt addition increases the elution volume of the sample and at salt
concentrations of 0.1 and 0.2 mol/L identical elution behaviour is observed.
Further increase of the salt concentration does not change the elution behaviour.
As was explained before, the early elution of the polyamides in HFiP without salt
can be caused by aggregate formation, polyelectrolyte effects or repulsive
interactions with the stationary phase. The addition of salt suppresses these
effects and at salt concentrations >0.05 mol/L stable conditions are obtained.
Multiple measurements show that a minimum salt concentration of 0.05 mol/L is
required. For stable operating conditions a salt concentration of 0.1 mol/L is used
throughout.

For the optimization of the stationary phase two different types of materials were
tested, (a) a non-polar crosslinked styrene-divinylbenzene copolymer (Polymer
Labs), and (b) a polar functionalized perfluoro silicagel (PSS). In order to evaluate
the resolution and the linearity of the calibration function, different column sets
were tested with PMMA calibration standards. The calibration curves for two
typical column sets using a mobile phase of HFiP + 0.1 mol/L KTFAc are
presented in Fig. 5.11. They indicate that good separation is obtained over more
than three decades of molar masses (10°~10° g/mol) being fully sufficient for the
polyamides under investigation.

One of the major problems of molar mass analysis of polyamides by SEC is the
lack of suitable calibration standards. Narrow dispersed polyamides are not



74 5 Multidetector Size Exclusion Chromatography

a b
6,0
5,5 6,0 .
"
5,0 55 - \.
\.
B \
= 454 5,0 l
2 s ~.
= 4,04 245 \.
3,5 40 \
3,0 \
35 -
2,5 +— T T T T T T T T T T T T T T T 1
1 12 13 14 15 16 17 18 19 20 20 22 24 26 28 30 32 34
elution volume [ml] elution volume [ml]

Fig. 5.11 PMMA calibration curves for different statlonary phases, stationary phase: (a) 2x PL
HFiP Gel, (b) PSS PFG 100 A+300A+1 ,000 A mobile phase: HFiP + 0.1 mol/L KTFAc
(reprinted from [63] with permission of Elsevier)

commercially available and the suitability of a calibration with PMMA or polyeth-
ylene oxide (PEO) is questionable. A suitable alternative is the molar mass analysis
by SEC coupled to a multiangle light scattering detector. To use a MALLS detector,
the dn/dc values for the polyamides must be known. They were determined by
measuring sets of samples of different molar masses, giving averages of 0.211 mL/g
for PA-11 and 0.219 mL/g for PA-12.

Separations

A number of samples having different molar masses were analysed by SEC-MALLS.
A representative elugram and the corresponding calibration curve generated from
the laser LS measurement are shown in Fig. 5.12. For molar masses determined by
SEC-MALLS one has to bear in mind that the relative sensitivity of the LS detector
at low molar masses is rather low. Measurements at the high molar mass end of
the elution curve are much more precise. Therefore, very frequently the calculated
M,, values are gradually too high.

The calculated molar masses and the refractive index increments are
summarized in Table 5.4.

Another feasible way to accurately analyze molar masses of PA-11 and PA-12 is
to use well characterized broadly distributed polyamides. The measurements of
these polyamides by SEC-MALLS produce calibration curves that can be used in
simple SEC-RI experimental setups. The SEC-MALLS calibration curves for PA-
11 and PA-12 produced from samples “B1 PA11” and “A2 PA12” are presented in
Fig. 5.13.

The calibration curves for PA-11 and PA-12 in Fig. 5.13 are absolutely identical
and prove similar chromatographic behaviour of the two polyamides. They show
that the accuracy of LS measurements at high molar masses (low elution volume of
the peak) is very good. At low molar masses (high elution volumes) the accuracy is
rather low due to the strong scattering of the LS signal. This is due to low absolute
LS signal intensity at low molar masses.
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Fig. 5.12 SEC-MALLS analysis of PA-12 (sample Al); stationary phase: 2x PL HFiP Gel,
mobile phase: HFiP + 0.1 mol/L KTFAc (reprinted from [63] with permission of Elsevier)

Table 5.4 Polyamide Sample M,, (g/mol) dn/de (mL/g)

molar masses and dn/dc

determined by SEC- Al,PA 12 63,500 0.210

MALLS A2, PA 12 60,250 0.205
A3, PA 12 39,500 0.210
A4, PA 12 36,750 0.215
A5,PA 12 27,750 0.215
B1,PA 11 49,750 0.224
B2, PA 11 43,000 0.220
B3,PA 11 30,750 0.215
B4,PA 11 27,250 0.217

The molar mass data obtained by SEC-RI using the calibration curves presented
in Fig. 5.13 are summarized in Table 5.5 together with a comparison to molar
masses obtained by SEC-MALLS.

Evaluation

The data show clearly that both the PA-11 and the PA-12 calibration curve are
equally suitable for molar mass analysis. The agreement with the SEC-MALLS
data is very good in all cases and an excellent repeatability is obtained. This
means that depending on the availability of a SEC-MALLS system there are two
routes, (1) direct molar mass analysis by SEC-MALLS or (2) ‘external’ mea-
surement of one broadly distributed sample by SEC-MALLS and use of the
obtained specific calibration curve for the measurement of other samples by SEC
with a concentration detector.
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Fig. 5.13 Elution profiles and calibration curves from SEC-MALLS; stationary phase: PSS PFG

100 A + 300 A + 1,000 A, mobile phase: HFiP + 0.1 mol/L KTFAc (reprinted from [63] with
permission of Elsevier)

Table 5.5 Molar masses calculated using broadly distributed polyamides

Sample M,, (LS) [g/mol] M,, 1 [g/mol] M,, 2 [g/mol]
Al PA12 63,500 60,200 60,000
A2 PA12 60,250 59,900 60,300
A3 PA12 39,500 39,200 39,100
A4 PA12 36,750 37,500 37,800
A5 PA12 27,7150 28,300 27,400
B1 PAIll 49,750 51,100 51,500
B2 PA11 43,000 46,000 46,700
B3 PA1l 30,750 31,600 31,900
B4 PA11 27,250 28,400 28,500

M,, 1: Based on PA-11 calibration, M, 2: Based on PA-12 calibration

5.2.1.2 Analysis of Hydrophilic Copolymers by SEC
with RI-MALLS Detection [71]

Aim

Hydrophilic copolymers are extremely important precursors for surfactants,
dispergating agents and drug carriers in the chemical and pharmaceutical
industries. In particular, they are used as binder and coating materials. Very
frequently these materials are polymers containing hydrophilic and hydrophobic
segments. In addition to the molar mass distribution they frequently exhibit a
chemical composition distribution. Anionic methacrylic acid-(meth)acrylic ester
copolymers belong to a group of pharmaceutical excipients that are primarily
used as controlled release film coating agents in oral capsule and tablet
formulations [72]. Their methacrylic acid content is up to 50 wt% making
them water soluble in some cases and water insoluble in other cases.
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Table 5.6 Chemical compositions and molar mass ranges of the EUDRAGIT® copolymers;
molar mass estimates are based on solution viscometry measurements

Sample Expected M,, (kg/mol) Methacrylic acid (wt%) (Meth)acrylic esters® (wt%)

A 50-100 30 70
B 100-200 50 50
C 100-300 50 50
D 500-1,000 0 100
E 100-500 10 90

“Esters are methyl methacrylate, methyl acrylate and ethyl acrylate

It is known that the molar mass separation of hydrophilic copolymers is not
straightforward. Experimental difficulties arise from the presence of strongly
polar functional groups at the polymer chains. Such very polar macromolecules
tend to form aggregates with themselves and with solvent molecules. With regard
to SEC, intermolecular electrostatic interactions (ion exchange, ion exclusion, ion
inclusion) between the macromolecules and the stationary phase may occur.
Other non-size exclusion effects encountered in aqueous SEC are intramolecular
electrostatic interactions and adsorption due to hydrogen bonding and hydropho-
bic interactions between the polymer and the stationary phase [73-77]. For the
suppression of non-size exclusion effects, the following measures have been pro-
posed: (1) variation of the pH of the mobile phase, (2) addition of an
electrolyte to the mobile phase, (3) addition of organic modifiers to the mobile
phase [6, 78—82]. The aim of the present application is to optimize these experi-
mental conditions and to use SEC-MALLS for absolute molar mass analysis.

Materials

¢ Calibration Standards. Narrow dispersed PMMA (PSS GmbH, Maingz,
Germany).

» Samples. Commercial samples (EUDRAGIT®) as well as laboratory products
produced by Roehm GmbH, Darmstadt, Germany, see Table 5.6.

Equipment

» Chromatographic System. Standard HPLC instrument, e.g. Agilent 1200 or
similar.

* Columns. GRAM 3,000 A, GRAM 100 A and GRAM linear XL columns (PSS
GmbH, Mainz, Germany), all of 300 x 8 mm i.d. and 10 pm average particle
size. To condition new off-the-shelf GRAM linear XL columns, they were rinsed
for 5 h with pure DMAC with a flow rate of 0.2 mL/min, with pure DMAC, then
for 2 h with the mobile phase. Subsequently the system was heated to 60 °C and
the columns were conditioned overnight with a flow rate of 0.1 mL/min. In all
cases a GRAM precolumn was used.
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Table 5.7 Molar masses of the methylated copolymers, calculated as PMMA equivalents

Sample Expected M,, (kg/mol) M,, (kg/mol) M, (kg/mol)
A 50-100 95.0 55.0
B 100-200 93.0 52.0
C 100-300 236.0 78.0
D 500-1,000 730.0 252.0
E 100-500 233.0 67.0

Mobile Phase. N,N-dimethylacetamide (DMAC) HPLC grade (Fluka &
Schopp, Karlsruhe, Germany), LiBr 99+ % (Acros, Belgium), AcOH >99.8 %
(Acros, Belgium).

* Detectors. RI detector 1100 series (Agilent Technologies, Santa Clara, USA),
MALLS detector Dawn Eos, wavelength of 690 nm (Wyatt Technologies, Santa
Barbara, USA).

¢ Column Temperature. 60 °C.

« Sample Concentration. 3.0 g/L.

* Injection Volume. 100 pL.

Preparatory Investigations

For first information on the molar mass range of the samples and for optimizing the
experimental conditions, the carboxylic groups of the samples were esterified by
methylation with diazomethane. This yielded acrylate/methacrylate ester
copolymers that can be analysed by standard SEC in THF using styrene-
divinylbenzene copolymer (SDV) as the stationary phase. The molar masses that
were obtained based on PMMA calibration are summarized in Table 5.7. These
molar masses serve as reference data for the SEC analyses of the original samples.

In the second step the solubility of the original samples was tested. The most
suitable solvent was DMAC that was modified with different concentrations of LiBr
to screen the carboxylic groups. A number of stationary phases including SDV and
cross-linked hydroxyethyl methacrylate (HEMA) were tested. These stationary
phases produced multimodal elution profiles indicating non-ideal SEC behaviour.
The test with a polar polyester-based material (GRAM), however, gave typical SEC
profiles. Another problem is the adjustment of the mobile phase composition. In
Fig. 5.14 elution profiles are summarized that were obtained in DMAC with
different salt and acid additions.

As can be seen, the addition of acid is necessary to obtain proper elution profiles.
Unfortunately, DMAC degrades very rapidly when high amounts of acetic acid and
LiBr are added and 80 °C is used as column temperature. After only a few days the
mobile phase becomes yellow and darkens further with time. In order to improve
the stability of the mobile phase, the column temperature was kept at 60 °C and the
concentration of additives was as low as possible. In another set of experiments
different column combinations were tested in order to achieve optimum perfor-
mance. Instead of only one column of 3,000 A, a second column of 100 A was
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Fig. 5.14 SEC of copolymers B (a—c) and C (d) in different mobile phases; stationary phase:
GRAM 3,000 A, mobile phase: (a) DMAC + 5 g/L LiBr, (b) DMAC + 5 g/L LiBr + 90 mM
AcOH, (¢, d) DMAC + 150 mM AcOH, detector: RI (reprinted from [71] with permission of
European Polymer Federation)

added. The better separation in the lower molar mass range enabled to separate the
polymer peak from the salt peak. Subsequently, these columns were replaced by
one and two linear columns GRAM XL, respectively, with a significantly broader
separation range.

Separations

With respect to chromatographic behaviour of the samples and stability of the
mobile phase, optimum performance was obtained for a mobile phase of DMAC
with 6 g/L acetic acid and 3 g/L LiBr. The elution profiles indicate monomodal
molar mass distributions for all samples as was expected from the behaviour of the
methylated derivatives. The chromatograms of the copolymer samples are
summarized in Fig. 5.15. As can be seen, not only the expected monomodality is
obtained but also the salt peak is completely separated from the polymer peaks and
does not disturb quantification.

To check the validity of the results, the absolute weight-average molar masses
were determined by SEC coupled to laser light scattering. The samples A to E were
investigated in order to see if there are deviations of the results as a function of the
methacrylic acid content. Figure 5.16 shows a representative elution profile
obtained from the RI detector and the MALLS detector at an angle of 90° for
copolymer sample B. Similar to the methylated samples and the RI traces, the light
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Fig. 5.15 SEC of the copolymers A (a) and B (b) under optimum conditions; stationary phase:
GRAM XL, mobile phase: DMAC + 6 g/L (100 mM) AcOH + 3 g/L LiBr, detector: RI (reprinted
from [71] with permission of European Polymer Federation)

scattering (LS) traces of the samples are monomodal. This is a strong indication that
qualitatively the separation behaviour of the methylated and the original samples is
similar.

From the combined RI and LS traces, the molar mass distributions of the
samples can be calculated without a molar mass calibration. To do the calculations,
two essential pieces of information are required—the injected sample amount and
the refractive index increment dn/dc. The latter has to be determined after the SEC
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Fig. 5.16 SEC of copolymer B; stationary phase: GRAM XL, mobile phase: DMAC + 6 g/L
AcOH + 3 g/L LiBr, detector: RI and MALLS (measuring angle 90°) (reprinted from Ref. [73]
with permission of European Polymer Federation)

separation to ensure that the Donnan equilibrium is reached, meaning that the salt
concentration inside the polymer coils and in the mobile phase are equal. The dn/dc
was calculated by assuming 100% mass recovery of the sample. As for the exact
determination of the injected sample amount, one can encounter problems related to
the solubility of the samples. Since the samples have to be filtered prior to SEC,
a good filterability is a precondition for full recovery after filtration. This is indeed
the case for samples A—C, while for samples D and E a recovery of 100% cannot be
assumed due to poor filterability and so the estimated dn/dc may be incorrect. Since
1/M,, is proportional to (dn/dc)* the calculation can give too high M,, values.

Figure 5.17 shows the molar mass distributions of two representative samples.
As can be seen, the function log M = f(V,) in all cases indicates typical SEC
behaviour. This is additional proof for the finding that at the present experimental
conditions the samples elute in the typical SEC mode. There are no indications for
adsorptive or other non-SEC effects.

A comparison of the molar masses determined by SEC-MALLS and the molar
masses of the methylated samples is given in Table 5.8. The largest deviation
between both sets of data is observed for the samples with the smallest dn/dc. At
the same time these samples are difficult to filter. The differences of the M, values
for the methylated samples C, D and E are due to the different hydrodynamic
behaviours of these acrylate copolymers in THF and DMAC compared to pure
PMMA. Only the methylations of A and B give pure PMMA and, therefore, these
samples show the same molar masses in THF and in DMAC. The M,, data indicate
that the calculated molar masses of the original samples taken from SEC-MALLS
differ to a certain extent from the molar masses of the methylated samples taken
from RI detection and PMMA calibration. This is reasonable since, in addition to
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Fig. 5.17 Molar mass vs. elution volume functions of the copolymers A (a) and C (b), stationary
phase: GRAM XL, mobile phase: DMAC + 6 g/LL AcOH + 3 g/L LiBr, detector: RI and MALLS
(reprinted from [71] with permission of European Polymer Federation)

Table 5.8 Molar masses of the original (non-methylated) samples determined by SEC-MALLS
and of the methylated samples, methylated samples are calculated as PMMA equivalents

Sample M,, (kg/mol) methylated M,, (kg/mol) SEC-MALLS dn/dc (mL/g)
A 95.0 100.0 0.071
B 90.0 90.0 0.081
C 270.0 244.0 0.066
D 808.0 732.0 0.039
E 271.0 306.0 0.048
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Fig. 5.18 Molar mass analyses of sample A at three different laboratories, (a) comparison of M,
data, (b) overlay of molar mass distributions from different laboratories, stationary phase: GRAM
linear XL, mobile phase: DMAC + 6 g/L. AcOH + 3 g/L LiBr, detector: RI (reprinted from [71]
with permission of European Polymer Federation)

possible sensitivity and response problems of the different detectors, the hydrody-
namic behaviour of the carboxy containing copolymers is different from that of the
neutral methylated copolymers.

Evaluation

The final step in this application was the investigation of the robustness and the
reproducibility of the SEC method. For a reproducibility test among three different
laboratories the one-column set was used. The same samples were measured at five
consecutive days on different equipment and with manual and automated injection.
Selected results are presented as diagrams in Fig. 5.18 together with overlays of
molar mass distributions measured at the three laboratories. These results indicate
excellent reproducibility of the method.
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5.2.2 RI-Viscometer Detection

Another very useful approach to obtaining molar mass information of complex
polymers is the coupling of SEC to a viscosity detector [83—88]. The viscosity of a
polymer solution is closely related to the molar mass (and architecture) of the
polymer molecules. The product of polymer intrinsic viscosity [#] times molar
mass is proportional to the size of the polymer molecule (the hydrodynamic
volume). Viscosity measurements in SEC can be performed by measuring the
pressure drop AP across a capillary, which is proportional to the viscosity # of
the flowing liquid (the viscosity of the pure mobile phase is denoted as 7). The
relevant parameter [7] is defined as the limiting value of the ratio of specific
viscosity (ny, = (7 —19)/n0) and concentration C for C — 0:

[7] = lim(n — ny)/1nyC = lim ny,/C  for C — 0. (5.11)

The viscosity of a polymer solution as compared to the viscosity of the pure
solvent is measured by the pressure drop AP across an analytical capillary-
transducer system. The specific viscosity is obtained from AP/P, where P is the
inlet pressure of the system. As the concentrations in SEC are usually very low, [#]
can be approximated by #,,/C.

Once it is possible to determine [#] as a function of elution volume, one can now
compare the hydrodynamic volumes V}, for different polymers. The hydrodynamic
volume is, through Einstein’s viscosity law, related to intrinsic viscosity and molar
mass by V, = [7]M/2.5. Einstein’s law is, strictly speaking, valid only for impene-
trable spheres at infinitely low volume fraction of the solute (equivalent to concen-
tration at very low values). However, it can be extended to particles of other shapes,
defining the particle radius then as the radius of a hydrodynamically equivalent
sphere. In this case V}, is defined as the molar volume of impenetrable spheres which
would have the same frictional properties or enhance viscosity to the same degree
as the actual polymer in solution.

Assuming the validity of this approach and in agreement with the SEC mecha-
nism, similar elution volumes correspond to similar hydrodynamic volumes.

Vei=Vepr — M [n], =M, [n),. (5.12)

In a plot of log (M[n]) versus V. identical calibration lines should be found for
the two polymers 1 and 2, irrespective of their chemical composition. This “univer-
sal calibration” approach has been predicted and experimentally proved by Benoit
et al. [89]. As a consequence, using the universal calibration curve established with
known calibration standards (for example polystyrene), one can obtain the SEC-
molar mass calibration for an unknown polymer sample.

The intrinsic viscosity is a function of molar mass via the Mark-Houwink
relationship, wherein K and a are coefficients for a given polymer in a given solvent
at a given temperature.
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Fig. 5.19 Determination of absolute molar masses via universal SEC calibration (reprinted from
[15] with permission of Springer Science + Business Media)

7] =K M“. (5.13)
Combination of Egs. (5.12) and (5.13) yields
KM+ = K, M@+ (5.14)

If a column has been calibrated with polymer 1 (e.g. polystyrene), the calibration
line for polymer 2 can be calculated, provided that the coefficients K and a are
known for both polymers with sufficient accuracy:

InM, = (1/1 4 ay) In(K1/K,) + (1 4+ a1 /1 + ay) In M. (5.15)

Thus, the concept of universal calibration provides an appropriate calibration
also for polymers for which no calibration standards exist. The limiting factor of
this approach is the accuracy of determining K and a. There are very high variations
in the values reported in literature [2, 90]. The values of even common polymers
such as PS and PMMA may differ considerably.

If the Mark-Houwink coefficients are not available, a universal calibration curve
is established using polystyrene calibration standards and the SEC-viscometer
combination. The basic steps involved in the MMD analysis are summarized in
Fig. 5.19. First, the universal calibration curve of the SEC separation system has to
be established by using narrow molar mass standards as indicated by the top arrow
pointing to the right. Once the universal calibration curve is established, one can
then reverse the procedure, by going from right to left following the bottom arrow,
to obtain the molar mass calibration curve of any unknown polymer. The calibra-
tion curve is obtained literally by substracting the [r] calibration curve of the
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unknown sample from the universal calibration curve. The [#] calibration curve for
the unknown sample is obtained from the on-line viscometer [35].

The application of RI and differential viscometer detection in SEC has been
discussed by a number of authors [91-93]. Lew et al. presented the quantitative
analysis of polyolefins by high-temperature SEC and dual refractive index-viscosity
detection [94]. They applied a systematic approach for multidetector operation,
assessed the effect of branching on the SEC calibration curve, and used a signal
averaging procedure to better define intrinsic viscosity as a function of retention
volume. The combination of SEC with RI, UV, and viscosity detectors was used to
determine molar mass and functionality of polytetrahydrofurane simultaneously
[95]. Long chain branching in EPDM copolymers by SEC-viscometry was analysed
by Chiantore et al. [96].

One of the difficult problems in characterizing copolymers and polymer blends
by SEC-viscometry is the accurate determination of the polymer concentration
across the SEC elution curve. The concentration detector signal is a function of
the chemical drift of the sample under investigation. To overcome this problem,
Goldwasser proposed a method, where no concentration detector is required for
obtaining M|, data [97]. In the usual SEC-viscometry experiment, the determination
of the intrinsic viscosity at each slice of the elution curve requires a viscosity and a
concentration signal:

[’1]1 = (ln nrel/c)ﬂ (516)

where In 7, is the direct detector response of the viscometer. From Eq. (5.16) one
calculates the molar mass averages by

My =2 G/ [Ci/(Vix/[n))] (5.17)
My, =2 C; (Vix/In)),/Z Ci, (5.18)

where Vi, x = [5], My is the data retrievable from the universal calibration curve. By
rearranging Eq. (5.17) using Eq. (5.16) the following expression is obtained:

Mn =X Cl/E (h’l nrel/vh,x)i or

5.19
M, = sample amount /= (In #,,/Vhx) (>-19)

i

The sample amount can be easily determined from the injection volume and the
sample concentration, and no information from a concentration detector is required.
With this approach, the M,, value of any polymer sample can be determined by SEC
using only the viscosity detector. Other molar mass averages, however, cannot be
determined. The advantage of the Goldwasser M, method is that it can access much
wider molar mass ranges than other existing methods like osmometry or endgroup
methods.
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Due to some problems encountered with SEC-LS and SEC-viscometry, a triple-
detector SEC technology is frequently used, where three on-line detectors are used
together in a single SEC system. In addition to the concentration detector, an on-
line viscometer and a LS instrument are coupled to the SEC (TriSEC). With
TriSEC, absolute molar mass determination is possible for polymers that are very
different in chemical composition and molecular conformation. The usefulness of
the TriSEC approach has been demonstrated in a number of applications. Pang and
Rudin showed that only by using both viscometer and LS detection accurate molar
mass distributions are obtained [29]. Wintermantel et al. have developed a custom-
made multidetector instrument and demonstrated that it has great potential not only
for absolute molar mass determinations but also for structure characterization of
linear flexible, semiflexible, and branched polymers [30]. Degoulet et al.
characterized polydisperse solutions of branched PMMA [31], while Jackson
et al. investigated linear chains of varying flexibility in order to prove universal
calibration [32]. Yau and Arora discussed the advantages of TriSEC for the
determination of Mark-Houwink coefficients, long-chain branching, and polymer
architecture [33].

5.2.2.1 Analysis of Polystyrene Stars by SEC-Viscometry [98]

Aim

Star-shaped polymers exhibit unusual flow and viscosity properties compared to
linear analogues. Such polymers may be constructed with several arms radiating
from a central core, either by preparing the individual arms and attaching them a
central molecule or by growing the polymer arms from a central core. A number of
commercial polymers can be constructed with a star-branched morphology
relatively easily, their characterization, however, is still a challenge. In the
present application, online coupled SEC-viscometry shall be used for the analy-
sis of star-shaped PSs.

Materials

« Calibration Standards. The samples under investigation are star-shaped PSs
with different numbers of arms. Three samples were investigated with 5, 14 and
21 arms, respectively.

Equipment

¢ Chromatographic System. PL-GPC 220.

e Columns. Two PLgel Mixed-C columns with average pore sizes of 5 pm.
* Mobile Phase. THF, HPLC grade.

* Detectors. RI and viscometer of the integrated PL-GPC 220.

¢ Column Temperature. 40 °C.

« Sample Concentration. 1.0 g/L.

« Injection Volume. 100 pL.
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Fig. 5.20 Universal calibration curve based on linear PS (adapted from [98])

Preparatory Investigations

A universal calibration curve was generated as described in Sect. 5.2.2. A set of
linear PS standards with narrow molar mass dispersity has been used. The universal
calibration curve is presented in Fig. 5.20.

Separations

The samples were measured using the present SEC system with dual RI and
viscometer detection. The chromatograms based on the two detector traces are
shown in Fig. 5.21.

Evaluation
Based on the universal calibration the molar mass averages and the weight-average
intrinsic viscosity were calculated, see Table 5.9.

Using these data Mark-Houwink plots can be generated. These are compared to
the Mark-Houwink plot of a broad linear PS, see Fig. 5.22. As expected, an
increasing number of arms results in a decreasing intrinsic viscosity, as can be
seen for the 5-arm and the 14-arm PS. The 21-arm PS showed a rather unusual
viscosity behaviour: it varied strongly with molar mass.

Based on the linear regions in the Mark-Houwink plots for the stars, the intrinsic
viscosity contraction factor g’ can calculated as a function of molar mass using the
following equation:

gl = [n]slar/[’/l]linear' (520)
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Fig. 5.21 SEC separation of the 14-arm star-shaped PS with RI and viscometer detection
(adapted from [98])

Table 5.9 Molar masses and viscosities of the star-shaped PS

Sample M, (kg/mol) M,, (kg/mol) M, (kg/mol) M, (kg/mol) M, /M, [n]

5-Arm 10.5 64.8 98.6 46.3 6.2 0.28
14-Arm 26.8 29.3 324 28.7 1.1 0.10
21-Arm 111.4 157.9 201.2 141.3 1.4 0.21

log [n]

4.0 4.5 5.0 5.5 6.0
log M

Fig. 5.22 Mark-Houwink plots for a linear PS (black, 1) and the star-shaped PS with 5 arms (red,
2), 14 arms (blue, 3) and 21 arms (green, 4) (adapted from Ref. [98])

From the ¢’ data, the radius of the gyration contraction factor ¢ was calculated using
the following empirical relationship, where @ = 1.104, p = 7 and b = 0.906 [99]:

g =la+(1-a)g"g" (5.21)
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Using the calculated g values, the functionality °f” for the stars, which is the
theoretical number of arms, was calculated using the following model based on the
assumption that the arms were ‘random’, that is, polydisperse in molar mass. For
random stars with f number of polydisperse arms [100, 101]:

g=3f/(f+ 1) (5.22)

Figure 5.23 shows an overlay of f for the stars as a function of the log molar
mass. The random model gave a prediction of the functionality f which was in good
agreement with the value expected from the synthesis. However, for all of the star-
shaped PS, especially the 21-arm PS, the calculated value of f increased sharply
with molar mass indicating that a considerable portion of the sample at low molar
mass contained components with fewer than expected arms. Due to the low
separation efficiency of SEC the macromolecules with different numbers of arms
cannot be fully separated from each other. This problem will be addressed more in
detail in Sect. 6.5.3.
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6.1 Introduction

State-of-the-art polymeric materials possess property distributions in more than one
parameter of molecular heterogeneity. Copolymers, for example, are distributed in
molar mass and chemical composition, while telechelics and macromonomers are
distributed frequently in molar mass and functionality. It is obvious that n indepen-
dent properties require n-dimensional analytical methods for accurate (indepen-
dent) characterization of the different structural parameters. In chromatography, the
separation efficiency of any single separation method is limited by the efficiency
and selectivity of the separation mode, i.e. the plate count of the column and the
phase system selected. Adding more columns will not overcome the need to
identify more components in a complex sample, due to the limitation of peak
capacities. The peak capacity in an isocratic separation can be described, following
Grushka [1], as in Eq. (6.1):

VN V
=1+ .|t 6.1
n + 1 HVO, (6.1)

where 7 is the peak capacity, N is the plate number, V,, is the pore volume, and Vj, is
the interparticle volume.

The corresponding peak capacity in a n-dimensional separation is enormously
higher due to the fact that each dimension contributes to the total peak capacity as a
factor and not as an additive term for single dimension methods as described in
Eq. (6.2):

Mo = Ty -sin™ 9y, (6.2)
where n, represents the total peak capacity, n; the peak capacity in dimension i

and 9; is the “angle” between two dimensions. The angle between dimensions is
determined by the independence of the methods; a 90° angle is obtained by two
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Fig. 6.1 Schematic contour map representation of resolution enhancement and peak capacity in
2D separations (peaks in each dimension are indicated by colour bars at the axes)

methods, which are completely independent of each other and will, for example,
separate two properties solely on a single parameter without influencing themselves.
In the case of a two-dimensional (2D) system the peak capacity is given by Eq. (6.3):

VN Vv VN \%
nop = Ny -ny-sind = (1 +—1.1n Pl ) . (1 +72~lni’2) -sind.  (6.3)
4 Va1 4 Va2

This effect is schematically illustrated in Fig. 6.1.

Multidimensional chromatography separations can be done in planar systems or
coupled-column systems. Examples of planar systems include two-dimensional
thin-layer chromatography (TLC) [2, 3], where successive one-dimensional TLC
experiments are performed at 90° angles with different solvents, and 2D electropho-
resis, where gel electrophoresis is run in the first dimension followed by isoelectric
focusing in the second dimension [4—6]. Hybrids of these systems where chromatog-
raphy and electrophoresis are used in each spatial dimension were reported more than
40 years ago [7]. Belenkii et al. reported on the analysis of block copolymers by TLC
[8, 9]. Diblock copolymers of styrene and t-butyl methacrylate were separated first
with regard to chemical composition by TLC at critical conditions followed by a
SEC-type separation to determine the molar masses of the components.

The main problem using planar methods is the difficulty in detection and
collection of fractions among other less critical problems, such as homogeneous
preparation of chromatographic media. However, the detection problem exists also
for the coupled-column methods, mainly because of fraction dilution by each stage
in a multidimensional seaparation system. Another aspect is the adjustment of
chromatographic time bases between the different dimensions so that first dimension
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peaks may be sampled an adequate number of times by the next dimension separa-
tion system. This aspect has been studied in detail by Murphy et al. [10].

In 2D column chromatography systems an aliquot from a column or channel is
transfered into the next separation method in a sequential and repetitive manner.
Storage of the accumulating eluent is typically provided by sampling loops connected
to an automated valve. Many variations on this theme exist which use various chro-
matographic and electrophoretic methods for one of the dimensions. In addition, the
simpler “heart cutting” mode of operation takes the eluent from a first dimension peak
or a few peaks and manually injects this into another column during the first dimension
elution process. A partial compilation of these techniques is given in [8, 11-17].

The use of different modes of liquid chromatography facilitates the separation of
complex samples selectively with respect to different properties like hydrodynamic
volume, molar mass, chemical composition, architecture or functionality. Using
these techniques in combination, multi-dimensional information on different
aspects of molecular heterogeneity can be obtained. If, for example, two different
chromatographic techniques are combined in a “cross-fractionation” mode, infor-
mation on chemical composition distribution (CCD) and molar mass distribution
(MMD) can be obtained. Literally, the term “chromatographic cross-fractionation”
refers to any combination of chromatographic methods capable of evaluating the
distribution in size and composition of copolymers. An excellent overview on
different techniques and applications involving the combination of size exclusion
chromatography (SEC) and gradient HPLC was published by Glockner in [18].

In the SEC mode, the separation occurs according to the molecular size of a
macromolecule in solution, which is dependent on its chain length, chemical compo-
sition, solvent and temperature. Thus, molecules of the same chain length but
different composition may have different hydrodynamic volumes. Since SEC
separates according to hydrodynamic volume, SEC in different eluents can separate
a copolymer in two diverging directions. This principle of “orthogonal chromatography”
was suggested by Balke and Patel [19-21]. The authors coupled two SEC
instruments together so that the eluent from the first one flowed through the
injection valve of the second one. At any desired retention time the flow through
SEC 1 could be stopped and an injection made into SEC 2. The first instrument was
operated with THF as the eluent and polystyrene gel as the packing, whereas for
SEC 2 polyether bonded-phase columns and THF-heptane were used. Both
instruments utilized SEC columns. However, whereas the first SEC was operating
so as to achieve conventional molecular size separation, the second SEC was used
to fractionate by composition, utilizing a mixed solvent to encourage adsorption
and partition effects in addition to size exclusion. Consequently, independent
information on both MMD and CCD could not be obtained from such an
experiment.

Since “orthogonality” requires that each separation technique is totally selective
towards an investigated property, it seems to be more advantageous to use a
sequence of methods, in which the first dimension separates according to chemical
composition. In this way quantitative information on CCD can be obtained and the
resulting fractions eluting from the first dimension are chemically homogeneous.



98 6 Two-Dimensional Liquid Chromatography

Fig. 6.2 General experimental set-up for a 2D chromatographic system (reprinted with permis-
sion from [24]. Copyright (2004) American Chemical Society)

These homogeneous fractions can then be analyzed independently in SEC mode in
the second dimension to get the required MMD information. In such cases, SEC
separation is strictly separating according to molar mass, and quantitative MMD
information can be obtained.

6.2 Experimental Aspects of 2D Separations

Aspects of 2D Separations system is actually not as difficult as one might think at
first. As long as well-known separation methods exist for each dimension the
experimental aspects can be handled quite easily in most cases. Off-line systems
just require a fraction collection device and something or someone who re-injects
the fractions into the next chromatographic dimension. In online 2D systems the
transfer of fractions is preferentially done by automatic injection valves, as
proposed by Kilz et al. [16, 22, 23]. Figure 6.2 shows a general set-up for an
automated 2D chromatography system.

The system is composed of two chromatographs, including pumps, injector and
column for the first dimension, and a pump, column and detectors for the second
dimension. The focal point in 2D chromatography separations is the transfer of
fractions eluting from the first dimension into the second dimension. This can be
done in various ways. The most simplistic approach is collecting fractions from one
separation and manually transferring them into the second separation system.
Obviously, this approach is prone to many errors, labour intensive and quite time-
consuming.

A more efficient way of fraction transfer can be achieved by using electrically
(or pneumatically) actuated valves equipped with two injection loops. Such a set-up
allows one fraction to be injected and analyzed from one loop while the next
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Fig. 6.3 Fraction transfer between chromatographic dimensions using a dual loop 8-port valve
(reprinted from [25] with permission of Springer Science + Business Media)

fraction is collected at the same time in the second loop. The operation of such an
automatic dual-loop system is schematically presented in Fig. 6.3.

When starting the separation in the first dimension, loop 1 is in the “LOAD”
position, whereas loop 2 is in the “INJECT” position. Each loop has a volume of
50-200 pL, and exactly this volume is cut for each fraction from the first separation.
When the first fraction leaves chromatograph 1, it enters loop 1 and fills it. When
loop 1 is completely filled, the dual-loop valve switches to the opposite position,
i.e. loop 1 is then connected with chromatograph 2 in the “INJECT” position,
whereas loop 2 is connected to chromatograph 1 in the “LOAD” position. Now,
loop 2 is filled with the next fraction from chromatograph 1 while the content of
loop 1 is injected in chromatograph 2 for analysis. Total mass transfer from the first
to the second dimension can be guaranteed by proper selection of flow rates in both
dimensions [26]. This is a very beneficial situation compared to heart-cut transfers
because by-products and trace impurities can be separated even if they are not
visible in the first dimension separation. Table 6.1 summarizes potential fraction
transfer options.

There are some other important aspects that have to be considered for optimum
2D experiment design, including the selection of separation techniques, the
sequence of separation methods, and the detectability in the second dimension.
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Table 6.1 Summary of 2D transfer injection options

Transfer Mode Advantages Disadvantages Example
Manual Off-line  Very simple Time-consuming Test tube
Fast set-up Not for routine work

Not precise
No correlation of fraction elution
to transfer time

Automatic Off-line Simple Not quantitative Fraction collector
Easy Less precise Storage valve
Fast set-up No correlation of fraction elution
to transfer time
Single- On-line Correct Not quantitative Injection valve
loop concentrations  Transfer not quantitative (with actuation)
Correct transfer Set-up time
times
Automation
Dual-loop On-line Correct Set-up time 8-Port actuated
concentrations ~ Special valve valve
Correct transfer Combination of
times two 6-port valves
Quantitative
transfer
Automation

6.2.1 Sequence of Separation Methods

The sequence of separation methods is an important aspect in achieving the best
resolution and most accurate determination of property distributions. It is advisable
to use the method with the highest selectivity for the separation of one property as the
first dimension. This ensures highest purity of eluting fractions being transferred into
the subsequent separation. In the case of gradient HPLC and SEC as separation
methods, early publications [19-21, 27, 28] used SEC as the first separation method,
because it took much longer than a subsequent HPLC analysis. This is not the best
set-up, however, because the SEC fractions are only monodisperse in hydrodynamic
volume, but not in molar mass, chemical composition, etc. On the other hand, HPLC
separations can be fine-tuned using gradients to fractionate only according to a
single property, which can then be characterized for molar mass without any bias.
In many cases, interaction chromatography as the first dimension separation
method is the best and most adjustable choice. From an experimental point of view,
high flexibility is required for the first chromatographic dimension. In general, this
is also easier achieved when running the interaction chromatography mode in the
first dimension, because
(a) More parameters (mobile phase, mobile phase composition, mobile phase
modifiers, stationary phase, temperature etc.) can be used to adjust the separa-
tion according to the chemical nature of the sample.
(b) Better fine-tuning in interaction chromatography allows for more homogeneous
fractions.
(c) Sample load on such columns can be much higher as compared to SEC columns.
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6.2.2 Detectability and Sensitivity in the Second Dimension

Because of the consecutive dilution of fractions, detectability and sensitivity
become important criteria in 2D experiment design. If by-products and trace
impurities have to be detected, only the most sensitive and/or selective detection
methods can be employed. ELSD detection, despite several draw-backs, has been
used mostly due to its high sensitivity for compounds that will not evaporate or
sublime under detection conditions. Fluorescence and diode array UV/VIS are also
sensitive detection methods, which can pick up samples at nanogram level. Mass
spectrometers have a high potential in this respect too, however, they are currently
not developed to such a state where they would be generally usable. The main
problem here is not sensitivity but the analysis of high molar mass analytes without
fragmentation.

Only in rare cases has RI detection, otherwise very popular in SEC, been used in
multidimensional separations, because of its low sensitivity and strong dependence
on mobile phase composition.

As a general rule, the higher the injection band dilution of a given separation
method the more sensitive a subsequent detection method has to be. Such type of
model calculations can be done easily; refer to a paper by Schure [29] for further
details.

6.2.3 Other Experimental Factors Affecting 2D Separations

Depending on the specific type of the multidimensional experimental set-up, there
are a number of other parameters to take into consideration. Two are listed here, but
because they are specific to the method combination, this list reflects only those
techniques that are most commonly used.

Influence of eluent transfer from first to second dimension: A very important
aspect in multidimensional chromatography design is the compatibility of mobile
phases that are transferred between the different dimensions. It is a necessity that
the mobile phases in two consecutive stages in multidimensional separations are
completely miscible. Otherwise the separation in the second method is dramatically
influenced and the fraction transfer is restricted or completely hindered. In gradient
systems, this requirement has to be verified for the total composition range. In SEC
separations the transfer of mixed mobile phases can affect molar mass calibration.
In order to get accurate molar mass results, the calibration curves have to be
measured using the extremes of mobile phase composition and tested for changes
in elution behaviour and pore size influence in the SEC column packing. The better
the thermodynamic property of the SEC eluent, the less influence is expected on the
SEC calibration, when the transfer of mobile phase from the previous dimension
occurs. It has been shown to be advantageous to use the SEC eluent as one
component of the mobile phase in the previous dimension to avoid potential
interference and mobile phase incompatibility.
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Time consumption: Time is an important issue when designing multidimensional
experiments. Set-up time itself plays only a lesser role, but the time needed for the
multidimensional separations themselves can be considerable. This is especially
true for 2D separations using quantitative mass transfer via tandem-loop transfer
valves. Heart-cut experiments require much less time and are often sufficient to
check the applicability of the approach. Reducing the time consumption for multi-
dimensional experiments is currently a heavily investigated topic. Several
approaches are being investigated, and investigators are optimistic that experiment
times will be reduced by a factor of about 10 for complete mass transfer
experiments using optimized column sets and flow conditions.

Another time requirement in multidimensional separations is the time needed to
reduce the amount of data and present them in an instructive way. With several
dozen transfers between dimensions, data reduction and presentation can be very
time consuming and has been a real burden for those who performed the first cross-
fractionation experiments [19-21, 28]. There is a clear need for specialized multi-
dimensional software, which does all the data acquisition, fraction transfer, valve
switching, data reduction, data consolidation and presentation of results. Although
there is a number of 2D chromatography systems available the most widely used is
the system of Polymer Standards Service (Mainz, Germany) [26, 30]. A few
laboratories use in-house solutions, which are specific to their own chromatography
and data accumulation hardware and specific also to result calculation and report
generation.

6.3 Separation Techniques for the First and Second
Dimensions

In 2D chromatography, different modes of LC are combined. Depending on the
individual technique, separation can be carried out with regard to molecular size,
chemical composition, or architecture. An in-depth description of different LC
techniques is given in the introductory chapter.

The most often used set-up for 2D chromatography is the combination of
interaction chromatography and size exclusion chromatography. SEC is the stan-
dard technique for determining molar mass distributions by separating according to
hydrodynamic volume. For complex polymers it must be considered, however, that
hydrodynamic volume is not only a function of chain length (molar mass) but also
of chemical composition and architecture. It is, therefore, not selective towards
only one parameter of molecular heterogeneity.

Interaction chromatography, on the other hand, can be performed in a huge
variety of different experimental set-ups. Normal phase or reversed phase systems
using isocratic or gradient elution can be used. There is an abundance of stationary
phases with different types of surface modifications of different polarities. This
flexibility in experimental parameters is a very important criterion for using inter-
action chromatography as a first dimension method, since it can be fine-tuned to
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separate according to a given property more easily than most other chro-
matographic techniques.

Gradient HPLC has been useful for the characterization of copolymers [31-35].
In such experiments careful choice of separation conditions is imperative. Other-
wise, low resolution for the polymeric sample will obstruct the separation. On the
other hand, the separation in HPLC, dominated by enthalpic interactions, perfectly
complements the entropic nature of the SEC retention mechanism in the characteri-
zation of complex polymer formulations.

Interaction chromatography is based on enthalpic interactions between the solute
and the surface of the stationary phase. In pure interactive LC separations there
are no entropic contributions to retention. The enthalpy change of the analyte
corresponds to dispersion, polarization and charge-transfer interactions, as well as
to H-bonding and ion exchange. The absence of entropic contributions to the
separation is only possible if the stationary phase consists of non-porous beads or
if the analyte molecules cannot penetrate into any of the pores of the stationary
phase because of their size or interaction energy (e.g. ionic repulsion). In general, it
will not be possible to avoid entropy changes in HPLC experiments with samples of
different molar masses or sizes. In such cases it is best to select either a column that
has very small or very large pores, which will force the molecules to be totally
excluded from the stationary phase or to be totally permeating the pores of the
packing. In both situations entropic contributions to the separation can be
minimized.

In interactive and SEC modes either the enthalpy or the entropy dominates the
separation. This is not the case in liquid chromatography at critical conditions
(LCCC) where entropic and enthalpic interactions compensate each other
[3641]. The Gibbs free energy of the macromolecule remains constant when it
penetrates the pores of the stationary phase (AG = 0). The distribution coefficient
K4 is unity, regardless of the size of the macromolecules, and all macromolecules of
equal chemical structure elute from the chromatographic column in one peak. The
term ‘“chromatographic invisibility” is used to refer to this phenomenon. This
means that the chromatographic behaviour is not directed by the size, but by the
heterogeneities (chemical structure, architecture, endgroups, etc.) in the macromo-
lecular chains [36-39]. This is particularly interesting for 2D-LC applications
because in LCCC a nearly molar mass independent elution is achieved.

In general, as the Gibbs free energy is influenced by the length of the polymer
chain and its chemical structure, the contributions of G; for the polymer chain and
G, for the heterogeneity may be introduced as stated in Eq. (6.4):

For a perfectly uniform homopolymer chain the free energy change is deter-
mined by the contribution of the repeating units of the polymer chain (Eq. 6.5):

AG = Zn;AG;. (6.5)
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At the critical point of adsorption of the polymer chain of a complex polymer,
however, the contribution G; becomes zero and the chromatographic behaviour is
exclusively directed by imperfections in the macromolecular chain (Eq. 6.6):

AG =2, AG;. (6.6)

This chromatographic effect can be employed to determine imperfections in the
polymer chain selectively and without any contribution by the repeating units
themselves. LCCC has been successfully used for the determination of the func-
tionality type distribution of telechelics and macromonomers [42-46], for the
analysis of block copolymers [47—49], macrocyclic polymers [50], and polymer
blends [51-54].

Thus, LCCC represents a chromatographic separation technique yielding
fractions that are homogeneous in one property (e.g. chemical composition), but
polydisperse in a different property (e.g. molar mass). These fractions can readily
be analyzed by SEC, which for chemically homogeneous fractions provides true
molar mass distributions without interference of CCD or FTD. Therefore, the
combination of LCCC and SEC in a 2D chromatography experiment can be regarded
as “orthogonal” chromatography in the strict sense provided that LCCC is used as the
first dimension separation mode. Consequently, for functional homopolymers being
distributed in functionality and molar mass, the coupling of LCCC with SEC can yield
combined information on functionality type distribution (FTD) and MMD.

Although much of the early work on multidimensional chromatography was
focused on using SEC in the first dimension, it is now widely accepted that an
interactive type of separation should be used as the first step. On the other hand,
SEC is preferentially used as the second method to retrieve molar mass information.

There are a number of other chromatographic separation methods that can
only be used in the last stage of a multidimensional experiment. These include
capillary electrophoresis (CE) and supercritical fluid chromatography (SFC). CE
is a very efficient microseparation method (typically N>100.000), which uses a
strong electrical field to create an electro-osmotic flow in which the species will
migrate. The reason for that is that the surface of the silicate glass capillary
contains negatively charged functional groups that attract positively charged
counterions. The positively charged ions migrate towards the negative electrode
and carry solvent molecules in the same direction. This overall solvent move-
ment is called electro-osmotic flow. During a separation, uncharged molecules
move at the same velocity as the electro-osmotic flow (with very little separa-
tion). Positively charged ions move faster and negatively charged ions move
slower.

SFC is a relatively ‘exotic’ chromatographic technique, which has been
commercialized in the early 1980s. The more frequently used technique is super-
critical fluid extraction. In SFC, the sample is carried through a capillary or packed
column by a supercritical fluid (typically carbon dioxide). The properties of
the mobile phase can be modified easily by polar additives and/or pressure
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programming, just as in gradient HPLC, to optimize selectivity. All three basic
modes of chromatography (interaction, size exclusion and critical conditions) have
been verified in SFC separations [55]. SFC is a very efficient separation technique,
which has most of its applications in low molar mass separations.

SFC has several advantages over conventional chromatographic techniques.
Separations can be done considerably faster than in HPLC, because the diffusion
of solutes in supercritical fluids is about ten times greater than that in liquids (and
about three times less than in gases). This results in a decrease in resistance to
mass transfer in the column and allows for fast high resolution separations.
Compared with GC, capillary SFC can provide high resolution chromatography
at much lower temperatures. This allows fast analysis of thermolabile and non-
volatile compounds. These advantages make SFC a good choice for multidimen-
sional chromatography setups. Since SFC involves the use of fluids at high
pressures, it can only be used in the last separation step in multi-dimensional
separations.

6.4 Data Aquisition and Processing

In 2D chromatography, the most reliable operation of the instrument can be
achieved, when hardware operations as well as data aquisition are organized by a
unified software package. Therefore, all detectors and injectors, including the
storage loops, are connected to a suitable data station. For the present investigations
the 2D-CHROM hardware and software (and later versions such as PSS WinGPC
UniChrom) of Polymer Standards Service, Mainz, Germany, is used. It allows for
operating the switching valves of the storage loops by suitable time events given, to
conduct data aquisition and all calculations.

Calibration and quantification. In addition to qualitative information on
the molecular heterogeneity of a complex copolymer, quantitative data on the
different distribution functions must be obtained. Since the first step is preferen-
tially HPLC, a calibration with respect to chemical composition or functionality has
to be conducted. The quantitative determination of FTD is rather straightforward,
because a separation into homogeneous functionality fractions is obtained by
LCCC. These fractions must be identified and can then be quantified via the
corresponding peak areas taking into account the respective detector response
factors.

The quantitative determination of CCD depends on the separation procedure. If a
separation into single oligomers is obtained, these may be quantified via the
corresponding peak areas. The determination of the chemical composition of
diblock and triblock copolymers can be carried out according to procedures that
are described for the quantification in LCCC [25]. The separation of statistical
copolymers with respect to CCD is possible by gradient HPLC. In this case, the
quantitative evaluation of the copolymer chromatograms requires knowledge of the
influence of polymer composition on elution time, the influence of molar mass
on elution time, and the influence of composition on detector signal intensity.
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Fig. 6.4 Discontinuous representation of a two-dimensional separation

This information can be obtained by calibration with a series of samples graded in

composition.

The calibration of the second separation step, which is in most cases SEC, can be
carried out similar to ordinary SEC experiments. However, a number of important
features of two-dimensional chromatography must be considered: every calibration
procedure relates a certain elution volume to a certain molar mass. This calibration
is valid as long as the chromatographic procedure and apparatus are not changed. If
now, instead of an ordinary injection of a polymer sample into the SEC eluent, an
injection of a polymer sample in a mixed solvent via an automated switching valve
is made, the hydrodynamic volume and the elution volume of the sample will
change. Therefore, in order to obtain reproducible and reliable results, the SEC
calibration standard must pass the first separation step (HPLC) and enter the SEC
system via automated injection. The calibration of the SEC system has to be carried
out in the following way:

1. The calibration standard is injected into the first chromatographic system and the
retention volume V; is determined only for this system.

2. The calibration standard is injected into the 2D system and after V; the
automated injection valve is switched to inject the calibration standard into the
SEC system. The injection time is taken as the starting point (V. = 0) and
the elution volume V, for the SEC system is determined.

3. V;, is plotted against the molar mass of the calibration standard to yield the
calibration curve of the SEC system.

Presentation of results: The visualization of the results of a 2D separation is
possible in different ways. A discontinuous presentation is obtained, when the SEC
chromatograms of all fractions are plotted along the elution volume axis of the first
separation step, see Fig. 6.4.

A much clearer presentation of the separation is obtained, when a continuous
plot is used, see Fig. 6.5. In this case the separation in the first and second modes are
plotted along the Y- and X-axis, respectively. The concentration profile is presented
by a color code in the Z-axis.
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Fig. 6.5 Continuous
representation of a two-
dimensional separation,

(a) surface plot with intensity
lines, (b) contour plot

6.5 Coupling of Gradient HPLC and SEC

Much work on chromatographic cross-fractionation was carried out with respect to
combination of SEC and gradient HPLC. In most of the early applications SEC was
used as the first separation step, followed by HPLC. In a number of early papers the
cross-fractionation of model mixtures was discussed. Investigations of this kind
demonstrated the efficiency of gradient HPLC for separation by chemical compo-
sition. Mixtures of random copolymers of styrene and acrylonitrile were separated
by Glockner et al. [28]. In the first dimension a SEC separation was carried out
using THF as the eluent and polystyrene gel as the stationary phase. In total, about
10 fractions were collected and subjected to the second dimension, which was
gradient HPLC on a cyano-modified phase using i-octane-THF as the mobile phase.
Model mixtures of random copolymers of styrene and 2-methoxyethyl methacrylate
were separated in a similar way, the mobile phase of the HPLC mode being iso-octane/
methanol in this case [56]. This procedure was also applied to real-world copolymers
[28]. Graft copolymers of methyl methacrylate onto ethylene-propylene-diene rubber
(EPDM) were analyzed by Augenstein and Stickler [57], whereas Mori reported on the
fractionation of block copolymers of styrene and vinyl acetate [58]. For all these
experiments the same limitation with respect to the SEC part holds true: when SEC is
used as the first dimension, true molar mass distributions are not obtained.

From the theoretical point of view, a more feasible way of analyzing copolymers
is the pre-fractionation through HPLC in the first dimension and subsequent
analysis of the fractions by SEC [59, 60]. HPLC was found to be rather insensitive
towards molar mass effects from a certain molar mass upwards and yielded very
uniform fractions with respect to chemical composition.

One of the very first applications of two-dimensional gradient HPLC-SEC was
published by Kilz et al. describing the analysis of styrene-butadiene star polymers
[61]. 4-arm star polymers based on poly(styrene-block-butadiene) were prepared by
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Table 6.2 Molar masses

Sample Butadiene content (Wwt%) M., (g/mol) M, (g/mol)
of the star copolymers

1 17 87,000 35,000
2 39 88,000 31,000
3 63 79,000 32,000
4 78 77,000 29,000

anionic polymerization to give samples with well known structure and molar mass
control. In a first reaction step, a poly(styrene-block-butadiene) with a reactive
chain end at the butadiene was prepared. This precursor reacted with a
tetrafunctional terminating agent to give a mixture of linear (of molar mass M),
2-arm (2M), 3-arm (3M) and 4-arm (4M) species. Four samples with varying
butadiene content (about 20, 40, 60, 80%) were prepared in this way, see Table 6.2.
A mixture of these samples was used for the 2D experiment. Accordingly, a
complex mixture of 16 components, resulting from the combination of four differ-
ent butadiene contents and four different molar masses (M, 2M, 3M, 4M) had to be
separated with respect to chemical composition and molar mass.

Initially, the 16-component star block copolymer was investigated by SEC. As
can be seen in Fig. 6.6a, four peaks were obtained. They correspond to the four
molar masses of the sample consisting of oligomers with one to four arms. The
molar masses were in the ratio M—2M-3M—4M. Despite the high resolution, the
chromatogram did not give any indication of the very complex chemical structure
of the sample. Even when pure fractions with different chemical compositions were
investigated, the retention behaviour did not show significant changes as compared
to the sample mixture. In each case a tetramodal molar mass distribution was
obtained indicating the different topological species. The SEC separation alone
did not show any difference in chemical composition of the samples, which vary
from 20 to 80% butadiene content.

Running the sample mixture in gradient HPLC gave poorly resolved peaks,
which might suggest different composition, but gave no clear indication of different
molar mass and topology, see Fig. 6.6b.

The combination of the two methods in the 2D setup dramatically increased the
resolution of the separation system and gave a clear picture of the complex nature of
the 16-component sample. A 2D representation of the gradient HPLC-SEC separa-
tion is given in Fig. 6.7. Each tracing represents a fraction transferred from HPLC to
SEC and gives the result of the SEC analysis. Based on the composition of the
sample, a contour map with the coordinates chemical composition and molar mass
is expected to show 16 spots, equivalent to the 16 components. Each spot would
represent a component which is defined by a single composition and molar mass.
The experimental evidence of the improved resolution in the 2D analysis is given in
Fig. 6.8. This contour plot was calculated from experimental data based on 28
transfer injections.

The contour plot clearly revealed the chemical heterogeneity (Y-axis, chemical
composition) and the molar mass distribution (X-axis) of the mixture. The relative
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Fig. 6.6 SEC chromatograms of the 16-component sample (A) and the star polymers 1 (C) and 4
(B) (a) and gradient HPLC of the 16-component sample (b); (a) stationary phase: SDV PSS 10°
and 10° A, mobile phase: THF, RI detection; (b) stationary phase: silica gel, mobile phase:
i-octane-THF, linear, 20-100 % THF (reprinted with permission from [61]. Copyright (1995)
American Chemical Society)

Fig. 6.7 Three-dimensional plot of the HPLC-SEC analysis of the 16-component star copolymer
(reprinted with permission from [61]. Copyright (1995) American Chemical Society)

concentrations of the components were indicated by colours. sixteen major peaks
were resolved with high selectivity. These correspond directly to the components.
For example, peak 1 corresponds to the component with the lowest butadiene
content and the lowest molar mass (molar mass M) whereas peak 13 relates to the
component with the lowest butadiene content but a molar mass of 4M. Accordingly,
peak 16 is due to the component with the highest butadiene content and a molar
mass of 4M. A certain molar mass dependence of the HPLC separation is indicated
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Fig. 6.8 Contour plot of the two-dimensional separation of a 16-component styrene-butadiene
star copolymer (reprinted with permission from [61]. Copyright (1995) American Chemical
Society)

by a drift of the peaks for components of similar chemical composition, see peaks
1-5-9-13, for example. This kind of behaviour is typical for polymers, because the
pores of the HPLC stationary phase lead to size exclusion (entropic) effects which
overlap with the adsorptive interactions at the surface of the stationary phase.
Consequently, 2D separations of this type will in general be not orthogonal but
skewed, depending on the pore size distribution of the stationary phase. The
quantitative amount of butadiene in each peak could be determined via an appro-
priate calibration with samples of known composition. The molar masses could be
calculated based on a conventional SEC calibration of chromatograph 2.

6.5.1 Analysis of the Grafting Reaction of Methyl Methacrylate
onto EPDM [62]

Aim

Graft copolymers with an elastomeric backbone and thermoplastic grafts serve as
impact modifiers in rubber-modified thermoplastics. This type of graft copolymer
A-g-B is prepared by polymerizing a monomer B radically in the presence of a
polymer A. Grafts B grow from macroradicals A. As a result of the grafting
reaction, a complex product is obtained comprising the graft copolymer A-g-B,
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residual non-grafted polymer backbone A and homopolymer B. Accordingly, the
reaction product is distributed both in molar mass (MMD) and chemical compo-
sition (CCD). In the past, the analysis of such products has always been difficult
and tedious. To evaluate the two-dimensional parameter field of the composition
and the MMD of such copolymers, classical and chromatographic cross-fraction-
ation can be used. The classical approach relies on the dependence of copolymer
solubility on composition and chain length. Far from an ideal separation, precipita-
tion fractionation yields fractions that vary both in chemical composition and
molar mass.

The present application describes the analysis of the grafting reaction of
methyl methacrylate onto EPDM by on-line coupled 2D chromatography. In
order to be selective towards chemical composition, interaction chromatography
is used in the first dimension. In the second dimension, SEC provides information
on MMD.

Materials

« Calibration Standards. Narrow-disperse PMMA in the molar mass range of
1,000-1,000,000 g/mol (PSS GmbH, Mainz, Germany).

e Polymers. EPDM (M, 91,000 g/mol) was grafted with MMA (1:2 by weight) in
concentrated toluene solution, at 80 °C with dibenzoyl peroxide as a radical
initiator (0.2 mol%) and n-dodecyl mercaptane (0.2 mol%) as a transfer agent.
After different reaction times samples were taken and analyzed: sample (reac-
tion time): 2 (150 min); 5 (190 min); 6 (200 min); 9 (420 min). The graft
products were precipitated with methanol.

Equipment

¢ Chromatographic System. A modular chromatographic system comprising two
chromatographs connected via one eight-port injection valve and two storage
loops was used. The chromatograph for the first separation step (chromatograph 1)
comprised a Rheodyne six-port injection valve with a 100 pL injection loop and
a gradient SD-200 Rainin pump. One electrically driven eight-port injection
valve (Valco EHC8W) was used to connect the two chromatographs. In addition,
they were connected to two storage loops of a volume of 200 pL each. The
chromatograph for the second separation step (chromatograph 2) comprised a
Waters model 510 pump. The operation of the coupled injection valves was
controlled by the software, which was used for data collection and processing. In
the present case the software package “PSS-2D-GPC-Software” of Polymer
Standards Service, Mainz, Germany, was used. Molar mass calibration is
based on polymethyl methacrylate.

¢ Columns. Chromatograph 1: Knauer Nucleosil CN 300+500 A7 pm average
particle size (Knauer, Berlin, Germany). Column size was 250 X 4 mm L.D. For
the two-dimensional separation in the first dimension: Phenomenex CN 100 A
5 pm average particle size (Phenomenex, Torrance, USA). Column size was
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125 x 4 mm i.d. The cartridge temperature for the column was 40 °C. Chro-
matograph 2: PSS SDV lin XL, 10 pm average particle size and column size of
50 x 20 mm i.d. (PSS GmbH, Mainz, Germany).

¢ Mobile Phase. Chromatograph 1: THF-cyclohexane for LCCC and THF-i-
octane for gradient HPLC. The gradient started from 99:1 (v/v), being held
constant for 1 min, being changed linearly to 34:66 i-octane/THF within
4 min, being held constant for 6 min and being changed linearly to 0:100
i-octane/THF within 2 min. The flow rate was 1 mL/min. Chromatograph 2:
THEF, all solvents were HPLC grade.

* Detectors. Waters 486 tunable UV detector at 254 nm and evaporative light
scattering detector (ELSD) model ELSD 500 of Altech both after chromatograph 2.

¢ Column Temperature. 25 °C

« Sample Concentration. 20-40 mg/mL. All samples are dissolved in the mobile
phase of chromatograph 1.

* Injection Volume. 50 pL

Preparatory Investigations

Grafting-from processes never yield pure graft copolymers. They always result
in reaction mixtures of complex chemical composition. In the present case, in
addition to the graft copolymer EPDM-g-PMMA residual non-grafted EPDM
and PMMA homopolymer were expected in the reaction mixture. For a detailed
analysis, these components must be separated from each other by appropriate
chromatographic techniques. For a first information, SEC was used to separate
with regard to molecular size. The SEC chromatogram of a typical reaction
product is shown in Fig. 6.9. It indicates that the molar mass differences of the
components are not large enough to produce separate elution peaks. However, an
indication of the distribution of methyl methacrylate across the elution volume
axis can be obtained by comparing the traces of the ELSD and UV (254 nm)
detectors. Since PMMA has a higher UV response at 254 nm than EPDM, it
becomes apparent that the lower elution volume part (higher molar mass) of the
chromatogram is rich in PMMA. This part assumingly belongs to the graft
copolymer, however, a definite information cannot be obtained due to incomplete
separation.

For the separation of complex polymers according to chemical composition
different techniques of interaction chromatography can be used. LCCC is one
useful technique for separating segmented copolymers. Operating at the critical
conditions of a particular homopolymer, this homopolymer can be separated from
other chemically different polymers or copolymers containing this homopolymer as
a block or graft. In the present case, for the separation of the components of the
grafting reaction, chromatographic conditions adjusted to the critical point of
PMMA are used. The critical point of adsorption of PMMA can be established on
a polar stationary phase such as cyano-modified silica gel (Nucleosil CN) and
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Fig. 6.10 LCCC chromatograms of graft products samples 2 (- — ), 5 ("), and 9 (—);
stationary phase: Nucleosil CN 300 + 500 A, eluent: THF-cyclohexane 63:37% by volume,

detection: ELSD (reprinted from [62] with permission of Wiley-VCH)

THF-cyclohexane as the mobile phase. The critical point corresponds to an eluent
composition of THF-cyclohexane 63:37% by volume.

The LCCC chromatograms of different reaction mixtures are given in Fig. 6.10.
Two well separated elution peaks are obtained. The peak at an elution volume of
approximately 4.6 mL can be assigned to the PMMA homopolymer and, therefore,
the other elution peak corresponds to the graft copolymer fraction and residual non-
grafted EPDM. Taking the ELSD signal for the concentration profile it is obvious
that a large amount of PMMA homopolymer is formed as a by-product of the
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Table 6.3 Amounts of

Fraction PMMA in the crude product (wt%)
PMMA homopolymer
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Fig. 6.11 Gradient HPLC chromgtograms of samples 2 (——— ), 6 (———), and 9 (—); stationary
phase: Nucleosil CN 300 + 500 A, eluent: THF/i-octane, detection: ELSD (reprinted from [62]
with permission of Wiley-VCH)

grafting reaction. The relative amount of PMMA as a function of the reaction time
is given in Table 6.3. The quantification is carried out by calibrating the ELSD
signal of the PMMA peak.

Separations
Another most useful technique for the separation of copolymers according to
chemical composition is gradient HPLC. The combined effects of adsorption
and precipitation in high performance precipitation LC (HPPLC) can be used to
separate complex reaction products into the components.

In the present case the same column set as for LC-CC is used for gradient HPLC.
A stepwise gradient of THF-i-octane is used starting with 99% by volume of i-octane
and going to 100% by volume THF. The resulting chromatograms of three samples
are presented in Fig. 6.11. A perfect separation into three fractions is obtained for all
samples. The assignment of the peaks is carried out by comparison with the
chromatographic behaviour of EPDM and PMMA, assuming that the elution order
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is a function of component polarity. EPDM as the least polar component is eluted
first followed by the graft copolymer EPDM-g-PMMA and the most polar PMMA
homopolymer. The small peak at a retention time of 5 min is due to the fact that
EPDM is not fully retained on the column after injection.

Now that all components of the reaction mixture are separated, they can be
quantified from their signal intensities. Although the ELSD detector is
regarded a universal mass detector, it is well known that the response of
chemically different species can be different. This is also the case for the
present application. It is, therefore, necessary to calibrate the ELSD by deter-
mining the concentration versus response behaviour for PMMA and EPDM.
The amount of graft copolymer EPDM-g-PMMA can then be calculated from the
total amount and the amount thereof and the amounts of EPDM and PMMA.

While the gradient HPLC experiments yield detailed information on the chemi-
cal composition of the graft products, information on molar masses must be
obtained by SEC. For an optimization of the conditions of the grafting
reaction it is of particular interest to determine the MMD of each of the product
components. Using on-line coupled 2D chromatography dual information on
chemical composition and molar mass can be obtained. In the first chro-
matographic dimension separation is conducted with regard to chemical compo-
sition using gradient HPLC, while in the second dimension SEC separation
is carried out.

The results of the 2D separations of two graft products are presented as
contour diagrams in Fig. 6.12. The ordinate represents the separation in the first
dimension, while the abscissa indicates the SEC separation of the fractions. The
contour plot indicates three fractions which are different in chemical composition
and molar mass. The assignment of the fractions is straightforward and based on the
HPLC separation. Fractions 1-3 correspond to EPDM, EPDM-g-PMMA, and
PMMA, respectively.

Evaluation

The contour plot clearly indicates that the molar masses of the three
components are in similar ranges. Therefore, obviously, a SEC type separa-
tion alone (as in Fig. 6.9) could not resolve the different components of the
graft product. The relative concentrations of the components are obtained from
the intensities of the contour plot peaks. For sample 2, EPDM has the highest
concentration, while the concentrations of the reaction products EPDM-g-
PMMA and PMMA are comparable, see Fig. 6.12a. A sample taken at a later
stage of the grafting reaction is presented in Fig. 6.12b. In this sample, the
relative concentration of EPDM is much lower and PMMA constitutes the
major product. A summary of the composition and the molar masses of these
samples is given in Table 6.4.
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Table 6.4 Composition

Sample Component M, (g/mol) Amount (Peak volume %)
of the graft products

determined by 2D 2 EPDM 184,200 47

chromatography EPDM- 389200 25
g-PMMA

PMMA 156,900 21

6 EPDM 165,900 27

EPDM- 359,700 24
¢-PMMA

PMMA 167,500 42

6.5.2 Analysis of the Grafting Reaction of Styrene onto
Polybutadiene [63]

Aim

The combination of styrene and butadiene in different copolymer structures is
important for a huge variety of technical polymeric materials. To name a few,
styrene-butadiene rubbers are the basis for the manufacturing of automotive
tyres while the modification of polystyrene (PS) with styrene-butadiene copolymers
results in high-impact polystyrene. One way to obtain styrene-butadiene
copolymers is the radical grafting of polybutadiene (PB) with styrene.

The present application describes the analysis of the grafting reaction of styrene
onto polybutadiene by on-line coupled 2D chromatography. In order to be
selective towards chemical composition, gradient HPLC is used in the first
dimension. In the second dimension, SEC provides information on molar mass
distribution.

Materials

« Calibration Standards. Narrow-disperse PS in the molar mass range of
1,000-1,000,000 g/mol (PSS GmbH, Mainz, Germany).

¢ Polymers. PB (Sigma-Aldrich, St. Louis, USA) was purified by reprecipitation
and grafted with styrene (1:6 by weight) in concentrated toluene solution, at
80 °C with dibenzoyl peroxide as a radical initiator (0.2 mol%). After different
reaction times samples were taken and analyzed: sample (reaction time):
1 (30 min); 2 (60 min); 3 (120 min); 4 (180 min), 5 (240 min); 6 (360 min);
7 (480 min). The graft product was precipitated with methanol.

Equipment

¢ Chromatographic System. A modular chromatographic system comprising two
chromatographs connected via one eight-port injection valve and two storage
loops was used. The chromatograph for the first separation step (chromatograph 1)
comprised a Rheodyne six-port injection valve with a 100 pL injection loop and
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a gradient SD-200 Rainin pump. One electrically driven eight-port injection
valve (Valco EHC8W) was used to connect the two chromatographs. In addition,
they were connected to two storage loops of a volume of 200 pL each. The
chromatograph for the second separation step (chromatograph 2) comprised
a Waters model 510 pump. The operation of the coupled injection valves was
controlled by the software, which was used for data collection and processing.
In the present case the software package “PSS-2D-GPC-Software” of Polymer
Standards Service, Mainz, Germany, was used. Molar mass calibration is based
on PS.

¢ Columns. Chromatograph 1: PSS ANIT 100 A5 pm average particle size (PSS
GmbH, Mainz, Germany). Column size was 50 x 8 mm i.d. Chromatograph 2:
PSS SDV lin XL, 10 pm average particle size and column size of 50 x 20 mm
i.d. (PSS GmbH, Mainz, Germany).

* Mobile Phase. Chromatograph 1: Cyclohexane-chloroform. The gradient was
starting from 100% cyclohexane being held constant for 2 min, being changed
linearly to 84:16 cyclohexane-chloroform within 2 min, being held constant for
7 min and being changed linearly to 0:100 cyclohexane-chloroform within
2 min. The flow rate was 1 mL/min. Chromatograph 2: THF, all solvents were
HPLC grade.

* Detectors. Waters 486 tunable UV detector at 260 nm and evaporative light
scattering detector (ELSD) model ELSD 500 of Altech both after chromatograph 2.

¢ Column Temperature. 25 °C

¢ Sample Concentration. 2040 mg/mL. All samples are dissolved in
cyclohexane.

* Injection Volume. 50 pL

Preparatory Investigations

Grafting-from processes never yield pure graft copolymers. They always result
in reaction mixtures of complex chemical composition. In the present case, in
addition to the graft copolymer PB-g-PS residual non-grafted PB and PS
homopolymer were expected in the reaction mixture. For a first information,
size exclusion chromatography (SEC) was used to separate with regard to
molecular size. The SEC chromatogram of a typical reaction product is
shown in Fig. 6.13. It indicates that the molar mass differences of the
components are not large enough to obtain baseline-separated elution peaks.
However, an indication of the distribution of styrene across the elution volume
axis can be obtained by comparing the traces of the ELSD and UV (260 nm)
detectors. Since PS has a higher UV response at 260 nm than PB, it becomes
apparent that the higher elution volume part (lower molar mass) of the chro-
matogram is rich in PS. This part assumingly belongs to PS homopolymer,
however, a definite information cannot be obtained due to incomplete
separation.
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Fig. 6.14 Gradient for the separation of the graft products samples stationary phase: PSS ANIT
100 A, eluent: cyclohexane-chloroform

Separations

As has been shown in the previous application, gradient HPLC is the most
efficient way to separate the products of a grafting reaction. In the present case a
stepwise gradient of cyclohexane-chloroform is used as is shown in Fig. 6.14.
The resulting chromatograms of four samples are presented in Fig. 6.15. A per-
fect separation into three fractions is obtained for all samples. The assignment
of the peaks is carried out by comparison with the chromatographic behaviour
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of PB and PS, assuming that the elution order is a function of component
polarity. PB as the least polar component is eluted first followed by the graft
copolymer PB-g-PS and the most polar PS homopolymer.

After separating all components of the reaction mixture, these can be quantified
from their signal intensities. Although the ELSD detector is regarded a universal
mass detector, it is well known that the response of chemically different species
can be different. This is also the case for the present application. It is, therefore,
necessary to calibrate the ELSD by determining the concentration versus
response behaviour for PS and PB. The amount of graft copolymer PB-g-PS
can then be calculated from the total amount of sample and the amounts of PB
and PS. The calibration curves for the homopolymers are shown in Fig. 6.16. As can
be seen, the responses of both polymers are quite similar. The compositions of the
samples as determined from the ELSD traces are summarized in Table 6.5.

Using on-line coupled 2D chromatography dual information on chemical com-
position and molar mass can be obtained. In the first chromatographic dimension
separation is conducted with regard to chemical composition using gradient
HPLC, while in the second dimension SEC separation is carried out.

The results of the 2D separations of the initial PB and two graft
products are presented as contour diagrams in Fig. 6.17. The ordinate represents
the separation in the first dimension, while the abscissa indicates the SEC
separation of the fractions. The contour plot indicates three fractions that are
different in chemical composition and molar mass. The assignment of the fractions
is straightforward and based on the HPLC separation. Fractions 1-3 correspond to
PB, PB-g-PS, and PS, respectively.
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Table 6.5 Concentrations of the components in the reaction mixtures as determined by gradient
HPLC

Sample Reaction time (min) PB (wt%) PB-g-PS (wt%) PS (wt%)
1 30 40 31 29

2 60 22 36 42

3 120 7 30 63

4 180 2 24 74

5 240 1 24 75

6 360 - 18 82

7 480 - 15 85
Evaluation

The contour plots clearly indicate that the molar masses of the three components
are in similar ranges. Although the molar mass of the polystyrene is gradually
lower, a SEC type separation alone (as in Fig. 6.13) could not resolve the different
components of the graft product. The relative concentrations of the components
are obtained from the intensities of the contour plot peaks. For sample 1 polybuta-
diene has the highest concentration, while the concentrations of the reaction
products PB-g-PS and PS are lower, see Fig. 6.17b. A sample taken at a later stage
of the grafting reaction is presented in Fig. 6.17c. In this sample, the relative
concentration of PB is very low indicating a nearly complete consumption. The
homopolymer PS constitutes the major product. A summary of the compositions
and the molar masses of the graft copolymer samples is given in Table 6.6.

6.5.3 Branching Analysis of Star-Shaped Polystyrenes [64, 65]

Aim
Branched polymers and polymers with complex architectures are of significant
importance, e.g. as viscosity modifiers in mineral oils or as cross-linking agents
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Table 6.6 Composition analysis of the graft products determined by 2D chromatography

Reaction Amount (Peak
Sample time (min)  Structure M, (g/mol) M, (g/mol) M,/M, volume %)
PB 138,000 367,100 2.7 100
PB 140,300 338,100 24 51
1 30 PB-g-PS 200,700 566,100 2.8 36
PS 15,700 28,300 1.8 13
PB 141,800 248,000 1.8 2
3 120 PB-g-PS 117,000 431,800 3.7 61
PS 13,900 28,200 2.1 37
PB — - - -
7 480 PB-g-PS 174,400 444,900 2.6 42
PS 17,100 35,000 2.0 58

in polyurethanes. The rheological properties of polymers change significantly
even at small amounts of branching thus influencing the final mechanical
properties of the material. The introduction of branches results in a reduction of
the melt viscosity, thus, in an improved processability without loss of
mechanical properties. The characterization of branched polymers is still a
challenge. Branching results in a contraction of the size of the molecules relative
to that of the linear analogues of the same molar mass as has been theoretically
shown by Zimm and Stockmayer in 1949. Even more than 50 years later,
branching analysis is still mainly done by viscosity or light scattering
experiments on the basis of the Zimm-Stockmayer theory.

From the analytical point of view, it is difficult to determine the number and
length of branches in a polymeric material directly and quantitatively. In the
present application it shall be investigated if liquid chromatographic techniques
can be used to separate polymers with regard to branching. As an ultimate goal
conditions shall be found where linear and branched molecules of the same
chemical composition are separated. Further, branched molecules shall be
separated according to the number of branches.

Materials

¢ Calibration Standards. Linear PS in the molar mass range of
1,000-1,000,000 g/mol (PSS GmbH, Mainz, Germany).

e Polymers. Linear and star-shaped PS in the molar mass range of
10,000-1,000,000 g/mol. The samples were prepared by anionic polymerization
as described in [63, 64]. For star polymer formation PS macromonomers were
copolymerized with divinylbenzene. The molar mass of the macromonomers
(molar mass of one arm in the resulting star polymer) was varied between 4,800
and 42,000 g/mol
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Equipment

Chromatographic System. Gradient chromatography and fractionations were
performed on a modular HPLC system consisting of a Shimadzu degasser DGU
14A, a low pressure gradient former FCV10ALVp, a HPLC-pump LC10ADVp,
an autosampler TSP AS100 equipped with a 100 pL loop, and a Techlab K4
column oven. Data acquisition and fraction collector control was performed
using PSS WINGPC software (PSS GmbH, Mainz, Germany). For the
separations, a method of temperature gradient interaction chromatography was
used. For the 2D experiments the temperature program involved a 10.5 min
isothermal step at 20 °C followed by a 110 min linear temperature rise to 32 °C
and a hold step for 10 min. To ensure complete elution the temperature was
raised linearly to 57.5 °C within 10 min.

Columns. Chromatograph 1: Nucleosil C18, 5 pm average particle size, 300 A
average pore size, 250 x 4.6 mm i.d. (Macherey&Nagel, Dueren, Germany),
Chromatograph 2: two columns of PSS SDV 10* + 10° A5 pm average particle
size and column size of 50 x 20 mm i.d (PSS GmbH, Mainz, Germany).
Mobile Phase. Chromatograph 1: Acetonitrile(ACN)-tetrahydrofuran(THF)
48:52% by weight. A temperature gradient was used. The flow rate was
0.2 mL/min. Chromatograph 2: THF, all solvents were HPLC grade.
Detectors. Knauer UV/VIS filter photometer at 254 nm and evaporative light
scattering detector (ELSD) model ELSD 500 of Altech both after chromatograph 2.
Column Temperature. Temperature gradient

Sample Concentration. 0.5-5 mg/mL. All samples were dissolved in the
mobile phase.

Injection Volume. 100 pL

Preparatory Investigations

Each elution volume in SEC may correspond to two different molecular species, a
linear fraction of lower and a branched fraction of higher molar mass. The molar
masses of the different species can be found from the calibration curves of the
respective structures. If in a different mode of chromatography these co-eluting
species elute at different elution volumes (on the right side of Fig. 6.18 a stronger
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Fig. 6.19 Gradient HPLC separation of a star polymer according to number of arms
(M iy = 4,800 g/mol), stationary phase: Nucleosil 300 C18, mobile phase: eluent A: THF/ACN
35:65 wt%, Eluent B: THF/ACN 51:49 wt%., T = 35 °C, UV detection (reprinted from [64] with
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retention of the branched species is assumed), then the separation of the heteroge-
neous fraction taken at a certain SEC elution volume will result in two peaks, one
for the linear and one for the branched species, respectively.

For a proper molar mass analysis of the branched (star-shaped) PS, they were
separated and fractionated by gradient HPLC, see Fig. 6.19 for a sample with an
arm length of 4,800 g/mol. The fractions were subjected to SEC-MALLS
measurements to determine the true molar masses of the fractions. Each fraction
corresponded to a star polymer with a fixed number of arms. Fraction 1 was found
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Fig. 6.20 Comparison of calibration curves for linear (circle) and star polymers having arm
lengths of M, = 34,000(green square), 22,500(orange square),10,500(blue square) and 4,800
(red square) g/mol (reprinted from Ref. [64] with permission of European Polymer Federation)

to correspond to the precursor macromonomer, fraction 2 to the linear coupling
product, fractions 3 and 4 to the tri-arm and tetra-arm polymers, respectively, etc.

The SEC calibration curves obtained for star polymers with different arm molar
masses are presented in Fig. 6.20. As can be seen, they significantly deviate from
the calibration curve for linear PS. It becomes clear that the use of the standard
calibration curve significantly underestimates the true molar masses of the star
polymers. From Fig. 6.20 it is possible to relate the molar mass of a linear PS having
the same elution volume to each molar mass of a star polymer having a given arm
length. This correlation will be used to characterize the elution behaviour of star
polymers under gradient conditions.

Separations

As already stated, LAC and LCCC are two additional modes of polymer chroma-
tography beside the well known SEC. In order to separate star polymers and linear
polymers according to Fig. 6.18 a chromatographic mode has to be found which can
be combined with SEC in a 2D experiment. For linear homopolymers it is known
that gradient chromatography results in a molar mass independent elution under
certain conditions. Therefore, the effect of polymer architecture on the elution
behaviour in gradient chromatography was investigated. In order to do so, a
temperature gradient was developed that resulted in a sufficiently strong retention
and thus a sufficient separation of all star polymers. This temperature gradient
HPLC was used as first dimension and all fractions of this separation were injected
into the second dimension of the on-line two-dimensional chromatographic system.
The second dimension was run under SEC conditions for PS and was first calibrated
using linear PS standards. Each star polymer fraction transferred from the first
dimension resulted in an SEC chromatogram, which could be evaluated using the
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Fig. 6.21 Comparison of calibration curves in temperature gradient chromatography for star
polymers having different arm molar masses M., = 4,800(red square), 10,500(blue square),
22,500(orange square), 34,000(Violet square) and 42,000(green square) g/mol, mobile phase:
THF-AN 52:48 % by weight (reprinted from [64] with permission of European Polymer Federa-
tion) (Color figure online)

previously established PS calibration curve. Since for a given arm molar mass the
relation between the true and the apparent molar mass is given in Fig. 6.20, it was
possible to assign the true molar mass of the star polymer to each gradient elution
volume. The elution volume versus molar mass calibration is shown in Fig. 6.21.

It becomes clear that all curves follow a common line within the experimental error.
The only exception is the curve for the lowest arm molar mass of M,,, = 4,800 g/mol.
Since a given molar mass of the star polymer corresponds to a different number of
arms, depending on the arm length, no significant effect of polymer topology becomes
visible under these conditions, i.e. star polymers above a certain arm molar mass
elute in the order of increasing molar mass in gradient chromatography.

Assuming a molar mass dependent and, therefore, topology independent elution
in gradient chromatography a 2D experiment on a mixture of linear and star-shaped
PS should result in a separation into a linear and a star-shaped fraction according to
Fig. 6.18. This is indeed the case, as can be seen in Fig. 6.22 for a mixture of a linear
PS and a star polymer having an arm molar mass of 4,800 g/mol. The abscissa
shows the retention volume in the second dimension (SEC), while the ordinate
corresponds to the elution volume in the first dimension (temperature gradient
chromatography).

Two different regions of elution can clearly be distinguished. According to the
argumentation above the higher SEC elution volumes have to be assigned to the star
polymers, since these should exhibit a smaller dimension in solution at the same
molar mass (gradient retention), i.e. a higher SEC retention volume. Extrapolation
over the peak maxima of the different fractions merge at an elution volume of
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Fig. 6.22 On-line 2D separation of a mixture of a star polymer having an arm molar mass of
4,800 g/mol and polydisperse linear polystyrene (reprinted from [64] with permission of European
Polymer Federation)

approximately 21 mL. This elution volume corresponds to a linear PS of a molar
mass of M, = 13,500 g/mol. Since the arm molar mass of the star is 4,800 g/mol, the
deviation of the star retention curve from that of the linear one is in rather good
agreement with the expected molar mass of the first branched species.

Evaluation

As has been shown, the combination of temperature gradient HPLC and SEC in a
2D set-up is a very powerful tool to separate linear from branched polymer species.
The separation is excellent for branched polymers with rather short branches, e.g.
for arm lengths of roughly 5,000 g/mol. In this case, a total separation between
branched and linear species is obtained irrespective of the number of branches
(arms).

In order to evaluate the resolution of the method as a function of the arm length,
similar experiments have been conducted for star polymers with increasing arm
lengths. In Fig. 6.23 the HPLC elution volume is plotted as a function of the SEC
elution volume for star polymers with different arm lengths.

As is obvious, there is a distinct influence of the arm length on the separation
efficiency for linear and branched molecules. For short arms, e.g. 5,000 or
11,000 g/mol, the separation is very good while for long arms, e.g. 52,000 g/mol,
the star polymer behaviour approaches the behaviour of the linear polymer.
Accordingly, for branched polymers with very long branches a separation between
linear and branched species cannot be achieved.



6.5 Coupling of Gradient HPLC and SEC 129

40 A
. A
35 AA %
A 40 o
4 A A o [u]
Tad & 298 78 "
£ A 28 ° P H
— . A AD @ =] ]
(8] A hd o ] u
d 25 < A Ao o [u] []
A 7 s [m] u
. 5, s, '
[ A [} [} [ ]
£ 20 - A, % 4 H
3 ] “a ¢s "o "
2 15 Arm length AA > “ EID =
.% J/ m 5000 g/mol A, e .. o .
g 104 © 11000 g/mol A OO % -
| @ 22000 g/mol A A ®oOp "
] o 33700 g/mol a "8G, T
57 4 52000 g/mol .
1 A Linear
0 T T T T T T T T T T T T T
14 15 16 17 18 19 20

ElutionVolume SEC [mL]

Fig. 6.23 Dependence of HPLC elution volume vs. SEC elution volume for linear polystyrene
and star polystyrenes with different arm lengths

20

V, ! M

Vysec/ mi Vasee! mi

Fig. 6.24 Off-line 2D separation of a mixture of a star polymers having an arm molar mass of
10,500 g/mol (A) or 42,000 g/mol (B) and linear polystyrene calibration standards (reprinted from
[65] with permission of Elsevier)

A very clear presentation of the limitations of the method is given in Fig. 6.24.
While for star polymers with an arm length of 10,500 g/mol a decent separation
between the linears and the stars is obtained, this is not the case for an arm length of
42,000 g/mol.

Based on the theory of interactive chromatography of polymers, Gorbunov and
Vakhrushev analyzed the separation of polydisperse linear and star-shaped polymers
by topology using two-dimensional chromatography [66]. They showed that the molar



130 6 Two-Dimensional Liquid Chromatography

mass distribution is an important factor that influences the separation. Simulations
showed that linear and star components can be reasonably well separated by 2D
chromatography only if the polydispersity of the arms is less then 1.1. The separation
of linears and stars having more than three arms is possible for much higher values of
polydispersity. The pore size of the SEC stationary phase has a significant effect on the
2D separation pattern. Best results can be expected when the average pore radius is of
the same order as the average radius of gyration of the macromolecules in the sample.
According to their theory and simulations, the effect of the adsorption interaction in the
2D set-up is of little significance; therefore in order to reduce the time of the separation
one can use gradient HPLC instead of adsorption chromatography at fixed interaction
conditions. It was shown theoretically that the separation of symmetric and very
asymmetric stars is possible. It should be noted, that the theory is based on the ideal
chain model which does not account for excluded volume effects, and therefore it is
applicable rather to ®-solvents than to good solvent systems. Although the calculations
cannot be directly compared to the present separations, the experimental findings are in
a good qualitative agreement with Gorbunov’s theory and calculations.

6.6 Coupling of LCCC and SEC

Liquid chromatography at critical conditions (LCCC) relates to a chromatographic
situation where the entropic and enthalpic interactions of the macromolecules and
the column packing compensate each other. The Gibbs free energy of the macro-
molecule does not change when entering the pores of the stationary phase. The
distribution coefficient Ky is unity, regardless of the size of the macromolecules,
and all macromolecules of equal chemical structure elute from the chromatographic
column in one peak. To describe this phenomenon the term “chromatographic
invisibility” is used, meaning that the chromatographic behaviour is not directed
by the size but by the inhomogeneities (chemical structure) of the macromolecules.
Under such chromatographic conditions it is possible to determine the
heterogeneities of the polymer chain selectively and without any influence of the
polymer chain length.

Thus, LCCC represents a chromatographic separation technique yielding
fractions that are homogeneous with respect to chemical composition but
distributed in molar mass. These fractions can readily be analysed by SEC which
for chemically homogeneous fractions provides true MMDs without interference of
CCD or FTD. Therefore, the combination of LCCC and SEC in a 2D setup can truly
be regarded as “orthogonal” chromatography provided that LCCC comprises the
first dimension. Consequently, for functional homopolymers being distributed in
functionality and molar mass, coupled LCCC versus SEC can yield combined
information on FTD and MMD.



6.6 Coupling of LCCC and SEC 131

Table 6.7 Molecular

Sample M, (g/mol) OH groups/molecule

parameters of AH-

polyesters as supplied by PEI 930 1.83

the manufacturer PE2 1,300 1.78
PE3 1,650 1.69
PE4 2,400 1.61
PES5 1,020 1.98
PE6 1,400 1.86
PE7 1,810 1.86
PES8 2,220 1.73
PE9 5,940 1.64

6.6.1 Characterization of Aliphatic Polyesters [61, 67]

Aim

Polyesters of adipic acid and 1,6-hexanediol are manufactured for a wide variety of
applications with an output of thousands of tons per year. They are intermediates for
the manufacture of polyurethanes, and their functionality type distribution is a
major parameter in affecting the quality of the final products. In particular, non-
reactive cyclic species are responsible for the “fogging effect” in polyurethane
foams.

The determination of the FTD of polyesters is reported by a number of authors.
Vakhtina [68] separated aliphatic polyesters by thin layer chromatography, and
Filatova et al. investigated polyesters by gradient elution LC and LCCC [69, 70].
The aim of the present experiment is the separation of technical polyesters of adipic
acid and 1,6-hexanediol according to functionality, the identification of the func-
tionality fractions, and the quantitative determination of their MMDs.

Materials

» Calibration Standards. Since narrow dispersed adipic acid-hexanediol (AH)
polyesters samples are not available, technical samples in the molar mass range
of 1,000—6,000 g/mol are used.

« Polymers. Technical AH-polyesters of the following average structure

HO—-[-0C—(CH,),—COO—(CH,),—0—| —H

n

The average molar masses and functionalities of the samples are summarized in
Table 6.7.

Additional model polyesters with specific endgroups were prepared and will be
discussed in the following part.
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Equipment

e Chromatographic System. Modular HPLC system comprising conventional
HPLC pumps, a Rheodyne six-port injection valve and any conventional
HPLC column oven.

e Columns. Critical chromatography: Silica gel of Tessek (Prague, Czech Repub-
lic), 7 pm average particle size and 120 A average pore diameter. Column size
was 250 x 4 mm i.d. SEC: Two-column set of PL-gel (Polymer Laboratories,
UK), 5 pm average particle size and 50 A and 100 A average pore diameter.
Column size was 300 x 8 mm i.d.

« Mobile Phase. LCCC: mixtures of acetone and hexane, SEC: acetone, all
solvents are HPLC grade.

» Detectors. ERC 7511 differential refractometer

¢ Column Temperature. 30 °C

» Sample Concentration. 0.5-5 mg/mL. All samples are dissolved in the mobile
phase.

* Injection Volume. 20-100 pL

Preparatory Investigations

As a first step of the experiments, the critical point of adsorption of the polymer
(polyester) must be determined. As AH-polyesters may have different terminal
groups such as HO-OH, HO-COOH and HOOC-COOQH, they can differ in terms of
polarity over a wide range. Therefore silica gel and and reversed phases may be
tested as stationary phases. However, reversed phases were found to be unsuitable
due to insufficient selectivity. In addition, the mobile phase composition
corresponding to the critical point was found to be close to the precipitation
point, causing partial precipitation of the higher molar mass samples on the column.
With silica gel and a mobile phase of acetone-hexane, good solubility of the
samples is obtained. Testing silica gels of different pore sizes, optimum resolution
and peak shape is obtained with an average pore diameter of about 100 A.

The critical diagram molar mass versus retention time for the silica gel 120 Ais
shown in Fig. 6.25. The critical point of adsorption is obtained at a mobile phase
composition of acetone-hexane 51:49% by volume, where regardless of the molar
mass, all calibration samples elute at the same elution volume. At higher
concentrations of acetone in the mobile phase the SEC mode is operating, whereas
at lower concentrations of acetone in the mobile phase separation corresponds to the
adsorption mode.

Separations
Separations of the AH-polyesters given in Table 6.7 according to their terminal
groups are carried out at the critical point of adsorption, as indicated in Fig. 6.25.
The critical chromatogram of an AH-polyester with a molar mass of 2,400 g/mol is
given in Fig. 6.26 as a representative example.

In all chromatograms one major peak at a retention time of about 14 min is
obtained. In addition, a number of elution peaks of lower intensity indicate other
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Fig. 6.25 Critical diagram molar mass versus elution volume of AH-polyesters, stationary phase:
Tessek silica gel, mobile phase: acetone-hexane (reprinted from [67] with permission of Taylor &
Francis)
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Fig. 6.26 Chromatogram of an AH-polyester (sample PE 4), stationary phase: Tessek silica gel,
mobile phase: acetone-hexane 51:49 % by volume (reprinted from [67] with permission of
Taylor & Francis)

functionality fractions. In total, up to nine elution peaks may be identified in the
chromatograms of the polyesters. It is known from the hydroxy and acid numbers
that the samples are mainly hydroxy-terminated AH-polyesters. Accordingly, the
major peak (peak 6) can be assigned to the a, o-dihydroxy species

HO—(CH,),—0—[-OC—(CH,),—COO—(CH,),—0O—] —H
For the assignment of the other peaks a number of model polyesters may be used,
which have the same AH-polyester chain and specific endgroups. By comparison of
the chromatograms of these functionally uniform AH-polyesters with the peaks in
Fig. 6.26, the following assignment can be made [67], see Table 6.8.
Peaks 7 and 8 are obtained due to the formation of ether structures in the
polyester samples.

HO-R'-OH + HO—R?>*-OH — HO-R!'-0-R?>-OH

where R' and R? represent AH-polyester chains.
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Table 6.8 Peak assignment of Fig. 6.26 R'—[—0C—(CH,),—CO0—(CH,)s—0—] —R?

Fraction Symbol R! R?

1 Alk-Alk CH,=CH(CH,), X

2 cycles — a-------- aeeaaa

3 Alk-OH CH,=CH(CH,), -H

4 HOOC-COOH HO- —OC—(CH,),—~COOH
5 HOOC-OH HO- -H

6 HO-OH HO—(CH,)s—O- -H

9 1,6-hexanediol

X : —0C—(CH,),—COO—(CH;),—CH = CH,

Evaluation

The amount of the different functionality fractions may be determined from the
relative peak areas, taking into account the different detector responses. These data
can be correlated with the hydroxy and the acid numbers of the total samples.

The MMDs of the functionality fractions may be determined by preparatively
separating the fractions and subjecting them to SEC. The SEC chromatograms of
fractions 1-9 are summarized in Figure 6.27. For a number of fractions oligomer
separations are obtained, which can be used to calibrate the SEC system. The SEC
calibration curves for the functionality fractions 1, 2, 4-6 are given in Fig. 6.28.
For functionality fractions 1 and 2 virtually the same calibration curve is obtained.
The calibration curves for fractions 4—6 are very similar, but differ remarkably
from the calibration curve of fractions 1 and 2. This clearly indicates that
differences in endgroup functionality have a strong effect on the SEC behaviour
and must be considered when investigating this type of samples by SEC. The
effect of endgroups on the SEC behaviour is particularly strong for oligomers as
in the present case.

Separation with regard to molar mass and functionality is obtained by using 2D
chromatography as the analytical technique. The contour plot in Fig. 6.29 clearly
reveals all structural peculiarities of the polyester sample. The different function-
ality fractions can be readily identified in the ordinate direction and their MMDs
can be obtained through the SEC separation in the abscissa direction.

6.6.2 Analysis of Epoxy Resins [71, 72]

Aim

Epoxy resins present one of the most important types of cross-linking polymers.

High chemical corrosion resistance, good mechanical and thermal properties, and

outstanding adhesion to various substrates are characteristics of the materials.
Epoxy resins are mostly prepared by the reaction of epichlorohydrin and

bisphenol A (BPA), see for example the reaction scheme of the TAFFY process
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Fig. 6.27 SEC chromatograms of fractions 1-9 taken from separation of AH-polyester, stationary
phase: PL-gel, 300 x 8 mm L.D., mobile phase: acetone (reprinted from [67] with permission of

Taylor & Francis)
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Fig. 6.28 SEC calibration curves for different functionality fractions of AH-polyesters (reprinted
from [67] with permission of Taylor & Francis)

in Fig. 6.30. As a result of this reaction oligomers are formed which mainly contain
glycidyl endgroups. Due to side reactions such as the hydrolysis of the epoxy
groups or incomplete dehydrohalogenation, other endgroups may be also formed.
In further reactions, branching can take place. Accordingly, epoxy resins may
exhibit a functionality type distribution and a topological distribution in addition
to the usual MMD.
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Fig. 6.29 Contour plot of the two-dimensional separation of AH-polyester PE4 (reprinted from
[61] with permission of Taylor & Francis)

Materials

Calibration Standards. Since narrow-disperse epoxy resin samples are not
available, technical samples in the molar mass range of 800-5,000 g/mol are
used.

Polymers. Technical Bisphenol-A based epoxy resins of the average structure
given in the reaction scheme. The average molar masses of the samples are
summarized in Table 6.9.

Equipment

Chromatographic System. Modular HPLC system comprising two
chromatographs connected via one eight-port injection valve and two storage
loops. The chromatograph for the first separation step (chromatograph 1)
comprised a Rheodyne six-port injection valve with a 50 pL injection loop and
an ISCO piston pump 100 DX. One electrically driven eight-port injection valve
(Valco EHCS8 W) was used to connect the two chromatographs. The two storage
loops had a volume of 100 pL each. The chromatograph for the second separa-
tion step (chromatograph 2) comprised a Waters model 510 pump. The operation
of the coupled eight-port injection valve was directed by the software, which was
used for data collection and processing. In the present case, the software package
“PSS-2D-GPC Software” of Polymer Standards Service GmbH, Mainz,
Germany, was used.
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Fig. 6.30 Reaction scheme for the synthesis of Bisphenol-A based epoxy resins by the TAFFY

process

Table 6.9 Molar masses of the epoxy resins as determined by SEC

Sample M, (g/mol)

5,020
3,280
2,890
4,090
2,650
3,920
1,060

860

0N NN R WD~

M, (g/mol)
23,800
11,410
9,560
16,190
6,890
16,150
2,330
1,510

e Columns. Critical chromatography (chromatograph 1): Nucleosil 50-5 of
Macherey-Nagel (Diiren, Germany), 5 pm average particle size and 50 A aver-
age pore diameter. Column size was 200 x 4 mm i.d. SEC (chromatograph 2):
Two-column set of PL Mixed-D and Mixed-E (Polymer Laboratories, UK), 5 pm
average particle size. Column size was 300 x 8 mm i.d.
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Fig. 6.31 SEC chromatogram of an epoxy resin (sample 8), stationary phase: PL. Mixed-D +
Mixed-E, mobile phase: THF (reprinted from [72] with permission of Wiley-VCH)

* Mobile Phase. LCCC: mixtures of THF and hexane, SEC: THF, all solvents
were HPLC grade.

* Detectors. Waters model 486 UV/VIS detector at 280 nm

¢ Column Temperature. 30 °C

« Sample Concentration. 1-5 mg/mL. All samples are dissolved in the mobile
phase.

* Injection Volume. 50 pL

Preparatory Investigations

For first information on molar mass the samples were analyzed by SEC, which was
optimized with respect to the forthcoming two-dimensional experiments. Fast
analysis with acceptable resolution was obtained with a set of two linear columns
and a flow rate of 2 mL/min. The SEC chromatogram of a typical low molar mass
epoxy resin is shown in Fig. 6.31. Well resolved oligomer peaks are obtained, the
last peak in the chromatogram being the monomeric bisglycidyl bisphenol A.

The peaks at 15.3 mL, 14.8 mL, and 14.2 mL can be assigned to the respective
dimer, trimer, and tetramer. Since no calibration standards for epoxy resins are
available, a calibration curve was constructed from polystyrene calibration
standards and the epoxy oligomers [71].

For the analysis of the functionality type distribution of the epoxy resins LCCC
was used. In general, the critical point of adsorption is determined by running a
number of calibration samples in eluents of different compositions. This was not
possible with the epoxy resins since calibration samples were not available. How-
ever, it is known that the major functionality fraction in typical epoxy resins is
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Fig. 6.32 Chromatograms of sample 8 at different eluent compositions, stationary phase:
Nucleosil 50-5, mobile phase: THF-hexane 95/90/85/80/75/74/72 % (reprinted from [71] with
permission of Wiley-VCH)

always the bisglycidyl fraction, constituting the major elution peak in the
chromatograms. This peak was regarded as the reference peak and its chro-
matographic behaviour for samples of different molar masses was analyzed as a
function of the eluent composition. As can be seen in Fig. 6.32, significantly
different chromatograms were obtained depending on the composition of the
eluent. In 95 % THF, the sample exhibited typical SEC behaviour. With increasing
concentration of n-hexane in the mobile phase the oligomer peaks merged in one
narrow elution peak. The critical point of adsorption corresponded to a mobile
phase composition of THF-hexane 74:26 % by volume, see Fig. 6.33.

Separations

A typical LCCC chromatogram is given in Fig. 6.34. Three well separated elution
regions P1, P2, and P3 were obtained. The broadness of P2 and P3 indicates,
however, that these fractions do not behave critically or they are still heteroge-
neous. For a detailed analysis of the fractions, sample 8 was fractionated multiple
times to obtain the narrow fractions A-H, which were subjected to MALDI-TOF
mass spectrometry [71].

The MALDI-TOF analysis gave the following assignment of the chro-
matographic fractions, see Table 6.10. As can be seen, the first fractions contain
the oligomers that are rich in epoxy groups. It is interesting that in addition to linear
oligomers mono- and dibranched oligomers were identified. These oligomers
obviously result from the reaction of a terminal epoxy group with the secondary
hydroxy group of another oligomer. The fractions C-G correspond to oligomers that
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Fig. 6.33 Critical diagram of molar mass versus elution volume for the bisglycidyl BPA peak,

chromatographic conditions see Fig. 6.34 (reprinted from [71] with permission of Wiley-VCH)
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Fig. 6.34 LCCC chromatogram of sample 8, stationary phase: Nucleosil 50-5, mobile phase:
THF-hexane 74:26 % by volume, detection: UV 280 nm (reprinted from [71] with permission of

Wiley-VCH)
contain epoxy and diol terminal groups. In contrast, fraction H belongs to oligomers

without epoxy groups. Such oligomers cannot react in a cross-linking reaction and

are, therefore, unwanted by-products.
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Table 6.10 Assignment of epoxy resin structures to the chromatographic fractions of sample 8*

Fraction General Structure
AB 0] O
M—/g
(0]
C 0 HO_ OH
O
? WOH
F.G HO OH HO OH HO OH HO OH
0] 0] O
H HO OH HO OH

“for fraction E no useful spectrum could be obtained

Using the same chromatographic conditions, LCCC and SEC were combined in
an on-line coupled 2D set-up. Only the flow rates of both methods had to be
adjusted to the 2D experiment. For the SEC part a flow rate of 2 mL/min was
selected. With this flow rate, one SEC run required an analysis time of 5 min.
Within these 5 min one loop of the dual-loop system having a volume of 100 pL had
to be filled with a fraction from the LCCC. Accordingly, for the LCCC separation a
flow rate of 20 pL/min had to be used. As a result of the 2D separation, a number of
SEC chromatograms from chromatograph 2 are obtained, each of them
characterizing a fraction of 100 pL from chromatograph 1.

The 2D experiment yields separation with respect to functionality and molar mass,
and FTD and MMD can be determined quantitatively. For calculating FTD, the relative
concentration of each functionality fraction must be determined. These concentrations
are equivalent to the volume of each peak in the contour plot because a UV detector has
been used. The UV response of the different oligomers is directly proportional to
concentration. With the appropriate software, quantification can be done easily. The
determination of MMD of each fraction is possible after calibrating chromatograph 2 as
has been described in [71]. The calculation of MMD can then be done in the usual way,
taking one single chromatogram for each functionality fraction, preferably from the
region of the highest peak intensity.

The contour plot of sample 8 in Fig. 6.35 reveals a number of features that are
not seen in the off-line LCCC and SEC experiments. Three regions 1-3 are obtained
in the contour plot, which correspond to P1, P2 and P3 in Fig. 6.34. However, these
regions are not uniform but exhibit different substructures which are coded as (a)
and (b). In each of the contour plot regions single oligomer peaks are obtained at
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Fig. 6.35 Contour plot of the 2D separation of sample 8; first dimension: LCCC, second
dimension: SEC, detection: UV 280 nm, regions 1, 2, 3 and series a, b, c see text (reprinted
from [72] with permission of Wiley-VCH)

low molar masses which merge into continuous distributions at higher molar
masses. The lowest molar mass peak of each distribution corresponds to the
monomer, which has been verified by comparison with model compounds. Region
1 corresponds to the o,w-bisepoxy functionality fraction, the lowest molar mass
peak being the bisphenol-A diglycidyl ether. As can be seen very clearly, all
oligomers of this fraction are characterized by the same elution volume (V) with
respect to the LCCC axis. This behaviour indicates that the bisepoxy oligomers
elute strictly at the critical point of adsorption. The oligomer distribution spreads
strictly in parallel to the molar mass axis.

For functionality fraction 2, which is assigned to the a-epoxy-w-diol functional-
ity fraction, critical behaviour is not strictly obeyed. As can be seen from the
contour plot, the oligomer distribution exhibits a negative slope meaning that low
molar mass oligomers have higher elution volumes in the first dimension (V) than
high molar mass oligomers. This effect is even more pronounced for functionality
fraction 3, which corresponds to the a,m-bisdiol functionality fraction. The
observed behaviour can originate from different effects but has been proven to
result mainly from adsorption phenomena.
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Another feature of the contour plot in Fig. 6.35 is, that instead of one oligomer
series two or even three oligomer series (a), (b) and (c) are obtained for one
functionality fraction, series (a) being always the most abundant. This is in agree-
ment with the results of MALDI-TOF mass spectrometry, where in addition to
linear oligomers branched oligomers have been found within each functionality
fraction.

The most abundant oligomer series is the series of linear molecules (m = 0),
corresponding to oligomer series (a) in the contour plot. Accordingly, series (b) can
be assigned to mono-branched (m = 1) and series (c) to di-branched species
(m = 2). This assignment is in agreement with the elution behaviour in LCCC.
The branches are terminated by epoxy groups which are less polar than the diol
endgroups. Accordingly, the polarity of the oligomer series decreases with an
increasing number of branches.

Evaluation

As is demonstrated in Fig. 6.35, resolution of 2D chromatography by far exceeds
the resolution capabilities of LCCC and SEC. Not only different functionality
fractions are observed but different degrees of branching are seen as well. In
addition, for each oligomer series the quantitative oligomer distribution can be
obtained. As was pointed out previously, the colour code in the contour plot
corresponds to concentration. Accordingly, for each structural feature, the concen-
tration and the molar mass distribution can be given. The wealth of information,
obtained by a 2D experiment is clearly demonstrated in Table 6.11.

In addition to the desired a,m-bisepoxy functionality fraction a significant amount
of oligomers of lower functionality is present in sample 8. The o,w-bisepoxy fraction
amounts only to 65% of the total sample. The MMD of the total sample obtained
from the 2D experiment agrees well with the off-line SEC measurement. A compari-
son of the molar masses of the different fractions shows, that they are very similar for
all linear molecules regardless of their functionality. As has to be expected, for the
branched oligomers higher molar masses are obtained.
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Table 6.11 Amounts and average molar masses of the functionality fractions of sample 8

Amount
Region Structure (%) M, (g/mol) M, (g/mol) M,/M,
1 w 65 860 1,720 1.99
2 o) HO  OH 4 1,690 2,620 1.55
O
WOH 26 1,130 1,840 1.62
Total 30 1,180 1,940 1.65
3 HO OH HO OH 1 2,990 3,680 1.23
0 O
HO OH HO OH 1 1,360 1,590 1.17
(0]
HO OH HO OH 3 1,100 1,990 1.81
Total 5 1,215 2,250 1.84
Total 100 950 1,810 1.90

It has been pointed out earlier, that epoxy resins usually are prepared by the
TAFFY or the advancement process. The TAFFY process yields oligomer
mixtures with even and odd degrees of polymerization while the advancement
process gives mainly oligomers with odd degrees of polymerization. As can be
seen for the oligomer series in Fig. 6.36, for sample 8 even and odd degrees of
polymerization are obtained. Accordingly, this sample was prepared by the
TAFFY process.

In contrast to sample 8, the 2D analysis of sample 7 results in a rather uniform
contour plot. In this case, however, mainly odd degrees of polymerization are
obtained, indicating that sample 7 was prepared by the advancement process. In
addition, this sample is much more uniform with respect to the functionality.
Figure 6.36 shows clearly, that the major functionality fraction is the o,w-bisepoxy
fraction, the a-epoxy-w-diol fraction is present only in minor amounts, and the o, -
bisdiol fraction is not present at all. The relative amounts and the molar masses of
the different oligomer series are summarized in Table 6.12. They agree well with
the data of the off-line SEC measurement.

A significantly higher molar mass sample with a broad MMD is sample 6. The
contour plot of this sample in Fig. 6.37 shows the complexity of the sample with
respect to functionality. In addition to the functionality fractions 1-3 corresponding



6.6 Coupling of LCCC and SEC 145
11.00 100
35
10.00
9.00 10
35
8.00
= 7.00 i
7
- 0.35
> 6.00
0.1

5.00

4.00 -

3.00 -

2.00

Fig. 6.36 Contour plot of the 2D separation of sample 7; first dimension: LCCC, second
dimension: SEC, detection: UV 280 nm, regions 1, 2, 3 and series a, b, c see text (reprinted

from [72] with permission of Wiley-VCH)

Table 6.12 Amounts and average molar masses of the functionality fractions of sample 7

Region  Structure Amount (%) M, (g/mol)
1 w 87 1,013
2 6] HO oH 3 1,600
O
o HO OH 10 1,290
Total 13 1,340
Total 100 1,050

M,, (g/mol)

2,412

2,970

2,715

2,760
2,470

M,/M,

2.38

1.86

2.11

2.06
2.35

to the o, w-bisepoxy, the a-epoxy-w-diol, and the o,w-bisdiol fractions a functional-
ity fraction 4 is obtained, which is significantly higher in molar mass than the other
fractions. This functionality fraction exhibits an even higher polarity than fraction
3, indicating that the oligomers contain a greater number of polar groups. A
possible explanation is the formation of branched oligomers with more than two

diol endgroups.
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Fig. 6.37 Contour plot of the 2D separation of sample 6; first dimension: LCCC, second
dimension: SEC, detection: UV 280 nm, regions 1, 2, 3 and series a, b, c see text (reprinted
from [72] with permission of Wiley-VCH)

Further oligomer fractions appear in 2d and 3d (see Fig. 6.37) which could not
yet be assigned to a specific structure. The quantitative composition of sample 6 is
given in Table 6.13. The fact that even and odd oligomers are observed in the
contour plot indicates that this sample was prepared by the TAFFY process. This is
in agreement with the significant chemical heterogeneity of the sample and the
rather low amount of bisepoxy oligomers.
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Table 6.13 Amounts and average molar masses of the functionality fractions of sample 6

Region Structure Amount (%) M, (g/mol) M,, (g/mol) M, /M,
1 bisepoxy 32 2,760 8,160 2.96
2 epoxy-diol 37 4,120 11,180 2.71
3 bisdiol 21 6,130 17,610 2.87
4 polydiol 10 23,120 34,890 1.51
Total 100 4,100 14,000 342

6.6.3 Characterization of Star-Shaped Polylactides [73, 74]

Aim

Homo- and copolymers of lactides (LA) find a wide range of applications related to
their ability to hydrolytical and/or biological degradation. First, biomedical
applications were developed including bioresorbable surgical sutures, slow-release
drug delivery systems, fractured bone fixation or tissue engineering [75-78]. Poly
(L-lactide) (PLA) is also being considered as an environmentally friendly commod-
ity thermoplastic and fiber forming material [79-81].

Various practically important properties of PLA such as degradation rate or
thermo-mechanical parameters can be adjusted by the macromolecular architec-
ture (topology), stereochemistry, structure of endgroups, and molar mass [82, 83].
Ring-opening polymerization offers methods for the controlled synthesis of PLA
composed of macromolecules with tailor-made structure, e.g. star-shaped PLAs.
In ring-opening polymerization the architecture of the resulting PLA
macromolecules result from the structure of the alkoxide group derived either
from the initiator or from the chain transfer agent. Very frequently, PLAs fitted
with hydroxyl endgroups are formed. Thus, by selecting the appropriate initiator,
star-shaped PLAs with different numbers of arms can be prepared. Such PLA stars
shall be analysed with regard to the number of arms by means of 2D
chromatography.

Materials

« Calibration Standards. Laboratory samples of poly-L-lactide in the molar
mass range of 1,000-100,000 g/mol. Linear a-butyl-o-hydroxy-polyw-lactide)s
(Bu-PLA-OH) of various molar masses were prepared by LA polymerization
initiated by Sn(OBu), according to [84]. The molar masses of the samples are
summarized in Table 6.14.

* Polymers. Star-shaped poly-L-lactides with up to 13 arms, see Table 6.14. A
series of star-shaped, hydroxyl group terminated poly(.-lactide)s (R-(PLA-OH),)
was prepared according to the procedure employing Sn(Oct), as co-initiator,
developed for the synthesis of linear PLAs [85, 86]. Namely, L,L-dilactide was
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Table 6.14 Molar masses of the polylactides as determined by SEC

Sample Initiator M, (g/mol) M/M,
1 Sn(OBu), 2,300 1.59
2 Sn(OBu), 3,150 1.16
3 Sn(OBu), 5,160 1.12
4 Sn(OBu), 8,970 1.12
5 Sn(OBu), 42,900 1.18
6 Sn(OBu), 74,000 1.52
7 Sn(Oct),/DEG® 9,000° 1.11
8 Sn(Oct),/TMP" 7,800% 1.11
9 Sn(Oct),/DTMP® 8,800° 1.15
10 Sn(Oct),/DPE® 11,3007 1.13
11 Sn(Oct),/PEHMO" 8,300° 1.19

“measured by vapor pressure osmometry
"DEG diethylene glycol, TMP trimethylol propane, DTMP di(trimethylol propane), DPE di
(pentaerithritol), PEHMO poly(3-ethyl-3-hydroxy methyloxetane)

polymerized with Sn(Oct), and the corresponding polyol (bearing 2, 3, 4, 6,
and ~13 primary OH groups) as components of the catalytic initiating system.

Equipment

Chromatographic System. The chromatograph for the first separation step
(LCCC) consisted of a Rheodyne six-port injection valve with a 100 pL
injection loop and an electrically driven eight-port injection valve (Valco
EHC8 W) to connect LCCC and SEC chromatographs. In addition, these
chromatographs were connected to two storage loops with a volume of
200 pL each. The chromatograph for the second separation step consisted of
a Waters model 510 pump. The operation of the coupled injection valves was
controlled by the software, which was used for data collection and processing
(PSS-2D-GPC Software of Polymer Standards Service GmbH, Germany). The
flow rates for the first and second dimensions were 25 pL/min and 4 mL/min,
respectively.

Columns. LCCC (chromatograph 1): Nucleosil Si-100 + Si-300 of Macherey-
Nagel (Diiren, Germany), 5 pm average particle size and 100 or 300 A average
pore diameter. Column size was 200 x 4 mm i.d. SEC (chromatograph 2): PSS-
SDV high-speed column (PSS GmbH, Mainz, Germany), 5 pm average particle
size. Column size was 50 x 20 mm i.d.

Mobile Phase. Chromatograph 1: Mixtures of dioxane and n-hexane, Chromato-
graph 2: tetrahydrofuran, all solvents were HPLC grade.
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» Detectors. Waters model 486 UV/VIS detector at 235 nm and evaporative light
scattering detector ELSD 500 of Altech

¢ Column Temperature. 50 °C

» Sample Concentration. 20 mg/mL. All samples are dissolved in the mobile
phase.

* Injection Volume. 100 pL

Preparatory Investigations

For a detailed analysis of the star-shaped PLA it was necessary to prepare a series
of linear polylactide (PLA) samples differing in molar masses. For this purpose
the ring-opening polymerization of LA initiated with Sn(OBu), was applied. In
covalent metal alkoxide-initiated polymerization the hydroxyl head endgroups
are always present. The tail endgroups are transferred directly from the initiator
alkoxide group.

The prepared series of linear polylactides (entries 1-6 in Table 6.14) can be
used to find suitable chromatographic conditions for the separation of more
complex PLAs. In a first experimental step the critical conditions for PLA were
determined. This was done by measuring the chromatographic behaviour of
samples of different molar masses in mobile phases of varying composition, as
has been described earlier. Following an approach developed by Schulz et al. [87]
for oligomeric PLA, mixtures of 1,4-dioxane (good solvent) and n-hexane (poor
solvent) were used as mobile phase. As the stationary phase silica gel was
selected. The temperature of the LCCC analysis was set on 50 °C, governing
sufficient solubility of the higher molar mass (M, well above 10* g/mol) poly(L-
lactide)s in the eluent. It has been found that at 50 °C critical conditions corre-
spond to a mobile phase composition of 1,4-dioxane/n-hexane 56.25:43.75 vol.%.

Separations

Experimental conditions established for the linear PLA were then applied in the
LCCC analysis of the star-shaped PLAs (R-(PLA-OH),) having various numbers
of arms. All polyols were fitted with primary hydroxyl groups, enabling fast co-
initiation and chain transfer reactions.

Star-shaped PLAs of M, ~ 10* g/mol were prepared according to a procedure
described in the experimental part. Table 6.14 reports on the corresponding molar
masses of the resulting R-(PLA-OH),’s (entries 7—11). The number of arms was in
agreement with the number of hydroxy groups in the initiator molecules, see e.g.
for the 2-, 4- and 6-arm PLAs.
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Fig. 6.38 shows a series of HPLC traces recorded for R-(PLA-OH), bearing 1, 2,
3,4, 6, and 13 PLA-OH arms and with M, close to 10* g/mol (linear Bu-PLA-OH
and HO-PLA-DEG-PLA-OH can formally be considered as star-shaped PLAs with
1 or 2 PLA-OH arms). Measurements were carried out at 50 °C using the critical
composition that has been established for linear PLA (i.e. 1,4-dioxane/n-hexane
56.25: 43.75%). The samples have similar molar masses and, therefore, cannot be
separated by SEC. In LCCC separation occurs with respect to the heterogeneity of
the polymer chain. The critical conditions are optimized regarding the homopoly-
mer chain with a fixed number and type of endgroups. If in other samples the
numbers and/or types of endgroups are different, then the chromatographic
behaviour of these samples will change. This can be clearly seen for the series of
samples shown in Fig. 6.38.

According to Fig. 6.38 elution volumes increase with the number of PLA-OH
arms in R-(PLA-OH),. The explanation for this behaviour is straightforward: the
chromatographic experiments are conducted on a polar stationary phase of silica
gel. The interaction between the PLA molecules and the stationary phase occurs
mainly through the hydroxy endgroups which are the most polar part of the
molecules. The more interacting sites (endgroups) the molecules have the stronger
will be the interaction with the stationary phase and the larger will be the elution
volume.

Evaluation

For polymers bearing 1, 2, 3, 4, and 6 arms this dependence is shown in Fig. 6.39.
Such a behaviour results from the increasing strength of the attractive forces
between the macromolecules and the column packing which increases with the
increasing number of PLA arms fitted with the hydroxyl endgroups. According to
the linear free relationship or Martin’s rule the capacity fractor is supposed to
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Fig. 6.40 Two-dimensional LCCC versus SEC trace of the artificial mixture composed of DEG-
(PLA-OH),, TMP-(PLA-OH);, DTMP-(PLA-OH),, DPE-(PLA-OH)s. (Reprinted from [74] with
permission of Elsevier)

depend exponentially on the number of hydroxyl goups. This means that In Vy is a
linear function of the number of arms. This is indeed the case as can be seen from
the insertion in Fig. 6.39. As can be seen in Fig. 6.38, the 13-arm PLA is very
strongly retained due to the high number of terminal hydroxyl groups.

Differences in the elution volumes are sufficiently large to detect individual
species for example in the LCCC trace of a mixture composed of the 2-, 3-, 4-, and 6-
arms R-(PLA-OH), all of them having similar molar masses. First the species with
smaller numbers of the hydroxy endgroups are eluted followed by species having
more hydroxy endgroups. It is interesting to notice that the 2-arm and the 3-arm
nearly co-elute while the 4-arm is more efficiently separated from the 3-arm. A
further increase of the number of arms to the 6-arm species results in a near-baseline
separation.

The combination of LCCC and SEC in automated 2D chromatography
enables the analysis of complex mixtures of polyaliphatic esters of various
architectures with regard to functionality and molar mass. As can be seen in
the contour diagram (Fig. 6.40), the complex sample is separated in both
dimensions. The separation in the vertical direction corresponds to the function-
ality type separation. The horizontal direction summarizes the separation with
regard to molar mass. The 2D trace of a mixture composed of equal masses of
DEG-(PLA-OH),, TMP-(PLA-OH);, DTMP-(PLA-OH),, and DPE-(PLA-OH)g
exhibits characteristic features. The separate contours related to 2-arm/3-arm,
4-arm, and 6-arm are clearly seen. The separation power increases exponentially
with the increasing number of arms.



6.6 Coupling of LCCC and SEC 153

6.6.4 Analysis of PS-PDMS Block Copolymers [88, 89]

Aim

Hybrid polymers are gaining increasing interest and applications in the field of
polymer science and technology. These special materials allow quite different
properties to be combined in one product and overcome some shortcomings of
pure materials. In addition, some specific properties can only be achieved by
combining two or more blocks of distinctly different properties such as amphiphilic
block copolymers which results in micelles in solvents where there is varying
compatibilities to the two blocks. The applications of such hybrid materials
containing polydimethylsiloxanes (PDMS) have been described in [90-96].

The different blocks of the hybrid materials in this study have distinctly different
properties e.g., the glass transition temperature of polystyrene is 100 °C (brittle
solid at room temperature) while that of polydimethylsiloxane is —127 °C (viscous
liquid at room temperature even at higher molar masses), different surface energies
etc. Due to the incompatibility of the PS and PDMS blocks in the copolymer it is
possible to control the phase segregation and the morphology at the nanoscale. The
phase morphology is dictated by the composition and lengths of both blocks and the
amount of unwanted homopolymer (PS or PDMS) formed during synthesis.

It is the aim of this application to separate PDMS-b-PS copolymers at critical
conditions for both PS and PDMS to obtain information on the block lengths and
the presence of homopolymer fractions in the samples. The molar mass
distributions of the respective fractions will be analysed by 2D-LC.

Materials

« Calibration Standards. PS and PDMS standards were purchased from Polymer
Laboratories (Church Stretton, Shropshire, UK) and Polymer Standards Service
(Mainz, Germany), respectively.

« Polymers. The PDMS-b-PS copolymers were synthesized by atom transfer
radical polymerization according to reported procedures [97—-100]. Briefly,
silane functional PDMS was synthesized via an anionic ring opening polymeri-
zation of the cyclic D; PDMS monomer. The living anionic polymerization is
terminated with chlorodimethylsilane to produce the end chain functionality.
This chain end is modified using a hydrosilylation reaction to produce bromoiso-
butyrate functional PDMS. These functional PDMS molecules were the starting
blocks and used as macroinitiators for the further ATRP polymerization of the
styrene block. The molar masses of the samples are shown in Table 6.15.

Equipment

¢ Chromatographic System. In SEC, the instrument consisted of a Waters 1515
isocratic pump, a Waters inline degasser AF and a Waters 717 plus auto sampler
with a 100 pL sample loop. The flow rate was 1 mL/min. The columns were
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Table 6.15 Molar masses of the block copolymer samples as revealed by size exclusion
chromatography

Sample Number M, M, M, M /M,
1 7,000 7,900 7,900 1.13
2 49,000 84,000 80,000 1.71
3 39,000 68,300 67,500 1.77
4 12,900 19,800 19,500 1.54
5 37,900 57,800 59,700 1.52
6 32,900 48,300 53,400 1.47
7 13,900 23,200 26,400 1.67

calibrated with polystyrene standards from Polymer Laboratories (Church
Stretton, Shropshire, UK). Data processing was performed by Breeze version
3.30 SPA (Waters) software.

In LCCC, the mobile phase was delivered by a Waters 2690 separation module

(Alliance) comprising of solvent mixer, vacuum degasser and auto sampler with

100 pL sample loop at a flow rate of 0.5 mL/min. Data were recorded by using PSS

WinGPC software version 7. Nitrogen was used as carrier gas in the ELSD, and the

pressure at the nebulizer was set to 1.0 bar. Evaporator and nebulizer temperatures

were set at 80 °C and 40 °C, respectively. Mobile phases were mixed by volume.
For 2D-LC, sample fractions from the first dimension were transferred to the
second-dimension column via an electronically controlled eight-port valve system

(VICI Valco instruments, Houston, Texas, USA) equipped with two 100 pL sample

loops. The second dimension consisted of a Waters HPLC 515 pump and a

50 x 20 mm PSS Linear M 5 pm SDV column (Polymer Standards GmbH,

Mainz, Germany). Detection in the second dimension was done using an ELSD.

The flow rates used in the first and second dimensions were 0.04 mL/min and

4.5 mL/min, respectively. A PS calibration curve was used for the calculation of the

molar mass distributions of the second dimension.

e Columns. SEC: two PLgel columns (Polymer Laboratories) Spm Mixed-C
(300 x 7.5 mm) connected in series along with a PLgel guard column
(50 x 7.5 mm). LCCC: (1) Jupiter Octadecyl column (Phenomenex, Torrance,
CA, USA): silica-bgsed octadecyl phase; 250 x 4.6 mm; particle diameter
5 pm; pore size 300 A, surface area 160 m?/g, carbon load 13.48%, (2) Nucleosil
Si 300 (Macherey-Nagel, Dueren, Germany): plain silica; 250 x 4.6 mm; parti-
cle diameter 5 pm; pore size 300 A. 2D-LC: Symmetry 300 (Waters, Ireland):
silica:based octadecyl phase, 250 x 4.6 mm, particle diameter 5 pm, pore size
300 A, surface area 113 m2/g, carbon load 8.35 % for the first dimension, PSS
Linear M 5 pm SDV for the second dimension.

¢ Mobile Phase. SEC: THF (stabilized by 0.125 % BHT), LCCC: mixed mobile
phases corresponding to the respective critical points. All solvents were HPLC
grade.
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Fig. 6.41 Critical adsorption point (CAP) of polystyrene (a) and elution behaviour of PDMS at
CAP of polystyrene (n-Hexane-THF: 55:45 vol.%) (b), stationary phase: Nucleosil Si 300 A
(reprinted from [88] with permission of Wiley-VCH)

* Detectors. SEC: Waters 2487 dual wavelength absorbance UV detector, Waters
2414 refractive index detector at 30.0 °C. LCCC: Agilent 1100 series variable
wavelength UV detector (set at 254 nm) and PL-ELS 1000.

¢ Column Temperature. 30 °C

« Sample Concentration. 1.0-5.0 g/L (SEC, LCCC), 10.0 and 15.0 g/L. (2D-LC),
all samples were dissolved in the mobile phase.

* Injection Volume. 100 pL

Preparatory Investigations

As has been discussed before, LCCC is the preferred method to separate block
copolymers according to the lengths of the different blocks and to detect
homopolymers in the complex mixtures. Critical conditions for PS have been
reported extensively in literature on different columns and with various mobile
phase systems [101]. In this study, critical conditions for PS have been established
on a normal phase silica column and a n-hexane-THF mixture was used as the
mobile phase. PS elutes at roughly the same elution volume in n-hexane-THF 55:45
vol.% irrespective of their molar masses, see Fig. 6.41.

Under these LCCC conditions, PDMS does not exhibit enthalpic interactions
with the stationary phase and elutes in the SEC mode. Figure 6.42 shows elugrams
of blends of PDMS and PS homopolymers at the above mentioned conditions. PS
homopolymers elute at the same elution volume irrespective of their molar masses
while PDMS homopolymers show molar mass dependence as would be expected.
The UV detector at 254 nm can only detect PS but not PDMS.

Critical conditions for PDMS were established on a reversed phase C;g using
methanol-THF as the mobile phase. At a mobile phase composition of methanol-
THF 41:59 vol.% PS elutes in the SEC mode while PDMS elutes irrespective of
molar mass, see Fig. 6.43. Figure 6.44 shows elugrams of PDMS-PS blends at these
conditions. The PDMS homopolymers elute at the same elution volume while PS
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Fig. 6.42 Elugrams of blends of PS and PDMS at CAP of PS, blend #1 = PS 170800 + PDMS
147000; blend #2 = PS 4490 + PDMS 5170 (molar masses in g/mol), detectors: ELS and UV-254
(reprinted from [88] with permission of Wiley-VCH)
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Fig. 6.43 Critical adsorption point of PDMS (a) and elution behaviour of PS at CAP of PDMS
(methanol-THF 41:59 vol.%) (b), stationary phase: Jupiter Octadecyl 300 A (reprinted from [88]
with permission of Wiley-VCH)

shows a molar mass dependence. As expected the UV detector at 254 nm only
detects PS but not PDMS.

Separations

The separation of the block copolymer samples at critical conditions for PS is
presented in Fig. 6.45. The lengths of the PDMS block in the block copolymers are
determined from these elugrams by calibration with PDMS standards. The samples
show bimodal elution profiles not seen in SEC. The bimodality can be caused by
(A) the presence of PDMS homopolymer in the block copolymer sample (as a result
of failure in the chain extension reaction) or (B) the formation of PDMS blocks of
different sizes in the block copolymer.
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Fig. 6.44 Elugrams of blends of PS and PDMS at CAP of PDMS, blend #1 =PS
170800 + PDMS 147000; blend #2 = PS 4490 + PDMS 5170 (molar masses in g/mol), detectors:
ELS and UV-254 (reprinted from [88] with permission of Wiley-VCH)
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Fig. 6.45 Elugrams of PDMS-b-PS copolymers at CAP of PS, detector: ELS (a) and sample #6
with dual detection, detectors: UV-254 and ELS (b), chromatographic conditions see Fig. 6.41
(reprinted from [88] with permission of Wiley-VCH)

At an elution volume of roughly 3.5 mL the fractions of PS homopolymer are
eluting at the critical point. The origin of the bimodality of the copolymer peak can
be investigated by using selective detection such as UV (254 nm) which detects
only the UV-active PS but not the UV-transparent PDMS in addition to the ELSD.
Figure 6.45b shows the elugram of sample #6 with dual detection (ELS and UV
254 nm). It is obvious that both parts of the peak show UV activity but with
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Fig. 6.46 Elugrams of PDMS-b-PS copolymers at CAP of PDMS, detector: ELS (a) and sample
#3 with dual detection, detectors: UV-254 and ELS (b), chromatographic conditions see Fig. 6.43
(reprinted from [88] with permission of Wiley-VCH)

different intensities, roughly indicating the amount of PS in the block copolymer.
The earlier eluting fraction corresponding to a higher PDMS molar mass has less PS
in comparison to the later eluting fraction corresponding to a lower PDMS molar
mass. The shoulder in the UV trace of the PS homopolymer fraction might be due to
reagents that elute at the void volume of the column and are volatile and, therefore,
could not be detected by ELSD.

The critical conditions for PDMS can be used to separate the block copolymers
according to the PS block length. In addition, the PDMS homopolymer can also be
separated from the block copolymer, see Fig. 6.46. From a PS calibration curve
under these conditions, the molar masses of the PS blocks in the block copolymers
were calculated.

The PDMS homopolymer fractions in the samples show at least two distinct
distributions. This may be as a result of different chain end functionality. Fig-
ure 6.46b shows the elugrams of sample #3 with dual detection at critical conditions
of PDMS. It is clear from this Figure that the block copolymer shows an UV activity
which is not the case for the homopolymer at 3.7 mL, thus indicating the absence of
PS in the homopolymer fraction. In the UV trace, there is a strong signal at the void
volume of the column that is not detected by ELSD. This can again be due to
reagents that are UV-active but volatile and have no interaction with the stationary
phase.

The separations thus far give an idea of the chemical heterogeneity of the
samples. The LCCC conditions for PS allow the separation of PS homopolymers
from the block copolymers and PDMS homopolymers, while at the same time
separating the block copolymers with regard to the molar mass distribution of the
PDMS block. By 2D-LC the molar masses of both copolymer and homopolymer
fractions can be revealed. 2D-LC contour plots of the samples under study are
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Fig. 6.47 Two-dimensional LCCC versus SEC traces of samples #2, #3, #5 and #7, first
dimension: critical conditions for PS (reprinted from [89] with permission of Springer Science +
Business Media)

shown in Fig. 6.47. The first dimension in these plots is LCCC of PS (Y-axis), with
SEC forming the second dimension (X-axis).

The elugrams in Fig. 6.47 illustrate the first-dimension separation of PS
homopolymers from PDMS-PS block copolymers. For all four samples, PS
homopolymers are separated from the block copolymers and PDMS homopolymers.
The separation of the PDMS homopolymers from the block copolymers in the first-
dimension (Y-axis) can be attributed to different endgroups for the PDMS
homopolymers and the PDMS block in the copolymer. These molecular species are
further separated in the second-dimension (X-axis) due to differences in molar mass
between the PDMS homopolymers and the copolymers. This results in three distinct
components which are visible in the two-dimensional contour plot, namely the PS
homopolymers, PDMS homopolymers, and the block copolymers. The molar masses
of all separated species can be obtained from these contour plots. The SEC calibration
curves of PS and PDMS are quite similar and, therefore, a PS calibration curve for
molar mass calculations in the second dimension was used.

The samples were then analyzed by 2D-LC using critical conditions for PDMS
in the first dimension, which should separate PDMS homopolymers from the block
copolymers and PS homopolymers. Under these conditions, the block copolymers
are separated according to the MMD of the PS block. Figure 6.48 shows the 2D-LC
analysis of some of the block copolymers. It can be seen that PDMS homopolymers
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Fig. 6.48 Two-dimensional LCCC versus SEC traces of samples #2, #3, #5 and #7, first
dimension: critical conditions for PDMS (reprinted from [89] with permission of Springer
Science + Business Media)

are separated from the block copolymers and PS homopolymers quite well, and that
the block copolymers are separated according to the MMD of the PS block. From
these contour plots, MMD (relative to PS) of block copolymers and PDMS
homopolymers are obtained.

Evaluation

As can be seen from the one- and two-dimensional separations, there is still partial
co-elution of specific components. At critical conditions for PS, the block
copolymers and PDMS are co-eluting while at the critical conditions for PDMS,
the block copolymers and PS are co-eluting.

For a comprehensive analysis of all components, semi-preparative
fractionations were conducted at both LCCC conditions and the fractions then
analysed at alternate LCCC conditions. For example, the first fractionation was
conducted at critical conditions for PS producing a fraction of PS homopolymer
and a fraction of (block copolymer + PDMS homopolymer). This fraction was
then separated at critical conditions of PDMS producing a fraction of pure block
copolymer. This fraction was analysed by FTIR to provide the chemical compo-
sition of the pure block copolymer. Similar fractionations were conducted for all
samples and the following quantitative informations were obtained: (1) percent-
age and molar mass of PS homopolymer, (2) percentage and molar mass of PDMS
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Fig. 6.49 Chemical composition of samples #2, #5 and #7 as revealed by LCCC and FTIR
(LCCC-1 is based on peak areas while LCCC-2 is based on calibration of ELSD) (reprinted from
[89] with permission of Springer Science + Business Media)
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Fig. 6.50 Chemical composition of the true block copolymer fractions in samples #2, #5 and #7
as revealed by FTIR analysis (reprinted from [89] with permission of Springer Science + Business
Media)

homopolymer, (3) percentage and molar mass of true block copolymer, (4)
chemical composition of true block copolymer. A graphical presentation of the
chemical composition information is given in Figs. 6.49 and 6.50.
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6.7 Other Method Combinations in 2D-LC

In principle, there is quite a range of different fractionation methods that can be
coupled in 2D set-ups. These include field flow fractionation and crystallization
fractionation methods which will not be addressed in this chapter. Regarding liquid
chromatographic methods, temperature gradient interaction chromatography
(TGIC) is an interesting option for the first dimension while liquid adsorption
chromatography (LAC) is an option to be used in the first or second dimension.
Although both of these methods are feasible methods there is not much work that
has been done in this field. In this section two applications will be described for (A)
the coupling of TGIC with gradient HPLC and (B) the coupling of LCCC and LAC.

6.7.1 Analysis of Comb-Shaped PS by TGIC-Gradient HPLC [102]

Aim

Chain branching in macromolecules influences the rheological and mechanical
properties of polymeric materials significantly, and model branched polymers
(e.g., star-shaped or comb-shaped polymers) have been studied extensively to
understand their single chain properties and rheological behaviour [103, 104].
Most model branched polymers are prepared by anionic polymerization, however,
despite the use of the best synthetic methods available and the time-consuming
post-fractionation, it is difficult to obtain structurally well-defined materials of
high purity. Furthermore, the purity of such branched polymers has frequently not
been confirmed unambiguously due to the lack of precise characterization
methods.

The aim of the present application was the rigorous characterization of a comb-
shaped PS, where deuterated PS (d-PS) branches are attached to a hydrogenous PS
(h-PS) backbone. Such comb-shaped polymers resemble the structure of branched
polymers with 3-way branching points in commercially important polymers and
have been used extensively as model polymers having long chain branches.

Polymers

e The comb-shaped PS was prepared by grafting d-PS anions to a partially
chloromethylated h-PS backbone. Both backbone and branch PS were prepared
separately by anionic polymerization using high vacuum techniques. The
chloromethylation of the h-PS backbone was carried out by the reaction of the
h-PS with in-situ prepared chloromethyl methyl ether. Details of the synthetic
procedure were reported previously [105]. The comb and precursor PS samples
were characterized by SEC with light scattering detection as summarized in
Table 6.16.
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Table 6.16 Molar mass characteristics of the comb-shaped PS and its precursors®, molar masses
in kg/mol

Backbone Branch Comb
Mnb Mw/Mn 1‘4nh Mw/Mn 1‘4nh Mw/Mn Mpranch
190 1.05 83 1.02 540 1.01 4.2

“Npranch 1 estimated from the number-average molar mass determined by SEC measurements.
number-average molar mass determined by SEC-LS measurements.

Equipment

¢ Chromatographic System. For the 2D-L.C analysis, three HPLC pumps (Pump 1:
Waters 515 HPLC pump, Pump 2: Bischoff compact pump 2250, and Pump 3:
Spectra System P4000) and two UV detectors (TSP, UV100) were used. The two
LC systems were connected via two electronically controlled 10-port 2-position
valves (Alltech, SelectPro) equipped with two 100 pL storage loops and with
two short diol bonded silica trapping columns (Nucleosil diol, 7 pm, 100 A,
50 x 4.6 mm). The experimental setup has been reported in [106]. To trap the
polymers from the first dimension LC effluent, ACN with 4% iso-octane was
used. The mixed solvent did not cause a breakthrough problem in the second LC
separation; furthermore, full desorption took place by the second dimension LC
eluent. The flow rate was 0.05 mL/min for the first dimension and 1.5 mL/min
for the second dimension. The temperature of the column of the first dimension
was controlled by a circulating fluid from a programmable bath/circulator
(ThermoHaake, C25P) through a homemade column jacket.

e Columns. First dimension: bare silica column (Nucleosil, 5 pm, 500 A pore size,
50 x 4.6 mm), second dimension: C18 bonded silica column (Nucleosil C18,
7 pm, 500 A pore size, 150 x 4.6 mm)

* Mobile Phase. First dimension: 52:48 vol.% of isooctane (J.T. Baker, HPLC
grade) and THF (Samchun, HPLC grade), second dimension: solvent gradient
run with two mixtures of CH,Cl,/CH;CN (Samchun, HPLC grade) differing in
their composition (A: 57:43, B: 59:41 vol.%) were used at a flow rate of 1.5 mL.
The solvent composition started and was maintained at 100% A for 2 min after
the sample injection. The solvent composition was then changed linearly from
100% A to 100% B over 4 min followed by a quick change back to 100% A.

¢ Detectors. UV detector (TSP, UV 100).

e Column Temperature. Temperature gradient in the first dimension

« Sample Concentration. 5 g/L. (2D-LC)

* Injection Volume. 100 pL

Preparatory Investigations

The comb-shaped polymer and its precursors (h-PS backbone and d-PS branch)
were first characterized by SEC as displayed in Fig. 6.51. The molar mass of the
polymer species for each peak can be estimated from the relative intensity of the RI
signal to the LS detector signal. In the SEC chromatograms of both branch and
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Fig. 6.51 SEC
chromatograms of the two PS
precursors (backbone and
branch) and the PS comb
recorded by RI (solid line)
and light scattering (dashed
line) detectors, columns: two )
PL mixed C, mobile phase: Comb PS
THF, column temperature
40 °C (reprinted with
permission from [102].
Copyright (2011) American
Chemical Society)
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backbone PS, a small amount of coupled products (labeled with solid arrows
showing double molar mass) is apparent eluting earlier than the narrow peak of
the main products. The fronting of the coupled backbone PS peak at tg ~ 13 min
(marked with dashed arrow) revealed the possibility of a threefold backbone
product. The PS comb contains a trace amount of the PS precursors resolved as
separate peaks, but the major product of the PS comb shows a unimodal elution
peak. It is apparent that the SEC separation cannot resolve the polymer species
having a coupled backbone but yields a broad unimodal peak due to the non-
uniform number of branches. From the SEC results alone, it is difficult to obtain
more details beyond the average branch numbers determined by the average molar
mass.

Separations

In the next step the comb polymer was separated by normal phase TGIC. Figure 6.52
shows an NP-TGIC chromatogram of the comb PS. It separates the comb-shaped
polymers according to molar mass, i.e. species with different numbers of branches
are resolved. The peak molar mass increases as integral multiples of branch molar
mass, but the peaks start to overlap as the number of branches increases due to the
finite MMD of the branch and backbone. The contribution of coupled backbone
species also needs to be taken into account since a single backbone comb and
coupled backbone comb with a fewer number of branches may have similar molar
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Fig. 6.52 NP-TGIC (a) and RP-TGIC (b) chromatograms of PS comb recorded by UV (solid
line) and LS (dashed line) detectors, molar mass determined by LS, column temperature is shown
in the top abscissa, columns: (a) Nucleosil, 500 A, (b) Nucleosil, C18, 500 ;\, mobile phase: (a)
iso-octane-THF 52:48 vol.%, (b) CH,Cl,-CH3CN 57:43 vol.%, flow rate 0.5 mL/min (reprinted
with permission from [102]. Copyright (2011) American Chemical Society)

masses. Figure 6.52b displays the reversed phase TGIC chromatograms of the comb
polymer recorded by LS and UV detectors. Unlike the well-resolved NP-TGIC
chromatogram, RP-TGIC shows only three peaks indicating a significantly lower
selectivity. The peculiar phenomenon in RP-TGIC was found to be due to the
chromatographic selectivity regarding isotopes. d-PS interacts with the RP station-
ary phase less strongly than h-PS, and the unreacted branches elute early at 7z ~
4 min. The comb polymers containing a single backbone elute later at fg ~
6—11 min as the main peak in which the grafted d-PS branches seem to reduce
the retention time of the comb-shaped polymer as the number of grafted d-PS
branches (thus molar mass) increases. After the main peak, molar mass increases
abruptly toward the last peak eluting at #g =~ 12—18 min which was assigned to the
comb species with coupled backbone.

To characterize the comb-shaped PS more rigorously, 2D-LC separation was
conducted by combining NP-TGIC (separating the PS comb mainly by molar mass
regardless of the isotope content) and the RPLC (separating the comb PS mainly by
the isotope composition). Since the NP-TGIC separation of the comb PS exhibits
better resolved peaks than the RP-TGIC separation as shown in Fig. 6.52, it is
desirable not to lose the high resolution of this separation. Since a fast second
dimension separation has to be done at the cost of resolution to some extent, NP-
TGIC was employed for the first dimension. For the second RPLC separation, the
solvent gradient elution method was employed instead of the temperature gradient
elution since the column temperature cannot be changed as rapidly as the solvent
composition. As a second point, the solvent compatibility of the mobile phases of
the first and second dimensions had to be considered. In the present case, a trapping
system was used as described in [106].
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Fig. 6.53 Contour plots of TGIC-RPLC 2D-LC separation of comb PS, first dimension:
Nucleosil, 500 10\, iso-octane-THF 52:48 vol.%, flow rate 0.5 mL/min, second dimension:
Nucleosil C18, 500 A, gradient CH,Cl,~CH3CN 57:43-59:41 vol.% in 6 min, flow rate
1.5 mL/min (reprinted with permission from [102]. Copyright (2011) American Chemical Society)

Figure 6.53 displays the TGIC-RPLC 2D-LC separation of the comb-shaped PS.
In this 2D mapping, more details of the comb-shaped PS are revealed. Unreacted
d-PS branches are further resolved by TGIC into two peaks corresponding to single
(1) and coupled branches (1’). The faint peak (2) is the single backbone without
any branches. The major peak group (3) corresponds to the comb-shaped PS
having different numbers of branches. As the number of branches increases,
TGIC retention increases while RPLC retention decreases as already shown in the
1D separation. The peak group (4) corresponds to the comb-shaped PS with a
coupled backbone. Since molar mass of the h-PS portion (backbone) is high, it is
retained longer in RPLC while its NPLC retention is overlapped with the single
backbone combs having similar molar masses (i.e., a larger number of branches)
and not resolved in one-dimension TGIC separation. The coupled backbone combs
show the same trend as the single backbone combs, i.e., TGIC retention increases
while RPLC retention decreases as the number of branches increases.

Another feature to note is the faint peak group (5) eluting after (4) in the RPLC
separation. It is apparent that it cannot be resolved either from the other comb
groups or from the coupled backbone combs by one-dimensional separation.
Nonetheless, it is clearly resolved by virtue of the 2D-LC separation. Judging
from its high NP-TGIC retention and the resolved sub-peaks in the group, it is
identified as the triply coupled backbone species.

Evaluation

The branch number distribution of the comb-shaped polymer could be obtained
from the intensity of the 2D-LC diagram, see Fig. 6.54, by integrating the intensity
profile. But in order to obtain the branching distribution more precisely, off-line
2D-LC analysis was performed. The comb-shaped PS was fractionated by RPLC
to separate polymers containing different backbone species and subsequently
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subjected to NP-TGIC separation to obtain the branch distribution. The analysis of
the polymer species of triple backbone was not attempted since the amount was too
small for a reliable analysis.

6.7.2 Analysis of Fatty Alcohol Ethoxylates by LCCC-LAC [107]

Aim

Fatty alcohol ethoxylates (FAEs) are one of the most important classes of functional
homopolymers. They are also termed alkyl- or aryloxy-terminated polyethylene
oxides (PEOs). These oligomers and polymers have a hydrophilic PEO polymer
chain and a hydrophobic fatty alcohol or aryl endgroup. They are industrially used
as amphiphilic surfactants, emulsifiers, dispersants etc. FAEs are prepared by
anionic polymerization of ethylene oxide in the presence of mixtures of fatty
alcohols having different chain lengths, mainly in the range of C; to C;g. Thus,
macromolecules with different endgroups are formed and the samples exhibit
functionality type distributions (FTD). Like all other synthetic polymers, FAE
exhibit molar mass distributions, i.e. oligomers with the same endgroups have
different chain lengths. Finally, the endgroups may appear as different isomeric
structures. To analyze the structure-property correlations of these complex species
it is most desirable to have a method that separates FAE according to the endgroups
and the oligomer distributions. Such a method would provide the molecular hetero-
geneity in terms of FTD x MMD.

It has been demonstrated several times that polyalkylene oxides can be separated
efficiently by different methods of interaction chromatography [18, 25,45, 108, 109]. In
particular, the functionality type analysis of PEO can be conducted efficiently by LCCC.
The molar mass separation of the oligomers can be conducted by SEC. The combination
of LCCC and SEC for the analysis of PEO in 2D-LC has been described by Murphy et
al. [10] and Kilz [110].

It is known that typical FAE have a degree of polymerization of roughly 5-15.
Their molar masses are sufficiently low to obtain oligomer separations in SEC. Under
the conditions of 2D-LC, however, this oligomer separation is not achieved (high
flow rates, short columns, lower resolution). Alternatively, FAE can be separated
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Table 6.17 FAE products that were used to prepare the model blend, n: degree of
oligomerization

Product n Endgroup
(1) Cy9-Oxoalcohol 7 Cio

(2) C;5,C4-Oxoalcohol 7 Ci2, Cia

(3) Nonylphenyl Oxoalcohol 10 Nonylphenyl
(4) C;3,C;5-Oxoalcohol 7 Ci3, Cis

(5) Cy6,C13-Oxoalcohol 6 Ci6, Cig

into oligomers by adsorption chromatography. This has been shown for a number
of samples by Trathnigg [111, 112], Rissler and Fuchslueger [113] and others.

The present application describes the combination of two interactive modes of
liquid chromatography in 2D-LC. In the first dimension gradient HPLC is used
for the functionality type separation while in the second dimension adsorption
chromatography is used for oligomer separation. Using this combination, a simul-
taneous separation according to the endgroups and the degree of oligomerization
can be achieved.

Polymers

* A representative very complex FAE was prepared by solution blending of five
commercial FAE products of BASF AG (Ludwigshafen, Germany). The
products were mixed in equal amounts to produce a blend that contains nine
different functionality fractions. The types of endgroups and the average degrees
of polymerization as given by the producer are summarized in Table 6.17.

Equipment

¢ Chromatographic System. The separations according to fatty alcohol endgroup
(first dimension) were carried out on a Shimadzu HPLC system comprising a
DGU-14A degasser, a FCV-10ALvp solvent mixing chamber, a LC-10ADvp
pump and a SL 10ACvp auto sampler. Sample fractions from the first dimension
were transferred to the second dimension via an eight-port valve system (type
EHC8W, VICI Valco instruments, Houston, Texas, USA), attached with two
100 pL loops. The second dimension consisted of a Shimadzu LC-10ATvp
pump. A second column, Chromolith Cig from Merck (100 x 4.6 mm i.d.,
C,g- grafted monolithic silica) was added before the silica column in the second
dimension in order to separate the polymer from methanol coming from the first
dimension system. The flow rate was 0.025 mL/min in the first dimension and
1.5 mL/min in the second dimension. Polymer solutions were prepared in
methanol-water (80/20% v/v). Data were collected with the software package
PSS-WinGPC 7 (Polymer Standards Service GmbH, Mainz, Germany).
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e Columns. First dimension: Waters (Milford, USA) X-Terra RP-18 (2.5 pm
average particle size, 127 A average pore size, 30 x 4.6 mm i.d.), second
dimension: Chromolith Si from Merck (Darmstadt, Germany) (100 x 4.6 mm
i.d. monolithic bare silica)

* Mobile Phase. First dimension: binary mobile phase gradient starting with
methanol/water (80/20% v/v) and going linearly to 100% of methanol in
160 min, second dimension: isopropanol/water (88/12% v/v).

¢ Detectors. ELSD 1000 (Polymer Laboratories, Church Stretton, England)

¢ Column Temperature. 25 °C

« Sample Concentration. 20 g/L. (2D-LC)

« Injection Volume. 25 pL

Preparatory Investigations

In the first step the functionality type separation must be optimized. Since the FAE
endgroups were long alkyl or alkylaryl chains, functionality type separation was
performed on a reversed phase material. As the non-polar stationary phase Cg-
modified silica gel was used. This stationary phase was expected to show strong
enthalpic interactions with the endgroups but only weak interactions with the polar
ethylene oxide chains. The mobile phase composition at the start of the experiment
was set to the critical conditions for PEG (methanol/water 80:20 % v/v). These
critical conditions were specifically determined for the present system based on
several examples of critical conditions for this polymer that are presented in the
review article of Macko and Hunkeler [101]. At LCCC conditions, PEG which is
always present in technical FAEs eluted without interaction from the stationary
phase close to the dead volume of the column. The end-functionalized FAE species
showed strong interactions and were retained on the stationary phase. An increase
of the mobile phase elution strength (by increasing the methanol content in the
mobile phase) was needed to elute the functionality fractions in narrow peaks. A
linear increase of the methanol percentage in the mobile phase allowed for a
progressive desorption according to the hydrophobicity of the endgroups (i.e. the
fatty alcohol chain length). As the ethylene oxide part of the molecules did not
interact with the stationary phase, the separation was independent of the number of
EO units and based only on the endgroup chain length.

Figure 6.55 presents the separation of the model blend that was achieved under
these conditions. As can be seen, all functionality fractions are baseline-separated
from each other eluting in the order of increasing hydrophobicity of the endgroups.
The baseline separation of the different functionality fractions achieved using this
method can be accomplished in a very short period of time: only 8.5 min (equal to
an elution volume of 8.5 mL) are required for the separation. Such fast separations
were described earlier by Pasch et al. [109]. Peak assignment has already been
confirmed by previous LC-NMR experiments [114]. The order of elution confirms a
retention mechanism based on hydrophobic interactions.
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Fig. 6.55 Gradient chromatography of the FAE model blend; stationary phase: X-Terra CI18,
30 x 4.6 mm L.D.; mobile phase: linear gradient from methanol-water 80:20 v/v to 100 % of
methanol; detection: ELSD (reprinted from [107] with permission of Wiley-VCH)

The separation according to oligomer lengths was performed isocratically since
this mode is easier to use as the second dimension for a 2D-LC system. In 2D
chromatography, fractions from the first dimension are consecutively injected into
the second dimension. Normally, 50-100 such injections are made requiring signif-
icant amounts of time. Since these injections directly determine the flow rate value
(and the total elution time) of the first dimension, each second dimension experiment
must be performed as fast as possible. As standard HPLC pumps have difficulties to
properly perform a gradient at very low flow rates (limit generally observed at
0.025 mL/min), a fast separation according to the oligomer lengths (in the second
dimension) was required in order to accommodate a reasonable flow rate in the
first dimension. To fulfill the two requirements of EO selectivity and fast separation,
a short bare silica monolithic column (Chromolith Si, 100 x 4.6 mm LD.)
was selected for the separations. The stationary phase in this case was mesoporic
and thus gave lower back pressure than conventional HPLC columns. It allowed
for using higher flow rates without being limited by the pump maximum pressure.
The mobile phase was a mixture of isopropanol and water (88:12 % v/v).
Figure 6.56 shows the oligomer separation obtained for the C,,,C4-FAE with
the fast operating chromatographic system.

The chromatogram obtained for this FAE shows one peak for each oligomer
which confirms that separation occurs without interference of the endgroups. Since
the separation was accomplished by adsorption chromatography, the shortest
oligomers eluted first. Indeed, retention was directly dependent on the number of
EO repeating units as each of them could be considered as an adsorbing point.
When performing the separation of the complete model blend comprising nine
functionality fractions, see Fig. 6.57, the EO oligomer separation was also
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Fig. 6.56 Normal phase separation of the C;,,C4-FAE according to the EO content; stationary

phase: Chromolith Si, 100 x 4.6 mm I.D.; mobile phase: isopropanol-water 88:12 % v/v; detec-
tion: ELSD (reprinted from [107] with permission of Wiley-VCH)
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Fig. 6.57 Normal phase separation of the model FAE blend according to the EO content;
stationary phase: Chromolith Si, 100 x 4.6 mm L.D.; mobile phase: isopropanol-water 88:12 %
v/v; detection: ELSD (reprinted from [107] with permission of Wiley-VCH)

observed, but a slight peak broadening of the later eluting peaks was seen as
compared to Fig. 6.56. This different behaviour was most likely caused by the
presence of FAE functionalized with longer endgroups (C;s, Cj¢ and Cig) in
addition to the previous ones.
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Fig. 6.58 2D plot of the FAE model blend (20 mg/mL in methanol-water 80:20); endgroup
separation (first dimension) along the X-axis and oligomer separation (second dimension) along
the Y-axis; experimental conditions are described in the text (reprinted from [107] with permission
of Wiley-VCH)

Separations

The ultimate goal of the present method development was the separation of the
complex FAE blend simultaneously with regard to the endgroups and the oligomer
distributions. As was shown in the preparatory part, selective endgroup separation
can be achieved by gradient HPLC while adsorption chromatography is able to
provide oligomer separation. The next logical step was now the combination of the
two separation protocols in a 2D-LC setup. Figure 6.58 shows the results of the 2D
chromatography on the model FAE blend. The directions of the separations are
indicated in the plots as arrows.

The 2D plot provides a clear idea of the complexity of the model blend. No
doubt, the 2D separation yields selectivities in the different dimensions that are
comparable to the one-dimensional separations. The projection of the plot on the
X-axis would give the chromatogram presented in Fig. 6.55 with the eight baseline
separated peaks which is characteristic of the separation according to endgroups.
Accordingly, a projection on the Y-axis would give a chromatogram equivalent to
the one presented in Fig. 6.57. Careful examination of the 2D-plot shows that the
series of spots for each functionality fraction represent the corresponding oligomer
separations. Thus, in this kind of representation, each spot corresponds exactly to
one EO oligomer with a defined endgroup (i.e. one spot for each oligomer). The
third dimension is the signal intensity detected by the ELSD coded by colours.

Evaluation

The 2D plot clearly indicates that the separations in the two dimensions are nearly
orthogonal as was expected. Only slight curvatures for the oligomer distributions
are obtained in the X- and Y-axis directions. As can be seen, the oligomer
distributions are very different for the different functionality fractions. For
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example, the average degree of oligomerization for sample 2 (C,,,C14-FAE) is 7,
see Table 6.17. Nothing is known about the differences between the C;,- and
the Cj4-fractions. The 2D plot indicates significant differences between the two
fractions. The highest degree of oligomerization that can be detected for the Ci4-
fraction is n = 12. For the C;,-fraction, however, oligomers up to n = 15 can be
detected. A similar behaviour is observed for sample 6 where the higher oligomer
part of the Cg-fraction is more pronounced as compared to the C¢s-fraction.

These results show how useful it is to use 2D chromatography for the detailed
analysis of complex polymer mixtures. As was shown, direct coupling of informa-
tion coming from two different kinds of separation enable one to draw a precise
map of polymer heterogeneity in only one experiment which is more suitable than
average measurements on the bulk samples.

6.8  Further Applications and Outlook

As has been shown, two-dimensional liquid chromatography is one of the most
powerful methods for characterizing complex polymers in different coordinates of
molecular heterogeneity. Using a chromatographic separation which is selective
towards functionality or chemical composition in the first dimension and SEC in the
second dimension, truly “orthogonal” separation schemes can be established. Thus,
the combination of gradient HPLC versus SEC yields quantitative information on
CCD and MMD, while coupling LCCC and SEC is useful for the analysis of
functional homopolymers and block copolymers in the coordinates FTD-MMD
and CCD-MMD, respectively. Even more complex systems, such as graft
copolymers and polymer blends, in which each component may be chemically
heterogeneous itself, can be analysed. Further applications of 2D chromatography
to complex polymers are summarized in Table 6.18. This Table is not intended to be
exhaustive but to give a representative overview.

Although 2D-LC is experimentally more demanding than other chromatographic
techniques, the complete characterization yields much more qualitative and quanti-
tative information about the sample and results are presented in an impressively
simple way. The contour plot of a 2D separation maps all obtainable information
and allows a fast and reliable comparison between two samples. For future deve-
lopments, the automated comparison of the results of different samples can be
considered as an important step to improve process control and quality manage-
ment. It can be expected, that in addition to LAC and LCCC other separation modes
will be combined with SEC or with each other. Extensive summaries on recent
advances in on-line multidimensional liquid chromatography were published
recently by Malerod et al. [132] and Jandera [134]. A detailed review on experi-
mental conditions for the separation of complex polymers by multidimensional
chromatography including information on stationary and mobile phases has been
presented by Schubert et al. [138].
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Table 6.18 Further applications of 2D chromatography for the analysis of complex polymers

Polymer

PEO-PPO block
copolymer

PS-PMMA block
copolymer

PS-PB-PBA graft
copolymer

PB-g-PMMA graft
copolymer

PMMA -grafted
natural rubber

Blends of SBR and
BR

Fatty alcohol
ethoxylates, fatty
acid ethoxylates

Chromatographic
System*

S(1): RP-18

M(1): ACN-water
S(2): SDV

M(2): THF

S(1A): RP-18
M(1A): THF-ACN
S(1B): silica gel
M(1B): MEK-CH
S(2): SDV

M(2): THF

S(1): silica gel
M(1): THF-CH
S(2): SDV
M(2): THF

S(1): CN-modified
silica gel

M(1): chloroform-
CH (gradient)
S(2): SDV

M(2): THF

S(1): CN-modified
silica gel

M(1): THF-CH
S(2): SDV

M(2): THF

S(1): CN-modified
polymer

M(1): chloroform-
CH (gradient)

S(2): SDV

M(2): THF

S(1): RP-18

M(1): MeOH-water
S(2): RP-18

M(2): acetone-water

Remarks

(1): Separation of the block copolymer
with regard to the PPO block length at
LCCC conditions for PEO, PPO is
eluted in adsorption mode. (2) SEC
mode for PEO and PPO

(1A) separation with regard to the
PMMA block at LCCC conditions for
PS. (1B) separation with regard to the
PS block at LCCC conditions for
PMMA. (2) SEC mode for PS and
PMMA. Total analysis of diblock
copolymers with regard to both blocks
and total molar mass

Preparation of a block graft copoly-mer
by grafting butyl acrylate onto a PS-PB
block copolymer, (1) separation with
regard to chemical composition at
LCCC conditions for PBA, PS elutes in
adsorption mode, PB elutes in SEC
mode. (2) SEC separation with regard to
total molar mass of the copolymer.
Coupling of 2D-LC with FTIR

Preparation of copolymers by grafting
methyl methacrylate onto PB, (1)
separation with regard to chemical
composition by gradient HPLC, (2)
SEC separation with regard to total
molar mass

Preparation of copolymers by grafting
methyl methacrylate onto natural
rubber, (1) separation with regard to
chemical composition by LCCC,
critical conditions for PMMA, (2) SEC
separation with regard to total molar
mass

Blends are separated into the SBR and
BR components, components were
analysed by FTIR to obtain chemical
composition. (1) gradient separation
into SBR and BR, (2) SEC for analysis
of the component molar masses

(1) separation with regard to the fatty
alcohol endgroups, LCCC conditions
for PEO. After (1) fractions are
reconcentrated on a full adsorption-
desorption column and are then injected
sequentially into LEAC. (2) separation
into the single oligomers by liquid
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Table 6.18 (continued)

Polymer

Fatty alcohol
ethoxylates

PEO-b-PPO block
copolymers

PEO-b-PPO block
copolymers

PS-b-PI block
copolymers

PS-b-PI block
copolymers

Stereoregular
PEMA

Star-shaped PS-b-
PB block
copolymers

Chromatographic
System*

S(1): Zorbax silica
M(1): ACN-water
(gradient)

S(2): Pecosphere C;g
M(2): MeOH-water
S(1): Prodigy ODS3
M(1): THF-water
S(2): Symmetry C;g
M(2): MeOH-water
(gradient)

S(1): Zorbax-SB
C18

M(1): ACN-water
(gradient)

S(2): Polaris NH,
M(2): EtOH-DCM-
water

S(1), LCCC for PS:
Nucleosil Si 300
M(1), LCCC for PS:
THF-cyclohexane
S(1), LCCC for PI:
Nucleosil C18 300
M(1), LCCC for PI:
MEK-cyclohexane
S(2): SDV

M(2): THF

S(1): Nucleosil Diol
M(1): THF-
isooctane

S(2): PL Mixed-C
M(2): THF

S(1): PL mixed D
M(1): THF-
cyclohexane

S(2): Develosil
SG-NH,

M(2): THF-
cyclohexane

S(1): silica gel
M(1): i-octane-THF
(gradient)

S(2): SDV

M(2): THF

Remarks

exclusion-adsorption chromatography
(LEAC)

(1) separation with regard to oligomer
chain length by NPLC, (2) separation
according to endgroups by RPLC

(1) separation at critical point for PPO,
analysis of homopolymer and different
functionality fractions, (2) fractions

from first dimension separated in LAC
according to PPO oligomer distribution

(1) separation according to PO

repeat units in RP mode, (2) separation
according to EO repeat units in HILIC
mode

Comparison of samples prepared by
sequential copolymerization and block
coupling, (1) separation at critical
conditions of PS and PI, (2) SEC
regarding molar mass distributions of all
components, comparison of PS and PI
calibration

(1) separation in terms of PI block
by NP-TGIC, (2) separation according
to the PS block length by RPLC

(1) Size separation by SEC, (2) tacticity
separation by LCCC, fractions were
collected offline from SEC and
subsequently analysed by LCCC

(1) gradient HPLC separation which is
influenced by chemical composition and
molar mass, (2) molar mass separation
by SEC, the complementary separation
by HPLC and SEC resulted in 16
components as was expected
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Table 6.18 (continued)

Chromatographic
Polymer System* Remarks References
Octylphenoxy-PEO S(1): Nucleosil (1) separation according to endgroups  [54]

RP18 by LCCC, (2) molar mass separation by

M(1): MeOH-water SEC

S(2): SDV

M(2): THF
PEG-g-PVAc graft S(1): Nucleodur C;g (1) separation according to the PEG [128]
copolymers Pyramid backbone at LCCC for PVAc, (2) molar

M(1): THF-water mass separation for all components by

S(2): SDV high SEC

speed

M(2): THF
P(2EHA)-b-PMA  S(1): PLRP-S (1) gradient separation according to [130]
block copolymers  M(1): THF-MeOH  chemical composition, not all

Gradient components are resolved, (2) molar

S(2): PL HTS-C mass separation, due to different molar

M(2): THF masses of the components, separation is

significantly enhanced
PS-b-PEO block S(1): Macrosphere (1) separation at LCCC conditions for  [144]

copolymers RP18 PS, separation of PS homopolymer and

M(1): THF-water block copolymer, (2) molar mass

S(2): Waters analysis by SEC

Styragel

M(2): THF
PS-b-PEO block S(1), LCCC for PS: (1) LCCC separation at critical [131]
copolymers Symmetry RP conditions for PS and PEO, separation

M(1), LCCC for PS: and quantification of homopolymer

THF-DMF fractions, (2) molar masses by SEC,

S(1), LCCC for comparison of SEC calibration for PS

PEO: Nucleosil Si  and PEO, semiprep fractionations and

300 FTIR analysis to determine block

M(1), LCCC for copolymer composition

PEO: THF-DMF

S(2): PSS Gram

M(2): DMF
PEG-g-MAA graft S(1): Nucleosil (1) separation regarding the PMAA [127]
copolymers RP18 grafts at LCCC conditions for PEG, (2)

M(1) MeOH-water  molar mass analysis by SEC
S(2): Suprema linear
M(2): water +
NH4AC
PCL-b-PS-b-PCL.  S(1): YMC ODSA (1) chemical composition separation at [133]
M(1): THF-water- LCCC conditions for PS, analysis of

acetic acid block lengths of PCL, (2) molar mass
S(2): SDV analysis by SEC
M(2): THF
Polysorbates S(1): Spherisorb Si (1) separation into sorbate mono- [135]
M(1): acetone-water and diesters, (2) separation according to
S(2): Onyx C18 PEG oligomer chain length
monolith

M(2): acetone-water

(continued)
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Table 6.18 (continued)

Polymer

PEO-b-PCL block
copolymers

PMMA-b-PtBMA
block copolymers

S-co-MMA random
copolymers

OH-terminated
PMMA

PS-PI miktoarm
star polymers

Polycarbonate
degradation

Polyamide 6 and
polyamide 6.6

Chromatographic
System*

S(1): Spherisorb
ODS2

M(1): ACN-water
S(2): Synergy
Fusion RP

M(2): acetone-water
(gradient)

S(1), LCCC for
PtBMA: Nucleosil
RP18

M(1), LCCC for
PtBMA: THF-ACN
S(1), LCCC for
PMMA: Nucleosil
Si

M(1), LCCC for
PMMA: THF-
hexane

S(2): SDV

M(2): THF

S(1): Nucleosil C;g
M(1): THF-ACN
(gradient)

S(2): PL Mixed-C
M(2): THF

S(1): Hypersil Si
M(1): ACN-DCM
S(2): PL Oligopore
M(2): THF

S(1): Nucleosil Cyg
M(1): dioxane
S(2): PL PolyPore
M(2): THF

S(1): Hypersil Si
M(1): chloroform-
diethylether

S(2): Waters HSP
gel

M(2): chloroform
S(1): Supelco
Discovery C8
M(1): HFIP-MeOH
S(2): SV

M(2): HFIP+NH Ac

Remarks

(1) critical conditions for PEG,
separation according to PCL block in
LAC, (2) fractions from first dimension
are manually collected and analysed,
separation according to EO repeat units

(1) separations at both LCCC conditions
for PLBMA and PMMA, analysis of
homopolymers and the blocks that elute
in SEC mode, (2) molar mass analysis
of all components by SEC

(1) separation according to chemical
composition, PMMA elutes first
followed by copolymers, PS eluting last,
(2) molar mass analysis of all
components by SEC

(1) separation at LCCC conditions for
PMMA according to number of
endgroups into non-, mono- and
difunctional PMMA, (2) molar mass
analysis of components by SEC

(1) TGIC separation according to type
and number of arms, i.e. PSPL, (PS),PI,
PS(PI),, PS(PI)3, (2) molar mass
analysis of components by SEC

(1) separation at LCCC conditions for
PC according to chemical composition
before and after degradation, (2) molar
mass analysis of components by SEC

(1) separation of different functionality
fractions at LCCC conditions for the
PA, (2) molar mass analysis by SEC
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The determination of compositional changes across the molar mass distribution
(MMD) of a polymer or the detection of a specific component in a complex polymer
mixture is of considerable interest. This information allows to predict physical
properties and ultimately the performance of the polymer. Several analytical techniques
are of use in determining these properties. Mass spectrometry, NMR, and infrared
spectroscopy can be used to provide data about the compositional details of the sample.

When only spectroscopic methods are used, they are able to identify polymer
components with respect to their chemical nature. However, in many cases they are
unable to answer the question as to whether two chemical structures are combined
to yield a copolymer or a blend or both. For example, when analyzing a rubber
mixture by a single spectroscopic method like FTIR or NMR one is able to identify
styrene and butadiene as the monomer units. However, it is impossible to decide if
the sample is a mixture of polystyrene (PS) and polybutadiene (PB), or a copolymer
of styrene and butadiene, or a blend of a styrene-butadiene copolymer and PB. In
the case of the latter, even the copolymer composition cannot be determined just by
running a FTIR or NMR spectrum.

For the precise determination of the complex polymer composition including the
chemical composition and MMD of the components in most cases a separation step
is required. Only when fractions are obtained that comprise the different polymer
components, an analysis with regard to chemical composition and MMD can be
conducted. The present chapter discusses different options to use liquid chroma-
tography (SEC, HPLC, LCCC) in conjunction with FTIR, mass spectrometry and
NMR for the separation and analysis of complex polymers.

7.1 Coupling with FTIR Spectroscopy

When analysing a complex polymer, very frequently the first step must be the
determination of the bulk composition. Only when the chemical structures of the
polymer components (monomers) are known, sophisticated separation techniques

H. Pasch and B. Trathnigg, Multidimensional HPLC of Polymers, Springer Laboratory, 183
DOI 10.1007/978-3-642-36080-0_7, © Springer-Verlag Berlin Heidelberg 2013
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such as gradient high performance liquid chromatography (HPLC) or liquid chro-
matography at critical conditions (LCCC) can be optimized for a specific analysis.

The most frequently used techniques for a “flash” analysis are infrared spectros-
copy and size exclusion chromatography (SEC). Infrared (IR) spectroscopy
provides information on the chemical substructures present in the sample, while
SEC gives a first indication of the molar mass range. Information on both molar
mass and composition is obtained when SEC or a comparable chromatographic
method is combined with an IR detector. In the past, numerous workers have tried
to use IR detection of the SEC column effluent in liquid flow cells. The problems
encountered relate to obtaining a sufficient signal-to-noise (S/N) ratio even with
FTIR instruments, flow-through cells with minimum path lengths and mobile
phases with sufficient spectral windows. A major limitation with all flow-through
cells is the limited selection of solvents/mobile phases that exhibit sufficiently large
spectral windows for high sensitivity measurements.

One of the few very fortunate cases is the SEC-FTIR analysis of polyolefins. In
this case 1,2,4-trichlorobenzene (TCB) is used as the mobile phase which is
sufficiently transparent in the range of 2,700-3,000 cm ' that is used for polyolefin
detection. As has been shown by DesLauriers and others, the compositional hetero-
geneity (short chain branching, SCB) in polyolefins can be analyzed sensitively by
on-flow SEC-FTIR [1-7]. Chromatograms are generated from ratio-recorded trans-
mittance spectra where the spectrum of the pure mobile phase is used as back-
ground. Typical sample concentrations are 1-3 mg/mL and rather large injection
volumes of 400—-1,000 pL are used for sufficient signal-to-noise ratio. In the case of
low density materials branching is determined as the levels of methyl (2,958 cm™")
and methylene endgroups (2,928 cm ') [1, 2, 4]. For high density materials with
low degrees of branching multivariable statistical techniques are preferred [6].

A rather broad applicability of FTIR as a detector in liquid chromatography can
be achieved when the mobile phase is removed from the sample prior to detection.
In this case the sample fractions are measured in pure state without interference
from solvents. Experimental interfaces to eliminate volatile mobile phases from
HPLC effluents have been tried with some success [8—10] but the breakthrough
towards a powerful FTIR detector was achieved only by Gagel and Biemann, who
formed an aerosol from the effluent and sprayed it on a rotating aluminum mirror.
The mirror was then deposited in a FTIR spectrometer and spectra were recorded at
each position in the reflexion mode [11-13].

This principle is used in an interface that originally was developed by Lab
Connections Inc. introducing the LC-Transform [14-16] and modified further
several times [17]. The design concept of the interface is shown in Fig. 7.1. The
system is composed of two independent modules, the sample collection module and
the optics module. The effluent of the liquid chromatography column is split with a
fraction (frequently 10 % of the total effluent) going into the heated nebulizer
nozzle located above a rotating sample collection disc. The nozzle rapidly
evaporates the mobile phase while depositing a tightly focused track of the solute.
After collecting a chromatogram on the sample collection disc, the disc is trans-
ferred to the optics module in the FTIR for analysis of the deposited sample track. A
control module defines the sample collection disc position and rotation rate in order
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Fig. 7.1 Schematic representation of the principle of coupled LC-FTIR using the LC-Transform
Interface (reprinted from [18] with permission of Elsevier)

to be compatible with the run time and peak resolution of the chromatographic
separation. Data collection is readily accomplished with suitable software
packages. The sample collection disc is made from Germanium (Ge) which is
optically transparent in the range 6,000—450 cm™'. The lower surface of the disc
is covered with a reflecting aluminum layer.

As a result of the investigation a complete FTIR spectrum for each position on
the disc and, hence, for each sample fraction is obtained. This spectrum bears
information on the chemical composition of each sample fraction. The set of all
spectra can be arranged along the elution time axis and yields a three-dimensional
plot in the co-ordinates elution time-FTIR frequency-absorbance.

Modifications of this concept have been introduced in recent years, including the
interfaces SECurity LC600r and LC600xy [17]. The former uses the rotating Ge
disk design, while the latter uses a x-y stage.

One of the benefits of coupled SEC-FTIR is the ability to identify directly the
individual components separated by chromatography. A typical SEC separation of a
polymer blend is shown in Fig. 7.2a [20]. Two separate elution peaks 1 and 2 were
obtained, indicating that the blend contained at least two components of signifi-
cantly different molar masses. A quantification of the components with respect to
concentration and molar mass, however, could not be carried out as long as the
chemical structure of the components is unknown.

The analysis of the chemical composition of the sample was conducted by
coupled SEC-FTIR using the LC Transform interface. The sample was fractionated
with respect to molecular size, the fractions were deposited on the Ge disc and FTIR
spectra were recorded continuously along the sample track. In total, a set of about
80 spectra was obtained which was presented in a three-dimensional plot, see
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Fig. 7.2 SEC separation (a) and FTIR analysis of fractions in a ‘Waterfall” presentation (b) of a
binary polymer blend (reprinted from [19] with permission of Springer Science + Business
Media)

Fig. 7.2b. The projection of the 3D plot on the retention time-IR frequency coordi-
nate system yielded a two-dimensional representation where the intensities of the
absorption peaks were given by a colour code. Such a “contour plot” readily
provides information on the chemical composition of each chromatographic frac-
tion, see Fig. 7.3. It was obvious that the chromatographic peaks 1 and 2 had
different chemical structures. By comparison with reference spectra which are
accessible from corresponding data bases, component 1 could be identified as
polystyrene (PS), while component 2 was polyphenylene oxide. With this knowl-
edge, appropriate calibration curves could be used for quantifying the composition
and the component molar masses of the blend.

Coupled SEC-FTIR becomes an inevitable tool when blends comprising
copolymers have to be analysed. Very frequently components of similar molar
masses are used in polymer blends. In these cases resolution of SEC is not sufficient
to resolve all component peaks, see Fig. 7.4a for a model binary blend containing an
additive. The elution peaks of the polymer components 1 and 2 overlapped and,
thus, the molar masses could not be determined directly. Only the additive peak 3 at
the low molar mass end of the chromatogram was well separated and could be
quantified.

A first indication of the composition of the present sample could be obtained
from the contour plot in Fig. 7.4b. Component 3 showed typical absorption peaks of
a phenyl benzotriazole and could be identified as a UV stabilizer of the Tinuvin
type. Component 2 exhibited absorption peaks that were characteristic for nitrile
groups (2,237 cm ') and styrene units (760, 699 cm '), while component 1 showed
a strong ester carbonyl peak around 1,740 cm™' and peaks of styrene units. In
agreement with the peak pattern of spectra reported in literature, component 2 was
identified as a styrene-acrylonitrile copolymer (SAN). Component 1 could have
been a mixture of PS and polymethyl methacrylate (PMMA) or a styrene-methyl
methacrylate copolymer. Since the FTIR spectra were uniform over the entire
elution peak, it was more likely that component 1 is a copolymer.
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from [19] with permission of Springer Science + Business Media)
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Fig. 7.4 SEC separation of a blend of two copolymers and an additive (a) and contour plot of the
SEC-FTIR analysis of the blend (b), colour code represents relative absorbance (reprinted from
[19] with permission of Springer Science + Business Media)

One important feature of the SEC-FTIR software is that from the contour plot
specific elugrams at one absorption frequency can be obtained. Taking the elugram
at 2,230 cm™ ' which is specific for the nitrile group, the elution peak of the SAN
copolymer could be presented individually. For the presentation of component 1 the
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Fig. 7.5 Chemigrams taken from the contour plot in Fig. 7.4b (reprinted from [19] with permis-
sion of Springer Science + Business Media)

elugram at the carbonyl absorption frequency was drawn. Thus, via the
“chemigram” presentation the elution peak of each component is obtained, see
Fig. 7.5. The total concentration profile could be obtained from the chemigram at
the frequency of the C—H valence vibrations (2,800-3,100 cm™'). The specific
chemigrams which were characteristic for each component represented the elution
profile of this component. Accordingly, the chemigrams could be used for the
calculation of the molar masses of the components.

The most advanced application of this approach is to use it as a detector in 2D-
LC. Adrian et al. presented the deformulation of a complex polymer that was
prepared by grafting butyl acrylate onto a poly(styrene-b-butadiene) backbone
[21]. The separation of the graft copolymer was conducted by comprehensive
LCCC x SEC.

In a relatively short period of time the LC Transform system found its way into a
large number of laboratories. Applications of the technique have been discussed in
various fields. Willis and Wheeler demonstrated the determination of the vinyl
acetate distribution in ethylene-vinyl acetate copolymers, the analysis of branching
in high-density polyethylene, and the analysis of the chemical composition of a jet
oil lubricant [22]. Provder et al. [23] showed that in powder coatings all additives
were positively identified by SEC-FTIR through comparison with known spectra.
Even biocides could be analyzed in commercial house paints. The comparison of a
PS-PMMA blend with a corresponding copolymer gave information on the chemi-
cal drift. The analysis of a modified vinyl polymer sample by SEC/FTIR showed
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Table 7.1 Typical characteristics of SEC/FTIR online flow cells and off-line solvent elimination
interfaces (adapted from [26] with permission from Elsevier)

Condition Flow cell interface Solvent elimination interface
Gradient separations No Yes
Qualitative Limited, depends on mobile phase Yes
information
Quantitative Excellent Limited
information
Sensitivity Moderate Excellent
Limit of detection Low, depends on mobile phase High
Spectral S/N ratio Moderate, spectra collection on the High, post-run scanning
fly possible
Peak asymmetry Not affected Not affected
Ease of operation User friendly Time consuming optimization
Application area SEC SEC, gradient HPLC

that some of the components of the binder could be identified readily as vinyl
chloride, ethyl methacrylate and acrylonitrile, and an epoxidized drying oil additive
was detected [23].

The quality of the results from SEC-FTIR strongly depends on the surface
quality of the deposited sample fractions. Cheung et al. demonstrated that the
surface wetting properties of the substrate dominate the deposit morphology [24].
The spectra fidelity, film quality, resolution and polymer recovery were considered
by Balke et al. [25]. For different interface designs it was found that the morphology
of the deposited polymer film was a key parameter for quantitative measurements.

A quite useful comparison of the flow-through cell and the LC Transform system
was given by Kok et al. [26], see Table 7.1.

In a number of more recent applications Esser et al. [27, 28] and Pasch et al.
[29-32] addressed the analysis of complex rubber formulations and styrene-
acrylate copolymers. The LC Transform interface cannot only be used for low
boiling point mobile phases. A modified version is able to evaporate high boiling
point solvents like trichlorobenzene by applying high vacuum. This system was
coupled to high-temperature SEC and HPLC for the analysis of complex
polyolefins [33-37].

7.1.1 Analysis of Cross-linked Styrene-Butadiene Rubber by SEC
and FTIR Spectroscopy [31]

Aim

Commercial styrene-butadiene rubbers (SBR) are roughly classified into three types
of copolymers according to the sequence distribution of the monomer units.
Depending on the preparation procedures, random copolymers, styrene-butadiene
(SB) or styrene-butadiene-styrene (SBS) block copolymers, or partially blocked
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products are obtained. The significance of the chemical composition and sequence
distribution in SBR has long been recognized as a dominant factor in characterizing
mechanical and thermal properties. SBS type triblock copolymers are typical
thermoplastic elastomers which exhibit unique structure—property relationships.
Their properties are significantly influenced by the numbers and chain lengths of
the S and B blocks. SB and SBS block copolymers were successfully analyzed by
LCCC where both S and B block lengths were determined with good accuracy [38].
In addition, residual PS and PB homopolymers were separated from the block
copolymers. The identification of the different fractions was carried out by on-
line FTIR spectroscopy.

SBRs and SBR-butadiene rubber (BR) blends are of extraordinary importance
for the production of automobile tyres. Depending on the molar mass and chemical
composition of the SBR and BR, and the SBR-to-BR ratio, the performance of the
materials can vary in a wide range. It is, therefore, important to determine the
following parameters: molar mass and S/B ratio of the SBR, molar mass of the BR,
SBR/BR ratio, exact chemical microstructure of the butadiene units in SBR and BR
(cis- vs. trans-, 1,2- vs. 1,4-units). The separation of blends of SBR and BR has been
accomplished by LCCC [27]. The exact chemical structure of the blend components
was analysed by coupling the chromatographic separation to FTIR detection. The
FTIR spectra of the components revealed information on the styrene and butadiene
content and the conformation of the butadiene units (1,2-, 1,4-cis, 1,4-trans units).
Poorly soluble high molar mass samples were separated by combining critical
separation with a gradient elution technique.

Typically, SBR rubbers are cross-linked in order to obtain their final properties.
While there is a variety of techniques to separate and analyse additives and oils in
cross-linked rubbers, there are no efficient techniques to separate the polymer itself.
Once the rubber is cross-linked, it is insoluble and cannot be analyzed by chroma-
tography. In previous work [39, 40] ozonolysis has been used to degrade SBR and
to obtain soluble degradation products. These soluble products have been analyzed
by HPLC. Due to severe degradation, however, only the styrene fragments could be
analyzed properly. The present application is aimed at using a soft pyrolysis
technique to degrade the rubbers only slightly. The soluble (if possible) high
molar mass part shall be separated by SEC and analyzed by FTIR spectroscopy.
The present work focuses on the polymeric part of the samples, while other
components like processing oils are just identified but not analyzed in detail.

Materials

¢ Polymers. The BR and SBR samples were technical products of BAYER AG,
Leverkusen, Germany, and Dunlop GmbH, Hanau, Germany. Their analytical
data as provided by the manufacturers are summarized in Table 7.2. The cross-
linking of the rubbers was conducted at 170 °C for 4 h under nitrogen. Since the
rubbers were technical formulations, they contained the necessary cross-linking
agents and, therefore, could be cross-linked just by heating. The pyrolysis was
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Table 7.2 Chemical composition of rubber samples as given by the suppliers

Polymer Sample Composition®
SBR Krylene 1500 23.5 % Styrene
SBR 1712 23.5 % Styrene + 37.5 phr processing oil
SBR 1721 40 % Styrene + 37.5 phr processing oil
SBR 1 100 phr Krylene 1500 + 50 phr carbon black
+ 10 phr processing oil + 5 phr other additives
BR BR 1203 + 37.5 phr processing oil
Ubepol 150 L + 37.5 phr processing oil
SBR-BR blend SBR-BR 69 phr SBR 1712 + 50 phr BR 1203 + 70 phr carbon

black + 19 phr processing oil +
13 phr other additives

phr parts per hundred

carried out at 220 °C under nitrogen atmosphere in a programmable oven. The
extraction was conducted in the following way: 750 mg of the pyrolyzed sample
were swollen in 20 mL THEF for 18 h at 40 °C. The extractables were filtered off,
THF was evaporated and the residue was dried in vacuum at 40 °C.

Equipment

Chromatographic System. The separations were carried out on a modular
chromatographic apparatus, comprising a Waters model 510 pump, a Rheodyne
six-port injection valve and a Waters column oven. The experiments of coupled
SEC-FTIR were carried out using the LC Transform® Model 100 of Lab
Connections, Marlborough, USA. The system was composed of two independent
modules, the sample collection module and the optics module. The effluent of
the SEC column was split with a fraction (10% of the total effluent) going into
the heated nebulizer nozzle while 90% of the total effluent going to the concen-
tration detector. When a chromatogram had been collected on the sample
collection disc, the disc was transferred to the optics module in the FTIR for
analysis of the deposited sample track. A control module defined the sample
collection disc position and rotation rate in order to be compatible with the run
time and peak resolution of the chromatographic separation. As a result, a
complete FTIR spectrum for each position on the disk and, hence, for each
sample fraction was obtained.

Column. SDV linear column, 300 x 8 mm i.d. (PSS GmbH, Mainz, Germany)
Mobile Phase. THF, HPLC grade.

Detectors. PL 1000 evaporative light scattering detector, Waters 486 tunable
UV detector.

Column Temperature. 25 °C

Sample Concentration. 1-3 mg/mL. All samples are dissolved in THF
Injection Volume. 100 pL
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Fig. 7.6 SEC chromatograms of Krylene 1500 (a) and SBR 1712 (b) and the extractables after
pyrolysis, stationary phase: SDV linear, mobile phase: THF, detector: ELSD (reprinted from [31]
with permission of Wiley-VCH)

Preparatory Investigations

The protocol that shall be followed includes the analysis of the non-crosslinked
precursor rubbers, the thermal cross-linking of the rubbers, the solvent extraction
of the pyrolysates, and the analysis of the extracts. As representative examples,
the SEC chromatograms of two rubbers are given in Fig. 7.6a, b. As can be seen
clearly, the molar masses of the extractables are significantly lower than the molar
masses of the original samples. For Krylene 1500 only one elution peak is
obtained before and after the pyrolysis because this rubber does not contain
processing oil. For SBR 1712 in Fig. 7.6b the elution peak at roughly 10 mL
can be assigned to the processing oil, while the peak at lower elution volume
corresponds to the polymer. Table 7.3 summarizes the amounts of extractables,
the molar masses of the precursor rubbers and the molar masses of the
extractables.

As is shown in Table 7.3, the SBR and BR rubbers exhibit significantly
different pyrolysis behaviours. For the BR rubbers, extractables in the range of
6—10 wt% are obtained, while the amount of extractables for SBR rubbers are
significantly higher. Despite of the fact that the amounts of extractables in some
cases are low, they have relatively high molar masses for all samples that indicate
an average of 10—100 chain scissions per molecule. For example, the initial molar
mass of SBR 1721 is 323 kg/mol while the molar mass of the extractables is
3.6 kg/mol. Accordingly, an average of 80 chain scissions should have taken
place. Considering the molar mass and the styrene content (23.5 wt%), the
precursor rubber was composed of roughly 700 styrene units and 4,500 butadiene
units. Since chain scission is likely to take place at the butadiene units, only about
2-3 % of the initial butadiene units will change their chemical structure in the
pyrolysis step. Accordingly, it can be assumed that the original chain structure
changes only marginally during the pyrolysis.
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Table 7.3 Amounts and molar masses of the extractables after pyrolysis of the cross-linked
precursor rubbers

Sample M,, (kg/mol) Amount of extractables® (wt%)
SBR 1712 460.9

SBR 1712 extractables 6.9 41
SBR 1721 3233

SBR 1721 extractables 3.6 36
SBR 1 135.7

SBR 1 extractables 7.0 29
Krylene 1500 262.9

Krylene 1500 extractables 25.6 12
BR 1203 242.5

BR 1203 extractables 7.0 6
Ubepol 181.8

Ubepol extractables 8.9 10
SBR-BR 330.0

SBR-BR extractables 24.1 47

“related to the total polymer amount

Separations

For the analysis of the chemical composition of the original rubbers and the
extractables after pyrolysis, the SEC separation was coupled to FTIR spectros-
copy. Using the LC Transform interface, the chemical composition at each point
of the elution curve was determined. The results of the SEC-FTIR analyses are
presented as Gram-Schmidt plots and chemigrams. While the Gram-Schmidt is a
presentation of the total concentration across the elution profile, the chemigrams
are measured at specific wavenumbers and present the concentration profiles of
specific groups, e.g. styrene or butadiene. Both presentations are shown in
Fig. 7.7a for sample Krylene 1500. The concentration profiles of the different
structural units are presented as chemigrams at the following wavenumbers:
1,482-1,500 cm ™! for styrene, 910 cm~! for 1,2-vinyl-butadiene, 966 cm~! for
1,4-trans-butadiene, and 738 cm ! for 1,4-cis-butadiene. The uniform distribu-
tion of the styrene and butadiene units across the elution peak indicates the
uniform composition of the SBR rubber.

Using the same approach, the extractables of the vulcanized Krylene 1500
after pyrolysis were analyzed, see Fig. 7.7b. As compared to the analysis of the
original sample the only significant difference is the shift of the elution peak
towards higher elution volumes indicating a decrease in molar mass. The distri-
bution of the substructures, as indicated by the different chemigrams, is as
homogeneous as in the precursor rubber sample, except for a small peak at
roughly 9 mL that indicates a very low molar mass styrene-enriched fraction. For
a more precise comparison of the original sample and the extractables of the
degraded sample, the compositions of both were determined quantitatively.
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Fig. 7.7 Gram-Schmidt plot and chemigrams of Krylene 1500 (a) and the extractables of Krylene
1500 (b), chromatogram is given in Fig. 7.6, stationary phase: SDV linear, mobile phase: THF,
detector: FTIR (reprinted from [31] with permission of Wiley-VCH)

Based on Lambert-Beer’s law, the relative concentrations of the substructures
can be determined from the relative intensities of the corresponding absorption
peaks. The following compositions for Krylene 1500 and the corresponding
extractables have been calculated, see also Table 7.4:

Krylene 1500 Krylene 1500 extractables
Styrene 24 wt% 22 wt%
1,4-Trans-butadiene 59 wt% 62 wt%
1,2-Vinyl-butadiene 17 wt% 16 wt%
1,4-Cis-butadiene Not found Not found

The results indicate that the chemical composition of the original rubber is also
present in the extractables from the pyrolysate. Although the extractables constitute
only 12 wt% of the original sample, the chemical composition of this part is
representative for the total sample.

A similar result was obtained for the more complex sample SBR 1. The results of
the SEC-FTIR analysis of the precursor rubber and the corresponding extractables
are shown in Fig. 7.8a, b. As was expected, peak 1 is due to the SBR rubber while
peak 2 with significantly increased aromatic absorptions is due to the low molar
mass additives, mainly the processing oil. This is also confirmed by the
corresponding FTIR spectra at the peak maxima. Unfortunately, the spray tech-
nique that is used in the LC Transform interface does not permit complete separa-
tion of the polymer peak from the additive peak. This is due to the significant
spreading of the low viscosity oil over the Ge disc. The quantification of the
polymer peak shows that the chemical composition of the extractables after pyrol-
ysis is in excellent agreement with the chemical composition of the precursor.
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Table 7.4 Chemical compositions of the initial rubbers and the extractables from the
vulcanizates as determined by coupled SEC-FTIR

Styrene 1,4-trans-butadiene  1,2-vinyl-butadiene 1,4-cis-butadiene

Sample [wt%] [wt%] [Wt%] [wt%]
SBR 1712 26 58 16 -
SBR 1712 48 43 9 -
extractables
SBR 1721 38 51 11 -
SBR 1721 29 58 13 -
extractables
Krylene 1500 24 59 17 -
Krylene 1500 22 62 16 -
extractables
BR 1203 - 4 1 95
BR 1203 - 8 1 91
extractables
Ubepol - 3 1 96
Ubepol extractables — 7 2 91
SBR 1 32 52 16 -
SBR 1 extractables 29 57 14 -
SBR-BR 10 27 7 56
SBR-BR 18 37 9 36
extractables
a b
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Fig. 7.8 Gram-Schmidt plot and chemigrams of SBR 1 (a) and the extractables of SBR 1
(b), stationary phase: SDV linear, mobile phase: THF, detector: FTIR (reprinted from [31] with
permission of Wiley-VCH)

SBR 1 SBR 1 extractables
Styrene 32 wt% 30 wt%
1,4-Trans-butadiene 52 wt% 55 wt%
1,2-Vinyl-butadiene 16 wt% 15 wt%

1,4-Cis-butadiene Not found Not found
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Fig. 7.9 Gram-Schmidt plot and chemigrams of SBR-BR blend (a) and the extractables of SBR-
BR (b), stationary phase: SDV linear, mobile phase: THF, detector: FTIR (reprinted from [31]
with permission of Wiley-VCH)

Finally, a blend of SBR and BR was investigated. This blend was a 1:1:1 mixture
of SBR 1712, BR 1203, and carbon black. In addition, the blend contained different
types of additives and processing oil.

The blend was vulcanized and degraded under the above mentioned conditions
and yielded 47 wt% extractables with a molar mass of 24.0 kg/mol. The SEC-FTIR
analyses of the original blend and the extractables are given in Fig. 7.9. The
quantification of the polymeric part shows that there is a significant difference
between the chemical composition of the extractables after pyrolysis and the
chemical composition of the precursor.

SBR-BR SBR-BR extractables
Styrene 10 wt% 18 wt%
1,4-Trans-butadiene 27 wt% 37 wt%
1,2-Vinyl-butadiene 7 wt% 9 wt%
1,4-Cis-butadiene 56 wt% 36 wt%

While the concentration of the SBR-related structural units is higher, the con-
centration of the BR-related structural units is lower in the extractables as compared
to the original sample. This result is straightforward since the pyrolysis of the blend
yields mainly soluble degradation products from the SBR component. Therefore,
this part is overestimated in the blend. SEC did not separate SBR and BR from each
other and, accordingly, FTIR could not quantify them separately.

Evaluation

As has been shown cross-linked SBR and BR can efficiently be analyzed by liquid
chromatography and FTIR spectroscopy. By pyrolyzing the vulcanizate and
extracting the soluble part, rubber fragments are obtained that can be analyzed by
SEC and FTIR spectroscopy. By quantitative analysis of the FTIR spectra the
concentrations of the different structural units, including styrene, 1,4-trans-butadi-
ene, 1,2-vinyl-butadiene and 1,4-cis-butadiene in the polymeric part are determined.
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It has been shown that the chemical composition of the original non-crosslinked
rubbers and the chemical composition of the extractables are rather identical.
Deviations from the original composition are obtained for the SBR-BR blend.
Obviously, both components exhibit different pyrolysis behaviours. For the accurate
analysis of such samples a chromatographic technique must be used that separates the
sample by chemical composition into the SBR and the BR parts, such as HPLC or 2D-
LC, see for example Heinz et al. [41]. The quantitative compositions that were
obtained by SEC-FTIR are summarized in Table 7.4.

7.1.2 Fast Chemical Composition Analysis of Random
Styrene-Butylacrylate Copolymers by HPLC-FTIR [32]

Aim

Combinatorial methods are high-efficiency methods to create large composition
libraries of materials, e.g. with continuous composition variations. These
compositions are tested systematically in parallel for specific properties of interest,
in contrast to the time-consuming one-composition-at-a-time approach. Combina-
torial methods are of particular interest for the development of new or better
polymeric materials. Given the huge variety in monomers, catalysts, and polymeri-
zation techniques leading to the possible preparation of unlimited numbers of new
formulations it is reasonable, if not obvious, to use combinatorial techniques. The
ability to map out structure—property relationships in a relatively short period of
time is crucial for the discovery of polymers with new or improved properties. The
preparation of large numbers of target compounds, however, is only the first step in
a combinatorial set-up. As important as the fast synthesis is the fast analysis of the
prepared sample sets. Synthetic polymers are highly complex materials that very
frequently exhibit a chemical or functional heterogeneity in addition to the molar
mass distribution. In order to evaluate a new material properly, the different
distributions have to be determined quantitatively.

It has been shown that the throughput in SEC can be increased by 5-10 times
when new stationary phases and column shapes are developed that are designed for
high-throughput experimentation [42—44]. Using these new materials the time per
SEC run can be decreased to about 2 min as compared to more traditional analysis
times of 30—60 min. When new column technology is applied to HPLC of polymers,
functionality type separations can be conducted in less than 5 min [44, 45].
However, while the chromatographic separation has been conducted in a very
short period of time, the spectroscopic (e.g., FTIR) analysis of chromatographic
fractions has taken much longer.

The present application makes use of the LC Transform system for the high-
throughput analysis of random styrene-butylacrylate copolymers (SBA) with regard
to molar mass and chemical composition distribution.
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Table 7.5 Bulk chemical compositions and molar masses of the SBA copolymers analysed by
high-throughput SEC with RI detection®

Sample BA/S content (mol%) M, (kg/mol) M,, (kg/mol)
1 0/100 57 120
2 20/80 64 149
3 30/70 65 154
4 50/50 72 182
5 70/30 75 199
6 80/20 82 227
7 100/0 44 75
8 20/80 88 223
9 30/70 89 230
10 40/60 93 256
11 50/50 91 247
12 60/40 96 276
13 70/30 101 299
14 80/20 86 223

#Samples 1-7: low conversion polymers with narrow CCD, samples 8-14: high conversion
polymers with broad CCD

Materials

Polymers. Thirteen random copolymers were prepared using a parallel experi-
mental set-up. Polymerizations were carried out in a Polymer Laboratories
PL-SP 260 high-temperature sample preparation instrument. Screw-neck vials
of 4 mL volume were filled with destabilized styrene and n-butyl acrylate,
recrystallised benzoyl peroxide and distilled toluene. The vials were agitated
and heated at a temperature of 70 °C. For the low-conversion samples the
polymerisation time was 1 h, for the high-conversion samples the reaction
time was 20 h. In this case the amount of toluene was optimized in order to
avoid cross-linking. The copolymer solutions were precipitated in methanol and
dried in vacuum at 40 °C. The copolymer blends were prepared by mixing
solutions of the copolymers in toluene. Their bulk chemical composition and
the molar masses obtained by high-throughput SEC are summarized in
Table 7.5.

Equipment

Chromatographic System. Agilent 1100 Series HPLC modular system (Agilent
Technologies) comprising a quadruple pump, an auto-sampler and a column
oven was used. For data collection and processing the software package
‘WinGPC-Software’ (Polymer Standards Service GmbH, Mainz, Germany)
was used. For the HPLC-FTIR experiments the LC Transform interface LCT-1
was used. Experimental conditions were as follows: evaporation temperature
110 °C, rotation of the Ge disc with variable speed at 45°/min. The FTIR spectra
were taken with a Nicolet Protegé 460 Magna-IR Technology spectrometer, one
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sample and background scan, 8 cm™! spectral resolution, 600-2,000 cm ™!

spectral range. The flow rate for SEC was 5 mL/min while the HPLC separations
were conducted at a flow rate of 2 mL/min.

e Columns. SEC: high-speed linear SDV (PSS GmbH, Mainz, Germany), average
particle size 10 pm, column size 50 x 20 mm i.d.; HPLC: Luna silica gel
(Phenomenex), average particle size 3 pm, column size 30 x 4.6 mm i.d.

+« Mobile Phase. SEC: THF; HPLC: hexane-toluene-MEK

¢ Detectors. PL evaporative light scattering detector ELS 1000 (gas flow: 1.5,
nebulizer temperature: 90 °C, evaporation temperature: 120 °C), Agilent 1100
Series refractive index detector

¢ Column Temperature. 40 °C

¢ Sample Concentration. Samples were dissolved in a concentration of 0.5 mg/
mL (SEC) or 6 mg/mL (HPLC) in the mobile phase and filtered through a
0.45 pm filter prior to analysis.

e Injection Volume. 100 pL (SEC) and 20 pL (HPLC)

Preparatory Investigations

The most useful LC technique for random copolymer separation is gradient HPLC.
Under favourable conditions gradient HPLC separates copolymers strictly with
regard to chemical composition rather irrespective of molar mass. For styrene-
ethyl acrylate copolymers it was shown by Kriamer et al. that they can be separated
according to chemical composition using a RP-18 stationary phase and a linear
gradient of acetonitrile-THF [46]. At a flow rate of 1 mL/min the time requirement
per analysis was roughly 20 min. For the analysis of the present samples this
method was not suitable. In this case a gradient of hexane-toluene-MEK on a silica
gel stationary phase was found to separate the copolymers according to chemical
composition. As it was the aim of the present study to run fast HPLC separations, a
very short column (Luna of Phenomenex) with an average particle size of 3 pm was
used. The gradient is given in Table 7.6.

Figure 7.10 shows the chromatograms of the different low-conversion SBA
copolymers. As can be seen, very narrow and uniform elution peaks are obtained.
Since gradient HPLC separates according to chemical composition, the narrow and
uniform elution peaks are a clear confirmation of the fact that these samples have a
very narrow chemical composition distribution.

The separations were conducted at a flow rate of 2 mL/min requiring less than
1.5 min per analysis. The total analysis time for the three blends including column
washing and re-establishment of the gradient conditions took less than 8 min.
Accordingly, this technique can be used for the fast separation of large numbers of
samples with regard to chemical composition. As compared to conventional gradient
HPLC separation experiments time savings of more than 90% were achieved.

For the analysis of the copolymers with regard to chemical composition distri-
bution the HPLC system must be calibrated, i.e. a correlation of the elution volume
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Table 7.6 Gradient for the HPLC separation of SBA copolymers

Time (min) Hexane (%) Toluene (%) MEK (%)
0 60 40 0
0.15 33 60 7
0.60 45 40 15
1.5 20 40 40
1.75 100 0 0
2.25 100 0 0
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Fig. 7.10 Gradient HPLC of blends of PS, PBA and low-conversion SBA copolymers, stationary
phase: Luna, mobile phase: hexane-toluene-MEK, detector: ELSD, blend 1: samples 1 + 4 + 7,
blend 2: samples 2 + 5, blend 3: samples 3 + 6 (reprinted from [32] with permission of European
Polymer Federation)

and the chemical composition must be established. In the present case, the calibra-
tion was conducted by measuring blends of PS and PBA in different well-known
proportions. From the FTIR spectra of the blends the ratios of the absorption peaks
at 700 cm ™' for PS (Ips) and 1,727 cm ™! for PBA (Ipgs) were determined and
plotted against the PBA content of the blend, see Fig. 7.11. The calibration curve
was subsequently used to calculate the BA contents of the copolymers from the
FTIR peak areas.

Separations

The fast compositional analysis of the chromatographic peaks was conducted using
FTIR as a direct detector in HPLC. As a result of the measurements chemigrams are
obtained presenting the intensity profile of a certain absorption band across the
elution profile. The deposited copolymer fractions that were eluted from HPLC and
sprayed onto the Ge disc are shown in Fig. 7.12. As can be seen the whole disc can
be loaded with HPLC fractions that are automatically scanned in the FTIR spec-
trometer. After optimization of the FTIR settings, the measurement of the back-
ground and of seven copolymer peaks can be carried out in less than 6 min. The
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Fig. 7.11 Calibration curve for the analysis of SBA copolymers with regard to chemical
composition (reprinted from [32] with permission of European Polymer Federation)
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Fig. 7.12 Multiple HPLC separations of blends of SBA copolymers and analyses of the BA
content by FTIR, experimental conditions and sample assignment see Fig. 7.10, errors are
indicated by corresponding error bars, inset shows the Ge disc after polymer deposition (reprinted
from [32] with permission of European Polymer Federation)

low-conversion copolymers were measured within 18 min, whereas with conven-
tional measurements this would have taken more than 3 h. Figure 7.12 shows the
HPLC-FTIR results of the copolymer blend separations.

As has been shown in Fig. 7.10, one blend with three polymer components and
two blends with two copolymer components were analyzed. The calculated BA
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Fig. 7.13 Comparison of SBA chemical composition as determined by 'H NMR (squares), off-
line FTIR (diamonds), and coupled HPLC-FTIR (circles) (reprinted from [32] with permission of
European Polymer Federation)

contents of the copolymer fractions are plotted as a function of the elution volume.
To check for reproducibility, every copolymer blend was separated and analyzed
consecutively three times. The accuracy of these measurements is presented as an
error plot. Considering the errors in the calibration of FTIR, the evaluation of sample
spectra and the experimental peculiarities of the LC Transform system, a maximum
error of about 10% can be regarded as a good result.

To check the accuracy of the FTIR analyses, the data of "H NMR and FTIR bulk
analyses were compared with the results of the coupling experiments. The '"H NMR
measurements were conducted in deuterated chloroform. For the determination of
the copolymer compositions the signals of the aromatic protons (styrene) and the
—CH,0- protons (ethyl acrylate) were used. As can be seen in Fig. 7.13, a very good
agreement between the different techniques was achieved. Maximum error was less
than 9 %.

For the analysis of the high-conversion SBA copolymers the same gradient
conditions were used. Different from the low-conversion copolymers these
copolymers exhibit very broad elution peaks, see Fig. 7.14. This is a clear indication
of the high chemical heterogeneity of these copolymers.

Evaluation
Using the BA content versus elution volume dependence given in Fig. 7.12, the
elution curves of the high-conversion SBA copolymers in Fig. 7.14 can be re-
calculated to chemical composition distribution curves, see Fig. 7.15. Considering
the limited accuracy of the concentration axis, these curves give a very clear
presentation of the chemical heterogeneity of the copolymers. Depending on the
composition of the monomer feed, distribution curves of different shape and
broadness are obtained. For example, the copolymer with a nominal content of
50% BA contains copolymer fractions with BA contents of 28-97%.

To summarize, the fast and reproducible chromatographic analysis of SBA
copolymers can be achieved when existing techniques are modified with regard to
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Fig. 7.14 Gradient HPLC analyses of high-conversion SBA copolymers, experimental
conditions see Fig. 7.10, numbers indicate sample numbers (reprinted from [32] with permission
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Fig. 7.15 Chemical composition distribution (CCD) of high-conversion SBA copolymers, num-
bers indicate sample numbers (reprinted from [32] with permission of European Polymer
Federation)

the stationary and mobile phases, and the flow rate. Fast and high-throughput SEC
analyses can be conducted within less than 3 min per sample. The time
requirements for gradient HPLC separations can be decreased to less than 2 min
per sample when very short and highly efficient columns and high flow rates are
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used. The calibration of the HPLC separation can be conducted by coupling the
HPLC system with FTIR through the LC Transform interface.

7.2  Coupling with Mass Spectroscopy

From the early days of modern mass spectrometry (MS), the value of its combina-
tion with chromatography was appreciated. The coupling of GC with MS was a
natural evolution since they are both vapour phase techniques, and very quickly
GC-MS was accepted as a standard component of the organic analytical laboratory.
It has taken considerably longer to develop suitable modes of HPLC-MS coupling.
The difficulties with HPLC-MS were associated with the fact that vaporization of
typically 1 mL/min from the HPLC translates into a vapour flow rate of approx.
500-1,000 mL/min. Other difficulties were related to the eluent composition as
result of the frequent use of non-volatile modifiers, and the ionization of non-
volatile and thermally labile analytes. However, during the past two decades
commercial interfaces have been developed which have led to a broad applicability
of HPLC-MS [47-49].

The techniques necessary for the successful introduction of a liquid stream into a
mass spectrometer are based on the following principles: electrospray ionization
[50], atmospheric pressure chemical ionization [51], thermospray ionization [52],
and particle beam ionization [53]. In a thermospray interface [54-56] a jet of
vapour and small droplets is generated out of a heated vaporizer tube. Nebulization
takes place as a result of the disruption of the liquid by the expanding vapour that is
formed at the tube wall upon evaporation of part of the liquid in the tube. Prior to
the onset of the partial evaporation inside the tube a considerable amount of heat is
transferred to the solvent. This heat later assists in the desolvation of the droplets in
the low-pressure region. By applying efficient pumping by means of a high-
throughput mechanical pump attached directly to the ion source up to 2 mL/min
of aqueous solvents can be introduced into the MS vacuum system. The ionization
of the analytes takes place by means of solvent-mediated chemical ionization
reactions and ion evaporation processes. In a particle beam interface [53, 57, 58]
the column effluent is nebulized either pneumatically or by thermospray nebuliza-
tion, into a near atmospheric-pressure desolvation chamber, which is connected to a
momentum separator where the high-mass analytes are preferentially transferred to
the MS ion source while the low-mass solvent molecules are efficiently pumped
away. The analyte molecules are transferred as small particles to a conventional ion
source, where they disintegrate upon collisions at the heated source walls. The
released gaseous molecules are ionized by electron impact or chemical ionization.

Two different sample-introduction approaches are used in combination with
atmospheric pressure ionization (API) devices. They primarily differ in the nebuli-
zation principle and in the application range they cover. In a heated nebulizer or
APCI interface [59], the column effluent is pneumatically nebulized in a heated
tube, where the solvent evaporation is almost completed. Atmospheric-pressure
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chemical ionization (APCI), initiated by electrons from a corona discharge needle,
is achieved in the same region. Subsequently, the ions generated are sampled into
the high vacuum of the mass spectrometer for mass analysis. In an electrospray
interface [60, 61], the column effluent is nebulized into the atmospheric-pressure
region as a result of the action of a high electric field resulting from a 3 kV potential
difference between the narrow-bore spray capillary and a surrounding counter
electrode. The solvent emerging from the capillary breaks into fine threads which
subsequently disintegrate in small droplets. In some designs, the electrospray
nebulization is assisted by pneumatic nebulization. Such an approach is called an
ionspray interface [62].

From the point of view of polymer analysis, a mass spectrometric detector would
be a most interesting alternative to the conventional detectors because this detector
could provide absolute molar masses of polymer components [63, 64]. Provided
that fragmentation does not occur, intact molecular ions could be measured. The
measured mass of a particular component could then be correlated with chemical
composition or chain length. However, the major drawback of most conventional
HPLC-MS techniques is the limited mass range, preventing higher oligomers
(molar mass above 2,000-3,000 g/mol) from being ionized without fragmentation
[65-67].

The use of MS for detailed polymer analysis has been becoming more
established due to the introduction of soft ionization techniques that afford intact
oligomer or polymer ions with less fragmentation [68—71]. One of these techniques,
electrospray ionization MS (ESI-MS), has been widely applied in biopolymer
analysis. Proteins and biopolymers are typically ionized through acid-base
equilibria. When a protein solution (the effluent from a HPLC separation) is
exposed to an electrical potential it ionizes and disperses into charged droplets.
Solvent evaporation upon heat transfer leads to the shrinking of the droplets and the
formation of analyte ions. Larger molecules aquire more than one single charge,
and, typically, a mixture of differently charged ions is obtained.

Unfortunately, ESI-MS has had limited applications in polymer analysis [72,
73]. Unlike biopolymers, most synthetic polymers have no acidic or basic func-
tional groups that can be used for ion formation. Moreover, each molecule gives
rise to a charge distribution envelope, thus further complicating the spectrum.
Therefore, synthetic polymers that can typically contain a distribution of chain
lengths and a variety in chemical composition or functionality furnish complicated
mass spectra, making interpretation nearly impossible.

To overcome the difficulties of ESI-MS, salts were added to the mobile phase to
facilitate ionization [74, 75]. To simplify the resulting ESI spectra, the number of
components entering the ion source was reduced. Combining SEC with
electrospray detection, a number of polymeric systems have been analysed includ-
ing PEO [76], aliphatic polyesters [77], phenolic resins [78], methyl methacrylate
macromonomers [79] and polysulfides [80]. The detectable mass range for different
species, however, was well below 5,000 g/mol, indicating that the technique is not
really suited for polymer analysis.
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Matrix-assisted laser desorption/ionization time-of-flight MS (MALDI-TOF-
MS) is the most powerful soft ionization technique that allows desorption and
ionization of very large molecules even in complex mixtures. In polymer analysis,
the great potential of MALDI-TOF-MS is to perform the direct identification of
mass-resolved polymer chains, including intact oligomers within a molar mass
distribution, and the simultaneous determination of structures and endgroups in
polymer samples. This most promising method for the ionization of large molecules
and the analysis according to their molar mass and functionality has been
introduced by Tanaka et al. [80] and Karas and Hillenkamp [81-83]. Compared
to other mass spectrometric techniques, the accessible mass range has been
extended considerably. In principle, the sample to be investigated and a matrix
solution are mixed in such a ratio that matrix separation of the sample molecules is
achieved. After drying, a laser pulse is directed onto the solid matrix to photo-excite
the matrix material. This excitation causes the matrix to explode, resulting in the
expulsion and soft ionization of the sample molecules. Once the analyte is ionized,
itis accelerated and analysed in a TOF mass spectrometer. As a result, the analyte is
separated according to the molar mass of its components, and in the case of
heterogeneous polymers additional information on chemical composition may be
obtained. In a number of papers it was shown that polymers may be analyzed up to
relative molar masses of about 500,000 Da [84—-88]. It was shown in a number of
applications that functionally heterogeneous polymers can be analysed with respect
to the degree of polymerization and the type of functional groups [89-92].

The on-line combination of liquid chromatography and MALDI-TOF-MS would
be of great value for polymer analysis. In particular, for chemically or functionally
heterogeneous polymers liquid chromatography could provide separation with
respect to chemical composition while MALDI-TOF would analyse the fractions
with respect to oligomer distribution or molar mass. Unfortunately, MALDI-TOF is
based on desorption of molecules from a solid surface layer and, therefore, a priori
not compatible with liquid chromatography. In an attempt to take advantage of the
MALDI-TOF capabilities, off-line LC separations are conducted and the resulting
fractions subjected to MALDI-TOF measurements. This can be done manually or
using an interface and it has the advantage that virtually any type of chro-
matographic separation can be combined with MALDI-TOF.

The different options for online coupling have been summarized by Weidner and
Falkenhagen [93], including (1) spray (aerosol) methods and (2) continuous flow
methods. In the first case, the solvent is evaporated by spraying into a heated tube.
The aerosol that is formed by nebulization with nitrogen enters the mass spectrom-
eter and is ionized by the laser, see Fig. 7.16a.

The matrix is added before the nebulization via a T-piece. The obtained MALDI
spectra, however, were of rather low quality [94-98]. In the second case, the
dissolved sample is introduced into the spectrometer and the laser is focussed at
the tip of the inlet system, see Fig. 7.16b. In order to maintain the vacuum the flow
rates are typically 1-5 pL/min. Later, a number of modifications have been
presented that describe an atmospheric pressure approach [99-102].
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Fig. 7.16 Principles of online coupling of LC and MALDI-TOF, (a) spray method, (b) continu-
ous flow method (reprinted from [93] with permission of John Wiley & Sons)

While direct coupling is a problem, it has been shown that at least the LC sample
collection and subsequent preparation of the samples for MALDI analysis can be
automated. Different interfaces have been developed that can be coupled directly to
the LC system. In these interfaces the eluate stream is collected in vials or deposited
on the MALDI target via a spray or drip process. The matrix required for the
MALDI process is either co-added to the eluate stream or matrix-precoated MALDI
targets are used. Typical examples for interfaces are: Probot™ Microfraction
Collector, LC Packings; DiNa Map MALDI Spotter, Kromatek, UK; MALDILC™
System, Gilson; SunChrom, Germany [103—106]. Eluates can be collected in vials
and, after finishing fractionation, small volumes can be premixed with matrix
solution. Afterwards, a small amount of this mixture (normally only a few
microliters) will be deposited on the MALDI—TOF target plate [107—109]. Out
of the spray interfaces, the LC Transform system is the most popular one. This
system is a modified version of the device that is used for LC-FTIR interfacing
[110]. A more recent development is the heated droplet interface [111, 112].

Over the years a significant number of applications for the coupling of LC and
MALDI-TOF have been published. Comprehensive overviews can be found in
[113—115]. One option is to use MALDI-TOF for the calibration of SEC. In SEC
of low molar mass samples the separation into individual oligomers and the
quantitative determination of the MMD via an oligomer calibration can be
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Fig. 7.17 SEC of oligo(caprolactone) and offline analysis of fractions by MALDI-TOF, peak
assignment indicates degree of polymerisation (n) (reprinted from [115] with permission of
Elsevier)

achieved, see Fig. 7.17 for oligo(caprolactone). The lower oligomers appeared as
well separated peaks at the high retention time end of the chromatogram. For the
analysis of the peaks, i.e. the assignment of a certain degree of polymerization (n) to
each peak, MALDI-TOF MS was used. The SEC separation was conducted at the
usual analytical scale and the oligomer fractions were collected, resulting in
amounts of 5-20 ng substance per fraction in THF solution. The solutions were
directly mixed with the matrix solution, placed on the sample slide and subjected to
the MALDI experiments. For the lower oligomers the spectra consisted of a number
of peaks of high intensity having a peak-to-peak mass increment of 114 Da, which
equals the mass of the caprolactone repeating unit. These peaks represented the
M + Na™ molecular ions, whereas the peaks of lower intensity in their vicinity were
due to the formation of M + K* molecular ions. M + Na* and M + K* molecular
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ions were formed due to the presence of small amounts of Na* and K* ions in the
samples and/or the matrix. Further peaks of low intensity indicated a functional
heterogeneity in the samples. From the masses of the M + Na™ peaks the degree of
polymerization of the corresponding oligomer was calculated. By this procedure,
the first peak in the chromatogram was assigned to n = 1, the second peak ton = 2,
and so on. From the elution time and the degree of polymerization of each oligomer
peak an oligomer calibration curve log molar mass versus elution time was
constructed. The conventional calibration curve based on PS standards differed
remarkably from the oligomer calibration curve.

Other examples of successful combinations of liquid chromatography and
MALDI-TOF were given by Kriiger et al., separating linear and cyclic fractions
of polylactides by LC-CC [116]. Just and Kriiger were able to separate cyclic
siloxanes from linear silanols and to characterize their chemical composition
[117]. The calibration of a SEC system by MALDI-TOF was discussed by
Montaudo [118]. Polydimethyl siloxane (PDMS) was fractionated by SEC into
different molar mass fractions. These fractions were subjected to MALDI-TOF
for MMD. The resulting peak maximum molar masses were combined with the
elution volumes of the fractions from SEC to give a PDMS calibration curve log M
versus V.. The calibration of SEC by MALDI-TOF-MS for PMMA, polyvinyl
acetate and vinyl acetate copolymers has been discussed by Danis et al. In addition
to obtaining proper calibration curves, band broadening of the SEC system was
detected [119]. The analysis of random copolyesters has been described by
Montaudo [120]. Falkenhagen et al. [121] and Pasch and Rode [115] described
the characterization of EO-PO copolymers. The chromatographic fractionation
was conducted using LCCC. Lee et al. [122] addressed the analysis of L-lactide-
ethylene oxide block copolymers while Montaudo and Montaudo described the
separation and analysis of polyacrylate [123] and styrene-maleic anhydride
copolymers [124].

At least for the lower mass range the combination of different LC separation
modes with ESI-TOF MS is a useful option. Recently, Falkenhagen and Weidner
reported on the coupling of ultrahigh pressure liquid chromatography (UPLC) and
ESI-TOF MS for the analysis of complex copolymers [125]. They showed that
critical conditions for PEO and PPO can be determined easily without running a
large number of molar mass standards, see Fig. 7.18.

Experimental parameters for SEC, LCCC and liquid adsorption chromatography
(LAC) can be adjusted very quickly by running mass spectra at various UPLC
elution times. The LCCC mode can be clearly identified by the fact that for different
elution times the same oligomer distributions (number of EO units) are obtained. In
contrast, in the SEC mode increasing elution times correspond to lower numbers of
EO units. This approach was then used to analyze a variety of copolymers.

Over the last few years MALDI-TOF became a popular tool for the 2D mapping
of copolymers, see for example Weidner et al. [126]. A dedicated software tool
‘MassChrom2D’ has been developed to process the data from HPLC separation and
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Fig. 7.18 Determination of different modes of liquid chromatography (SEC, LACCC, LAC) for
PEO by UPLC/ESI-TOF MS (reprinted with permission from [125]. Copyright (2009) American
Chemical Society)

MALDI-TOF analysis of fractions to produce 2D plots similar to those from 2D-LC
[127]. Latest state-of-the-art reports on the diversity of MALDI-TOF applications
for complex polymers have been given by Weidner and Trimpin [128], Hart-Smith
and Barner-Kowollik [129] and Weidner and Falkenhagen [93].

In the following sections representative examples for the analysis of complex
polymers by LC-MALDI-TOF are given. These examples were taken from a more
extensive compilation given in [113].

7.2.1 Molar Mass Distribution of Polyester Copolymers [130, 131]

Aim

Polyesters are polycondensation products with a broad MMD. The determination
of MMD by SEC is complicated due to the fact that calibration standards with
narrow polydispersity are not commercially available. The direct MMD determi-
nation by MALDI-TOF MS is not possible because the expected polydispersity
index of M/M,, ~ 2 is too high for a direct measurement. Even more complicated
is the situation for polyester copolymers where different diols and diacids are
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reacted with each other. In this case an accurate MMD by SEC is not possible
unless molar mass sensitive detectors (light scattering, viscometer detectors) are
coupled to SEC.

By pre-fractionating different polyester samples, fractions of low polydispersity
can be obtained which subsequently can be analyzed by MALDI-TOF MS. These
analyses yield calibration curves for polyesters of different composition which can
be used for computing molar mass averages for homo- and copolymers.

Materials

» Laboratory products of different polyesters have been prepared by melt poly-
condensation starting from stoichiometric amounts of dimethyl esters and
1,4-butane diol. Dimethyl esters of the following acids were used: adipic acid,
succinic acid, and sebacic acid.

Equipment

e Chromatographic System. Waters Model 600A apparatus and a Waters Model
401 differential refractometer. 30 drops of each fraction were collected, frac-
tionation was carried out several times to accumulate sufficient amounts for
further analyses.

* Columns. Five Ultrastyragel connected in series, average particle size 10 pm,
column size 300 x 7.8 mm, pore sizes 105, 103, 500, 104, 100 A

* Mobile Phase. THF or chloroform

¢ Sample Amount. 60 pL of a 15 g/L solution in THF or chloroform

* MALDI-TOF System. Bruker Reflex MALDI-TOF with linear and reflectron
detectors, acceleration voltage of positive 30 kV.

« MALDI-TOF Sample Preparation. 0.1 mL of each collected fraction was
mixed with 2 mL HABA solution (0.1 M 2-(4-hydroxyphenyl azo)benzoic
acid in THF/CHCI; 1:1). 0.2 pL of this volume were dropped on the MALDI
sample target, dried and analyzed.

Preparatory Investigations

As the first step of these investigations, the homopolymers polybutylene adipate
(PBA), polybutylene succinate (PBSu) and polybutylene sebacate (PBSe) are
fractionated by SEC. Typically, injecting about 0.5—1 mg of polymer into the SEC
and collected 25-100 fractions yields sufficient quantities for MALDI-TOF analysis.
Selected nearly monodisperse fractions are analyzed by MALDI-TOF and the data
are used for constructing the corresponding log M versus elution volume curves.
Figure 7.19 shows the calibration curves obtained for PBA, PBSu and PBSe.

As can clearly be seen from these plots, the calibration curves of the polyesters
are different in terms of position and slope. Apparently, the hydrodynamic volumes
are in the order PBSe > PBA > PBSu, showing a correlation with their chemical
structure.
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Fig. 7.19 Plots of log molar mass versus elution volume for PBSe (filled square), PBA (filled
triangle), and PBSu (filled circle) (reprinted with permission from [131]. Copyright (1998) of
American Chemical Society)

MALDI-TOF Analysis

Copolyesters which were prepared from 50:50 mixtures of different dimethyl esters
are fractionated in a similar way. Figure 7.20 shows a typical SEC trace of
polybutylene adipate/sebacate (PBA-Se) together with the MALDI-TOF spectra
of fractions taken at different elution volumes. The corresponding calibration curve
for the copolymer together with the calibration curves for the homopolymers is
given in Fig. 7.21a. It is clear from this plot that the copolymer deviates over its
entire molar mass range from the additivity of hydrodynamic volumes, which is
normally assumed in conventional SEC experiments. The same behaviour is
obtained for the copolymer polybutylene adipate/succinate (PBA-Su). In this
case, the calibration curve for the copolymer is even lower than the calibration
lines of the corresponding homopolymers, see Fig. 7.21b.

Comparing the molar mass data obtained by conventional SEC with the data
from SEC-MALDI-TOF, significant deviations are obtained for PBSe-Su and PBA-
Se-Su. This is a further strong indication that the hydrodynamic properties of the
copolymers are more complex than it can be extrapolated from the behaviour of the
homopolymers.

7.2.2 Molar Mass and Chemical Composition Analysis
of PnBMA-b-PMMA Block Copolymers [132]

Aim

Block copolymers are frequently prepared by sequential polymerization using
different techniques including anionic, group transfer (GTP) or atom transfer radical
polymerisation (ATRP). The polymerisation is started by homopolymerising the first
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Fig. 7.20 SEC chromatogram for PBA-Se and MALDI-TOF spectra of fractions 5, 7, 9, and 12,
solvent THF (reprinted with permission from [131]. Copyright (1998) of American Chemical
Society)

monomer to form the first block of the block copolymer. When the first monomer is
consumed, the second monomer is added to the reaction mixture to form the second
block. Due to impurities in the reaction mixture, very frequently after the first
polymerization step a number of chain ends are terminated and a homopolymer
fraction of the first monomer is formed.

As has been discussed before, accurate molar mass determination of copolymers
is a problem due to the fact that the SEC system cannot be calibrated by proper
calibration standards. Therefore, a calibration shall be conducted through SEC-
MALDI-TOF. In addition, information shall be obtained on the presence of
homopolymers and the chemical composition of the copolymer fractions.

Materials

» Diblock copolymer of n-butyl methacrylate (nBMA) and methyl methacrylate
(MMA). The sample under investigation has been prepared by group transfer
polymerization starting with n-butyl methacrylate. The average molar mass of
the sample is about 4,000 g/mol.
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Fig. 7.21 Plots of log molar mass versus elution volume for PBSe, PBA, and PBA-Se (a) and for
PBA, PBSu, and PBA-Su (b) (reprinted with permission from [131]. Copyright (1998) of Ameri-

can Chemical Society)

Equipment
¢ Chromatographic System. Modular HPLC system comprising a Waters model

510 pump, a Rheodyne six-port injection valve and a Waters column oven. For
automatic fraction collection and deposition on the MALDI targets the LC-
Transform Model 500 (Lab Connections, Marlborough, MA, U.S.A.) is used.
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« Columns. Set of four PLgel columns 10’ A + Mixed-D + Mixed-E + 50 A
average pore diameter. Column size was 300 x 7.5 mm i.d.

¢ Mobile Phase. THF of HPLC grade.

* Detector. Waters differential refractometer R 410.

* Sample Amount. 100 pL of a 0.2 mg/mL solution in the mobile phase

¢ MALDI-TOF System. Kratos Kompact MALDI 4 with linear and reflectron
detectors, acceleration voltage of positive 20 kV.

* MALDI-TOF Sample Preparation. 10 % of the SEC effluent were introduced
into the MALDI interface via a capillary. The effluent was sprayed via a heated
capillary nozzle continuously on a slowly moving Kratos MALDI target pre-
coated with the matrix 1,8,9-trihydroxy anthracene (dithranol). The matrix was
manually deposited on the MALDI target from a THF solution. For the enhance-
ment of ion production, sodium trifluoroacetate was added to the matrix.

Preparatory Investigations

The experimental setup for the SEC-MALDI-TOF analysis is schematically
presented in Fig. 7.22. As already explained, the SEC separation is carried out in
the usual way with typical SEC flow rates and concentrations. 10% of the effluent is
split off, directed into the interface and deposited on the MALDI targets. The SEC
chromatogram of the sample recorded with the refractive index detector does not
indicate any peculiarities or by-products, see Fig. 7.23.

MALDI-TOF Analysis

After the SEC separation the fractions are automatically deposited on the MALDI-
TOF sample target. Prior to fraction deposition the target was pre-coated with the
matrix dithranol and a small amount of sodium trifluoro acetate (NaTFA) to enhance
the formation of [M + Na]* molecular ions. Since the fraction deposition is carried
out through a heated capillary nozzle, a solid fraction/matrix film is obtained on the
MALDI-TOF target. The spray-deposition procedure must be optimized very care-
fully to ensure that a uniform sample/matrix track is formed. If the nozzle tempera-
ture is too low, the aerosol stream is too wet, resulting in partial desolving and
blowing away of the matrix. If the nozzle temperature is too high, the aerosol stream
is too dry, resulting in a bilayer film where the matrix and the sample molecules are
not mixed at all. In the present experiments where solely THF was used as the eluent,
a spray nozzle temperature of 70 °C has been found to be the optimum. In the same
manner, the distance between the spray nozzle and the MALDI-TOF target has to be
optimized.

The MALDI-TOF target (Kratos) has a length of 70 mm and is scanned continu-
ously with 3,500 laser pulses. Every 50 pulses are summarized to give a complete
MALDI-TOF spectrum. With SEC as the pre-separation technique, low positions on
the target correspond to high molar masses, while high positions are equivalent to
low molar masses. Selected spectra from different positions of the polymer/matrix
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Fig. 7.23 SEC chromatogram of the PnBMA-PMMA block copolymer; stationary phase: PLgel
10° A + Mixed-D + Mixed-E + 50 A, mobile phase: THF, detector: RI (reprinted from [113] with

permission of Springer Science + Business Media)

track of the sample are given in Fig. 7.24. The higher molar mass fractions in (a)-(c)
are characteristic for copolymer structures exhibiting typical mass increments of
100 Da for the MMA repeat unit and 142 Da for the nBMA repeat unit. Even these
narrow disperse fractions exhibit a multitude of different mass peaks (usually more
than 100) indicating the high complexity of the fractions. Different from a-c, the
lower molar mass fraction in (d) is very uniform with respect to composition. For this
fraction, only peak-to-peak mass increments of 142 Da are observed which are
typically for PnBMA. Accordingly, this fraction can be assigned to an unwanted

by-product, namely PnBMA.
The total spectrum of the sample is obtained when the individual spectra of all

pulses are summed, see Fig. 7.25a. This spectrum clearly indicates the presence of
PnBMA having an average molar mass that is about 50% of the total molar mass of
4,200 g/mol. This result is in very good agreement with the expectations. The
monomer ratio of the sample under investigation is about 1:1 resulting in average
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Fig. 7.24 MALDI-TOF spectra of fractions from SEC separation of PnBMA-b-PMMA, on-line
SEC-MALDI-TOF analysis, matrix: dithranol, NaTFA (reprinted from [132] with permission of
Elsevier)

block lengths of 2,100 g/mol for the PnBMA and the PMMA blocks. Since the
polymerization was started with n-butyl methacrylate, the formation of a small
amount of PnBMA has to be expected. The molar mass of this homopolymer must



218 7 Hyphenation of Polymer Chromatography with Information-Rich Detectors

a 100 4
90 4
80
70 A
60 -
50
40 1
30 1
20
10 -

% Int.

| |I I | | | L ’ i kL AR
1000 2000 3000 4000 5000 6000
m/z (Da)

3776
3877

100
90
80 A
70 -
60

ol || [\

40

3818
3835

—— 3860

% Int.

Il 0

‘ I
20- I
e uﬂ\ lJ UJ \ U VI LW L, / U\ | J W V|

3600 3650 3700 3750 3800 3850 3900 3950 4000
m/z (Da)

BE—— 3761
3792

Fig. 7.25 Calculated MALDI-TOF spectrum from on-line SEC-MALDI-TOF analysis of
PnBMA-b-PMMA (a) and zoomed part of the spectrum (b) (reprinted from [132] with permission
of Elsevier)

be of the same magnitude as the PnBMA block in the copolymer. This is indeed the
case as is shown by the MALDI-TOF measurement.

The chemical composition of the block copolymer can be studied in detail by
analysing the different mass peaks, see zoomed part of the spectrum in Fig. 7.25b.
Each peak in the spectrum can be assigned to one individual oligomer composition
(nBMA)x(MMA)y. For example, the mass peak at 3,761 Da corresponds to an
oligomer with 15 nBMA and 16 MMA units. Its overall structure is H-(nBMA); 5-
(MMA)¢-H. The mass peak at 3,835 Da is due to the oligomer H-(nBMA);,-
(MMA),,-H. The calculated and observed molar masses for selected oligomers are
summarized in Table 7.7.



7.3 Coupling with "H-NMR 219

Table 7.7 Calculated and observed molar masses for individual oligomers of sample PnBMA-

b-PMMA

T T

COOC,Hg— x COOCH,— ¥
X Y [M + Na]* (calculated) [M + Na]* (observed)
15 16 3,760 3,761
13 19 3,776 3,776
11 22 3,792 3,792
16 15 3,802 3,803
14 18 3,818 3,818
12 21 3,834 3,835
10 24 3,850 3,850
15 17 3,860 3,860
13 20 3,876 3,877

7.3  Coupling with 'H-NMR

Nuclear magnetic resonance (NMR) spectroscopy is by far the most powerful
spectroscopic technique for obtaining structural information about organic
compounds in solution. Its particular strength lies in its ability to differentiate
between most structural, conformational and optical isomers. NMR spectroscopy
can provide all necessary information to unambiguously identify a completely
unknown compound. The NMR detection technique is quantitative with individual
areas in spectra being proportional to the number of contributing nuclei. The major
disadvantage of NMR is the relatively low sensitivity in comparison to MS, the
other is the fact that structure elucidation of mixtures of unknown compounds with
overlapping NMR signals is difficult and may be nearly impossible in cases with
overcrowding signals in a small chemical shift region of the NMR spectrum.
Therefore, in many cases it is useful that a separation is performed prior to the
use of NMR. For more efficient procedures, a direct coupling of separation with
NMR detection would be the method of choice [133].

The direct coupling of liquid chromatography with proton NMR has been dealt
with over a period of more than 25 years. Early experiments of coupled
HPLC-'H-NMR were conducted in stop-flow mode or with very low flow rates
[134-136]. This was necessary to accumulate a sufficient number of spectra per
sample volume in order to improve the signal-to-noise ratio. Other problems
associated with the implementation of on-line HPLC-NMR have included the
need for deuterated solvents. However, with the exception of deuterium oxide the
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use of deuterated eluents is too expensive for routine analysis. Therefore, proton
containing solvents such as acetonitrile or methanol must be used. To get rid of the
solvent signals in the spectra, the proton NMR signals of the solvents have to be
suppressed.

Advances in HPLC-NMR over the last decade provide evidence that many of
the major technical obstacles have been overcome [137, 138]. With the develop-
ment of more powerful NMR spectrometers combined with new NMR techniques
for solvent suppression it became much easier to obtain well resolved spectra in
an on-flow mode. In particular, very efficient solvent suppression techniques
significantly improved the spectra during the HPLC-NMR run [139, 140]. Even
the direct coupling of supercritical fluid chromatography with '"H-NMR
[141-143] together with the monitoring of supercritical fluid extraction [144] as
well as the coupling of capillary electrophoresis and 'H-NMR [145-147] have
been reported. An overview on the applications of online HPLC-'H-NMR in
organic chemistry was given by Albert [133].

The first steps of polymer analysis into coupled LC-'H-NMR were performed
by Hatada et al. [148]. They linked a size exclusion chromatograph to a 500 MHz
proton NMR spectrometer and investigated isotactic PMMA. Using deuterated
chloroform as the eluent and running the chromatography at a rather low flow rate
of 0.2 mL/min they were able to accumulate well resolved proton spectra. From
the intensities of the proton signals of the endgroups and the monomer units they
determined the number-average molar mass across the elution curve. In further
investigations they developed an absolute calibration method for direct determi-
nation of molar masses and molar mass distributions by online SEC-'H-NMR
[149]. Ute reported on the chemical composition analysis of EPDM copolymers
as a function of molar mass, and the monitoring of stereocomplex formation for
isotactic and syndiotactic PMMA [150].

Blends of isotactic and syndiotactic PMMA were also studied regarding the
stereocomplexation in non-deuterated solvents [151]. Krdmer et al. reported
about SEC-NMR for the chemical composition analysis of poly(styrene-co-
butyl acrylate) copolymers [152]. Further studies on coupled HPLC-NMR
have shown the power of liquid adsorption chromatography (LAC) for the
analysis of polymers regarding the chemical composition [153—-158]. It was
shown that polyethylene oxides can be analyzed with regard to functionality type
distribution by identifying the different endgroups [153]. This investigation
has been conducted under conditions which are common for HPLC separations,
i.e. sufficiently high flow rate, moderate sample concentration, and on-flow
detection. Using an octadecyl-modified silica gel as the stationary phase and
an eluent of acetonitrile-deuterium oxide 50:50 (v/v) the sample was separated
into different functionality fractions that were then analyzed by on-flow
"H-NMR. It has been shown that LCCC coupled to NMR allows for the full
assignment of the chemical structure and the degree of polymerization of all
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oligomer species in complex mixtures [155, 156]. The critical point of adsorp-
tion was also used for the analysis of tacticity of poly(ethyl methacrylate)s by
HPLC-NMR [157]. In further studies on copolymers, gradient HPLC-NMR was
used for the analysis of the CCD of random poly(styrene-co-ethyl acrylate)
copolymers [158]. In a number of very recent publications it was shown that
LC-NMR was used successfully for the analysis of polymer blends and block
copolymers regarding chemical composition and microstructure [159, 160]. The
most advanced development, however, was the development of a technology for
on-flow high temperature SEC-NMR for the analysis of polyolefins pioneered
by Hiller et al. [161].

The online coupling of SEC/HPLC and '"H-NMR requires an HPLC instrument
and an NMR spectrometer with a high magnetic field. Typically, a field strength
of 400 MHz or higher is necessary to provide sufficient sensitivity. Instead of a
conventional NMR probe, a continuous-flow probe is used that is connected to
the HPLC system via a capillary. The schematic set-up for online LC-NMR and
the design of a typical flow probe are presented in Fig. 7.26. The active volume
of the flow probe is typically between 30 and 120 pL.

In an on-flow experiment 'H-NMR data are collected over the entire chro-
matographic peak(s) and are stored as consecutive series of co-added scans. More
details on the experimental part of LC-NMR are available from [162]. Most of the
early experiments used deuterated mobile phases to avoid strong proton signals of
the solvents that would overlap with the signals of the analyte protons. Chloroform-
d was frequently used and proton signals due to impurities were simply eliminated
by baseline substraction. A typical example for the analysis of a copolymer by SEC-
NMR is shown in Fig. 7.27. In this application the molar mass dependence of the
chemical composition has been investigated for a block copolymer PMMA-b-
PnBMA. The cross sections at 3.59 ppm (OCH; of the MMA units) and 3.95 ppm
(OCH, of the nBMA units) provided the changes in the content of MMA and
nBMA, respectively, as a function of molar mass. It can be seen clearly that the
higher molar mass part contains more nBMA units [163].

In daily routine use of a standard size HPLC instrument it will be too expensive
to work with deuterated solvents. In this case protonated solvents are regularly used
which, however, produce very strong proton signals. Considering the fact that the
analyte concentration in the eluate is very low, very effective solvent supression
techniques must be used.

With the development of more powerful NMR spectrometers combined with
new NMR techniques for solvent suppression, nowadays it has become much easier
to obtain well-resolved spectra in the on-flow mode. In particular, the solvent
suppression technique developed by Smallcombe et al. [139] significantly improves
the spectra during the LC-NMR run. This experiment, which is based on the WET
solvent suppression technique of Ogg et al. [140] combines shaped rf pulses,
pulsed-field gradients (PFG), and selective '°C decoupling. It allows acquisition
of high-quality spectra at on-flow conditions even with steep HPLC gradients.
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Fig. 7.26 Schematic set-up of LC-NMR for on-line experiments and the design of a flow probe

In a typical experiment the following pulse sequence is used, see Fig. 7.28:
WET sequence consisting of four 20 ms selective SEDUCE pulses (98.2, 80.0,
75.0, and 152.2° for the Bl-insensitive WET), four gradient pulses (duration
1 ms) with amplitudes of 24, 12, 6, and 3 G/cm, respectively, followed by an
additional 3 ms delay and a composite 90° read pulse. Carbon decoupling is
applied during the selective proton pulses using Waltz-16 decoupling [139].
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Fig. 7.27 500 MHz online SEC-NMR analysis of PMMA-b-PnBMA block copolymer, impurities
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repetition time 1.0 s (reprinted from [162] with permission of Springer Science + Business Media)
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Fig. 7.28 Typical pulse sequence used for HPLC-NMR experiments

In the following sections representative examples for the analysis of complex
polymers will be discussed. In those examples LC-NMR is not presented as ‘just
another’ hyphenated technique but it will be shown that LC-NMR is essentially the
only choice to obtain the required structural information.

7.3.1 Analysis of Octylphenyl-Terminated PEO [153]

Aim

The analysis of fatty alcohol ethoxylates (FAEs) has been addressed before, see e.g.
Sect. 6.7.2. One problem that cannot be addressed by selective fractionation alone is
the analysis of the structure of the fatty alcohol endgroups. MALDI-TOF MS
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provides an ‘endgroup mass’, however, it is not always possible to correlate this
mass with a specific structure. When the endgroups have different topologies but
similar masses then standard MALDI-TOF experiments do not provide any useful
information. In such cases NMR is the method of choice. The present example is a
technical octylphenyl-PEO that by MALDI-TOF has been found to contain various
oligomer series. The assignment of these series to specific endgroups, however, was
not possible.

Materials
e The FAE under investigation was a technical product of BASF AG,
Ludwigshafen, Germany

Equipment

¢ Chromatographic System. Varian modular HPLC system, comprising a Varian
9012 pump and a Valco injection valve. The flow rate was 1 mL/min.

e Columns. Varian Res Elut C18 90A, 150 x 4.6 mm i.d.

¢ Mobile Phase. Acetonitrile-deuterium oxide 50:50 % by volume.

* Detector. Varian 9050 UV detector at a wavelength of 260 nm

¢ Sample Amount. 100 pL of a 15 mg/mL solution in acetonitrile

¢« NMR System. Varian 500 MHz NMR spectrometer UNITYplus. The HPLC-
NMR probe containing a 60 pL flow cell was an indirect detection probe with
PFG. All measurements were carried out at room temperature. The signal-to-
noise ratio of the LC-NMR probe is given by the following specifications: 22:1
for the anomeric proton of sucrose (41 pg/60 pL) at 500 MHz. In the case of
on-line measurements, this corresponds to a detection limit of 10 pg per
compound in the flow cell or 300 ng in the case of stop-flow measurements.
The line width is measured using a solution of 1 % of chloroform in acetone-d
and specified as follows: 10 and 20 Hz at 0.55 and 0.11 %, respectively, of the
total peak height.

Preparatory Investigations

A separation with respect to the endgroups of the FAE can be obtained by
adsorption chromatography or LCCC. The functionality type separation of
the present sample is shown in Fig. 7.29. Using an octadecyl-modified silica gel
as the stationary phase, the sample is separated into functionality fractions at an
eluent composition of ACN-D,0 of 50:50% by volume. The first elution peaks
appear between 1.2 and 1.7 min in the region of the injection peak. Further elution
peaks are obtained at retention times of 5.14 and 7.80 min. The major fraction of the
sample elutes between 14 and 25 min, and for this fraction additionally a partial
oligomer separation is obtained. The identification of the fractions by UV detection
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Fig. 7.29 HPLC chromatogram of a technical PEO (reprinted with permission from [153].
Copyright (1996) of American Chemical Society)

is not possible but the fractions at 5.14 and 7.80 min and the major fraction exhibit a
significant UV response at 260 nm. This is a first indication for the presence of
aromatic moieties. Since the PEO polymer chain is aliphatic, the endgroups are
assumed to be aromatic.

For structural identification of the fractions, HPLC was coupled on-line to the
NMR spectrometer. The injection of the sample into the HPLC system was auto-
matically initiated by the NMR console via a trigger pulse when starting acquiring
NMR data. The pulse sequence given in Fig. 7.28 was used. With this sequence and
applying shifted laminar pulses both solvent resonances (ACN at 2.4 ppm and water
at 4.4 ppm) could be suppressed simultaneously using only one rf channel and
maintaining phase coherence with the transmitter.

NMR Analysis

After leaving the UV detector, the eluate is directly introduced into the NMR cell
via capillary tubing. Since a series of free induction decays (FID) was collected, a
Fourier transformation via the acquisition times and a combination of the spectra
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Fig. 7.30 Contour diagram of "H chemical shift versus retention time and chemigram of the on-
flow HPLC-NMR analysis of a technical PEO (reprinted with permission from [153]. Copyright
(1996) of American Chemical Society)

could be carried out with the two-dimensional NMR software. As a result of the
online HPLC-NMR experiment, a contour plot of "H chemical shift vs retention
time was generated, see Fig. 7.30.

In the present case, due to efficient solvent suppression, the obtainable structural
information relates to the entire chemical shift region. Residual signals of the eluent
are obtained at 2.1-2.6 and 1.4 ppm due to ACN and its impurities. From the
contour plot, four different elution peaks can be identified. The peaks exhibit NMR
signals at about 3.8 ppm, which can be attributed to the protons of -CH,O- groups.
Accordingly, it can be assumed that all four elution peaks are due to ethylene oxide
oligomers (repeat unit —-CH,CH,O-). The remarkable feature of the present inves-
tigation is that even the low-concentration components in peaks 1-3 can clearly be
identified in the contour plot. Different from HPLC of low molar mass organic
compounds where usually very sharp elution peaks are obtained, in polymer
chemistry broad elution peaks appear due to the effect of the MMD. As a result,
peak intensity at each point of the chromatogram is rather low, making it difficult to
detect these peaks. However, as can be seen from Fig. 7.30, the present NMR
detection method is sufficiently sensitive to detect even very small peaks.

Detailed structural information could be obtained from the individual NMR
spectra of the fractions at the peak maximum, see Fig. 7.31.
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Fig. 7.31 Individual fraction spectra taken from Fig. 7.30 (reprinted with permission from [153].
Copyright (1996) of American Chemical Society)

The first peak was identified as being polyethylene glycol while the other
fractions were alkylphenoxy polyethylene oxides. From the intensities of the
endgroups and the ethylene oxide repeat units the average degree of polymerization
for each fraction was calculated (fraction 2: n = 6, fraction 4: n = 5.5). Based on
the total intensity distribution, a calculated chromatogram (or chemigram) was
generated from the NMR contour diagram. On comparing the real chromatogram
(Fig. 7.29) with the chemigram (Fig. 7.30) an excellent agreement was obtained
even recalling the oligomer separation pattern of the major fraction.

7.3.2 Analysis of Microstructure of Polystyrene [154]

Aim

NMR is of exceptional value in the study of the stereochemistry of polymers.
Depending on the NMR field strength, stereochemically different sequences of
five or more monomer units can be distinguished. However, in PS due to the
large number of possible conformations and long range coupling interactions very
complex 'H as well as '*C spectra are obtained, making it very difficult to interpret
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them completely. The ortho-aromatic proton resonances of PS contain
stereosequence information but these are not adequately understood at present.
The methine proton resonances occur in two general areas, and it has been shown
in studies on partially epimerized isotactic PS that the lower field methine proton
resonance area is due to mm stereosequences [164]. Fine structure due to pentad or
higher stereosequences has been observed in the methine proton resonances of
partially deuterated PS [165, 166]. The methylene and quaternary aromatic carbon
resonances are sensitive to hexad and heptad stereosequence effects [167, 168].

A different approach was reported by Sato and co-workers in a number of papers
[169-171]. Using SEC, they separated anionically polymerized PS into single
oligomers and then subjected the oligomers to multiple HPLC separations to obtain
individual steric isomers. In some cases more than 50 cycles of separation were
carried out, making the procedure an extensively time- and labour consuming
technique. The isolated isomers were then subjected to 'H- and '>*C-NMR analysis.

In the present application, oligomeric PS shall be separated regarding the
oligomer distribution by LAC and the stereostructure of the oligomers analysed
by on-flow 'H-NMR. Information shall be obtained on the stereoregularity of each
oligomer.

Materials

¢ The oligostyrenes were SEC calibration standards prepared by anionic polymer-
ization using sec-butyllithium as the initiator. They were provided by PSS
GmbH Mainz, Germany.

Equipment

¢ Chromatographic System. Varian modular HPLC system, comprising a Varian
9012 pump and a Valco injection valve. The flow rate was changed according to
the following program (time/flow rate): 0/1.00, 8/1.00 linear to 20/2.00, 25/2.00
linear to 30/1.00 min/(mL/min)

e Columns. Macherey & Nagel Nucleosil RP-18, 5 um average particle size,
100 A average pore size, 250 x 4 mm i.d.

¢ Mobile Phase. Acetonitrile HPLC grade.

* Detector. Varian 9050 UV detector at a wavelength of 260 nm

* Sample Amount. 100 pL of a 15 mg/mL solution in acetonitrile

« NMR System. Varian 500 MHz NMR spectrometer UNITYplus. The HPLC-
NMR probe containing a 60 pL flow cell was an indirect detection probe with
PFG. All measurements were carried out at room temperature. The signal-to-
noise ratio of the LC-NMR probe is given by the following specifications: 22:1
for the anomeric proton of sucrose (41 pg/60 pL) at 500 MHz. In the case of
online measurements, this corresponds to a detection limit of 10 pg per com-
pound in the flow cell or 300 ng in the case of stop-flow measurements. The line
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Fig. 7.32 HPLC chromatogram of an oligostyrene, molar mass 530 g/mol (reprinted from [154]
with permission of Elsevier)

width is measured using a solution of 1% of chloroform in acetone-d and
specified as follows: 10 and 20 Hz at 0.55 and 0.11%, respectively, of the total

peak height.

Preparatory Investigations
A rather simple separation scheme for oligostyrenes was used that was adapted

from a procedure published by Eisenbeiss et al. [172]. Isocratic elution using ACN
as the mobile phase was used. The separation was optimised by applying a flow rate
gradient. The chromatogram of one of the oligostyrenes is shown in Fig. 7.32. The
first oligomer peak was identified as being the dimer (n = 2), the next peak was
identified as the trimer (n = 3) and, accordingly, the following peaks could be
assigned to the tetramer, pentamer etc. The dimer peak appeared uniform, whereas
for the following oligomers a splitting of the peaks was obtained. For n = 3 and
n = 4 a splitting into two peaks was observed. For n = 5 and further a splitting into
three or more peaks occurred, which could be attributed to the presence of different
tactic isomers.

For structural identification of the isomerism of the oligomers, the HPLC
separation is coupled online to the NMR spectrometer. The major problem in
studying styrene oligomers by HPLC-NMR is that for the HPLC separation only
organic solvents are used. NMR prefers deuterated solvents which are very expen-
sive and it is shown here that high quality HPLC-NMR experiments can also be
performed without adding any deuterated component. In other words, no deuterium
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Fig. 7.33 Contour diagram of chemical shift versus retention time and chemigram of the on-flow
HPLC-NMR analysis of oligostyrene (reprinted from [154] with permission of Elsevier)

lock is used for the on-flow measurements. All measurements were conducted in
normal HPLC grade ACN. These conditions require high stability of the NMR
instrument and an efficient solvent suppression technique.

NMR Analysis

After leaving the UV detector, the eluate is directly introduced into the NMR cell
via capillary tubing. Since a series of free induction decays (FID) was collected, a
Fourier transformation via the acquisition times and a combination of the spectra
could be carried out with the two-dimensional NMR software. The obtainable
structural information relates to the entire chemical shift region, however residual
signals of the eluent are obtained at 1.8—2.4 ppm and 1.3 ppm due to acetonitrile and
its impurities, see Fig. 7.33.

The contour plot clearly reveals two signal regions, which can be used for
analysis. These are the region of the methyl protons of the sec-butyl endgroup at
0.6—0.8 ppm and the aromatic proton region of the styrene units at 6.5-8.0 ppm.
Most informative is the analysis of the methyl protons. The contour plot for the
aromatic region shows that systematic changes of the signals occur with changes
in the degree of polymerization. For the dimer the aromatic proton signals are
located in the narrow range of 7.1-7.4 ppm whereas for the pentamer the signals
are distributed over the range 6.6—7.1 ppm. The projection of the aromatic signals
on the retention time axis results in a chromatogram presentation, which is fairly
similar to the initial chromatogram shown in Fig. 7.32.

For the generation of the contour plot, every 8 s a complete spectrum is produced
by co-adding eight scans. Accordingly, for the structural analysis 128 spectra are
available over the entire retention time range. For the analysis of a separated
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Fig. 7.34 Aromatic and methyl proton regions of different oligomer peaks of PS 530, obtained
from coupled HPLC-NMR (reprinted from [154] with permission of Elsevier)

oligomer, a minimum of four spectra can be used. These spectra bear selective
information on the tacticity, even without completely separating the tactic isomers
chromatographically.

The spectral characteristics of the aromatic and methyl proton regions of the
different oligomers are summarized in Fig. 7.34. For the dimer, four similar spectra
were obtained, indicating that the dimer is present only in one isomeric form.
However, assuming one isomeric form, for the methyl protons the appearance of
a doublet and a triplet must be expected, since the chemical structure of the
endgroup is CH3;—CH,—CH(CH;3)-. Instead, two doublets and two triplets are
obtained, which clearly show that both isomeric forms are present. The resolving
power of liquid chromatography is in this case not sufficient for a separation.
The trimer gave four spectra, two of them revealing different isomeric structures.
The other two spectra turned out to result from overlapping of the isomer spectra.
Again, each of these spectra show two doublets and two triplets, thus relating to two
different isomeric structures. Accordingly, for the trimer the expected four different
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Fig. 7.35 Aliphatic region of the 'H-NMR spectrum of the styrene dimer (reprinted from [154]
with permission of Elsevier)

isomeric forms are present. For the tetramer five different spectra are obtained, and
here it is very difficult to judge which of the spectra are overlaps. Nevertheless, the
different spectra appear due to the iso-, syndio- and atactic configurations. The
pentamer gave 11 different spectra, but because of their complexity an identifica-
tion of isomers seems to be impossible.

Since the spectral information of the HPLC-NMR experiment is quite complex
and the interpretation of the spectra is not straightforward, additional offline
experiments are conducted on individual oligomers which were obtained by distil-
lation of a PS oligomer and isolation of the monomer, dimer and trimer. The offline
"H-NMR spectrum of the dimer is shown in Fig. 7.35. For the methylene and
methine protons complex multiplets are obtained which shall not be analysed in
detail. An interesting pattern is obtained for the protons of the methyl groups 1 and
2. In this region nine signals appear which are identical to the signals of the dimer
peak in Fig. 7.34 obtained by the online HPLC-NMR experiment. These signals can
be grouped into two doublets and two triplets as is shown in the zoomed part of
Fig. 7.35. The appearance of two doublets for methyl group 2 and two triplets for
methyl group 1 is clear evidence for the presence of two isomeric structures.

In a similar way, the styrene trimer is analysed. In this case four different
isomeric structures can be identified.
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For the trimer it can be concluded that by HPLC-NMR one peak is identified in
the chromatographic separation giving two distinctively different "H-NMR spectra
that can be assigned to four different isomers. This result shows convincingly that a
coupled HPLC-NMR experiment is by far superior over separate HPLC and NMR
experiments.

7.3.3 Microstructure Analysis of Pl-b-PMMA Block
Copolymers [173]

Aim
The different methods of interaction chromatography have been shown to be
powerful tools for the separation and analysis of block copolymers, see e.g.
Chap. 6. In particular LCCC has been used numerous times for the analysis of the
different blocks in di-and triblock copolymers. Operating at LCCC conditions of
one block, the other block can be analysed regarding its chain length distribution.
Information on chemical composition can then be obtained by LC-FTIR or LC-
MALDI-TOF. These coupled methods cannot, however, provide information about
the microstructure (tacticity) of the building blocks of segmented copolymers.

In the present application the power of LCCC-NMR for the analysis of block
copolymers shall be demonstrated. As an example, PI-b-PMMA diblock
copolymers shall be investigated. These diblock copolymers consist of a
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polyisoprene (PI) and a PMMA block connected by a covalent linkage. The samples
are expected to contain the respective homopolymers as by-products. In addition,
both blocks exhibit distinct microstructural features that shall be elucidated.

Materials

¢ The PI-b-PMMA block copolymers are laboratory products. Their synthesis and
purification is described in detail in [173]. The chemical structure of the block
copolymers is as follows:

1,2 PI-b-PMMA
[
R, CHQ—(|)
CH==CH,
m
1,4 PI-b-PMMA
CHs3
R'I CHZ_C:CH_CH2
m
3.4 PI-b-PMMA
CHs
R, CH, TH CH, C Ry
C——CHy c=——0
— Hzc -—m — —1n
O
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Table 7.8 PI-b-PMMA copolymers of different block lengths estimated by SEC and the average
chemical composition of PI and PMMA determined by '"H NMR

PI-b-PMMA
Sample M,, (kg/mol) M, (kg/mol) PI/PMMA (mol%)
1 18.8 17.7 91.4/8.6
2 19.3 18.3 50.7/49.3
3 90.2 85.7 15.9/84.1
4 102.6 99.8 25.4/74.6
5 52.0 45.0 55.6/44.4

The molar masses and chemical compositions of the block copolymers are
summarized in Table 7.8.

Equipment

¢ Chromatographic System. Agilent 1100 HPLC system. The flow rate is
0.5 mL/min

e Columns. LCCC PMMA: Nucleosil Si 300-5 + Si 1000-7 (Macherey-Nagel,
Dueren, Germany) with column sizes of 200 x 4.6 mm i.d.; LCCC PI: Nucleosil
Cs 300-5 + C;g 1000-7 (Macherey-Nagel, Dueren, Germany) with column
sizes of 250 x 4 mm i.d.

¢ Mobile Phase. Ethyl acetate (LCCC PMMA), dioxane (LCCC PI)

¢ Detector. PL ELS detector 1000, Agilent UV

» Sample Amount. 50 pL of a solution of 10 mg/mL (homopolymers) and 30 mg/
mL (block copolymers) in the mobile phase

e NMR System. The HPLC-NMR experiments were performed with an
AVANCE-400 NMR spectrometer (Bruker BioSpin GmbH) attached to the
HPLC system via a loop collector interface. The NMR experiments were carried
out with an inverse triple resonance flow probe equipped with a pulsed field
gradient coil. The flow cell has an active volume of 60 pL. The 'H 90° pulse was
4.7 ps. On-flow HPLC-NMR experiments were carried out by using protonated
HPLC solvents. WET solvent suppression was applied to the HPLC solvents.
Eight scans per FID with 16 kB data and 1.1 s repetition delay were acquired.
The series of FIDs were Fourier transformed via one time domain and plotted as
2D contour plots of retention times versus chemical shifts.

Preparatory Investigations

One of the major challenges in the analysis of copolymers by LC-NMR is the
complex composition of the mobile phase that consists of at least two different
solvents (giving different proton signals in the NMR spectrum) with varying
compositions. A major step forward is the fractionation of copolymers by HPLC
using a single solvent as mobile phase. Suitable conditions for fractionation are then
adjusted by the column temperature which does not affect the NMR detection.
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Fig. 7.36 (a) Critical diagram of molar mass versus retention volume for PI, detector: ELSD,
column temperature: (filled triangle) T = 60 °C, (filled square) T = 54 °C, (filled diamond)
T = 48 °C; (filled circle) and dotted line = PMMA molar mass calibration with LCCC-NMR at
critical conditions of PI, (b) critical diagram for PMMA, detector: ELSD; column temperature:
(filled square) T = 10 °C and (filled diamond) T = 60 °C; (filled circle) and dotted line = PI
molar mass calibration with LCCC-NMR at critical conditions of PMMA (reprinted with permis-
sion from [173]. Copyright (2010) of American Chemical Society)

Figure 7.36 shows the adjustment of the critical conditions for PI and PMMA using
variations in the column temperature. Critical conditions of PI are established using
1,4-dioxane at a column temperature of 54 °C. Using ethyl acetate as the mobile
phase on silica gel the critical conditions of PMMA are established at a column
temperature of 10 °C. At the critical conditions of PI, PMMA elutes in SEC mode
whereas at the critical conditions of PMMA, PI elutes in SEC mode as is shown in
Fig. 7.36.

When selecting specific solvents as mobile phases, the requirements of the
chromatographic and NMR experimental conditions have to be considered. Regard-
ing NMR it is important to ensure the detection of the relevant polymer signals.
Figure 7.37 shows "H-NMR spectra of sample 1 in ethyl acetate, dioxane and
chloroform-d. Dioxane and ethyl acetate require solvent suppression. Only one
resonance of dioxane and three resonances of ethyl acetate are suppressed. In the
case of dioxane the olefinic PI and the isotactic (mm), atactic (mr) and syndiotactic
(rr) triads of the a-CHj group of PMMA can be detected. The OCH; group of
PMMA overlaps with dioxane. In the case of ethyl acetate the signals of the olefinic
PI, OCHj3; and the atactic (mr) and syndiotactic (rr) triads of the a-CHj group are
visible.

It is evident from Fig. 7.38 that when using the present chromatographic
conditions blends of PI and PMMA can be well separated by LCCC-NMR inde-
pendently of the chosen critical conditions. Figure 7.38a shows an on-flow experi-
ment at critical conditions of PMMA where Pl is eluting in SEC mode. Figure 7.38b
illustrates the LCCC-NMR experiment at critical conditions of PI and the SEC
mode of PMMA. Both diagrams show a clear separation of the two components.
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Fig. 7.37 '"H-NMR spectra of PI-b-PMMA (sample 1); (a) in CDClj3, (b) in dioxane and (c) in
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The investigation of the block copolymers by LCCC-NMR allows the separation
of block copolymers and the corresponding homopolymers. Critical conditions can
be chosen such as that one polymer block experiences critical conditions while the
other elutes in SEC mode. Figure 7.39 shows the on-flow LCCC-NMR experiments
of the block copolymer (sample 5) at both critical conditions. The olefinic regions
of the 1,2-, 1,4- and 3.4-PI sequences as well as the tacticity of the a-CHj; group of
PMMA are well resolved in both cases. Whereas measurements at critical
conditions of PI only need the solvent suppression of one signal (mobile phase is
dioxane), critical conditions of PMMA require solvent suppression of three
frequencies (mobile phase is ethyl acetate). Dioxane overlaps with the OCHj signal
of PMMA, however, the a-CHj3 group is visible. The critical conditions of PI are
very useful for separating PI homopolymer from the block copolymer. The peak
maxima of the copolymer and homopolymer regions are indicated in Fig. 7.39b.
Using ethyl acetate as the mobile phase at critical conditions of PMMA, full
information of the OCHj; group and the olefinic region is obtained, but partial
overlapping of a 1,2-isoprene signal with the a-CH;3 group of PMMA is observed
(see Fig. 7.39a).

In any case, it is possible to calculate the chemical composition of the
copolymer at any given retention time for both critical conditions. This is
shown for two samples in Fig. 7.40 presenting the individual normalized elution
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Fig. 7.38 (a) LCCC-NMR of a blend of 1,4-PI (M, = 20.0 kg/mol) and PMMA (M, = 22.7 kg/
mol) at critical conditions of PMMA (ethyl acetate at column temperature 7 = 10 °C) (10 mg/mL
for each polymer, 50 pL injection volume, 0.5 mL/min flow rate) (reprinted with permission from
[173]. Copyright (2010) of American Chemical Society). (b) LCCC-NMR of a blend of 1,4-PI
(M,, = 94.4 kg/mol) and PMMA (M,, = 22.7 kg/mol) at critical conditions of PI (1,4-dioxane at
column temperature 7' = 54 °C) (10 mg/mL for each polymer, 50 pL injection, 0.5 mL/min flow
rate) (reprinted with permission from [173]. Copyright (2010) of American Chemical Society)
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curves (NMR chromatograms) for the PMMA triads and the PI isomers of
samples 5 (predominantly 3,4-PI-b-PMMA) and 2 (predominantly 1,4-PI-b-
PMMA). They also show the chemical composition as a function of retention
time for the block copolymers at both critical conditions determined from the
on-flow experiments.

Figure 7.40a provides monomodal distributions for all monomer units at
critical conditions of PMMA. In this case a differentiation between different
species is not possible. All curves show almost the same maximum. However,
this separation clearly indicates that the sample does not contain PMMA homo-
polymer. At critical conditions of PMMA, PI homopolymer cannot be detected
since the molar masses of the homopolymer and the PI block are similar and,
accordingly, they co-elute. Using critical conditions of PI, monomodal
distributions for the syndiotactic (rr) and atactic (mr) a-CHj3 groups of PMMA
are observed. On the other hand, bimodal distributions for the olefinic 1,2-, 1,4-
and 3,4-PI components are found. This is a clear indicator of the existence of a
block copolymer fraction (retention time 9—11 min within the grey area) and PI
homopolymer fraction (retention time 11-13 min). These NMR chromatograms
provide 53.5 mol% block copolymer and 46.5 mol% PI homopolymer related to
the total olefinic (PI) content.

Figure 7.40b shows the NMR chromatograms of the individual microstructures
as well as the chemical composition of sample 2 for both critical conditions.
Sample 2 contains a PI block that is predominantly built of 1,4-PI units. In this
case, critical conditions of PMMA provide again monomodal distributions for all
microstructures. However, the sample is much more heterogeneous indicated by
the shifted elution curves of PI and PMMA. PI elutes first (at the region of higher
molar masses), whereas PMMA elutes later (region of lower molar masses) due to
the critical conditions of PMMA. As for sample 5, no PMMA homopolymer is
visible.

At critical conditions for PI a different behaviour is observed. It also
illustrates a strong heterogeneity (PMMA block elutes first and PI later). The
main difference is the shoulder of the 1,4- and 3,4-PI elution at 10.6 min (M, of
the PI block). This region (about 9—11 min) indicates the elution of the block
copolymer. The area above 11 min presents PI homopolymer elution and is
partially overlapped with the region of the copolymer.

Based on the LCCC-NMR experiments full quantifications of all structural
features can be conducted. The results provide very detailed information about
the chemical composition of the block copolymers, the presence and amount of
homopolymers as well as their microstructures. Using the true chemical
compositions it is possible to determine the true molar masses of both blocks in
the block copolymers. These results are summarized in Tables 7.9 and 7.10.
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Fig. 7.40 Chemical composition of (A) the 3,4-PI-b-PMMA copolymer (sample 5) and (B) the
1,4-PI-b-PMMA copolymer (sample 5) versus retention time (filled square = mol % PMMA and
filled triangle = mol % PI) for critical conditions of (a) PMMA and (b) PI; lines are representing
the NMR projections: solid lines = syndiotactic (rr) and atactic (mr) a-CH; of PMMA, dashed
lines = olefinic 1,2-, 1,4- and 3,4-PI (reprinted with permission from [173]. Copyright (2010) of
American Chemical Society)

Table 7.9 Molar masses and average chemical compositions of PI-b-PMMA determined by
LCCC-NMR at critical conditions of PI, content of PI homopolymer is referred to the total PI

1

DA W

M, of PMMA M, of PI
Sample (kg/mol)

1.5
10.9
83.9

101.0
27.1

(kg/mol)

8.7
54
7.3
6.5
11.6

10.2
16.3
91.2
107.5
38.7

(mol%)
89.7/10.3
41.9/58.1
11.3/88.7
8.7/91.3
38.7/61.3

M, of PI-b-PMMA  Isoprene/MMA PI homopolymer
(kg/mol)

(mol%)
14.9
39
9.2
524
46.5
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Table 7.10 Microstructures of PI-b-PMMA from LCCC-NMR

Sample PI (mol%) 1,2/1,4/3,4 PMMA? (mol%) mm / mr / rr
1 0/949/5.1 0/13.6/86.4

2 0/928/7.2 0/243/75.7

3 0/98.9/1.1 1.0/19.5/79.5

4 0/976/24 1.1/18.4/80.5

5 342/18.5/47.3 0/253/74.7

o

mm = isotactic, mr = heterotactic, rr = syndiotactic triads

7.4 Conclusions and Outlook

As has been demonstrated, the combination of selective separation techniques with
powerful spectroscopic detectors enables complex polymers to be analyzed with
respect to all possible types of molecular heterogeneity. Chemical composition
distribution can be monitored across the molar mass distribution. Steric and func-
tional peculiarities can be detected over the entire molar mass range.

Despite of a number of useful applications, LC-FTIR, LC-MS and LC-NMR
cannot be regarded as mature techniques yet. One of the limitations for a broader
application of these techniques, in particular of LC-NMR, is the relatively high
price of equipment. The minimum requirement for a highly efficient LC-NMR
experiment is a 400-500 MHz instrument which is not affordable for every labora-
tory. The other limitation is that for each technique very specific knowledge is
required. To develop a suitable LC-NMR experiment, LC expertise has to be
combined with profound NMR experience. This requires an interdisciplinary prob-
lem solving approach.

However, due to the fact that polymer structures are becoming increasingly
complex and analysis time is one of the key efficiency factors, it is not difficult to
predict a bright future for the on-line coupling of liquid chromatography and
spectroscopic techniques.
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The synthesis and characterization of polyolefins continues to be one of the most
important areas for academic and industrial research considering the fact that
polyolefins constitute about 60% of the total polymer market. One consequence
of the development of new “tailor-made” polyolefins is the need for new and
improved analytical techniques for the analysis of polyolefins with respect to
molar mass, molecular topology and chemical composition distribution. Very
frequently, polyolefins exhibit multiple distributions, e.g. long chain branching
and molar mass distribution (MMD) in low-density polyethylene (LDPE) or chem-
ical composition distribution (CCD) and MMD in linear low-density polyethylene
(LLDPE), copolymers and polymer blends.

A number of important methods are well established that provide average
information on the molecular structure of polyolefins, the most prominent ones
being FTIR and NMR spectroscopy for the average chemical composition and
microstructure, viscometry and light scattering for the average molar mass,
and thermal analysis for glass transition, melting and crystallization temperatures
and enthalpies. Most polymer fractionation methods operate in dilute polymer
solutions requiring good solubility of all polymer components in the solvent that
is used for the fractionation procedure. The majority of technically important
polyolefins are semicrystalline materials with melting points above 100 °C. They
are not soluble in most of the typical organic solvents. Typically, the polyolefin
must be heated above its melting temperature to be soluble and, therefore, specific
high boiling point solvents are required in polyolefin analysis. Another problem is
the fact that polyolefins tend to undergo thermo-oxidative degradation. This of
course has to be prevented by suitable measures when dissolving the sample.
Typically, polyolefins are dissolved at temperatures between 130 and 160 °C. To
prevent degradation, stabilizers and antioxidants are added to the solvent. The most
common solvents for polyolefin fractionations are 1,2,4-trichlorobenzene (TCB),
1,2-dichlorobenzene, decaline, and in some cases cyclohexane.

There is a group of techniques available based on the different crystallization
behaviour of semicrystalline polyolefins in dilute solution for obtaining information
about CCD. The crystallization behaviour of polyolefins is determined by the
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DOI 10.1007/978-3-642-36080-0_8, © Springer-Verlag Berlin Heidelberg 2013
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molecular structure including the type of monomer, the copolymer composition and
the molecular size.

Very early in polyolefin research the potential of crystallization behaviour as an
analytical tool was recognized. The major techniques in this category are tempera-
ture rising elution fractionation (TREF), crystallization analysis fractionation
(CRYSTAF) and crystallization elution fractionation (CEF). All these techniques
are based on differences in their crystallizability as a function of temperature but
different experimental approaches are used to get the final results which will be
discussed in detail as follows. The main disadvantage of crystallization based
techniques is the very long analysis times and research is mainly focused on
decreasing analysis times along with other aspects like better resolution of different
fractions. Another disadvantage is the fact that only the crystallizable part of a
material can be fractionated. The amorphous part is obtained as a bulk fraction. In
the early days of TREF, the analysis time was around 100 h per sample. Recent
improvements in TREF allow analysis of a sample in 3—4 h while the development
of CRYSTAF reduced this analysis time to 100 min. The latest development in
crystallization based techniques—CEF—allows analyzing a sample in 30 min.
Overviews on the fundamentals, the different experimental approaches and a
number of important applications are given in [1-8].

For the molar mass analysis of polyolefins, high-temperature SEC is routinely
used [9, 10]. The corresponding high-temperature chromatography instruments have
been commercially available since 1964. The instruments may be equipped with
different detectors such as refractive index, viscometer, light scattering or infrared.
Since HT-SEC for instrument producers is rather a niche market there are only a few
types of instruments that are most commonly used including the Agilent PL-GPC
220 [11], the Malvern/Viscotek HT-GPC [12] and the GPCIR of Polymer Char [13].

HT-SEC is a reliable, precise, and fast method to measure the molar mass
averages, the polydispersity index and the complete molar mass distribution
(MMD) of polyolefins. Depending on the complexity of the sample to be analyzed
there are several techniques available that mainly differ by the added detectors and
calibration options [14] including (1) conventional HT-SEC with a concentration
detector, (2) HT-SEC-light scattering, (3) HT-SEC-viscometry. Frequently a triple-
detector SEC technology is used, where three on-line detectors are used together in
a single SEC system. In addition to the concentration detector, an on-line viscome-
ter and a MALLS instrument are coupled to the SEC (TriSEC). With TriSEC,
absolute molar mass determination is possible for polymers that are very different
in chemical composition and molecular conformation. The usefulness of the
TriSEC approach has been demonstrated in a number of applications [15-19].

8.1 Coupled HT-SEC-FTIR

For a detailed analysis of olefin copolymers or polyolefin blends it is important to
determine the CCD in addition to the MMD. The bulk chemical composition of
polyolefins can be determined quantitatively by FTIR or NMR spectroscopy. Dual
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information on the chemical composition as a function of molar mass can be
obtained when HT-SEC is directly coupled to these spectroscopic methods.

The coupling of high-temperature LC with FTIR is an important technique
because of the robustness, the simplicity and the cost effectiveness, LC-FTIR is
the method of choice in most applications as compared to the more costly
LC-NMR. The hyphenation of LC and FTIR can be realized in two ways: (1)
on-line mode via a flow cell, (2) off-line mode via a solvent elimination interface.
The typical characteristics of the two approaches are discussed in Sect. 7.1. As has
been discussed there, a major limitation of all flow-through cells is the limited
selection of solvents/mobile phases that exhibit sufficiently large spectral windows
for high-sensitivity measurements. One of the few very fortunate cases is the
SEC-FTIR analysis of polyolefins. In this case 1,2,4-trichlorobenzene is used as
the mobile phase which is sufficiently transparent in the range of 2,700-3,000 cm '
that is used for polyolefin detection. Alternatively, o-dichlorobenzene (ODCB) or
tetrachloroethylene may be used. As has been shown by DesLauriers and others, the
compositional heterogeneity (short chain branching, SCB) in polyolefins can be
analyzed sensitively by on-flow SEC-FTIR [9-15]. Chromatograms are generated
from ratio-recorded transmittance spectra where the spectrum of the pure mobile
phase is used as background. Typical sample concentrations are 1-3 mg/mL and
rather large injection volumes of 400—1,000 pL are used for sufficient signal-to-
noise ratio. In the case of low density materials branching is determined as the
levels of methyl (2,958 cm_l) and methylene endgroups (2,928 cm_l) [9, 10, 12].
For high density materials with low degrees of branching multivariable statistical
techniques are preferred [14].

A typical analytical result is shown in Fig. 8.1 comparing Ziegler-Natta
catalyzed ethylene-1-hexene resins with high and low comonomer levels [15].
The degree of branching is given as “branches per 1,000 total carbons”. Similar
approaches can be used for other polymers provided that a spectral window is
available for selective detection of the polymer species. Piel et al. [16] have
recently significantly increased the signal-to-noise ratio in SEC-FTIR after appli-
cation of a bandpass filter instead of a steel mesh attenuator and by changes in data
processing. The signal obtained with the bandpass filter was almost four times
higher than that with the steel mesh attenuator. They used the proposed method for
the determination of short-chain branching. Apart from SEC other fractionation
techniques can also be applied such as analytical temperature rising elution frac-
tionation (A-TREF).

A rather broad applicability of FTIR as a detector in liquid chromatography can
be achieved when the mobile phase is removed from the sample prior to detection.
In this case the sample fractions are measured in pure state without interference
from solvents. This situation is realized when the LC Transform system is used, see
Sect. 7.1 for more details. As an example for this approach, the analysis of a blend
of two EPDM copolymers with different molar masses and chemical compositions
is presented in Fig. 8.2 [17]. The FTIR spectrum of an EPDM copolymer is given in
Fig. 8.2a. The propylene percentage is determined from the absorption peak at
1,378 cm™!, while the ethylidene norbornene is determined from the peak at
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Fig. 8.1 SEC-FTIR analysis of LLDPE, comparison of comonomer incorporation in Ziegler-
Natta catalyzed ethylene-1-hexene resins using high (ZN-2) and low (ZN-3) comonomer levels
(reprinted with permission from [15]. Copyright (2004) of American Chemical Society)
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Fig. 8.2 FTIR spectrum of an EPDM copolymer (a) and HT-SEC/FTIR analysis of the blend of

two EPDM copolymers (b) (reprinted from [8] with permission of Springer Science + Business
Media)

1,690 cm ™', The percentage of the two monomers across the molar mass axis is
given in Fig. 8.2b. As can be seen clearly, the propylene content of the higher molar
mass copolymer is lower [17].

Using this experimental set-up, a multitude of different materials can be
analyzed, including a-olefin copolymers, and polyolefin blends. In addition to the
analysis of macromolecular components, the technique can be used for the detec-
tion and quantification of additives.

Over the past few years a number of applications for the analysis of olefin
copolymers have been published that make use of the LC-Transform system.
These include the SEC-FTIR analysis of ethylene-vinyl acetate copolymers [18],
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ethylene-methyl methacrylate copolymers [19, 20], ethylene-styrene copolymers
[21], high density polyethylene (HDPE) and polypropylene (PP) [22]. A number of
studies used SEC-FTIR for monitoring the thermo-oxidative degradation of
polyolefins [23-27] and a combination of TREF and SEC-FTIR to investigate the
complex structure of olefin copolymers [28, 29].

The challenges for further improvement in sensitivity are to overcome the loss of
IR sensitivity in the reflectance mirrors of the optics module and to deposit the
effluents in rather narrow tracks on the substrate. The configuration of the
DiscovIR-LCTM interface which was recently commercialized by Spectra Analy-
sis Inc. (Marlborough, MA, USA), accounts for the energy loss in the optics module
by using IR microscopy [30]. The instrument is a single unit that eliminates the
solvent from the eluate received from the LC system and deposits the chromato-
gram as a track, which is a function of retention time. The track is scanned with a
built-in FTIR microscope in real time. The deposition occurs under high vacuum
and low temperatures (—140 to 100 °C), which protects the compounds from
oxidation. The deposition matrix is ZnSe and allows measurements in the transmis-
sion mode. A number of applications have been presented, however, none for the
analysis of polyolefins.

8.2 Coupled HT-SEC-'H-NMR

Another most exciting new tool for the analysis of complex polyolefins is the direct
coupling of high-temperature liquid chromatography and "H-NMR. Such equip-
ment became available only recently when a high-temperature flow-through NMR
probe was introduced by Bruker. The construction and experimental setup of the
LC-NMR coupling is described in detail by Hiller et al. [31]. In brief, the NMR flow
probe can operate at temperatures up to 150 °C. The probe has an active flow cell
with a volume of 120 pL. It is a dual inverse 'H/'*C probe with pulse field gradients.
A stop-flow valve was developed as an interface for the SEC and the NMR. The
valve is a two position device and guides the flow either from the SEC to the NMR
or directly to the waste, see Fig. 8.3. This setup allows on-flow experiments,
automatic stop-flow experiments and time-slicing.

To evaluate the capabilities of the system, a polymer blend comprising PE and
PMMA homopolymers and a PE-PMMA copolymer was prepared and analysed.
The molar masses of PE, PMMA and the copolymer were M,, = 1,100 g/mol,
M, = 263,000 g/mol and M, = 10,600 g/mol, respectively. The experiments
were performed with TCB as the mobile phase. WET suppression was applied to
the intrinsic solvent signals, i.e. the three aromatic proton signals were suppressed.

Figure 8.4 shows the on-flow run of the blend as a corrected contour plot by
subtracting signals that correspond to impurities of the solvent. In the SEC system
the elution of the blend components is in the order of decreasing molar mass. This
elution order can be clearly seen in the SEC-NMR contour plot. The spectra of the
early eluting fractions show signals for MMA but not for ethylene. In contrast, the
late eluting fractions exhibit signals for ethylene but not for MMA and can be
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Fig. 8.3 Experimental set-up of the high temperature SEC-NMR (SEC: 130 °C; LC probe, stop-
flow valve and transfer lines: 120 °C) (reprinted from [31] with permission of Elsevier)
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Fig. 8.4 SEC-NMR (400 MHz) on-flow run (corrected) of a PE-PMMA-copolymer blend at
130 °C in TCB. (flow rate 0.5 mL/min, concentration 2 mg/mL of each polymer, 300 pL injection
volume, 5 Waters columns, 24 scans per FID, 1.24 s repetition delay) (reprinted from [31] with
permission of Elsevier)

assigned to PE. Between the two homopolymers, the elution of the copolymer can
be measured by detecting signals for both MMA and ethylene. Figure 8.4 also
shows the vertical projections taken from the sum of the NMR signals. It can be
used as the chromatogram which also indicates three separated peaks.
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Figure 8.5 shows the different traces of the on-flow experiment. These traces
clearly indicate the different components of the blend. The signals of PMMA (a)
correspond to syndiotactic species of this homopolymer. The second trace (b)
contains the copolymer. It is a block copolymer in which MMA is mainly isotactic.
The third trace contains only the PE component. It even shows the CH; end group at
0.86 ppm. However, the signal-to-noise of the CH3 group is not sufficient for a
precise molar mass calculation.

In the second experiment, the CCD of the PE-PMMA copolymer was
investigated by using on-flow and stop-flow experiments. The distributions of the
different structural moieties corresponding to MMA and ethylene can be seen and
correlated with the corresponding molar masses.

Recently, a new cryoprobe for high-temperature NMR has been introduced.
This cryoprobe enables a dramatic increase of signal-to-noise ratio. Using
this cryoprobe it is even possible to perform '*C NMR analyses on a small
quantity of a material with a reasonable acquisition time for sample
concentrations as low as 0.9-3.2 mg/mL. These concentrations are significantly
lower than the concentrations usually used in '*C NMR with a conventional probe
[32, 33]. Cong et al. [34] used this cryoprobe and collected fractions from
20 chromatographic runs. After evaporation of the mobile phase NMR
measurements were performed. The new cryoprobe enabled determination of
the content of octene in the collected copolymer fractions thus demonstrating
the practical applicability and the excellent improvement of detectability of
polyolefins in NMR.
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8.3 High-Temperature 2D Liquid Chromatography

As has been discussed in the previous chapters, HPLC is an important tool for
the fast separation of complex polymers with regard to chemical composition.
HPLC separations can be achieved via different mechanisms, including
adsorption—desorption and precipitation-redissolution. In gradient HPLC, fre-
quently precipitation and adsorption processes are combined.

Until recently, standard HPLC methods for polymers, e.g. gradient chromatog-
raphy or LCCC, were limited to ambient or slightly elevated temperatures [35, 36].
The majority of published HPLC separations were conducted at operating
temperatures of a maximum of 80 °C. These temperatures are too low for the
dissolution of polyolefins, which require at least 120 °C for dissolution due to their
mostly semi-crystalline nature. It was, therefore, a challenge to develop HPLC
methods for the separation of polyolefins that operate at temperatures of 120 °C and
higher.

A major breakthrough was achieved by Macko et al. with the successful separa-
tion of PE, PP and EP copolymers using silica-based interactive stationary phases
[37-39]. An overview on the elution behaviour of different polyolefins on a number
of interactive stationary phases was given in [40] (Table 8.1). In 2004, as a joint
development of Polymer Laboratories, Ltd. (Church Stretton, England) and the
group of Pasch and Macko, the first instrument that combines both high operation
temperatures and the necessary requirements for gradient HPLC was introduced
[41]. This (first of its kind) pioneering instrument contained a high pressure gradient
pump for either running a binary solvent gradient or pumping of a single solvent
(SEC) or a mixture of two solvents at constant composition (for HPLC), see
Fig. 8.6.

Mobile phase changes were accomplished via a multi-solvent management
system. The chromatograph was equipped with a robotic sample handling system,
which enabled sample preparation and injection at temperatures up to 220 °C. For
fast column and mobile phase screening, a column switching valve inside the
column compartment enabled the successive use of up to six different columns
(or five columns and a reference capillary for direct injection into the detector). The
choice of detectors for high-temperature HPLC of polyolefins and their copolymers
is very limited. The present instrument contained a high-temperature differential
refractive index (RI) detector for isocratic elution (e.g., SEC and LCCC) and an
ELSD for gradient and isocratic elution modes. The ELSD was attached to the
chromatograph via a heated transfer line.

This instrument was subsequently used to develop a number of important
methods for the separation of complex polyolefins. A detailed discussion of the
major developments in the field has been presented recently by Pasch et al. [8].
LCCC has been used for the separation of polyethylene-polystyrene blends [43].
Critical conditions for PMMA at a temperature of 140 °C have been also identified
and the separation of ethylene-methyl methacrylate block copolymers using
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Fig. 8.6 Polymer Labs HT-HPLC instrument with sample robot (a) and column switching valve
(b) (reprinted from [42] with permission of Elsevier)

high-temperature LCCC has been accomplished [20]. Using a solvent gradient of
ethyleneglycol monobutylether (EGMBE)-TCB on silica gel, a baseline separation
of PE and PP was achieved [44]. In this case PE was completely precipitated on the
column with the initial mobile phase, while PP eluted in the size exclusion mode.
When the content of TCB in the mobile phase was increased by performing a
gradient the precipitated polyethylene was eluted. As was shown, for the first time
blends of different polyolefins were separated quantitatively over a wide range of
concentrations by liquid chromatography at 140 °C. Moreover, EP copolymers
were separated into a propylene-rich part and an ethylene-rich part [45]. This
chromatographic approach was also applied to the separation of ethylene/propylene
copolymers [46] and for the separation of various polyolefins with regard to the
chemical composition of the components [47].

HT-HPLC based on adsorption—desorption was used to separate random
ethylene-vinyl acetate copolymers according to chemical composition. On silica
gel as the stationary phase and using decaline-cyclohexanone as the eluent full
separation of copolymers of different compositions was achieved, see Fig. 8.7. In
addition, the homopolymers PE and PVAc were well separated from the
copolymers. This was the first time that a chromatographic system was available
that separates olefin copolymers irrespective of crystallinity and solubility over the
entire range of compositions. The components of the mobile phase are solvents for
both PE and PV Ac. The non-polar solvent, decalin, supports adsorption of PVAc on
the silica gel, while the polar solvent, cyclohexanone, enables desorption and
elution of the adsorbed polymer sample from the column [48]. In a next step, this
highly selective type of copolymer separation was coupled to FTIR spectroscopy to
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Fig. 8.7 Overlay of the chromatograms of EVA copolymers; stationary phase: Polygosil 1000;
mobile phase: gradient decalin/cyclohexanone (dotted line); temperature: 140 °C; detector: ELSD;
sample solvent: decalin (TCB for the PVAc standards) (reprinted with permission from [48].
Copyright (2007) of American Chemical Society)

analyze the CCD of the samples. For the HPLC-FTIR coupling the LC Transform
interface system was used [49].

In a ground-breaking study Macko and Pasch found that a specific carbon-based
stationary phase—Hypercarb [50]—enables highly selective separations of
polyolefins. Hypercarb was originally developed by Knox and coworkers [51]
and had been used in HPLC analysis of small molecules; it was, however, never
applied to separate synthetic polymers. Macko et al. found that porous carbon
Hypercarb adsorbs linear PE from 1-decanol as the mobile phase at 160 °C
[52-54]. The retained polymer was desorbed from the column using a linear
gradient from 1-decanol to TCB. Moreover, this HPLC system separated isotactic,
atactic and syndiotactic PP from each other, see Fig. 8.8. It was shown further that
the same chromatographic system separates ethylene/hexene and propene/1-alkene
copolymers according to their chemical compositions [55, 56].

Macko et al. demonstrated the usefulness of the approach for ethylene—propylene
copolymers [57] and copolymers of propylene with different tacticities [58]. More-
over, terpolymers of ethylene, propylene and a diene monomer (EPDM) were
separated [59]. It was found that both comonomers, ethylene and diene, are
adsorbed. On the other hand, adsorption of EP, ethylene-butene (EB), ethylene-
hexene (EH), ethylene-octene (EO) or ethylene/1-decene copolymers depends line-
arly on the average content of ethylene [60].

It is known that adsorption of polymers is a function of temperature [61]. This
phenomenon has been applied to the separation of synthetic polymers by
Lochmiiller [62] for poly(ethylene glycol) and by Chang [63] for polystyrene.
Very recently, Cong et al. described experimental conditions that enable the
application of temperature changes to the separation of polyolefins [34]. The
separation was achieved by the interaction of the polyolefin with a graphite
surface in a thermodynamically good solvent for PE. The solvent used was
o-dichlorobenzene and the commercially available Hypercarb column was applied.
This method is now termed ‘high-temperature temperature-gradient interaction
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Fig. 8.8 Separation of a blend of isotactic, syndiotactic and atactic PP and linear PE; stationary
phase: Hypercarb; mobile phase: gradient 1-decanol/TCB; temperature: 160 °C; detector: ELSD
(reprinted with permission from [53]. Copyright (2009) of American Chemical Society)

chromatography’ (HT-TGIC), see scheme of the experimental protocol in Fig. 8.9.
A typical copolymer separation is presented in Fig. 8.10. In contrast to HT-HPLC,
HT-TGIC uses a single solvent as the mobile phase enabling the detection of the
polymers with different detectors, including a light scattering detector, refractome-
ter, infrared or viscosimetric detector.

The different techniques of high-temperature interaction chromatography have
been coupled to SEC in comprehensive 2D-LC setups. In 2009 the first commercial
HT-2D-LC system has been introduced into the market by PolymerChar (Valencia,
Spain) that enabled the on-line coupling of HT-HPLC and HT-SEC. In this instru-
ment, isocratic and solvent gradient separations can be conducted in the first
dimension to provide information on the chemical composition of olefin
copolymers and polyolefin blends. A photograph of the instrument is shown in
Fig. 8.11. It comprises a separate sample dissolution and injection module, a solvent
delivery module and the chromatographic unit containing two separate column
ovens for the HPLC and the SEC columns. The instrument is equipped with RI, IR
and ELSD detectors with options to add a MALLS or viscometer detector.

The first results on 2D-LC for polyolefins were published by Ginsburg et al.
[64, 65] and Roy et al. [66]. Roy et al. [66] applied a separation system that
was previously described by Macko et al. [52, 53, 55]. This system was
applied to the separation of ethylene/l-octene copolymers regarding chemical
composition and molar mass. Ginzburg et al. [64] used gradient HPLC coupled
to SEC to separate blends of PP stereoisomers, ethylene/propylene rubbers,
ethylene/norbornene copolymers and ethylene/l1-hexene copolymers, all at an
operating temperature of 160 °C using a stationary phase of Hypercarb and
a mobile phase of 1-decanol-TCB. The 2D contour diagram (composition vs.
molar mass) for one example is shown in Fig. 8.12a. This is a most convinc-
ing application that gives a clear idea of the capabilities of HT-2D-LC.
In a similar experiment a complex mixture of PE and PPs with different
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Fig. 8.9 Schematic of HT-TGIC experimental set-up, the definition of each variable is described
in Table 5 (reprinted with permission from [34]. Copyright (2011) of American Chemical Society)

0.33

9
— EO-10. |
0.28 | EO-1 0.0mol% octene
= EO-2 1.33mol% octene
= EO-3 3.99mol% octene
0.23 — EO-4 8.52mol% octene
EO-5 13.88mol% octene 21
é 0.18 | — EO-6 19.0mol% octene
(=] == EO-T 21.7mol% octene
;_:f 0.13 ~ EO-8 32.5mol% octene 3
= EO-9 50.7mol% octene
0.08 4
8 7 6 5
-0.02
-5 15 3s 55 75 a5 1158 135 155

Elution temperature (°C)

Fig. 8.10 HT-TGIC chromatograms of ethylene-octene random copolymers, Hypercarb column,
experimental conditions see Fig. 8.9 (reprinted with permission from Ref. [34]. Copyright (2011)
of American Chemical Society)

tacticities has been separated, see Fig. 8.12b. Both axes in the contour plot
may be calibrated, as recently illustrated for the HT-2D-LC separation of EVA
copolymers by Ginzburg et al. [64]. The SEC separation was calibrated with
PE standards, while the HPLC separation was calibrated with EVA copolymers
with a known content of VA. Moreover, the coupling of HPLC with SEC
where TCB is used as the mobile phase enables the application of RI, IR, VIS
or LS detectors. This was demonstrated recently for the 2D-LC separation of
EP and EO copolymers [67]. Molar masses of the polymers eluting from the
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Fig. 8.11 High-temperature 2D-LC system of PolymerChar (Valencia, Spain)

2D-LC system were calculated on the basis of signals from the IR and LS
detectors.

8.3.1 Analysis of Polypropylenes by Tacticity and Molar Mass [65]

Aim

Polyolefins are, similar to other synthetic polymers, complex with regard to differ-
ent parameters of molecular heterogeneity. Polypropylenes exhibit a MMD and a
distribution regarding tacticity. Due to the chiral center of propylene, different
catalysts and polymerization conditions may result in the formation of isotactic
(iPP) and syndiotactic (sPP) polymer chains or subunits. When units of different
tacticity are distributed along the polymer chain, the material is atactic (aPP). The
average tacticity of PP can be analysed by FTIR or NMR spectroscopy. In FTIR
spectroscopy the information relates to a global % tacticity while NMR provides the
types and concentrations of tactic triads or pentads depending on the technical
parameters of the spectrometer. Quantitative information on the composition of a
single polymer chain cannot be obtained, nor can a blend of e.g. iPP, sPP and aPP
differentiated from a PP containing different tactic units. It has been shown in a
number of applications that the Hypercarb stationary phase exhibits a remarkable
selectivity towards different polyolefin structures [47, 53, 59]. This stationary phase
shall now be used for the separation of PP according to tactivity. The molar mass of
the different tactic polymers shall be analyzed by on-line coupled SEC.
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Fig. 8.12 Contour diagrams of the HT-2D-LC separation of (a) a blend of PE, poly-1-hexene and
an ethylene-1-hexene and (b) a blend of PE and PPs with different tacticities; stationary phase:
Hypercarb (first dimension) and PL Rapide H (second dimension); mobile phase: gradient
1-decanol/TCB (first dimension) and TCB (second dimension); temperature: 160 °C; detector:
ELSD (reprinted from [65] with permission of Elsevier)

Materials

o Calibration Standards. Linear PE and PP standards from PSS GmbH (Mainz,
Germany)

¢ Polymers. sPP with M, 196 kg/mol from Sigma—Aldrich (Munich, Germany),
aPP with M, 211 kg/mol from LyondellBasell (Ferrara, Italy), iPP with M,
45 kg/mol from the University of Stellenbosch (South Africa).
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Equipment

¢ Chromatographic System. All experiments were realized using a prototype
chromatographic system for HT-2D-LC constructed by PolymerChar (Valencia,
Spain), comprising an autosampler, two separate ovens, valves and two pumps
equipped with vacuum degassers (Agilent, Waldbronn, Germany). One oven
was used for thermostatting the SEC column, while the second one, where the
injector and a switching valve were housed, was used to thermostat the HPLC
column. The coupling of HT-HPLC and HT-SEC was achieved by using an
electronically controlled eight-port valve EC8W (VICI Valco instruments,
Houston, Texas, USA) equipped with two 200 pL loops. From the moment of
injection into the HPLC column (50 pL injection loop), the 8-port valve was
switched every 2 min in order to inject 200 pL of effluent from the HPLC into the
SEC column. 2D-LC system handling was done with software provided by
Polymer Char (Valencia, Spain). WinGPC-Software v. 7.0 (Polymer Standards
Service, Mainz, Germany) was used for data acquisition and evaluation.

e Columns. Chromatograph 1: Hypercarb column packed with porous graphite
particles with the following parameters: column size 250 x 4.6 mm i.d., average
particle size diameter 5 pm, surface area of 120 m?/g and pore size of 250 A
(Thermo Scientific, Dreieich, Germany). Chromatograph 2: PL Rapide H,
150 x 7.5 mm (Polymer Laboratories, Church Stretton, England).

¢ Mobile Phase. Chromatograph 1: Linear gradient 1-decanol to TCB starting
with 100 % of 1-decanol for 40 min, the volume fraction of TCB was linearly
increased to 100 % within 80 min and then held constant for 80 min. The flow
rate was 0.1 mL/min. Chromatograph 2: TCB with a flow rate of 2.5 mL/min.

¢ Detectors. ELSD PL-ELS 1000 (Polymer Laboratories, Church Stretton,
England). The following parameters were set on the ELSD: air flow rate
1.5 L/min, nebulizer temperature 160 °C, evaporation temperature 260 °C.

¢ Column Temperature. 160 °C

« Sample Concentration. 2-3 mg/mL. All samples are dissolved in 1-decanol.

* Injection Volume. 50 pL (first dimension).

Preparatory Investigations

The separation in the first dimension was conducted according the method
published by Macko and Pasch [53] using Hypercarb as the stationary phase and
a solvent gradient of decanol-TCB. The separation is according to tacticity of PP
and chemical composition separating PP and PE. In preliminary investigations it
has been found that iPP elutes in two peaks. The first peak elutes in decanol before
the start of the gradient while the second peak elutes with the solvent gradient. To
investigate this phenomenon in more detail, iPP with different molar masses was
analyzed by HT-2D-LC, see Fig. 8.13.

The contour plots prove that the portion of iPP that elutes in the gradient has in
all cases a larger molar mass than the portion that elutes in 1-decanol. Moreover, the
higher the molar mass of the injected iPP standard, the larger is the portion that
elutes in the gradient. The standard with M, 350 kg/mol is almost completely
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retained and elutes mostly with the gradient. At present it is not quite clear what the
reason for the elution behaviour is. This should be considered in future
investigations.

Separations

The separation of a blend of iPP, sPP, aPP and PE is presented in Fig. 8.14. As was
expected all components are perfectly separated from each other. Their molar
masses are different as is proven by the different elution volumes in the second
dimension. It can be seen clearly, that aPP and sPP have significantly higher molar
masses than iPP and PE.

Evaluation

A most important and difficult topic in 2D-LC is calibration of the second dimen-
sion to determine the molar masses of the separated species. In a comprehensive
2D-LC set-up, two chromatographic modes (HPLC and SEC) are on-line coupled.
This means that the polymer sample is introduced into the SEC column in a mixed
solvent via an automated switching valve. In the present case the composition of the
mixed solvent changes from pure 1-decanol to 1-decanol/TCB. Because the hydro-
dynamic volume of a macromolecule depends on the solvent, this may affect the
calibration of the SEC. In order to study the influence of the injection solvent on the
behaviour of macromolecules in SEC the PE and iPP standards were individually
analyzed by SEC as stand alone. The sample solvent for PE and iPP was either 1-
decanol or TCB. Figure 8.15 shows an overlay of two SEC calibration curves
constructed for iPP and PE standards. As can be seen, the calibration curves
obtained with iPP standards corresponding to the different injection solvents are
different. On the other hand, the two curves obtained with PE standards overlap
over almost the entire elution range except in the low molar mass region. It is,
therefore, important to investigate the calibration behaviour of different polyolefins
in detail. An even more complex situation is encountered when the calibration
standards are injected into the first dimension and undergo the entire 2D-LC
separation. In this case, very scattered data have been obtained as is seen in
Fig. 8.15c¢ that cannot be explained at present.

8.3.2 Analysis of Ethylene-Vinyl Acetate Copolymers [64]

Aim

Copolymers of ethylene and vinyl acetate (EVA) are commercially important
products. Depending on their comonomer content, these materials are used in the
production of films, foams or hot melt adhesives. As in all other copolymers EVA
may be distributed with regard to the molar mass, the chemical composition and the
branch length. A comprehensive characterization of these polymers being
distributed in more than one compositional feature is essential for optimization of
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mobile phase: gradient decanol-TCB; second dimension: PL Rapide, TCB; detector: ELSD,
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the synthesis and fundamental understanding of key structure—property
relationships.

EVA with low vinyl acetate (VA) content is a semicrystalline material that can
be separated according to composition by TREF. EVA copolymers containing
9-42 wt% VA were analyzed and it was found that copolymers with VA contents
higher than 20 wt% are fully amorphous and thus cannot be separated by TREF or
CRYSTAF. It is, therefore, the aim of the present application to separate EVA
copolymers over the entire comonomer concentration range by HT-HPLC. The
molar mass information shall be obtained by on-line coupled SEC.

Materials

o Calibration Standards. Linear PE standards from PSS GmbH (Mainz,
Germany).

¢ Polymers. EVA copolymers were obtained from Exxon-Mobil Chemical
(Meerhout, Belgium) and Bayer (Leverkusen, Germany). Their characteristics
were as follows: M, (kg/mol)/PDI/VA(mol%): ESCORENE 0019 (Exxon
Mobil) 197.5/3.1/6.5; LEVAPREN 450 (Bayer) 377.9/8.1/20; LEVAPREN
800 HV (Bayer) 224.6/4.1/57.
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Equipment

¢ Chromatographic System. All experiments were realized using a prototype
chromatographic system for HT-2D-LC constructed by PolymerChar (Valencia,
Spain), comprising an autosampler, two separate ovens, valves and two pumps
equipped with vacuum degassers (Agilent, Waldbronn, Germany). One oven
was used for thermostatting the SEC column, while the second one, where the
injector and a switching valve were housed, was used to thermostat the HPLC
column. The coupling of HT-HPLC and HT-SEC was achieved by using an
electronically controlled eight-port valve EC8W (VICI Valco instruments,
Houston, Texas, USA) equipped with two 200 pL loops. From the moment of
injection into the HPLC column (50 pL injection loop), the 8-port valve was
switched every 2 min in order to inject 200 pL of effluent from the HPLC into the
SEC column. 2D-LC system handling was done with software provided by
Polymer Char (Valencia, Spain). WinGPC-Software v. 7.0 (Polymer Standards
Service, Mainz, Germany) was used for data acquisition and evaluation.

e Columns. Chromatograph 1: Perfectsil 300, 250 mm X 4.6 mm i.d., average

particle size diameter 5 pm (MZ Analysentechnik, Mainz, Germany). Chromato-

graph 2: PL Rapide H, 150 x 7.5 mm (Polymer Laboratories, Church Stretton,

England).

Mobile Phase. Chromatograph 1: linear gradient TCB-cyclohexanone. The flow

rate was 0.1 mL/min. Chromatograph 2: TCB with a flow rate of 2.5 mL/min.

¢ Detectors. ELSD PL-ELS 1000 (Polymer Laboratories, Church Stretton,
England). The following parameters were set on the ELSD: air flow rate
1.5 L/min, nebulizer temperature 160 °C, evaporation temperature 260 °C.

¢ Column Temperature. 150 °C.

» Sample Concentration. 2 mg/mL. All samples are dissolved in TCB.

« Injection Volume. 50 pL (first dimension).

Preparatory Investigations

Having appropriate chromatographic systems is the main prerequisite for the reali-
zation of 2D-LC separation. As has been shown previously, EVA copolymers could
be separated according to their VA content on bare silica using TCB and cyclohex-
anone as components of the mobile phase [48]. The separation is based on the full
adsorption of EVA from TCB and a subsequent controlled desorption by a TCB-
cyclohexanone solvent gradient.

Separations

The contour plot in Fig. 8.16 shows the 2D-LC separation of a blend of the
homopolymers PVAc and PE and three EVA copolymers. The gradient separation
is represented along the y-axis whereas the elution along the x-axis corresponds to
the SEC separation. As can be seen, the individual samples elute in the order of their
polarity. The first eluting spot can be assigned to PE and the last one to PVAc which
are the least and most polar component, respectively. Between these the three EVA
copolymers elute. Only two EVA copolymers (6.5 and 20 mol% of VA) are not
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Fig. 8.16 2D-LC plot of a blend of PVAc, PE and three EVA copolymers, first dimension:
Perfectsil, mobile phase: gradient TCB-cyclohexanone; second dimension: PL Rapide, TCB;
detector: ELSD, column temperature 150 °C (reprinted from [64] with permission of Elsevier)

baseline separated, but the presence of two components with different chemical
compositions as well as with different molar masses can be concluded. The small
narrow part in the contour plot eluting between 5.6 and 6.0 mL is an artifact
produced by the WinGPC software.

Evaluation

In 2D-LC typically only the second dimension providing the molar mass informa-
tion is calibrated. In the present application, however, both dimensions shall be
calibrated. A calibration of the HPLC requires knowledge of the delay volume of
the system, i.e. when a given gradient reaches the detector.

The delay volume is the sum of a void volume and a dwell volume of the
corresponding system. Here the void volume was considered as the volume of the
component that is not retained by the stationary phase while the dwell volume is
the volume of liquid contained in the system between the point where the gradient is
formed and the injector. The dwell and the void volume were determined by a
modified procedure proposed by Bashir et al. for HPLC [68]. We have found
previously that the dependence between the elution volume and the average chemi-
cal composition of EVA copolymers in gradient HPLC is linear. The obtained
relationship is depicted in Fig. 8.17 together with the SEC calibration curve. As the
delay volume of the system was determined, the content of cyclohexanone in the
mobile phase could be related to the elution volume and the dependence between
the VA content and the elution volume applied to the 2D contour plot.
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Consequently, the x- and y-axis of the contour plot were converted and thus a new
(quantitative) contour plot was obtained, see Fig. 8.18.

8.4  Conclusions and Outlook

Polyolefins belong to the most important synthetic polymeric materials in all
spheres of human activities ranging from packaging and construction to computer
science and medicine. Similar to other polymeric materials, polyolefins are
distributed in their molecular properties and in-depth analysis of these properties
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is required using the most sophisticated analytical methods. The classical
techniques for chemical composition analysis of polyolefins are based on the
crystallization behaviour of different components of these materials. These
techniques are only applicable for the crystalline part of the sample and the
amorphous part is obtained as a bulk fraction. Nevertheless, these techniques are
still the analytical workhorse in most polyolefin research laboratories. There is a
number of recent advancements in these techniques that enable the reduction of
analysis time, better resolution and mathematical modelling etc.

A fascinating new development in column-based chromatographic techniques for
polyolefin analysis is high-temperature interaction chromatography. In contrast to
crystallization-based techniques, IC can address the whole sample irrespective of
whether it is crystalline or amorphous. The use of gradient HT-HPLC, LCCC at high
temperatures above 120 °C, HT-HPLC based on precipitation—redissolution or
adsorption—desorption for chemical composition analysis of polyolefins have been
reported in recent years. These methods are a major breakthrough in the field of
chemical composition analysis of polyolefins. They overcome the drawbacks of
other techniques used previously for chemical composition analysis as they address
both the amorphous and the crystalline part of the sample. The ultimate recent
development in polyolefin analysis is coupling of HT-HPLC with online SEC.
This fascinating development leads to the MMD of the sample as a function of its
chemical composition. 2D-HT-HPLC is a major advancement in polyolefin analysis
and promises to be the future for research-oriented polyolefin laboratories. The most
recent step regarding hyphenation of 2D-HT-HPLC is the coupling with infrared and
light scattering detectors [67].

All column-based separation methods can be coupled to information-rich
detectors such as FTIR and NMR. It has been demonstrated recently, that HT-
SEC and "H-NMR can be coupled on-flow to provide information on the chemical
composition as a function of molar mass.

To summarize, all techniques used for polyolefin characterization have
advantages and disadvantages. Some information can be obtained more
reliably from one technique and some other from other techniques. One has to
decide on the problems to be addressed using a given technique. Nevertheless, 2D-
HT-HPLC seems to be one major technique to be used for polyolefin analysis in the
future due to its ability to provide MMD as a function of CCD of the sample which
is not possible by other approaches.
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More than half a century has passed since the introduction of size exclusion
chromatography. Yet this ‘mature’ method of polymer fractionation remains an
important topic of research in Analytical Polymer Science. Over the last 20 years a
tremendous growth in SEC capabilities has been observed due to the fact that (1)
novel and more efficient stationary phases have been developed and (2) SEC has
become a part of multi-detector systems where concentration detectors are coupled
to detectors that are sensitive to molar mass and chemical composition. The most
recent major achievements in this field are the direct coupling of SEC with FTIR
and NMR spectroscopy as well as mass spectrometry. Most remarkably, such
couplings are available now even in high-temperature liquid chromatography for
the analysis of semicrystalline polyolefins.

It took significant time for chromatography practitioners to recognize that SEC
(even in multi-detector systems) cannot address all polymer distributions. While it
is a perfect tool for the quantitative analysis of molecular size (molar mass)
distributions, it fails when it comes to chemical composition, functionality or
topology distributions. It was the fundamental research of Belenkii, Glockner,
Mori and others that lead to the development of polymer fractionation methods
that are highly selective regarding chemical composition and functionality. Balke
introduced the term ‘chromatographic cross-fractionation’ and took the first step
into two-dimensional liquid chromatography.

Today multidimensional tools for comprehensive polymer analysis are becom-
ing increasingly routine methods that are used for the analysis of random and
segmented copolymers, polymers with complex topologies, polymer blends and
polymers with complex functional groups. In addition to isothermal methods (e.g.
SEC, LCCC, solvent gradient HPLC) temperature changes have been found to be
useful parameters for the optimization of chromatographic separations (e.g. TGIC).
The development of such methods is still progressing and the limits in polymer
separations have not been reached yet. Very recently it has been shown that
comprehensive 2D-LC can be coupled on-flow to "H-NMR to provide information
on molecular size, functionality and endgroup topology, see Fig. 9.1 [1]. In another
development, the separation capabilities of LCCC have been investigated. It was
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Fig. 9.1 Three-dimensional analysis of polyethylene oxides by online 2D-LC-NMR coupling
(reprinted with permission from [1]. Copyright (2012) American Chemical Society)

shown that this method is sufficiently selective to separate deuterated and
protonated polymers of similar molar masses, chemical compositions and
functionalities, the deuteration being the only molecular difference [2] (Fig. 9.2).

Column-based liquid chromatography reaches its limits when polymer samples
with very high molar masses (>1,000 kg/mol) or polymer nanocomposites are
targeted. Due to high viscosity and very strong shear forces in the column the
sample may degrade thus changing the size and the chemical composition of the
macromolecules. As an alternative (and complementary) technique field flow
fractionation has become increasingly popular [3]. This channel-based family of
methods uses external fields for the separation of complex samples regarding
different molecular parameters. Asymmetric field-flow fractionation (AF4) is
based on differences in the diffusion coefficient and uses a cross-flow. The separa-
tion is mainly based on molecular size. Thermal FFF (ThFFF) uses thermal fields
and is based on the normal and thermal diffusion coefficients. Separation in this
case takes place regarding size and chemical composition. The schematic set-up of
an AF4 instrument in which FFF and SEC separations can be conducted alterna-
tively is shown in Fig. 9.3.

Finally, significant progress has been achieved recently in high-temperature
fractionation and analysis of complex polyolefins. In addition to introducing
high-temperature HPLC, TGIC and 2D-LC (see Chap. 8), molecular parameters
can now be coupled to thermal properties. This is the first step towards linking
molecular properties to processing properties/conditions and ultimately to more
advanced structure—property correlations. It has been shown that fractions from
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Fig. 9.2 Two-dimensional contour plot of a blend of d-PS (M, = 112,000) +d-PS (M, = 72,450)
+h-PS (M, = 38,640) + h-PS (M, = 72,450), all molar masses in g/mol. d-PS deuterated polysty-
rene, h-PS protonated polystyrene (reprinted from [2] with permission of Elsevier)
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with permission from [4]. Copyright (2012) American Chemical Society)

chromatographic separations can be directly analyzed by fast scanning calorimetry
(HPer DSC, Flash DSC) to provide crystallization and melting temperatures of
chromatographic fractions (SEC, HPLC) [5, 6]. The experimental set-up of such
complex analyses is presented schematically in Fig. 9.4.
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Fig. 9.4 Combination of polymer fractionation with FTIR and DSC analysis (reprinted with
permission from [5]. Copyright (2012) American Chemical Society)

In conclusion, separation science of polymers is a rapidly progressing field of
research and development. New instrumental developments can be expected that
will trigger more advanced method developments. One molecular parameter that
can not be fully addressed yet is branching. It is expected that in the forthcoming
couple of years significant attention will be paid to the development of more
advanced methods for branching analysis.
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