POLIMERY 2001, 46, nr 11—12

761

PAVEL KRATOCHVIL?, JAROSLAV STEJSKAL

Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic

Heyrovsky Sq. 2, 162 06 Prague 6, Czech Republic

Chemical heterogeneity of copolymers and its characterization

Summary — The heterogeneity of copolymers in chemical composition is
overviewed qualitatively. The following topics are discussed: the non-uni-
formity of copolymers and its description; the heterogeneity of statistical
and block copolymers; the effect of chemical heterogeneity on the proper-
ties of copolymers; the methods used to characterize chemically heteroge-
neous copolymers; size-exclusion chromatography (SEC) of copolymers
involving concentration and composition detection; SEC with on-line con-
centration and light-scattering detection; and the calculation of the distribu-
tion functions of chemically heterogeneous copolymers based on the opera-
ting parameters of synthesis.
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Every copolymer substance comprises macromolecu-
les differing not only in molecular weight but also in
chemical composition. Thus, each copolymer is
non-uniform in both molecular weight and chemical
composition. The non-uniformity in composition is usu-
ally referred to as the chemical heterogeneity, or hetero-
geneity in chemical composition, of copolymers. The
present paper overviews this problem qualitatively.

DESCRIPTION OF NON-UNIFORMITY OF COPOLYMERS

A complete description of a non-uniform binary co-
polymer is presented by a two-dimensional distribution
function, w(M, x), giving the mass fraction of molecules
with molecular weight M and chemical composition x,
which is expressed as a mass fraction of monomeric
units of one of the two types present (Fig. 1). The
cross-sections through the distribution function cut by
the planes perpendicular to the axis of composition or
molecular weight yield the distribution functions of mo-
lecular weight at specific compositions, w(M, x;), or the
distribution functions of chemical composition at parti-
cular values of molecular weight, w(M;, x).

Two marginal distribution functions are important
characteristics of a non-uniform copolymer, viz., the
marginal distribution function of molecular weight,
w(M), and the marginal distribution function of chemi-
cal composition, w(x), giving, respectively, the mass
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Fig. 1. Two-dimensional differentinl distribution function
w(M, x) of molecular weight M and of chemical composi-
tion x

fraction of molecules with a particular value of molecu-
lar weight, irrespective of chemical composition, and
the mass fraction of molecules with identical composi-
tion, irrespective of molecular weight.

Analytical expressions for the above distribution
functions and various types of copolymers and copoly-
merization mechanisms have been derived and seem to
describe satisfactorily the real distributions [1—6 and
refs. cited therein]. Direct single-step experimental de-
termination of complete two-dimensional distribution
functions is mostly not feasible. It would be desirable to
have a technique capable of isolating copolymer mole-
cules with a particular molecular weight and composi-
tion. In principle, mass spectrometry could meet this
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requirement [7]. In the present state of the art, however,
mass spectrometry is far from being a universally appli-
cable method for a single-step determination of the
two-dimensional distribution function of copolymers.
Both M and x simultaneously affect each separation me-
chanism available at the present time for fractionation
of copolymers, and the resulting fractions are mixtures
of molecules with various combinations of molecular
weight and composition. But a better or poorer approxi-
mation to the distribution function of the type w(M, x;),
w(M;, x), w(M), or w(x) is often accessible experimental-
ly by the use of the techniques mentioned below.

HETEROGENEITY OF STATISTICAL COPOLYMERS

In the copolymerizations of two or more monomers,
two mechanisms generating chemical heterogeneity of
the resulting statistical copolymers are operative. The
first, leading to what is usually called instantaneous he-
terogeneity, is active at any conversion. Owing to their
statistical nature, the copolymerization reactions yield
molecules with non-identical composition. Intuitively,
one would guess that the effect of this mechanism is
strong with molecules at low degrees of polymerization.
For example, in codimerization of monomers A and B,
mostly non-negligible amounts of all three possible ty-
pes of molecules, viz.,, A;, AB and By, result. As the de-
gree of polymerization is increased, the formation of
molecules with extremely different compositions is less
and less probable and one would expect the distribu-
tion function of chemical composition to become nar-
rower. Indeed, it has been shown rigorously that the
width of the distribution function of chemical composi-
tion of statistical copolymers decreases as the degree
of polymerization is increased and becomes infinitely
narrow, actually a delta function, at infinitely high de-
grees of polymerization [5, 8].

The other mechanism gives rise to the so-called
conversion heterogeneity of statistical copolymers [9].
Since the reactivities of comonomers are different, the
composition of the monomer mixture shifts as the
conversion progresses and the composition of copoly-
mer molecules formed at various stages of the copoly-
merization reaction changes accordingly. Clearly, the
effect is small at low degrees of conversion and beco-
mes more and more important as conversion proceeds
[8, 10]. The effect is not operative at the azeotropic com-
positions of monomer mixtures and in the rather sel-
dom case when both monomer reactivity ratios are uni-
ty, ra=rg = 1.

Let us assume a simple model of a copolymerization
reaction in which the monomer reactivity ratios are con-
stant, the penultimate-unit effect is negligible and the ac-
tivity coefficients of all components of the reaction mix-
ture are unity, i.c., activities can be replaced by amount-
-of-substance concentrations. Then, it is relatively easy
to calculate the distribution function of chemical com-

position, which for binary copolymerizations depends
on the following quantities: the ratio of amount-of-sub-
stance concentrations of monomers, monomer reactivity
ratios, and degree of conversion [8, 11].

Figure 2 gives a rough idea of what typical distribu-
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Fig. 2. Chemical composition distribution w(x) for statistical
copolymers of various number-average molecular weights M,

tion functions of chemical composition, w(x), for statisti-
cal copolymers look like. The range of compositions of
copolymer molecules present in a copolymer is for
conversions of a few per cent some 10%, for medium
conversions 20—30% and for high conversions 40—70%.
Statistical copolymers with predetermined chemical com-
position distribution or chemically homogeneous copoly-
mers can be obtained by modifying the copolymerization
process, ¢.g., by adding a monomer mixture of appro-
priately varying or constant composition [12].

When low-molecular-weight monomers are copoly-
merized with macromonomers, well-defined graft co-
polymers are produced. Since the molecular weights of
the constitutional units are highly different, the mathe-
matical apparatus describing the chemical heterogeneity
[13] as well as the experimental approaches to its cha-
racterization [14, 15] have to be modified.

HETEROGENEITY OF BLOCK COPOLYMERS

It seems to be generally assumed that block copoly-
mers with a narrow molecular weight distribution
(MWD), prepared, ¢.g., by exacting anionic polymeriza-
tion, have also a narrow distribution function of chemi-
cal composition. This may or may not be true. From the
statistical point of view, the formation of block copoly-
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mers can be treated as the combination of blocks of
different types. The blocks always have some, even if
narrow, MWD. In the formation of two-block copoly-
mer molecules with blocks of type A and B, a long block
A can combine with a short block B. Another short
block A joins a long block B. The two copolymer mole-
cules may have the same molecular weight and yet
differ considerably in chemical composition. This sim-
ple schematic argument indicates that block copolymers
with narrow MWD can have a non-negligibly broad di-
stribution in chemical composition.

A rigorous quantitative analysis of the problem of
chemical heterogeneity of block copolymers shows [4,
16—18] that, indeed, they often have a broad distribu-
tion in chemical composition although their MWD is
quite narrow. The decisive factor for the width of the dis-
tribution function of chemical composition of block co-
polymers turns out to be the width of the MWD of the
constituent blocks, actually the weight-to-number-ave-
rage molecular weight ratio, M, /M,, virtually irre-
spective of the type of the MWD function.

As an example, let us examine the distribution func-
tions of chemical composition of a two-block copolymer
in which the mass fractions of monomeric units of both
types are equal, i.c., x = 0.5 (Fig. 3) [16]. Even if the
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Fig. 3. Chemical composition distribution w(x) of a diblock
copolymier composed of blocks having an equal number-ave-
rage molecular weight and various weight-to-number-ave-
rage molecular weight ratios M, /M, is equal: 1 — 1.1;
2—2,3—>2

w

MWD of each type of blocks is narrow, e.g., M, /M, =
1.1, non-negligible amounts of copolymer molecules
differing in composition by as much as fifty per cent are
present. The width of the distribution function of che-
mical composition increases with increasing value of
the M, /M, ratio. At M, /M, =2, a rectangular distri-
bution results. This means that, in the copolymer, equal
mass fractions of molecules are present with the compo-

sitions ranging from one homopolymer over all possible
copolymer compositions up to the second homopoly-
mer. For M,, / M, > 2, the distribution function of che-
mical composition assumes a U-shaped form. In such
block copolymers, considerable mass fractions of mole-
cules can be found with compositions close to either ho-
mopolymer, whereas the mass fraction of molecules
with composition corresponding to the average compo-
sition, i.c.,, composition determined by any analytical
technique, is small.

The important message of this section is that block
copolymers are likely to have a perceivable distribution
of chemical composition. The potentially complicating
effect of chemical heterogeneity on the behavior of
block copolymers would mostly not be considered.

EFFECT OF CHEMICAL HETEROGENEITY
ON COPOLYMER PROPERTIES

To the best of our knowledge, there are no detailed
systematic studies on the effect of chemical heterogene-
ity of copolymers on their properties. The available frac-
tional evidence, however, enables us to draw a few qua-
litative generalizing conclusions.

With statistical copolymers, experimental data indica-
te the following: as long as the distribution of chemical
composition is such that all the molecular species pre-
sent are compatible and the bulk copolymer is just a
single phase, the effect of heterogeneity on properties is
moderate [19], if any. In copolymers containing frac-
tions with compositions so different that they are no
more compatible [20, 21], phase separation may occur in
the bulk state and the multi-phase structure of the ma-
terial affects perceivably its properties [22]. This occurs
quite often when two monomers with low values of
both monomer reactivity ratios are copolymerized to
high conversions and the initial composition of the mo-
nomer mixture is far from the azeotropic composition
[11]. At some conversion, one of the monomers is virtu-
ally depleted and the macromolecules form the compo-
sition of which is close to the composition of the homo-
polymer of the abundant monomer. In statistical co-
polymers of which one corresponding homopolymer is
crystalline and the other amorphous, chemical heteroge-
neity produces an effect on the degree of crystallization
and, consequently, on properties. In block [23—27], seg-
mented [28, 29] and graft [13, 14, 30] copolymers, che-
mical heterogeneity also modifies their morphology,
processing and properties.

Chemical heterogeneity plays a significant role in li-
near low-density polyethylene (LLDPE) [31]. This im-
portant commodity polymer is a statistical copolymer of
ethylene and an a-olefin, usually C,—Cs. For its pro-
duction, the Ziegler—Natta type catalysts are mostly
used. These catalysts are known to comprise a plurality
of types of active centers differing in their ability to in-
corporate various monomers in the growing polymer
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chains. On centers readily adding the a-olefin molecu-
les, the termination reaction is fast and copolymer mole-
cules rich in a-olefin monomeric units have a low mole-
cular weight. On the other hand, on the centers re-
luctant to incorporate a-olefins, the growing chains ter-
minate slowly and the resulting high-molecular-weight
portions of the copolymer show a low or even zero con-
tent of a-olefin monomer units. LLDPE is an example of
a copolymer with a pronounced interdependence of
molecular weight and chemical composition. The extent
of heterogeneity affects the crystallinity, morphology
and properties of LLDPE.

METHODS FOR CHARACTERIZATION OF CHEMICALLY
HETEROGENEOUS COPOLYMERS

The spectrum of experimental techniques used for
characterization of chemically heterogeneous copoly-
mers is relatively broad. Several features are common to
all those techniques: (i) each has a limited applicability;
none can be successfully used with every copolymer;
(i) to obtain reliable results, each method must be ope-
rated at the top degree of performance because, as a
rule, chemical heterogeneity does not manifest itself
conspicuously in a particular property or process; (iii) to
find experimental conditions suitable for characteriza-
tion of a specific type of copolymer is mostly difficult
and time-consuming. The potentials of the individual
techniques are briefly mentioned below.

The first attempts to characterize chemical heteroge-
neity of copolymers were made by using the fractiona-
tion techniques based on phase separation, in particular
precipitation or extraction fractionation [32 and refs. ci-
ted therein]. The procedures utilize the fact that the so-
lubility of copolymers is a function of chemical compo-
sition and molecular weight. Solvent—precipitant sys-
tems can be found in which the phase separation is
affected more either by chemical composition or mole-
cular weight but, always, both factors operate simulta-
neously [14]. Fractions thus obtained are more uniform
in composition or molecular weight, or both, than the
original copolymer but still too non-uniform to enable
the distribution function of molecular weight or chemi-
cal composition to be accurately determined. The distri-
bution thus determined is always narrower than the
true one, on account of the limited efficiency of separa-
tion. Nowadays, the phase separation techniques are
employed for preparative purposes if large amounts of
copolymers with acceptable uniformity with respect to
chemical composition or molecular weight, or both, are
needed.

A fractionation procedure using demixing solvents is
applicable especially to block and graft copolymers [6,
13, 14, 33]. Two solvents of limited miscibility are selec-
ted so that one type of the blocks is preferentially solu-
ble in one phase, whereas the other in the second phase.
Changing the temperature allows to modify the compo-

sition of the coexisting phases and the distribution of
the copolymer between the two phases which makes its
fractionation possible. This experimental approach is
particularly suitable for the separation of homopolymer
admixtures from block and graft copolymers.

A novel method utilizing phase equilibria for fractio-
nation of non-uniform polymers or copolymers accor-
ding to the ability of their macromolecules to crystallize
is the temperature rising elution fractionation (TREF)
[34—36]. At the present time, TREF is widely used for
characterization of polyolefins [37] and copolymers of
olefins. The method is based on the following principle:
lowering the temperature of the solution of a crystalline
polymer makes the polymer deposit on an inert support,
c.g., glass beads, in layers comprising molecules of the
decreasing ability to crystallize. In the second phase, the
temperature gradually increases and the layers dissolve
in the reverse order, i.c., those with the lowest melting
temperature and lowest crystallinity first, and gradually
the layers with higher melting temperatures and degrees
of crystallinity are dissolved. The primary data is the di-
stribution curve of melting temperatures. Analysis of the
fractions, e.g., by NMR, yields information such as com-
position of copolymers or degree of stereoregularity in
polymers with configurational repeating units.

The distribution function of chemical composition,
w(x), of statistical copolymers can be obtained by meas-
uring the change in the average composition of a co-
polymer or residual monomer mixture following the
conversion [38]. Just a material balance enables this de-
pendence to be transformed into the distribution func-
tion of chemical composition. Typically, the average
composition of a statistical copolymer changes between
the start of polymerization and the complete conver-
sion, depending on monomers, their reactivity ratios
and the ratio of monomer concentrations at the begin-
ning of the reaction, from a few to 10—15%. The crucial
problem in the application of this conceptually simple
and rigorous method is the requirement of a very preci-
se measurement of small shifts in the average composi-
tion of the copolymer or residual monomer mixture. For
a tolerably accurate determination of the distribution
function, the analytical technique must be able to perce-
ive differences in composition of a tenth or even hun-
dredth of a per cent, depending on the overall change
of composition, and this is by no means easy.

With some copolymers, their heterogeneity in compo-
sition can be characterized by light scattering from dilu-
te solutions [39, 40]. From the scattering intensities of
copolymer solutions in at least three solvents with suffi-
ciently different refractive indices, two parameters cha-
racterizing the chemical heterogeneity can be obtained
in addition to the true value of the weight-average mo-
lecular weight. One of them reflects the width of the di-
stribution of chemical composition of the copolymer
while the other indicates the presence or absence of in-
terdependence between molecular weight and composi-
tion. Light scattering yields reasonably reliable values
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of the heterogeneity parameters only under a number of
restrictive conditions, viz., the components of the co-
polymer have sufficiently different refractive indices,
the distribution of chemical composition is relatively
broad, and the molecular weight is rather high, say
3 - 10°, or better more.

In the past, ultracentrifugation in a density gradient
was used to prove chemical heterogeneity of copoly-
mers [41]. For copolymers of components having diffe-
rent densities, the density and, consequently, also par-
tial specific volume of the copolymer in a solvent varies
with its composition. In a density gradient in the cell of
an ultracentrifuge, molecules of such a copolymer sedi-
ment or float until they reach the layer of the solvent
system where the specific volume of the solvent and the
partial specific volume of the molecule match. The mo-
tion of the molecule, except for Brownian motion, stops
in that layer. Thus, a chemically heterogeneous copoly-
mer separates in a density gradient according to the
partial specific volume, which is a function of composi-
tion. The method is demanding on equipment and per-
formance, and nowadays is used only in special cases.

As a result of the vigorous development of chromato-
graphic techniques with their potential of automation,
reduction of the necessary amount of sample, multiple
detection, efc., high-performance liquid chromatogra-
phy (HPLC) and size-exclusion chromatography (SEC)
became at present the most widely used techniques for
the characterization of chemically heterogeneous co-
polymers [42].

For a particular copolymer, an elution solvent system
can often be found in which the effect of molecular
weight is completely eliminated and elution takes place
exclusively with respect to chemical composition [43].
Thus, in favorable cases, HPLC yields the distribution
function of chemical composition, w(x) [14, 15, 44]. It is
worth mentioning that the experimentally determined
distributions were, within the limits of relatively large
experimental error, in fair agreement with those calcula-
ted from the conditions of polymerization.

Hydrodynamic volume of linear copolymer molecu-
les is a function of both molecular weight and chemical
composition. Although no systematic study on the
effect of chemical composition of copolymer molecules
on their hydrodynamic volume seems to exist, model
calculations [45] and experimental results [7] indicate
that the effect of molecular weight predominates. Thus,
depending on the copolymer, better or poorer approxi-
mations to the MWD, w(M), are obtained by SEC, sepa-
rating according to hydrodynamic volume.

The combination of the two chromatographic tech-
niques is apparently the most promising, though not
universal, approach to the characterization of chemical-
ly heterogeneous copolymers. For several copolymers, it
has been demonstrated that, ¢.g., refractionation by SEC
of HPLC fractions, fairly uniform in chemical composi-
tion, enabled the two-dimensional distribution, w(M, x),
to be constructed [46, 47].

SEC WITH CONCENTRATION AND COMPOSITION
DETECTION

SEC with a concentration and a composition detector
has frequently been used for characterization of copoly-
mers [48, 49 and refs. cited therein]. Occasionally, the
interpretation of results was not unobjectionable and a
word of caution may be appropriate. Often, the compo-
sition of the eluted copolymer does not change with the
elution volume and many authors take this as a proof of
chemical homogeneity of the copolymer. Such a result,
however, does not permit an unambiguous interpreta-
tion. The copolymer may really be chemically homoge-
neous. The other possibility, however, is that the co-
polymer is heterogeneous, even appreciably so, but the-
re is no interdependence of molecular weight and che-
mical composition or, in other words, all fractions more
or less uniform with respect to molecular weight have
the same distribution in chemical composition and their
average composition, recorded by the composition de-
tector, does not change with elution volume.

A change in the composition of the copolymer with
elution volume proves that the copolymer is chemically
heterogeneous and shows interdependence of molecular
weight and chemical composition. The range of compo-
sitions observed is a lower limit of the extent of hetero-
geneity because the fractions eluted at any elution vo-
lume have a distribution in chemical composition, i.c.,
comprise molecules with compositions differing in
either direction from the average composition signalled
by the detector. An attempt to transform the data into a
distribution function of chemical composition is likely
to yield an erroneously narrow distribution.

SEC WITH CONCENTRATION AND LIGHT-SCATTERING
DETECTORS

The advantage of using in SEC measurements a con-
centration and light-scattering detector on line is that,
for homopolymers and, after application of relevant
corrections, for copolymers weight-average molecular
weight is measured at all elution volumes and no cali-
bration is required [39].

When using this scheme in the characterization of co-
polymers, two crucial questions emerge. First, for linear
copolymers, the hydrodynamic volume of molecules is
a function not only of molecular weight but also of che-
mical composition. There is no systematic study of the
dependence of hydrodynamic volume of copolymer
molecules on chemical composition but, in principle,
one must expect that, in a SEC measurement on a che-
mically heterogeneous copolymer, a spectrum of mole-
cules with various combinations of molecular weights
and compositions will elute simultaneously. It is impor-
tant to examine the effect the non-uniformity of the elu-
ted fractions exerts on the result.

The other puzzling question is evoked by the fact that



766

POLIMERY 2001, 46, nr 11—12

a light-scattering measurement on a solution of a chemi-
cally heterogeneous copolymer, the parent homopoly-
mers of which differ in refractive index and using just
one solvent, does not yield its true weight-average mo-
lecular weight but only an apparent molecular weight.
The difference between the true and the apparent value
is the larger, the broader is the distribution in chemical
composition and the more differ the refractive indices of
the parent homopolymers. Again, a query presents it-
self: is the difference between the true and the apparent
molecular weight significant in typical measurements?

A systematic experimental investigation of the two
above questions would require an enormous effort.
Extensive model calculations with realistic values of re-
levant parameters have shown [45]: (i) in a chemically
heterogeneous copolymer, molecular weights of mole-
cules having the same hydrodynamic volume differ ty-
pically by 20—30% depending on their composition; (ii)
in SEC separation, the effect of molecular weight largely
predominates over that of chemical composition and
SEC measurements on chemically heterogeneous co-
polymers yield good approximations to distribution
functions of molecular weight even for copolymers with
very broad distributions of chemical composition; (iii)
for virtually all copolymers encountered in routine cha-
racterization practice, the difference between the true
weight-average molecular weight and the apparent mo-
lecular weight calculated from the intensity of scattered
light is within the limits of experimental error and the
molecular weight values are credible.

CALCULATION OF DISTRIBUTION FUNCTIONS
OF CHEMICALLY HETEROGENEOUS COPOLYMERS
FROM CONDITIONS OF SYNTHESIS

A number of procedures have been developed to the
calculate distribution functions w(M, x), w(M), and w(x)
from the conditions of synthesis for chemically hetero-
geneous copolymers of various types, such as statistical
[50—52], block [16], or graft [14, 53] copolymers. When
the copolymer was amenable to both calculation of the
distribution function of chemical composition and its
experimental determination, the two results were in re-
asonable agreement [54]. Experimental determination of
the distribution function of chemical composition of a
copolymer is not always feasible. Even if feasible, it is
likely to be laborious and not very accurate. Making use
of an appropriate computation procedure, if available,
is likely to yield a satisfactory result with much less
effort.
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