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Abstract

A method is introduced for the estimation of Mark-Houwink
constants of block and statistical copolymers. The homopolymer Mark-Houwink
constants and copolymer composition are required. Use of estimated Mark-
Houwink constants in GPC analyses gives results which agree well with those
calculated with experimentally determined constants. Comparisons between
this method and those of Runyon and coworkers (11) and Chang (12) are made
for block copolymers. Chang's method was also extended to statistical
copolymers, and where it compared closely with the one introduced here.
The use of copolymer Mark-Houwink constants as a qualitative measure of

polymer compatibilities in different solvents is also discussed.
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Introduction

Gel permeation chromatography (GPC) has become a very powerful
tool in the analysis of polymer samples. Fundamental to the interpretation
of a chromatogram is the ability to translate the elution volume at which a
polymer fraction appears into molecular weight. This was originally done by
constructing a calibration curve of 1n M vs. elution volume (ve) where M is
the molecular weight of a narrow molecular weight version of the polymer
being studied (1-3). The more recent universal calibration method relates
ve to the hydrodynamic volume (Vh), which is a function of the product of
intrinsic viscosity and molecular weight ([n]M) and permits the use of a
single set of calibration standards for the GPC analysis of wvirtually any
polymer system for which the Mark-Houwink constants are known in the GPC
solvent (4-6).

The analysis of copolymers by GPC presents a very difficult problem
because the Mark-Houwink constants are not generally known. Although it is
possible to determine these constants either through the tedicus method of
fractionation or by other means (7-10), their values will change as a function
of copolymer composition, and consequently would have to be redetermined for
each composition of copolymer present. This problem becomes intractable in
cases where the copolymer composition is heterogeneous, i.e. drifts with
molecular weight. Runyon and coworkers (11) and Chang (12) have suggested
methods for the calculation of the molecular weight distribution of copolymers
which require the calibration curves or Mark-Houwink constants of the consti-
tuent homopolymers and the copolymer composition. These methods, however,
have been applied only to diblock copolymers and not to multiblock systems
or to statistical copolymers.

In this article, we propose a means for facilitating the interpre-
tation of GPC chromatograms of copolymers of either block or statistical
structures. This entails the calculation of the copclymer Mark-Houwink
constants which can be accomplished with the knowledge of the copolymer

composition and the Mark-Houwink constants of the contributing segments.
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This method can be applied not only to binary but also to higher order
copolymers provided that reliable composition analyses can be achieved.
Theory

The hydrodynamic volume of a solvated polymer coil can be defined

as

_r 3
Vh = = vy (€D]

where Ty is the hydrodynamic radius, It can be deduced from the Einstein

equation (13) that

3_ 3
8~ Tomy, (MM 2
at infinite dilution, where N° is Avogadro's constant. As a result, Vh can
be expressed as:

4

Vh = 357 [niu (3

]

where ¢" = 6,3067 x 1024 (cgs units) and is related to Flory's universal

constant ¢' through the relationship between r_ and the radius of gyration,

H
To, and the Flory-Fox equation (14,15).

The Mark-Houwink relation is:

[n] = K o
where K and a are the Mark-Houwink constants. Therefore,

+
Vh=g—;-.TKMal (5)

This is the widely accepted universal calibration expression, and is
applicable at infinite dilution. Appropriate allowances can be made where
necessary to account for concentration effects (6,16~-18).

In general, one may express the hydrodynamic radius of any polymer

coil according to Flory (19) as follows

=2 =2 2
T =T, (6)
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where the subscript zero refers to the unperturbed radius that exists under
Theta conditions, and o is the chain expansion factor. This is a measure of
the extent to which polymer-solvent "long range interactions' perturb the
molecular dimensions of the polymer coil. Qne may express o according to

the following relationship (20)

o =0 /2 (7)

where ¢ and ¢ are constants characteristic of the polymer and solvent in
question.
=2 =2
The mean square end~to-end radius, r~, and consequently Tq and

fi of a polymer are the sum of the contributions of all the constituent seg-

ments of the coil. A suitable functional form (see Appendix I) is:

=2 2

Eg = z(Eé)i = I(f ), o (8)

where the subscript, i, which refers to a segment, may represent any group
of monomer units. For copolymers, segments are defined as the different
moieties present whose contributions determine the coil size. For a binary
copolymer these include runs of homopolymer units as well as hetero segments.
The chain expansion factor of a copolymer, 0> is a function of the molecular

weight of the entire chain, Mc' The coefficients oy and ¢, of the relation

i

in eq. (7) are, however, assumed to be composition dependent. Consequently,
we recast eq. (8) as follows:
2 Fi

-2
= Z(rHo)i oy M, (9)

=2
(rH)c

where the subscript ¢ refers to copolymer. The molecular weight of the ith

segment of the copolymer is Mi where
M, = w,M (10)

and LA is the corresponding weight fraction of the whole copolymer. Then

-2 1
r £+
=2 _ Ho 2 "1
15 Y v L (11)
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From Flory (19):

9 13/2
o |THo
Ko = ¢" |5 12
and
K = Kec3 (13)
while
(a +1) =3/2(e + 1) (14)

where Ke is the Mark-Houwink constant under Theta conditions. Then the

following expression describes Vh:

(@4t 9/3.3/2

4w =2.3/2 _ 4w 1234 (15)

Ty ()T T g ey (R

In the case of an A-B block copolymer, there would be only two seg-

ments, poly-A and poly-B, which represent the two types of interactionms present,

and characterize the expansion of their corresponding homopolymer coils.
The influence of the A-B interactions have been shown to be minimal and
may usually be ignored (21-25). However, for statistical copolymers, one
must take into account the A-B heterointeractions which have been observed
to contribute to coil size and consequently there would be three segments
included in the calculation (25-29).

Results and Discussion

The Mark-Houwink constants for polystyrene (PS), poly(methyl
methacrylate) (PMMA) and the alternating styrene-methyl methacrylate copolymer
are recorded for several solvents in Table I. These constants were then
used to calculate copolymer Mark-Houwink constants for both block and statis-
tical copolymers of these components. This was done for several compositions
and solvent systems as will be discussed.

Block Copolymers
The Mark-Houwink constants were determined for several compositions

of styrene-methyl methacrylate block copolymers by calculating the Vh of those
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copolymers at different molecular weights according to equation (15). A linear
regression of the log Vh vs log Mé plot was then performed. The Mark-Houwink
pre-exponential constant for the copolymer, Kc’ was obtained from the inter-
cept of the line and exponent, a,, was estimated from the slope according to
equation (5). These values are tabulated for four solvents in Table IT.
Because there are no heterointeractions involved in the coil expansion, the
values obtained for both KC and a, lie between those for the two homopolymers
in all cases. These constants are also composition dependent, with the values
progressing linearly in a and with a slight curvature in K from near those of
polystyrene to near PMMA as the methacrylate content increased in the copolymer.
This is illustrated in Figures 1 to 4 for the tetrahydrofuran and n-chloro-
butane solvent systems.

The Mark-Houwink constants for 1:1 styrene-methyl methacrylate block
copolymer have been determined previously for the solvent systems reported in
this study (29). Table III reports these values and a comparison of the molec-
ular weights that one obtains upon conversion from hydrodynamic volume using the
experimental and calculated values for the applicable molecular weight range

for the experimental values, i.e. between 105 and lO6 for the n-chlorobutane

solvent system and between 104—106 for the others. Agreement in all cases is
within 10%. This may be considered quite good when one considers the possible
error in the reported values of the homopolymer Mark-Houwink constants and
experimental error in the measured block copolymer Mark-Houwink constants.
In addition, discrepancies may also have arisen because in some cases frac-
tionation was incomplete, and ﬁw/ﬁn was as high as 1.6.

Other workers have also suggested ways of relating the molecular

weight of an eluting block copolymer to those of the homopolymer which com-

prise it. Runyon and coworkers have empirically postulated that

W, W

B
Mc = MAAMB (16)

where MA and MB are the molecular weights of the homopolymers A and B which

elute at the same time as the copolymer with molecular weight, ME (11).
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Chang proposed (12) that since two homopolymers will elute at the same time

when

K, (ay+l) 1/(ay+1)
w o= |2,
S

(17)

where the subscripts 1 and 2 refer to different polymers, one may assume a
block copolymer with molecular weight MC will have the same elution volume

as a homopolymer with molecular weight MA when

Moo= M o+ M, (18)
and
K, (a,+) 1/(ag+1)
M, =M+ El— M, (19)

Mark-Houwink constants were calculated for the different composi-
tion styrene-methyl methacrylate block copolymers as described before using
these two methods and are presented in Tables IV and V. (Comparison of these
constants and those in Table II show excellent agreement for each of the
solvent systems with the exception of n-chlorobutane. Molecular weights
calculated from Vh's using the Mark-Houwink congtants derived from
these three methods are within 2% of each other for the range
of 104—106. For the n-chlorobutane system, disparities between this work
and Runyon's range up to 10% but only 5% between this work and Chang's.
However, the disagreement between the values calculated accordiig to Runyon
and Chang range up to 15%. This probably results from the large differ-
ence in Mark-Houwink constants of the homopolymers in this solvent and is
a manifestation of the difference of methods for determination of copolymer
constants. It is in cases such as this that the weakness of-the empirical
method begins to appear. Even so, when applied to the GPC analysis of a broad
distribution polymer of ﬁn = 178,000 and ﬁw =~ 450,000, the total discrepancy

is reduced to about 6%.
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Statistical Copolymers

The application of equation (15) to the estimatlon of Mark-Houwink
constants of statistical copolymers is much more difficult than for block
copolymers. Because heterointeractions play an important role in the deter~-
mination of coll size in solution, it 1s necessary to know the fractions of
homo and hetero diads present in the polymer chain as well as the homo and
hetero Mark-Houwink constants.

The fractions of homo and heterodiads may be either determined
spectroscopically (37) or calculated from the reactivity ratios and feed
composition assuming a simple copolymer (39) or other model. If the Mayo-

Lewis (39) copolymer equation applies then the mole fractions (Nii) of the vari-

ous diad types can be calculated from the following well-known expressions (40):

P, P
12821
Ny, = e (20)
12 7 TS0, + 7,
0.5 L) (21)
Ny, = 0.5N,, |=— -
11 12 |3 J
Nyp = 0.5N), |5o= = 1 (22)
21

where the subscripts 12 and 21 refer to the heterodiads, 11 refers to the

homodiad of monomer 1, and 22 refers to the homodiad of monomer 2, and

_ 1
12 I,

r, =+ 1
1 T,

(23)

[, ]

P S (24)
217 T,

—— 4+ T
The term, Pij’ denotes the probability of occurrence of an Mi¥% sequence,
[Mi]/[Mé] denotes the ratio of concentration or mole fractions of monomers

1 and 2 in the feed, and T and r, are the reactivity ratios. The mole
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fractions of homo and heterodiads may then be converted into weight fractions
for use in equation (15). These calculations were done for several
compositions of styrene-methyl methacrylate statistical copolymers, where

r; = 0.449, r, = 0.480 (41). The results are tabulated in Tabel VI. The
importance of taking into account the contributions of the heterointeractions
is well illustrated for this case. The proportion of heterodiads present
ranges to nearly 70% for the 1:1 copolymer. Even for copolymers of high
content in either styrene or methyl methacrylate the amount of heterodiads
present exceeds 35%.

The Mark-Houwink constants for hetero segments may be estimated
in two ways. An alternating copolymer may be prepared and constants deter—
mined either classically or as described by Dobbin et al (9, 10). These
constants are to be considered as equivalent to those which determine the
heterointeraction contribution in a statistical copolymer. Conversely, a
statistical copolymer of one composition may be prepared and its Mark-Houwink
constants determined., Equation (15) could then be employed to solve for the
heteroconstants from the copolymer and contributing homopolymer Mark-Houwink
constants, the weight fractions of homo and heterodiads present, and Vh at
several molecular weights. The copolymer Mark-Houwink constants could then
be determined for any composition of the statistical copolymer as described
before.

The Mark-Houwink constants for alternating poly(styrene-co-methyl
methacrylate) and those for polystyrene and poly(methyl methacrylate) which
are listed in Table I were used with the weight fractions of homo and hetero-
diads from Table VI to calculate the copolymer Mark-Houwink constants for
statistical copolymers at several compositions in different solvents. These
values are recorded in Table VII.

A comparison of molecular weights obtained from hydrodynamic volume
using the calculated Mark-Houwink constants and values obtained experimentally
(28) are presented in Table VIII for three different compositions of statis-

tical poly(styrene-co-methyl methacrylate) in toluene and n-~chlorobutane. The
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2452 GOLDWASSER AND RUDIN
applicable molecular weight range of the experimental constants is ~105—106,
and consequently the comparison is restricted to that range. The agreement

of molecular welghts obtained from the calculated and experimental constants
is excellent. Only in one case, the 7:3 styrene-methyl methacrylate copolymer
in n-chlorobutane, is there deviatlon between the two values of about 15%;

in all other cases agreement is within 10%. Again, the discrepancies may
perhaps be ascribed to the experimental limitations in determining the Mark-
Houwink constants as described before.

Although no other methods have been postulated for the correlation
of hydrodynamic volume to molecular weight of statistical copolymer, Chang's
hypothesis for block copolymers (12) may be extended towards application for
statistical copolymer analysis. This can be done by inserting the

heterodiad contributions into equations (18) and (19) as follows:

Moo= Mg+ My + M, (25
s ECTL NN PO R ACTLD)
woow . |f2z 12 (312
A" Mt R M K, 12
(26)

The copolymer Mark-Houwink constants may then be calculated from these equa-

tions as previously described. Table IX lists the results of these calcula-

tions for several compositions of statistical poly(styrene-co-methyl methacrylate)

in four solvents. The values obtained according to this method are almost
identical to those calculated according to equation (15) in all cases except
for the n-chlorobutane solvent system. Even so, a comparison of molecular
weights calculated from hydrodynamic volumes in the applicable range using
the two methods show agreement within 5% in all cases. The method of Runyon
and coworkers (11) does not lend itself for application in a statistical
copolymer system, because of its empirical nature.

The values of both K and a, as determined from equation (19) for

statistical copolymers are composition dependent as in the block copolymers
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case. However, because of the influence on coil size of the heterointer-
actions, both constants are weighted towards those of the heterodiads. This
is especially true at compositions approaching 1:1 styrene-methyl methacrylate
where the proportion of heterodiads is greatest. This manifests itself in a
significant deviation in the plots of copolymer composition vs. both K and a
from those obtained for the block copolymers. This is shown for both
tetrahydrofuran and n-chlorobutane in Figures 5-8.

The values of the hetero Mark-Houwink constants, relative to those
of the homopolymers, provide a comparative measure of the compatibility of
the two components in a particular solvent system. The interaction of two
components which are incompatible will expand the coil size relative to the
non-interactive, i.e. block case, because of segmental repulsions. (Conversely,
attractive interactions will contract the coil size relative to the non-
interactive case. The solvent, of course, plays a large role in these inter-
actions. As a result, a solvent system which is of approximately the same
quality for both homopolymer components would expand the copolymer coil (where
repulsive interactions are present) to a substantially smaller extent than
when it is a good solvent for one component and a poor solvent for the other.
This is because the solvated segments of the heterodiad are of increased
incompatibility in the latter case.

Table X shows the fraction of volume increase of the statistical
poly(styrene~co-methyl methacrylate) over those of the block copolymers at
different compositions in the four solvents studied. In all cases, the amount
of volume increase was composition dependent, and reached a maximum where
the proportion of heterodiads was greatest, at about 1:1 styrene-methyl
methacrylate content. 1In addition, the maximum volume increase ranged from
about 14% in methyl ethyl ketone, a solvent which is of approximately the
same quality for polystyrene as poly(methyl methacrylate), to about 61% in
n-chlorobutane which is a fairly good solvent for polystyrene but a Theta
solvent for poly(methyl methacrylate). Maximum increases in volume for tetra-

hydrofuran and toluene were both about 19%.
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Figure 5. Statistical Copolymer Composition vs. K in THF.
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It should be possible, therefore, to exploit this phenomenon to
obtain a qualitative measure of relative compatibilities or incompatibilities
of different polymers in different solvent systems. This may be done simply
by estimating the Mark-Houwink constants of the statistical copclymers whose
constitutive homopolymers are to be studied in the desired solvents. Plots
of the copolymer composition vs. K or a are then constructed. A concave dis-
tortion from the block copolymer plot would indicate repulsive interactions
and hence incompatibility and convex deviation would indicate attractive
interactions and compatibility. The relative degree of deviation is
an expression of the relative degree of compatibility or incompatibility
between the two polymers. A comparison of Figures 5 and 6 with Figures 7 and
8 shows that for the styrene/methyl methacrylate system, incompatibility in
n~chlorobutane is much more acute than in tetrahydrofuran.

GPC Analysis

The use of copolymer Mark-Houwink constants, determined as described
above is most easily applied to the GPC analysis of samples with homogeneous
composition, i.e. low conversion, constant feed or azeotropically produced
copolymers. This is because only one detector and a single set of Mark-
Houwink constants are then required. The situation becomes more complex for
copolymers of heterogeneous composition. In that case, one requires a method
for converting the GPC trace into weight fraction of eluting copolymer and
following the'composition change with elution volume. The first requirement
may be fulfilled with the use of a densimeter detector whose response factor
has been shown to be composition independent to a first approximation (42).
The second requirement can be fulfilled if one uses a calibrated second
detector such as infrared (IR).

GPC analysis of ternary and higher order copolymers may be accom-
plished even with heterogeneous samples provided that one can follow the
copolymer composition--with e.g. a multiband or Fourdier transform IR detector--
and determine accurately the weight fractions of homo and heterodiads present
at each weight fraction in a statistical system. This would entail expanding

equations (19-23) to accommodate higher order copolyerizations.
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Conclusions

A method for the calculation of Mark-Houwink constants for both
block and statistical copolymers has been successfully applied to the styrene
methyl methacrylate system in several solvents. Agreement of molecular weights
calculated from Vh using these constants and experimental values is very good.

Comparison between this and other predictive methods yield results which are

also in good agreement. Plots of copolymer composition vs. X or a may be used

as a qualitative measure of relative polymer compatibilities in solution.

The ability to calculate Mark-Houwink constants at any copolymer composition

enables GPC analysis of those copolymers provided that the weight fraction

of eluting copolymer and copolymer composition can be followed. Application

of GPC to the analysis of higher order copolymers is possible but becomes

increasingly more complex as the number of components increases.
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Appendix I
The mean squared end-to-end distance of a freely orienting chain

consisting of x, segments each of length la is:
d = x_& (I-1)

where d_ = 2r_,
a a
Similarly, the mean squared end-to-end distance of a freely orienting macro-

molecule with x,_ segments of length Zb is:

b

32 = x g2 (I-2)

If one end of the first molecule were attached to an end of the second

polymer the mean squared end-to-end distance of the combined chain would be:

=2 2 2 ~
da+b = xaza + xbzb (1-3)

Similarly, for a macromolecule comprising n subsections, each consisting of

x; segments of length Ri:



17: 25 24 January 2011

Downl oaded At:

2462
n n
i Loxpp- 1
i=1 1=1

GOLDWASSER AND RUDIN

(I-4)

The relations quoted above apply also to copolymers if { is taken to mean an

average bond length.

Equation (I-4) shows that the squared end-to-end distance of a

random coil macromolecule equals the sums of the squares of the end-to-end

distances of its segments,

The mean squared end~to-~end distance of a real polymer chain is

given by the same formulas as those above with Bi substituted for the Ri

of a freely orienting chain. Here Bi is a constant characteristic of the

particular polymer to take account of restricted bond angles and preferred

conformations.

In the unperturbed state the mean squared end-to-end distance is

often represented as:

=2 B 2 _ -
d = ! L I @

i=1 i=

(I-4a)

In solution the dimensions of the polymer coil are perturbed by

the solvent and the relations operating are amended by including Flory's

chain expansion factor a. In the case of interest here each segment may

have a different expansion factor, oy with a common solvent. Considering

solvent-~-perturbed dimensions:

(1-5)

For random coil peolymers the radius of gyration is related to the

end-to~end distance by:

(1-6)
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It is also expected theoretically (43) and experimentally (44) that the hydro-
dynamic radius is related by a constant factor to the radius of gyration and
hence to the hydrodynamic radius,

As a result, equation (8) of this paper follows directly from
equation (I+-5). Equation (8) applies rigorously to polymers in which the
segmental dimensions are described by equation (I-1) (with 8 substituted for &).
This includes block and graft copolymers with long, flexible segments. In
a more general sense, equation (8) provides a suitable functional form for
describing copolymers, For a statistical copolymer, the equation serves as
a framework for group contribution calculations, as in this article, although

the individual segment sizes may have no physical meaning.



