2572

Macromolecules 1985, 18, 2572-2579

Gel Permeation Chromatography of
Poly(N-vinyl-3,6-dibromocarbazole). Universal Calibration,
Nonexclusion Effects, and Incompatibility

J. M. Barrales-Rienda and P. A. Galera Gémez
Instituto de Pldsticos y Caucho, CSIC, Madrid 28006, Spain

A. Horta*

Departamento de Quimica General y Macromoléculas, Facultad de Ciencias, Universidad a

Distancia, Madrid, 28040, Spain
E. Siiz

Departamento de Quimica-Fisica, Facultad de Ciencias, Universidad de Alcald de Henares,

Alcald de Henares, Madrid, Spain. Received March 6, 1985

ABSTRACT: Nonexclusion effects in the GPC of poly(N-vinyl-3,6-dibromocarbazole) (PVK-3,6-Bry) in
tetrahydrofuran, at 25 °C, using cross-linked polystyrene (PS) as the gel phase, are analyzed by use of the
universal calibration method. The first point in order to determine such nonexclusion effects is to use values
for the hydrodynamic volume and the elution volume truly representative of the samples. We show that an
adequate set of average magnitudes is the weight-average intrinsic viscosity of the sample, the viscosity-average
molecular weight, and the elution volume defined as the viscosity average by means of V,; = log { {§H/(V)[10*41]
dV}l/s49, where H,(V) represents the relative weight of the normalized chromatogram for sample i at elution
volume V, a is the exponent in the Mark-Houwink equation for the system under study, and A, is the coefficient
of the linear term in the log M vs. V calibration of GPC valid for samples constituted of monomolecular species.
The early elution of PVK-3,6-Br; in THF, as compared with PS standards, can be represented by the equation
Ve = Vo + KpK,V,, where V, is the retention volume, V; the interstitial volume, V; the solvent volume within
the gel, Kp the distribution coefficient for steric exclusion, which is given by K = A log ([7]M) + B (A and
B are constants), and K, is a distribution coefficient for solute—gel interactions. The values of K, found in
the present system are f)elow unity, and their molecular weight dependence can be represented by -In K|,
~ Xy, where X, is the degree of polymerization of the polymer molecule in the mobile phase. In the formulation
of Dawkins this corresponds to incompatibility between eluted polymer (2) and gel (3), and -In K,/ X, = ¢5(1
+ x23), Where ¢3 is the volume fraction of the gel in the stationary phase and x5 the polymer—gel interaction
parameter per polymer repeating unit. The compatibility of PVK-3,6-Br, with PS in THF solution is studied
by determining the phase-separation diagram of the ternary system THF (1) + PVK-3,6-Br, (2) + linear PS
(3), from which a value of x,3 at the plait point is determined. The equilibrium distribution of solute polymer
(2) between the mobile phase and the gel is treated thermodynamically as a problem in preferential sorption
in a ternary system (selective adsorption or desorption of 2 by 3 from the 1 + 2 solution). The result of this
thermodynamic treatment is -In K,/ X, = ¢3(1 + gg3 — 812 ~ £13), which is similar to the one given by Dawkins,
but now it includes the additional contribution of the polymer—solvent and gel-solvent interaction parameters
&1z and g;3. These g;/'s and the x;;’s defined on the basis of chemical potential are connected through x;; =
&;— (1 - ¢;)(3g;;/9¢;). The value of g, + g1, can be of the order of unity so that (1 - g1, — g;5) can approximately
cancel. This expression gives thus the conditions under which K, can be unity or differ from unity depending
on the balance of the interaction parameters.

Intreduction

As has been recognized for a long time, steric exclusion
from a theoretical point of view is the only separation
mechanism in gel permeation chromatography (GPC).
However in practice there exist some other effects such
as solvation of the macromolecular species, adsorption on
the wall of the pores, dissolution inside the gel, incom-
patibility between the solute and the gel, and secondary
exclusion that greatly disturb solute exclusion and there-
fore invalidate to a great extent the universal calibration
concept for polymers.!™

Griibisic-Gallot et al.®” were the first to suggest that the
hydrodynamic volume (V, = [9]M) should be used for
universal calibration in GPC, showing that a plot of log
Vi, vs. elution volume (V,) was the same within experi-
mental error for homopolymers and copolymers having
various chemical structures. The relation was also unaf-
fected when solvents of unlike polarity were used, at least
in the solvent-polymer systems investigated.

This universal calibration method, however, cannot be
valid when variable interactions occur between the polymer
and the stationary phase, since elution volume is then
governed, in part, by factors that are not reflected in their
hydrodynamic dilute-solution properties.!

The interpretation of results from GPC on poly(N-
vinyl-3,6-dibromocarbazole) (PVK-3,6-Br;) is much more
complicated than in the case of many other linear vinyl
polymers. This may be because this macromolecule is
composed of structural units having not only bulky side
groups leading to a certain type of stiffness but also side
groups containing strongly polar groups. Whilst the
presence of bulky side groups in the vinyl polymer®®° does
not seem to have any remarkable effect on the GPC, polar
groups should affect the determination appreciably. In
addition, gel permeation chromatograms could not be used
in a conventional manner to derive reliable values of
M, /M, through the universal calibration for polymers
because of peak extrabroadening due to the solute—gel
interaction known for some nitrogen-containing poly-
mers, 101!

The constants in the Mark-Houwink equation, i.e., [7]
= KM" have been determined for this polymer by classical
methods in good!? and O solvents,'® permitting calculation
of the polymer unperturbed dimensions and by more el-
aborate methods using gel permeation chromatography.'*

In gel permeation chromatography, when one intends
to analyze nonexclusion effects, the most important step
in the data interpretation is to establish the true location
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Table I
Averages of Molecular Weight, Intrinsic Viscosity, Gel Permeation Chromatography Data, and K °
fraction M2 x 103 My x 1078 M, /M4 M, x 107® [7], mL/g V., counts  V,(peak), counts K,
F-3 602 1.21 634 57.2 29.30 31.6 0.54
F-4 492 1.23 500 47.0 30.08 32.0 0.62
F-5 284 333 1.46 314 32.0 31.62 32.8 0.74
F-6 303 1.39 272 28.4 32.09 32.9 0.77
F-7 203 285 1.43 274 28.6 32.07 33.0 0.77
F-8 175 208 1.34 206 22.6 33.01 33.8 0.82
F-9 142 166 1.23 150 174 34.05 34.9 0.88
F-10 96.6 129 1.14 114 13.8 34.98 35.8 0.92
F-11 63.0 78.0 1.14 84 10.7 36.00 36.7 0.96
F-12 39.5 48.0 1.13 48 6.8 37.81 37.8 1.02

¢ Distribution coefficient for solute—gel interactions for poly(N-vinyl-3,6-dibromocarbazole) (PVK-3,6-Br,) fractions in tetrahydrofuran at
25 °C utilizing columns packed with polystyrene gel. ® Membrane osmometry. ¢Light scattering. ¢Calculated from GPC chromatograms.

of the hydrodynamic volume vs. elution volume calibration
plot. True plots may be precisely located when we have
at our disposal well-characterized fractions of the polymer
to be analyzed if the polydispersity index M, /M, is less
than 1.1. In this case, any of the existing criteria may be
used to obtain a good description of nonexclusion effects.
However, this is not always the case and if the available
fractions are appreciably polydisperse none of the existing
criteria on hydrodynamic volume and volume of elution
can be used without imprecisions in the interpretation of
the experimental data.

In order to test the validity of the universal calibration
plot for our polymer PVK-3,6-Br,, it is necessary to es-
tablish unambiguously a precise relationship between
hydrodynamic volume V,, and its respective elution volume
V..

In the present paper we use experimental data deter-
mined on broad molecular weight distribution samples. It
is thus of utmost importance to obtain adequate averages
for [n], M, and V, in order to check the validity of the
universal calibration in our system.

To calculate such averages we develop here a numerical
method, similar to the one applied before for the self-
calibration of molecular weight in GPC columns when
narrow MWD standards are not available.’®* With such a
method we treat the intrinsic viscosity and M, data and
the chromatograms of the fractions to obtain the proper
averages of [n], M, and V., which ought to be used in order
to establish the correct relationship between hydrodynamic
volume and elution volume. This method may be useful
and free from error sources when universal calibration is
impraétical due to the existence of some secondary ex-
clusion effects (adsorption, solvation, incompatibility, etc.)
or to the suspected inadequacy of the existing Mark-
Houwink parameters when the method of Coll and Gild-
ing!® is intended to be used. As is well-known, the use of
this method to give reliable results is severely restricted
to samples for which parameters in its respective Mark-
Houwink equation are supposed to be known for the same
conditions as those employed for GPC measurements, i.e.,
solvent, temperature, polydispersity of the fractions, etc.

Another objective of the present work, which has been
undertaken in connection with the interpretation of our
GPC experimental data, was to explore the compatibility
or incompatibility of the polystyrene and poly(N-vinyl-
3,6-dibromocarbazole) system with tetrahydrofuran as the
solvent and to assign polymer—polymer interaction pa-
rameters. To this end we have performed phase separation
experiments in the ternary system THF (1) + PVK-3,6-Br,
(2) + PS (linear) (3).

Experimental Section

Materials. The most characteristic molecular constants and
GPC data of the ten fractions of PVK-3,6-Br, employed in the

present work have been given elsewhere.!* The values of some
of these characteristics and molecular constants are given in Table
L '

Polystyrene (PS). A polydisperse polystyrene sample ob-
tained from Dow Unquinesa, S.A., was used in the study of the
cloud-point curve (CPC) for the ternary system. Its weight-average
molecular weight measured with a Sofica light scattering in-
strument at 5461 A using toluene as the solvent at 25 °C was M,
= 3.34 X 10% and its intrinsic viscosity estimated in the same
solvent and temperature was [n] = 98.8 mL/g. It corresponds
to a viscosity-average molecular weight!’ of M, = 2.73 X 105,

Poly(N-vinyl-3,6-dibromocarbazole) (PVK-3,6-Br,). As
the PVK-3,6-Br, sample for the CPC study, we have used a
polydisperse sample whose synthesis and characterization has been
described elsewhere.'® Its weight-average molecular weight de-
termined with a Sofica light scattering instrument at 5461 A using
THEF as the solvent at 25 °C was M,, = 4.36 X 105, Its intrinsic
viscosity estimated in THF at 25 °C was [5] = 35.6 mL/g. Its
weight- and number-average molecular weights estimated from
fractionation data are M, = 4.22 X 10° and M, = 1.88 x 10°
(M, /M, = 2.24), respectively.!®

Density. Density of the unfractionated sample of PVK-3,6-Br,
has been measured by means of a flotation technique using po-
tassium iodide (Merck, A.G.) aqueous solutions; d%°, = 1.7724
g/mL. The density for PS at 25 °C has been obtained by in-
terpolation from the data given by Matheson et al.!® d%, = 1.053
g/mL. The tetrahydrofuran employed through the study as the
solvent in the ternary system was the same used for GPC ex-
perimezglts.14 The density of THF was taken as 0.883 g/mL at
25 °C.

Phase Separation Experiments. Measured amounts of
polystyrene (PS) and PVK-3,6-Br, were dissolved in a given
volume of THF. The solution was then kept at 25 °C for 24 h
to establish the solution for both polymers in the solvent. From
this solution, the solvent was evaporated at 25 °C under agitation
through an oil pump and liquid-nitrogen trap until the solution
showed turbidity. At this point the solution was allowed to stand
for a period of 2-3 h. Then dropwise addition of the solvent was
carried out slowly to permit the clarification point to be detected.
The appearance and disappearance of the cloudiness upon slight
rewarming (30 °C) and recooling (20 °C) to the former temperature
(25 °C), respectively, were also checked. Thus, the boundary point
was determined, and the weight of the three components at this
point were indicated by the weight fractions, i.e., w,, w,, and w;
for THF, PVK-3,6-Br; and PS, respectively. The results of this
system are presented as the phase diagram given in Figure 1.

Polystyrene Standards. The PS standards used to obtain
the PS calibration were obtained from Water Associates, Pressure
Chemical Co., and Centre de Recherches sur les Macromolecules.
The polymer concentrations were 0.2% (20 mg/10 mL).

Gel Permeation Chromatography. Gel permeation chro-
matography experiments were performed at 25 °C with THF as
eluent by using a Waters Associates Model 200 gel permeation
chromatograph. THF employed as the solvent was distilled from
copper(I) chloride and potassium hydroxide. A series arrangement
of five polystyrene gel columns, with nominal exclusion sizes of
107, 10, 10%, 10* and 3 X 10° A (Waters designation), was used.
Elutions were conducted with a flow rate of 1 mL/min. Elution
volumes (counts) were calculated from the initial point of injection
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s PVK-16-Br,
2) PS (3)

Figure 1. Phase separation diagram in the system tetrahydro-
furan (THF) + poly(V-vinyl-3,6-dibromocarbazole) (PVK-3,6-Br,)
+ polystyrene (PS) at 20 °C.

to the appearance of the peak height maximum of the gel per-
meation chromatograms. Polymer concentrations (w/v) were
0.2-0.3 nw/v), all the polymer in the sample loop being injected.
Injections of 120 s for the sample solutions were used.

Results and Discussion

Hydrodynamic Volume. The concept of universal
calibration®” establishes that the hydrodynamic volume
of a polymer molecule is the property that determines its
elution volume in GPC. The hydrodynamic volume of a
single macromolecule is proportional to the product of its
molecular mass and its intrinsic viscosity: [7)M. There-
fore, the universal calibration law can be written as

log ([n1M) = f(V) ey

where f(V) means a uniform function of V. Equation 1
holds strictly for a single molecular or monodisperse
species. The problem when dealing with polydisperse
samples, as is the most frequently encountered case, is to
know the appropriate averages that should be used for [7],
M, and V in order to maintain the validity of 1.

In a previous paper!® some of the present authors have
employed a series of procedures to obtain the parameters
of the GPC calibration equation

logM=A,+ A V+ AV + .. +A4A V" (2)

The methods were also extended by us to get the true
Mark-Houwink equation parameters K and a by means
of 14

log [7] =log K+ alog M (3)
The methods when applied to eq 2 as well as to eq 3 give
results for the coefficients of such equations that are valid
for samples constituted of monomolecular species inde-
pendently if they have been obtained from average prop-
erties measured on polydisperse samples. Combining eq
2 and 3 to obtain the hydrodynamic volume, we get for a
monomolecular species

log ([7]M) = log (KM'*%) = log K + (1 + a)(4, +
AV+ . J=log K+ (0 +a)4,+ 1+ a)A,V+.. 4

namely
log ([nIM) = Cy + C,V + ... (5)
with
Co=log K+ (1 + a)A,
C,=1+ a4, (6)

When dealing with polydisperse samples, the experi-
mental intrinsic viscosity of each sample is a weight av-

Macromolecules, Vol. 18, No. 12, 1985

erage of the intrinsic viscosities of the monomolecular
species present in it.22 However, the same Mark-Houwink
equation valid for the monomolecular species holds with
the [#](exptl) of the polydisperse samples if their viscos-
ity-average molecular weights, M., are used in eq 3 in place
of M, namely

log [7] = log K + a log M, 7

(K and a having the same values as in eq 3). The product
[7)M, for polydisperse samples is then

log ([71M,) = log K + (1 + a) log M, (8)

If in eq 2 we use an average molecular weight, M, in place
of M, we obtain a corresponding average elution volume,
V (using the same coefficients A, 4, ..., determined for
monomolecular species). With M, in eq 2 we obtain a
viscosity-average elution volume, V,

log M, = Ay + AV, + ... 9)

with M., a weight-average V,, and with M,, a number-
average V. _
Substituting log M, in this way in eq 8, we get

log ([71M,) =log K+ (1 + a)A, + (1 + a)A, V, + .. =
Co+ C\V,+ ... (10)

Therefore, for polydisperse samples, eq 5 is also valid (with
the same coefficients Cy, Cy, ..., corresponding to mono-
molecular species), provided the product [#]M, is used as
the hydrodynamic volume and V, is used as the elution
volume. [5] is determined experimentally directly from
the samples, M, is obtained from (7] and the Mark-Hou-
wink equation (7), and V, is obtained from M, and the
GPC calibration equation (9).

Instead of V. being read off the calibration curve, ex-
perimental values of V, can be calculated from the chro-
matograms. The procedure is as follows. For each sample,
i, we calculate its M, ; explicitly in terms of the monomo-
lecular M’s and their relative weights given by the nor-
malized chromatogram of i, H;

w,={{THOMEE
Now, we substitute M(V) according to eq 2
M,; = 104 [ amuesre e az)

log M, = A, + (1/) log | £ HMn0ma-) av} as)

Comparing eq 13 with eq 9 and assuming that the cali-
bration is linear (which in our present experimental case
is correct, as shown previously), we get

v,; = log | £ W0 av}

Equation 14 can be taken as the definition of the viscos-
ity-average elution volume, V..

Whether the V, /s are calculated from the chromatogram
via eq 14 or read off directly from the calibration [eq 9,
linear case], equivalent results should be obtained. To
check this point we show on Figure 2 V, calculated ac-
cording to eq 14 (ordinate) plotted vs. V, read off eq 9
(abscissa). We can see that the points distribute more or
less at random on either side of the V, (ordinate) = V,
(abscissa) diagonal. The agreement, as it is shown, seems
to be quite satisfactory, in spite of the errors inherent in
the different expermental techniques [gel permeation
chromatography, viscometry, membrane osmometry, light
scattering, volumetry (siphon), etc.] and those emerging
from data fitting and calculations so that both ways of

1/aA; (14)
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Figure 2. Plot of V, (eq 14) vs. V, (eq 9) for PVK-3,6-Br; in
tetrahydrofuran at 25 °C utilizing columns packed with poly-
styrene gel.

10 ¢ PVK-36-Br Vs I71M, and V=T,
oPS Vh=[ﬁ],(ﬁn.ﬁw)v2 and
VemVg (Peak)

25 30 35 40

Ve /{counts)

Figure 3. Hydrodynamic volume V}, = [5]M, vs. retention volume
V, = V, calibration plot for PVK-3,6-Br, (@) and hydrodynamic
volume Vi = [1]. (M M,)!/? vs. retention volume V, = V, (peak)
calibration plot for PS (O) in tetrahydrofuran at 25 °C utlhzmg
columns packed with polystyrene gel.

calculating the viscosity-average elution volume are in fact
equivalent. _ .

The application of the concepts of [5], M,, and V, of
which we have just made mention should be of great utility
in an effort to interpret the polystyrene and poly(NV-
vinyl-3,6-dibromocarbazole) elution volume data obtained
for THF at 25 °C. Numerical values of all these magni-
tudes, together with miscellaneous results, are given in
Table 1.

First of all, we start by determining whether the univ-
ersal calibration concept holds true with our polymer in
comparison with polystyrene. Semilogarithmic plots of
hydrodynamic volume vs. elution volume are shown in
Figure 3. The full line describes the results for our
polymer, PVK-3,6-Br,. This line has been drawn with log
V= log ([n1M,) vs. V,, where [n]M, corresponds to the
values given by eq 10 with C, = 14.590 and C,; = —0.2400,
which have been determined from the values' of 4, 4,
K, and a through eq 6.

The results for the polystyrene standards have been
plotted as log [7](M,M,)'/? = log V,, vs. V, (peak) in which
{n] has been calculated from the Mark-Houwink equation
for PS standards in THF at 25 °C given by Spatorico and
Coulter?

[n] (mL/g) = 1.10 X 10™4M, 0725 (15)

and (M_M,)!/2 has been obtained from the data furnished
by the suppliers.!* V, (peak) represents elution volumes

GPC of Poly(N-vinyl-3,6-dibromocarbazole) 2575

at the peak for the same standards. They are represented
by open circles on Figure 3. They yield to a good corre-
lation, which is represented by the dashed straight line.

The plots for the polystyrene standards and poly(N-
vinyl-3,6-dibromocarbazole) are not coincident and are not
parallel. PVK-3,6-Br, exhibits unusually low retention
volumes relative to its true hydrodynamic volume repre-
sented by V, = [9]M,; ie., for a given hydrodynamic
volume the elution volume is lower for PVK-3,6-Br, than
for PS. In addition, the plots shown in Figure 3 clearly
demonstrate that eq 1 is not valid to represent the univ-
ersal calibration as proposed by Benoit et al.5” This plot
may be indicating that the interactions between the gel
and our PVK-3,6-Br, are not always the same. This type
of discrepancy and some others that were observed with
the universal calibration have very recently been re-
viewed 2422 Tt is very important to investigate the elution
behavior of our PVK-3,6-Br, samples as a function of
hydrodynamic volume in a polystyrene network as the gel
phase and with tetrahydrofuran as the eluent.

Incompatibility. The aim of this part of the work is
to analyze our data, to present evidence for a secondary
mechanism process, and to show how our experimental
results on PVK-3,6-Br; may be interpreted from current
theories. The early elution of some polymers in GPC have
beegls ;glterpreted by polymer incompatibility with the
gel. 2"

Dawkins and Hemming® have defined the retention
volume V, by

V. = V, + KpK,V; (16)

where V is the interstitial or void volume, V; is the total
volume of solvent within the gel, Kp is the distribution
coefficient for steric exclusion, and K|, is the distribution
coefficient for solute—gel interactions. Dawkins and
Hemming,® following a procedure given by Anderson and
Stoddart,® have proposed the relation

Kp =-Alog ([n]M) + B (17)

in which it was assumed that hydrodynamic volume is the
size parameter determining the steric exclusion separation.
A and B are two constants. When eq 17 is substituted into
eq 16 the following is given:230

(Ve- Vo) /K, = Vi(-Alog ([n]M) + B)  (18)

The representation of this equation for polystyrene and
the polymer under study as log [#]M vs. (V, - V;)/K,, will
render information on the separating mechanism takmg
place between our polymer PVK-3,6-Br, and cross-linked
polystyrene gel. Thus, for polymers separating solely by
steric exclusion K, is unity. Adsorption and partition
mechanisms will both yield K, > 1.

A plot similar to that shown in Figure 3 is obtained when
the results are plotted as indicated by eq 18, i.e., log [n]M
vs. (V,— Vo) /K, and taking K|, as unity for both polymers
We have taken [71M = [n]M and V, = V, for our PVK-
3,6-Br,. This clearly indicates that eq 16 does not explain
the differences in the behavior between PVK-3,6-Br, and
PS when the distribution coefficient for the solute-gel
interaction (K,) is taken as unity for both polymers. This
also indicates that K, depends on a certain form of mo-
lecular weight.

However, with K, = 1 for PS, a universal calibration plot
is obtained if the values of K, in Table I for PVK-3,6-Br,
are used.

The values of K given in Table I clearly indicate that
K, appreciably depends on molecular weight. In fact, it
agrees with the hypothesis advanced by Dawkins? that K,
decreases as molecular weight increases, the behavior ex-
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Figure 4. Dependence of In Kp on the number-average degree
of polymerization X, , from data in Table I (top) and dependence
of In K, on (V,,/ V) 1 from data given in Table I and Experimental
Sectlon (bottom). V,,, has been calculated from experimental
data by means of V,, = X,,V,; V, represents the molar volume
of the repeating unit.

pected for K, if K, < 1 is due to incompatibility between
the polymer being eluted and the stationary gel. It is
generally found that the mutual incompatibility of poly-
mers increases rapidly with an increase of molecular
weight.?

Dawkins® has given a more rigorous thermodynamic
treatment of eq 16 than that he gave previously.*® Daw-
kins? arrives at the following expression:

-ln K = X2¢3(1 + X23) (19)

where K is the distribution coefficient for solute—gel in-
teractlon X, is the degree of polymerization of the poly-
mer, ¢; is the volume fraction of the gel, and x,, is the
polymer-gel interaction parameter. To obtain eq 19,
Dawkins? made some simplifications: the polymer sepa-
ration is carried out in dilute solutions; the eluent is highly
compatible with the polymer and the solvent for the gel,
so that there exists athermal mixing, i.e., x;2 = x33 = 0,
where x; and x;; are the solvent-polymer and solvent-gel
interaction parameters, respectivey; X5, the degree of po-
lymerization of the gel, is taken as X3 = =; ¢, the volume
fraction of the polymer, is taken as ¢, = 0, and conse-
quently ¢3 = 1 ~ ¢4, etc.

Phenomena due to strong a polymer—gel interaction in
a partition mechanism give rise to negative values of x 3,
whereas the incompatibility effect yields positive values
of xg3. Application of eq 19 to our experimental data gives
the following results. In Figure 4 we show the values of
K, from Table I plotted as In K, vs. X, ,. We can see that
the proportionality between In K, and X, predicted by eq
19 is approximately followed by our results in spite of the
marked difference from sample to sample in the depen-
dence of K, (In K,) on molecular weight. This fact con-
firms the reliability of eq 16 and 18 for the purpose of
determining K, and hence the adequacy to explain the
polymer separation involving steric exclusion and partial
exclusion by incompatibility between PVK-3,6-Br, as so-
lute and polystyrene network as gel. It also explains the
adequacy of eq 19 to describe the dependence of K, on
molecular weight in spite of the simplification on wﬁuch
it has been based.
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We have carried out phase separation experiments with
PVK-3,6-Br, and linear PS in THF to ascertain the in-
compatibility between the polymers. The results are
shown on Figure 1. We can see that miscibility is restricted
when the two polymers are present in the solution, so that
PVK-3,6-Br, and PS are in fact incompatible to a certain
degree.

Incompatibility between polymers will correspond, in
general, to a positive value of x,3. However, phase sepa-
ration in ternary systems can happen even when the two
polymers are compatible (xy3 <0) if the affinities of the
two polymers for the solvent are sufficiently different, that
is, if the value of x5 — x 3| is large enough.3* In our case,
THEF is a good solvent for both polymers and we do not
expect a large value of |x;5 ~ x13); therefore, the phase
diagram of Figure 1 is taken as indication of a positive x3.

We can calculate the value of o3 for PVK-3,6-Br, + PS
at the plait point of the phase diagram of Figure 1, (xg3),.
To calculate (x23), we follow Scott?36

(xo3)pt = (1/2) (X712 + X3VB(1 - ¢y )" (20)

where X, and X, have the same meaning as above and
11 is the volume fraction of solvent taken at the plait
point. From the phase diagram in Figure 1 and physical
constants for THF, PVK-3,6-Br,, and PS, given in the
Experimental Sectlon, we obtam (x23)p1 = 0.0083.

The values of the interaction parameters between
polymers are in general very small, of an order similar to
the value here found for (xs3)p1 Po]ymer—solvent inter-
action parameters are usually larger because they contain
an entropic contribution (of the order 0.3-0.4) that is due
to the dissimilarity in molecular size between the two
components. Polymer~polymer interaction parameters,
on the other hand, are much smaller because this entropic
contribution, typical of polymer—solvent systems, disap-
pears when both components are high polymers.

In the case of two polymers in the presence of a solvent,
Van den Esker and Vrij?” have calculated the interaction
parameter, g3, using the Flory-Prigogine-Patterson3®4
theory of polymer solutions. Their result is

pi*Vi* T
x23 RT~ {(AIZ Al3)27 +
(09 — 09)(09X {3 — 03X 3) 005X
2 — 03){0og *12 3t1) | %2 3*23 (21)
b1 141
p;* T* ) 0 Xy
Ay = P1*(1 - T* ) - py* (22
o; - Si/sl (23)

Here p*, V¥, and T* are reduced parameters for pressure,
volume, and temperature corresponding to component i,
S; is the molecular surface to volume ratio of said com-
ponent, «; is the coefficient of thermal expansion of the
solvent, 0, is the solvent reduced volume, and the X;;’s are
exchange interaction parameters for the pair of compo-
nents ; and j. In the presence of a solvent, x,4 is not a
purely binary parameter for polymers 2 and 3 because the
solvent characteristics intervene also in determining xs3,
as given by eq 21. However, the first two terms in the
right-hand side of eq 12 are differences that partially
cancel, and the resulting x,; is always small.
Incompatibility is then obtained even for small positive
values of x5 such as the (xz3)p, found here for PVK-3,6-Br,
+ PS in THF. This raises a problem with regard to eq 19.
The contribution of the interaction parameter x5 to K,
in the factor (1 + x,3) appears to be of secondary impor-
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tance because xo3 << 1. Hence, it is difficult to understand
how the incompatibility represented by x.; can be made
responsible for the results K, <1and -In K, ~ X,. Even
for a neutral pair of polymers (Xza + 0), K would be
different from unity and -In K, an increasing functlon of
X,, according to eq 19.

In order to analyze this problem in more detail, we could
go back to the original equations of Scott® for the chemical
potentials of the three components in the ternary system
and write the equilibrium conditions avoiding some of the
simplifications introduced in the derivation of eq 19. In-
stead of doing this, we prefer an alternative though entirely
equivalent procedure.

Selective Adsorption. We realize that the problem of
the adsorption of the solute polymer onto the gel, or the
opposite case of incompatibility between solute polymer
and gel, can be viewed as a problem in preferential or
selective sorption. Namely, the gel equilibrates with a
binary mixture (solvent + solute polymer), the result being
that the composition of the binary mixture (the concen-
tration of the polymer) inside the gel differs from the
composition outside. The balance of interactions between
solvent (1), solute polymer (2), and gel (3) determines the
amount of selective adsorption or desorption of polymer
by the gel.

Thus viewed, we can use thermodynamics to write the
equation for preferential sorption and apply it to the case
of a gel phase in the presence of a binary liquid phase.
According to Masa et al.,*? the equation is

(3G, /duy) = (8G9 /0u10) (24)

where u; = ¢;/(1 - ¢3), the subscript zero means binary
liquid phase outside the gel, and G, is the Gibbs function
of mixing per unit volume of liquid: G, = AGy/ V(1 - ¢5),
with V being the total volume and AG), the Gibbs function
of mixing.

Using a Flory-Huggins model for AGy

3
AGy = g-lni In ¢y + n1¢og1e + N193813 + nada(Vy/ Vy)gas
(25)

where the g;/’s are interaction parameters per segment or
per molar volume of solvent (V;), and substitution into
equation 24 yields

In (¢g/b20) = —(Vy/ V1)¢3[ ¢35t In (¢19/ 1) + 23 ~

(¢, -
13~ glz(l + 2'¢'2' __‘1’20) ] (26)
&3

An equation entirely equivalent to this but with interaction
parameters based on chemical potentials, x;;’s, instead of
the g;/s was derived by Krigbaum and Carpenter*® in their
treatment of selective sorption and also by Sakurada et
al.,** in their study of phase equilibria in ternary systems
containing a solvent, a linear polymer, and a cross-linked
polymer. The g;’s and x;’s differ because of the depen-
dence of interaction parameters on polymer concentration.
They are related through

Xij = 85~ (1~ ¢,)(9g,;/9¢;) (27)

Expanding In (¢o/#;) in eq 26 up to linear terms, we
have

In (¢5/ o) =

—(V2/V1)¢3[ 14+ 83-812-8u+

b2 — &
2 3 20(1—2g12)]

(28)
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and neglecting ¢, — ¢ terms, we arrive at
In (¢9/ o) = ~(Vo/ V1)os(l + 835~ 812 — 819 (29)

The quotient (¢y/¢y) is the partition coefficient K,
calculated by Dawkins;? therefore, In K, = In (¢2/ ¢2) can
be equated to the right-hand 51de of eq 29

In K, = =(Vy/ V)3l + g5 — g12 ~ 813 (30)

This expression is more general than eq 19 in which the
interaction parameters g, and g,3 are absent. In deriving
eq 19 we took x;3 + x13 = 0 on the assumption that ath-
ermal mixing takes place between the solvent and each one
of the two polymers (solute and gel). But, as we have
discussed above, even for athermal mixing there is an
entropic contribution that brings each of the polymer-
solvent interaction parameters x;, and x5 to the range
0.3-0.4. Usually, the interaction parameters are increasing
functions of polymer concentration, so that (dg,/9¢,) >
0 and (dg,3/9¢) > 0. This gives according to eq 29 gy, >
X12 and g13 > x13. Therefore, the term —(g;, + g,5) neglected
in eq 19 can reach values similar to unity and give for (1
— 812 — 813) values close to zero or of the same order of
magnitude as gos.

It is then necessary to consider the full eq 30 to un-
derstand how K, can be unity or differ from unity de-
pending on the balance of the interaction parameters (1
+ 823 ~ 812 — B13)-

The molecular weight dependence of K, predicted by
eq 30 is the same as that of eq 19 since (V,/V}) is pro-
portional to the degree of polymerization X,. Although
the molecular weight dependence of In K, is mainly given
by this front factor X, in both eq 30 and 19, there is a
residual dependence contained in the interaction param-
eter gy; Or Xg3. As Strazielle®d has shown, x,; for two
polymers in solvent depends on the molecular weights, M,
and M, of the polymers.

Kratochvil and Vorlicek? have derived an expressxon
for the selective sorption of polymer 2 by polymer 3 in
dilute solution (8C;/3C3)c o, Where C; is the concentration
of polymer. Positive values of (8C2/dC3) ¢ o represent
adsorption of polymer 2 by polymer 3, and negatlve values
represent selective exclusion of polymer 2 from 3 or in-
compatibility. Kratochvil et al.#*® have used light scat-
tering to determine the interaction between two polymers
in solution. Their results correspond to negative (3C,/
8C3)¢,—o in a number of systems, that is, to selective ex-
clusion or desorption of polymer 2 by polymer 3. Campos
and Strazielle® have measured (9C,/3C3)c, -, in the system
benzene (1) + poly(dimethylsiloxane) (2) + polystyrene
(3) and have found negatlve (8C3/8C3) ¢, and the values
of —(8C,/8C3) ¢, increasing with the molecular weight of
2.

The aim of the above discussion has been to show that
both the experimental finding as well as the theoretical
predictions in the field of selective sorption in ternary
systems composed by two polymers and a solvent are re-
lated to and can be used to interpret the problems arising
from incompatibility and deviations from universal cali-
bration in GPC. As expressed by eq 30, the deviations
from universal calibrations (K, > 1) should be in general
dependent on all three interaction parameters of the
system (gq3, £12, £13) and not just on incompatibility (gos
# 0).

Gel Volume. The slope of the plot In K vs. X; of
Figure 4 gives the value 4.3 X 10%, From thls value we
could calculate the gel volume fraction, ¢, if all the in-
teraction parameters gy, 813, and g,3 were known. How-
ever, we-can make a rough estimate by assuming that the
balance (1 + g3 — g1 — &19) lies in the approximate range
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0.01-0.02. Then 0.002 < ¢53 < 0.04. This magnitude of ¢;
can throw some light, at least from a qualitative point of
view, on the structure of the gels. According to these limit
values, ¢5 is quite small and therefore only a fraction of
the cross-linked solvated stationary phase is taking part
in the separation process. All this may be consistent with
a model of a macroporous gel with decreasing concentra-
tion of the polymer solution toward the center of the
pores.®!

Specific Effects. Let us focus now on the possible
influence of the specific structural effects of PVK-3,6-Br,
on its GPC behavior as a cause for the deviations from
universal calibration reported here. The repeating unit
of PVK-3,6-Br, contains a nitrogen atom carrying a lone
electron pair and it also contains two bromine atoms on
the carbazolyl ring. It has been found previously that the
homologous polymer PVK, which also carries a N-carba-
zolyl ring in its repeating unit, falls on the same hydro-
dynamic volume plot as PS with THF as eluent.®? So, the
discrepancies here reported can be attributed to the two
bromine atoms attached to the ring at the 3 and 6 posi-
tions. These bulky substituents give rise to an increased
incompatibility or larger selective desorption of the poly-
mer by the gel.

From another point of view, Ouano et al.?® suggested that
the usually low GPC retention characteristics of poly(bi-
cycloheptyl sulfone) in chloroform (CHC,), in relation to
its true molecular weight (as determined by light scat-
tering), may be explained because the PBCHS strongly
associates with CHC]; solvent perhaps through hydrogen
bonding. The increase in the apparent heterogeneity index
and the tailing of the low molecular weight fraction of
PBCHS may be explained also by the same phenomena;
i.e., strong solvent interaction can result in lower per-
meation into the stationary phase, hence lower retention
volumes.

Both polymers, PVK-3,6-Br, and PBCHS, present high
values for their respective Mark-Houwink exponents in
the solvent employed in GPC experiments for each of
them. Thus the Mark-Houwink relationships are re-
spectively!®5? as follows:

PVK-3,6-Br, [n] (mL/g) =
1.27 X 1073080 25 °C and THF
PBCHS [n] (mL/g) =

1.58 X 1073M°™ 25 °C and CHCl,

As Ouano et 4l.% have pointed out, the same behavior
has been observed with other polymers containing highly
polar groups, such as polyols.’*

The difference of solvation between compounds of sim-
ilar size and shape may be an element in their separa-
tion.%% Horta® has given a theoretical prediction on the
influence of the solvation on the fractionation of polymers
by GPC. However, the solvation alone can not be the
explanation to all the incompatibility processes observed
in the literature. It contributes to a higher efficiency to
the GPC when is considered as a separation technique.
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Conformational Characteristics of Poly(2-vinylpyridine)
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ABSTRACT: Conformational energy calculations were coupled with dipole moment measurements to derive
a conformational description of poly(2-vinylpyridine) (P2VP). When a rotational isomeric states (RIS) model
was used to calculate the dipole moments of P2VP chains with different stereosequences, it was found that
the calculated dipole moments were nearly independent of P2VP stereosequence. Dipole moments measured
for three P2VP samples with very different stereosequences, as determined by *C NMR spectroscopy, were
also very similar with magnitudes that agreed with the calculated dipole moments. In addition, the isomer
fractions observed by Hogen-Esch et al. after the equilibrium epimerization of P2VP oligomers are also
successfully reproduced by the RIS model developed here for P2VP.

Introduction

It has been observed!™ that vinyl polymers possessing
large, planar side groups are limited in their conformational
freedom. Previous studies of such vinyl polymers, i.e.,
poly(methyl methacrylate),'”? poly(methyl acrylate),?
poly(vinyl acetate),* polystyrene,® poly(a-methylstyrene),®
poly(N-vinylcarbazole),” and poly(N-vinylpyrrolidone),? led
to the observation that the planarity of the side groups
severely limits the conformations (¢,,¢,) available to the
pair of backbone bonds flanked by these large, rigid side
groups (see Figure 1). Poly(2-vinylpyridine) (P2VP) is
another example of a vinyl polymer with planar side
groups.

The pyridine side groups in P2VP are polar (see Figure
1) and may interact with each other in certain backbone
conformations, such as the tt conformation of the meso (m)
P2VP diad illustrated in Figure 1. In this conformation
access of the backbone to solvent molecules is limited, a
situation that also arises in the tg~ conformation of a ra-
cemic (r) P2VP diad. Thus, we might expect the confor-
mations adopted by the P2VP backbone to depend not
only on stereosequence but also on solvent interactions and
side-group orientations.

We have studied the conformational characteristics of
P2VP chains by employing approximate potential energy
functions to estimate their conformational energies. In
addition to treating P2VP chains of different stereoregu-
larity, side groups were permitted to adopt different ori-
entations and solvent interaction energies were approxi-
mated. A rotational isomeric states (RIS) model was de-
rived for P2VP from the conformational energy estimates.
Mean-square unperturbed dimensions (end-to-end chain
lengths) and dipole moments were calculated as a function
of stereoregularity from the RIS model derived here for
P2VP and were compared to dilute solution dimensions
reported in the literature and to the dipole moments
measured in the present study for three P2VP samples
with different stereosequences.

Conformational Energies

Method of Calculation. The recently reported® crystal
structure of 2,4,6,8-tetramethyl-2,4,6,8-tetra-2-pyridyl-
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nonane provides us with geometric information concerning
the side groups in P2VP. The pyridine rings are planar
and are very similar to phenyl rings in their geometry. As
an example, the pyridine ring bond lengths and valence
angles span the ranges 1.34-1.41 A and 117-124°, while
1.39 A and 120° are found!® for phenyl rings. Conse-
quently, we have used the geometrical parameters em-
ployed by Yoon et al.? in their treatment of polystyrene
to calculate the conformational energies of P2VP.

Rotation about each backbone C—C bond was assigned
a threefold intrinsic torsional potential with a barrier
height of 2.8 kcal/mol. A Lennard-Jones 6-12 potential
together with a Coulombic term were used to evaluate the
nonbonded van der Waals and electrostic interactions
between atoms. Parameters of the 6-12 potential were the
same as those employed by Yoon et al.® for polystyrene and
by us® for poly(N-vinylpyrrolidone). From the dipole
moment measured!! for pyridine in dilute solutions (2.25
D), partial charges of —0.68 and +0.34 were assigned re-
spectively to the N atom and the two C atoms bonded to
it, and a dielectric constant of 3.5 was assumed to mediate
the electrostatic interactions.

Certain conformations of vinyl polymers with large
side-chain substituents can prevent solvent molecules from
gaining access to the polymer backbone (see Figure 1).
However, for an m diad in the tg~ conformation the side
chains are sufficiently separated to permit access of the
solvent. By replacing side-chain-side-chain interactions
with side-chain—solvent interactions when the the distance
r between side chains becomes sufficiently great (r = o),
Yoon et al.? devised a procedure to account for the con-
formational dependence of solvent interactions. The en-
ergy of interaction should level off at the distance ¢, and
we therefore require the calculated conformational energy
to remain constant at its value for r = ¢ for all distances
greater than ¢. Judging from previous results!® ¢ = 4-5
A seems reasonable, and we have employed ¢ = 4.5 A and
= (no solvent—polymer interactions considered) in our
caleulations on P2VP,

Backbone rotation angles ¢, and ¢, were stepped in 10°
increments and were measured in a right-handed sense (a
different rotation angle sign convention was employed in
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