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Polymer Swelling. 5. Correlation of Relative Swelling of
Poly(styrene-co-divinylbenzene) with the Hildebrand Solubility
Parameter of the Swelling Liquid
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ABSTRACT: The swellability, S, of styrene-co-divinylbenzene polymers in 20 aromatic and 24 aliphatic liquids
was studied as a function of cross-link density, A, from A™! = 0.01 to A = 0.12. In every study the relationship
was given by S = C(A1/3 — \,1/3), where A is the average number of carbon atoms in the “backbone” of the
polystyrene segments between cross-link junctions, C is the relative swelling power of the liquid, and A\, is
the critical cross-link density, above which S = 0. The observed C was correlated with the corresponding
known Hildebrand solubility parameter, 4, for five liquid classifications. The solubility parameter of the polymer,
dgty, determined thereby was 9.5 for substituted benzenes, 9.2 for chlorocarbons, 9.1 for ketones, 8.4 for esters,
and 7.3 for ethers. this set of observed s, spans the range reported by earlier investigators, i.e., 6, = 8.6-9.7.
The plots of C as functions of the corresponding (8gyy — 854)? for the homologous series of liquids Z(CH,),H,
where n < 5, are almost parallel lines given approximately by C = A ~ 0.60(3g,y — 8y;)%, where A is 2.19 for
Z = Ph, 1.48 for Z = RCO,, 1.42 for Z = RCO, and 0.64 for Z = RO. Apparently, the major factor that determines
swelling power is the relative affinity of Z for the polymer. The cumulative contribution to swelling power

owing to the (CH,), H group is only a mitigating factor superimposed on the former.

Introduction

We reported! that the magnitude of swelling of a poly-
mer, S (in milliliters of liquid absorbed per gram of
polymer in equilibrium with excess liquid), can be mea-
sured conveniently and reproducibly after the polymer is
comminuted and then fabricated into a thin (<0.3 mm),
but tough (tensile strength >250 psi), microporous (>0.5
porosity) composite membrane consisting of the particulate
polymer (>80% by weight) enmeshed in poly(tetra-
fluoroethylene) microfibers (<20%). We correlated S with
the corresponding cross-link density, A, of styrene-co-
divinylbenzene polymers, which ranged from A = 0.01 to
A1 = 0.12, and we showed?3 that S is related to A by

S = CAV = A,1/3) 1)

where \ is the average number of carbon atoms in the
backbone of the polystyrene segments between cross-link
junctions, A,! is the critical cross-link density of the
polymer, above which S = 0, and C is the relative swelling
power of the liquid.

It is well-known that swelling power is related to solvent
power,? which can be expressed in terms of the Hildebrand
solubility parameter,’ 8, and that the solubility of a given
solute with solubility parameters 4, in a given liquid with
solubility parameter 6y, is maximal when (5, — 8y,)? is zero.
Gee® has shown that a similar relationship appears to ob-
tain for swelling of cross-linked polymers; i.e., swelling is
maximal when (6, - 8;5)* is zero, where 8, is the solubility
parameter of the polymer. It was of interest, therefore,
to attempt measurement of dg,, for poly(Sty-co-DVB) on
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the basis of the swelling power, C, observed by us as a
function of the corresponding &;, reported by others”* and
then to compare the observed gy, = 84 at Cpyex With the
corresponding dg,, determined experimentally by oth-
ers™®11-13 o the basis of maximal solubility. The latter
varied from dg,y = 8.6 to 9.7 in cal'/2/em¥/2.

The purpose of this publication is to report the results
of our correlation that was aimed at a possible explanation
for the wide range of dg,, observed experimentally by earlier
investigators.

Experimental Section

The procedure for making thin microporous composite films
from poly(Sty-co-DVB) particular and PTFE emulsion is de-
scribed! in detail in part 1. The procedure for measuring S, in
milliliters of absorbed liquid per gram of polymer, is described?
in detail in part 2. The set of six composite films that were used
previously to study S as a function of A\1/3 in 19 organic liquids
(Table 1 of ref 2) were again used to establish the characteristic
linear relationship (Figures 3 and 4 of ref 2) for the 20 aromatic
and 24 aliphatic liquids listed in Tables I and II. The liquids
tested were obtained from commercial sources, usually Aldrich
Chemical Co., and they were used without further purification.

Results and Discussion

The 44 compounds listed in Tables I and II were selected
for this correlation of poly(Sty-co-DVB) swelling power,
C, with the corresponding Hildebrand solubility parameter,
8, on the basis of the following criteria: (1) the melting
point of the compound was <20 °C and the boiling point
was >40 °C; (2) the corresponding Hildebrand solubility
parameter of the liquid was published in the scientific
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Table I
Correlation of C with Solubility Parameters Reported for
Substituted Benzenes (dg,, = 9.5, Figure 1)

liquid C  AM3 by ref  (Bgyy — Byg)?
aniline 149 185 1042 7 0.85
iodobenzene 193 180 1013 7 0.40
o-dichlorobenzene 195 175 10.04 7 0.27
bromobenzene 2.06 1.80 987 17 0.14
m-dichlorobenzene 205 178 980 7 0.09
acetophenone 1.88 193 9.68 7 0.03
chlorobenzene 218 180 967 9 0.03
N,N-dimethylaniline 225 180 984 7 0.11
tetrahydronaphthalene 222 190 950 9 0.00
benzene 214 170 916 17 0.12
fluorobenzene 1.98 175 911 7 0.15
o-xylene 202 170 906 7 0.19
toluene 202 175 893 7 0.32
m-xylene 1.80 170 888 7 0.38
p-xylene 1.73 175 883 17 0.45
(trifluoromethyl)benzene 0.71 185 822 7 0.71
ethylbenzene 184 178 884 7 0.44
n-propylbenzene 178 178 865 9 0.74
n-butylbenzene 169 195 858 7 0.85
isopropylbenzene 1656 175 860 7 0.81
Table 11

Correlation of C with Hildebrand Solubility Parameters
Reported for Aliphatic Liquids

liquid C A3 by ref  (Bgy - dyy)?

Ketones: g, = 9.1 at Maximal C as a Function of oy,
CH,CO(CH,)H 131 195 850 9 0.36
H(CH,),CO(CH;);H 104 181 852 7 0.36
H(CH,),CO(CH,H 136 190 870 7 0.16
CH,CO(CH,);H 147 195 884 9 0.07
CH,CO(CH,);H 137 175 892 9 0.03
H(CH,),CO(CHp,H 152 175 906 7 0.002
CH,CO(CH,),H 111 175 945 7 0.12

Esters: &gy, = 8.4 at Maximal C (Estimated Graphically)
CH,CO,(CHy) H 146 170 869 7 0.08
CH,CO,(CH,),H 133 160 880 7 0.16
CH,CO,(CH,),H 113 180 891 7 0.26

CH,CO,CH, 086 170 943 7 1.06
Ethers: 8g,, = 7.3 at Maximal C (Estimated Graphically)
Et,0 064 160 753 7 0.05
n-Bu,0 0.51 150 776 7 0.21
n-Hex,0 041 150 801 7 0.50
Chlorocarbons: &g, = 9.2 at Maximal C
H(CH,),Cl 142 170 846 7 0.55
H(CH,),Cl 163 169 850 7 0.49
CClL 197 170 855 9 0.42
CH,;CHCI, 168 170 892 7 0.08
CHCl; 232 170 916 7 0.002
Cl,CHCHCI, 229 19 916 7 0.002
CICH,CHC], 204 175 916 7 0.002
CCl,=CCl, 196 175 9.28 7 0.006
CICH,CH,C1 1.79 178 986 7 0.44
CH,Cl, 199 170 988 7 0.46

literature; (3) the liquid was available commercially. These
liquids were classified into five categories: (1) substituted
benzenes, (2) aliphatic ketones, (3) aliphatic esters, (4)
aliphatic ethers, and (5) aliphatic chlorocarbons (Tables
I and II).

The results obtained in each of these studies of swella-
bility in a given liquid as a function of A%, from 0.01 to
0.12, verified the linear relationship stated in eq 1. The
relative poly(Sty-co-DVB) swelling power, C, for the or-
ganic liquids studied thus far ranged from 0 to 2.32, but
the corresponding A,!/® was statistically constant within
each liquid classification (i.e., 1.77 % 0.07 for substituted
benzenes, 1.84 = 0.09 for the aliphatic ketones, 1.76 + 0.08
for aliphatic chlorocarbons, 1.70 + 0.08 for aliphatic esters,
and 1.53 £ 0.05 for aliphatic ethers).
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Figure 1. Correlation of observed relative swelling7 power for
poly(Sty-co-DVB) with the corresponding reported’ solubility
parameter (3y;,) for the aromatic liquid.

When C for the aromatic liquids listed in Table I was
plotted as a function of the corresponding &y, a parabolic
curve was obtained (Figure 1). Accordingly, the solubility
parameter for poly(Sty-co-DVB) was taken to be ég,, = 9.5,
where C = 2.25 was maximal at 6, = 9.5 cal'/?/cm®/2 The
observed dg, is in very good agreement with the value (9.4)
reported by Hoy.” When the corresponding data collected
for the aliphatic liquids (Table II) are treated in the same
way, however, it is noted immediately that &g, obtained
thereby reflects the class of liquids chosen to make the
correlation. Thus, dg,, is 9.5 for aromatic compounds, but
it is 9.2 for chlorocar%ons, 9.1 for ketones (which agrees
well with the value reported by Scott and Magat!®!® and
by Boyer!!), 8.4 for esters, and 7.3 for ethers. This set of
observed dg;, determined on the basis of maximal swelling
spans the range of observed dg;, (i.e., 8.6-9.7) determined
by earlier investigators™®!"13 on the basis of maximal
solubility. This implies that the molecular geometry of
solvation (i.e., the mode of association of the function
group, Z, of the solvent molecule with the phenyl group
of the polymer and the concomitant association of the
remaining part, Y, of the solvent molecule with the back-
bone of the polymer) may not be the same for each class
of liquids of molecular structure Z-Y. The geometry of
the polymer may be more suited to accommodate one class
of Z-Y better than another, owing to the combination of
electronic and steric considerations, and consequently ég;,
= dy, at maximal solubility (or swelling) for a given solute
will vary accordingly, as observed in these studies.

When C for the aromatic liquids (Table I) was plotted
as a function of (9.5 - 6y;,,)% a straight line was obtained
(Figure 2) given by

C = 2.22 - 0.95(9.5 — §y,)?

When the relative swelling powers, C, observed for the
liquids in the four sets of homologous series represented
by Ph(CHy),H (Table I), CH;CO,(CH,),H (Table II),
H(CH,),CO(CH,),,H (Table II), and H(CH,),0(CH,) ,H
(Table IT) were plotted as functions of the corresponding
(8sty — Brig)%, a set of four approximately parallel lines was
obtained given by

C=A- 0'60(6Sty - (Sliq)z (2)



1524 Errede

Piot of C as a function of (9.5-5)*for substituted Benzenes
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Figure 2. Correlation of observed relative swelling power for
poly(Sty-co-DVB) with the corresponding (.95 - 8,)%, where 9.5
is the observed solubility parameter of the polymer with respect
to substituted benzenes; i.e., g, = 8y;; at maximal swelling (Figure
1).
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Figure 3. Correlation of relative swelling power for poly(Sty-
co-DVB) with the corresponding (dg;, — 6yq)% where s,y is the
observed solubility parameter of the polymer with respect to the
class of liquids indicated (Table II), i.e., 9.5 for substituted
benzenes, 8.4 for aliphatic esters, 9.1 for aliphatic ketones, and
7.3 for aliphatic ethers.

where A was 2.19 for Ph(CH,),H, 1.48 for the esters, 1.42
for the ketones, and 0.64 for the ethers (Figure 3).

The observed constants A in eq 2 for these homologous
series appear to be a measure of the force of attraction
between the functional group of the liquid molecule (i.e.,
Ph > CO; > C=0 > 0) and the phenyl group of poly-
styrene. This force of attraction is mitigated by the
(CH,),,H chain attached to the functional group, appar-
ently in accord with the sum of the CH, parachors* as
explained by Scatchard!® and Small,'® which depends on
additive enthalpy contributions in accordance with Hil-
debrand’s definition of cohesive energy density.®

The contribution to relative swelling power owing to the
affinity of a functional group Z in the solvent for the
functional group Ph in the solute appears to be additive.
Thus, a plot of C for the chlorocarbons of Table I as a
function of the corresponding (8g;, — 8;;4) does not give a
single line parallel to the lines shown in ‘iT‘igure 3. Instead,
the data points lie in a broad band demarcated by two
imaginary lines as defined by eq 2, where A = 2.4 and 1.2.
The swelling power of the dicarbon molecules appears to
increase monotonically with the number of chlorine atoms
contained therein; i.e., the relative swelling powers C for
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CH,CHCI,, CICH,CH,CI, CICH,CH,Cl;, and Cl,CHy-
CH,Cl, are 1.68, 1.79, 2.04, and 2.29, respectively. The
characteristic constants C for CH,Cl; and CHCI; are 1.99
and 2.32, respectively, but that for CCl, is only 1.97, which
may be attributed to the symmetry of perchlorinated
carbon or to a decrease in acid strength. Further discussion
of relative swelling power exhibited by chlorine-containing
liquids will be deferred until we have had time to accu-
mulate swelling data for a much larger number of such
liquids.

The effect of substituent R on the relative swelling
power of liquid substituted benzenes, RPh, with respect
to poly(Sty-co-DVB) is evidenced by the data reported in
Table I and also by the data reported for the aromatic
liquids listed in Table 1 of ref 2. These are summarized
as follows: R = N(CHj,),, C = 2.32; R =Cl, C =218 R
=H,C=214R=Br, C =206 R =CH;C=202R
=0CH,;, C=2.00,R=F,C=198R=1,C=183R =
NOZ, C= 1.57; R= CFa, C =0."71

Apparently, the electronic contribution by R to the
w-electrons of the phenyl group of the liquid, which de-
termines affinity for the phenyl rings of the polymer, is
mitigated by the concomitant contribution to molecular
size, which determines the magnitude of steric hindrance
to accommodation with the polymer.

Ever since Hildebrand pointed out that the cohesive
energy density, § = AE/V where AE is the internal energy
and V is the molar volume of the compound in question,
is a good criterion for estimating mutual solubility when
entropy factors are not important, others have attempted
to extend this observation to all solute—solvent systems,
even when the entropy factors are very important. This
desire for universal applicability has led to a three-di-
mensional empirical relationship™1%1%15 given by

82 = Bypf + 5,2 + 8y

where 8, refers to the contribution by nonpolar London
dispersion forces (as considered by Hildebrand), 4, refers
to the contribution by dipole~dipole and dipole-induced-
dipole forces, and 6, refers to the contribution by hydro-
gen-bonding forces. These empirical relationships are
complicated to use, and, at best, offer only a qualitative
guess with respect to solubility of a given solute in a given
solvent.

It was inferred from the results observed in this corre-
lation of swelling power with the corresponding reported
solvent parameters that the major contributing factor to
solubility of a polymer in a given liquid is the affinity of
the functional group, Z, of the liquid for the functional
group Ph in the polymer. It follows, therefore, that it may
be advantageous to characterize this affinity of Z for Ph
in terms of donor-acceptor relationships, as described by
Gutman!” and Drago!®!? and to apply this to polymer—
solvent relationships, as suggested by Fowkes.*® The
mitigating effect on solvent power caused by systematic
modification of substituents attached to the functional
groups of the solvent and polymeric solute should provide
a better understanding of solubility in terms of the mo-
lecular structure of the solvent and solute. Such studies
should identify solvent-solute systems where entropic
considerations and/or mutually attractive sites outweigh
the enthalpy contribution to free energy of solution, which
presumably is a major reason why the principles of additive
cohesive energy density do not explain adequately the
solubility results observed for polymer-solvent systems.

Accordingly, I have decided to undertake studies of the
relative swelling powers exhibited by liquids in homologous
series given by Z(CH,),H with respect to sets of cross-
linked polymers of a given molecular type. It is hoped that
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this will lead to a better understanding of solubility in
terms of the molecular structure of the polymeric solute
and the liquid. The results of such studies will be reported
in subsequent publications.

Registry No. (Styrene)-(divinylbenzene) (copolymer), 9003-
70-7.
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Polymer Swelling. 6. A Study of Poly(styrene-co-divinylbenzene)
Swelling in Liquids of the Homologous Series Ph(CH,) H
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ABSTRACT: It is shown that the relative swelling power, C, for styrene-co-divinylbenzene polymers exhibited
by liquids in the homologous series Ph(CH,),H decreases monotonically with n from n = 0 to n = 10; the
relationship of C in terms of n for the first five members of the homologous series is given by C = 2.10 - 0.108n.
Thereafter, C deviates negatively from this line by an amount A given approximately by A = 0.07m, where
m =n -6 for all n > 5 and also by A = 0.04F 2 + 0.06F,, + 0.02, where F,,,, = 1.15m/% - 0.81 is the force
of correlated molecular orientation measured by others for association of liquids in the homologous series
H(CH,),H. A similar pattern is exhibited in the correlation of C with 3, the Hildebrand solubility parameter;
i.e., C is a linear function of (9.5 — &y,)* for liquids Ph(CH,),«;H, but it deviates negatively from the line C
= 2,19 - 0.60(9.5 - 3,5)% by an amount d = 0.33F .y, for liquids Ph(CH,),,¢H.

Introduction

We reported!™ that the swellability, S, of styrene-co-
divinylbenzene polymers at equilibrium with excess liquid
is related to the average number of atoms, A, in the
backbone of the polystyrene segments between cross-link
junctions by the equation

S = C(AY3 - \1/3) 1

where C is the swellability consant of the liquid with re-
spect to Sty-co-DVB and Ay is the critical cross-link
density of the polymer above which S = 0. Correlation of
C with the corresponding Hildebrand solubility parameter,
8, of the swelling liquids* showed that dg,, determined
thereby depends on the class of liquids used to make such
correlations. Thus, dg,, = 9.5 for substituted benzenes, 9.2
for chlorocarbons, 9.1 for ketones, 8.4 for esters, and 7.3
for ethers. When C was correlated with the corresponding
(bgty — 6uq)2 for the lower members of the homologous series
Z(8H2),,H, a set of parallel lines was obtained given ap-
proximately by the general equation

C = A - 0.60(3gyy ~ Byg)? )

where A was 2.19 for Z = Ph, 1.48 for esters, 1.42 for
ketones, and 0.64 for ethers.*

This implies that the major factor that determines
swelling and/or solvent power of a given liquid for Sty-
¢0-DVB polymers is the affinity of the functional group
Z of that liquid for the polymer components, especially the
pendant phenyl group,* and that the (CH,),H attached to
Z mitigates this affinity in accordance with the additive
contribution of each CH, group as suggested by Scatchard®
and Small.®

It was of interest, therefore, to see if eq 2, which was
observed to be applicable for the lower members of the
homologous series Z(CH,),H, i.e., for n < 5, is also valid
for the higher members of these series, i.e., for n > 5. To
this end I decided to study first the relationship of C as
a function of n, from 0 to 10, for liquids in the homologous
series Ph(CH,),H and then to correlate C with (9.5 - §)?,
where §,, is the solubility parameter of the nth member of
the homologous series. The purpose of this publication
is to report the results of that study.

General Procedure

The test liquids listed in Table I were obtained from commercial
sources, mostly from Aldrich Chemical Co., and were used without
further purification. The Sty-co-DVB polymers made to undergo
swelling in these liquids were obtained from Bio-Rad Laboratories.
Aliquots of these polymers in the form of microbeads (the DVB
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