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On the Solubility Parameter of Polar Polymers 

LECHOSLAW A. UTRACKI, Gulf Oil Canada Limited, Research Centre 
Ste-Anne-de-Bellevue, Quebec, Canada 

synposis 
The binary cluster integral, 8, was computed from intrinsic viscosity data. Sub- 

tracting from B the polar contribution, &, calculated from YRCR theory,g the nonpolar 
interaction parameter, pn, was found. The calculations were performed for poly(viny1 
acetate) and poly(methy1 methacrylate), each in 16 solvents. The correlation between 
6 ,  and the solvent solubility parameter, 61, was found to be similar to that reportedssl7 
for solutions of natural rubber, cis-polybutadiene and for poly(viny1 chloride). This 
correlation can be crudely approximated by the formula 

B n  = E - Fl& - 6ml 

where E and P are functions of the ill-defined symmetry of the solvent molecule and 6, 
is the 61 value for the local maximum of the function. At 61 = constant, the more 
spherical is the molecule, the higher is the Bn value. It was shown that for most cases 
separation of the solvent into two classes (linear and nonlinear) is sufficient. This p n  
behavior finds support in the Funk and Prawnits6 report on aromatic-saturated hydro- 
carbon mixtures and in the theoretical calculations of Huggins.*1-22 

INTRODUCTION 

The concept of the solubility parameter: 

6 = (AEJV)''~ 

where AEs is the energy of vaporization to the gas at zero pressure and V is 
the molar volume of the liquid, was introduced some forty years ago by 
Hildebrand.'J For polar liquids, a square of the parameter was written2 as 
a sum of squares of the polar, 6,) and nonpolar, ad, contributions. Re- 
cently Hansen3 added to this relation a hydrogen-bonding parameter 6h2: 

6' = 6d2 + 6 p 2  + 6h2. 

62 = 6,2 + 6,2 

6n2 = 6d2 + 6 p 2 ,  

is given by the internal pressure Pi,  whereas the residual contribution is 
given by 

(2) 

(3) 

(4) 

Equation (2) wa,s rewritten by Bagley et al.4 in the following form: 

where the volume dependent contribution, 

6,' = 6h2 = (AEv/V) - Ps. (5) 
1167 

@ 1972 by John Wiley & Sons, Inc. 



1168 UTRACKI 

For a binary mixture, the molar excess free energy of mixing can be ex- 
pressed2 

AGE/V~cpicpz = Cr(61, - &J2  (6) 
where V ,  is total volume of the mixture; cp1 and cpz are the volume fractions 
of components 1 and 2, respectively; and i = (d ,p )  for the Hildebrand and 
Scott, i = (d,p,h) for the Hansen, and i = ( 0 , ~ )  for the Bagley et al. sys- 
tems, respectively. 

In  spite of the fact that the 6 or (&, 6,) parameters can be determined 
quite a c ~ u r a t e l y , ~ ~ ~  eq. (6) should be treated as an approximation6J only. 
Apparently, the geometric mean rule, which is the basis for this equation, 
severely limits its applicability. In the case of aromatic (benzene, toluene)- 
saturated hydrocarbon mixtures (6 = &), Funk and Prausnitz6 found the 
following relation to be valid: 

AGE/Vcpicpz = (61 - &J2 + 2~1,2&& (7) 
where subscripts 1 and 2 refer to solvent and solute, respectively, and 1 1 , ~  
is an empirical parameter. The term ZIs2 was found to be a linear decreas- 
ing function of the degree of branching of the saturated hydrocarbon 
molecules: r = (number of CH3 groups)/(total number of carbon atoms). 
For T N l/$, ZI,Z = 0, and eq. (7) reduces to eq. (6). It is to be expected 
that the geometric mean rule will represent the intermolecular potential of 
the polar and hydrogen-bonding types even less accurately. 

INTERACTIONS IN POLYMER SOLUTIONS 

Calculation of Polar Interactions 

In  the following discussion, two assumptions will be made: (a) that the 
unperturbed dimension of a polymer coil does not depend on the nature of 
the solvent and (b) that the long-range interactions originate in dispersion 
and polar forces only. The first assumption can be responsible for only a 
minor errol.8; the second limits the field of the discussion to systems in 
which the hydrogen-bonding forces do not constitute the major contribution. 

The binary cluster integral P can be written as a sum of nonpolar, Pn, 
and polar, Be 6 0, contributions: 

B = Pn + P e  

where, according to Yamakawa, Rice, Cornehssen, and Kotins (YRCK), 
(8) 

Be* = -PeV0 = (9) 

2€ + 1 92232 + 2 
p* = P 2e + nB2 3 

2e + 1 nR2 + 2 
(y* = a. 

2E + ng2 3 
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Fig. 1. Dipolar interaction parameter -Be as a function of solvent dielectric constarit,. 
Values were computed from YRCK theory0 for polystyrene (PS), poly(methy1 meLh- 
acrylate) (PMMA), poly(viny1 acetate) (PVAc), and poly(viny1 chloride) (PVC). 

In  these equations, Vo is a spherical volume of polymer statistical segment 
characterized by a dipole moment in vacuum p, polarizability a, and 
refractive index nR; k is the Boltzmann constant; and T is the absolute 
temperature. 

In  eq. (9), only the solvent dielectric constant B is used to characterize 
the medium; i.e., for a given polymer at  T = const., Be* = Be*(€).  How- 
ever conversion of this quantity into Be requires a working definition of the 
statistical segment. In  the case of polar polymers discussed in terms of the 
YRCK theory, the most logical choice seems to be the monomeric unit. 
Consequently, the dipole moment of the statistical segment 1.1 in eq. (10) 
can be taken8-1° as the dipole moment of a small molecule similar in 
structure to the monomeric unit." In  Table I, the magnitudes of Vo, 1.1, 

nR, and a! are quoted for the four polymers. Substituting these into eqs. 
(9)-(11), the pe dependence on the solvent dielectric constant e was calcu- 
lated. It should be noted that the 
relative importance of dipolar segment-segment interaction decreases in 
the order 

PVC > PVAc > PMMA > PS. 

The result is shown in Figure 1. 

(For the explanation of the polymer code, see Table I.) 
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Nonpolar Interactions 
Equation (8) implies that the nonpolar long-range interactions, pn, can 

be computed for any amorphous polymer from the experimental p param- 
eters and the theoretical quantities pe. The nonpolar contribution, pn, of 
the polar polymers should behave analogously to  the p's of the non- 
polar polymers, and the correlations observed for both of them should be 
similar. 

For a nonpolar, nonhydrogen-bonding system, the Hildebrand solubility 
parameter theory should be particularly applicable. From eq. (7), the 
Flory-Huggins interaction parameter x can be expressed as 

Vl 
RT (12) x = - [(61 - + 2Z1,261621 

where VI is the molar volume of the solvent. ButI2 

P = (l /2 - X)2VO2/VI 

p = (VC?/Vl) - (2VO2/RT)[(S! - 62)2 + 2Z1,281621 

(13) 

(14) 

where from 

is found. Alternatively, to the right-hand side of eq. (12), a constant 
value C is added,13 which leads to 

' 6 0 y  oow 
I 

0 0  
I 

9 

/\ 0 20 4 1 ,  :o: ~, I c  

8 10 12 14 

0 

o\ 
S, (cal/cc)" 

1 I I 
7 9 O\ I1 I3 15 

Fig. 2. Relationship between nonpolar interaction parameter 8, and solubility param- 
In the insert, the eter of the solvent ti1 for poly(viny1 acetate) solutions at 25.OOOC. 

b u r y  cluster integralp vs. ti1 is shown. 



I-
 

I-
 
4
 

E3
 

T
A

B
L

E
 I
1 

C
om

pu
ta

tio
n 

of 
Lo

ng
-R

an
ge

 I
nt

er
ac

tio
ns

 fo
r P

ol
y(

vi
ny

1 A
ce

ta
te

) 
an

d 
Po

ly
(m

et
hy

1 M
et

ha
cr

yl
at

e)
 S

ol
ut

io
ns

 a
t 2

5°
C

 

B 
B

n 

So
lv

en
t 

PV
A

c 
PM

M
A

 
6

8
 

PV
A

c 
PM

M
A

 
61
b 

1
. 

C
hl

or
of

or
m

 
2.

 s
-T

et
ra

ch
lo

ro
et

ha
ne

 
3.

 1
 , 1

 , Z
T

ri
ch

lo
ro

et
ha

ne
 

4.
 E

th
yl

en
e 

C
hl

or
id

e 
5.

 T
ric

hl
or

oe
th

yl
en

e 
6.

 A
ce

to
ph

en
on

e 
7.

 p
-D

io
xa

ne
 

8.
 C

yc
lo

he
xa

no
ne

 
9.

 C
hl

or
ob

en
ze

ne
 

10
. 

B
en

ze
ne

 
11

. 
o-

D
ic

hl
or

ob
en

ze
ne

 
12

. 
B

ro
m

ob
en

ze
ne

 
13

. 
1,

2,
 PT

ri
ch

lo
ro

be
nz

en
e 

14
. 

To
lu

en
e 

15
. 

M
et

ha
no

l 
16

. 
n-

H
ep

ta
ne

 

67
.0

3 
60

.4
1 

60
.4

1 
54

.6
3 

43
.0

6 
38

.9
3 

37
.2

7 
35

.6
2 

33
.9

7 
30

.6
6 

26
.5

3 
21

.5
8 

20
.7

5 
19

.1
0 

10
.0

1 
-
 

51
.4

0 
54

.7
5 

37
.4

3 
34

.6
4 

22
.9

1 
30

.1
7 

39
.1

1 
19

.5
6 

25
.7

0 
37

.4
3 

29
.6

1 
29

.6
1 

19
.0

0 
-
 

a 
Fr

om
 re

f. 
16

. 
b 

Fr
om

 re
f. 

5. 
C

al
cu

la
te

d 
fr

om
 O

ns
ag

er
 e

qu
at

io
n.

 
V

al
ue

 fo
r t

et
ra

hy
dr

of
ur

an
. 

Fr
om

 re
f. 

14
. 

4.
80

6 
97

.5
0 

76
.1

5 
9.

16
 

8
.2

 
75

.2
3 

66
.4

0 
9.

70
 

6.
73

0 
88

.0
1 

66
.0

3 
9.

88
 

10
.3

6 
61

.5
4 

42
.5

7 
9.

8 
3.

42
 

80
.0

6 
53

.0
1 

9.
16

 
17

.3
9 

43
.0

5 
33

.4
5 

10
.5

8 
2.

20
9 

(8
.0

d)
 

10
4.

70
 (5

2.
59

) 
85

.5
5 

(5
1.

12
) 

10
.1

3 
18

.3
 

39
.3

7 
22

.6
2 

10
.4

2 

2.
28

4 
97

.2
6 

89
.8

4 
9.

16
 

9.
93

 
37

.1
9 

38
.1

3 
10

.0
4 

5.
4 

48
.3

0 
50

.7
2 

9.
87

 
4.

38
 

55
.3

0 
<2

8.
03

 
10

.1
0 

2.
37

9 
83

.2
0 

69
.9

5 
8.

93
 

32
.6

3 
11

.3
4 

< 
1.

09
 

14
.5

 
1.

92
4 

<7
4.

09
 

C
58

.2
3 

7.
5 

$ 
5.

62
1 

58
.9

4 
45

.7
2 

9.
67

 
R 



SOLUBILITY OF POLAR POLYMERS 1173 

Computations 
The p parameter for PVAc and PMMA was3 computed from intrinsic 

viscosity ([TI) data14 by means of the equation15 

[T]/M'/'  = 1.05 Ke + 0.2S7$@/Mo2)M'/'. (16) 
Here, Mo and M are the molecular weights of the statistical segment and 
polymer, respectively; and $ = 2.5 X 1021 and KO have their usual mean- 
ings. In the computation, Ke = 9.3 X and & = 7.0 X were 
assumedll for PVAc and PMMA, respectively. The results are presented 
in Table I1 and in the inserts of Figures 2 and 3. 

o\ O 

i 
Fig. 3. Relationship between nonpolar interaction parameter 8, and solvent solubility 

In the insert, the parameter 61 for poly(methy1 methacrylate) solutions at 25.00"C. 
binary cluster integral @ vs. 61 is shown. 

From the values of e and the appropriate curves of Figure 1, the Be values 
were found, and then, in turn, the Pn values quoted in Table I1 and Figures 
2 and 3 were calculated. 

DISCUSSION 
The experimental @ a [77] of PVAc and PMMA solutions is plotted 

versus 61 in the inserts of Figures 2 and 3, respectively; no correlation 
between these two quantities is observed. However, the nonpolar param- 
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eter, Pn = p - be, plotted versus 6, in Figures 2 and 3, shows a distinct 
dependence. A very similar behavior was reported’? for solutions of 
natural rubber and cis-polybutadiene (here pn = p cc [TI), as well as for 
PVC in 35 solvents. 

The Pn-versus-bl dependencies show a few common features: 
1. The data points for solutions of both polar and nonpolar polymers 

follow the same type of correlation, which can be approximated by 

p = E - F161 - 6,l (17) 

where E and F are constant for a given polymer in a given class of solvents, 
and 6, is the 61 value at which the function reaches a local maximum &(6,,,) 
= = E. As before,l’ and also in this paper, the solvents are crudely 
divided into two classes: a linear-molecule solvent and nonlinear ones. 

The value of E was found to be independent of the molar volume of 
the solvent. For PVC, Pn values in cyclohexanone and in di(ethylhexy1) 
phthalate, both classified as nonlinear solvents, followed eq. (17) with the 
same values of E and F ,  in spite of the fact that the ratio of their molar 
volumes is 1 : 6.4. 

The largest empirical values of pn* 5 Eofor PVC, PVAc, and PMMA in 
“nonlinear” solvents are, respectively, 75A3, 90 A3, and 100 A 3 ,  i.e., com- 
parable with the volumes of the appropriate monomeric units. The 
value of Pn* = 40 was found for PVC in linear solvents. 

2. 

3. The reduced slope defined as 

F* = FRT/2Voz (18) 

depends also on “symmetry” of the solvent molecules; F* for “linear” 
solvents is consistently lower than that for “nonlinear” solvents (see rable 
111). 

TABLE I11 
Parameter F* for Solutesolvent Mixtures 

Data 
Eaua- source 

Solvents 

Solute Linear Nonlinear tion ref. 

1. Benzene 2.1 i 0.2  3 .6  f 0.4  (21) 6 
2 .  Toluene 1 . 4  f 0.1  2 . 8  f 0 . 7  (21) 6 
3 .  cis-Polybutadiene 1 . 2  f 0.5  2 . 3  f 0 .5  (18) 18 
4 .  Poly(viny1 chloride) 2 . 7  f 0 .5  2 . 9  f 0 .5  (18) 17 
5 .  Poly(viny1 acetate) - 2 . 9  f 0.5 (18) 14 
6 .  Poly(methy1 methacrylate) - 2 . 0  f 0 .5  (18) 14 

4. If T and 61 are constant, then Pn for solutions of a given polymer de- 
creases with decrease in the “symmetry” of the solvent molecules; e.g., in 
benzene, chloroform, and 1,1,2-trichloroethane = 9.16), f i n  values for 
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PVAc and PMMA are, respectively: 97.26, 97.50, and 88.01 for the first 
polymer and 89.84, 76.15, and 60.03 for the second. Intuitively, the ill- 
defined molecular “symmetry” of those three solvents decreases in the same 
order. 

5. In the case of PVC-dioxane solution, two values of pe were computed“ 
from YRCR theory; one using the tabulatedl6 value E = 2.209 for this 
solvent, and the second assuming E = 8.0, the value quoted for tetrahydro- 
furan. In  the first case, the resulting pn = 102 A3 was out of the range of 
f i n  values computed for all the other 34 solvents, whereas pn = 37 A3 com- 
puted for the second assumption was well in the range of values found for 
the other nonlinear solvent systems. The Pn values for PVAc and PMMA 
dioxane solutions computed in the same manner are shown in Table 11. 
As before, E = 2.209 leads to very high f i n  value, whereas the computation 
assuming e = 8.0 is consistent with those of the other solvents. Apparently 
the dioxane molecule (dipole moment PI = 0) interacts with the polymeric 
dipoles as a more-or-less independent single dipole, similar in magnitude to 
that of tetrahydrofuran (pl = 1.750). 

It is interesting to compare the resulting pn-versus-61 dependencies of 
this paper with the semitheoretical or theoretical predictions; that of eq. 
(15) and the formula derived from the new Huggins theory21s22: 

where uo and UI are contacting-segment surface areas of a polymer and 
solvent, respectively. Their ratio, r*, along with the entropic, k,, and 
enthalpic, eA, parameters, should be determined empirically. In the in- 
vestigated systems,21 ks < 0, and there seems to be a dependence of this 
parameter on eA. Assuming the equivalence of the p values computed 
from eqs. (15) and (19), this dependence can be expressed in terms of eq. 
(15), or, conversely, Z1,2 can be given as a function of and r*. If the 
constant C in eq. (15) is assumed to be independent of 61, then the local 
maximum of the function (15) occurs at 

&(rnsx) = 6, = 62(1 - Z1,2). 

Numerically, 111~21 < 0.05 for nonpolymeric, nonpolar mixtures6 and Z1,2 = 
-0.123 can be calculated from Huggins’s k, and r* parameters22 for natural 
rubber in benzene. In  other words, if these theories6.2l are correct, only 
an approximate value of 62  can be found from the Pn-versus-61 plot. 

Under the 61 = 62 condition, eq. (19) predicts that p,(max) = E de- 
creases with the increase of r*. According to Huggins,Z1 “for each segment 
type the average intermolecular contacting segment surface area is con- 
stant at a given temperature, regardless of variations in the types and 
numbers of the other segments.” In other words, ui values are treated as 
potentially accessible interacting surfaces of the interacting segments; 
and for mixtures of a given polymer (uo = const.), r* is inversely propor- 
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tional to ul. Furthermore, for polymer solutions, each solvent molecule 
was considered22 as a single segment of one type, and each mer of the 
polymer, as a single segment of the second type. Intuitively, in the case 
of a simple polymer-solvent system, the potential surface area UI can vary 
with the orientation of the solvent molecule, but it should be constant for a 
given type of molecular geometry interacting by the same mechanism. 
As reported, both E and F are smaller for linear-molecule solvents than for 
nonlinear ones. At the same time, both parameters are proportional to 
UI, which means that u1 is nearly constant within one class of solvents: 
lower in value for the linear molecules, higher for nonlinear ones. 

A similar explanation of the &-versus-61 dependence shown in Figures 2 
and 3 can be deduced using the experimental approach of Funk and 
Prausnitz? From eqs. (15), (17), and (18), 

F* = [ (h - 6,)' + ~ Z I , Z & ~ Z ] / ~ &  - 621. (21) 

Knowing 61, &, and Zl,z, one can calculate the tangent F*. This has been 
done for benzene (and toluene)-saturated hydrocarbon systems? The 
results are presented in Table 111. It can be seen that the numerical 
values of F* calculated by this method are quite comparable with their 
counterparts computed from eq. (18) for the /3,-versus-& dependence in 
polymer solutions. According to eq. (15), for a given a1 and C = const., 
the solvent which has a more linear molecule (higher value of Zl,z) should 

- yield a lower B value. This, in fact, is observed. 

CONCLUSIONS 

The YRCK theoryg permits calculation of the nonpolar contribution of 
the binary cluster integral &. This parameter shows a very similar 
behavior to that of the binary cluster integral itself of the nonpolar poly- 
mers. This similarity can be taken as an indication that, at least for the 
vinyl polymers investigated, the assumption that the statistical segment of 
the two parameter theories is equivalent to the monomeric unit of the 
polymer is permissible. 

The &-versus-& plot can be crudely approximated by a linear equation 
where both constants depend on the ill-defined symmetry of the solvent 
molecules. This dependence can be expected on the basis of the semi- 
empirical6 and theoretica121.22 calculations. 

Attempts to correlate p or fin with the solubility parameters 6t  (i = 
( d , ~ ) ~ ,  i = (d,~,h)~, or i = ( 0 , ~ ) ~ )  by means of the relation p a cf (81- 

were unsuccessful. The failure most probably was caused by the 
deficiency of the geometric mean rule. 

The author wishes to thank Prof. H. Daoust of the Universit6 de Montr6al for his 
helpful suggestions concerning the original data14 and to Prof. D. Patterson of McGill 
University for stimulating discussions during the course of this study. 
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