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Abstract

Based on hard-sphere limit of binary mixtures with different molecular size of components a theory has been de-

veloped for calculating activities of solvents in polymer/solvent mixtures. The theory considers various chain config-

urations for polymer molecules, varying from extended chain to the coiled chain. According to this theory the activity

of solvent can be calculated from molecular weights (MWs) and densities as the only input data. The only adjustable

parameter in the calculations, is the hard-sphere diameter of polymer, which provides useful criteria for the judgement

on the chain configuration of polymer.

The activity calculations have been performed for seven binary mixtures of polymer/solvent and compared with

experimental data at various temperatures and for a varying range of MWs of polymers.

The solvents in the mixtures were both of polar and nonpolar natures. The activity calculations for the same systems

were performed by the well-known Flory–Huggins theory. Comparing the results of calculations with those of Flory–

Huggins theory indicates that, the proposed theory is able to predict the activities of the solvent with good accuracy.

The radius of gyration, excluded volume and interaction parameter for polymer chain have been calculated using the

parameter obtained in the new theory. The calculated interaction parameter in the new theory, is interpreted in terms of

attraction, repulsion and interchange energy of polymer and solvent in the mixture.

� 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Phase equilibrium plays an important role in the

processing and application of polymer [1]. Recently the

widespread use of polymers and the need for their syn-

thesis has increased the interest and thereby research in

the field of polymer solutions [2]. The field of polymer

solution thermodynamics has been proliferated with the

polymer activity models [3–6]. The activity models based

on the Flory–Huggins theory [7,8] and its many modi-

fications [9] have been quite popular for correlation

and prediction of phase equilibrium of polymer solu-

tions [10]. Although these models provide convenient

ways to estimate the equilibrium behavior of polymer

solutions they suffer from the inherent empiricism in

their deviations from the original Flory–Huggins theory

[1].

Equations of state have been proposed for predicting

thermodynamic properties of polymer solutions [11], but

due to complications inherent in the chain configura-

tions, it is still a new subject for research.
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In general, thermodynamic models proposed for poly-

mer solutions can be divided into four categories; cell

models [12], lattice-fluid models [13], hole models [14]

and tangent sphere models [15,16]. The cell and lattice

fluid models provide different adaptations of the in-

compressible-lattice model of polymer mixtures [17].

Also a modified fluid-lattice theory of fluid considering a

finite quasi-lattice coordination number and a constant

lattice site volume for all r-mers has been developed [18].
Recent advances in statistical thermodynamics have

brought to the forefront tangent-sphere models of chain

like fluids. These models consider polymers as freely

jointed tangent-spheres [19]. The statistical associated

fluid theory [20] and the perturbed hard-sphere theory

[21] have been formulated which are applicable to the

mixtures with large differences in molecular size and

shape. Development on sphere-chain models has be-

come a very active field in the polymer thermodynamics

[22,23].

The perturbed hard-sphere chain (PHSC) theory [24]

is originated from Percus–Yevick approximation [25]

and the development of molecular simulation [26–28]. It

is applicable to mixtures with large differences in mo-

lecular size and shape. Relative to other theories, the

PHSC theory has a possible important advantage that

spherical segment diameter of one component needs not

be the same as that of another component [19].

A generalized form of equation of state for hard-

chain, hard-monomer mixtures has been derived, where

the monomer diameter is different from the chain-

segment diameter [29–32].

Based on the integral equation theory, a reference-

interaction-site model has been developed for polymer

mixtures. This model has been used for small, rigid

molecular fluids but it requires considerable numerical

computation [33].

The first-order thermodynamic perturbation theory

[34] has been extended to sticky chain [35], square-well

chain [36], and Lennard–Jones chains [37,38]. Improved

formulation for hard-sphere chains under the Percus–

Yevick approximation, has been considered and the

same results as for linear hard-sphere chains have been

obtained [39].

In this work the lattice origins of the previous models

is totally abandoned and based on the properties derived

from statistical thermodynamics for binary mixtures of

hard-spheres with different size, a new activity model is

developed.

The activity calculations by the new theory for several

polymer/solvent mixtures are compared with the results

of Flory–Huggins theory and it is shown that the new

theory is able to predict the activity of solvent with good

accuracy.

In what follows the essence of the theory which leads

to the new model for polymer solvent mixture is pre-

sented.

2. Theory

For a binary mixture of solvent (1) and polymer (2)

it is a commonly accepted assumption that polymer

chain can be divided into r segments. Each segment has
spherical shape and is in the same size as a solvent

molecule. Due to the thermal motion [40], polymer chain

can take different configurations [41] varying from a

coiled chain (see Fig. 1) to a semi-extended chain (see

Fig. 2) and fully extended chain (see Fig. 3).

It is seen from Figs. 1–3 that, the binary mixture of

polymer/solvent consists of species with different size.

These species can be considered as hard-spheres. In Fig.

1 hypothetical hard-spheres (shown by the dotted line)

bound each coiled polymer chain. The diameters of the

hard-sphere are represented by r22 for polymer chain

Fig. 1. The hard-sphere model for a coiled chain in a polymer/

solvent mixture.

Fig. 2. The hard-sphere model for a semi-extended chain in a

polymer/solvent mixture.
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and r11 for the solvent molecule. Fig. 2 shows a semi-
extended chain and that, the polymer chains, due to the

thermal motion is bounded in a larger hard-sphere. Fig.

3 shows a fully extended chain and polymer is bounded

in a larger sphere and then r22 is at the maximum value.
Therefore the hard-sphere diameter of polymer, is vary-

ing between a minimum value in the coiled chain to a

maximum value in the fully extended chain.

The minimum value of r22 can be approximated by
the following equation (see Fig. 1):

4

3
p

r22
2

� �3
ffi 4
3
p

r11
2

� �3
r ð1Þ

Thus

r22 ¼
ffiffi
r3

p
r11 ð2Þ

The maximum value of r22 from Fig. 3 is

r22 ¼ rr11 ð3Þ

Therefore the range of variation of r22 can be repre-
sented as:ffiffi
r3

p
r11 < r22 < rr11 ð4Þ

The number of segment r is defined as:

r ffi v2
v1

ð5Þ

where v2 and v1 are the molar volumes of polymer and
solvent respectively. The molar volume can be expressed

in terms of molecular weight (MW), M and density q:

v2 ¼
M2

q2
and v1 ¼

M1

q1
ð6Þ

then from Eq. (5) we have:

r ffi M2

M1

q2
q1

ð7Þ

In solvent (1) polymer (2) mixture, r22 � r11 since the
MW of polymer is much higher than that of solvent

(M2 � M1).

Therefore the number of segments r is large and from
inequality represented by Eq. (4) a polymer–solvent

mixture can be considered as a mixture of hard-spheres

with infinite size difference or very small size ratio

ðr11=r22Þ ffi 0. Properties of hard-sphere mixtures with
various size differences between the components have

been investigated by several researchers [42–45]. It is

worth to mention that all of the equation of state for

hard-spheres reported in literature suffer from a major

deficiency as they fail to meet the correct limit as closest-

packing, where the compressibility factor must tend to

infinity [46]. The solutions of the Percus–Yevick equa-

tion for hard-sphere mixture resulted in an analytic

equation of state for hard-spheres [43,47]. It is also

shown that in dense binary mixtures of hard-spheres

phase separation occurs when the size ratio, r11=r22 is
less than 0.2 and the partial packing fractions, ðp=6Þqr3ii,
of the two species are comparable [44].

From statistical mechanics it is demonstrated that the

following expression exists for the partial derivative of

Helmholtz function (A) with respect to r11, the molec-
ular size diameter of component one, [48,49]:

oA=RT
or11

� �
T ;n;x;r22

¼ 2pnðx21r211g11 þ x1x2r212g12Þ ð8Þ

where x is mole fraction, n is number density and r12 ¼
ðr11 þ r22=2Þ.
In Eq. (8) g11 and g12 are the pair correlation function

[50,51], and by taking its asymptotic limit as (r11 ! 0)

we get:

lim
r11!0

oA=RT
or11

� �
T ;n;x;r22

¼ 2pnx1x2
r22
2

� �2
lim

r11!0
g12 ð9Þ

For a hard-sphere mixture the limiting value (r11 ! 0)

of the pair correlation function is already available and

it is given as [52]:

lim
r11!0

ghs12 ¼
1

1	 ðp=6Þnx2r322
ð10Þ

The excess Helmholtz function is defined as the differ-

ence between the Helmholtz function change upon

mixing in the real state (DA) and that of ideal state (DAidi )

AE ¼ DA	 DAidi ð11Þ

For a binary hard-sphere mixture, differentiating Eq.

(11) with respect to r11 at constant T , n, r22 and

Fig. 3. The hard-sphere model for a fully extended chain in a

polymer/solvent mixture.
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composition, and by taking the limit of the partial de-

rivative of AE with respect to r11, as r11 ! 0, we get

lim
r11!0

oAE

or11

� �
T ;n;x;r22

¼ lim
r11!0

oDA
or11

� �
T ;n;x;r22

ð12Þ

where ½oDAid=or11�T ;n;x;r22 ¼ 0.
Dividing Eq. (12) by RT and then combining it with

the limit of the partial derivatives represented by Eqs. (9)

and (10) gives, the following limiting value for the par-

tial derivative of the excess Helmholtz free energy of a

hard-sphere mixture:

lim
r11!0

oAEhs=RT
or11

� �
T ;n;x;r22

¼ ðp=2Þnx1x2r222
ð1	 ðp=6Þnx2r322Þ

¼ 3x1g2
r22ð1	 g2Þ

ð13Þ

where g2 is the packing fraction of component 2 and is
defined as:

g2 ¼
p
6
nx2r322 ð14Þ

Eq. (13) is exact and it is applicable for calculation of the

limiting excess Helmholtz free energy when the size

difference between the components of the hard-sphere

mixture goes to infinity.

It is generally accepted that for liquids the following

assumption is valid [42].

GE ðat constant T and P Þ
¼ AE ðat constant T and V Þ ð15Þ

From Eq. (13) the partial derivative of the excess Gibbs

free energy with respect to r11 in the limit r11 ! 0 can be

expressed as:

lim
r11!0

oGEhs=RT
or11

� �
T ;q� ;x;r22

¼ ðp=2ÞNq�x1x2r222

=ð1	 ðp=6ÞNq�x2r322Þ ð16Þ

where N is the Avogadro�s number and q� is the molar

density of the mixture. Eq. (16) predicts a none-zero

limit for partial derivative of GEhs=RT with respect to r11
as r11 ! 0.

In what follows we examine the excess Gibbs function

of Flory–Huggins theory (GEFH) to see if the hard-sphere
limit predicted by Eq. (16) is satisfied. The GEFH is ex-
pressed as [53].

GEFH
RT

¼ x1 ln
u1
x1

�
þ 1

�
	 1

r

�
u2 þ vu22

�

þ x2 ln
u2
x2

�
	 ðr 	 1Þu1 þ vru21

�
ð17Þ

where u�s represent the volume fractions of solvent (1)
and polymer (2)

u1 ¼
x1v1

x1v1 þ x2v2
; u2 ¼

x2v2
x1v1 þ x2v2

ð18Þ

and the other symbols in Eq. (17) have been defined

earlier. As

lim
r11!0

ov1
or11

¼ 0; lim
r11!0

ov2
or11

¼ 0 ð19Þ

then

lim
r11!0

ou2
or11

¼ 	 lim
r11!0

ou1
or11

ð20Þ

Therefore considering Eqs. (19) and (20) and differenti-

ating Eq. (17) with respect to r11 and taking the limit as
r11 ! 0 we get:

lim
r11!0

oGEFH=RT
or11

� �
T ;q� ;x;r22

¼ 0 ð21Þ

As it is seen from Eq. (21), Flory–Huggins theory can

not satisfy the hard-sphere limit predicted by Eq. (16). In

a subsequent paper we intend to correct this theory for

the hard-sphere limit.

To apply the hard-sphere limit predicted for polymer

solvent mixture Eq. (16) might be integrated immedi-

ately to give:

GEhs
RT

¼ ðp=2ÞNq�x1x2r222r11
1	 ðp=6ÞNq�x2r322

þ C ð22Þ

where C is constant of integration. For an ideal mixture
of equal molecular size (r11 ¼ r22), it is required that
ðGEhs=ðRT ÞÞ ¼ 0. Hence, C may be evaluated as:

C ¼ 	 ðp=2ÞNq�x1x2r311
1	 ðp=6ÞNq�x2r311

ð23Þ

This result may be substituted into Eq. (22) and the

following equation for GEhs=ðRT Þ will be obtained:

GEhs
RT

¼ ðp=2ÞNq�x1x2r222r11
1	 ðp=6ÞNq�x2r322

	 ðp=2ÞNq�x1x2r311
1	 ðp=6ÞNq�x2r311

ð24Þ

In a binary mixtures the excess Gibbs free energy is

expressed by the following well-known equation [54]

GEhs
RT

¼ x1 ln c1 þ x2 ln c2 ð25Þ

where c represents the activity coefficient. The activity
coefficient of solvent c1 is [11]:

ln c1 ¼
GEhs
RT

þ ð1	 x1Þ
oGEhs=RT

ox1

� �
T ;P

ð26Þ

Therefore on combining Eqs. (24) and (25) and after

rearrangement we get
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And therefore the activity of solvent can be obtained

from Eq. (26) and the definition; a1 ¼ c1x1.

3. Calculations

The activity model represented by Eq. (27) was

applied to seven binary polymer mixtures. The activities

of solvents for these solutions have been obtained by

osmometric measurements at different temperatures

[55–57]. To calculate activity coefficient of solvent by

Eq. (27) the value of r11 was calculated by r11 ¼
2ð3M1=4pNq1Þ

1=3
, the density of solvent q1 was obtained

from reference [58], the molar density q� at various

temperatures was calculated from the molar densities of

pure polymer and pure solvent using the following

mixing rule.

1

q� ¼
X2
i¼1

xi
1

q�
i

ð28Þ

Fortunately the application of this simple mixing rule

was very successful since it resulted in very small root

mean square differences (r.m.s.d) in the activity calcu-

lations. The molar densities q�
i were calculated by

q�
i ¼ qi=Mi (i ¼ 1, 2) and the value of q2 the density of
polymer was obtained from reference [59].

To proceed with the activity calculations an objective

function (r.m.s.d) was defined in the following form:

Table 1

Comparison between the results obtained from new theory and Flory–Huggins theory at various temperatures for binary polymer/

solvent mixtures

Mixture, polymer

MWþ solvent
Temperature

(�C)
r22 (�AA) r.m.s.d. No. of experi-

mental data

point

Ref.

New theory Flory–Huggins

theory

PS 90000þ chloroform 25 58.6 0.009 0.016 4 [55,60]

PS 290000þ chloroform 25 88.7 0.018 0.022 11 [55,60]

50 88.9 0.009 0.010 12

PS 290000þ propylacetate 25 85.9 0.025 0.023 11 [55,60]

70 86.7 0.021 0.080 10

PS 290000þMEK 25 85.9 0.039 0.019 11 [57,60]

70 85.9 0.025 0.024 6

PS 290000þ toluene 25 88.5 0.024 0.053 12 [57,60]

60 88.0 0.011 0.017 6

PIB 45000þ benzene 25 44.5 0.020 0.016 8 [56,60]

40 46.4 0.029 0.020 10

65 47.2 0.027 0.022 11

PIB 100000þ cyclohexane 25 62.4 0.002 0.009 10 [56,60]

40 61.5 0.031 0.037 10

65 63.0 0.016 0.017 10

MW: molecular weight, PS: polystyrene, PIB: polyisobutylene.

ln c1 ¼
ðp=2ÞNq�x1x2r222r11
1	 ðp=6ÞNq�x2r322½ � 	

ðp=2ÞNq�x1x2r311
1	 ðp=6ÞNq�x2r311½ �

þ
ðp=2ÞNq�r222r11ð1	 2x1Þx2 1	 ðp=6ÞNq�x2r322

	 

	 p2=12N 2q�2r522r11x1x

2
2

1	 ðp=6ÞNq�x2r322½ �2

" #

	
ðp=2ÞNq�r311ð1	 2x1Þx2 1	 ðp=6ÞNq�x2r311

	 

	 p2=12N 2q�2r611x1x

2
2

1	 ðp=6ÞNq�x2r311½ �2

" #
ð27Þ
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Objective function ¼ OF

¼ 1

Np

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXNp
i¼1

aexp 	 acal
aexp

� �2vuut ð29Þ

where Np is the number of experimental data point, aexp
and acal are respectively the experimental and calculated
activities. The acal, was calculated by numerical method
(nonlinear regression) and optimization (minimization).

The polymer diameter value r22 was calculated by con-
sidering the range of variation represented by Eq. (4).

The optimum value of r22 for each polymer solution is
reported in Table 1.

4. Results and discussion

In Table 1 the reported r.m.s.d for the activity of

solvent in each system shows that the new theory

properly fits the experimental data and it can be con-

cluded that this theory which has only one adjustable

parameter, that is r22, can express the behavior of
polymer–solvent mixtures. Also the optimized values of

r22 reported in Table 1 indicate that for the same poly-
mer in different solvents, very close values of r22 are
obtained, e.g. at 25 �C, for the mixtures: polystyrene
(PS) ð290000Þ þ chloroform r22 ¼ 88:7�AA, PS ð290000Þþ
MEK r22 ¼ 85:9 �AA and PS ð290000Þ þ toluene r22 ¼
88:5 �AA.
Also in Table 1 the r.m.s.d values for the activities of

solvents in the mixtures calculated by the Flory–Hug-

gins theory have been reported. The activity of solvent in

the Flory–Huggins theory can be calculated by the fol-

lowing equation:

ln a1 ¼ lnð1	 u2Þ þ u2 1

�
	 1

r

�
þ v1u

2
2 ð30Þ

where u2 is the volume fraction of polymer, r is the
number of segments in polymer chain and v1 is the in-
teraction parameter. The volume fraction u2 can be
calculated from MWs and densities via the following

equations.

u2 ¼
x2v2

x1v1 þ x2v2
¼ x2ðM2=q2Þ

x1ðM1=q1Þ þ x2ðM2=q2Þ
ð31Þ

The number of segment r is calculated using r ¼
ðM2q1=M1q2Þ. The interaction parameter v1 for each
polymer–solvent mixture was obtained from reference

[60].

Figs. 4 and 5 show the variation of activity calculated

by the new theory and by Flory–Huggins theory versus

volume fraction of solvent (u1) for PS ð290000Þþ
chloroform and polyisobutylene (PIB) ð100000Þþ
cyclohexane mixtures. Comparison of these figures

shows that the trend of variation of activity is the same

in both theories, which lends support to the ideas used in

presenting the new theory.

The consistency of the new theory for predicting the

activity of polymer a2 can be examined by application of
the Gibbs–Duhem equation. This equation for a binary

mixture can be written as:

u1 dlna1 þ u2 dlna2 ¼ 0 ð32Þ

The activity of polymer a2 can be obtained by inte-
grating the above equation:

ln a2 ¼ 	
Z ln a1

1

u1
u2
dlna1 ð33Þ

The usual procedure to evaluate this integral is to cal-

culate the area under the curve obtained by plotting the

variation of (u1=u2) versus ln a1. However, the lower

Fig. 4. Activity of chloroform (a1) versus volume fraction (u1)
of chloroform for PS (290 000)/chloroform mixture, at 25 �C,
experimental data (d), calculated by the Flory–Huggins theory

(� � �) and by the new theory (––).
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limit of this integral may cause inaccuracies in its eval-

uation. Therefore, to confirm the consistency in the ac-

tivity calculations of polymer and solvent, it is sufficient

to show that the calculated a2s by the new theory are
close to those of the Flory–Huggins and the experi-

mental data. In Figs. 6 and 7 the variations of (u1=u2)
versus ln a1, calculated by the new theory, Flory–Hug-
gins theory and the experimental results are shown. It is

seen from these figures that the calculated curves are

very close to the experimental data and hence the ac-

tivities of polymer are in agreement with the experi-

mental data and thus the consistency in the results is

confirmed.

In Fig. 8 the calculated hard-sphere diameters (r22),
for polymer solvent mixtures, is plotted versus MW of

polymers. As it is seen from this figure, the variation of

r22, shows the expected trend, that is, on increasing the
MW of polymer r22 increases.
Further physical explanations about the parameter

r22 can be given by calculating the radius of gyration for
the studied polymers. The root-mean-square distance of

chain elements from the center of gravity of the polymer

chain, hR2Gi
1=2
, is used to study the chain configuration.

For flexible chain, the following equation has been

suggested [61].

hR2Gi
1=2 ¼ nl2=6 ð34Þ

where n is the number of segments in the polymer chain
and l is the segment lengths. The number of segments, n,
is defined as:

n ¼ MP
W=M

m
W

	 

=nsm ð35Þ

where MP
W and Mm

W are the MWs of polymer and

monomer respectively and nsm is the number of mono-
mers in a segment. For PS and PIB as flexible chains the

values of nsm are respectively 7.3 and 7.9 (�AA) [40].
For solid-sphere the radius of gyration is given by the

following equation [62]:

hR2Gi
1=2
solid-sphere ¼

ffiffiffi
3

5

r
3M
4pqN0

� �1=3
ð36Þ

The radius of gyration for the hard-sphere polymer

chain presented in the new theory is:

Fig. 5. Activity of cyclohexane (a1) versus volume fraction (u1)
of cyclohexane for PIB (100 000)/chloroform mixture, at 25 �C,
experimental data (�), calculated by the Flory–Huggins theory
(� � �) and by the new theory (––).

Fig. 6. Variations of volume fraction ratio (u1=u2) versus
(	 ln a1) for PS (290 000)/chloroform mixture, at 25 �C, exper-
imental data (�), calculated by the Flory–Huggins theory (� � �)
and by the new theory (––).
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hR2Gi
1=2
hard-sphere ¼

ffiffiffi
3

5

r
r22
2

� �
ð37Þ

The radius of gyration for the studied polymer, calcu-

lated by Eqs. (34)–(37), are reported in Table 2. As it is

seen from the results in Table 2 the radius of gyration

for polymers calculated by Eq. (34) is in the expected

range and therefore it is in agreement with the polymer

configurations presented by Figs. 1–3 in the new theory.

The hard-sphere diameter r22 can be used to calculate
the excluded volume of polymers. In the concept of ex-

cluded volume for polymer chain the segments interact

and cannot approach each other within a certain dis-

tance. In other words, the segments have a finite ex-

cluded volume [61].

For a polymer, an excluded volume parameter, v is
defined by Flory as [41]:

v ¼ ð1	 2vÞad ð38Þ
where v is the interaction parameter and ad is the
monomer volume.

In the new theory, following the Flory�s suggestion of
excluded volume, we propose a similar equation for the

excluded volume of polymer chain as:

2

3
pr322 ¼ ð1	 2vtotalÞ

4

3
pðr11=2Þ3

� �
f ð39Þ

By considering the polymer solvent models presented by

Figs. 1–3 an excluded volume for polymer chain in the

form of hard-sphere in the new theory is defined as:

v ¼ 1
2

4

3
pr322

� �
ð40Þ

and an interaction volume in the new theory, instead of

monomer volume in Flory�s theory, is defined as:

Fig. 7. Variations of volume fraction ratio (u1=u2) versus
(	 ln a1) for PIB (100 000)/cyclohexane mixture, at 25 �C, ex-
perimental data (�), calculated by the Flory–Huggins theory
(� � �) and by the new theory (––).

Fig. 8. The variation of r22 versus MW in the polymer/solvent

mixtures.

Table 2

Root mean square gyration radius calculated for flexible coil, solid sphere and Eqs. (34)–(37) in the new theory at 25 �C

System MW Flexible coil Solid sphere New theory

PSþ acetone 15 700 9.282 13.991 11.541

PSþ choloroform 90 000 22.224 25.046 22.695

PSþ propylacetate 290 000 39.894 36.984 34.353

PIBþ benzene 45 000 20.587 20.867 17.234

PIBþ cyclohexane 100 000 30.689 27.230 24.167
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ad ¼ 4

3
pðr11=2Þ3

� �
f ð41Þ

where f is the surface ratio of polymer to solvent and is
introduced in Eq. (41) to account for the number of

solvent molecules surrounding the polymer chain.

Therefore:

f ¼ 4pðr22=2Þ
2

4pðr11=2Þ2
¼ r222

r211
ð42Þ

From Eq. (39)–(42) and after simplification we obtain;

vtotal ¼
1

2
	 2 r22

r11
ð43Þ

where vtotal can be defined as

vtotal ¼ vFH þ vNew ð44Þ

vtotal comprises of two terms, vFH, the Flory–Huggins
interaction parameter which represents the segment–

solvent interaction and vNew which represents the poly-
mer–solvent interaction.

Table 3 shows the calculated values of the interaction

parameters. As expected vFH and vNew have apposite sign
and vNew has larger magnitude, which indicates the ex-
istence of both repulsive and attractive interaction be-

tween solvent and polymer chain. To explain this,

consider v which in terms of interchange energy w, is
given by [11,20]:

v ¼ w
kT

ð45Þ

where k ¼ R=N0 and

w ¼ C12 	
1

2
ðC11 þ C22Þ ð46Þ

In the above equation C12, C11 and C22 represent the
interaction energies of pair molecules in the mixture, and

respectively are for the interaction of solvent–solvent

(11), solvent–solute (12) and solute–solute (22) mole-

cules.

In Flory�s theory v refers not to the interchange en-
ergy of polymer chain but rather to the interchange

energy of segment and solvent. In the new theory w in
Eq. (46) has its usual significant, that is, it refers to the

solvent and polymer, interaction.

To have a true solution; C12 < 0 and w < 0, which
means there is attraction or affinity between solvent and

polymer to form a molecular pair. The calculated results

by the new theory presented in Table 3 show negative

values of v which means that; w < 0 and C12 < 0, and
this is consistent with the true behavior of polymer–

solvent solutions.

5. Conclusion

A new theory for calculating the solvent activity in

polymer–solvent mixtures is developed. The theory is

based on the application of hard sphere limit to a binary

mixture with large difference in molecular size of the

components. The activity calculations indicate good

agreement with the experimental data and with the

Flory–Huggins theory. The consistency in the calcula-

tion of the activities of solvent and polymer is confirmed

by the application of the Gibbs–Duhem equation.

Table 3

The total interaction parameters vtotal calculated by Eq. (44), the Flory–Huggins interaction parameters vFH and the hard-sphere
interaction parameters vnew for polymer–solvent systems (vtotal ¼ vFH þ vnew)

System Temperature (�C) Polymer-MW vtotal vFH vNew

PSþ choloroform 25 90 000 )17.99 0.35 )18.34
PSþ choloroform 25 290 000 )27.48 0.35 )27.83
PSþ choloroform 50 290 000 )27.54 0.35 )27.89
PSþ propylacetate 25 290 000 )25.61 0.60 )26.21
PSþ propylacetate 70 290 000 )23.75 0.60 )24.35
PSþMEK 25 290 000 )25.61 0.65 )26.26
PSþMEK 70 290 000 )25.61 0.65 )26.26
PSþ toluene 25 290 000 )25.96 0.40 )26.36
PSþ toluene 60 290 000 )25.81 0.40 )26.21
PSþ acetone 25 15 700 )9.18 0.85 )10.03
PSþ acetone 50 15 700 )8.98 0.85 )9.83
PIBþ benzene 25 45 000 )13.10 0.75 )13.85
PIBþ benzene 40 45 000 )13.68 0.75 )14.43
PIBþ benzene 65 45 000 )13.92 0.75 )14.67
PIBþ cyclohexane 25 100 000 )17.33 0.40 )17.73
PIBþ cyclohexane 40 100 000 )17.07 0.40 )17.47
PIBþ cyclohexane 65 100 000 )17.50 0.40 )17.90
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It was shown that the parameter r22 in the new theory
has a physical interpretation and can be related to MW,

radius of gyration, excluded volume and interaction

parameter (v) of the polymer chain.
The interaction parameter (v) of polymer–solvent

mixture is calculated by the new theory and is inter-

preted in terms of attractive and repulsive interactions.
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