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ABSTRACT: Enthalpy of dilution for the polystyrene+cyclohexanone system was 
measured at 298K, using a dilution calorimeter, and the interaction energy parameter X12 , 

developed by Flory, was estimated. It was found from the results that, in comparison with 
the X12 value of the polystyrene+cyclohexane system, that of the present system was more 
negative in the sequence: cyclohexanone>methyl ethyl ketone, measured previously. The 
difference between hydrocarbon and carbonyl compounds was explained in terms of dipolar 
effects. Also, the dependence of X12 on the molecular weight of polymer was briefly discussed 
in terms of "the correlation of molecular orientation" described by Patterson. 
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In a previous publication, 1 we measured the 
enthalpy of dilution for the polystyrene (PS) + 
methyl ethyl ketone (MEK) system at 298K, 
using a newly constructed isothermal calorimeter 
and estimated the interaction energy parameter 
between the polymer and the solvent from the 
modified van Laar equation, and found it to 
depend on the molecular weight of polymer. 

The present paper continues this investigation 
by reporting the enthalpy of dilution for the PS + 
cyclohexanone (CHK) system, in order to find if 
such behavior occurs in another system. The 
result is compared with the corresponding state 
theory developed by Flory. 

EXPERIMENTAL 

Material 
Polystyrene samples used in this study, having 

molecular weights(M)=2,200, 4,000, 9,000, 37,000, 
and 110,000, were obtained from Pressure Chemical 
Co. They have the narrow distribution of a 
molecular weight (Mw/Mn less than 1.06). An­
other PS sample of M=22,000, was supplied by 
Asahi Dow Chemical Co. The "Special Grade 
Reagent" CHK from Wako Pure Chemicals Co., 
Ltd. was distilled under reduced pressure. The 
purity of the solvent material was checked with 

an analytical gas-liquid chromatograph (Shimazu, 
Model GC-3BT) using a column containing PEG 
6000 on Teflon. The result showed no significant 
impurity peaks by the highest sensitivity (full scale 
of 1 mv) of the detector. 

Calorimeter 
The enthalpy of dilution was measured at 298K 

using a dilution isothermal calorimeter. 1 The 
stirring effect due to the viscosity difference before 
and after dilution, brings a significant error into 
the enthalpy of dilution and hence the correction 
for this effect was made by the same procedure, as 
described previously. 1 The systematic error in­
herent in the Xh value calculated from the experi­
mental enthalpy of dilution at each dilution process 
is attributed mainly to (1) the estimation of the 
stirring effect described above, llx.,, (2) the deter­
mination of the partial molar volume of PS, 
llxvo1, and (3) the difference of the base line on 
the pen recorder monitoring the heat effect before 
and after dilution, llxb· The total error llx( =llx., 
+llxvol +llxb) is believed to be ±0.02 in maximum. 

RESULTS AND DISCUSSION 

The enthalpies of dilution of a PS solution, 
except for that of M = 110,000, were measured in 
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a concentration range from 0.2 to 0.1 in volume 
fraction of the polymer, by adding succesively a 
given amount of solvent to the PS solution of 
a known concentration. On the other hand, the 
enthalpy of dilution for PS solution of M = 110,000, 
was measured from 0.07 to 0.04 in volume fraction. 
In order to determine the volume fraction of PS, 
the partial molar volume of PS, v2° was measured 
pycnometrically at 298K. The result was 0.94 
cm3/g for CHK. The reduced partial molar re-
sidual enthalpy xh, was determined from the en-
thalpy of dilution measurement, using the follow-
ing modified van Laar equation 

(1) 

where V1°, R, and Tare the molar volume of sol­
vent, the gas constant, and the Kelvin temperature, 
respectively. Q is the enthalpy change, obtained 
when the polymer solution is diluted from rfi2 to 
rp/ by adding the volume, ll V of titre. Figure 1 
shows the typical concentration dependence of Xh 

of the PS (M=9,000)+CHK system. 
It is well known that Xh depends on the concen­

tration of polymer in solution. However, the ex­
perimental points are rather scattered, as shown in 
Figure 1. The attainment of a higher precision 
would be quite difficult in view of the very small 
heat effects to be measured. The xh value was 
assumed to be independent of the concentration in 
this study and was averaged over the concentration 
range in which the enthalpy of dilution was 
measured. 

In Figure 2, the values of xh for the system 
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Figure 1. Concentration dependence of Xh of the 
polystyrene (M=9,000)+cyclohexanone system. 
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Figure 2. Dependence of Xh parameters of polystyrene 
solution on the molecular weight of polymer: e, 
polystyrene+methyl ethyl ketone; 0, polystyrene+ 
cyclohexanone. 
The vertical line represents the error contained in Xh 
value and that of the PS (M=22,000, 37,000, and 
llO,OOO)+CHK system represents the systematic 
error. 

calculated by eq 1 are plotted against the logarithm 
of the molecular weight of PS, along with those 
of the PS+MEK system determined previously. 1 

The error contained in the Xh value, estimated from 
the assumption of the concentration independence 
at each point, is also indicated by the vertical line 
in Figure 2. As shown in this figure, the Xh 

values for both systems depend on the molecular 
weight of polymer, though they were averaged in 
the range of the measured concentration. This 
suggests a larger effect of the molecular weight 
than that of the concentration. 

For the PS+MEK system, the Xh values change 
from positive to negative as the molecular weight 
of polymer increases. On the other hand, for the 
PS+CHK system, it is negative at the relatively 
low molecular weight region, while almost zero 
at a higher molecular weight region, and shows 
discontinuous behavior. Several systems showing 
anomalous behavior such as that of the latter 
system, have been recently found in the PS + 
organic solvents, containing oxygen or nitrogen 
atoms in the solvent molecule. 2 

In order to explain the molecular interaction in 
the polymer solution in this study, the experimental 
results were compared with the corresponding 
state theory developed by Flory. According to 

Polymer J., Vol. 11, No.2, 1979 



Enthalpies of Dilution of Polymer Solutions 

the Flory theory, the reduced partial molar residual 
enthalpy Xh is given by: 

(2) 

lim xh =xh:1 =CP1 *v1 */v1RD[Y120 +a1T) 

-(2/3)A2 a12T2(1 +a1 T)] 

where 

A =(1- T1 * /T2 *)(p2 * /P1 *)-(s2/s1)X12/P1 * 

Y12=XdP1 *(sds2) 

(3) 

(4) 

(5) 

The notation in eq 2 to 5 closely follow those of 
Flory and reference should be made to the original 
paper for details of derivation. 3 

Table I. Equation-of-state data and characteristic 
parameters for methyl ethyl ketone, 

cyclohexanone, and polystyrene at 298K 

Parameter MEK CHK PS 

a/I0- 3 deg- 1 1.308 0.950 0.572 
v 1.3075 1.2373 1.1528 
vjcm3 g- 1 1.2505 1.0616 0.9336 
v*/cm3 g- 1 0.9561 0. 8580 0.8099 
T*/K 4557 5382 7420 
V*/cm3 mol- 1 68.94 84.21 84.35 

p*/1 cm- 3 582 628 547 
t 0.06539 0.05537 0.04016 

The equation-of-state parameters required in the 
Flory calculation are shown in Table I. The values 
for PS and MEK were cited from the work of 
Hocker, et al. 4 For CHK, they were calculated 
from the thermal expansion coefficient, a, and the 
isothermal compressibility, p, in the literature. 5 ' 6 

The ratio of the surface area of PS +solvent system, 
sds2 was calculated by assuming the solvent mole­
cule as a sphere and the polymer as a cylinder. 
The results are as follows: 2.10 for PS+MEK, 
1.97 for PS+CHK, respectively. Substituting the 
equation-of-state parameters in Table I and the 
sds2 value obtained above into eq 3, the solute­
solvent interaction energy parameter X 12 , was 
determined to satisfy the experimental Xh: 1 value 
in each system, and the results are shown in 
Figure 3. 

X12 is recognized as a measure expressing the 
weakness of the solute-solvent interaction relative 
to the solvent-solvent, and solute-solute inter­
actions. In the non-polar mixture, it contains 
only the contribution from the dispersion force. 
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Figure 3. Dependence of X12 parameters of poly­
styrene solution on the molecular weight of polymer: 
e, polystyrene+methyl ethyl ketone; 0, polystyrene 
+cyclohexanone. 

However, X 12 in this study should be considered 
to include the contribution not only from disper­
sion, but also from dipolar interaction. In order 
to evaluate the dipolar effect in this study, the X12 
value for the PS+CHK system was compared with 
that of the PS+cyclohexane system, in which 
cyclohexane molecule was regarded as a homologue 
of CHK molecule. Hocker, eta!., estimated X12 = 
42 Jjcm3 for PS+cyclohexane system.4 On the 
other hand, the X12 value for the PS+CHK system 
is obtained as negative. If the contribution of X12 
from the dispersion force is assumed to be nearly 
equal in two ketone systems, the different values 
of X12 for the systems should be related to the 
difference of dipole moments of the solvent mole­
cules. This assumption will be reasonable from 
the relatively small X 12 for the hydrocarbon mix­
tures. 3 The dipole moments of the solvent mole­
cules are as follows: 2.76D for MEK, 3.10D for 
CHK. The deviation of X12 values from that of 
the PS+cyclohexane system lies in the sequence; 
MEK <CHK, coinciding with the sequence of 
the dipole moments of the solvent molecules. In 
comparison with X 12 of the PS +cyclohexane 
system, the lowering of these values for the two 
systems in this investigation suggests that the PS 
molecule is energetically more stable in solution 
due to the dipole-induced dipole interaction be­
tween a carbonyl group of solvent molecule and 
phenyl group of PS molecule as described pre­
viously. 7 

Further inspection of Figure 2, reveals that the 
X 12 values change discontinuously with the mole-
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cular weight of polymer. According to the Flory 
theory, the X1z parameter is defined in principle 
as independent of the molecular weight of polymer. 
Lam, et al., interpreted the effect of the size and 
shape for X12 in terms of "the correlation of 
molecular orientation (CM0)."8 They associated 
X1z with the force field difference between the com­
ponents, and also with the difference in CMO, 
and assumed that the former effect appeared to be 
constant with the molecular weight of polymer, but 
that the latter one changed considerably in solute­
solute contacts. A degree of orientational order 
should increase with the molecular weight of 
polymer and the polarity of solvent in the pure 
state.8 On the other hand, it will decrease or 
increase in the solution. While, in the present 
case, the order of molecular orientations increases 
by dipole-induced dipole interaction between 
solvent and PS molecule as described above, this 
will be destroyed largely with an increase in the 
molecular weight of the PS molecule, and the Xrz 

value changes toward the positive side with it. 
The PS molecule is well known to form a stacking 
structure between the benzene rings in a pure 
state. Such a structure will be destroyed by ad­
ding the solvent, and it is possible to form a new 
dipole-induced dipole interaction between sol­
vent and PS molecule, and the degree of orien­
tational order will increase. However, we have no 
information about how it depends on the mole­
cular weight of polymer. 

The equation of van Laar types has been used 
in the estimation of polymer-solvent interaction 
in solution from the enthalpy of dilution measure­
ment. It is assumed in the derivation of the equa­
tion, that a polymer molecule is divided into several 
segments having the same size as that of a solvent 
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molecule and the number of the effective nearest­
neighbour, and the segments mix with the solvent 
molecules randomly. The value of Xh in such 
model is originally independent of the concen­
tration and the molecular weight of polymer. We 
obtained an expression of xh dependent on the 
concentration, by using a parameter which reflects 
the size of a polymer molecule in solution. 9 Ac­
cording to this expression, xh at a very dilute 
concentration is dependent on (M)-112 of polymer, 
while at a very high concentration, it is in agree­
ment with that of the van Laar equation expressed 
by site fraction. The details of this treatment 
will be published some time in the near future. 
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