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A new approach to the polymer interactions inside and outside the coil is discussed and we explain 
the experimental variation of the apparent specific volume of polystyrene in good and in O-solvents. 
In cyclohexane we define two very different regions above and below the O-point. For the region above 
the O "point we calculate the thermal dilation coefficient, ~, subtracting the intramolecular segment 
density effect. We relate ~ to the external degrees of freedom of the chain starting from the Prigogine 
theory of polymer solutions. We first considered the intramolecular segment interactions of the coil 
in the dilute solution. 

INTRODUCTION 

Recent work 1'2 has provided new information on the appa- 
rent specific volume, 42, of polymers in solution and, in par- 
ticular, has established the influence of molecular weight 
(above 2 x 104) and intramolecular segment density inside 
the macromolecular coil. A first hypothesis can explain 
these dependences by the modification of the packing of 
solvent molecules contained inside the coil when the intra- 
molecular concentration of polymer increases with creation 
of free volume. But recently, Privalko et al. 3,4 assumed the 
existence of organized domains in macromolecular solutions. 

In a previous paper s, we have shown through the study 
of polystyrenes in mixed solvents, that the relation between 
the apparent specific volume of the polymer and the intra- 
molecular segment density depends on the molar volume of 
the solvent. This result allows us to complete the description 
of the phenomenon. In fact, we can predict that the packing 
of the solvent molecules inside the coil varies with their 
shape and size. 

In the present paper, concerned with the thermal varia- 
tion of 42, we provide further information which confirms 
our interpretation. 

It is generally assumed 6 that the thermal dilation coeffi- 
cient ~ [~  = (1/q~2)d~2/dT ] of a polymer in solution is equal 
to that of the pure liquid polymer; the number of macro- 
molecular external degrees of freedom being considered as 
similar in the both states. Nevertheless, we know some 
examples for which this assumption is not verified. For 
example, in the case of polystyrenes, data in the literature 
provide values of ~equal to 5 x 10 -4 d -1 7,8, 2.5 x 10 -4 d -19 
and 18 x 10-4d - l  1o for pure liquid polystyrenes, for poly- 
styrenes in benzene and for polystyrenes in a mixture of 
benzene-methanol, respectively. This problem, in fact, has 
not been studied a great deal. 

The first results of Franiois et al. 1,2 allow us to expect an 
influence of the change in the polymer configuration with 
temperature on the thermal dilation coefficient. It is well 
known 11 that for a polymer dissolved in a good solvent, the 
macromolecular dimensions do not vary with temperature. 

The first aim of the present work is to compare the varia- 
tion of apparent specific volume of polystyrenes of different 
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molecular weight against temperature for solvents of different 
thermodynamic quality. We have explained the observed 
differences by taking into account the intramolecular seg- 
ment density variation. The second part will be a discussion 
about the ~ values. 

EXPERIMENTAL 

The polystyrene samples were prepared by anionic polymeri- 
zation. The molecular weights of these samples as well as 
the nature of the initiator used for their polymerization are 
reported in Table 1. 

The polymer concentrations ranged between 0.5 and 
1.5 x 10 -2 g/g. The corresponding accuracy in the determi- 
nation of¢2 was +-2 x 10-4 cm3/g. 

All the density measurements were carried out with a 
Kratky densimeter 12 improved in our laboratory 13. The ex- 
perimental details of measurements at variable temperatures 
have been given in a previous paper 13. Figure I gives some 
results of the variation of the density of cyclohexane and 
benzene versus temperature in comparison with the litera- 
ture data. We can remark on the reproducibility of our diffe- 
rent experimental investigations and the good agreement 
with literature data. 

Figure 2 represents the variation of ~b 2 versus temperature 
for PS 1 obtained with two different experiments and 
shows the good reproducibility of the measurements. 

Table 1 Characteristics of the polymers studied 

Polymer 
No. Initiator M n M w 

PS 1749 Butyllithium - 1.4 X 106 
PS 3 Cumylpotassium 6.6 X 10 s 7 X 10 s 
PS 1 Cumylpotassium 1.35 X 105 1.4 X 105 
PS 1278 ~-Methylstyrene tetramer 53 000 74 000 
PS 31 ,~-Methylstyrene tetramer 73 000 - 
PS 1903 ~-Methylstyrene tetramer 4150 4990 
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Figure I Variations of the density of benzene A, and cyclohexane 
B, with temperature determined by our measurements and compared 
with literature data. +, x, our results; t l iterature data 21 

&= 2.5 x 10 -4 d -1, which is quite different to that obtained 
for liquid polymer (6 x 10-4d-l) .  This fact is not consistent 
with the Bondi's 6 assertion, giving, for the polymers in solu- 
tion, an &-value equal to 9/10 of that obtained for liquid 
polymers. 

As a conclusion of this first study: (a) the variation of~2 
for polystyrenes in a good solvent versus T is linear over the 
whole range of temperature; (b) ff does not depend on mole- 
cular weight; (c)& is different from that of liquid polymers. 

Polystyrene-butanone 
For the second study, MEC was chosen for the following 

reasons. 
The solvent-polymer interaction parameter, X12, is rather 

high (X12 = 0.47 at 25°C). The macromolecular coil is not 
as expanded as in benzene but its expansion remains constant 
with temperature. MEC is an athermic solvent and its molar 
volume is 90 cm 3, similar to that of benzene = 80 cm 3. 

The results, obtained with the samples PS 1 and PS 1770, 
which are reported in Table 2, show a linear variation, 
~2 = f (T)  and ~= 2.6 x 10 -4 d -1, as for benzene. 
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Figure 2 Variation of apparent specific volume of PS 1 with tem- 
perature for two different experiments, in benzene 

RESULTS 

Polystyrene-cyclohexane 
Figure 4 gives the values of ~2 as a function of T for five 

samples of polystyrenes PS 1903, PS 1770, PS 1, PS 3, PS 
1749, of which characteristics are given in Table 1. 

In comparison with the results obtained for the two pre- 
ceeding solvents, the curves are more complex in this case 
and we can distinguish two different regions of temperature. 

0'9(]  

Polystyrene-benzene 
Benzene is well known as a good solvent for polystyrene 

(interaction parameter X12 = 0.3) and the macromolecular 
dimensions do not vary with temperature". Figure 3 

For each of the studied polystyrenes, a linear variation of 
¢2 as a function of T is observed (Figure 3). ff can be con- 
sidered as constant in this range of temperature and its value 
does not depend on the molecular weight of the samples, 
which appear in Table 2. The mean value, 2.7 x 10 -4 d -1, 
of ~ is in good agreement with the value of 2.5 x 10 -4 d -1, 
given by Boyer and Spencer 9 for polystyrene dissolved in 
toluene, a solvent of thermodynamic quality similar to that 
of benzene, and with values of 2.9 x 10 -4 d -1, calculated by 
Hert and Strazielle 1° starting from measurements of refractive 
index increments for polystyrenes in benzene. Eskin et al. 4 PS 1749 PS 3 
have obtained 5 x 10 -4 d -1 for 6for  a polystyrene of 3 x 105 PS 1 
molecular weight, in toluene. If we compare these results to PS 1278 
the data given by Fox and Flory 7 and Ueberreiter and Kaning a, PS 1770 
we f ind that the ~ value o f  polystyrene in a such solvent is PS 31 
near to that o f  the amorphous polymer below Tz, we obtain PS 1903 
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Variations of apparent specific volume of polystyrenes 
with temperature, in benzene. (a) PS 1749; (b) PS 1278; (c) PS 31; 
(d) PS 1903; (e) P8 1 

Table 2 Values of ~< for polystyrenes dissolved in benzene, butanone 
end cyclohexane. The values for cyclohexene have been calculated 
from: ~ = (1/~20)(d~20/dT) 

Polymer No. 
ot calc. (d - l )  

Benzene Butanona C'~'dohexane 

2.6 x 10 -4 - 8.8 x 10 .4 
- - 8.6 x 10.4 
2.5 x 10.4 2.61 x 10.4 7.9 x 10.4 
2.6 x 10-4 - 
- 2.73 x 10.4 8.6 x 10 -4 
2.7x 10 .-4 - 
2.9 x 10-4 - 8.7 x 10-4 

7 0 0  P O L Y M E R ,  1978,  Vol  19, June 



Apparent specific volume of polystyrenes in solution: Dominique Sarazin and Jeanne Francois 

0.955 

E 0.935 u 

,e .  

0.915 

a 

* ~ A  °°°°*¢ B 

i i 

' 2'0 /o go" 

0-935 

A 

E 
U 

"& o.915 
, e .  

b 

I 

;~0 ; ' 4 0  6'(~ 
T{oc) 

A 

J 
' ~o 

oS 
o 

A 

J 
, 2~O I 

C 

0 4 0  6 0  

e 

0"895 L , + L // , , . , ? 
4 0  6 0  O 4 0  6 0  8 0  

T (oc) 

Figure 4 Variation of apparent specific volume of polystyrenes 1 - 5  with temperature, in cyclohexane (a) PS 1903 + cyclohexane; (b) PS 1770 
+ cyclohexane; (c) PS 1 + cyclohexane (d) PS 3 cyclohexane (e) PS 1749 + cyclohaxane 

(1) A region A, above the 0-point, where ¢2 increases with 
temperature, the observed variations depending on molecular 
weight. The function @2 =f(T) is linear for polymers 1903 
and 1770 of molecular weights equal to 4.5 x 103 and 1.4 x 
104, respectively. 

When the molecular weight of the samples increases, the 
curves become different from straight lines, d@2/dT being 
low for T near 0 and increasing with T to attain an asympto- 
tic value for 50°C. This effect is more pronounced for the 
higher molecular weight. 

(2) A region B, below the 0-point. The curves present dif- 
ferent features according to the molecular weight. 

For high molecular weight (1.4 x 106 and 7 x 105), the 
polymer precipitates at temperatures slightly lower than the 
0-point (32°C from Flory) and we observe, just below 0, a 
strong decrease of @2 which reaches low values varying slightly 
with temperature. 

For intermediate molecular weight, as PS 1 (M w = 1.4 x 
105), the critical miscibility temperature is given by Flory as 
210C, and we observe, when T decreases, starting from 0- 
point, successively, an increase of ¢2 and a decrease, with a 
slope lower than that observed for a high molecular weight 
sample. 

For low molecular weights, below 0, we don't observe an 
increase of @2 with decreasing temperature but a plateau fol- 
lowed by a decrease of ¢2- 

DISCUSSION 

Influence of  intrarnolecular segments density. Difference 
between a good and a O- solvent 

In the preceeding paper, we have been able to relate quan- 
titatively the variations of ¢2 with simultaneous variations of 

the intramolecular segment density and of the molar volume 
of the solvent. The present results can be interpreted in the 
same way. 

Generally, the variation of ¢2 of a given compound with 
T is due to the increase of the free volume of the molecule 
corresponding to its external degrees of freedom s and is 
approximately linear. It appears necessary for polymers to 
take into account the variations of the chain conformation 
and of the molar volume of the solvent, according to the 
empirical equation established by Francois et al. 2: 

@2 = ¢20 + D V -  Bexp(-C(o3) ) 

where V is the molar volume of the solvent, (v 3) the volume 
fraction of the polymer inside the macromolecular coil and 
D, B and C constants equal to: 7.2 x 10 -4, 1.4 x 102 and 
1.02 x 102 g- l ,  respectively. 

¢21 = (¢20 + D I/) corresponds to the apparent specific 
volume of polymers in a given solvent of low molecular 
weight (M < 2 × 104) for which the effect of segment density 
vanishes 2. 

The thermal dilation of non-polar liquids being 12 x 
10 -4 cm3/d for benzene, MEC or cyclohexane, we can neg- 
lect the influence of the variation of the solvent molar 
volume. 

The term -Bexp(-C(v3) ) in this equation does not vary 
with temperature for benzene and MEC as solvents and the 
variation of @2 with T, not perturbed by the intramolecular 
concentration effect, should be linear as shown by experi- 
mental results. In the case of cyclohexane, the increase of 
the radius of gyration R G with Tleads to a decrease of the 
term -Bexp(-C(v3)), an effect which is in opposition to the 
normal increase of volume of the polymer. Thus, according 
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to this relation, we can expect a non-linear variation of @2 = 
f(T), the discrepancies from straight lines depending on the 
temperature range and on the molecular weight of the 
polymer. 

Region A 
We have atte apted to calculate, starting from equation 

(1) the effect of intramolecular concentration variation 
assuming that: (a) the A and B constants do not depend on 
temperature; (b) the discrepancies in the variation of @2 = 
f(T) from linearity are only due to the variation of the term 
-Bexp(-C(o3) ) and the variation of q~20 =f(T)  should be 
linear, corresponding to the polymer properties independent 
of the segment density effect. 

We consider that our hypothesis will be confirmed if this 
calculation allows us to determine a linear variation of @20 
against T. This approach is justified by the linear variation 
@2 = f(T) determined experimentally for good solvents with 
all the samples and for 0-solvent with samples of low mole- 
cular weight. In this last case, the variation (03) =f(T) is 
negligible. 

The volume fraction of polymer inside the coil can be 
calculated by the following equation: 

(u 3) = 2CMV/@2MO.5ot3 

rent scaling laws for each domain, relatingRG to the molecu- 
lar weight and the reduced temperature, r = T - 0/0. 

In our case, above 0-point, the radius of gyration of a 
polymer in dilute solution varies as r 2/5. 

Experimental. The functions R G =f(T)have been deter- 
mined from light scattering measurements for polystyrenes 
in cyclohexane by Decker 16, Candau t7, Zilloxlaand 
Carpentier et al. ~9, the experimental results of these different 
authors being in good agreement. 

In Figure 5 we have plotted the Flory expression: 

l o g [  a S - a 3  ] 

as a function of logM. The slope of 0.625 is different from 
the 0.5 value predicted by this theory. 

The plot log RG =/'(log r) provides an exponent of the 
law R G = f(r)  equal to 0.1 instead of 0.2 suggested by Daoud 
and Janninck Is (Figure 6). Nevertheless, the same authors 
have verified the validity of their theory in the semidilute re- 
gion by neutron scattering experiments. 

We have preferred to determine an empirical law able to 
take into account the experimental data with an accuracy 
better than 4%: 

at5- or3 = 1.797 x 10_3M0.625 (1 _ O )  (3) 

Starting from equations (1) and (3), we have determined, for 
each temperature and each polymer studied, the values of 
q~20. The results are reported in Figures 7a-7e in which we 
have also given the experimental data @2 = f'(T). Whatever 
the molecular weight of the sample we obtain a linear varia- 
tion 0)20 = f(T). The slopes of the straight lines obtained do 
not depend on molecular weight as for the case of benzene. 
The calculated values (8.54 x 10 -4 d -1) of &-are reported in 
Table 2. We note a great difference with respect to the 
value in benzene. 

We conclude that our interpretation of the apparent spe- 
cific volume of polymer in solution is quantitatively able to 
explain some discrepancies in behaviour, taking into account 
the effects of intramolecular segment density, for T >  0. 

where M is the molecular weight and c~ the expansion factor 
of the macromolecular coil. CM is the Flory constant: 

CM = 27@2 /[22"5(61r)l"SNA V(R~/M)l'51 

R G is the radius of gyration. Its determination needs a good 
knowledge of the radius of gyration of the polymer at each 
temperature. 

Theoretical. A Flory expression n can lead us to calculate 
RG = f(T) variations: 

(2) 

~0 is the entropic parameter for polystyrene diluted in cyclo- 
hexane (0.13 from Flory). 

More recently, Daoud and Jannink is have established a 
phase diagram for polymers in solution and calculated diffe- 
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Figure 6 Plot of the logarithm of the radius of gyration versus the 
reduced temperature according to the expression of Daoud et aL 15. 
A, M w = 3.2 X106;  B, M w = l . 95  X106 ;  C, M w = l . l  x 1 0 6 ;  D, M w 
= 700 000 
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Figure 8 Variations of apparent specific volume of polystyrenes 
with temperature below the O-point; (3, PS 1749; x, PS 3; o, PSA; 
l ,  PS 1770 

Region B 
Below the 0-point, the variations with T of the macro- 

molecular dimensions are not well known. It was thus dif- 
ficult to use the same method of calculation in this case and 
we can only try to understand the experimental results fol- 
lowing the same scheme. 

On the same Figure 8 we have plotted the variations of 
@2 = f(T) for all polymers studied. This Figure suggests these 
remarks. 

For the samples PS 1749 and PS 3, we note a net change 
in this variation for temperatures equal to 30°C and 28°C 

respectively. These values correspond quite well to the pre- 
cipitation temperatures, determined by Schuh and Flory 2°, 
for the considered concentration of the solution. 

The values of ~2 obtained under these precipitation tem- 
peratures are similar for the two samples, 0.901 cm3/g and 
lower than values 0.925 crn3/g measured by Fox and Flory 
for amorphous polystyrenes. The precipitating polymer 
probably adopts a more compact configuration than a 
Gaussian coil in the amorphous state and we can assume that 
this @2 value corresponds to collapsed molecules. I f  this as- 
sumption is correct, the radius of gyration is proportional to 
M 1/3 and we could not expect a variation of @2 with mole- 
cular weight. 

To verify this fact, we have determined by extrapolation 
(Figure 8) the temperatures at which @2 attains the curve 
corresponding to collapsed molecules for low molecular 
weight samples and compare them to the Tp temperatures 
of Schuiz and Flory. Table 3 reveals a correct agreement 
between the two series of values, except for the sample PS 1. 
We have only defined a tendency and it is clear that further 
experimental information is necessary for a valuable inter- 
pretation of the variation of ~b 2 below the 0-point. 

In this first part of our discussion, we have attempted to 
explain, following a scheme used to take into account the 
variations ~b 2 = f(M) and ~b 2 = f((o3)), the discrepancies bet- 
ween the thermal variations observed in a good solvent and 
a 0-solvent. We have been able to calculate values of & which 
do not vary with molecular weight but are different depending 
on the solvent. 
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Table 3 Values of precipitation temperatures determined by Schultz 
and Flory I and from our density measurements for some polystyrenes 
in cyclohexane 

Table 4 Number of external degrees of freedom, C 

C 1 C 2 

Benzene a 1.27 1.43 
Butanone a 1.40 1.37 
Cyclohexana a 3.88 4.32 
Toluene b 2.9 
Chloroform b 3.3 

a Our results C 1 obtained from Bondi's values of (E0); C 2 obtained 
from (E o) = 6 M~2; b Eskin's results 14 

Polymer M w 

Tp from density 
(T~lory-Schultz) 1 measurements 2 
(°c) (*c) 

1749 1.4 x 106 30.5 30 
3 7 X 10 s 28.5 28 
1 1.4 X 10 s 21 10 

1770 1.4 X 104 7.8 --2 
1903 5 X 103 -36 --40 

External degrees o f freedom 

Eskin et al. have calculated the number of external degrees 
of freedom of the macromolecule from measurements of the 
thermal dilation coefficient of  polymers in solution. The 
method, derived from Prigogine theory, has been established 
by Bondi and can be summarized as follows. The reduced 
temperature of  polymers in solution, defined by Prigogine 
is expressed by T* = 5CRT/3 (E O) as a function of tempera- 
ture T, gas constant, R, the number of external degrees of 
freedom C, and (E 0) the average cohesion energy. The 
reduced thermal expansion coefficient, a*, is then equal to 
a* = 3(EO)'~/5CR. 

It has been shown that in the range of temperatures 
studied a* ~ 0.5. We have then calculated the C values 
(reported in Table 4) for each solvent and for PSI, ~'0)being 
evaluated from Bondi's tables. Eskin has determined ¢E0) as a 
function of 5 where 8 - (818 2) 1/2; 81 and 8 2 being the solubility 
parameters of polymer and solvent. (E 0) = 8M¢2. The C 
values obtained by this method are also reported in Table 4, 
with some values obtained by Eskin for PS (M w = 3.5 x 105) 
in other solvents. 

The important value of &- obtained for cyclohexane 
through this calculation corresponds to an apparently greater 
number of degrees of freedom for the polymer in this sol- 
vent. On the other hand, the polymer in benzene solution 
seems to possess a slight freedom of motion. It is neverthe- 
less difficult to bring concluding assertions about the relation 
existing between the thermodynamic quality of the solvent 
and the motional freedom of the polymer. Eskin have sugges- 
ted, according to the hypothesis of Lange 21, that the adsorp- 
tion of benzene molecules on the macromolecule can explain 
the diminution of ~ and C observed. 

CONCLUSION 

This study of the temperature effect on the apparent specific 
volume $2 of polystyrene in solution allows us to make the 
following conclusions. 

(1) The influence of the intramolecular segment density 
plays a part in the variation of92 =f (T)  as it does, at a given 
temperature, for the variation ¢2 = f(M). 

(2) The partial thermal dilation coefficient, a, is indepen- 
dent of the polymer molecular weight. This indicates that 
the segment density is the same whatever the temperature 
considered. One can deduce that this effect is not directly 
related to a difference in the mobility of the chain related 
to its molecular weight or its structure but is only due to the 
phenomenon of statistical packing of solvent molecules 
around the chain. 
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