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ABSTRACT: Determinations of “0” temperatures of poly(protostyrene) in deuterated cyclohexane, poly(deuteri- 
ostyrene) in cyclohexane, and poly(deuteri0styrene) in deuterated cyclohexane have been made and compared to 
the “0” temperature of the classical poly(prot0styrene)-cyclohexane system. The “0” temperatures are slightly dif- 
ferent from one system to another. The viscosimetric behavior in B good solvent (benzene) of poly(deuteri0styrene) 
and poly(protostyrene) is also examined. The results are explained by considering the cohesive energy density of 
each substance. 

In order to do neutron scattering experiments, intensive 
use has been made of deuterio polymers in proto solvents, 
proto polymers in deuterio solvents, or mixtures of deuterio 
and proto It has always been assumed that, if 
the use of deuterated substances affects the neutron-scat- 
tering length (a large difference in neutron scattering cross- 
sections between hydrogen and deuterium atoms), this 
deuteration does not affect the thermodynamic properties 
of polymer-solvent systems. In dilute solution, especially, 
the unpertubed dimensions and the 0 conditions are con- 
sidered to be identical for deuterio polymers and for proto 
polymers. This assumption has never been verified experi- 
mentally. On the other hand, a recent study4 on the separa- 
tion of phases and melting point of proto systems and deu- 
terio systems (paraffin in C34 and polyethylene) shows dif- 
ferences in the melting temperatures: the melting tempera- 
ture is greater for polyethylene than for poly(deuterioeth- 
ylene). 

For these different reasons, it  would be interesting to 
study the deuterium effect on the thermodynamic proper- 
ties by considering the well-known polymer-solvent sys- 
tems: polystyrene in cyclohexane or in benzene. 

The thermodynamic properties which are very sensitive 
to temperature near Flory’s 0 temperature have been inves- 
tigated by a systematic study of the second virial coeffi- 
cient A2 as a function of temperature in the poly(protosty- 
rene) (PSH)-deuterated cyclohexane (C&2), poly(deuter- 
iostyrene) (PSD)-hydrogenated cyclohexane (C6H12), and 
PSD-C&2 systems. 

We have also determined the viscosity of some PSD and 
PSH samples in benzene, which is a good solvent for both 
polymers. 

PSH and PSD samples have been synthesized by anionic 
polymerization from proto- and deuteriostyrene, respec- 
tively. The degree of polydispersity (Le., the ratio M,/M, 
of these samples) is about 1.1. 

1. Second Virial Coefficient A2 and “6” Temperature 
The molecular weights of PSD and PSH samples were 

determined by using light scattering in undeuterated sol- 
vents (cyclohexane or benzene). For these measurements, 
we have determined values of the refractive index incre- 
ment dnldc of PSD in benzene, cyclohexane and meth- 
ylethylketone (at X = 546 nm). These values are given in 
Table I and compared to the corresponding values for 
PSH. 

We have also shown that dnldc of PSH in benzene and 
cyclohexane is not modified by the use of deuterated sol- 
vent; the same remark is valid for PSD. 

The “0” temperatures have been determined by means of 
light scattering from the temperature dependence of the 
second virial coefficient A S .  In pure solvent, the “8” tem- 

perature is the temperature at  which A2 = 0. Figure 1 
shows the variation of A2 as a function of 1/T for PSH- 
C6H12, P S H - C ~ D ~ P ,  PSD-CsH12, and PSD-C&2 systems. 
The “0” temperatures have been obtained also from the 
critical miscibility temperature measurements5 by plotting 
1/T, us. M-I12 (see Figure 2). The “0” temperature and the 
$1 parameter are obtained according to the relation 

The results obtained from both methods are listed in 
Table 11. In this table we also give the A2 values at.35O; this 
temperature is taken as a reference because it is the “0” 
temperature for the classical PSH-CGH12 system. From A2 
values a t  35’ the corresponding parameter x according to 
the Flory formula is 

In relations 1 and 2, V1 is the molar volume of the sol- 
vent and v 2  the partial specific volume of the polymer. VI 
is equal to 108 and 105.4 for C6H12 and C6D12, respectively 
(the density of C6D12 measured by pycnometry is 0.909 
compared to the corresponding value for C6H12 which is 
0.779). The partial specific volume of polymer p2 in cyclo- 
hexane is 0.926 for PSH and 0.80 for PSD; the last value 
has been calculated from dnldc data by using the Glad- 
stone and Dale relation.6 

In order to estimate the x parameter at 35” for our sys- 
tems, we have assumed in a first approximation that the 
function F ( x )  is equal to unity; in fact, near the 0 point 
F ( x )  is slightly different from unity. These x values are 
listed in Table I. 

The “0” temperatures are slightly different from one sys- 
tem to another. If one uses deuterated cyclohexane, there is 
a “0” temperature increase for both polymers and conse- 
quently, at  a given temperature (35O), the x parameter in- 
creases. This increase is equal to 0.009 and 0.015 for PSH 
and PSD, respectively. 

Now, if the thermodynamic properties of polymers PSD 
and PSH in a given solvent or CGD12) are compared, 
an opposite result appears; there is a “0” temperature low- 
ering for deuterated PS compared to hydrogenated PS  and 
the parameter decrease a t  35’ is equal to 0.013 in C6H12 
and 0.006 in C6D12. 

The effects of the deuteration of polymer and solvent are 
practically opposite and will be discussed later. The 0 point 
of PSD-CsD12 (36O) is almost identical to the 0 point of the 
undeuterated system. 

The differences observed in the thermodynamic behavior 
of PSH and PSD in C6H12 and C&2 cannot be attributed 
only to slight molar volume differences of the solvents or to 
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Table I 
The Refractive Index Increment dn/dc of PSD and PSH 

dn/dc 

C6H6 C6H12 MEK 

P SD 0.091 0.151 0.182 
PSH 0.106 0.169, 0.215 

a b 

1 2 3 M-%,,Oi 

Figure 2. Plot of 1/T, us. M-’I2: 0, PSH-CsH12; x, PSH-CGD12; 0, 
PSD-CeH12; -I-, PSD-CsD12. 

-1 

Figure 1. Temperature dependence on the second virial coeffi- 
cient A2: (a) PSH-C~HI~,  (b) PSH-C&*, (c) PSD-C~HI~,  (d) 

the partial specific volume differences of the polymers. In 
fact, the experimental results can be explained by use of 
the relation between the x parameter and the cohesive en- 
ergy density. 

PSD-C&2. 

For a given polymer-solvent system, one can write7 

(3 1 V x = xS + &(52 - 61)’ 

where 61 and 6 2  are the solubility parameters of solvent and 
polymer. The quantity x3 is the entropic contribution to 
the parameter x. This entropic contribution, which is relat- 
ed to the $1 parameter in Flory’s theory, seems to be iden- 
tical for both polymers. In fact, our results on critical tem- 
peratures as a function of M have shown that $1-l, which is 
proportional’to the slope of the plot of TC-l us. M-ll2, is 
slightly modified by the deuteration of polymer. With ne- 
glect of this effect, at  a given temperature a decrease of 6 
produces an increase of the x parameter whereas a decrease 
of 62 diminishes x. 

If the solubility parameter of PSH is taken as reference,s 
6 2 ~  = 9.1 cal/m11/2 (the index H denotes the hydrogenated 
product and D the deuterated product) and x3 = 0.34,7 the 
other 6 values can be calculated from x values obtained, in 
first approximation, by supposing F ( x )  = 1 (see Table I) 
and we obtain 6 1 ~  = 8.148 for C6H12, 6 2 ~  = 9.06 for PSD, 
and 6 1 ~  = 8.llO for C6D12. 

From these values one can write A61 = 6 1 ~  - 6 1 ~  = 
-0.038 and A62 = 6 2 ~  -62H = - 0.039. A61 and A62 are prac- 
tically identical even with a ratio C/H different for PS and 
cyclohexane. 

Another way of looking a t  the results is to evaluate the 
relation between the Ax and A6 when one goes from undeu- 
terated to deuterated samples. For the deuteration of the 
solvent, we have, using eq 3 

where Ax(1) = XDH - XHH represents the variation of the x 
parameter due to the deuteration of solvent. The term 

A V ~ H / V ~ H  is the contribution of the change in the molar 
volume of the solvent. 

Similarly, we can write for the polymer 

Ax@) represents here the variation of the x parameter after 
deuteration of the polymer. 

The A61 and A62 quantities have been calculated by 
using the relations 4 and 5 from the x values obtained with 
the approximation F ( x )  = 1. These values are given in 
Table 111. Theoretically, even near the “8” point, the func- 
tion F ( x )  is different from unity. We have taken into ac- 
count the excluded volume effect in order to determine the 
parameter x from relation 2. For the P S D - C ~ H ~ Z  and 
PSH-C&2 systems we have estimated F ( x )  to be 1.4 and 
0.80, respectively. These values have been obtained from 
the experimental data for A2 by considering the universal 
function A2M112 us. z (where z is the parameter of pertuba- 
tion theory) given by Berryg and the modified Flory-Kriz- 
baum-Orofino theory.1° 

The x values calculated in this way are slightly lower (see 
Table 111) and the corresponding A6 values are now respec- 
tively A61 = -0.032 and A62 = -0.048. 

By combining the relations 4 and 5, one can write for the 
completely deuterated system (solvent and polymer) 

From this relation we can determine the variation of the 
x parameter and estimate the “0” point for the PSD-C&2 
system. With the data of Table 111, the Ax value is about 
-7 X by supposing F ( x )  = 1 and -12 x with 
F ( x )  different from unity. These A x  values lead to a de- 
crease of the “8” point of about 2 and 4’; experimentally 
the 8 point of the deuterated system is 36”. Qualitatively, 
this difference can be explained by the fact that we have 
neglected the effect of the x3 parameter. 

2. Viscosimetry of PSD and PSH in Benzene 
The intrinsic viscosities of six PSD samples in the range 

of M ,  from 20,000 to 500,000 have been measured in ben- 
zene (C6H6) a t  25” and compared to [7] of PSH samples in 
the same range of molecular weight. The coefficients K and 
a of the classical viscosity-molecular weight relationship 
[7] = KMa are reported in Table IV. In particular, one can 
see that the exponent a is lower (a = 0.675) in the PSD- 
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Table I1 
Thermodynamic Properties of PS-Cyclohexane (Deuterated and  Undeuterated) Systems 

x at 35” 
System wv e,a deg e, deg 1 1  A, (at 35”) with F ( x )  = 1 

PSH-C,H,z 13 0,000 352 345 0.68 0 0.500 
PSH-C,DiZ 130,000 40L 385 0.61 -7 x 10-5 0.5087 

115,000 30 30 0.65 +8 x 0.487 
PSDC6D12 115,000 36 355 0.64 -1.5 x 10-5 0.502, 
sDc gH 12 

a 0 from A t  measurements. 0 from critical miscibility temperatures. 

Table 111 
Effect of the Deuteration of Solvent and  

Polymer on the Solubility Parameter  

Systems x A 6“ 

PSH-CGD,, 1 0.5081 A61 = -0.0373 
1.4 0.5062 A61 = -0.032 

PSDC6Hl, 1 0.487 A62 = -0.038 
0.8 0.484 A62 = -0.048 

a Ad’s are calculated from the relations 5 and 6 with XHH = 0.500, 
x s  = 0.34, and 6 2 ~  - ~ I H  = 0.952. 

C6H6 System. 
If PSH and PSD molecules have the same dimensions, 

one should obtain the same law for both polymers after cor- 
rection due to the differences in the mass m of the chain 
unit. Even plotting the intrinsic viscosity [q] as a function 
of the number z of chain units is not sufficient (see Figure 
3); one has to correct also the viscosity index values since 
they are based on weight concentration. 

By definition, [q] is the limit of the ratio ( q  - qo)/qoc. 
Since one should have the same behavior for two solutions 
with the same number of molecules, one has to multiply the 
ratio ( q  - qo)/qoc obtained for PSD by the ratio mpsD/ 
mpSH. This means that one has to multiply the intrinsic 
viscosities measured for PSD by 1.077 in order to compare 
with those for PSH. The same result could be obtained 
from the assumption that the intrinsic viscosity is propor- 
tional to VIM,  where V is the volume of the polymer mole- 
cule of molecular weight M.  

The results are shown on Figure 3. There is a difference 
in the slope of the two lines a and c (PSH and corrected 
PSD) which lies outside of the experimental error. I t  seems 
therefore that, in contrast to C6H12, benzene is a better sol- 
vent for PSH and PSD. 

Since the two lines cross a t  low molecular weight, the 
deuterated molecules should have larger unperturbed di- 
mensions than PSH. In order to check this point we have 
used the Stockmayer-Fixman relation 

[ V ] / M ’ / . ~  = KO + 0.51BboM1/* 
with 

& is the Flory’s constant: 40 = 2.7 X The Ks value 
and the x parameter obtained from this relation are given 
in Table IV. The parameter KO decreases when polystyrene 
is deuterated, but the unperturbed dimensions increase. In 
order to examine the effect of the deuteration on the di- 
mensions of the coil, one has to take into account the ratio 
of the mass of the chain unit. We can write 

From-our experimental results, we obtain: (?)$& = 
1.035 (ro2)$&. The dimensions of the PSD chain are slight- 

Table IV 
Viscosity Data  on P S D  and P S H  at 25’ 

System K a Ke X 

PSH-C,H, 11.4 X lom3 0.725 8.1 X 10“ 0.448 
PSD-C,H, 17 X 0.675 7.5 X IO-’ 0.452 

2 

1.5 

1 1  
2 2 5  3 3.5 

l o g  x 

Figure 3. Plot of the intrinsic viscosity versus the degree of poly- 
merization x: curve a is for PSH, curve b is for PSD, curve c is for 
PSD after correction of [ q ]  (see text). 

ly greater than those of the PSH chain. The same result is 
obtained from the Stockmayer-Fixman relation by plotting 
[ q ] / ~ ’ / ~  us. zl/z, where [q] is the corrected viscosity intrinsic 
of PSD; we obtain K O  = 8.5 X 

These differences in the viscometric behavior between 
PSD and PSD should be confirmed by other experimental- 
ists. 

In conclusion, these experiments have been made in 
order to show the thermodynamic differences between deu- 
terated and undeuterated polystyrene. These polymers are 
not exactly identical but they are characterized by very 
small x parameter differences at  35’ in cyclohexane. 
Therefore, one can guess that their enthalpy of mixing in 
the absence of solvent will be very small, which justifies the 
absence of segregation which has been assumed for the in- 
terpretation of neutron-scattering experiments. 
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