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ABSTRACT Morris et al. pointed out that the free volume concept is inadequate to reconcile the 
experimentally observed dynamic behavior that Aroclor 1248 shows in Aroclor/polystyrene or Aroclor/1,4- 
polybutadiene dilute solution. The present paper shows that if the concentration dependence of the thermal 
expansivity of the free volume is taken into account, Fujita's free volume theory can be made consistent with 
the main features of these data, though not perfectly. 

Introduction 
In analyzing concentration-dependence data for the 

dynamic properties of polymer solutions, it is usually 
assumed that dynamic properties of the solvent such as 
its friction factor are not modified by the presence of 
polymer molecules, at least in the dilute regime. Recently, 
there has been a growing interest in the extent to which 
this assumption is valid. Thus, working on dilute solutions 
of polystyrene (PS), 1,4-polybutadiene (1,4-PB), and 
polyisoprene (PI) in Aroclor 1248, a mixture of polychlo- 
rinated biphenyls, Lodge and co-worker~l-~ observed that 
the translational diffusion coefficient and the rotational 
relaxation time of the solvent molecule as evaluated by 
such techniques as pulsed-field-gradient nuclear magnetic 
resonance (PFG-NMR), oscillatory electric birefringence 
(OEB), and depolarized Rayleigh scattering (DRS) varied 
markedly with the polymer concentration. It seems 
difficult to understand these observations unless the 
friction factor of Aroclor 1248 changes upon addition of 
the polymer. 

Morris et al.1 and von Meerwall et ale2 tried to interpret 
their experimental data in terms of the free volume 
concept, actually using the free volume theory formulated 
by Fujita4 for the solvent mobility in polymer solutions. 
They found it difficult to reconcile Fujita's theory with 
the main features of the data. The present paper points 
out that the interpretation of the data by Fujita's theory 
is greatly improved if one factor neglected in their 
formulations is taken into account. It is the concentration 
dependence of the thermal expansivity of the fractional 
free volume in the solution. 

Basic Quantities and Relations 
We consider the dilute regime of a solution consisting 

of a polymer and a pure solvent. With r,(T,c) and D,(T,c) 
denoting, respectively, the rotational relaxation time and 
the translational diffusion coefficient of the solvent 
molecule at temperature T and polymer mass concentra- 
tion c, we introduce the dimensionless quantities 3;(T,c) 
and ZD(T,C) defined by 

i',(T,c) TJT,c) /T&T,O)  (1) 
f~(T,c) D,(T,O)/D,(T,c) (2) 

Q,(T) = lim [In Z,(T,c)l/c (3) 

Q D ( T )  = lim [In fD(T,c)l/c (4) 

It seem reasonable to mume that the translational and 

Furthermore, we define Q,(T) and QD(T) by 

c 4  

e 4  

rotational mobilities of a solvent molecule are affected in 
the same way by temperature and concentration, though 
one may sus+t that the assumption with respect to 
concentration is dubious for elongated molecules. Then 
it follows that {,(T,c) = ~'D(T,c) and hence 

When looking at a polymer solution by classical hy- 
drodynamics, we treat the solvent as a continuum in which 
polymer molecules are dispersed. The viscosity parameter 
that enters into the Navier-Stokes hydrodynamic qua- 
t i ~ w  for the solution is the viscosity q,, of this continuum. 
Usually, q,, is taken equal to the viscosity of the pure solvent, 
with the tacit assumption that the solvent friction factor 
remains unchanged in the presence of polymer molecules. 
If this assumption is removed, q, has to be treated as 
function of c as well as T; i.e., q, = qs(T,c). What 
hydrodynamics allows us to calculate for a polymer of given 
length and architecture is not the "experimental" intrinsic 
viscosity [ q ] (T )  (defined as li- [q(T,c) - q,,(T,0)l/[q8- 
(T,O)cl)  but the "theoretical" intrinsic viscosity [ q l + ~ , ~ ~ -  
(2') defined by 

[dth, = lim [M',c) - rl,(T,c)l/[q&T,dcl (6) 

where q(T,c) denotes the viscosity of the solution at T and 
c. It should be noted that, though conveniently referred 
to as solvent viscosity, q,(T,c) is not an experimentally 
measurable property. von Meerwall et al.2 have shown 
that [ql+~,, is related to the [qI(T) by 

(7) 

c 4  

[q1('1? = [ q l t h w ( T )  - [qe l (T)  

V,(T,C) = v*(T,O)U+ [r1,l(T)c + ...I 
where [ q e ] ( T )  is defined by 

(8) 

Thus, [vel represents the strength of the effect that the 
solvent viscosity undergoea by addition of a polymer at 
the limit of infinite dilution. It may be either positive or 
negative, depending on the system. 

We assume that the Einstein-Debye relation is valid 
for solvent at finite dilution; i.e., T,(T,c) - q.(T,c)/T (this 
implicitly assumes that the solvent viscosity is proportional 
to the solvent friction factor). Then, with eq 1, we obtain 

Vs(T,C)/T,(T,O) = Z,V ,c )  (9) 

[rl,I(T) = Q(T) (10) 

Substituting eq 8 and referring to q s  3 and 6, we find 

This indicates that, differing from q,(T,c), [vel (2') can be 
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estimated from measurement of either rotational relas- 
ation or translational diffusion of the solvent as a function 
of c. 

Since the difference q(T,c) - vu( T,c) is a measure of the 
energy loss due to the polymer molecule, [??]theor is always 
positive. Previous hydrodynamic calculations show that 
[vltheor for a series of homologous polymers in a given 
solvent increases monotonically with increasing chain 
length, starting from a value near the Einstein value for 
rigid spheres (0.025 cm3/g). Thus, it follows from eq 7 
that for a system in which [vel is considerably larger than 
0.025 cm3/g, [J turns to be negative in the region of short 
chains. Though not all, this explains why some previous 
authors5 obtained negative intrinsic viscosities for oligo- 
mers. 
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appropriate equations above that 

lim (In [m,(T,O)/m,(T,c)lJ/c = 
C - 0  

B(a(O)Q, - a’[?’- Tg(O)l)I[f(T,0)I2 (19) 
With the Einstein relation D, N Tm,, the left-hand side 
of this equation is equal to QD( T), defined by eq 4. Hence 
we obtain with eq 5 

Q(T) B(dO)Q, - a’W- T,(O)ll/[f(T,0)I2 (20) 

(21) 
which is obtained from eq 13. It is the concentration- 
dependence term in eq 15 that von Meerwall et ala2 
neglected in their application of Fujita’s free volume 
theory. Hence their equation for Q(T) lacks the second 
term in the numerator in eq 20. As will be shown below, 
this term makes a significant contribution to the tem- 
perature dependence of Q(n. 
Data Analysis 

where 

f(T,O) = f&O) + a(O)[T- T,(O)I 

We introduce P(T), defined by 

P(T) = ( 1 +  [a(O)/f&O)l[T- Tg(O>112Q(T) (22) 
This quantity can be evaluated as a function of temper- 
ature from experimental data for Q(T) if information about 
the solvent-related parameters d o ) ,  fg(0), and T&O) is 
available. With eq 20, eq 22 can be written 

R T )  = (BdO)/[fg(0)I2#Q, - b’/a(O)l[T - T,(O)ll (23) 
Therefore, when P(T) is plotted against T - Tg(0), the 
data points should follow a straight line, and the param- 
eters E and a’ can be evaluated from the intercept and 
slope of the line if, in addition to a(0) and fg(0), the value 
for Qg is known from separate information. 

To check the predicted linearity between P(n and T 
with available Q(T) datal-39e-S for PS, PI, and 1,4-PB in 
Aroclor 1248, we choose 0.025 for fg(0) as usually made (it 
should be noted that this numerical value is meaningful 
only when f is defined by eq 12) and take 7 X 10”’ OC-l and 
-44 “C for the a(0) and Tg(0) of Aroclor 1248, respectively. 
Figure 1 shows the resulting plots of P(T) vs T - Tg(0). 

It is seen that the data for each system conform fairly 
well to the prediction over the indicated range of tem- 
perature. The straight lines show visual fita to the data 
points, made by intentionally neglecting the unfilled pointa 
indicated by arrows. With 20, -26, and -72 cm3 OC/g 
derived for Qg of PS, PI, and 1,4-PB in Aroclor 1248, 
respectively, from the paper of von Meerwall et al.? the 
values of E and d/a(O) determined from these straight 
lines are as follows: B = 0.491 (PS), 1.34 (PI), and 1.03 
(1,4-PB); a’la(0) (in cm3/g) = -2.18 (PS), 4.301 (PI), and 

Though it is a free parameter in the framework of Fujita’s 
theory, E may be compared to the parameter t in the 
Vrentas-Duda free volume theory,1° in which 4 is defiied 
as the specific critical hole volume for the solvent relative 
to that for the polymer segment. The above B values 
suggest that the chain segment of relatively inflexible PS 
be significantly greater than those of flexible PI and 1,4- 
PB. 

The slopes of the straight lines in Figure 1 are definitely 
nonzero, indicating that, in general, a varies with con- 
centration even in the dilute regime, contrary to what was 
assumed by von Meerwall et aL2 Interestingly, the sign 
of a’ is negative for all three systems. However, it is not 

-0,770 (1,4-PB). 

Free Volume Theory 

Fujita’s free volume t h e o ~  postulates that the solvent 
mobility m,(T,c) (inversely proportional to the solvent 
friction factor) and the chain-segment mobility m,(T,c) 
in a polymer solution at temperature Tand concentration 
c are related to the fractional free volume f(T,c) in the 
solution by 

(11) 

(12) 
where f is the free volume per unit volume of solution and 
A,,Aq,.andBareconatants. Wenotethat inthe framework 
of Fujita’s theory eq 12 is the definition off. Depending 
on whether the mobility refers to rotation or translation, 
we have to interpret the parameter A accordingly. Fur- 
thermore, the value of B, a free parameter, may depend 
on the motional modes of the solvent and chain segment. 

We consider the behavior off( T,c) at temperature T as 
T&) < T TJc) + 100 “C, where Tg(c) is the glass 
transition temperature of the solution considered, and 
assume that f(  T,c) depends linearly on T in this temper- 
ature range. With a(c) being the thermal expaneivity of 
the fractional free volume at concentration c,  this as- 
sumption is expressed by 

f(T,c) = f&C) + a(c)[T- Tg(c)l (13) 
where f&c) is the fractional free volume in the solution at 
T = T&). Applying eq 13 to c = 0, subtracting the result 
from eq 13, and postulating the rule of thumb that the 
glass transition occurs at an isofractional free volume (see 
the Remarks section), we obtain 

f (T,c)  = f(T,O) + [a(c) - a(0)I T - 

In m,( T,c) = A, - E/f (T ,c )  

In m,(T,c) = A, - l / f (T,~)  

[a(c)T&c) - a(0)Tg(O)l (14) 
At  low polymer concentration, a ( c )  and T,(c) may be 
expanded in powers of c as 

a(c) = a(0) + a’c + ... (15) 
T,(c) = Tg(0) + Q,c + ... (16) 

where 

Q, = lim [T,(c) - T,(O)l/c (17) 
C+ 

Substituting eqs 15 and 16 into eq 14 gives 

f (T,c)  = f(T,O) - (a(O)Q, - a‘[T- T,(O)]]c + ... (18) 
With this expression for f(T,c), it follows from the 
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Figure 1. Temperature dependence ofP(T) for polystyrene (PS), 
polyieoprene (PI), and 1,4polybutadiene (1,4-PB) in Aroclor 1248. 
Data points: PS, fiied circles from refs 1 and 6 (OEB) and d i e d  
circles from ref 3 (DRS) and ref 9 (FRS); PI, from ref 6 (OEB); 
1,4-PB, filled circles from ref 1 (OEB) and ref 8 (13C NMR) and 
d i e d  circles from ref 7 (DRS, PCS). 

legitimate to deduce from this finding that the CY values 
of the respective polymers in bulk appear below a(0). This 
is because we have no guarantee that eq 15 truncated at 
the term linear in c may be extended to the bulk polymer. 

The solid curves in Figure 2 show the Q(T) (i.e., [vel) 
vs Trelations calculated from eqs 20and 21 with the above 
parameter values. For PI and 1,4-PB they fit the plotted 
data pointa fairly correctly, but for PS the agreement is 
limited to the temperature range below T < 0 "C. In fact, 
thoughnot appearing here, the DRS values of Q(T) for PS 
fall below 2 cm3/g at T above 80 *C,8 while the PS curve 
in Figure 2 stays as high as about 8 cm3/g at 80 "C. At 
present, no reasonable explanation can be given for this 
marked disagreement. Interestingly, the PS curve shows 
a rather broad maximum at about -26 "C. This behavior 
wms to have something to do with the conclusion of 
Morris et al.' that Q(T) for PS was independent of 
temperature in the range of their experiment (-17.3 to 
+26 OC) .  The c w e  for 1,4-PB predicts Q(T) to change 
sign from negative to positive at about 60 OC, 100 "C above 
T,(O). The validity of this prediction is subtle because 
the free volume concept tends to fail as T approaches Tg- 
(0) + loo "C.11 
Remarks 

The above discussion has focused on the solvent 
dynamics affected by the presence of polymers. The more 
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Figure 2. Comparison between calculated and measured Q(T) 
for PS, PI, and 1,4-PB in Aroclor 1248. The data point symbols 
have the same meanings as in Figure 1. The unfiied circles for 
PS and PI at the highest temperatures are added from ref 2 

traditional problem is the mobility of a chain segment 
controlled by ita surrounding solvent molecules. In Fujita's 
free volume theory, the relevant relation for this problem 
is 

m,(T,c) - [m,(T,c)ll'B (24) 
which is derived by eliminatingffrom eqs 11 and 12. With 
the Einstein-Stokes relation m,(T,O) - l/w(T,O), eq 24 
gives 

rp(T,o) = K[v,(T,O)l"B (25) 
where T~ denotes the rotational relaxation time of a chain 
segment (inversely proportional to m,) and K is a constant 
that depends on the system. Substitution of the B value 
obtained above for PI leads to 

7 p ( ~ , o )  = K [ ~ , ( T , o ) I ~ . ~ ~  (26) 
Using 13C NMR to measure the correlation time T~ of the 
C-H bond attached to the PI chain backbone in organic 
solvents covering a factor of 70 in viscosity, Glowinkowski 
et al.12 found the correlation expressed by 

Tc = c[T),(T,o)]o*41 (27) 
where C is independent of solvent identity. Equation 26 
does not conform to this finding in two respects. First, 
the exponents to vs(T,O) in eqs 26 and 27 are markedly 
different. Second, K should depend on solvent species, 

(PFG-NMR). 
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