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related To to the conformational e n t r ~ p y . ~  A higher B 
value corresponds to higher steric hindrance and a higher 
To value, to greater configurational entropy. It should be 
pointed out that the effect on the glass transition tem- 
perature due to branching in PPG is quite similar to that 
found in poly(ethy1 acrylate), in which the methyl sub- 
stitution causes Tg to shift higher by 80 "C. The 7 value 
found for poly(ethy1 methacrylate) is also greater than that 
found in the acrylate p01ymer.~ 

In conclusion, we have shown that branching of the side 
group in PPG has a pronounced effect on the dynamics 
of the density fluctuations. The density-density correla- 
tion function relaxes slower in the branched than in the 
linear PPG. 
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ABSTRACT The concentration dependence of the diffusion constant has been measured by light spectroscopy 
for solutions of polystyrenes of molecular weight ranging from 20000 to 2 x lo6 a t  0 conditions. In the 
concentration domain extending from the very dilute limit to slightly beyond the crossover concentration 
e* between the dilute and semidilute regimes, the data can be represented in the form of a universal normalized 
hydrodynamic plot. The temperature dependence of the diffusion constant has been investigated in the vicinity 
of the critical point and compared to the predictions of the critical phenomena theory. 

Introduction 
The functional dependence upon temperature and mo- 

nomer concentration of the microscopic and thermody- 
namic parameters describing solutions of flexible polymers 
has been derived by Daoud and Jannink' on the basis of 
the analogy between the 8 point in polymer solutions and 
the tricritical point.2 This dependence was represented 
in the form of a molecular weight independent diagram 
of rM1J2 vs. &PI2, where c is the polymer concentration 
(expressed in g ~ m - ~ ) ,  M the molecular weight of the 
polymer, and r the reduced temperature: 7 = (T - 8) /8  
( T ,  absolute temperature; 8, theta temperature). Exper- 
imental verification of such a diagram was provided by 
both small-angle neutron scattering experiments3 and 
precipitation curves obtained earlier by Schultz and F l o ~ y . ~  

Also, scaling approaches have been used to predict dy- 
namic properties of polymer solutions a t  temperatures 
equal to the 8 t e m p e r a t ~ r e . ~  However, the experimental 
studies did not provide clear evidence of the theoretically 
predicted b e h a ~ i o r . ~ - ' ~  For instance, the concentration 
dependence of the cooperative diffusion constant in the 
semidilute regime could not be verified from light spec- 
troscopy experiments because of complications arising from 
the superposition of several modes in the spectrum of 
scattered light.6,7 On the other hand, sedimentation"" and 
concentration gradient diffusion (CGD)12 experiments 
performed over a rather limited range of concentrations 
provided results in good agreement with the scaling pre- 
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dictions. Also, the sedimentation behavior in the dilute 
range a t  the 8 temperature could be approximately rep- 
resented on a "hydrodynamic normalized plot" by a single 
curve in the molecular weight range l1000G950000.11 In 
order to examine whether a similar behavior is observed 
for the diffusion constant, we have investigated by light 
spectroscopy solutions of polystyrene of weight-average 
molecular weights ranging from Mw = 20000 to Mw = 2 
X lo6 in two 8 solvents (cyclohexane a t  34.5 "C and cy- 
clopentane a t  20.4 "C) and a t  concentrations extending 
from the very dilute limit to slightly beyond the crossover 
concentration c* between the dilute and semidilute re- 
gimes. We have also measured the diffusion constants of 
a cross-linked polystyrene network swollen a t  equilibrium 
either in cyclohexane a t  34.5 "C or in cyclopentane a t  20.4 
OC, in order to compare the behavior of linear and cross- 
linked polymeric systems a t  the 8 conditions. Finally, we 
present some measurements of the temperature depen- 
dence of the diffusion constant of 8 solutions in the 
crossover concentration domain. The results are compared 
with the theoretical predictions for the critical phase 
separation of binary mixtures. 

Experimental Section 
A. Samples. Linear polystyrenes of low polydispersity (Mw/Mn 

< 1.15) were prepared under an inert atmosphere by anionic 
polymerization in an aprotic solvent (THF) with an efficient 
initiator such as a-methylstyrene tetramer or potassium na- 
phthalenide. The polydispersity of the samples was checked by 
GPC and the molecular weights were determined by light scat- 
tering measurements in THF.  The obtained values of M, are 
20000,130000,570000, and lo6. The sample with M ,  = 2 X lo6 
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Figure 1. Concentration dependence of D of polystyrene solutions 
( M ,  = 130000) in cyclohexane: (+) T = 34.5 "C; (A) T = 30.5 
"C; (0) T = 25 "C; (0) T = 22 "C. 

was purchased from Dow Chemical Co. 
Polymer solutions of different concentrations in cyclohexane 

or in cyclopentane (0 solvent of polystyrene at 34.5 "C and 20.4 
"C, respectively) were freed from dust by centrifugation for 2 h 
at 17 000 rpm. 

The investigated network was prepared by anionic block co- 
polymerization of styrene and di~inylbenzene.'~ The length of 
the elastic chains between chemical branch points corresponds 
to a 'precursor" polystyrene of molecular weight 128000. The 
equilibrium volume swelling degree of this sample is 7 in cyclo- 
hexane at 34.5 "C and 6.4 in cyclopentane at 20.5 "C. 

B. Correlation Time Measurements. A Spectra Physics 
argon ion laser ( A  = 488 nm) was used in conjunction with a 
72-channel clipped digital autocorrelator (Precision Devices and 
Systems LTD Malvern) for measuring the autocorrelation function 
of the scattered light intensity. The scattering angle was varied 
from 20" to 120". The temperature was held constant to within 
hO.01 "C. The cube-shaped gel samples were put in standard glass 
cells containing an excess of swelling liquid. They were allowed 
to stand for at least 1 day to attain stability. 

Intensity correlation data were routinely processed, using the 
method of cumulant~ '~J~ to provide the average decay rate ( r )  
and the variance u. The latter parameter is a measure of the width 
of the distribution of decay rates and is given by 

(1) 

The diffusion coefficient D was determined from the average 

u = ((r2) - (r)2)/(r)2 
where ( r2) is the second moment of the distribution. 

decay rate ( r )  according to 
( r )  = 2k2D (2) 

(3) 

where 6' is the scattering angle, X is the wavelength of the incident 
light in a vacuum, and n is the index of refraction of the scattering 
medium. 

Results and Discussion 
A. Crossover between the Dilute and Semidilute 

Regimes at the 8 Temperature. Figures 1 and 2 illus- 
trate, respectively, the influence of the temperature and 
of the molecular weight on the concentration dependence 
of the diffusion constant D for polystyrene solutions in 
cyclohexane and cyclopentane. The D(c) curves exhibit 
a smooth minimum at a concentration approximately in- 
dependent of temperature, but which increases as the 
molecular weight decreases. This minimum, first observed 
by Rehage et  al.,I3 has been correlated to the crossover 
concentration c* between the dilute and semidilute re- 
g i m e ~ . ~ , ' ~  This smooth transition is accompanied by an 
increase of the variance as illustrated in Figure 3. Beyond 

The magnitude of the scattering vector k is given by 
k = [4m sin (6'/2)]/X 

Figure 2. Concentration dependences of D of polystyrene so- 
lutions in cyclopentane: (@) M, = 130000; (0) M ,  = 570000. 
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Figure 3. Concentration dependense of the variance of poly- 
styrene solutions of molecular weight M ,  = 570000 in cyclopentane 
at 20.4 "C. 

the concentrations considered in this paper, the autocor- 
relation function becomes strongly nonexponential and 
contains components having very long decay times. Such 
a behavior has already been observed in both good and 9 
 solvent^.^^'^-^^ The origin of the observed nonexponen- 
tiality is still unclear and the exact shape of the autocor- 
relation function is not yet established. Some authors have 
used the cumulant method to analyze the data,19321 whereas 
a bimodal distribution was reported in other s t ~ d i e s . ~ J ~ ~ ~ ~  
In this paper we have restricted ourselves to a range of 
concentrations where the variance is relatively low so that 
the application of eq 2 to determine D seems to be a rea- 
sonable assumption even though it  does not have a theo- 
retical basis. The self-consistency of the results provides 
some a posteriori justification of this assumption. How- 
ever, for higher concentrations the D values obtained from 
a cumulant fit seem to be meaningless. 

The observed behavior of the diffusion constant can be 
inferred from the theoretical predictions made for the two 
limiting concentration ranges c << c* and c >> c* (but still 
in the semidilute regime). 

For dilute solutions D(c) can be approximated as 
D(c) = Do(1 + +c) (4) 

Do, which is obtained by extrapolation of D(c)  to zero 
concentration, is related to  the hydrodynamic radius RH 
through the relationship 

Do = bT/6pqORn ( 5 )  

where kB is the Boltzmann constant and qo the viscosity 
of the solvent. The interaction parameter 4 is given byz2 

4 = 2mNAz - +f - ii (6) 

m is the mass of monomer, 0 is the partial specific volume 
of the polymer, N is the number of monomer units in a 
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chain, A2 is the second virial coefficient, and 4f is the 
hydrodynamic interaction parameter of the friction coef- 
ficient. 

A t  the 8 temperature, A2 vanishes. Furthermore U is 
small, compared to c#I~, which is strongly negative. As a 
consequence, + can be approximated as &, which is pro- 
portional to the intrinsic viscosity [ 7 7 ] , ' 7 3 2 3  that  is, to the 
square root of the molecular weight M. 

( 7 )  

(8) 

where a is a constant for a given polymer. 
In the semidilute regime (c >> c* )  both static and dy- 

namic features have been discussed in terms of scaling 
approaches. The behavior of the static correlations near 
the 8 temperature has been analyzed by Daoud and Jan- 
nink, who derived the following expression for the total 
density-density correlation function:' 

g ( r )  = (p(O)p(r ) )  - p 2  (6p(0)6p(r ) )  = 

4f - [VI  - l%v2 

Then using eq 4 and 7 ,  we obtain 
D ( c ) / D o  = 1 + a c ~ ~ 2  

U 
(constant) p2 - (9) 

where p is the monomer density, u3 the volume of a mo- 
nomeric unit, and t a correlation length inversely pro- 
portional to p :  

r 

5 - l/pu2 - c-1 (c > c * )  (10) 

Dynamical scaling for polymers in 8 solvents has been 
theoretically investigated by Brochard and de G e n n e ~ . ~  
Assuming that hydrodynamic interactions between mo- 
nomers due to backflow is dominant, these authors es- 
tablish the following relation between the diffusion con- 
stant D ( c )  and the static correlation function g(?): 

c Dependence of Diffusion Constant 73 

Equations 9 and 11 lead to the following expression for 
D ( c ) : ~ ~  

(12) 

Therefore, taking into account that  Do varies like M-'J2, 
we obtain the following concentration dependence of D I D o  
in the semidilute regime: 

D / D o  = (3cI@J2 ( c  >> c*) (13) 

where (3 is a numerical constant. 
The crossover between dilute and semidilute regimes 

occurs a t  c N c*,  that is, a t  a concentration such that 

D ( c )  = k g T / 6 ~ 7 7 0 t  a c 

c M J 2  = constant (14) 
The above considerations explain the experimentally 

observed behavior of D ( c ) .  The initial decrease of D is 
associated with the hydrodynamic interactions of the 
friction coefficient, which produce a slowing down of the 
translational self-diffusion of the chain in the dilute regime. 
On the other hand, in the entangled solution, the long- 
wavelength fluctuations involve cooperative chain motion, 
characterized by a cooperative diffusion constant that in- 
creases linearly with the concentration. As a consequence, 
D ( c )  must exhibit a minimum a t  a concentration close to 
C*.  

Furthermore, eq 8, 13, and 14 predict that  for T = 8, 
the concentration dependence of D should be represented 
in the form of a molecular weight independent diagram 
of DIDo vs. In Figure 4a, we have reported the data 
corresponding to linear polymer samples of molecular 
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Figure 4. (a) Normalized hydrodynamic diagram of polystyrene 
solutions at the 8 temperature; m = 104 represents the molecular 
weight of the styrene. Cyclohexane at 34.5 "C: (A) M ,  = 20 000; 
(A) M, = 130000, (+) M, = 2 X 106;-(0) network. Cyclopentane 
at 20.4 "C: (0) M, = 130000; (0) M ,  = 570000; (0) M ,  = lo6; 
(B) network. (b) Normalized phase diagram of polystyrene so- 
lutions in cyclohexane (from Daoud and Jannink'). The data were 
taken from ref 4. Lines are guides for the eye. 

weight ranging from 20 000 to 2 X lo6 dissolved either in 
cyclohexane a t  34.5 "C or in cyclopentane a t  20.4 "C. On 
the same figure, we have plotted the results of CGD ex- 
periments performed by Roots and Nystrom12 on a solution 
of polystyrene of molecular weight lo6 in cyclohexane. I t  
can be seen that the experimental points gather around 
a unique curve showing a rather flat minimum. The de- 
viation observed for the data corresponding to the highest 
concentration investigated by light spectroscopy is likely 
to be connected with the rather large variance ( u  - 0.25) 
of the autocorrelation function obtained for this sample 
(cf. Figure 3). 

It is also interesting to remark that data relative to the 
two networks swollen a t  equilibrium lie also on the same 
curve. This tends to prove that the restoring force asso- 
ciated with the long-wavelength fluctuations in networks 
swollen in a 8 solvent is determined by the free energy of 
mixing of polymer and solvent alone and that the elasticity 
associated with the presence of cross-links does not play 
any role. This is contrary to what is observed for networks 
swollen a t  equilibrium in good solvents, which exhibit 
systematically a higher value of D than the corresponding 
semidilute  solution^.^^^^^ 

Figure 4b, which represents the normalized coexistence 
curve of the polystyrene-cyclohexane systems in the phase 
diagram 8r(M,/m)1/2 derived by Daoud and Jannink,', 
illustrates the correlation between the minimum of D ( c )  
and the critical solution concentration. It must be re- 
marked that the c* concentration calculated by Daoud and 
Jannink corresponds roughly to the concentration where 
D / D o  starts to increase with c(MW/m)'I2. 

B. Critical Behavior Associated with Phase Sepa- 
ration. The critical phase separation of a binary fluid 
mixture occurs for a concentration corresponding to the 



74 Munch, Hild, and Candau 

maximum of the coexistence curve where both coexistence 
and spinodal curves have a common horizontal tangent. 
For polymer systems, the critical concentration c, and 
temperature T, are dependent on the molecular weight of 
the polymer according t~~~~~~~~ 

c, = M-lI2w-l 

(T,  - e) / T, = -2wM-'iZ (15) 

where w is the third virial coefficient of the osmotic 
pressure. 

The phase diagrams of such systems are not easy to 
establish because of some complications arising from the 
macromolecular nature of the solute. More specifically, 
the polydispersity of the samples broadens the coexistence 
curve. Moreover, the phase separation for systems of 
compositions located between the spinodal curve and the 
coexistence curve is very slow, leading possibly to some 
errors in the determination of the latter, mainly in the high 
polymer concentration range. As a consequence, the 
critical concentration is rather difficult to locate and 
several studies report values of c, larger than the concen- 
tration a t  the maximum of the coexistence c u r ~ e . ~ ~ , ~ ~  

The range of the critical fluctuations is characterized by 
a correlation length E,, which diverges at the critical tem- 
perature according to the following law:27 
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e - T,  vc 

E, = Ro( -) 
where u, is an exponent close to 2/3. 

The form of eq 16 is such that at T = 8, the correlation 
length is equal to the size Ro of the unperturbed chain. 

By combining eq 15 and 16 and taking into account that 
Ro - MlJ2,  we obtain 

5, a W l 6 [ ( T  - T,) /T , ] -2 /3  (17) 

The relation (11) between the diffusion constant and the 
static correlation function enables the prediction of the 
temperature dependence of D close to the critical tem- 
p e r a t ~ r e * ~  in the hydrodynamic limit: 

D = kBT/6i~~of,  with kt, < 1 (18) 

In the nonlocal hydrodynamic region (kt, I l ) ,  the 
diffusion coefficient has the more general form derived by 
Kawasaki:30 

The above derivation of the temperature dependence 
of the diffusion coefficient does not take into account 
hydrodynamic interactions of the friction coefficient. It 
was shown in the preceding paragraph that these inter- 
actions considerably slow down the translational diffusion. 

From the relation 
D = ~BT/GVOSH (20) 

one measures a hydrodynamic correlation length which, 
a t  the 8 temperature and critical concentration, greatly 
exceeds the hydrodynamic radius obtained a t  infinite 
dilution. However, although FH >> E,, one expects that both 
correlation lengths for solutions a t  critical concentration 
scale with temperature as (T - T,)-213 in the vicinity of T,. 
As a matter of fact, one is never sure that the polymer 
concentration is exactly the critical concentration, in which 
case the correlation length diverges a t  the spinodal tem- 
perature Tsp 2 T,. However, the behavior of [H in the 
vicinity of the critical concentration should still be de- 
scribed by eq 17, in which T, is replaced by Tap. 

P 

Figure 5.  Temperature dependences of the diffusion coefficient 
of polystyrene solutions in cyclohexane: (0) -Mw = 130000, 
~ ( M , / r n ) ' / ~  = 2.83 g cmd3; (0) M ,  = 130000, c(Mw/rn)1/2 = 3.53 
g cmW3; (+) &fw = 2 X lo6, c(MW/rn)l/* = 2.73 g ~ m - ~ .  
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Figure 6. Temperature dependences of the hydrodynamic 
correlation length of polystyrene solutions in cyclohexane. 
Symbols are the same as in Figure 5. 

In Figure 5 are reported the temperature dependences 
of D of polystyrene solutions of molecular weights 130 000 
and 2 x lo6 a t  concentrations located in the region of the 
minimum of D(c) .  The extrapolations at D = 0 give the 
corresponding spinodal temperature. 

Figure 6, which shows a log-log plot of the hydrody- 
namic correlation length as a function of (T - Tsp)/ Tsp for 
the same systems, reveals several interesting features: 

(a) For a given molecular weight, the data relative to two 
slightly different concentrations close to the critical con- 
centration lie on the same curve when plotted as a function 
of ( T -  Tsp)/Tsv This behavior, also observed for the static 
correlation length shows that the fluctuations can be 
described in the first approximation by the same laws in 
the vicinity of both critical temperature and spinodal 
temperature. 

(b) The exponents of the power laws describing the 
temperature dependence of the hydrodynamic corre_lation 
length for critical fluctuations (0.73 and 0.79 for M ,  = 2 
X lo6 and Mw = 130 000, respectively) are larger than the 
theoretically predicted value 0.66. This result, in good 
agreement with earlier observations of Kuwahara et al.,29 
may be due to the uncertainty arising from the rather large 
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variance (0.25-0.5) of the autocorrelation function close 
to the critical point. 

is much 
larger than the critical correlation length measwed from 

(5) Brochard, F.; de Gennes, P.-G. Macromolecules 1977,10,1157. 
(6) Chu, B.; Nose, T. Macromolecules 1980, 13, 122. 
( 7 )  Nose, T.; Chu, B. Macromolecules 1979, 12, 590. 
(8) Roots, J.; Nystrom, B. J .  Polym. Sei., Polym. Phys. Ed .  1981, 

1.9. 979. 
(c) The hydrodynamic correlation length 

the-angular disymmetry of the scattered light, which does 
not exceed 500 A in the domain of T - Tsp investigated 
here.29,31 This explains that no deviation from the k 2  de- 
pendence was observed for the rate constant ( r )  in our 
experiments. 

(d) The two straight lines of Figure 6, relative to samples 
of molecular weights 130000 and 2 X lo6, respectively, are 
shifted on the vertical scale by a factor of the order of 1.8, 
which is in reasonable agreement with the prediction 1.58 
in eq 17. 

Conclusion 
The main result of this paper concerns the concentration 

and molecular weight dependences of the diffusion con- 
stant, which can be represented on the form of a nor- 
malized hydrodynamic plot showing a minimum in the 
crossover region between the dilute and semidilute regimes. 

The temperature dependence of the diffusion constant 
in the crossover region has also been analyzed in terms of 
the theories of critical fluctuations. The hydrodynamic 
correlation length measured in the vicinity of the critical 
point exceeds considerably the critical static correlation 
length because of virial effects on the friction coefficient. 
This difference between static and correlation length is 
likely to be also observed in the semidilute concentration 
range. 

Registry No. Polystyrene, 9003-53-6; styrene-divinylbenzene 
copolymer, 9003-70-7. 
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A Study of the Behavior of Water in Nafion Membranes 
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ABSTRACT: This paper reports NMR data for perfluorosulfonate acid Nafion membranes containing various 
amounts of water. Results are also presented for Fe3+- and Na+-exchanged salts. The glasslike behavior a t  
low temperatures is discussed. The data indicate that  there is a distribution of heterogeneous water sites 
in the membranes and that fast exchange. on the NMR time scale, occurs between sites near room temperature 
and above. The  presence of paramagnetic species in samples containing water, implied by the magnitude 
of the NMR relaxation times, is confirmed by X-ray fluorescence measurements, which reveal iron (and 
potassium) in significant amounts. 

Introduction 
Many studies1-13 have revealed the complex behavior of 

water associated with diverse solid media. Whether iso- 
lated in the vitreous or amorphous state” or incorporated 
in certain biological  system^^,^ or porous m a t e r i a l ~ , ~ ~ ’ J ~  

Department of Pure and Applied Physics, Trinity College, 
Dublin 2, Ireland. 

water manifests behavior essentially different from that 
observed in the bulk state. A t  low temperatures glasslike 
character is often observed. 

Of interest in this paper is the behavior of water in the 
perfluorosulfonate membranes developed by the Du Pont 
company under the tradename Nafions. A preliminary 
report14 has shown that water in Nafions also exhibits 
glasslike behavior a t  low temperatures and that data from 
NMR and neutron scattering experiments can be described 
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