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ABSTRACT: Dynamic light scattering experiments provide measurements of binary (mutual) diffusion 
coefficients. We examine the diffusion and relaxation modes of polymer solutions observed by photon correlation 
spectroscopy. Unlike simple binary mixtures and dilute polymer solutions, concentrated polymer solutions 
lead to two binary diffusion coefficients due to the anisotropy of macromolecular diffusion, which accounts 
for two different mechanisms of concentration fluctuations seen by light scattering in these systems. In this 
paper we report data on poly(n-butyl methacrylate) in methyl ethyl ketone solutions over the entire range 
of polymer concentration. We complement ow binary diffusion coefficient measurements with the self-diffusion 
of the solvent measured by NMR spin-echo technique. 

I. Introduction 
It has recently been observed that the photon correlation 

technique of quasi-elastic light scattering can detect si- 
multaneously with the collective diffusion of segments a 
“slow” diffusion mode which has been assigned to a variety 
of mechanisms.I4 Both of the observed scattering modes 
are q2 dependent, where q is the scattering wave vector. 
We propose in this paper that the “slow” mode represents 
a binary diffusion mechanism related to the center-of-mass 
motion of the macromolecular chains. We shall denote this 
diffusion by DCM and present in the following section ar- 
guments in favor of defining such a diffusion coefficient 
and why it is different from the self-diffusion of the 
polymer chains. At  very high polymer concentrations and 
in polymer melts, the photon correlation is typically in- 
dependent of q and is analyzed in terms of a wide distri- 
bution of internal relaxation modese5 Near the glass 
transition of these systems, the slowest internal relaxation 
time could be in the range of 100 s or longer. Figure 1 is 
a schematic representation of the different dynamic modes 
observed by light scattering as a function of concentration 
a t  a constant temperature. Also indicated on the figure 
is the window of relaxation times monitored by the photon 
correlation technique. The behavior of the collective 
diffusion relaxation (D 2)-1 and that of the center-of-mass 
(“slow”) diffusion (DCM$)-l presented in Figure 1 are based 
on extrapolation of our experimental results to be pres- 
ented below and are also supported by the results of other 
investigators. The behavior of the slowest internal relax- 
ation mode is drawn according to the relation6 

where 7 and 7p are the relaxation times for diluted and 
pure bulk polymer, respectively; @1 is the volume fraction 
of the solvent, and f i  and 0 are semiempirical parameters 
based on Fujita’s free volume theory.’ 

The collective diffusion mode is observed only for sem- 
idilute and concentrated solutions at concentrations greater 
than c*, defined as the concentration a t  which the mac- 
romolecular coils will start to overlap. Although all the 
experimental evidence points to the fact that the center- 
of-mass diffusion of the chains in dilute solutions goes 
smoothly into the cooperative diffusion above c*, we have 
drawn the D, curve in Figure 1 starting only above c* to 
emphasize that from a theoretical point of view D, does 
not exist in dilute solution and one has only DCM in this 
regime. As indicated in Figure 1, a t  fairly high polymer 
concentrations the center-of-mass diffusion will usually be 
too slow to observe by photon correlation and the observed 
correlation will represent both the collective diffusion mode 
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and the internal dynamic motion of the chains. Figure 1 
is a very schematic representation of the behavior of the 
slowest modes of macromolecular dynamics as a function 
of concentration and is intended to be only a useful guide 
in the data analysis to be reported here on poly(n-butyl 
methacrylate) (PBMA)/methyl ethyl ketone (MEK) sys- 
tems and in a subsequent paper on poly(methy1 meth- 
acrylate) (PMMA)/MEK systems. We have attempted 
to cover the entire range of polymer concentration from 
very dilute solutions to pure melt. Different systems will 
of course show variations in the relative positions of the 
three curves of Figure 1; for example, deviation from 
q2-dependent diffusion behavior of the correlation function 
due to q-independent internal relaxation mode will appear 
a t  different concentration for different systems. In the 
PBMA/MEK system the internal motion dynamics of the 
chains for the molecular weight considered do not couple 
with the diffusive modes until a very high polymer con- 
centration (-75% by weight) is reached; the analysis of 
the correlation functions in terms of diffusive q2-dependent 
modes below this concentration is then straightforward. 
For the PMMA/MEK system, coupling between the col- 
lective diffusion and the internal dynamics occurs a t  the 
lower polymer concentration of 55% and the more complex 
analysis of the correlation function in terms of this coupling 
(which leads to a non q2 dependence of the relaxation time) 
will be presented in a following paper presenting the results 
on that system. We have also complemented our light 
scattering data with pulsed-gradient spin-echo NMR 
measurements of the self-diffusion coefficient D*, of the 
solvent MEK. 

Since there has been some confusion with regard to what 
is the character of the slow diffusion mode observed by 
light scattering, we briefly digress in the following section 
to describe the nature of the various diffusion coefficients 
measured in entangled polymer solutions before turning 
to the experimental section and the discussion of our re- 
sults. 

11. Diffusion Coefficients in Entangled Polymer 
Solutions 

There has been some confusion, albeit a controversy, 
with regard to what is the character of the “slow” diffusion 
mode observed by light ~cattering.’-~ The dynamic light 
scattering experiments, which are based on the refractive 
index difference between the two components of a binary 
mixture, measure mutual diffusion coefficients in a frame 
of reference relative to the mean-volume velocity and not 
the self-diffusion coefficient unless the results are ex- 
trapolated to infinite dilution. At any finite concentration, 
the diffusion observed by light scattering will be different 
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from that observed by monitoring the motion of tagged 
particles by techniques such as NMR and forced Rayleigh 
scattering because purely thermodynamic interaction 
terms (and not only a frictional term) enter in the defi- 
nition of binary diffusion coefficient seen by light scat- 
tering.8 In entangled polymer solutions there are two 
different mechanisms for the change of concentration in 
a given thermodynamic system: one mechanism corre- 
sponds to the swelling or deswelling of the system, with 
the topology of the polymer network remaining unchanged, 
and the other corresponds to a change of concentration due 
to center-of-mass motion (reptation-like at  high polymer 
concentration) of macromolecular chains into or out of the 
system. Both mechanisms occur in concentrated polymer 
solutions but only the first mechanism is permitted in a 
permanently cross-linked polymer network (gel). The 
physical reason for the two mechanisms in solutions is 
intimately tied to the anisotropic nature of the diffusion 
of the macromolecular chains past the overlap concen- 
tration c*. Below c*, DCM is isotropic; but beyond c* and 
more clearly in entangled solutions, the motion of sections 
of the chain between entanglements which leads to the 
collective diffusion D, can be thought as being primarily 
in a direction perpendicular to  the line between entan- 
glements, whereas the slow-mode DCM is essentially due 
to a motion parallel to the chain backbone. Between c* 
and the concentration a t  which entanglements clearly set 
in (c** or cJ, these two modes will probably be coupled 
as their time scales are quite close; there is evidence, for 
example, that in this region D,  is not independent of 
molecular weightgJO as it should be in theory.ll Obviously 
if a continuous line is drawn through the data of D, en- 
compassing the data in the dilute regime, there will be a 
transition region where D, wil l  depend on molecular weight 
as the two modes merge below c*. The general statement 
that diffusion in any two-component mixture can be de- 
scribed by a single mutual (or binary) diffusion coefficient 
which may be a function of composition but will be the 
same for both components will not hold for entangled 
polymer solutions. Bearman in 1961 in his statistical 
mechanical formulation of diffusion coefficients had al- 
ready cautioned about this point.12 In a frame of reference 
fixed relative to the mean-volume velocity, the mutual 
diffusion coefficients in a two-component system can be 
expressed as12J3 

where ci, Di, and pi are the concentration, partial volume, 
and chemical potential of component i and tij is the 
coefficient of friction of i in j .  Only in binary mixtures of 
simple liquids when the pair interaction potential between 
a molecule 1 and a molecule 2 may be regarded as a 
smoothed potential in which the effects of orientation and 
internal degrees of freedom have been averaged out will 
tI2 equal 521 and thereby D12 equal DZ1, leading to a single 
diffusion coefficient.12 This situation holds for dilute 
polymer solutions (below the overlap concentration c*) and 
when the volume of the thermodynamic system considered 
is very large compared to the macromolecular size. Above 
c*, however, C;12 will differ from 521, and D12 # D21. Unlike 
simple binary mixtures and dilute polymer solutions, which 
are characterized by a single binary diffusion coefficient, 
entangled polymer solutions will lead to two binary dif- 
fusion coefficients observable by light scattering. One 
coefficient has been associated with the collective diffusion 
of segments, and the other is associated with the center- 
of-mass motion of the polymer molecules. Stated differ- 
ently, the center-of-mass diffusion which is random and 
isotropic in dilute solutions is breaking into two compo- 
nents beyond c* due to the anisotropy of the diffusion 
process. One can also define self-diffusion coefficients for 
the two components in the mixtures by defining the fric- 
tion factors12J4 

51 = Cl511  + c2512 ( 3 4  
5 2  = c2522 + c1521 (3b) 

where t1 will lead to a self-diffusion coefficient for the 
solvent molecules D,* and t2 will lead to a self-diffusion 
coefficient for the polymer molecules Dp*. These coeffi- 
cients are not affected by thermodynamic interactions in 
the form of second and higher virial coefficients arising 
from ap/ac in eq 2: and there lies the difference between 
D,* and DCM. In an entangled polymer system one can 
then determine four experimental diffusion coefficients: 
D,, DcM, Ds*, and Dp*. We report measurements of D,, 
DCM, and D,* in PBMA/MEK systems of a wide range of 
concentration. 

111. Experimental Section 
A. Samples for Light Scattering. (1)  Solutions with Less 

Than or Equal To 40% by Weight Polymer. Linear poly(n- 
butyl methacrylate) was prepared by suspension polymerization 
initiated by benzoyl peroxide at 70 "C. The polydispersity and 
the molecular weight of the polymer were determined by gel 
permeation chromatography (GPC). The weight-average mo- 
lecular weight M ,  was determined to be 4.5 x lo5 and the poly- 
dispersity index M J M ,  was -3. The polymer was dissolved in 
methyl ethyl ketone predistilled over CaH,. Polymer solutions 
(except the 40% samples) were filtered through 0.22-pm Teflon 
membrane filters directly into cylindrical scattering cells (i.d. = 
13 mm). The 40% solution was obtained by evaporation of a 30% 
solution in a vacuum oven. Solutions were freed from dust by 
centrifugation for 2 h at 15000g, where g is the gravitational 
acceleration. 

(2) Highly Concentrated Solutions ( 2 5 5 % ) .  These polymer 
solutions were prepared directly in the scattering cells from 
monomer (BMA)-solvent (MEK) mixtures. The monomer was 
put into a tube that was connected to the vacuum distillation and 
degassing setup shown in Figure 2 and was dehydrated with CaHz 
for 3 days with mixing. The monomer was degassed by the 
freeze-thaw technique for several cycles until no further evolution 
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Figure 2. Vacuum distillation and degassing setup for the 
preparation of highly concentrated solutions and polymer melts. 

of gas occurred while thawing, then vacuum distilled into a 
graduated tube, and warmed to room temperature. This procedure 
was repeated separately for the solvent. The required amount 
of monomer was vacuum distilled again into a necked light 
scattering cell that contained benzoyl peroxide (0.1% of final 
composition) and tert-butyl hydroperoxide (0.05%). The latter 
was used to ensure completion of polymerization. Subsequently, 
the appropriate amount of solvent was distilled into the same cell, 
and the cell was flame-sealed under vacuum. The mixture was 
centrifuged at 15000g for 1 h to deposit any dust particles that 
may have escaped all previous precautions at the bottom of the 
cell. The monomer was polymerized at 90 O C  for 1 day and then 
kept in an oven at 140 O C  for 1 week to drive the reaction to 
completion. All samples were left at 40 O C  for 1 week, and the 
temperature was then gradually brought down to room temper- 
ature. The weight-average molecular weight and polydispersity 
index of the 55%, 65%, and 100% samples were respectively 3.2 
X lo5, 3.6 X lo6, and 9.7 X lo6 and 1.7, 1.6, and 3. Locally, in 
the preparation tube, the pure bulk polymer had a polydispersity 
of about 1.7. There was, however, a molecular weight gradient 
toward the center, owing, we believe to wall effects and tem- 
perature gradient that lead to an overall polydispersity of close 
to 3. 

B. Light Scattering Setup. A Lexel85 argon ion laser (A 
= 4880 A) was used in conjunction with a photomultiplier tube 
(EMI9789A) and a Birnboim correlator (Data Acquisition System, 
DAS 111, Science Research Systems of Troy, Troy, NY). A tem- 
perature-controlling bath and jacket for the sample holder allowed 
temperature regulation from -30 to approximately +lo0 O C  to 
better than 10.1 OC. All the experiments reported here were 
performed at 19 "C except when otherwise indicated. 

C. Proton NMR. (I)  Materials. Linear poly(n-butyl me- 
thacrylate) was prepared by solution polymerization in MEK at 
60 "C with benzoyl peroxide as initiator. The value of M,, was 
determined by GPC to be 90OOO and the polydispersity ratio was - 1.5. Low-concentration samples (140% by weight polymer) 
were obtained by dissolving appropriate amounts of precipitated 
polymer into the solvent MEK, the solutions were then transferred 
into NMR microcells. Higher concentrations were prepared by 
evaporation of a 50% solution in a vacuum oven. 

(2) Measurement of Self-Diffusion of Solvent. The 
pulsed-gradient spin-echo measurements of solvent self-diffusion 
were performed at 79.54 MHz by using the Carr-Purcell pulse 
sequence. Experiments were made on a CFT-20 Varian NMR 
spectrometer at 26 "C. In order to avoid the signal contribution 
due to the polymer, the delay time T between 90° and 180° 
radio-frequency pulses (and hence the effective diffusion time) 
was 40-180 ms. The field gradient G was -0.4 G/cm, and D20 
was used for lock purposes. For comparison with light-scattering 
measurements at 19 OC, the NMR self-diffusion values were 
assumed to be inversely proportional to  temperature, which is 
a reasonable approximation in view of the closeness of the two 
temperatures. 

IV. Analysis of the Time-Correlation Function 
The normalized intensity autocorrelation function in a 

homodyne experiment for a single-relaxation process of 
amplitude A and decay constant r can be expressed asl6 

(4) gHo(2)(t) = 1 + Ae2rt 

Figure 3. Plots of the correlation functions for 30% PBMA in 
MEK at a scattering angle of 60' for two widely different delay 
times. The top figure is for the fast diffusion and the bottom one 
for the slow diffusion. Each curve is a single-exponential fit to 
the data points. 

For the heterodyne experiment, the intensity autocorre- 
lation is given bylS 

(5) 

The experimental photon correlation function C ( t )  is 
identified with g@)(t) within a constant nonzero term.16 In 
the event of two simultaneous relaxation processes, the 
correlation function becomes 

g(2)(t)  = 1 + + A,e-r8t)2 (6) 

where A, and Af and rf are the amplitudes and decay 
constants of the slow and fast relaxation processes, re- 
spectively. 

Amis et al.3b have proposed that provided the fast and 
slow processes give rise to a weak and strong scattering 
amplitude, respectively, and that the two processes are well 
separated in time scale, the fast process is detected by 
heterodyne scattering whereas the slow process is detected 
by homodyne scattering. They reported that even with 
an intensity ratio A,/Ar as low as 1.5, use of the heterodyne 
detection scheme for the fast process was the more ap- 
propriate approach for their results. By examining the 
various contributions to our intensity correlation function, 
we indeed reach a similar ~onclusion.'~ We have therefore 
followed their proposed procedure and fitted our scattering 
data for 20% and 30% solutions using eq 4 for the slow 
diffusion relaxation mode. Values of A, and rs were thus 
extracted from the correlation functions with long delay 
times. The fast diffusion process was then fitted to a 
correlation of the form 

C ( t )  = B + (7) 

where B was a floating base line. Figure 3 shows the fast 
and slow correlation functions for 30% PMBA in MEK. 
The required delay times for these correlations were sep- 
arated by 4 orders of magnitude. Intensity correlations 
from the less concentrated solutions were analyzed on the 
basis of homodyne scattering (eq 6). Again, A, and ra were 
first obtained from the long delay time correlation func- 
tion. For the highly concentrated solutions (55% and 

gHE(2)(t) = 1 + Ae-rt 
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Figure 4. Plots of rr (fast) vs. q2 for solutions of 1, 10, and 55 
wt % polymer. 
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Figure 5. Diffusion coefficients vs. concentration for PBMA/ 
MEK at 19 “C. D*, is the self-diffusion of MEK obtained by 
NMR at 26 “C and reduced to 19 “C. D, the cooperative dihsion 
coefficient, and DCM, the center-of-mass diffusion coefficient, are 
“binary” diffusion coefficients obtained by photon correlation for 
c > c*. 

65%), the slow diffusion process was not detected within 
the time limit of the correlator and since the total scattered 
intensity of these solutions was low (about the same as the 
1% solution), it was more appropriate to use the homodyne 
analysis in the absence of strong local oscillators. 

V. Results and Discussion 
A. Cooperative Diffusion. Figure 4 illustrates the 

typical q2 dependence of the fast decay constant. Because 
of the shortest delay time limitation of our software cor- 
relator, some of the fast signals at  high angles (greater than 
90”) were not successfully detected. Similarly, because the 
cooperative diffusion coefficient D, increases initially with 
concentration was shown in Figure 5, its corresponding 
decay time in the 40% solution becomes too fast to be 
monitored by our correlator. The data points for D, and 
DCM reported in Figure 5 are only for c > c*. The diffusion 
below c* (in the dilute regime) leads to a single exponential, 
which we have found more natural to link to the “slow” 
mode (DCM) above c* as reported in Figure 6, although as 
discussed earlier, D, and DCM merge below c*. The co- 

1 -4 

Figure 6. Logarithmic plot of D, and DCM vs. concentration. In 
the semidilute regime a 0.3 scaling exponent is obtained for D, 
and an exponent of -2 for DCM. 
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Figure 7. Correlation functions at different angles for 65% and 
75% PBMA in MEK. 

operative diffusion goes through a maximum and decreases 
at  high concentrations where it was measured for 55% and 
65% solutions. Above 65% it was impossible to detect the 
q2 dependence of the relaxation frequency. This is illus- 
trated in Figure 7, which shows that the 65% solution gives 
an exponential decay of the fast component of the corre- 
lation function over approximately 2 orders of magnitude. 
For the 75% solution, on the other hand, no exponential 
decay was observed and the decay exhibits an angular 
dependence that becomes weaker at  higher angles. In 
terms of Figure 1, we have surpassed the intersection of 
(D,q2)-’ and the slowest internal mode curves, which occurs 
between 65% and 75% polymer in the PBMA/MEK 
system. The internal mode distribution of relaxations has 
overtaken the fast portion of the correlation and the co- 
operative diffusion mode now is inextricably coupled to 
internal relaxation modes that are faster than the slowest 
mode. This coupling leads to what is commonly called 
“anomalous” or non-Fickian diffusion observed in classical 
diffusion experiments in polymers.18 We note that 
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Table I 
Values of D,*, D,, and Dcm in PBMA/MEK Systems 

w, g/g % DB*280c, cm2/s Dc19'c, cm2/s D c M ~ ~ ' ~ ,  cm2/s 
0 3.11 x 10-5 

I 

I /,*' I 

Figure 8. q2 dependence of Fa (slow) for three different solutions. 

"anomalous" diffusion is usually observed only below the 
glass transition where the internal relaxations are very 
slow; but in this case the diffusion experiments are per- 
formed on a macroscopic length scale L such that the 
diffusion time (D/L2)-' is again comparable to internal 
relaxation times when the anomaly (i.e., coupling) occurs.19 
In dynamic light scattering the length scale over which 
diffusion is probed is the inverse scattering wave vector 
and Dq2 is comparable to internal relaxation frequencies 
far above the glass transition and for a substantially diluted 
polymer (75% PBMA in MEK for the case under con- 
sideration). The initial slope of the correlation function 
for the 75% solution shown in Figure 7 is not q2 dependent 
because (D,q2)-' is no longer the fastest relaxation time 
observed. Accordingly, it  will be impossible to extract D, 
from the shape of the correlation, and a different analysis 
of the correlation to be presented later is required. 

The cooperative diffusion coefficient D, can only be 
observed a t  concentrations beyond the minimum overlap 
concentration c * ,  which is -0.5% in our PBMA/MEK 
system. Below that concentration, only the center-of-mass 
diffusion DCM of independent polymer molecules in dilute 
solutions is observed as indicated in Figure 6. In the 
semidilute regime (c  2 0.5%) we observe for D, a power 
law index of approximately 0.30, which increases at higher 
concentrations (Figure 6). The scaling prediction for the 
cooperative diffusion coefficient 0," defined in a frame of 
reference relative to the solvent velocity" gives a power 
law with an exponent of 0.75 in the semidilute regime. To 
compare with the scaling law prediction one should 
therefore transform the light scattering values of D ,  
measured in a frame of reference relative to the volume 
velocity. The two diffusion coefficients are related by20 
D, = D,"(1 - 42), where 42 is the volume fraction of the 
polymer. We find that in the region just above c = 0.570, 
the expohent for 0," is -0.4. Other workers have reported 
similar discrepancies from the scaling prediction for other 
~ y s t e m s . ~  The limiting value of D, a t  zero solvent con- 
centration shown in Figure 5 was obtained by extrapolation 
of the NMR solvent self-diffusion measurements since it 
is expected that in the limit of 4 - 1, D, = De*. The 
details of the extrapolation procedure are discussed in 
section C. 
B. Center-of-Mass Diffusion. Figure 8 shows that 

the relaxation frequencies re of the slow decay mode ob- 
tained with long delay times are indeed q2 dependent 
within experimental errors. The diffusion coefficients DCM 
( = r , / q 2 )  which we have associated with the binary cen- 

0.05 
0.01 
0.5 
1 
5 2.99 x 10-5 

10 2.77 x 10-5 
20 2.42 x 10-5 
30 2.16 x 10-5 
40 1.74 x 10-5 

75 1.90 x 10-7 
100 2.96 x 10-9(a) 

55 9.24 X lo4 
65 5.30 X lo4 

a Obtained from extrapolation. 

2.14 x 10-7 
2.10 x 10-7 

4.77 x 10-9 

6.75 X 1.64 X 
6.84 X lo-' 1.47 X lo-' 

1.34 X 10" 1.18 X lo* 
1.76 X lo4 1.55 X 
2.42 X lo4 2.00 X lo-" 

1.13 X 
2.08 X lo4 
1.76 X lo4 

1.00 x io4 

ter-of-mass diffusion of the polymer chains are listed in 
Table I along with values of D, and De*. Figures 5 and 6 
show as anticipated a very rapid decrease of DCM with 
concentration above c - 1%. The behavior of the DCM 
curve in Figure 6 exhibits the drastic change in the nature 
of the center-of-mass diffusion of the chains as a function 
of concentration. The random Brownian behavior of the 
individual macromolecular particles at c < 0.5% is replaced 
by the much slower reptative-like motion at high polymer 
concentrations. At concentration higher than 55%, the 
center-of-mass diffusion becomes too slow to be detectable 
with our correlator. In the concentration regime just above 
1% (semidilute regime), our results for DCM can be de- 
scribed by a scaling law with an exponent of -2.0. It  is 
obvious from Figure 6 that even more so than the results 
for D,, the power of the exponent here is a strong function 
of the concentration. I t  should be pointed out, however, 
that the scaling prediction of an exponent of -1.75 is for 
the self-diffusion of the polymer chain Dp* and not for the 
binary diffusion DCM observed by light scattering. Leger 
et aL2' have demonstrated for example that Dp* measured 
by forced Rayleigh scattering on polystyrene/ benzene 
solutions is in good agreement with scaling and reptation 
predictions over a fairly wide concentration range. 

In simple binary mixtures, it  is usually expected that 
the mutual diffusion coefficient is smaller than the self- 
diffusion coefficient of the fast-moving component and 
greater than that of the slow-moving component.22 In 
dilute polymer solutions (below c*)  where we have isotropic 
macromolecular diffusion leading to a single mutual dif- 
fusion coefficient, this appears to be indeed Above 
c*, however, the presence of two binary diffusion coeffi- 
cients appears to complicate things a Chang and Yuk have 
reported measurements of D,* that are greater than DCM 
and lower than D,. An intersection (crossover) of the two 
curves for D,* as a function of concentration might 
therefore be occurring at c - c*. More work wil l  be needed 
to illustrate this interesting feature. We note that Dp* and 
DCM are identical in the limiting cases of 42 - 0 and of 
42 - 1 if we assume that [21 = 522 in that limit. In Figure 
9 we show the ratio of the amplitude of the slow diffusion 
mode to that of the fast diffusion mode. As has been 
previously reported on other systems1* this ratio decreases 
drastically as the polymer concentration decreases with 
higher amplitude ratios observed at lower scattering angles. 
As the density of entanglements decreases, the amplitude 
of the collective or fast motion primarily perpendicular to 
the line between entanglements increases due to the de- 
crease of constraints. The observed angular dependence 
implies that at small angles one increases the chances of 
observing the slow diffusion along the chain. We note also 
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Figure 9. Plot of the amplitude ratio of the slow to the fast modes 
vs. concentration at various angles. 

that as the concentration of polymer is decreased even 
further, the amplitude ratio turns around and goes up 
again. This is linked to the fact that the overlap proba- 
bility of polymer coils is diminishing as the number density 
of coils drops and we approach c* from above. Obviously 
below c* the center-of-mass translation diffusion dominates 
the scattering amplitude since the cooperative (fast) dif- 
fusion mode contribution has altogether vanished. 

C. Solvent Self-Diffusion. The decrease in the value 
of the self-diffusion coefficient of a solvent due to the 
presence of a polymer in a solution or a gel has been in- 
terpreted with some limited success in terms of the ob- 
struction theory and its  modification^.^^ At the other end 
of the concentration spectrum, i.e., for plasticized polymer 
melts, the modified free volume model due to Fujita5 is 
successful in describing the mutual diffusion for many 
polymer/organic diluent systems a t  very high polymer 
volume fraction. Recent versions of the free volume ap- 
proach due to Vrentas and Duda26 and to Paulz7 attempt 
to improve this situation and to produce a predictive 
version of the free volume theory. 

We have found that the self-diffusion coefficient D,* of 
MEK presented in Table I and obtained by the NMR 
pulse-gradient spin-echo technique in the systems 
MEK/PBMA and MEK/PMMA follow surprisingly well 
the simple relation 

In (D,*/Do) = B d l  - B/B&)/uLT,O) (8) 

where Do is the self-diffusion of pure MEK, B is a constant 
representing a measure of the critical size "hole" necessary 
in order for a diffusion jump of the solvent molecule to 
occur, Bo is the value of B in pure solvent, C$l is the volume 
fraction of solvent, and uf(T,O) = u~(T,C$~ = 0) is the frac- 
tional free volume of the pure solvent a t  temperature T. 
Equation 8 can be obtained from a generalized Doolittle 
empirical expression for the self-diffusion of small mole- 
culesZ8 

D,* = A exp[-B/uAT,#~~)l (9) 

by assuming that the addition of a polymer to the solvent 
decreases the fractional free volume uf available to solvent 
diffusion. The prefactor A in eq 9 depends primarily upon 
the size and shape of the solvent molecule. Equation 8 
follows immediately from (9) if one assumes that the 
constant B is only weakly dependent on the concentration 
of the system and that the fractional free volume contri- 
bution of the solvent is much greater than that of the 
p~lymer . '~  Obviously the latter assumption will break 

Figure 10. Plot of In @*/Do) vs. $1-1 for MEK in PMMA (A) 
and in PBMA (0). The curves are best fit straight lines to the 
experimental data. 

down a t  very high polymer concentration where the frac- 
tional free volume contribution of the polymer becomes 
significant and where Fujita's approach is successful, but 
in the remaining very wide range of polymer concentration 
(& from 0 to 0.75 for our data on MEK/PMMA) this 
assumption appears legitimate, as demonstrated by the 
validity of eq 8 in Figure 10. We note that the constant 
B representing the slopes of the lines in Figure 10 is dif- 
ferent for the same solvent (MEK) in different polymers, 
indicating that B is not equal to Bo and that it must 
somehow incorporate the different molecular interactions 
of MEK/PBMA and MEK/PMMA. We have also tested 
eq 8 with previously reported data of self-diffusion coef- 
ficients of water in polyacrylamide solutions and gels,3o of 
water in dextran solutions,25 and of a third solute in the 
polymer solutions. l7 The inverse proportionality between 
In (D,*/Do) and is well obeyed in all the cases consid- 
ered. The values of B for the self-diffusion of water in 
polyacrylamide solutions and in dextran solutions are 
practically equa1,17 suggesting that the strong hydrogen- 
bonding character of the water molecules may be the 
dominating factor in the molecular interactions in these 
systems. In terms of Vrentas and Duda's extension of the 
free volume approach, this last result would indicate that 
polyacrylamide, a linear aliphatic molecule, has the same 
jumping unit as dextran with its heterocyclic segments. 
Since this appears unlikely, it is suggested that the effect 
of the interaction between solvent and polymer (strong H 
bonding in this case) built into the empirical constant B 
plays a key role. We must caution that eq 8 must neces- 
sarily fail when the polymer concentration is high enough 
to make the assumption of negligible fractional free volume 
contribution of the polymer invalid. The smaller the 
molecular weight of the polymer and the higher the tem- 
perature, the sooner would this assumption break down. 

The limiting value of D,* at zero solvent concentration 
shown in Figure 5 has been extracted from the data by 
plotting [In (D,*/D0)]-l vs. ~ $ 2 ~  for d2 between 0.45 and 0.75 
and then extrapolating the resulting curve to = 1. In 
the infinite solvent dilution limit ( 4 ~ ~  = 11, the self-diffusion 
diffusion D,* and the mutual cooperative diffusion coef- 
ficient D, must be identical. Although the molecular 
weight of PBMA in the solutions studied by NMR is 
different from that of the light scattering experiments, we 
assume that the self-diffusion of solvent molecules and the 
binary cooperative diffusion coefficient are independent 
(or weakly dependent) of the polymer molecular weight." 
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do not observe any anomalous behavior of the correlation 
at 50 "C. 
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Figure 11. Plots of composite correlation functions for bulk 
PBMA a t  four different temperatures. 

D. Relaxations of Polymer Melts. We have exam- 
ined the photon correlation results of pure PBMA melts 
as a function of temperature near and above its glass 
transition temperature (T, = 20 "C). As schematically 
indicated in Figure 1 for 4 = 1, the slowest internal mode 
relaxation times could lie beyond the correlator's time 
limit. This is the case for the correlation observed a t  20 
"C shown in Figure 11, which indicates an extremely wide 
distribution of relaxation times spanning more than 8 
decades of time scales. These correlations are obtained 
by matching photon correlations obtained with different 
time delays into composite correlations covering a wide 
spread in time. Very wide distributions of relaxations 
observed by photon correlation near Tg have been previ- 
ously reported for p~lystyrene.~ The preparation of a good 
pure PBMA sample for light-scattering purposes had until 
now presented some difficulties due to built-in strains and 
inhomogeneities during the preparation. Our preparation 
procedure seems to be quite successful since we have 
achieved a Landau-Placzek ratio of N 2.0, indicating a 
nearly perfectly homogeneous For temperatures 
above T,, the slowest internal relaxation modes move into 
the correlator window and the observed correlations at 30, 
40, and 50 "C decay down completely to a base line within 
the time regime of our correlator a t  the expense of the 
fastest part of the relaxation distribution lost beyond the 
shortest time delay. All the correlation functions observed 
on the melt were independent of the scattering angle. The 
effect of the addition of a solvent on the relaxation spec- 
trum of polymer melts has often been considered to be 
equivalent to the effect of increasing the temperature. 
While this is in part correct as the whole distribution of 
relaxations move to faster time scales 89 indicated in Figure 
1, the presence of the solvent leads to the appearance of 
the cooperative diffusion mode, which is likely to couple 
with the internal relaxation modes of the polymer and 
impart a q-dependent character to the photon correlation 
as observed for the 75% solution in Figure 7. The results 
of Figure 11 for pure PBMA can be analyzed in terms of 
the Williams-Watts empirical equation," which has been 
used to describe the distribution of relaxation in polymer 
melts.5 Unlike previously reported results on PBMA,32 we 
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