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Solvent mobility in poly(methyl methacrylate)/toluene solutions by 
depolarized and polarized light scattering 
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W. Brown 
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(Received 25 June 1991; accepted 15 October 1991) 

Depolarized Rayleigh and polarized Rayleigh-Brillouin scattering are employed to examine 
the mobility of toluene in solutions of poly (methyl methacrylate) (PMMA) and for PMMA 
concentrations: O<CPMMA <; 1. The depolarized Rayleigh measurements were performed in the 
temperature range 20-120'C with several interferometer spacings, whereas the polarized 
Rayleigh-Brillouin measurements were made in the range from - 20 to 140 0c, The 
reorientation times of toluene, obtained from a single Lorentzian fit to the experimental 
depolarized spectra, are in good agreement with earlier NMR and dielectric relaxation data. 
Two Lorentzians were necessary to fit the depolarized spectra of the PMMA/toluene solutions 
at all temperatures. The broader Lorentzian is due to fast toluene reorientation and the 
narrower Lorentzian contains contributions from both slowly relaxing polymer chains and 
slow solvent reorientation in the macromolecular environment. The reorientation time and the 
fraction of the "mobile" toluene molecules are obtained, respectively, from the width and the 
integrated intensity of the broader Lorentzian. We discuss the reorientational dynamics ofthe 
broader Lorentzian with respect to the normalized solvent relaxation time 1"11"0' where 1"0 

refers to the neat solvent. The principal conclusions of this work with respect to solvent 
dynamics are (i) the exponential concentration dependence of 1"11"0 at high temperatures and 
for polymer concentration up to 70% which is similar for the three polymer/solvent systems 
employed so far, (ii) the presence of two time scales for the solvent reorientation in these 
homogeneous polymer solutions, and (iii) these "fast" and "slow" relaxation processes 
resemble the toluene and PMMA bare dynamics, respectively, and their relative amplitUdes 
depend on temperature. The experimental results are discussed in terms of recent models of 
orientational relaxation in dense systems. Furthermore, the polarized Rayleigh-Brillouin 
measurements on the PMMA/toluene system revealed the presence of significant rotational 
mobility of toluene acting as an initiator for the broad hypersonic attenuation observed at GHz 
frequencies. . 

I. INTRODUCTION the high-frequency limiting solution viscosity 77'00 and bire
fringence S '00 resulted in a quantity-which has traditional
ly been interpreted as due mainly to the polymer-which 
does not approach zero at high frequencies. Consequently, it 
has been suggested that the observed high-frequency behav
ior may predominantly reflect the modification of the sol
vent properties by the polymer. Recently, the rotational re
laxation of the solvent Aroclor (AI248) in solutions 
containing polystyrene (PS) with PS concentration CpS 

O<cps ,0.27 glcc and 1,4 polybutadiene (PB) with PB con
centration O,cPB ,0.26 g/cc has been examined by OEB. 1O 

In both cases, the normalized solvent relaxation time 1"/1"0' 

where 1"0 refers to the neat solvent relaxation time, was found 
to exhibit an exponential dependence on concentration. This 
ratio can be used as a measure of an average local friction 
that the solvent molecules experience in the vicinity of the 
polymer chains. It is thus of primary importance to obtain 
this ratio at higher polymer concentrations. The reorienta
tional dynamics of the same solvent (AI248) have also been 
studied by DRS. I I For PSI A1248 solutions, the analysis of 
the experimental depolarized spectra was based on the as
sumption of two distinct Lorentzian peaks. The variation of 
the integrated intensities with temperature and PS concen-

The study of rotational relaxation of solute molecules in 
dense polymer systems has recently been intensified. Solvent 
molecules can undergo restricted reorientation in high-mo
lecular-weight polymer matrices, as inferred from dielectric 
relaxation (DR),1.2 H2 and recent two-dimensional solid 
state NMR,3,4 depolarized Rayleigh scattering (DRS), 5.6 

and Brillouin scattering (BS).7 Additionally, viscoelas
tic,8.9 oscillatory electric birefringence (OEB), 10 NMR,3 

and DRS, II experiments provide evidence that the solvent 
properties are modified by the presence of polymer chains. 
To explain the alteration of solvent properties, theoretical 
models of rotational relaxation 12.13 and molecular dynamics 
simulations l4 were subsequently employed. 

Viscoelastic8.9 and oscillatory shear birefringence ex
periments,1O in a variety of polymer/solvent systems, dem
onstrated that subtraction of the solvent contribution from 
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tration suggest the presence of two solvent populations: one 
"mobile" and one "hindered" by the PS chains. Albeit, a 
distribution of Lorentzians is conceivable for modified sol
vent reorientation-also implied by recent photon correla
tion spectroscopy (PCS) measurements l5 at low tempera
tures-its extraction from the experimental depolarized 
spectra is not possible. Even a good double Lorentzian fit 
may yield ambiguous results beyond certain limits for the 
contribution of the narrow and broad Lorentzian to the de
polarized spectra. It is therefore crucial to support the find
ings of the PSI A 1248 investigation, employing another sys
tem and concurrently improving the experimental 
conditions. 

The purpose of the present study is to investigate solvent 
relaxation (toluene) within a high molecular weight poly
mer matrix (PMMA) over a range of temperature and poly
mer concentration. The effect of polymer on the microscopic 
dynamics of the solvent can best be examined by selective 
probing of the solvent. Thus, we employ depolarized Ray
leigh scattering for bulk PMMA, neat toluene, and 
PMMA/toluene mixtures in the temperature range 20-
120 ·C. We complement our results with polarized Ray
leigh-Brillouin measurements made on the same system in 
the temperature range from - 20 to 140 ·C. 

The PMMA/toluene system was chosen for the present 
study for two reasons: Firstly, because PMMA and toluene 
are nearly refractive index matched; secondly because to
luene has a much higher depolarized intensity than that of 
PMMA. The first observation minimizes the contribution 
from unwanted concentration fluctuations to the scattered 
intensity, whereas the second preserves the selectivity of 
DRS. Due to the very fast reorientation time (few ps) of 
toluene, the solute (PMMA) contribution can be separately 
measured at a small free spectral range (FSR). Moreover, 
PMMA and toluene are miscible in all proportions and a 
study can be made at high polymer concentrations. 

II. EXPERIMENTAL SECTION 

The depolarized Rayleigh spectra IVH (cu) were ob
tained at a scattering angle of 90· using the apparatus de
scribed elsewhere. II Four free spectral ranges (FSR) were 
used; 228, 146, 40, and 9.7 G Hz, with a finesse in excess of 65 
for all depolarized spectra. The data analysis consisted of 
fitting each peak to either a single Lorentzian (neat solvent) 
or a double Lorentzian (PMMA/toluene solutions) plus a 
baseline: 

I 2 fi 
IvlI(CU) =- 2: Ii 2 2 +B, 

1T i= 1 fi + cu 
(1) 

where II and 12 are the integrated intensities of the narrower 
and broader interferometric components, respectively, fl 
and r 2 are the corresponding half-widths at half-height 
(HWHH), and B is the background. All depolarized spectra 
were then convoluted with the instrument line shape and the 
HWHH and the integrated intensity of each Lorentzian was 
then calculated by the fitting program. The collective reor
ientation time was then computed from 7"2 = (21Tf2 ) - I. 

An alternative fitting procedure to the experimental spectra 
would be to fit each spectrum with a continuous distribution 

of Lorenztians implied by the. notion of a modified solvent 
reorientation in accord with the PCS results on the systems 
PSI AI248 and PBI A1248. 15 This procedure was not em
ployed here for two reasons: Firstly, because the reorienta
tion time 7"2 was highly reproducible at a given temperature 
with the aforementioned procedure and, hence, yielded phy
sically meaningful temperature dependence; secondly, be
cause it was insensitive to the FSR employed at all tempera
tures. 

DRS spectra were recorded in the temperature range 
from 20 to 120 ·C. TypicalIvH (cu) spectra for bulk PMMA, 
neat toluene, and a PMMA/toluene solution with 
CpMMA = 0.3 glcc are shown in Fig. 1. Two intriguing fea
tures emerge from Fig. I. First, the reorientational dynamics 
of neat toluene (in the ps time scale) are much faster than 
the PMMA times (in the ns or longer time scale) and these 
time scales persist in the PMMA/toluene mixtures [Fig. 
1 (c) ] . Second, we notice the large difference in the integrat
ed intensities which is proportional to the effective optical 
anisotropy 16, 17 r.ff: 

IVII = Af(n)p*r.ff' (2) 

where A is a constant,J(n) is the product of the local field 
correction and the geometrical factor l/n2, with n being the 
refractive index, and p* the number density of solute. Using 
the reported Rayleigh ratio for toluene17 andp = 0.867 g/cc 
and n = 1.496 for the density and refractive index, respec
tively, we obtain an effective optical anisotropy of 23 A 6 for 
toluene. This value should be compared with the average 
optical anisotropy per PMMA monomer of (f > Ix = 1 A 6 

(where x is the degree of polymerization ). Evidently, a mon
omer in an isolated PMMA chain is more than 20 times less 
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FIG. 1. Depolarized Rayleigh spectra ofPMMA, toluene, and PMMA/to· 
luene with a PMMA concentration of 0.3 glcc at 20 'C, obtained in con· 
secutive runs. The symbol in the upper left·hand corner denotes the instru· 
ment full width. 
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effective an anisotropic scatterer as a toluene molecule in the 
neat solvent. 

Polarized Rayleigh-Brillouin spectra [I yy (cu)] were 
recorded in the temperature range from - 20 to 14O·C at a 
scattering angle of 90· using a single-pass piezoelectrically 
scanned plane Fabry-Perot interferometer (Tropel 350) 
with a FSR of 27.3 GHz and a finesse of about 50. After 
repeated collection, two spectral orders were transferred to a 
V AX computer for further analysis. The I yy (cu) spectra 
consist of two central components and two shifted Brillouin 
peaks. The unshifted line corresponds to the resolution func
tion and the "mountain" peak. The VH contribution to the 
polarized spectra appears as a flat background due to the 
much faster reorientational motion of the solvent. Indeed, 
we witnessed an increasing background in the I YV (cu) spec
tra with increasing toluene concentration. 

Figure 2 shows Iyy(cu) for neat toluene, bulk PMMA, 
and a PMMA/toluene mixture with CpMMA = 0.7 glcc at 
60 ·C. The two Brillouin peaks are shifted from the incident 
frequency by an amount CUB = qu(q), where q is the wave 
vector and u(q) the sound velocity. Sound waves are atten
uated in the sample resulting in a linewidth (HWHH): 
r B = au(q)/2rr, where a is the attenuation coefficient. 
Usually, the hypersonic loss is expressed as tan 8 = 2r BIIB' 
In the present study, the Brillouin peaks were represented by 
a Lorentzian shape and a nonlinear least-squares fitting pro
gram was employed to calculate r B andlB • The true r B' was 
obtained after subtraction of the instrument line width. 

The Landau-Placzek (LP) intensity ratio, i.e., the ratio 
of the unshifted spectral component to the intensity of the 
Brillouin doublets is often used as a measure of optical quali
ty of amorphous polymeric materials. For the bulk and plas
ticized PMMA used in the present study, the LP ratio was 
less than 4 at all temperatures. This is, to our knowledge, one 
ofthe lowest LP ratio's reported for bulk PMMA.18 Recent-

toluene 

(GHz) 

FIG. 2. Polarized Rayleigh-Brillouin spectra of PMMA, a PMMA/to
luene mixture with PMMA concentration of 0.7 glee, and neat toluene, at 
60 'C, obtained in consecutive runs. 

ly, a study19 of highly syndiotactic poly (n-butyl methacry
late) (PBMA) revealed low LP ratio's as a result of the 
homogeneous stereochemistry of the sample. 

The PMMA and PMMA/toluene samples were pre
pared by thermal polymerization, giving an atactic product. 
Care was taken to prevent internal stresses in the polymer. 
The samples consist of toluene and high MW PMMA 
( ~ 1 X 105 and 4 X 105 for the low and high CpMMA sam
ples/o respectively, with polydispersity of ~ 2) with con
centrations of 1, 0.9, 0.8, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, and 0.1 
glcc in PMMA. The glass transition temperature of bulk 
PMMA was 380 K and the corresponding Tg's of the plasti
cized PMMA with CpMMA = 0.9 and 0.8 glcc were, respec
tively, 356 and 353 K as measured by DSC (heating rate 
20 ·C/min). It is worth mentioning that although, for 
CpMMA = 0.9 glcc, the transition range was similar to bulk 
PMMA (ilTg ~20 K), for the sample with CpMMA = 0.8 
gl cc we witnessed a broader transition range due to plastici
zation.21 Glass transition temperatures are also reported in 
Ref. 22. 

III. RESULTS AND DISCUSSION 

A. Depolarized Rayleigh scattering 

1. Neat solvent reorientation 

The neat solvent I VH (cu) spectra [Fig. I (b)] are well 
described by a Lorentzian peak plus a baseline. The central 
"dip," characteristic of some glass formers,23 will only ap
pear at much lower temperatures ( - 80 ·C) than the tem
peratures employed in the present study.24 The reorienta
tion time depends on the macroscopic viscosity via the 
modified Stokes-Einstein-Debye (SED) equation:25 

70 = g2 (~ 1/s) + 7 
j2 kB TOO' 

(3) 

where Vh is the effective hydrodynamic volume of the reor
ienting molecule, 1/s is the shear viscosity, g2 is the static pair 
orientation correlation function,j2 is the dynamic pair orien
tation correlation function (usually assumed to be 1), and 
700 is the nonzero intercept necessary to fit the relaxation 
times. The physical meaning of the intercept, if any, is as yet 
not clear. To interpret the presence of a nonzero intercept in 
the SED equation, hypotheses have been made about the 
nonlinearity of the 70 versus 1/s/T plots. A recent study of 
simple supercooled liquids26 demonstrated strong devia
tions from the SED equation below a critical temperature Tc 
( Tc ::::: 1.18 Tg ). At higher temperatures-in the fluid re
gime-the SED equation was found to be valid, but at lower 
temperatures-in the viscous regime-it was found that the 
viscosity increases more strongly than the reorientation 
time, implying a breakdown of the SED equation. This was 
demonstrated27 by a discontinuity in the plot of r11/s versus 
Tg/T for a number of supercooled liquids and was attribut
ed to a change in the diffusion mechanism at the critical 
temperature Tc' Moreover, in a recent studi I of the solvent 
Aroclor (A 1248), a breakdown of the SED equation was 
demonstrated and attributed to a considerable amount of 
orientational pair correlations. These experimental evi
dences favor the concept of a dynamic phase transition at the 

J. Chern. Phys., Vol. 96, No.3, 1 February 1992 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

195.251.197.150 On: Mon, 27 Jan 2014 09:58:19



Floudas, Fytas, and Brown: PMMA/toluene solutions 2167 

temperature Tet as predicted by recent mode coupling theo
ry.28 On the other hand, from a similar plot for toluene 
(Tol7]s versus TgIT, not shown here), no definite conclu
sions could be made mainly because oflack of viscosity mea
surements at temperatures close to Tg (see Fig. 3). 

In the absence of strong solute-solvent interactions, slip 
boundary conditions can successfully predict the reorienta
tion time of most small molecules.29 Under such conditions 
the hydrodynamic volume Vh is less than the volume Vz 

swept out by the reorientation of the symmetry axis z by a 
factor which is calculated from the axial ratio p: the ratio of 
the shorter to the z axis for prolate and oblate ellipsoids. 
From the experimental reorientation times with the use of 
the modified SED equation [Eq. (3)], we can extract an 
estimate for the effective hydrodynamic volume of toluene. 
In doing so, the temperature dependence ofthe shear viscos
ity is needed in Eq. (3). The reported30 temperature depend
ence of the shear viscosity is described by the V ogel
Fulcher-Tamman (VFT) equation, 

B 
log 7] = log 7]* + " , 

T- To 
(4) 

with parameters 7]* = 6.98X 1O- 4p, B" = 178 K, and 
To = 103.1 K. Using Eq. (4) and the experimental reorien
tation times, we obtain from Eq. (3), 

70 = 1.358 X 10- 12 s+!L2.09X1O- 9 sK. (5) 
T cP 

From the slope of Eq. (5), we deduce an effective hydrody
namic volume [g2 Vh in Eq. (3)] of ~ 30 )"3, in good agree
ment with the value reported earlier.3! This value can be 
reproduced using the molecular volume and the axial ratio of 
toluene. 

Figure 3 shows the reorientation times for neat toluene 
in an Arrhenius plot obtained by DRS, NMR,32 and DR.22 
The viscosity dependence is also shown for comparison. It is 
noteworthy that different techniques probe the same molec
ular motion in different time scales. Moreover, the ratio 
T(l = 1 )Ir(l = 2) [where 7(/) is the reorientation time for 
the I th order spherical harmonic) is 1 and not 1/3, in agree
ment with earlier experimental data for toluene31 and recent 
models of rotational relaxation. 33 On the contrary, previous
ly reported depolarized Rayleigh reorientation times for to
luene24 deviate from those shown in Fig. 3, probably due to 
the lower reliability of the experimental times at low tem
peratures. The To values for neat toluene shown in Fig. 3 
conform to the Vogel-Fulcher-Tamman-Hesse (VFTH) 
expression: 

B 
log 70 = log 7 ~ + ---

T- To 
(6) 

which is equivalent to Eq. (5). A least-squares fit ofEq. (6) 
to the data in Fig. 3 yields 7 t = 0.28 ± 0.06 ps, To = 96 ± 2 
K, and B = 251 ± 20 K. B is about 30% higher than B" 
( = 178 K), but this is probably due to the much narrower 
temperature range of the viscosity data compared to the 
NMR and DRS data. 

12 

toluene 2 ----
10 

P-. 
'-... 
~ 

"'-'" 

a tl.O 

---- 0 
~8 .-. 
l-

I 
"'-'" 

tl.O -2 0 .-. 6 
I 

DRS • 
0 NMR 

4 .. DR 
• Viscosity 

2+---~---r---'----r---'---'----+ 
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1000/T (K-1

) 
8.0 

FIG. 3. Temperature dependence of the reorientational relaxation times of 
toluene obtained by depolarized Rayleigh scattering ce), NMR CO), and 
dielectric relaxation C~). Viscosities (.) are also shown for comparison. 

2. Solvent reorientation in the presence of PMMA 

The temperature dependence of the reorientation time 
To for neat toluene and the faster reorientation time 72 for 
PMMA/toluene mixtures is depicted in Fig. 4. For low 
PMMA concentrations, although the macroscopic shear vis
cosity increases by orders of magnitude, there is only a small 
"slowing-down" effect on the fast reorientational relaxation. 
For the higher polymer concentrations there is a noticeable 
"slowing-down" effect which persists to the highest mea-

..
rn 

~ --bD 

11.5 

.£ 11.0 
I 

10.5 
2.5 

I PMMA/toluene 

o 

• • 

3.0 
1000/T (K-1

) 
3.5 

FIG. 4. Temperature dependence of the reorientational relaxation times of 
toluene in the undiluted state Ce) and in PMMA/toluene solutions with 
different PMMA concentrations: 6.,0.1; 0, 0.2;~, 0.3; \,1, 0.4; ... ,0.5; <), 
0.6;.,0.7 glee. 
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surement temperatures. For CpMMA = 0.7 glcc, the solvent 
reorientation time is about 4 times longer than in the neat 
toluene. On the contrary, for the PMMA/chlorobenzene 
(CB) system,6 no measurable influence of PMMA on the 
reorientation ofCB was reported at high temperatures. Simi
larly, for the PS/styrene system,34 the orientational rate of 
styrene was reduced by about 50% in the presence of 80% 
PS. 

We now examine the concentration dependence of the 
fast reorientation time 7(C,n with respect to the neat sol
vent time 7 0 • In Fig. 5, the values of T170 are plotted semilo
garithmically versus polymer concentration for the 
PMMA/toluene solutions. The ratio 7/70 increases mar
kedly with increasing PMMA concentration. In fact, T170 , 

which defines an average local friction that the solvent mole
cules experience in the vicinity of the polymer chains, exhib
its, at high temperatures, an exponential dependence on con
centration, in agreement with viscoelastic measurements on 
several polymer solutions. Although this observation was 
made recently from OEB (Ref. 10) measurements on the 
systems PS/AI248 and 1,4PB/A1248, it is the first time, to 
our knowledge, that this prediction for T170 is verified for 
polymer concentrations as high as 0.7 gl cc. In this context it 
is worth mentioning that a similar concentration depend
ence of the effective friction coefficient was recently ob
served in the PS/di-2-ethylhexyl phthalate (OOP) system3S 

with CpS up to 0.5 glcc. In contrast to free volume consider
ations [Eq. (6)], the rate of increase of 7170 with PMMA 
concentration is rather insensitive to temperature variations 
over the range 20-80 DC (Fig. 5). The rate of change of sol
vent friction with polymer concentration is depicted in Fig. 
6. Notwithstanding the different chemical nature of the sol
vent used, the three systems display very close 

FIG. 5. Reduced solvent relaxation times vs PMMA concentration at four 
temperatures as indicated. 
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FIG. 6. The rate of change of solvent friction (riTa) with polymerconcen
tration against temperature for PMMA/toluene (~), PS/DOP (-¢-), and 
PSI A1248 (_) systems investigated by Fabry-Perot interferometry (FPI) 
at high temperatures. For the PSI A 1248 system, the previously reported 
low-temperature pes (~) and OEB (_) results are also included. 

J log ( 7/70 )/Jc values. Moreover, the three solvents in Fig. 
6 possess greatly different Tg's. 

Recently, the ratio Ra of the rotational friction coeffi
cient of the solvent to its value in the neat solvent was ca1cu
lated12 as 

(7) 

where b = l!(b *)3 (b * is the closest distance between sol
vent-polymer bead). According to Eq. (7), Ra (c) increases 
with polymer concentration at a rate depending on the prod
uct of the polymer intrinsic viscosity and the hydrodynamic 
volume of the solvent. For small polymer concentrations Eq. 
(7) can be approximated by an exponential dependence on c; 
for the higher polymer concentrations employed here Eq. 
(7) is not valid. Moreover, with respect to Fig. 6, the rate of 
change of solvent friction with polymer concentration at 
high temperatures does not depend on the hydrodynamic 
volume of the solvent. This is clearly demonstrated in Fig. 6 
where two polymers and three solvents are employed. PS 
and PMMA have different structures but similar Tg's, 
whereas OOP, A1248, and toluene have different hydrody
namic volumes and different Tg's. The rate of change of sol
vent friction with polymer concentration at high tempera
tures studied by Fabry-Perot interferometry (FPI) is 
independent of the nature of the solvent, for the three sol
vents employed. 

Apart from the reorientational dynamics, there is much 
valuable information in the intensities of the narrow (11) 
and broad (12) Lorentzians [Eq. (1)]. The intensity ratio 
K = 12111 is depicted in Fig. 7 as a function of temperature 
for different PMMA concentrations. If we assume, at least 
for the highest temperatures, that the narrow and broad 
spectral components arise entirely from slow segmental re
laxation of PMMA and fast solvent reorientation, respec
tively, the computed [using Eq. (2)] Kc values exceed con
siderably the corresponding K's of Fig. 7. For example, for 
CpMMA = 0.1 glcc at 120 DC, Kc ~21O, whereas from the fit
ted II and 12 [Eq. (1)] values, K = 45; for CpMMA = 0.2 
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glee again at 120 ·e, Kc -90, compared with the fitted 
K = 25. At low PMMA content (CPMMA <0.3 g/cc) and, 
hence, large Kc (>50) the fit ofEq. (1) to simulated double 
Lorentzian spectra have shown that K is underestimated 
mainly through an increase of II' the intensity of the narrow 
component. 36 This can partially account for the observed 
difference between Kc and K only at low CPMMA . For the 
lower Kc «50), the fit of Eq. (1) is unique, whereas the 
fitted K values of Fig. 7 are smaller than Kc at all tempera
tures and CpMMA presently considered. To elaborate this 
point, we took extra precautions in measuring the integrated 
intensities II and 12 relative to toluene. We recall here that in 
the PSI A1248 system (cps <0.15 glcc) , an interesting inter
play between II and 12 was observed. I. To check the fitting 
results, it would be desirable to obtain I. independently. The 
intensity I. can also be obtained at small FSR's for which the 
broad component appears as an unresolved background. 
Figure 8 shows the variation of the normalized intensity 
It = 12 /(1. + 12 ) as a function ofPMMA concentration at 
three temperatures. The dashed-dotted line in Fig. 8 denotes 
the expected variation of I t without modification (dilution 
effect). As indicated, the extra decrease in the intensity ratio 
K is produced, in part, by the decrease in the intensity 12 of 
the broader component. Furthermore, the decrease in 12 is 
temperature dependent (Fig. 8) and it is this dependence of 
12 on temperature which creates the features observed in 
Fig. 7. To justify this explanation we plot in Fig. 8 the inten
sity of the narrower component I. at 60 .c. If the intensity I. 
was solely due to slowly moving polymer segments then it 
should be very low and additionally display a linear depend
ence on PMMA concentration. Instead, Fig. 8 shows that I. 
depends on polymer concentration in a strongly nonlinear 
manner. We recall that the intensity It shown in Fig. 8 was 
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FIG. 7. Temperature dependence of the intensity ratio K. defined as the 
ratio of the broader (/2) to the narrower (/1 ) spectral component, over a 
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tion (see text). The corresponding dependence of the intensity II of the 
narrower interferometric component at 6O·C (_), measured with a free 
spectral range of9.7 GHz, is also shown. 

obtained with the smallest FSR (9.7 GHz) so that the 
broader interferometric component appeared as a flat back
ground. 

It is now evident that intensity from the broader compo
nent reappears in the narrower component. This suggests 
that the intensity I. contains two contributions: (i) one due 
to polymer and (ii) one due to slowly relaxing toluene mole
cules in the vicinity of the PMMA chains. The latter contri
bution to I. increases both with increasing polymer concen
tration and decreasing temperature. Knowing that there is 
an intensity interplay (121-+1. ) we can now return to Fig. 7 
and seek the fraction of 12 (or, equivalently, the fraction of 
slowly relaxing toluene) necessary to reproduce the experi
mental K values. At the highest temperature (120 ·e) and 
for CpMMA = 0.3 and 0.7 glcc we find that 4% and 12%, 
respectively, of slowly moving toluene molecules can repro
duce the experimental K values. At 20 ·e, and for 
CpMMA = 0.7 glcc, this fraction is increased to 21 %. Evi
dently, from the intensity ratio K and, more importantly, 
from the absolute intensities I. and 12 , we are able to obtain 
the fraction of slower ("modified") solvent molecules in the 
neighborhood of the polymer chains. This constitutes strong 
evidence for polymer-induced modification independent of 
the fitting procedure and furthermore supports the results 
on the PSI A1248 system· I at much lower polymer concen
trations. The presence of two distinct time scales in the 
mixed glass is further indicated by the Brillouin and pes 
experiments in Sec. III B. 

Our results can now be discussed in terms of existing 
models of rotational relaxation. For high polymer concen
trations and low temperatures, the model of restricted rota-
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tional diffusion (RRD) (Ref. 37) is usually applied. The 
RRD model was first suggested by Warchol and Vaughan38 

as a model for the dielectric relaxation of rigid rod molecules 
trapped in glassy matrices. Wang and Pecora39 extended the 
theory to include second-rank spherical harmonic correla
tion functions and they were able to predict the depolarized 
light-scattering spectra of molecules undergoing restricted 
rotational diffusion such as CB (Ref. 6) and p-chlorodi
phenyl methane (CPM) (Ref. 40) in PMMA. In the frame
work of this model, two widely separated relaxation time 
scales exist as a consequence of two types of motion of a 
rodlike solvent molecule in the polymer matrix. The faster 
reorientation time (broader interferometric component) 
arises from restricted rotational diffusion of the solvent in a 
cavity created by the polymer segments, whereas the slower 
reorientation time (narrower interferometric component) 
arises from cooperative motion between the solvent and the 
polymer segments, thus reflecting a broad distribution of 
relaxation times which can be analyzed at lower tempera
tures using PCS. In the RRD model, both the integrated 
intensity of the narrower and broader components and the 
dynamics of the broader component depend only on one pa
rameter: the angle of restriction 80 , Our experimental results 
shown in Fig. 7 are consistent with the predictions of the 
RRD model. The ratio K (Fig. 7) decreases both with de
creasing temperature and increasing PMMA concentration, 
Le., with increasing restriction. The cone angle of rotation of 
toluene within the PMMA matrix, calculated from the in
tensity ratio K for the samples with higher CpMMA reveals a 
temperature dependence (not shown here) similar to K. 
Analytically, for CpMMA = 0.5 glee, 80 varies from 52" to 64" 
in the temperature range 20-120 "C. For CpMMA = 0.6 g/cc 
the variation is between 41" to 57", whereas, for CpMMA = 0.7 
glee, between 25" to 42" in the same temperature range. 

Doi41 described the rotational motion of rodlike poly
mers in concentrated solutions on the basis of the tube mod
el. The similarities between the Wang-Pecora and the Doi 
models were previously discussed by Williams.42 It was also 
demonstrated that the relaxation times 7( I = 1) and 
7(/ = 2), can be very similar for restricted rotational diffu
sion.42

,43 On the other hand, the broad dielectric relaxations 
observed in the mixtures PS/di-n-butyl phthalate and 
PS/DOP (Ref. 1) could not be explained by either of the two 
previously mentioned models (Wang-Pecora and Doi). Al
ternatively, these broad dielectric relaxation processes were 
qualitatively discussed in terms of the variety of environ
ments for the solvent molecules. In this picture, some mole
cules are almost free to reorientate their dipole moment in an 
environment-created by the polymer chains-which does 
not change its configuration within the time scale of the pro
cess. 

A recent model of rotational relaxation of small mole
cules in supercooled liquids predicts a bifurcation into two 
distinct (a and,8), noncompeting relaxation pathways with 
comparable intensities over a broad range of temperatures. 
The,8 relaxation is ascribed to rapid angular diffusion within 
a long-lived torsional potential well, whereas the random 
restructuring of the torsional potential itself is associated 
with the a relaxation. However, as is shown in Fig. 12, the 

"fast" relaxation process of toluene does not conform to an 
Arrhenius temperature dependence anticipated for the ,8-
relaxation modes. On the other hand, this can be the result of 
the restriction imposed by the polymer matrix. In addition, 
the integrated intensities associated with the two processes 
are temperature dependent and interelated. Furthermore, 
the model predicts that the ratio 7( I = 1) 17( I = 2) is about 
1 for the a relaxation. This strong theoretical prediction for 
the a relaxation has been verified recently35b for the solvent 
DOP and for PS/DOP solutions from DRS and DR mea
surements made on the same samples. 

A statistical-mechanical calculation of the orientation 
correlation function <l.>f", (t) of a solute molecule (B) in a 
dense liquid of species A has been recently carried out. 13 The 
second-order function <1.>:0 (t) for an ellipsoidal solute (like 
toluene) is a superposition of an exponential and, in general, 
a nonexponential decay function. Whereas, the latter in
cludes the kinetic and thermodynamic contribution of B, the 
former describes the rotational diffusion of the solute. This 
molecular theory predicts a bifurcation of the relaxation dy
namics of the solute at some temperature T * > Tg into two 
processes. The faster mode reflects the characteristics of the 
solute and the slower (a) process displays dynamic proper
ties of the host medium. Moreover, this model can, in princi
ple, allow for temperature dependence of the intensities of 
the two processes mainly through the static pair-correlation 
functions in the system. These theoretical predictions are in 
accord with the main experimental features of the present 
study. In fact, the two relaxation branches (see Fig. 12) for 
the 70% PMMA/toluene sample resemble the PMMA and 
toluene bare behavior. 

B. Polarized Rayleigh-Brillouin scattering 

The Rayleigh-Brillouin spectrum of a PMMA/toluene 
mixture with PMMA concentration of 0.7 g/cc shown in 
Fig. 2 at 6O"C displays some characteristic features. Al
though the Brillouin shift (IB ) is intermediate between the 
corresponding shifts for the pure components, the linewidth 
(2r B) is broader than the corresponding linewidth of the 
pure components, Le., the mixture exhibits higher hyper
sonic attenuation. At GHz frequencies, the primary a relax
ation contributes to the linewidth at high temperatures 
[ ~ Tg + 180 K (Ref. 44) ]. However, the spectrum of the 
mixture in Fig. 2 is only 70 K above Tg (~ - 13 "C). This 
suggests that the observed hypersonic attenuation cannot 
originate from the a relaxation of the mixed glass. The tem
perature dependence of the Brillouin shifts for bulk PMMA, 
neat toluene, and PMMA/toluene mixtures with different 
PMMA concentrations are shown in Fig. 9. We observe 
large changes in the compressibility of the system for 
PMMA concentrations 0.9, 0.8, 0.7, and 0.6 g/cc and 
smaller changes for 0 < CPMMA < 0.6 glcc. Especially for 
mixtures with low PMMA concentrations 
(0 < CpMMA < 0.3 ),fB is nearly the same as for neat toluene. 
Parenthetically, it is noteworthy that this was not the case in 
a similar study of the blend PMMA/poly(ethylene oxide) 
(PEO).7 Apparently, addition of 10% toluene to bulk 
PMMA affects the compressibility more than addition of the 
same amount of solvent to a PMMA/toluene mixture with 
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low PMMA concentration. Furthermore, the temperature 
dependence of IB for 0.7 ';;;CpMMA < 1 resembles the shape of 
bulk PMMA, whereas 0 < CPMMA ';;;0.6 resembles the shape 
of toluene. 

Figure 10 shows the temperature dependence of the hy
personic loss tan 8 ( = 2r BIIB) for bulk and plasticized 
PMMA with polymer concentrations 0.9, 0.8, 0.7, and 0.6 
glcc. A pertinent feature of Fig. 10 is the existence of a broad 
attenuation in all mixed glasses in a temperature range prior 
to the primary a relaxation which scales with toluene con
tent. It is natural at this point to associate this broad shoul
der with relaxation mechanisms related to the solvent.45 To 
justify this assumption we will extract a characteristic time 
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FIG. 10. Hypersonic loss tan 8 ( = 2r olin) vs temperature for bulk 
PMMA ( $ ) and PMMA/toluene solutions with PMMA concentrations: 
0,0.9; A, 0.8;.,0.7; 0, 0.6 glee. 

from the broad hypersonic attenuation, at GHz frequencies, 
and compare it with the reorientation times obtained from 
DRS at zero frequency. In doing so, we estimate the charac
teristic time 7 from the frequency Imax at which 2r B attains 
its maximum value 7 ( = l!21Tlmax). For the mixture with 
CpMMA = 0.7 glcc, we estimate the maximum to occur at 
60·C with a characteristic time 7 = 1.9 X 10 - II s. At this 
temperature the neat toluene reorientation time is 4 X 10 - 12 

s, the narrower interferometric component corresponds to 
2.2 X 10 - 9 S and the broader interferometric component to 
1.76XlO- 11 s. Evidently, the neat solvent reorientation 
time is much faster than the characteristic time 7, whereas 
the narrower component will contribute to the linewidth 
only at higher temperatures (a relaxation with characteris
tic time 7 a max). On the other hand, the dynamics of the 
broader interferometric component agree within 5% with 
the time 7. 

For the PM MAl toluene mixture with CpMMA = 0.6 
glcc, a broad hypersonic attenuation is observed which ex
hibits a maximum value at a temperature Tmax - Tg + 180 
K or equivalently whenlB - 5-6 GHz, then the tan 8 maxi
mum for the primary relaxation should occur at -137 K. 
Again, the residual low-temperature attenuation 
(tan 8 = 0.1 at - 20 ·C) is not due to the a relaxation. The 
broad hypersonic attenuation exhibited by the mixed glass 
can arise from the presence of two relaxations. As with the 
former PMMA/toluene mixture (CPMMA = 0.7 g/cc), we 
estimate the maximum at - 20 ·C resulting in a characteris
tic time of 1. 96 X 10 - 11 s. This time compares well with the 
solvent reorientation time of the broader interferometric 
component ( 1. 71 X 10 - 11 sat 20 ·C). At the same tempera
ture the neat solvent reorientation time is 5.6 X 10 - 12 s. Fig
ure 10 provides adequate evidence that the low-temperature 
shoulder in the PMMA/toluene mixtures with PMMA con
centration: 0.9, 0.8, 0.7, and 0.6 glcc is associated with the 
mobile solvent which possesses sufficient rotational mobility 
in the mixed glass. 

An important quantity in the discussion of the Ray
leigh-Brillouin spectra is the Landau-Placzek (LP) intensi
ty ratio, shown in Fig. 11 for neat toluene and four 
PMMA/toluene mixtures. Its value is usually overestimated 
as any parasitic elastically scattered light contributes to the 
intensity of the central Rayleigh line. A reliable measure
ment of LP requires samples of high optical quality. For 
polymer solutions, the value of LP is usually overwhelmed 
by the concentration fluctuations which dominate the light
scattering intensity. Only for perfect optical matching is this 
contribution really suppressed. The LP ratio due to density 
fluctuations is given by46 

LP = r M'(cu) - 1, 
Mo 

(8) 

where M' (cu) is the real part of the adiabatic longitudinal 
modulus at frequency cu, Mo is the longitudinal modulus at 
zero frequency (high temperature), and r is the ratio of the 
specific heats at constant pressure and volume. According to 
Eq. (8), the LP should increase monotonically with decreas
ing temperature from the thermodynamic limit r - 1 to 
reM 00 I Mo) - 1, with Moo being the high-frequency limit-
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FIG. 11. Temperature dependence of the Landau-Placzek (LP) intensity 
ratio of toluene (.) and PMMA/toluene solutions with PMMA concen
trations: \1,0.4; 0, 0.6;.,0.7; .,0.8 glcc. 

ing value of the modulus. Usually the temperature depend
ence of LP reveals a sigmoidal shape as a result of a disper
sion mechanism which makes some degrees of freedom 
become inactive at hypersonic frequencies. For toluene, this 
ratio is constant and is about 0.5 and exceeds (r - 1) the fast 
relaxation limit (lU7~ 1) due to the effect of internal relax
ations. For the PMMA/toluene mixture with CpMMA = 0.4 
g/cc, the LP is still low but higher than for neat toluene, 
either because of the contribution of concentration fluctu
ations (not ideal optical matching) or the existence of fast 
structural relaxation. The latter is more likely in view of the 
consistent further increase of LP with CpMMA and its tem
perature dependence as shown in Fig. 11. Moreover, this 
variation ofLP with temperature is in accord with the hyper
sonic absorption data of Fig. 10, which strongly hind at sig
nificant dispersion, i.e., M / I Mo > 1. Based mainly on the 
account for the temperature dependence of tan 0, the behav
ior of the LP ratio corroborates the notion of two structural 
relaxations assigned to "mobile" toluene and plasticized 
PMMA dynamics. The latter slow (a) relaxation is prob
ably responsible for the finding that the LP of the mixtures 
with CpMMA = 0.7 and 0.8 g/cc remains large at high tem
perature. 

3. Comparison to other relaxation data 

Despite the strong evidence of two types of solvent reor
ientational motion, based mainly on the data of Fig. 8 and 
Figs. 10 and 11, the slow relaxation process (with character
istic time 71 from depolarized and 7 a, max from polarized 
scattering) is still poorly characterized from FPI. This is 
because of the frequency range or the very high temperature 
required (Fig. 10). We have therefore employed PCS (Ref. 
47) in the time range 10 - 6_103 S to analyze the orientational 
dynamics of the PMMA/toluene system. The broad time
correlation function C VH (t) is clearly dominated by two re
laxation processes from which the slower can be now well 
analyzed. 

Figure 12 shows the characteristic time scale for the two 
different relaxation processes in PMMA/toluene with 

10 

toluene 

2 

PMMA 

FIG. 12. Temperature dependence of the "fast" (broken line) and "slow" 
(solid line) relaxation processes in a PMMA/toluene mixture with 
CI'MMA = 0.7 glcc. The fast process is determined from DRS (0), FPI (0), 
and DR (~) and the slow process from pes (~) and DR (6). The esti· 
mated FPI maximum due to thea relaxation is also shown (.). The "fast" 
and "slow" relaxation processes can be compared, respectively, with the 
neat toluene and bulk PMMA relaxations, also shown. 

CpMMA = 0.7 glcc as obtained from the different light-scat
tering (FPI, PCS) and dielectric relaxation22 techniques. 
The temperature dependence of the primary (a) relaxation 
times of pure toluene [Eq. (6)] and bulk PMMA (Ref. 48) 
is also displayed in Fig. 12 for comparison. The DR mea
surements on similar PMMA/toluene mixtures revealed the 
presence of three relaxations (a, /3, and r).22 These pro
cesses were assigned, respectively, to slow segmental dynam
ics ofPMMA which possesses high dipole moment, rotation 
of toluene molecules, and secondary local motion of toluene 
molecules. On the contrary, in the depolarized light-scatter
ing experiment, PMMA is almost invisible and the observa
tion of this slow process is possible through the "modified" 
PMMA anisotropic toluene. In other words, the orientation 
of the "modified" solvent is determined by the segmental 
dynamics of the polymeric solute. 

The transition map of Fig. 12 is a nice demonstration of 
the vastly different time scales in the homogeneous 
PMMA/toluene mixture (CpMMA = 0.7 g/cc) exhibiting a 
single glass transition. The non-Arrhenius temperature de
pendencies of the "slow" and "fast" processes are closer to 
the a relaxation of bulk PMMA and neat toluene, respec
tively, supporting the proposition in the preceding sections. 
In fact, the "slow" and "fast" relaxation processes in Fig. 12 
conform to Eq. (6) with B = 773 ± 20 K, To = 188 ± 2 K 
and B = 273 ± 30 K, To = 110 ± 5 K, respectively. This 
finding is in accord with the predictions of the recent molec
ular theory of Bagchi, Chandra, and RiceY Bifurcation of 
the solute B (toluene) orientational dynamics occurs at 
T* > Tg , when the ratio of the rotational diffusion rates 
D ~/D ~ of the solute and the host (A) medium (PMMA) is 
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larger than about 50 (Fig. 3 of Ref. 13). In this context, it 
will be useful to investigate the rotational dynamics of to
luene in different polymeric matrices. Existing fluorescence 
anisotropl9 and NMRsO data which are mainly concerned 
with the polymer segmental dynamics in toluene and DRS 
data on the toluene reorientation in polystyrene5 provide the 
background for this investigation. 

IV. CONCLUDING REMARKS 

Depolarized Rayleigh and polarized Rayleigh-Bril
louin experiments have been used to investigate solvent re
laxation in toluene solutions of PMMA. The low Landau
Placzek ratio of all samples used in the present study and the 
high difference in the optical anisotropies between the poly
mer and the solvent make the PMMA/toluene system ideal 
for the investigation of solvent relaxation in a polymer ma
trix. 

The depolarized Rayleigh spectra obtained in the tem
perature range 20-120 °C were described by a single Lorent
zian plus a baseline for toluene, whereas two Lorentzians 
were necessary to fit the depolarized spectra of the solutions. 
From the two spectral components in the PMMA/toluene 
solutions, the broader one reflects the fast solvent reorienta
tion and the narrower one contains contributions from both 
slowly relaxing polymer chains and slow solvent reorienta
tion in the vicinity of the polymer chains. The integrated 
intensities of the two spectral components, their ratio K, and 
the corresponding dynamics are discussed in terms of exist
ing models of rotational diffusion and a recent molecular 
theory of orientational relaxation of a solute in a supercooled 
liquid. The most remarkable features of the orientational 
dynamics of toluene in PMMA concern the normalized sol
vent relaxation rlro and the presence of two distinct relaxa
tion processes below some temperature. The value of rlro 
exhibits an exponential dependence on concentration for 
PMMA concentration up to 0.7 glcc at the high interfero
metric temperatures. To our knowledge, this is the highest 
concentration for which this prediction is verified. Further
more, r/To is independent of the hydrodynamic volume of 
the solvent at the high interferometric temperatures and for 
the three solvents employed in the present system. More
over, the "fast" and "slow" relaxation processes in the 
PMMA/toluene mixture with CpMMA = 0.7 glcc resemble 
the solute and polymer matrix bare dynamics, respectively, 
in agreement with recent theoretical predictions. 

The polarized Rayleigh-Brillouin measurements re
vealed the presence of significant dispersion, increasing with 
toluene content, in a temperature range not affected by the 
primary relaxation. The molecular mechanism behind this 
hypersonic attenuation is activated through the mobile sol
vent which possesses significant rotational mobility as in
ferred from DRS. 
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