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stretched a b o v e  Tg do not allow the question to be an- 
swered. 
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Brillouin Scattering and Side-Group Motions of Poly(alky1 
methacrylates) above and below the Glass Transition 
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Department of Chemistry, University of Utah, Sa l t  Lake City, Utah 84112. 
Received September 24, 1985 

ABSTRACT The  effect of side-group motions on the Rayleigh-Brillouin spectra of poly(alky1 methacrylates) 
has been investigated. Various samples of poly(methy1 methacrylate), poly(ethy1 methacrylate), and poly(buty1 
methacrylate) with different molecular weights and different Tg are used to investigate (1) the relation between 
the Brillouin line width maximum and Tg, (2) the effect of main-chain and side-group motions on the Brillouin 
linewidth, and (3) the temperature dependence of the Landau-Placzek ratio. To further demonstrate the 
effect of side-group motion in poly(buty1 methacrylate) (PBMA), Brillouin scattering of stretched PBMA 
films has also been investigated. 

Introduction 
The use of light scattering to s t u d y  amorphous solids 

(glasses) dates back to the time of Lord Rayleigh' and has 
continued to the present day with every increasing activity. 
However, it is the development of modern optical tech- 
niques involving the use of a single-mode laser fo r  exci- 
tation and a Fabry-Perot interferometer or a digital cor- 
relator for spectral analysis that makes it feasible to obtain 
information about the dynamic processes underlying for- 
mation of the glass state. 

Dynamic light scattering from an isotropic  medium 
(l iquid o r  glass) arises from t h e r m o d y n a m i c  fluctuations 
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in the local density, anisotropy,  and, in the case of a 
multicomponent system, concentration. These fluctuations 
give rise to variations in the local dielectric constant tensor. 
In a light scattering experiment dealing with an amorphous 
sys t em,  the wavelength of the laser light employed  for 
exci ta t ion is long compared w i t h  the intermolecular  dis-  
tance; it is thus useful to treat the scat ter ing sys t em as a 
continuous medium in which thermally exci ted collective 
excitations perturb the local dielectric constant tensor. Fo r  
an isotropic medium such as the poly(alky1 methacrylate)  
system present ly  considered in this pape r ,  the dominant 
contribution to the light scattering in t ens i ty  ar ises  from 
density fluctuations, as the contribution f r o m  anisotropy 
fluctuations to the scattered light is negligible. The 
sca t t e r ing  spectrum arising f r o m  density f luc tua t ions  is 
known as the Rayleigh-Bril louin spec t rum.  

The Rayleigh-Brillouin spectrum from a polymer melt 
consis ts  of a central component and a pair of shifted 
sidebands. The in t ens i ty  ratio be tween  the cen t r a l  com- 
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ponent ( Ic)  and the side bands (21B) is known as the 
Landau-Placzek ratio (LPR). However, in a polymer melt, 
a considerable intensity distribution centered about the 
central component is also present in the spectrum. This 
additional intensity distribution, known as the Mountain 
component, is associated with the relaxation behavior of 
the longitudinal stress modulus.2 In the polymer melt, the 
longitudinal stress modulus is relaxed mainly through the 
pathway of structural relaxation involving movements of 
small segments in the polymer chain, although in some 
cases the coupling of low-lying intramolecular vibrational 
modes giving rise to specific heat relaxation may also 
~ o n t r i b u t e . ~  Because of the presence of the Mountain 
component, the usual definition of the LPR has to be 
modified. The modification will be discussed in the later 
section. 

To understand the dispersion behavior present in the 
Rayleigh-Brillouin spectrum, the "secondary" main-chain 
relaxation has been p r ~ p o s e d . ~  This assignment is con- 
sistent with the picture that the Rayleigh-Brillouin 
spectrum of a polymer melt is associated with localized 
segmental motions. However, as has been pointed out in 
our recent a r t i ~ l e , ~  the loss or dispersive mechanism 
present in the Brillouin spectrum is not restricted to the 
main-chain relaxation. Other types of secondary relaxation 
processes such as side-group motions may in some cases 
play a dominant role in affecting the Rayleigh-Brillouin 
spectrum. 

The purpose of this paper is to demonstrate the im- 
portance of the side-group motions in a polymer chain in 
the Rayleigh-Brillouin spectrum. We use different poly- 
(alkyl methacrylates) polymers having several molecular 
weights and glass temperatures (T,) as examples. Eight 
samples are used in the studies: three poly(methy1 me- 
thacrylate) or PMMA (M,  = 3900, T = 7 "C; M ,  = 60000, 
Tg = 85 "C; M ,  N lo7, Tg = 107 "C?, two poly(ethy1 me- 
thacrylate) or PEMA ( M ,  = 2500, Tg = 10 O C ;  M ,  = 
16000, T = 34 "C), and three poly(n-butyl methacrylate) 
or PBMA ( M ,  = 3500, Tg not well defined; M ,  = 31000, 
Tg = 8 "C; M ,  = 75000, Tg = 17 "C). These samples are 
chosen because they form amorphous glass systems, and 
the results of the Brillouin studies of these systems will 
allow us to comment on (1) the relation of Tg with the 
temperature at which the Brillouin line width is maximum; 
(2) the effect of main-chain and side-group motions on the 
Brillouin line width; (3) the temperature dependence of 
the Landau-Placzek ratio. Such information is very useful 
in understanding the dynamic behavior of the glass tran- 
sition in the amorphous polymer system. 

To further demonstrate the dominance of the side-group 
motion in PBMA, we have also carried out Brillouin 
scattering measurements of PBMA films stretched to 
various stretch ratios. In contrast to other amorphous 
polymer systems such as polycarbonate films that have 
been studied in this laboratory, stretching does not result 
in orientation of the PBMA films as the chain orientation 
induced by stretching relaxes very quickly by the side- 
group motion. As a result, the hypersonic velocities of the 
PBMA films stretched to various stretch ratios remain 
practically unchanged. 
Experimental Section 

The Rayleigh-Brillouin spectra were obtained in the VV 
scattering configuration with an etalon-selected single-mode argon 
ion laser radiating at approximately 4880 A as the excitation 
radiation source. The laser power at the sample was about 300 
mW. The scattered light from the sample was spectrally analyzed 
with a piezoelectrically scanned five-pass Fabry-Perot interfer- 
ometer. A Burleigh DAS-1 stabilization system was used to 
maintain the finesse of the Fabry-Perot interferometer by sta- 

Table I 
Brillouin Scattering Results of PMMA-3 ( M ,  = 10') at 

Various Temperatures (Data Were Obtained by Heating) 
T/"C Vl/(m 9-l) 2I'aIMHz LPR 
-26 

1 
20 
42 
61 
85 

104 
134 
153 
177 
199 
214 
234 
253 
262 

2972 f 19 
2916 
2857 
2806 
2745 
2652 
2576 
2380 
2207 
2017 
1892 
1758 
1621 
1455 
1394 

111 f 28 13.3 
171 f 28 12.9 
161 f 28 12.2 
137 f 22 13.3 
158 f 20 11.5 
180 f 15 11.6 
230 f 12 9.0 
307 f 10 7.2 
439 f 16 6.9 
569 f 10 5.0 
679 f 25 3.8 
891 f 18 3.3 

1093 f 19 3.0 
1279 f 24 2.6 
1400 f 38 2.6 

blizing the Fabry-Perot cavity length and also compensating the 
laser frequency shift. In some instances, the free spectral range, 
adjusted to about three times the Brillouin shift, was used to 
record the spectrum of each sample at a particular temperature. 
For example, for PMMA below 20 "C, the free spectral range was 
40.65 GHz, and above 20 "C the free spectral range was set at 
26.18 GHz. The finesse of the optical system was higher than 
90 for all spectral runs. 

All samples were kindly provided by Dr. W. Wunderlich, Rohm 
GmbH Darmstadt, West Germany. The molecular weight data 
of all samples were provided by Rohm GmbH Darmstadt through 
the standard techniques of light scattering and GPC. The glass 
temperature of each sample was determined with a DSC apparatus 
available at the Universitat Bielefeld, West Germany. Except 
for PMMA-3, the highest molecular weight PMMA sample, all 
samples were cleaned and purified by first dissolving the polymer 
in benzene. The solution was then filtered through a 0.22-gm 
Millipore filter to remove dust, and a controlled freeze-dry method 
was used to remove the solvent. The sample was then annealed 
in a vacuum oven above Tg to obtain an optically clear, homo- 
geneous, and strain-free specimen. To ascertain that the solvent 
was indeed completely removed, a DSC scan was made to measure 
the glass temperature of the purified sampled. The PMMA-3 
sample was cut and polished from a commercial plate provided 
by Rohm GmbH Darmstadt, West Germany, without further 
purification. The commercial PMMA-3 appears optically ho- 
mogeneous, with only a slightly higher LPR when the result is 
compared with that of PMMA-2. (See Table I.) 

PBMA films were prepared by a melt-casting technique similar 
to that described in ref 6. The purified PBMA sample (Tg = 27 
"C) was heated between two plates in a hydraulic press at a 
temperature of 162 "C and a pressure of 1 metric ton for above 
5 min. The films obtained were then quenched in ice water. The 
optically clear films were stretched at room temperature (23.5 
"C), but in order to prepare films with stretch ratios (R,) greater 
than 4, they were heated to 34 "C during stretching. 

The Brillouin spectra of the films at different stretch ratios 
were obtained by using a special SO" scattering geometryg with 
the film bisecting the angle subtended by the incident and the 
scattered beams. Temperature-dependent studies of PBMA films 
were carried out with R, = 1 and R, = 2.5 films. 

Theoretical Background 
The Rayleigh-Brillouin spectrum observed at  the 

scattering angle 8 is proportional to the fourier transform 
of the qth mode of the density-density correlation function 
given by 

C(q,t) = ( I m l , W * ( q ) l )  (1) 
where the amplitude of the scattering vector q is equal to 
q = lqJ = (47rn/X) sin (8/2), n being the index of refraction 
of the medium at the incident wavelength in vacuum. The 
density fluctuation Gp(q,t) is given by 

Gp(q,t) = Ceiqri(t) (2) 
I 
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where rj is the position of the polymer segment j respon- 
sible for light scattering. For amorphous polymers, the 
density fluctuation depends only on the amplitude and not 
the direction of the scattering vector. 

If the normalized Rayleigh-Brillouin spectral density 
is given as 

lox 
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I 

PMMA-2 

it can be shown that i(q,w) is related to the 
compliance spectrum by7 

(3) 

dynamic 

(4) 

where xm is the high-frequency isothermal compressibility 
and D"(q,w) is the imaginary part of the dynamic longi- 
tudinal compliance. The q dependence in D"(q,w) is un- 
important for w I 10 MHz. However, at higher frequency, 
the acoustic phonon contributes to the scattering spectrum 
and the q dependence is related to o by the sound dis- 
persion relation. 

The thermodynamic sum rule8 gives the total integrated 
intensity proportional to 

where p = l / kT ,  po is the equilibrium number density, and 
V is the scattering volume. 

It  can be shown2 that the high-frequency unrelaxed 
isothermal sound velocity VT(q) is equal to (NkT/m)'i2- 
( 16p(q)12)-1iz, where m and N are, respectively, the mass 
and the number of the scattering unit. In the limit of 
vanishing q (or low frequency), the isothermal sound ve- 
locity V, reduces to (pmxT)-'12, where pm is the mass density 
and xT is the isothermal compressibility. Brillouin scat- 
tering yields the adiabatic sound veloicity due to the 
coupling of the acoustic phonon to the energy fluctuation. 

To obtain the hypersonic longitudinal velocity Vl(q) from 
Brillouin scattering, one measures the frequency shift fB 
(in Hz) and deduces Vl(q) from the expression 

vl(q) = f B / S  (6) 

which reduces to 

Vdq) = f d / 2 l i 2  ( 7 )  

in the special 90" scattering geometry used when the film 
is oriented at  45" with respect to the incident beam.g Note 
that in this special geometry, the refractive index n does 
not appear in eq 7.  

At low temperature when the structural relaxation time 
is so long Vl(q) has a simple relationship to VT(q). At high 
temperature when the relaxation time is short, V,(q) also 
has a simple relationship to VT(q). In between V,(q) is 
affected by the structural relaxation pracess. Investigation 
of the structural relaxation process is best carried out by 
the light-beating photon correlation technique. Applica- 
tion of this technique to PMMA,'O PEMA,l'>l2 and 
PBMA13 has been reported in the literature. In a separate 
publication, we shall also present new results of photon 
correlation studies of the structural relaxation component 
in PMMA.14 

Results and Discussion 
Comparison of the Brillouin spectra of PMMA, PEMA, 

and PBMA at 20 "C are given in Figure 1. PMMA-2 has 
a Tg = 85 "C, thus the spectrum displayed for PMMA-2 

2 0 o c  I 

PEMA-1 

- IO 0 10 
f /GHr 

Figure 1. Brillouin spectra of PMMA (Tg = 85 "C), PEMA (Tg 
= -10 "C), and PBMA (T,  = 17 "C) at 20 "C. 

PMMA 3 

I 1  

I 
-1 0 R l G H z  +'O 

Figure 2. Brillouin spectra of PMMA-3 (T, = 110 "C) at various 
temperatures. 

is below Tg. The PBMA-3 spectrum is near Tg (=17 "C) 
and the PEMA-1 spectrum is above Tg (=-lo "C). One 
notes that although the PBMA-3 spectrum is only taken 
at  3 "C above Tg, a large Brillouin spectral line width is 
already apparent. 

The Brillouin spectra of PMMA-3 at  various tempera- 
tures are shown in Figure 2. When the sample temper- 
ature is increased, the line width increases gradually, ac- 
companied by shifting of the peak frequency to a lower 
value. Over the temperature range between 20 and 90 "C, 
the central Rayleigh component is instrumentally limited. 
However, above T ,  (=I10 "C), the Mountain component 
appears and becomes rather pronounced at  higher tem- 
perature, as clearly shown by 253 "C spectrum, in which 
a large scattering intensity distribution is found between 
the two Brillouin peaks. 
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shift, line width, and LPR data for three PMMA samples 
is quite similar. 

The Brillouin scattering spectrum of amorphous PMMA 
studied as a function of temperature has been reported by 
several  worker^.'^-^^ Only the velocity data are reported 
in ref 15 and 16; ref 17 and 18 present both the frequency 
(velocity) and the hypersonic attenuation data. References 
19 and 20 deal with low temperature in the range 4-300 
K (-27 "C). Over the 20-150 "C range our velocity data 
agree with that of ref 17 to about 3%. No Brillouin data 
higher than 140 "C have hitherto been reported. At room 
temperature our value for VI is 2857 f 19 m/s, and for the 
attenuation coefficient a (=2xrg/ vl, r B  is the half-width 
at half-height in Hz) 1.7 X lo3 cm-' at  11.7 GHz, in contrast 
to Vl = 2760 m/s and a = 2.8 X lo3 cm-' at about the same 
frequency reported in ref 17. At 20 "C our value for the 
attenuation coefficient over one wavelength (ah,) is 2.14 
X cm-' reported in ref 
17. The half-line-width (rB) data reported in ref 18 over 
the range 40-140 "C are about a factor of 2 larger than the 
present result. If r B  reported in ref 18 was interpreted as 
the whole width, rather than the half-width as there stated, 
it would be an agreement. The LPR reported in ref 17 is 
20 at  room temperature, in contrast to the present 12.2 for 
PMMA-3 and 8.9 for the PMMA-2 sample that we have 
observed. The gradual increase of the LPR to an asymp- 
totic plateau value as the temperature is decreased below 
Tg for PMMA has not been shown. Comparison of the 
present PMMA data with those previously given indicates 
that our results are more accurate. The greater accuracy 
is indicated by a lower LPR, achieved by a careful sample 
preparation procedure employed to remove static inho- 
mogeneity. The high-quality spectra are obtained by a 
very high finesse interferometer through active control 
using an electronic stabilization system. 

We now turn to PEMA. The temperature dependence 
of the Brillouin data of two PEMA samples is shown in 
Figure 4. PEMA-2 displays a characteristic kick in the 
Brillouin frequency at  Tg (Tg,2 = 34 "C). Our notes that 
over the temperature range 0-200 "C, a lower frequency 
and a greater line width are found for the low molecular 
weight sample (PEMA-1). The lower frequency and larger 
line width results suggest a greater free volume fluctuation 
present in the low molecular weight PEMA sample. 

In contrast to the result of PMMA, the line width r B  
of both samples display a broad maximum, with the pos- 
ition of the maximum for the low molecular weight sample 
occurring a t  lower temperature. Comparison with the 
PEMA result shows that the line width maximum of 
PMMA probably also occurs but at  a temperature higher 
than the sample degradation temperature. The Landau- 
Placzek ratio, which is lower for the low molecular weight 
sample, also displays a characteristic rise on lowering the 
temperature toward Tg, similar to that found in PMMA. 

The temperature dependence of the hypersonic velocity 
of PEMA in the temperature range 20-100 "C has been 
reported in ref 15. The frequency shift and the half-width 
data of PEMA at low temperature from 10 to 300 K have 
also recently been reported.20 Below Tg, our Brillouin line 
width is found to be insensitive to the temperature vari- 
ation, in agreement with the result of ref 20. 

Results of the Brillouin spectral studies of three PBMA 
samples are shown in Figure 5. The hypersonic fre- 
quencies of PBMA-2 and PBMA-3 are basically the same, 
despite differences in Tg. The Brillouin line widths of 
those two samples above Tg are also quite similar; however, 
below Tg PBMA-3 has a greater line width than PBMA-2. 
The lowest molecular weight sample (PBMA-1) behaves 

cm-', in contrast to 7.0 X 

PMMA f 

LFR 6 

N 9  

a. 
I 

Figure 3. (A) Temperature dependence of the Brillouin data 
(frequency shift, line width, and the Landau-Placzek ratio (labeled 
as LP of PMMA-2; T = 85 "C). (B) Temperature dependence 
of the Brillouin data (frequency shift and line width) for all three 
PMMA samples. The LPR data presented in this figure is for 
PMMA-3. Data for PMMA-1 is indicated by crosses, PMMA-2 
by open circles, and PMMA-3 by solid circles. 

The temperature dependence of the Brillouin shift (fB), 
line width (2r ,  the whole width at  half-height), and the 
LPR of PMMA-2 are shown in Figure 3A. As the tem- 
perature is increased, the Brillouin shift decreases non- 
linearly, accompanied by the line width increase, and 
without displaying any anomalous change at  Tg. The 
Landau-Placzek ratio decreases slightly with increasing 
temperature above 150 "C; below this temperature, it in- 
creases rapidly with decreasing temperature, reaching an 
apparent plateau value about 10 "C below Tg. Because of 
the presence of the Mountain component, to obtain the 
LPR, the Brillouin intensity I B  is taken as twice the in- 
tensity integrated from the Brillouin peak to the high- 
frequency portion and the central peak intensity I C  is the 
difference between the total integrated intensity and 21,. 
By this modification, the contribution of the Mountain 
component is included in the calculation of the LPR. 

The temperature dependence of the Brillouin data of 
three PMMA samples is summarized in Figure 3B, the 
LPR of PMMA-3 displayed a t  the top of the figure. One 
notes that, except for a slightly higher LPR value for 
PMMA-3 below Tg as compared with that for PMMA-2, 
shown in Figure 3A, and in spite of different molecular 
weights, the temperature dependence of the frequency 
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I I I I 1 
14t 1 
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-100 0 I00 200 
TPC)  

Figure 4. Temperature dependence of the Brillouin data (fre- 
quency shift, line width, and LPR) of two PEMA samples (labeled 
as PEMA 1 and 2 for PEMA-1 and PEMA-2, respectively). 

differently from the other two. The results of lower 
Brillouin frequency and larger line width found in the 
lowest molecular weight PBMA again indicate a greater 
free volume fluctuation of this low molecular weight sam- 
ple. For PBMA-1, one may imagine a broad line width 
maximum around 65 "C. There is apparently no maximum 
in the other higher Tg samples. Below 0 "C PBMA-1 (M,  
= 3500, M ,  = 1900) and PBMA-2 ( M ,  = 31 100, M,  = 
11 100) have practically the same temperature dependence 
in both f B  and r B .  One notes that above -50 "c, the 
Brillouin frequency of the low molecular weight sample 
(PBMA-1) is lower than the other two, but it becomes 
higher than the others below -50 "C. The LPR data in- 
crease with decreasing temperature, but no systematic 
trend is found for the PBMA samples. 

The temperature dependence of the hypersonic velocity 
and attenuation coefficient over the temperature range 
23-142 "C for two PBMA films (T,  = 17 "C, stretched R, 
= 2.5 and unstretched R, = 1.0) are shown in Figure 6. 
The sound velocity was obtained by using eq 7. The at- 
tenuation coefficient per hypersonic wavelength, ds, is 
calculated from the line width and hypersonic data by 
using the equation 

= r r B / f B  (8) 

The shape of the hypersonic velocity curves for the 
stretched and unstretched films are quite similar to that 
given for the PBMA-3 sample shown in Figure 5;  there 
appears to be no difference in these two films. The at- 
tenuation coefficients ah, obtained for the two films do 
not show a maximum, and, within the experimental un- 
certainty, there appears to be no difference in the ah, for 
these two films. Moreover, the amplitude of the line width 
increase upon increasing temperature appears to be quite 

T P C )  
Figure 5. Temperature dependence of the Brillouin data (fre- 
quency shift and line width) of three PBMA samples. 

I 

20 60 100 ILO 
T / " C  

Figure 6. Temperature dependence of the hypersonic velocity 
and attenuation coefficients of two PBMA films stretched at R, 
= 2.5 and R, = 1. Open symbols indicate heating and solid symbols 
cooling the samples. 

small, and the result is similar to the line width data of 
the rod sample, shown in Figure 5. 

To summarize the above results, it is clear that over the 
wide temperature range studied, the sound velocity of all 
methacrylate polymers shows dispersion above Tg. The 
Brillouin line width increases gradually with increasing 
temperature. For PMMA, the line width maximum is not 
reached even at  250 "C; thus, higher temperature is needed 
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to observe the line width maximum. However, heating 
above 250 "C causes considerable degradation of the 
polymer. A broad line width maximum is observed for 
PEMA (T,  = 34 "C) at  220 "C; the maximum shifts to 
lower temperature for lower molecular weight PEMA. A 
very broad line width maximum is observed a t  PBMA-1 
at  about 65 "C; however, no clear maximum is observed 
in other higher molecular weight PBMA samples. In other 
words, the change of the Brillouin line width of poly(alky1 
methacrylates) with temperature becomes less pronounced 
as the side group is progressively increased from PMMA 
through PBMA. Above T,, the hypersonic velocity (or the 
Brillouin frequency) is lower for the low molecular weight 
sample but it becomes higher below Tg. This result is very 
clearly shown in PEMA and PBMA but is less obvious in 
PMMA. 

The cause for dispersion and sound attenuation below 
Tg is due to several possible mechanisms. Processes such 
as phonon-phonon interactions and scattering of phonons 
from static inhomogeneties and from the strain field as well 
as thermally induced localized segmental motions all 
contribute. It is still difficult to ascertain at present which 
contributes the most to the line width below T,, Addi- 
tional studies are thus needed to clarify these processes. 
Moreover, above Tg, mechanisms that lead to mechanical 
loss may also contribute to the dispersion and the line 
width of the Brillouin line. The cy process, whose char- 
acteristic relaxation frequency rises rapidly with increasing 
temperature due to the main-chain motion can, in prin- 
ciple, also make a contribution to the Brillouin line width. 
The highest actual mechanical measurement using the 
ultrasonic technique reported for PMMA gives a peak a t  
170 O C  at  2.25 M H Z . ~ ~  Extrapolation of this result to the 
Brillouin frequency of 10 GHz suggests that if the cy mode 
is responsible for the dispersive effect observed in Brillouin 
scattering, then the line width should peak a t  about 190 
O C .  However, our measurements have covered up to 260 
"C for PMMA and the Brillouin line width still shows an 
increase at  this temperature without any sign of reaching 
a maximum. This result suggests that the relaxation 
processes responsible for the hypersonic dispersion in 
PMMA is probably not due to the main-chain motion. 

For the main-chain relaxation process, the dynamical 
data that fall on the primary glass-rubber relaxation line 
are known to follow the WLF equation 

(9) 

where 7 is the mean structural relaxation time of the 
main-chain relaxation, To is the fictitious temperature at  
which 7 becomes infinite, and B is a parameter. Assuming 
that the line width maximum fB* occurs at the temperature 
where the primary and secondary main-chain relaxation 
lines merge, Jarry and Pattersonz2 have used eq 9 and 
predicted that the temperature of the line width maximum 
should occur approximately at  T,,, = Tg + 180 K. If this 
prediction is correct, then T,, for PMMA-2 and PMMA-3 
should occur at about 250 and 280 "C, respectively and for 
PEMA-1 and PEMA-2, T,, should be at  170 and 214 "C, 
respectively; likewise, T,, for PBMA should occur at  188 
"C for sample 2 and 197 "C for sample 3. 

Such a prediction of T,,, is not verified in the present 
poly(alky1 methacrylate) samples studied here. Neither 
is the prediction applicable in poly(sil~xanes),~ in which 
side-group motion also plays an important role. 

Clearly, these results suggest that when side-group 
motions are present, the primary and secondary transition 
lines will not merge a t  high temperature (or high fre- 
quency). The secondary relaxation process associated with 
localized motion may either be due to side-group motion 

log 7 = log 70 + B / ( T  - To) 
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Figure 7. Hypersonic velocity of PBMA films at room tem- 
perature stretched below (solid triangles) and above (solid circles) 

or to the segmental motion involving the main chain; these 
two appear to show different dynamic behavior in the 
hypersonic frequency range. Thus, in order to obtain a 
meaningful relation between T,,, and Tg,  specific con- 
siderations of the dynamics underlying these processes 
appear to be necessary. However, this is a very difficult 
task. 

Increasing the side group of the alkyl methacrylate 
polymer has the effect of increasing the Brillouin line width 
with increasing temperature, quickly reaching the plateau 
value without displaying a clear line width maximum. 
Thus, for the type of polymers consider here, side-group 
motion clearly remains active over a very wide temperature 
range and the dynamics shows a very wide distribution of 
relaxation times. 

The increasing importance of the side-group motion as 
the length of the side group is increased is best illustrated 
by studying the stretched films of PBMA. Figure 7 shows 
the hypersonic velocity of PBMA films stretched to various 
stretch ratios a t  temperatures above and below Tg. Al- 
though the data points are scattered and the sound velocity 
appears to increase slightly for the film with R, > 4.0, no 
significant difference is observed for films below R, = 4.0, 
in contrast to the results reported for PMMA in which 
stretching appears to decrease the hypersonic velocity.23 
However, the velocity decrease disappears when the 
PMMA sample is annealed.24 The decrease in the sound 
velocity in PMMA is due to craze formation. The fact that 
stretching does not significantly change the hypersonic 
velocity of the PBMA film, in contrast to that observed, 
for example, in polycarbonate,6 is clearly associated with 
the motion involving a fairly large side group. 

Studies of the temperature dependence of the Landau- 
Placzek ratio also yield useful information about the glass 
transition process. According to Pinnow et al.,25 the mean 
square amplitude of density fluctuations may be divided 
into three parts 

Tg. 

where 6x is the difference between the low-frequency 
isothermal and the high-frequency adiabatic compressi- 
bility, x ~ , ~ ~ ~  is the relaxational compressibility associated 
with structural variations, and x8,- is the high-frequency 
compressibility. In a viscoelastic material that can support 
high-frequency shear stress, we have xS,- = (pV$I ,  where 
Vl is the hypersonic sound velocity. 

For W,T >> 1, T being the mean structural relaxation time, 
the oscillatory sound made is not coupled to the structural 
relaxation process; the dynamical process associated with 
the 6x and ~ ~ , ~ ~ l  terms will thus appear in the central 
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component. Neglecting the thermal diffusivity contribu- 
tion, we may regard the sum of 6x and ~ ~ , ~ ~ l  simply as X T ~ ~ ~ ,  
the relaxing part of the isothermal compressibility. Thus, 
the nonpropagating density fluctuations in a viscoelastic 
liquid are simply proportional to kTXT,rel. The time scale 
for these density fluctuations is determined by the struc- 
tural relaxation time of the polymer melt. As the tem- 
perature is lowered, the structural relaxation becomes very 
long, and a glass is formed from the melt. If the rate of 
cooling is such that the equilibrium structure of the melt 
can no longer change, the density fluctuations are frozen 
into the newly formed solid, characterized by a fictitiuos 
temperature, Tpz6 At T f  the structural relaxation time of 
the melt is so long that, upon lowering the temperature, 
no further structural rearrangement is possible. However, 
since the Brillouin intensity arises from the acoustic con- 
tribution, the structural contribution being negligible due 
to its long relaxation time, the acoustic phonon contribu- 
tion will still be governed by the thermodynamic tem- 
perature T.  

In view of the above discussion, Schroeder et al.27 have 
argued that the mean square of the density fluctuation can 
be written as 
(16p(q ) l2 )  = ~ P ~ V [ T ~ ( X T , O  - (pVl!V1) + T(pVl?'] (11) 

Equation 11 shows that the intensity lost by the Brillouin 
peak as Tg is approached is gained by the central com- 
ponent through the increase intensity of the Mountain 
peak. 

On the basis of eq 10, it follows that the Landau-Placzek 
ratio for the glass-forming liquid should take the form28 

(12) 

rather than y - 1, as in the case of structureless liquidszs 
Thus, by measuring the LPR, it is possible to calculate 

the isothermal compressibility and study its temperature 
dependence. Using a least-squares program to fit the LPR 
data of PMMA-2 to eq 12 and keeping Tf fixed, we obtain 
Tf = 267 K and find x T , ~  increases from 1.8 X lo-'' 
cm2/dyn a t  108 "C to 2.7 X cm2/dyn a t  183 "C for 
PMMA. Below Tg, x ~ , ~  appears to be insensitive to the 
temperature change, and it has a value of 1.4 X lo-'' 
cm2/dyn. This result is consistent with that of SiOz ob- 
tained by Bucaro and D a r d ~ ~ ~  and points to negligibly 
small structural changes of PMMA below Tg. 
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