1738 Macromolecule2007,40, 1738-1745

Vibrational Relaxation in Atactic Polystyrene: A Calculation of the
Frequency Correlation Functions of Ring Stretching Modes and Their
Variation with Temperature

Paul Painter,* Maria Sobkowiak, and Yung Park*

Materials Science and Engineering Department, Penesya State Uniersity, Uniersity Park,
Pennsydania 16802, and Department of Polymer Science and Engineering, Sunchon National
University, 315 Maegokdong Sunchon, Jeonnam, Korea

Receied October 20, 2006; Resed Manuscript Receeéd December 14, 2006

ABSTRACT: Time correlation functions and their variation with temperature have been calculated for the modes
observed near 1601 and 1583¢nm the infrared spectra of atactic polystyrene. The correlation functions deviate
from the Kubo-Rothschild model describing the fast modulation limit but can be modeled by simply assuming
that there is a fast relaxation process characterized by a single relaxation time that is inhomogeneously broadened.
Itis noted that as long as the relaxations associated with inhomogeneous broadening are all relatively slow processes
(in terms of vibrational relaxations), then their only contribution to the band profile would be through a Gaussian
term that modifies the simple KubdRothschild expression. The factors that contribute to this inhomogeneous
broadening are discussed. Dynamic heterogeneity presumably plays a significant role, but in addition the 1583
cm~! band appears to be influenced by an anharmonic coupling to lower frequency modes that provides an
additional mechanism of relaxation. As a result, this mode is particularly sensitive to temperature, displaying
changes in the relaxation time and second moments that show a transition rf&ra&ibut 20°C below the
thermally observedy,.

Introduction ation phenomena, but relatively few groups are equipped to
s perform these sophisticated and difficult experiments. Accord-
ingly, there is still significant insight and progress to be made
through the simpler study of the shapes of infrared bands and
Raman lines. Here we will consider the calculation of time
correlation functions and their variation with temperature from

In studies of polymer transitions reported more than 30 year
ago, it was observed that infrared band frequency shifts and
intensity changes show inflection points around Thend the
melting point:~* More recently, Tashiro and Yoshickased
the sensitivity of the half-width of bands in the infrared spectra ) . .
of syndiotactic polystyrene to probe the crystallization process. thg mfrarepl data we pres'ented.prewmﬁslgefore getting to
As part of this study, these authors also monitored the peakth's' we will present a bn_ef review of the_ factors that affect
position and half-width of the 907 cr band of atactic bandwidths and she_\pes, in order to provide a context for the
polystyrene &-PS) as a function of temperature, observing subsequent discussion of our results.
intriguing changes near thg. Following this work® we studied
two ring-stretching modes near 1600 c¢hin the infrared
spectrum o&-PS. It was observed that both the shape and width
at half-height of one of the fundamental modes in this region  In considering the vibrational spectra of condensed matter,
of the spectrum change significantly as the polymer is heated we can neglect the effect of factors such as natural and Doppler
through the glass transition temperature. This was interpretedbroadening, Boltzmann factors, etc., which make very small
in terms of a coupling of this mode to lattice vibrations through contributions to the width of bands relative to other processes
an overtone vibration. in the relatively limited temperature range used in most polymer

It is well-known that Raman and infrared bandwidths and studies:* Accordingly, the major factors that would be expected
shapes are sensitive to vibrational relaxation processes ando affect the shape and intensities of infrared bands and Raman
picosecond dynamics1? Analysis of bandwidths and band lines are (i) conformation, (ii) inhomogeneous broadening and
shapes has been a largely neglected topic in polymer vibrationalphase relaxation, (iii) rotational relaxation, (iv) resonance energy
spectroscopy, however. In part, this is because there are alransfer, and (v) vibrational energy relaxation.
number of experimental and computational problems, well One advantage immediately follows from studying macro-
documented in the literature. Nevertheless, in studies of small molecules. Because of their large mass and moments of inertia,
molecules, band contour analysis has provided information on relaxation times associated with the reorientation of chain
(among other things) rotational relaxation, the duration of segments and many side groups are long compared to vibrational
“sticky” collisions (e.g., hydrogen bonds), the dynamics of relaxations, and their contribution to band and line contours can
strong interactions, the coupling of local vibrations with lattice be neglected! However, this is accompanied by the complica-
motions, and so oft2% The continued development and tions introduced by sensitivity to conformation. Fortunately, in
application of time domain techniques still promises to yield the spectra of most polymers there are modes that are largely
the most detailed information on picosecond time scale relax- localized. Normal-mode calculations indicate that the ring

stretching modes near 1600 chin the vibrational spectra of

t Pennsylvania State University. a-PS are good examples of such conformationally insensitive
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In the vibrational spectra of amorphous polymers, even modesdifference between the fundamental and the overtone, ensuring
that are insensitive to conformation are broad relative to low a conservation of energy and providing a mode of relaxad#ion.
molecular weight liquids and display changes in intensity and This would result in a sensitivity of the high-frequency mode
shape as a function of temperature. This is usually consideredband shapes to relaxation phenomena likeTheNe believe
a consequence @fhomogeneous broadening the disordered  we have observed a coupling of one of the ring modesBE
state, there is a distribution of local environments, and as a result,to a combination mode through a bath médes mentioned in
there is no longer a single transition energy, but a band. Eachthe Introduction.
individual oscillator may relax by some mechanism (e.g.,
vibrational dephasing or energy relaxation), but the band due Theories of Vibrational Relaxation
to a particular normal mode would then reflect a superposition  There are a number of models of vibrational relaxation that
of the frequencies of the individual oscillators. As we will have been developed to describe various forms of “modulation”.
discuss in more detail below, the widely used Kufitothschild The most widely used of these is due to Rothschikhd is
model assumes that each oscillator relaxes in an exponentiabased on a treatment of line shapes by Kéb@his model
fashion (hence has a Lorentzian band shape), but there is aapplies to what is called the fast modulation limit, where the
Gaussian distribution of such modes. The term “inhomogeneoustime scale of the fluctuations (often equated to collisions) is
broadening” has been used in a number of contexts, however,small. The model starts with an inhomogeneously broadened
and its meaning is related to the speed of relaxation or what is band or line, where it is also assumed that local variations in
referred to as the dephasing procesgune phase relaxatign environment, hence interactions, are random about a mean, so
even if the normal modes on each molecule in a system arethat the distribution of modes about this mean takes a Gaussian
excited simultaneously, because they have slightly different form. The second moment of a band contdds, is given by
frequencies (as a result of interactions and small differences in

local environments), they get out of phase with one another as f+°°| (@)@ — wg)® do
time progresses, resulting in destructive interference. The shape M, = —e ¥ (1)
and breadth of a band then depend on how fast this happens. If f_+°° lyip(@) do

dephasing is fast, the effects of local differences in environment

are averaged out by the rapid “loss of memory”. If itis assumed o0 is the band center (usually determined from the first

that a single, fast process governs relaxation, then the resultingmomem)_ For a Gaussian process, the second moment is the
band shape will be Lorentzian and the relaxation time will be ¢, o - “random walk” result. '

inversely proportional to the bandwidth. In low molecular weight
liquids, for example, local interactions fluctuate rapidly as a A 22 1/2

' = . . t=0)} °H* = {M 2
result of the translational and rotational motion of the molecules. Ha,(t=0)) Mz} (2)

All the molecules then appear to be the same or very similar to The frequency of vibration of a particular normal mode of a

the radiation field, so that a motional narrowing of the . Lo
inhomogeneously broadened band is observed. On the othermOk_}CUIe at an instant of time, is wo + wa(t). In other words,

o - . local interactions result in a shift @f1(t) from the unperturbed
e et e W2 value, . The average of s Shf over e resls 1 s
s A di Ipy Id (1 . f Gaussian line shape. If it is now assumed that each of the
ments. Accordingly, we wou'd eXpect 10 Se€ a narrowing ot 4, 4iviqal modes that contribute to a profile is characterized
the observed bands or lines of amorphous glassy polymers whe

dissolved i vent and h imilar ch | y a correlation function that decays exponentially with a
ISSolved in a solvent and perhaps simiiar changes as a result,, g |atjon timer., exp(t/ze), then the following expression
of going from the glassy to the melt state.

for the vibrational time correlation function can be obtaifé&d:
Vibrational energy can also relax by resonance transfer

processes. A particularly striking example of this type of Gy(t) = exp[—Mzrcz[exp(—t/rc) — 1+t ]} (3)
relaxation occurs in molecules containing carbonyl groups.

Acetone, for example, has been widely studiétin molecules  The interesting part of this model is the behavior predicted at
such as this, local structure, as influenced by strong interactionsine |imits of short and long times. In what is called the slow
between permanent dipole moments, coincides with strong mogulation limit, when the time scale of the fluctuations,in

vibrational coupling that is a consequence of transition dipole the system is large, or at very short times < 0), the time
interactions. The former influences the latter as a result of the qrelation function is Gaussian.

tendency of the molecules to align to some degree, even in the

liquid state. This coupling results in an asymmetric broadening Gy(t) = exp(=0.5M t2) (4)
of the observed vibrational mode, in this case the carbonyl v 2

stretching vibration, as we also observed in studies of ethylene/(ln order to obtain this result, put explize) = 1 — t/ze + 2/

vinyl acetate copolymers a few years &diowever.a-PSis 5 2iq oq 5) Because the time correlation function is Gaussian,

a nonpolar molecule, and resonance energy transfer would nots'ryrier transform results in a Gaussian band shape, one that
be expected to play a major role in vibrational relaxation refiects the distribution of local environments and hence
processes in this material. interactions

Inelastic collisions can result in an energy transfer, and In the fast modulation limit, when the time scale of the
vibrational energy can also decay by transfer to other, lower fluctuations,z, in the system is small (modulation frequency
energy modes (vibrational relaxation), whose vibrations may ~1/r.), or at very long times ¢ — ), the time correlation
be coupled to the mode of interest or to overtone or combination function is exponential.
modes that are close in frequency. Low-frequency modes can
play an important and intriguing role in this process. If, for Gy (t) = exp(-t/r,) (5)
example, an overtone is separated from a fundamental by a few
wavenumbers, a lattice or bath mode can “make up” the energywhere
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7, = UMt (6) a single parameter that is a sum of individual contributions
(Awi?) to the second momenit),. It will be shown below that
The Fourier transform of this exponential gives a Lorentzian egs 710 provide a good to fit the data.
band shape.
A serious limitation of this model would appear to be the Calculations

dependence of the correlation function on a single relaxation In order to calculate time correlation functions from spec-
time. This relaxation time is presumably a sum of various troscopic data, various difficulties must be overcome. First, any
contributions, including vibrational energy relaxation processes pand-shape distortions introduced by the instrument must be
as well as pure dephasing. However, energy relaxation processegaken into account. The FTIR data used in this study had a ratio
appear to be relatively slow in many of the small-molecule of apodized resolution to full width at half-height of between
systems that have been studied. Accordingly, the Kubo (.11 and 0.16, so band shape corrections were considered
Rothschild model has been successfully applied to a descriptionynnecessary. Second, a baseline must be correctly identified and
of vibrational relaxation in a large number of molecular liquids, set. We discussed the identification of the baseline at length in
particularly those where intermolecular interactions are weak. our preceding paper and believe it can be established with only
However, deviations from this simple model can be observed small errors, as long as careful attention to sample preparation
in various systems, particularly (but not exclusively) those js paid® Third, in using infrared spectroscopy, the variation of
involving strong interactions between the molecules (e.g., the refractive index across an absorption band must be taken
hydrogen bonds), where the phase memory is long. The infraredinto account. However, for the relatively weak modes that are
band or Raman line appears to be more Gaussian and is said tghe subject of this study, it has been found that the refractive
be inhomogeneously broaderd® index varies between values of about 1.47 and 1.49 across the
This can be confusing because inhomogeneous broadeninghand profile3® so corrections for this factor were neglected.
appears to be an essential component of the Kuuthschild Finally and most crucially, a way must be found to deal with
model for fast phase relaxation through the paramierthe the overlap of modes commonly found in polymer materials.
second moment of the band. However, in this modegk¢ 1 The problems of dealing with overlapping modes appear to
ps) the correlation function (eq 3) only reflects the distribution have been successfully tackled in a number of studies of small
of environments at ~ 0. Accordingly, this parameter then  molecules. Kirillow3 has proposed a time domain function that
reflects what is calledtatic inhomogeneous broadenjl’lg what has an ana|ytica| Counterpart in the frequency domain and can
follows, we will distinguish between fast and slow relaxation g parently fit bands or lines that are intermediate in shape
processes. Homogeneous broadening is then a consequence gletween Gaussian and Lorentzian. This correlation function
processes that occur on a rapid time scale, whgiesmall (or reduces to Gaussian and exponential forms in a similar fashion
the frequency of modulatiors.™%, is large). Inhomogeneous  tg the Rothschile-Kubo model in the limits described above.
broadening is a result of processes that occur more slowly. TheHowever, we were unsuccessful in applying this model to the
observed band is a convolution of these two effects, and the 1600 cntl region of the spectrum of po]ystyrene, either because
frequency correlation function can then be written as a pr0dUCt of convergence pr0b|ems in the way we were performing the
of two correlation functiong*~3’ calculations or (more probably, we think) because the Kirillov
model needs to be modified to account for inhomogeneous
Gy(t) = Py(H) ®i(0) (@) broadening. Accordingly, we used a curve-resolving approach,
following the work of Georgini et aB? who curve-fit the—CN
stretching region of the liquid crystal ME6N to three Voigt
profiles to account for the fundamental mode and two weak
satellite (Raman) lines. The line shape of the fundamental was
then Fourier inverted to give the time correlation function.
An experimental band profile is simply a series of data points,
so if a function gives an exact fit to this profile (or one that is
_ _ 2_2 . _ within the precision of the data), it seems reasonable to assume
P (1) = exp{ —Awy T exp(-Urg) — 1+ Uzl (8) that the time correlation function calculated by numerical Fourier

Awy2is the contribution to the second moment of the band that transformation of this band is a close representation of the

is due to static inhomogeneous broadening (i.e., reflects the®rginal data. There are various curve-fitting routines com-
distribution of local environments at the moment the normal Mercially available that use Voigt functions or some sort of sum

mode is excited). If it is assumed that inhomogeneous broaden-Of Lorentzian and Gaussian functions. In our work, the following
ing is a result of processes that occur slowly (correlation time, SUM function was used:

(to)i, large), then the inhomogeneous correlation function )

becomes Gaussian: I(v) = fA exp[=In 2(v — v)/Av,)]" +

(1= )AL L+ [(v — vl Avy )7} (11)

As George et al. pointed oéit,this separation is only strictly
valid if the homogeneous and inhomogeneous correlation
functions decay on different time scales. It is usual to assume
that the correlation function of the modulation is exponential
so that both®y(t) and ®;(t)can be written in the same form as
eqg 3. The homogeneous (rapid modulation) function is then

O,() = exp[ - %Awiztz} ©)
The Gaussian and Lorentzian shapes that combine to make up
The experimentaM; is then given by the overall band profile are assumed to have equal half-widths
at half-height,Av1/,, and are present in the proportionsfdab
M, = Aw,” + Aw/” (10) (1 —f). A is the peak heightyg is the wavenumber coordinate

of the peak maximum, and are the frequencies of the points
Note that if a number of different processes contribute to that describe the bands. Liu et“dlhave recently shown that
inhomogeneous broadening, then as long as the correlation timethis particular sum function is an excellent approximation to a
of each is large, we will simply have a product®f(t) Gaussian true Voigt profile, with maximum errors of width, area, and
terms in eq 7. Such a product is simply another Gaussian with peak height of 0.01%, 0.2%, and 0.55%, respectively.
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Figure 1. Plot of the time correlation functions calculated for the 1601 tband ofa-PS as a function of temperature. The inset shows some
selected curves to give a better view of the trends.

Accordingly, we generated bands using the parameters correlation decay at higher temperatures indicates that vibrational
obtained from curve resolving; the intensity at maximum energy relaxation occurs. At first sight, this would seem to
absorption (Ag), the full width at half-height (2Avy/,), and the contradict our spectroscopic observations that the 1583'cm
band-shape parameter (fraction Gaussianysing eq 11. The band changes more dramatically with temperature than the 1601

frequency of each band maximum, was set to 0 cmt. Band cm~! band because of a coupling to a combination mode that

absorbance values were normalized to unit band area (to partiallyis probably mediated by a lattice or bath mode, thus suggesting
account for local field§. The bands were generated outh00 a loss of correlation due to energy relaxation.

cm™1, and the resolution of the original FTIR data was 1ém This apparent difference is a consequence of inhomogeneous

Upon numerically Fourier transforming the bands (using a broadening in the-PS ring modes studied here. This can be
program written in MATLAB), this gave a frequency correlation seen in Figures 3 and 4, where we attempted to fit the time
function that, in principle, is reliable to 16 ps at a time resolution correlation functions calculated for the 1601 and 1583 tm
of about 0.17 p3.Calculated correlation data were normalized modes to the KubeRothschild model (eq 3). It can be seen

to a value of 1 at = 0. that the calculated data deviate from this model, with the
) ) deviation increasing as the temperature is raised. The deviation
Results and Discussion of the 1583 cm! mode is far greater than that of the 1601ém

The band shapes of both the 1601 and 1583'cmodes of mode. These plots indicate that there are processes occurring
a-PS are neither pure Gaussian nor Lorentziand therefore on (at least) two different time scales. The first is a fast process,
do not reflect just the distribution of local oscillator environ- wheret. is small (modulation frequency 1/ z¢). The second
ments or pure relaxation processes, but some combination ofis a much slower process (or processes), wheris large,
the two. The time correlation functions calculated for these accounting for the deviations between the valuesGeft)
bands are shown in Figures 1 and 2, respectively. For the 1601calculated from spectroscopic data and the curve calculated
cm™! band, there are only small changes Gy(t) as the using eq 3. Essentially, the degree of inhomogeneous broadening
temperature is increased from 25 to 14D. There is slightly of the bands is changing, and this could be due to changes in
faster correlation decay at higher temperature, reflecting a smallboth the static inhomogeneous broadening component as the
broadening of the barfiln contrast, there are large changes in polymer approaches th&; and a contribution from a slow
Gy(t) calculated for the band near 1583 thas a function of relaxation process.
temperature. The correlation decay apparently becomes slower, In general, the same band shape can arise from various
reflecting the (small) narrowing of the bandwidth and change combinations of homogeneous, inhomogeneous, and intermedi-
in band shape of this modeThis difference in the behavior of  ate mechanisms, making it difficult to extract information on
the 1601 and 1583 cm bands would seem to reflect differences the dynamics of the system in the absence of additional
observed in the, and vz modes of chloroform by Rothschild  information. As mentioned above, one approach has been to
and Cavagnat These authors observed that the vibrational assume that vibrational relaxation occurs on just two time scales,
amplitude correlation decay of the mode was faster at higher  one fast and the other slow, and each of these can be modeled
temperature, while that of theg mode was slower. Vibrational ~ using an expression of the same form as é4 % Following
dephasing and vibrational energy relaxation have the oppositethis approximation, we assumed thatis large for the slow
dependence on temperature. Faster correlation decay at higherelaxation process (or processes) and least-squares fit the values
temperatures is attributed to vibrational dephasing, while slower of Gy (t) to eqs 79 under the constraint imposed by eq 10 (i.e.,
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Figure 2. Plot of the time correlation functions calculated for the 1583 tbmand ofa-PS as a function of temperature. The inset shows some
selected curves to give a better view of the trends.
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Figure 3. Plot of the time correlation functions calculated for the 1601 Figure 4. Plot of the time correlation functions calculated for the 1583
cm™! band ofa-PS from spectroscopic data obtained at 25 and 140 cm™! band ofa-PS from spectroscopic data obtained at 25, 80, and
°C. Also shown are curves calculated using the Kubo model so as to 140°C. Also shown are curves calculated using the Kubo model so as
give the best fit at short times. to give the best fit at short times.

we assumed that the contributions of homogeneous and inho- The values ofr;, Awr?, and Awi? obtained from a fit to eqs
mogeneous broadeningwi?2 andAwi?, to the band profile must 7—10 are shown in Figures 6, 7, and 8, respectively, while a
sum to give the experimental second momefy). The results plot of M, as a function of temperature is shown in Figure 9. It
are shown in Figure 5 for the 1583 cfnmode at 25 and 140  can be seen from Figure 7 that the fast relaxation process occurs
°C. Equally good fits for the time correlation functions inthe subpicosecond regime, withhaving values of the order
calculated for the 1601 cmh mode were obtained. Accordingly,  of 0.016 ps for both modes at 2&. However, the correlation
even though the assumption of just two relaxation regimes, slow time calculated from the 1601 cthband changes only a small
and fast, appears to be quite drastic and a source of error thammount with temperature (and the variation is probably within
is hard to estimate, the results we obtain fit the data and, as wethe range of error), but, for the 1583 cm* band changes much
will discuss below, are consistent with other work on relaxation more significantly, with the relaxation time becoming faster at
in polymer materials. higher temperatures.
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cm™* band ofa-PS from spectroscopic data obtained at 25 and 140 qf o-PS as a function of temperature. The lines have been placed only
°C. Also shown are curves calculated using the Kubo model modified g5 3 guide to the eye.

to account for inhomogeneous broadening.
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Figure 6. Plot of the correlation timeg, calculated for the 1601 and bands ofa-PS as a function of temperature.

1583 cnt! bands ofa-PS as a function of temperature. The lines have

been placed only as a guide to the eye. the characteristic motions that are important in dielectric
relaxation. In addition to the motions occurring at frequencies
The values of. for both modes, in the range 0.60.02 ps, below 120 cnt!, which was the main concern of the study,

are considerably faster than valuestgfobtained for liquids large-scale motions were observed in the range-5WD cn1?,

like chloroform ¢ for the v3 mode~0.18 p$?) but are of the corresponding to relaxations in the 0.01 ps time range. A
same order of magnitude as a fast relaxation process observegarticularly strong motion was calculated near 650 &nin

in acetic acid' and some aqueous thiocyanate solutitna. our preceding papénve observed that a mode near 1593&m
high-frequency vibrational mode can relax by transferring energy that appears to couple with and provide a mode of relaxation
to a combination of lower frequency internal and lattice or bath for the 1583 cm? band is most likely a combination of the
modes through anharmonic couplifigThe normal modes of  modes observed near 906 and 698 &nThis would suggest
a-PS, with its large number of internal vibrations, would that energy transfer to lower frequency modes is the origin of
therefore be expected to display fast relaxation. This ability to this fast relaxation. However, fast vibrational dephasing is also
descend a “ladder of vibrational energy” is particularly transpar- a possibility. It can be seen from Figure 6 that the correlation
ent for the 1583 cmt band, with its proximity to a close-lying  time, 7., decreases with increasing temperature, indicating that
combination mode that has the correct symmetry for Fermi the speed of modulation increases. This is also what would be
resonance interactions. In this regard, Tifecalculated the expected if the fast component of the correlation decay largely
dipole autocorrelation function of polystyrene in order to identify reflected vibrational dephasing as a result of the subpicosecond
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and 1583 cm! bands ofa-PS as a function of temperature. The lines
have been placed only as a guide to the eye. variation of the environments of the segments, each found in a

“cage” of its neighbors. As the temperature is raised, a slower
motions calculated by Tiller. The analysis of band shapes doesprocess, inhomogeneous broadening, increasingly affects the
not allow a distinction between these mechanisms, and it is band profile. This is probably due to a number of factors. For

entirely possible that both are occurring. the 1583 cm' band, anharmonic coupling to lower frequency
Figures 7 and 8 show the contribution of homogeneous and modes would lead to a random modulation of this high-
inhomogeneous broadeningAwn? and Awi?) to the experi- frequency mode and hence some degree of inhomogeneous

mental second moment of each band. The temperature variatiorbroadening. In addition, there is now considerable evidence that
of My is shown in Figure 9. It can be seen that the major glassy systems are dynamically heterogené&u$,and inho-
contribution to the observed second moment comes from mogeneous broadening could then occur as a result of slow
homogeneous broadening and thus reflects the distribution oftransitions between domains of different mobility. This would
local environments &t~ 0 (i.e., static inhomogeneous broaden- affect both the 1601 and 1583 cimodes.

ing). At 25°C, the values of botV, and Awp? are similar for Interestingly, if motional heterogeneity is one origin of
the 1601 and 1583 cm bands. This is not surprising, in that inhomogeneous broadening, it is apparent at@5the lowest

both are in-plane ring breathing modes, and one would expecttemperatures where measurements were made in this study and
them to be equally influenced by variations in local environment. well below the thermally observer, (~100°C). In this regard,

But, as withr;, Mz andAwy? for the 1601 cm? band vary only Kanaya et af? have observed a fast process in a quasi-elastic
a little with temperature, while the second moment of the 1583 neutron scattering study a@fPS that had an onset temperature
cm~1 band decreases significantly, with the largest rate of changenear 170 K. Although this relaxation is of the order of
seen in the 88100 °C range. This indicates that a faster picoseconds and hence much slower than that observed here, it
modulation process and a rapid “loss of memory” average out was assigned to librational motions of the phenyl rings. These
the effect of local differences in environment on the 1583&m  motions are presumably as heterogeneous as other dynamic

mode. processes and would therefore lead to a degree of inhomoge-
We were surprised to find that only small values /b;? neous broadening that should be observed at temperatures well
were sufficient to give the relatively large deviations@j(t) below theTy. Clearly, a number of factors, many probably

from the Kubo model. In other words, static inhomogeneous related, could lead to inhomogeneous broadening, but if these

broadening, reflecting the distribution of environments that exists were all relatively slow processes (in terms of vibrational

at the moment of excitation t{~ 0), largely determined/.,. relaxations), then their only contribution to the band profile

However, unlike the variation dfl, andAwp? with temperature, would be through a Gaussian inhomogeneous broadening of the

inhomogeneous broadening, as measuredby, appears to band. This would explain why eqs-20 give such a good fit

increase steadily with temperature (Figure 8) for both the 1601 to the data.

and 1583 cm! modes. Finally, we also plotted In; against 1T (K1), as shown in
Although these data do not allow us to unambiguously assign Figure 10. There are apparently two linear regions: one below

a relaxation mechanism to these modes, the observed variation& temperature of 80C and the second lying above this

of the 1583 cm! band with temperature is interesting and temperature. We assumed a temperature dependence of the

consistent with contemporary views of dynamical heterogene- following form:

ities in glassy systems. In an investigation of polystyreneRoe

observed that the short-time dynamics consists of two pro- 7, = Ty eXPAE/KT) (12)

cesses: a fast relaxatio={ ps) at low temperatures and a

slower processX1 ps) that is frozen in the glassy state. We In this equation,AE is an activation energy for the system

calculated a correlation function that has a fast component thatrelaxation timeg.. We then calculate values afE of 230 cal/

results in homogeneous broadening, whare:? reflects the mol for temperatures below 88 and 810 cal/mol at higher
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