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ABSTRACT: The shapes and widths of infrared bands and Raman lines are an important source of information
on interactions and molecular dynamics and have been used to study vibrational and rotational relaxation processes
in the picosecond time range. Most of this work has focused on small molecules, however, and the analysis of
bandwidths and band shapes has been a largely neglected topic in polymer vibrational spectroscopy. The
characterization of polymers introduces both advantages and new problems. One simplification is a consequence
of the large mass and moments of inertia of these molecules. Relaxation times associated with the reorientation
of chain segments and many side groups are long compared to vibrational relaxations, and their contribution to
band and line contours can be neglected. Unfortunately, this simplification is accompanied by new problems:
the multiplicity of overlapping bands observed in many systems and the complications introduced by conformational
sensitivity. Some of these experimental problems are addressed in this paper, where an analysis of the ring stretching
modes in the 1600 cm region of the infrared spectrum of atactic polystyrene is presented. It is shown that the
shape of one of the fundamental modes in this region of the spectrum changes significantly as the polymer is
heated through the glass transition temperature. This is interpreted in terms of a coupling of this mode to lattice
vibrations through a combination vibration. It is thought that ¢heelaxation process in glassy solids succeeds
much faster than picosecond scale motions, and vibrational relaxation, as suggested by these results, would appear
to be a sensitive indicator of the type of cooperative motions thought to be involved.

Introduction argued that the sensitivity of the half-width of infrared bands

d to molecular motion could be used to probe the crystallization
process in syndiotactic polystyrene. As part of this study, these
authors also monitored the peak position and half-width of the

A wealth of information on molecular dynamics lies burie
in the shapes of infrared bands and Raman linésData
obtained in the frequency domain has a counterpart in the time 1 . 8
domain in the form of a time correlation function, which is 907 cm* band of atactic polystyrene{PS) as a function of
sensitive to molecular dynamics and relaxation processes in thet€mMperature.. A plot of the peak position vs temperature
picosecond time range. Band-shape studies can provide infor-displayed an inflection point near tfg, similar to observations

mation on rotational relaxation (usually in small molecules), Made in a number of older studies of polymer transitisns:.
the duration of “sticky” collisions (e.g., those involving Plots of the half-width of this band displayed more intriguing

hydrogen bonds), the dynamics of strong interactions, the features, however. The plot was rglgtively flat at temperatures
coupling of local vibrations with lattice motions, and so on. ~ Well below theT,, decreased to a minimum at temperatures near
Unfortunately, information on molecular relaxation times is the Ty, and then increased abruptly at higher temperatures.

not easily extracted from conventional infrared absorbance bands In polymer spectroscopy, it is usual to regard the shapes and
or Raman lines. Not only are there considerable experimental widths of infrared bands and Raman lines as being directly
problems, well documented in the literature, but even when related to the distribution of local environments experienced
excellent data have been obtained (most often on small, by an oscillator. Each oscillator may relax by some mechanism
symmetric molecules), the range of relaxation phenomena that(e.g., vibrational dephasing or energy relaxation), but the band
contribute to the band or line shapes has complicated andue to a particular normal mode largely reflects the superposition
interpretation of the results* of different frequencies that are a result of interactions in slightly
In spite of these difficulties, the field has advanced consider- different local environments. In fact, this is also a central
ably in the past few years, and considerable insight into the assumption made in many studies of low molecular weight
dynamics of small molecules and their relaxation behavior in liquids and glassy solids.*4 As we will discuss in more detail
the liquid, glassy, and confined states has been gdinéd. inasubsequent paper, the widely used KuBothschild model
However, as Rothschifdpointed out more than 20 years ago, assumes that each oscillator relaxes in an exponential fashion
the study of the shapes of the infrared bands and Raman lineshence has a Lorentzian band shape), but there is a Gaussian
of polymers remains a largely neglected area, with just a few distribution of such bands (i.e., local environments). If the time
studies that have used infrared spectroscopy to study phasescale of the fluctuations in the system is large, then a Gaussian
changed8-21 This older work generally focused on frequency band shape is observed, and the bandwidth (or second moment
shifts and overall intensity changes, as opposed to band shapesf the band) simply reflects the distribution of states. On the
and widths. More recently, however, Tashiro and Yoshiéka other hand, if the modulation process is fast (e.g., if there is a
rapid change in local environments), then local differences in
t Pennsylvania State University. environment are “averaged out” by a rapid loss of memory,
¥ Sunchon National University. and a Lorentzian band shape is recovered. If the relaxation
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Figure 1. Infrared spectrum of atactic polystyrene showing the position of a linear but sloping baseline.

process is dominated by a single mechanism (or there is a We believe that the most accurate way to measure the half-
relaxation process that is much faster than the others), then thewidth (and other band parameters) of bands in the spectra of
half-width of the band can be related to the relaxation time. polymers, which usually overlap to some degree with one or
(The width at half-height is inversely related to the relaxation more neighbors, is through curve fitting. Our methodology is
time.) Tashiro and Yoshioka essentially assumed that they werebased on the approach we have used to analyze the infrared
in the fast modulation limit and interpreted their results in terms spectra of polymer blends, described in detail in a recent
of an apparent “slowing down” of the dynamics at e We review2® The procedure involves an initial examination of a
found this intriguing and attempted to repeat the experiment broad region of the spectrum to identify where a baseline can
and determine whether the shapes of other bandsR$ are be placed. It is very difficult to obtain cast films of even
sensitive to relaxation processes nearThéNe will report the thickness, so that even excellent spectra often display some
results of our experimental work here, focusing on methodology, degree of slope in the baseline, as can be seen in Figure 1. As
as this is crucial if reproducible results are to be obtained. a result of several factors (source and detector characteristics,
Calculations of time correlation functions will be presented in etc.), there is more noise at the edges of the mid-infrared region

a separate publication. (near 4000 and 450 cm¥), and the precise position of the
) _ baseline is less well-defined. (To observe this in the spectrum
Experimental Section shown in Figure 1, it is necessary to examine the spectrum in

Thea-PS (M,, = 190 000) used in this study was obtained from @ narrower absorbance range, between 0.05 and 0.1 absorbance
Scientific Polymer Products, Inc. Thin films were prepared by units.) Compounding this problem, scattering and reflections
casting 4% (w/v) THF solutions onto KBr windows. The solvent can lead to a curvature in the baseline that becomes more
was removed slowly under ambient conditions for a minimum of pronounced at lower wavenumbers, a factor that will depend
24 h. The sample was then dried in a desiccator for an additional oy how well a sample is prepared. A careful examination of
day. After that, the sample was placed in a vacuum oven at@20 g e 1 shows that a linear baseline drawn from a point near

to remove residual solvent, 3500 cnt? through a point near 2100 crh (where there do

Infrared spectra were obtained on a Digilab FTS-45 Fourier i to b b tion bands) deviat liahtly f
transform infrared (FTIR) spectrometer using a minimum of 256 not appear to be any absorption bands) deviates slightly from

coadded interferograms at a resolution of 1-énAll films were absorption minima in the spectra near 500 and 800'cmhere
sufficiently thin to be within the absorbance range where theBeer We would expect the baseline to be positioned. Although most
Lambert law is obeyed. modern instruments have automatic baseline correction routines,
we consider these to be an abomination, as they often adjust
Results and Discussion all the minima in the spectra to an assumed zero absorbance

The infrared spectrum of atactic po|ystyrene between 3500 value. This leads to Significant distortions in band shape,
and 450 cmt is shown in Figure 1. This spectrum has not been particularly when applied to spectra with strongly curving
“smoothed” or baseline adjusted. One problem is immediately baselines. We think it is necessary to reject spectra that display
apparent: the band near 907 chis relatively weak, and there ~ anything but a minimal degree of deviation from a linear
is considerable overlap with close-lying modes. The measuredbaseline and cast new films.
width at half-height strongly depends upon the position of the A careful examination of the baseline in the narrow absor-
baseline. Tashiro and Yoshidkalid not describe their proce-  bance range mentioned above (G:@61 absorbance units) led
dures in detail, so we do not know whether the approach we us to conclude that, first, polystyrene is perhaps not an ideal
will now describe duplicates theirs. choice of polymer to pursue studies of vibrational relaxation
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Figure 2. Curve-resolved infrared spectrum of atactic polystyrene in the 907 oegion of the spectrum.

because of the multiplicity of overlapping bands and, second, fitting process, so as to exclude the influence of higher
the baseline is very slightly curved, particularly in the lower wavenumber modes on its band shape.) Initial results from this
wavenumber region. However, in narrower regions, particularly procedure were unsatisfactory, in that there were clear differ-
in the range of about 226@1100 cnt?! (where the background  ences between the profile obtained from adding the two
transmission is at a maximum), the baseline appears to be linearcomponent bands and the original spectra, and it was necessary
to a very good approximation, as illustrated in the inset displayed to also include bands near 920 and 890 &éno obtain a good

in Figure 1. We will consider this region of the spectrum in fit. We will not go into the details of how we came to this
more detail below, but first we will describe our attempts to conclusion for this particular band, as we will describe the

measure the width of the 907 ciband. methodology in more detail below, where it is applied to a
Initially, we used scale-expanded spectra to fix the position region of the spectrum where the baseline is better defined. This
of the baseline, using minima near 500 and 800 &nThis is clearly not a satisfactory procedure, in many ways, of course.

procedure is no doubt imperfect for the determination of absolute In our work, we try to justify the inclusion of such weak bands
band shapes but allows us to curve-fit spectra obtained as ain a fitting procedure on more fundamental grounds, using either
function of temperature in a reproducible manner. The 907%cm  the second derivative of the spectrum or a prior knowledge of
band was then curve-resolved using a program developed inthe presence of, say, a weak overtone or combination mode.
our laboratories. Experimental bandwidths are often a convolu- However, our purpose here was to simply obtain a measure of
tion of Gaussian and Lorentzian (Cauchy) shapes (resulting in the width at half-height of the band near 907¢ras a function

a Voigt profile), but these are often approximated using a sum of temperature. In this case fitting to two bands or four gave

function. We use the following expression: similar results in terms of overall trends.
The curve-fitting program we use in our work determines
_ o _ 2
1(v) = fA exp[=In 2(v — vo)/Avy]" + the peak position and intensity at maximum absorption, the (full)

@A-)AH1L+[(v— vo)/Avm]z} Q) bandwidth at half-height (®v1/,), and the band shape (in terms
of fraction Gaussian) and from these parameters also calculates
The Gaussian and Lorentzian shapes that combine to make ughe overall integrated intensity of the band (in its entirety, not
the overall band profile are assumed to have equal half-widths just the portion of truncated bands that appear in the plots).
at half-height,Avy,, and are present in the proportionsfdd Plots of the frequency at maximum absorption vs temperature
(1 —f). Ayis the peak heighty is the wavenumber coordinate  displayed results very similar to those observed by Tashiro and
of the peak maximum, and are the frequencies of the points  Yoshioka?? Plots of the bandwidth at half-height, obtained by
that describe the bands. Liu et?dlhave recently shown that fitting to both two bands and four bands, as shown in Figure 3,
this particular sum function is actually an excellent approxima- were very different, however. First, the values we determined
tion to a true Voigt profile. were about half of those reported by these authetk3(cnt?
Initial estimates of these parameters for a defined number of vs ~26 cnt?). The spectrum shown in Figure 2 strongly
bands are then least-squares fit to the observed spectrum in auggests to us that the (full) width at half-height should be about
limited wavenumber range, 94870 cnt?, shown in Figure 13 cnm?, however. Second, we do not observe the same type
2. We initially employed just two bands, near 907 and 943%cm  of fluctuations near theTy, but there are some interesting
Because Lorentzian bands have “tails” that extend a considerablechanges. Starting at a temperature of abolft@ahe bandwidth
distance from the peak position, it is necessary to include increases and appears to level off at temperatures ne&CL00
neighboring bands that are close to the absorption of interest.the thermally measured, of this polymer. We do not observe
(In this particular, case we have truncated the latter peak in theany apparent discontinuity in this parameter at Tge
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Full Width measurements of aqueous solutions noted that this appeared to
Half{Heigh be a fairly common occurrence, particularly when ratioing
131 ol spectra taken over time against a common reference (back-
- 2 & = om o ground) spectrur®® Nevertheless, baseline correction was
129 o Curve resolved apparently sufficient to compensate for this probkSm.

using two peaks As mentioned above, one possible reason for the difference
¢ |° in the results presented here and those in the literature is that
127 . there is a change in band shape as a function of temperature,
which can influence half-width measurements, depending on
how the latter are made. This would be very interesting,
suggesting not only that there is a change in the dynamics of
the system as the sample is heated throughTghmut also that
the mechanism of vibrational relaxation is changing as collective
12~30 20 20 0 B 100 130 140 180 motions within the sample bgcome significant. Accordingly, we
Temperature °C examined th_e 1600 crd region of thg spectrum, shown for
spectra obtained at 50, 100, and T4Din Figure 4. There are
Figurfi r?étizlr?g?{et&e (effzyt)u\:‘gdtl\f/‘l é’;shu?g}ggﬁtgt M?;:gemgzgecm t;agdectru two fundamental normal modes of vibration in this wavenumber
23r3e-resolved into Ii)wo bands (top) and one curve-resolved int% fourn?ange’ near 1601 and 1583 Ttat room temper.atur.e. (They
bands (bottom). shift to lower wavenumbers as the temperature is raised.) These
re both in-plane ring-breathing mod&s?’ The phenyl ring

There also appear to be changes in the shape c.’f the ban ttached to the polystyrene backbone Baslocal symmetry,
that follow a corresponding pattern. We will not consider these with the 1601 cm* band belonging to symmetry species, B
results in any depth, however, because they are subject O, hile the 1583 cmt band belongs to symmetry species. A
significant uncertainty as a result of the difficulty in accurately This will be important in terms of the interpretation of our
fixing a baseling in Fhis region of the spectrum. This, in turn, results. There are also two obvious weak overtone or combina-
affects the contribution of the weaker modes near 920 and 890tion modes. near 1667 and 1541 dmLess obvious. at first
cm*to the spectrum and hence the band shape of the 90¥ cm site. is the,presence of the weak band near 159’2lpm1

”?Ode- HO\_/vever, they do suggest one p_055|_ble reason for theovertone or combination mode that at least at high temperatures
difference in results. If the width at half-height is measured from

! . ay be in Fermi resonance with one of the fundamentals. To

a computgr or instrument baseline corrected spec;rum, such.tha ngage in Fermi resonance interactions, modes must belong to
the half-widths were measured at a lower point in the profile the same symmetry species, which means that the 1592 cm
(hence tr_'e larger value Of_ the measured half'w'dth)’ then tI_1e band must be either an overtone (which would be a totally
?mgrﬁzgggr;\’rﬁgl; tm:nd dezr:;trf%grzﬁggg Vgﬁg':gzi '?i‘r:]lu;f?h'rne symmetric A mode) or a combination that results in either A
bands) would affect the results. If the weak bands that we have rB symmetry.. We. will return to this point below..
included are not real, then the shape of this band is changing in  1h€ Spectra in Figure 4 show clear changes in both the
a very interesting manner with temperature. The possibility of frequencies _an_d intensities of the fundamental modes as the
a band shape change at thgis intriguing, suggesting these temperature is increased. To put these spectra on tht=T same scale
modes are sensitive to local environment and relaxation @nd facilitate subsequent curve resolving, we adjusted the
phenomena. Normal mode calculations of told&aed isotactic baselines of all spectra so that a minimum in the absorbance
polystyrenés?’ indicate that the 907 cnt band ina-PS is a near _2050 cm! was set to zero. We alsq ass_umeql that the
localized (conformationally insensitive) out-of-plane bending Paselines were almost (but not quite) flat in this region of the
mode of the hydrogen atoms on the phenyl ring. We therefore SPectra, passing through a second minimum near 1150 cm
thought it would be interesting to see whether some of the in- (S€€ inset in Figure 1). No corrections for slope or possible
plane modes were also sensitive to the changes in dynamicscurvature in this region of the spectrum were made. Close
that occur near th&, Furthermore, we believe it is possible to  €xamination showed that this baseline indeed sloped slightly,
fix the baseline with more certainty in the higher wavenumber Such that the position of the baseline between 1690 and 1510
region of the spectrum. cmt was actually at—O:OQZ absorbancg units, after.adju_stment.

Before getting to this, there are two additional points we wish We Will report curve-fitting results using a baseline fixed at
to make. Our experiments were conducted a little differently to this position, but we also repeated the procedure with the
those of Tashiro and YoshioRaWe raised the temperature in ~ Paseline fixed at 0 ane-0.001, obtaining the same results,
small increments, pausing to take the spectrum at each tem-Within error.
perature. This is because we wanted to obtain the spectra at a An aside is in order here. An examination of the spectra
resolution of 1 cm? (to include more data points for each band shown in Figure 4 might suggest that a good baseline could be
and thus improve the accuracy of our curve resolving), and we drawn connecting points near 1635 and 1560 trfRor ordinary
also wanted to obtain a large number of scans or coaddedquantitative analysis, where all that is necessary is to define a
interferograms (usually>250) to obtain high signal-to-noise  reproducible baseline and establish a calibration plot, this would
ratio spectra. Tashiro and Yoshioka used a constant heating ratde a good choice. Here, however, we are attempting to determine
of 2 °C/min and took spectra continuously. Accordingly, we band shapes as accurately as possible, given the limitations of
repeated the experiment in the same way, obtaining essentiallydealing with a sample such as polystyrene with numerous
the same results as those reported above. The only differenceoverlapping modes. Band shapes can be dramatically affected
was that the data displayed more scatter, as the spectra (obtaineby a choice of baseline. The intensity of a Lorentzian (Cauchy)
using just 16 “scans” at 2 cm resolution) were not as good.  peak is about 1% of the peak height at a distance of 10 times
The second point is that we observed a small degree of baselinghe width at half-height from the frequency of maximum

13.3 f’ drift over time. An interlaboratory study that compared FTIR
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Figure 4. The 1600 cm! region of the infrared spectrum of atactic polystyrene at 50, 100, and@40
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Figure 5. Initial results of curve resolving the 1600 chregion of the infrared spectrum of atactic polystyrene held at&0

absorption. For the 1601 crhband in the spectra reported here, main portions of the band and its wings, so that small deviations
this would be an absorption value of about 0.001 units 50'cm  in both become apparent.

from the peak position. Because of band overlap, we would  Thjs brings us to our curve fitting results. The 1600¢m
therefore expect that the profile in this region of the spectrum region of the spectrum obtained at 8D is shown in Figure 5.
would sit slightly above the true baseline. Defining a baseline e initially attempted to fit the profile to the four obvious bands
locally (i.e., between 1635 and 1560 chwould force these near 1601, 1583, 1667, and 1541 dmArrows and the scale-
bands to be somewhat more Gaussian, as the tails of the bandexpanded spectra (shown as an inset) demonstrate significant
would be cut off. (This is why we chose a region free of bands deviations between the original spectrum and the profile
to set the zero point when normalizing our spectra and why we obtained by summing the curve-resolved bands. These deviations
changed the baseline by 0.001 units to check its effect on ourare not just at the positions indicated by the arrows, but at other
curve fitting.) Fortunately, careful examination of the results positions in the spectrum. Essentially, by attempting to fit all
of curve fitting can often reveal when this occurs, as the profile frequencies as closely as possible, the curve-fitted profile is
generated in the curve fitting process cannot match both theinevitably pulled away from the true spectrum at certain
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additional overtone/combination modes. Figure 7. Results of curve resolving the 1600 thregion of the

- ) ] N infrared spectrum of atactic polystyrene held at ¥€Gafter including
positions. We found it necessary to include two additional bands, additional overtone/combination modes.

near 1593 and 1577 cr in order to obtain a good fit, as shown
in Figure 6. Of course, one can always obtain a better fit (in 22 Ban&l Arei
terms of least-squares deviations) by adding more bands (one
reason we prefer to use knowledge and experience in making R
such judgments, as opposed to some arbitrary goodness-of-fit 2 o 1601 cm - Band
criteria), but the inclusion of such bands must make spectro-
scopic sense. First, we should be able to assign them to likely .
overtone or combination modes; second, if they can be assignedi.s -
to such modes, we need to see clear evidence of their presence. LI T I RS
Given this limitation and assuming that the most likely
candidates are also ring modes, there are several p053|b|I|t|es16

a combination of the very strongi/Raman line near 1000 crh A 44, A
with the 621 cmi® B; band, resulting in a Bsymmetry species 1f83 c,]n" BJnd
A

combination; a combination of the two,Bhodes near 906 and

698 cnt! (which would have A symmetry); or a combination 04

of the two A  modes near 558 and 1027 chnBecause observed

overtones and combination modes are usually observed at a °

lower frequency than the sum of the fundamentals, these last,, A

two assignments are the most likely origin of the 1592 and 1577 A, 4 &

cm~! modes, respectively. (If the former is in Fermi resonance 1592 cm’ Ban

with the fundamental observed near 1583 ¢énthe 1583 cm? 0 Ti

mode has presumably been pushed to a lower frequency by this "¢ 20 40 60 80 100 120 140 160

interaction.) °
The 1577 cm! mode is suspiciously weak, and in initial work Temperature C

curve fitting the spectra obtained at low temperature we were Figure 8. Plot of the band areas of the 1601 and 1583 tm

reluctant to include it. However, this band becomes discernible fundamental bands and the 1592 ¢mombination mode as a function

to the naked eye in the spectra obtained at higher temperatures®’ temperature.

The (truncated) spectrum shown in Figure 7 was obtained ata lot as the temperature is raised. It is the decrease in the

120°C, and the presence of an underlying weak band (indicated intensity of the fundamental near 1582 thand its shift to

by the arrow) is now apparent. (It is interesting to note that in lower wavenumber that are more responsible for the enhanced

a critical review of the scope and limitations of curve fitting, prominence of this latter peak.

published 25 years ago, Maddathebserved that the value of The areas of the bands near 1601, 1583, and 1592 cm

visual inspection in the detection and location of peaks in a plotted as a function of temperature are shown in Figure 8. It

profile should not be underestimated, as the eye and brain usecan be seen that the fundamental modes (1601 and 1583 cm

a search routine which, in essence, is based on derivativedecrease in intensity as the temperature increases. In contrast,

functions!) Note that the intensities of the two weak modes near the area of the 1592 cmh band increases significantly. The

1592 and 1577 cmi appear to have increased and their widths change in the area of this band appears to be gradual at first

broadened. This is certainly true of the band near 1592'cm and then increases at a faster rate in the temperature range of

(more on this shortly), but the 1577 chband does not change  about 86-100 °C, before settling back at higher temperatures.
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Figure 9. Plot of the ratio of the band areas of the 1601 and 1583
cm ! bands as a function of temperature. The lines have been placedFigure 10. Plot of the (full) width of half-height of the 1601, 1583,
only as a guide to the eye. and 1593 cm! bands as a function of temperature. The lines have been
placed only as a guide to the eye.
If examined on a larger scale, the area of the 1601 dpand 09
appears to decrease in an essentially linear fashion with Fraction Glaussian
increasing temperature, while the 1583 ¢nband appears to 08
mirror the 1592 cm! combination mode, with the largest change °
occurring in the 86-100°C temperature range. The greater rate -1 *
of change in this temperature range is more clearly seen if the 07 1583 Band ¢
ratios of the band areas of the 1601 and 1583*cbands are
examined, as shown in Figure 9. These results suggest that a$#€
the temperature is increased and the frequencies of the modes
move to lower wavenumbers, there is an interaction between 0§
the 1583 and 1592 cr modes, presumably as a result of Fermi

resonance. 04 LA L R B
15,32plot (1)f the width at half-_helght of the 1601,_1583, an(_j am ' = " 8 1601 cm-l Band
cm! modes as a function of temperature is shown in o3
Figure 10, while the band shape of the two fundamental modes e o
are plotted in Figure 11. (The band near 1592 trstays 02 hd
essentially Lorentzian.) The half-width of the 1601 dnband
appears to increase gradually between temperatures of 25 ang,
about 100°C (near the thermally measurell) and then,
perhaps, at a somewhat greater rate above this temperature. (We _
would need to have a better handle on errors to be sure of this.) "¢ 20 40 60 80 100 120 140 160
The shape of this band becomes slightly more Gaussian as the Temperature °C
temperature is raised. In contrast, the half-width of the band
near 1582 cm! appears to remain essentially constant, but its
band shape changes significantly with increasing temperature,
becoming much more Gaussian. The change in band shapemotional narrowing and hence a more Lorentzian profile might
occurs most rapidly in the temperature range of about8M be observed, as segmental motion within the polymer chain
°C. The bandwidth of the 1592 crh absorption increases pecomes more pronounced. However, the observations reported
significantly with temperature, with the largest change also here are not unusual. In a study of the vibrational dynamics
occurring in the 80 to 100 or 10%C temperature range. These associated with glass formation in A3, Kirillov and Yan-
changes were reproducible and were also observed in melt-nopoulos! determined that the profiles of certain Raman lines
pressed (thicker) films. were more Gaussian in the liquid state than in the glass, with
At first sight, the changes in the band shape of the 1583'cm the line profile changing at temperatures below fhg as
mode appears to be counterintuitive. One would anticipate that observed here. Rothschild and Cava§mate that this type of
frozen in the glassy state the dynamics of the system would behavior is characteristic of modes where vibrational energy
approach what is called the slow modulation lifnit,resulting relaxation becomes important at the expense of vibrational
in a Gaussian band profile that simply reflects the distribution dephasing, as the two have an opposite dependence on tem-
of oscillator environments. Then, as the temperature is raised,perature. In this regard, we suggest that the band near 1592

[ ]

®

Figure 11. Plot of the shapes (fraction Gaussian) of the 1601 and
1583 cn1! bands as a function of temperature.
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cm™1, which we have assigned to a combination mode, is crucial. The 1583 cm? ring mode appears to be far more sensetive to

Energy transfer from fundamental to overtone or combination temperature, showing changes at about °ZD below the
modes that are close in frequency is known to occur. Further- thermally measured. This is interpreted in terms of a coupling
more, if, for example, an overtone is separated from a to low-frequency modes as a result of a Fermi resonance
fundamental by a few wavenumbers, a lattice or bath mode caninteraction with a close-lying combination mode.
“make up” the energy difference between the fundamental and
the combination, ensuring a conservation of energy and provid- Acknowledgment. The authors gratefully acknowledge the
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the band near 1583 crhis more sensitive to temperature than under Grant DMR-0551465, and the Korea Research Foundation
the band near 1602 crh even though both are within 10 cth (KRF-2003-013-D00023).
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