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The temperature-dependent vibrational population dynamics and spectral diffusion of the CO
stretching mode of tungsten hexacarbonyl in 2-methylpentane are observed from the room
temperature liquid to the low temperature glass using picosecond infrared transient grating and
pump—probe experiments. These experiments were performed between 10 and 300 K on the triply
degenerateT;, asymmetric CO stretching mode at 1984 ¢nusing pulses with bandwidths
narrower and wider than the absorption bandwidth of the transition. The rate of vibrational
population relaxatiofl00<T;<150 p3 is observed talecreasewith increasing temperature. The
orientational dynamics for this transition are observed on a faster time scale than the population
relaxation. Although the liquid viscosity changes over 14 orders of magnitude, the orientational
relaxation rate slows by less than one order of magnitude over the full temperature range. By
comparing polarization-dependent experiments performed with both narrow and broad bandwidth
transform-limited pulses, it is possible to measure temperature-dependent spectral diffusion in both
the liquid and the glass. The spectral diffusion and the orientational relaxation are shown to be
intimately related. It is proposed that both arise from the time evolution of the superposition of the
three degenerate states created by the excitation pulsE998 American Institute of Physics.

I. INTRODUCTION Vibrational spectral diffusion is the name given to evo-
lution of the vibrational energy level splittings on a time
The absorption line shape of a vibrational transition inscale long compared to that of the homogeneous dephasing
amorphous condensed matter systems has contributions froiime. The homogeneous dephasing, which arises from fast
a variety of dynamic processes, including vibrational puresolvent fluctuations, is the inverse of the homogeneous line
dephasing, vibrational population relaxation, and orientashape and is the observable of the photon echo experiment.
tional relaxation. Each of these processes involve couplingn a liquid, the homogeneous vibrational linewidth can be
between the internal vibration of a molecule and the externanuch narrower than the inhomogeneous linewidth, even at
degrees of freedom of its environment. However, since viroom temperaturd.®> However, on some time scale, a mol-
brational lines of polyatomic molecules in polyatomic sol- ecule in a liquid will sample all possible solvent environ-
vents are often inhomogeneously broadeh@hnalysis of ments that give rise to the distribution of transition energies
line shapes measured by linear spectroscopy cannot providederneath the inhomogeneous spectrum. Therefore, on a
information on dynamic8 A static (or slowly evolving dis-  time scale long compared to the homogeneous dephasing
tribution of transition energies hides the dynamics that detertime, the homogeneous vibrational line for a given molecule
mine the homogeneous line shape. Nonlinear vibrationalill spectrally diffuse throughout the full inhomogeneous
spectroscopies are required to determine the homogeneolise. The slow dynamic processes that give rise to spectral
vibrational line shap&’ Even in the absence of inhomoge- diffusion can appear static on the time scale of the homoge-
neous broadening, the measurement of the homogenous alieous dephasing, and appear as part of the quasistatic inho-
sorption line cannot distinguish the contributions of puremogeneous background. This quasistatic distribution of vi-
dephasing, population lifetime, and orientational relaxationbrational energies is rephased in a photon echo experiment
For vibrational transitions, all of these dynamics can contrib-and does not contribute to the homogenous linewidth. In a
ute significantly to the observed homogeneous linewidth. glass, which is a nonequilibrium time-evolving amorphous
Time resolved infraredIR) experiments performed on solid, spectral diffusion can also océuHowever, the entire
the ps and fs time scales can independently examine puiehomogeneous line may not be sampled except on an essen-
dephasing, population relaxation, and orientational relaxiially infinite time scale.
ation. IR photon echo experiments can determine the homo- The study of vibrational population relaxation dynamics
geneous line shape of an inhomogeneously broadenad condensed phases gives insight into the coupling of dis-
transition>® IR pump—probe or transient grating experimentscrete vibrational modes with the heat batf.Population in
can measure population relaxation, and when performed witkexcited vibrational modes must relax by transferring energy
polarization selectivity, they can also measure orientationalo other modes of the bath. This energy redistribution among
relaxation. In this paper, we demonstrate for the first timevibrational modes has been observed for a number of
that it is also possible to measure spectral diffusion by emsystems!~18Energy relaxation is accomplished via the cou-
ploying polarization-selective transient grating or pump-pling of modes through anharmonic pathways>* These
probe experiments with transform-limited pulses of variablecouplings are sensitive to the environment of the vibrational
spectral bandwidth. mode of interest, which consists of the discrete vibrational
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modes and structure of the solute and solvent, orientationajuency phonongor INMs) of the liquid, the phonon density
dynamics of the molecules, and the continuum of collectiveof states, and the anharmonic coupling matrix elements for
solvent modes. These collective modes are referred to dbe relaxation process.
phonons in solids and can be described as instantaneous nor- The experiments presented are sensitive to the measure-
mal modegINM) in liquids. The efficiency of coupling, and ment bandwidth. Two distinct, transform-limited bandwidths
therefore the rate of vibrational population relaxation, is dewere used. The broad bandwidishory pulse is wider than
pendent on the thermal population of the participatingthe vibrational spectral line, and thus observes the population
modes %24 dynamics of the entire line. Therefore, population relaxation
To gain understanding of the wide range of variablesand orientational relaxation will influence the time dependent
describing vibrational population dynamics, temperature-observables, but spectral diffusion will not. The narrow
dependent experiments are particularly important. Such expandwidth(long) pulse is significantly narrower than the vi-
periments are sensitive both to the thermal occupation ofrational linewidth. Therefore, excitation of the inhomoge-
modes involved in relaxation pathways, as well as the changieous line burns a transient polarized hole in the spectrum.
ing physical state of the system, such as phase transitionghis hole can fill in by population relaxation, orientational
density, and viscosity. Despite the great importance for unrelaxation, and spectral diffusion, which redistributes the ini-
derstanding the role of physical structure and dynamics o#ial hole area across the entire line. The results observed up
vibrational coupling and on processes such as chemicdp 200 K with narrow bandwidth excitation are characteristic
reactivity’> and electron transféf, few studies have looked Of spectral diffusion in the glass and liquid and are consistent
at temperature-dependent vibrational dynamics in condensétith the inhomogeneous broadening of the transitidine
phases. Studies of this nature have been performed with géne scale and temperature dependence of the spectral diffu-
and fs coherent Raman scattefihg and infrared sion are found to be equal to those of the orientational relax-
hole-burning?®~3! Third-order coherent Raman experimentsation. This suggests that the orientational relaxation and
measure the Fourier transform of the entire vibrational specspectral diffusion are intimately related. The orientational re-
tral line, and therefore cannot discriminate between inhomolaxation and spectral diffusion observed at temperatures be-
geneous and homogeneous broadefiimfhile persistent 0w 200 K are independent of the macroscopic structural
holeburning is a line narrowing technique, it cannot separatgvolution of the solvent as shown by the fact that the solvent
contributions from lifetime, homogeneous dephasing, and/iscosity increases by more than 14 orders of magnitude
spectral diffusion. These problems can be overcome witivhile the orientational relaxation time increases by less than
time-resolved resonant infrared experiments. Picosecond irftne order of magnitude. The similarity of the orientational
frared studies of temperature-dependent vibrational dynanf€laxation dynamics and the spectral diffusion suggests a
ics reported until now have observed the vibrational popula€ommon mechanism that involves the time evolution of the
tion lifetimes of discrete vibratiorfs?*3>%%and used infrared ~SUPerposition of the three,, modes that is prepared by the

photon echoes to observe the vibrational homogeneous lin€Xcitation pulse.. . . .
width in liquids and glassés* In addition, picosecond tran- These experiments constitute time-resolved evidence for

sient holeburning has been used to observe transient hol¥®rational spectral diffusion. The change of the homoge-

and inhomogeneous broadening in a polymer as a function di€oUs linewidth with temperature for this system measured
temperaturé* by photon echo experiments has been reported rectftig.

In this paper, the results of measurements off€sults presented here and a new detailed analysis of the

temperature-dependent spectral diffusion, population relax@hoton echo _resuﬁ_sconfirm the observation of a transition
ation, and orientational relaxation of a vibrational transition’o™m @ massively inhomogeneously broadened line in the

in a glass-forming organic liquid are presented. Thg CO low-temperature glass, to a significantly inhomogeneously

stretching vibration(1980 cm) of tungsten hexacarbonyl broadened line in the low temperature liquid, and finally to a

[W(CO)q] in 2-methylpentané2-MP) is observed from 300 homogenep_usly broadened line at room temperatu_re.

K to 10 K using picosecond infrared transient grating and . ' @ddition, the results presented here are the first use of
pump-probe experiments. This work is complementary to Ouplco.second infrared transient gratings in condensed pha_s_e Vi-
recent description of the temperature dependence of the hg_ratlonal Spectroscqpy. The'data show the grgat sensitivity
mogeneous vibrational linewidth in this systémThe tem- enhancement of this technique over conventional pump-—

perature range studied here spans the transition from quuiBrObe experiments for detecting small population transients.

to glass, and the transition from a homogeneously broadené?fe\c’i'ous dm|ﬂ|nfraredl fOTr'W?‘ge'm'X'”g experlm*(ljergs hon
vibrational transition to a massively inhomogeneously broagfondensed-phase molecular vibrations have included photon

3,5 _
ened line. The vibrational relaxation dynamics of metal car—eChoe% and sum-requency detected photan echoes on

bonyl solutions at room temperature have been investigateﬁ'_H surface vibrations’
at great length by Heilweil and co-workels!8:35-37

The population relaxation time for this system exhibits a
counterintuitive temperature dependence, with relaxation The infrared transient grating and pump—probe experi-
timesT, increasing with temperature. This behavior has alsanents used to determine spectral diffusion, population relax-
been recently reported for the system(@D); in CHCl;  ation, and orientational dynamics were performed with two
(Ref. 24 and is explained in terms of the temperature-sources of picosecond infrared pulses. Narrow bandwidth

dependence of three factors, thermal populations of low fremeasurements were made using 10 ps pulses generated with

Il. EXPERIMENTAL PROCEDURES
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an optical parametric amplifigfOPA), while broader band- against zero background. The intensity of the diffracted
width measurements were made with 1.3 ps pulses from thgrobe signal is proportional to the square of the polarization
Stanford superconducting-linear-accelerator-pumped freanduced by the probe pulse. For an experiment in which there
electron lasefFEL). The pulses from each source were ob-is only population relaxation, the signal is proportional to the
served to be nearly transform limited. square of the excited state population and decays with twice

A LilO; OPA was used to generate 10 ps, 1.57¢m the population decay rate constant.
FWHM, tunable midinfrared pulses at 900 Hz. This system  The transient grating beams are focused to 260with
was modified from one described previou&ly®Briefly, the  a 114 mm off-axis parabolic reflector. A second parabolic
pulse train of a Q-switched, mode-locked, cavity-dumpedreflector after the sample serves to collimate the beams and
Nd:YAG laser with a 10% output coupler is doubled andthe grating signal, and a third parabolic reflector then focuses
synchronously pumps a Rhodamine B dye laser with a Malaall beams into another HgCdTe signal detector. The grating
chite Green saturable absorber cell. The dye laser and thggnal is easily found by rising off the three input beams,
Nd:YAG laser are cavity-dumped simultaneously to form theleaving the signal free to reach the detector. The grating sig-
idler and pump pulses for the OPA. The cavity-dumped pulsaal detector is sampled by a gated-integrator and normalized
of the Nd:YAG is frequency-double(632 nm, 65 ps, 400 to the cube of the mid-IR intensity with an analog signal
wJ), and the remaining fundamental is frequency-doubledrocessor. Further sensitivity is obtained by chopping one of
again to amplify the dye pulse in a single-stage double-pasthe grating excitation beams and detecting through a lock-in
amplifier yielding tunable dye pulses of 10 ps, /& at amplifier.
A~=595 nm. The 532 nm pulse and the amplified dye pulse For the pump—probe experiment, 10% of the IR beam is
are made time coincident and are mixed in a 30 mm LilO split off as the probe beam and sent through an optical delay
crystal generating-1 uJ, 10 ps pulses at=5.05um with a  line. The remainder is used as the pump beam. Both beams
900 Hz repetition rate. The mid-IR is tuned by tuning the dyeare focused to 20@m in the sample with the same parabolic
laser frequency with a 10@m ealon. The mid-IR pulse is reflector as the transient grating. The intensity changes in the
separated from the visible pulses with a GdBrewster probe pulse with probe delay are detected with the HgCdTe
prism. A 2% coated ZnSe beamsplitter is used to split off arsignal detector. Pump—prolfransient absorptiondata are
intensity reference signal, which is monitored with a liquid- collected by measuring a shot-normalized absorption change
nitrogen-cooled HgCdTe detector. in the probe pulse with and without the pump beam, as de-

The Stanford FEL was used as the source of 1.3 pscribed previously*
pulses at the same frequencies as the OPA. A detailed de- For both experiments, polarization selectivity was used
scription of the optical setup will be given elsewhérEhe  to distinguish contributions from orientational relaxation ef-
FEL emits a 2 manacropulse at a 10 Hz repetition rate. Eachfects. In these experiments, pump and probe beams were
macropulse consists of0.5 uJ micropulses at a repetition polarized with ZnSe Brewster plate polarizers with extinc-
rate of 11.8 MHz. The micropulses were observed to beion ratios of 3600:1. Experiments were performed with par-
transform limited Gaussian pulses by performing autocorreallel pump and probe polarizatior®°), as well as magic
lations in AgGaSg and taking spectra wita 1 mgrating  angle probing where the probe beam polarization was rotated
monochromator. The bandwidth was measured#8 cm®.  to 54.7° from the pump polarization. Probing at the magic
The macropulse was intensity stabilized by a germaniumangle has the effect of eliminating the influence of orienta-
acousto-optic modulatofAOM) feedback system. The mi- tional relaxation on the signal in both the pump—pfBtamd
cropulse repetition rate of 11.8 MHz within the macropulsetransient gratintf*** experiments.
was reduced to 50 kHz by single-pulse selecting one pulse Both W(CO)g and 2-MP were purchased a99% pure
out of every 120 with a germanium AOM, making the effec-and used without further purification. Data was taken on
tive experimental repetition rate 1 kHz. All data was taken6x10"* M solutions of WCO), in 2-MP, corresponding to a
with the 50 kHz or lower repetition rate to avoid thermal mole fraction of<10 “. At this concentration, the samples
artifacts. The FEL intensity is monitored with a liquid- had a optical density 0f~0.8 using a 40Qum path length.
nitrogen-cooled HgCdTe detector after a 2% ZnSe beamThis concentration is sufficiently low that Eter excitation
splitter. The pulse lengttbandwidth of the FEL is tunable transfer does not occur between(@D)g molecules® The
from ~0.7—1.5 ps(20—10 cm}). sample was placed between two Gégts spaced with a 400

In the transient grating experimefftthe mid-IR beam is  um Teflon gasket. Using indium wire, the windows were
split into three equal portions. Two time coincident excitationsealed vacuum tight to a copper block mounted on the cold
(pump pulses are crossed in the sample at an afiglehe  finger of a closed cycled helium refrigerator. The tempera-
two beams produce a sinusoidal interference pattern in theure of the sample was measured=t®.2 K with a silicon
sample with a fringe spacing af=\/2 sin(6/2). Absorption  diode sensor mounted on the Gdlats with silver paste. The
of the infrared light by therl;, CO stretching mode images temperature gradient across the entire sample cell at all tem-
the optical interference pattern into the sample. This properatures was<0.2 K after equilibration. Data were taken
duces a population diffraction grating. A third, time-delayedwith decreasing temperature and the mid-IR frequency was
probe pulse is diffracted off the grating at the Bragg angletuned to follow the small temperature-dependent changes in
The diffracted probe beam monitors the decay of the gratinghe position of the absorption maxima.
caused by population relaxation or other dynamic phenom- Temperature-dependent IR absorption spectra of the
ena. The diffracted probe is detected in a unique directioW(CO)g in 2-MP solution were taken with a Mattson Re-

J. Chem. Phys., Vol. 102, No. 10, 8 March 1995



3922 Tokmakoff et al.: Vibrational spectral diffusion

homogeneous dephasing times for this system are approxi-
mately equal to or longer than the pulse length at all
temperature3 allowing for coherent pumping of higher tran-
sitions. For these reasons, detailed power studies were per-
formed for both the pump—probe and transient grating ex-
periments over the entire temperature range. At total beam
energies above 800 nJ, pump—probe and transient grating
i , decays made with the OPA were observed to be highly non-
1975 |- : exponential, due to population of vibrational levels higher
than v=1, as previously observed for metal carbonyls in
— CCl, and CHC}.}"?** Decays showed power-dependent be-
1970 Tq havior down to 100 nJ, with deviations from exponentiality
: OPAI 1 gradually vanishing with decreasing pump energy in the
SR SR S W room temperature liquid. Using the OPA, distinct nonexpo-
0 50 100 150 200 250 300 nential behavior was observed at lower temperatures, but fur-
Temperature (K) ther power studies over the entire temperature range revealed
that this behavior was not power dependent. Pump—probe
FIG. 1. Summa}ry of the temperatu.re-dependc'ent IR absorption spectra of thg¢gta could be obtained for pump powers down to 50 nJ; no
1 20 st moce of Y n 2.1, Crles epresent e sbeort. diference was observed forthe data between 100 and 50 nJ
cies on either side of the line. Lines have been drawn through the points akhe transient grating technique was used in order to extend
a guide for thl_e e}:jé-t ()Tf;e;isnemngfc vggﬁgsfi?nmi r?t\r/:;igf}; ggof:li :r}lltlT;rgitﬁiJ:the sensitivity range. Transient grating data was taken down
tpeuT;Jc?sr:g,”tEellq:l\J/:IHM bandzvidths of the two transform-glaimite.d psIR sources% energies of 3 nJ per beam. This data showed no 9ha”9?3
are given by the vertical bars. The glass transition temperatufg=e79 K below 50 nJ of total beam energy, and the data was insensi-
is marked with an arrow. tive to changes in the probe energy. The grating and pump—
probe experiments gave identical results at sufficiently low
search Series FTIR Spectrometer. Spectra were taken Wi&ow_er. Taking into .account Fhat the peak intensity in the
' grating experiment is proportional to the square of the total

0.25 cm! resolution with the same closed cycled helium

; . . pump energy, the power dependent effects for the pump—
refrigerator and sample used in the time-resolved experit L
ments. probe become negligible at100 nJ, based on the pump—
probe and transient grating data. Final pump—probe data sets
were taken with a total beam energy of 100 nJ and transient
grating data was taken with 3 nJ excitation pulses and 20 nJ

The temperature-dependent IR absorption spectra of thef probe energy. These data sets yielded the same population
T4, CO stretching mode of WCO)g in 2-MP are summarized dynamics. Data taken with the FEL did not display the same
in Fig. 1. The absorption maximuiiilled circles shifts to  sensitivity to power, presumably because of the greater band-
lower frequency as the temperature is Iowered‘ulln the liquidwidth, which reduces the energy per unit wavelength. FEL
Below the glass transition temperatufig,=79 K, the ab-  pump-probe data were taken between 100 and 50 nJ, and no

sorption maximum is constant at1977 cm™. The half-  power dependent behavior was observed at either high or
width at half-maximum for the blue and red sides of the|qyy temperatures.

transition are shown in small squares. The bandwidth is ob- Pump—probe data taken on(@O)s in 2-MP with the

S Al
served to broaden from 3.7 crhat 300 Kt,o 10_'5 cm at 10, broad bandwidth FEL in the parallel polarization geometry
K. [The Igser bandW|d'.[hs apd ab§orptlon linewidths 9iVeNge) are shown in Fig. @) for several temperatures in the
here and in the following discussion are measured as thﬁquid and glass. The decays are notably biexponential at

full-width at h_alf-maX|mum(FWHM).] In addltlon,_ as the_ high temperatures. As the temperature decreases, the ampli-
temperature is lowered, the band becomes increasing|

ssymmet. The narrow bandwidh ORA- 15 e 0© S 6 somporer becomes smate and e decey
pulses are narrower than the vibrational line at all tempera- P ger.

tures. The FEL produced relatively wide bandwidth puIsesWere taken with magic angle probirig4.79, as shown in a

(Av=12 cn'Y) that are wider than the line at all tempera- SeMilog plot in Fig. ), a single exponential decay is ob-

tures. The bandwidths of the lasers are illustrated by th&€rved. This single exponential decay is identical to the long

vertical bars in Fig. 1. component in the parallel geometry at all temperatures. Be-
Lifetime measurements on this system were subject to §2use the fast component observed with parallel probing

number of power-dependent effects that mask the tru¥anishes with magic angle probing, it can be attributed to

v=0—1 population dynamics, if high pump powers are orientational relaxation. The slow decay corresponds to the

used®**® The use of high power excitation pulses on thisVibrational population relaxation timd,; .

system has been shown to off-resonantly pump populationto  The data taken with the FEL from 10 to 300 K is sum-

higher vibrational level$’#® causing nonexponential behav- marized in Fig. 3. Data taken with parallel probi@f) were

ior in the observed population dec&y® Furthermore, the fit to a biexponential decay

Frequency (cni’)

Ill. RESULTS

J. Chem. Phys., Vol. 102, No. 10, 8 March 1995



Tokmakoff et al.: Vibrational spectral diffusion 3923

1F (a) FEL0° 160 Tgl I
L
| ]
! ]
03l 120 wm "
¥
0.1} £ 8
40 6 0 0 O,
0.03f ® ® 00,
O 0 o o o
0 . . : T T ¥
0.01

Pump-Probe Signal
Decay Times (ps)

1.00
1F FEL 54 7° @ i
= 2075t ",
g E. ullm
3 "R E g " . oa
0.1k E 7
@ < 0.50 coo0Bo08
S E o 000
T ootlh 5 025
o . S ¢ .
: & 1* |
. 0.00550 100 150 200 250 300
0.001 100 200 300 Temperature (K)

Time (ps)

FIG. 3. Temperature-dependent vibrational relaxation data for pump—probe
FIG. 2. (a) Semilog plot of temperature-dependent pump—probe data of thexperiments performed with the FEt,=1.3 ps,Av=10 cm'Y), with rep-

vibrational relaxation of th&;, CO stretching mode of \CO)g in 2-MP resentative error bargTop) Biexponential decay times for the pump—probe
taken with the FEL using parallel pump and probe polarizations. The pealexperiment. The long componefgquares is independent of polarization,
transient absorption signal is typically 5-10 mOD. Data sets were taken awhile the short componerttircles disappears when magic anglg4.79
temperatures offrom top) 40 K, 100 K, 200 K, 300 K. The decays are probing is used(Bottom) Relative zero-time decay amplitudes for the long
distinctly biexponential(b) Semilog plot of pump—probe data taken with and short components for parallel polarizati@i) probing data. The sym-
the FEL using magic angle probing. The data sets correspond to the sanmls correspond to the decay components above.
temperatures as i@ and are(from top) 40 K, 100 K, 200 K, and 300 K.
The decays are seen to be single exponential, and correspond to the long
component of the biexponential observedan ) .
Pump-—probe and transient grating data were taken on
W(CO)g4 in 2-MP with the narrow bandwidth OPA pulses
(1) using both parallel and magic angle probing geometries. Par-
|—=(1—A)exp(—t/75|ow)+A exp( —t/ Tias) s (1) gllel .probe data displayed_biexponential d.ecays e;sentially
0 identical to those seen with the FEL. With magic angle
wherery,,=T;, and . refers to the fast component of the (54.79 probing, between 300 K and200 K, single expo-
pump—probe experiment due to orientational relaxation. Thaential decays were observed. However, below 20Qhe,
decay timesT; and =, are given in Fig. 83), and the cor- decays became biexponentigith a fast decay component
responding decay amplitudes are shown in Fi@).3The increasing in amplitude with decreasing temperature.
data taken at 54.7° was fit to a single exponential and repro- This behavior is shown in Fig. 4 for transient grating
duces the results of the long component in Fi@) &xactly.  decays between 200 and 110 K. The data at 200 K is nearly
The fast orientational component increases in rate with inexponential, but with decreasing temperature becomes in-
creasing temperature, and shows no discontinuity at the glagseasingly nonexponential. The amplitude of the transient
transition of 79 K. The amplitude of,; is roughly constant grating decay is proportional to the square of the excited
with temperature in the liquid at approximately 44%. This isstate populatiof’ Single exponential dynamics appears as a
the fraction of the decay that is expected for full orientationalsingle exponential decay while biexponential dynamics ap-
randomization. Below~125 K, the amplitude of the orien- pear as a biexponential squared. The transient grating data
tational component of the decay decreases. Orientational rehown in Fig. 4 were taken with 3 nJ of pump energy per
laxation continues to exist in the glass, bt appears to be excitation beam. This can be compared with the 100 nJ of
temperature independent. pump energy used for the pump—probe data in Fig. 2. These
The population relaxation timel,, becomes fasteas data demonstrate the enhanced sensitivity and signal to noise
the temperature is decreased in an approximately linear mawbtained with a transient grating experiment due to zero-
ner over the entire temperature range, with no discontinuitypackground detection.
at the glass transition temperature. Since vibrational relax- Transient grating and pump—probe data were taken at
ation is expected to be a thermally activated process, thithe magic angle with the OPA as a function of temperature
result is counterintuitive. Such a temperature dependence hagtween 10 and 300 K. The population dynamics observed
also been observed recently for the systeniC@)g in with either experiment were the same, and are shown in Fig.
CHCl;.2 5. Data above 200 K were fit to a single exponential, while
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FIG. 4. Temperature-dependence of the transient grating signal taken with g Ny
the OPA for temperatures between 200 and 110 K. The inset shows a semi- o 0.50 569
log plot of the data. The data sets correspond to temperatur@oof top) E 9@@ Qb
200 K, 165 K, 150 K, 140 K, and 110 K. The decays are distinctly different = 0.25}
from the pump—probe data, since the signal amplitude is proportional to the o {9000 %
square of the excited state lifetime, whereas the pump—probe signal is linear. ﬁ TQT ®
These data sets were taken with 3 nJ of energy per pump beam, demonstrat- 0.00 — ; : : : :
ing the transient grating’s unique sensitivity due to zero-background detec- 0 560 100 150 200 250 300
tion.

Temperature (K)

FIG. 5. Temperature-dependent vibrational relaxation data for magic angle
transient grating and pump-probe experiments performed with the OPA

. . . (tp=10 ps,Av=1.5 cri’l). All data points represent the average of several
data below 200 K were fit to a biexponential. Pump—probé&ransient-grating and pump—probe data sets at that temperature. Representa-
data were fit to Eq(1); however, for direct comparison of tive error bars corresponding to the standard deviation of these measure-

decay constants. transient grating data were fit to ments are showr(Top) Biexponential decay times for the transient grating
' and pump-—probe experiment. The long componeguares becomes the

single exponential in the high temperature liquid, and follows the population
lifetime measured with the FEL experiment exactly. The short component
1(t) , chircles) faprine?rs at temperatur:es bleltfamlzl’oo K.hThe btempe(;afturehdepe'n-
7 _ _ _ ence of the fast component closely follows that observed for the orienta-
lo [(A=A)exp(—t/ 7g0u) + A XD ~UTre) % (2) tional relaxation observed with the FE(Bottom) Relative zero-time decay
amplitudes for the long and short components for magic angle probing data
above. The symbols correspond to the decay components above. The short
component grows in amplitude as the temperature is dropped below

The long component of the biexponential was averaged over200 K.

several data sets at each temperature, using both the transient

grating and pump—probe results. The averaged value of the

long component was held fixed, and the amplitudes and de-

cay time of the short component fit again. This reduced they. DISCUSSION
number of parameters in the fits and improved the reliabilityA Vibrational | diffusi
of the fast decay constant and amplitude. The values of the" Ibrational spectral diffusion
slow and fast components of the biexponential are shown in  The careful power dependence study on the transient
Fig. 5@). The amplitudes of these components are shown imgrating and pump—probe data demonstrates that the observed
Fig. 5b). The decay times of the slow components of thedifferences in the data taken with the FEL and OPA are rep-
biexponentialsz,,, reproduce the results of the population resentative of population dynamics of the vibrational transi-
relaxation time(T,) observed with the FEL for all tempera- tion. The only difference in the experiments are the pulse
tures. The decay times of the fast components follow thdength and bandwidth of the excitation and probing sources.
decay times of the orientational component observed witlThese parameters define the dimensions in time and fre-
the FEL. However, it must be emphasized that the QR&-  quency over which each experiment will be sensitive to
row bandwidth data illustrated in Fig. 5 are taken with population dynamics. The FEL produces short pulses with
magic angle probing. When the data are taken with the FElbroader bandwidth, which allows enhanced temporal sensi-
(broad bandwidthat the magic angle, the decay is a singletivity, integrated over a wide frequency range. The OPA,
exponential at all temperatures. Therefore, the fast compawith its longer pulses and narrower bandwidth, loses tempo-
nent cannot be orientational relaxation. The fast componentl resolution with the advantage of increased sensitivity to
in the OPA magic angle biexponential grows in amplitude asspectral dynamics. For spectroscopy on homogeneously
the temperature is dropped from 200 to 120 K. Below 120 K,broadened lines, enhanced spectral sensitivity at the expense
the amplitude decreases with temperature. No discontinuitiesf time resolution is no advantage. However, for inhomoge-
in either the decay times or amplitudes are observed near theously broadened lines, which are often the case for vibra-
glass transition temperature of=79 K. tional transitions in condensed phadés,narrow bandwidth
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T,, CO stretching vibration of WCO)g in 2-MP. The IR

(a) absorption bandwidth of th&,, transition varies with tem-
, _ W(CO) 4-10cm! perature from a 3.7 ciit at 300 K to 10 ci* at 10 K. The
12 cm™! FEL._ spectral bandwidth of the FEL id»=12 cml, so that

! / pump—probe experiments performed with this source excite

and probe population across the entire absorption line at all

15cm™ OPA—
temperatures. However, the 10 ps OPA pulses have a band-
width of Av=1.5 cmi '}, which is narrower than the WO)g

(b) linewidth at all temperatures. Transient grating and pump—
probe experiments with the OPA will bleach a transient hole
No spectral diffusion With spectral diffusion in the absorption line corresponding to the homogeneous

linewidth or the laser bandwidth, whichever is greater. If the
homogeneous linewidth and the laser bandwidth are similar,
the initial hole width is given by the convolution of the two.
The dynamics of this hole are probed with the bandwidth of
the probe pulse. When the line is inhomogeneously broad-
ened, the transient hole in the absorption line will evolve due
to population relaxation and spectral diffusion. This is shown
schematically for the population hole bleached by the OPA in
Fig. 6(b). For the case where spectral diffusion occurs at
FIG. 6. (a) A schematic demonstrating the relative bandwidths of the FELtjmeg long compared to the population relaxation, population

and OPA pulses, compared to thig, CO stretching vibration of WCO)g in . e s . . e .
2-MP. The case illustrated corresponds to the absorption linewidth in th(—!:el"f“)("iltlon will fill in hole with the excited state lifetime but

2-MP glass between 10 and 79 K. The OPA is narrower than the absorptioROt alter the shape of the hole in frequency. This hole filling
linewidth at all temperatures, while the FEL is widé) A diagram dem-  will be observed as exponential signal decay. If spectral dif-

onstrating the frequency domain behavior of the transient hole at varioumsiOn occurs on a time scale fast compared to the population
times in a narrow bandwidth transient grating or pump—probe experiment.

With no spectral diffusion, the transient hole burned fills in exponentially, "€l@xation time, the hole will spread in frequency, eventually
With spectral diffusion, the hole fills in the same manner due to populationassuming the shape of the entire inhomogeneous line. Since
re_laxatior_1, pot aI;o spreadsinfrequoncy to assume the inhomogeneous lingye probe spectrum is narrow Compared to the inhomoge_
\Qndth e_lt infinite time. These populatlon dynam_lcs, probed with the narrowneous linewidth, the spectral diffusion will reduce the hole
andwidth probe, would observe a biexponential decay. ) : .
depth at the probe wavelength, causing the signal in a pump-—
probe or transient grating experiment to decay. The signal

experiments will be sensitive to spectral diffusion dynamicswill not decay to zero since spreading of the hole over the
on time scales longer than the pulse duration. entire inhomogeneous line still leaves some bleaching at the

Spectral diffusion refers to evolution of the transition probe wavelength. The signal will then continue to decay to
energy on time scales longer than the homogeneous dephagro by the slower time scale population relaxation. If spec-
ing time, T,. It is usually associated with slower solvent tral diffusion and the lifetime are on the same time scale,
fluctuations and structural evolution. Spectral diffusion re-then the hole will spread and decay simultaneously.
sults in the sampling of a wider distribution of energies than ~ The magic angle data taken with the OPA shown in Fig.
the homogeneous width. For a homogeneously broadendt represent the influence of spectral diffusion on the vibra-
line, all transition energies are sampled on the time scale dfonal dynamics of a transition that becomes homogeneously
T,. Thus, spectral diffusion only occurs in inhomogeneouslybroadened at room temperature. The OPA magic angle data
broadened lines, i.e., the linewidth observed in an absorptioare exponential and are identical to the magic angle data
spectrum is broader than the homogeneous linewidth medaken with the FEL, down to a temperature of 200 K. At this
sured in a photon echo experiment. point, the OPA data becomes nonexponential, with a low

Spectral diffusion can occur over a great range of timeamplitude, fast decay component appearing. This point rep-
scales, from the homogeneous dephasing time to days oesents the temperature at which the inhomogeneity in the
even longer. This wide range of time scales is observed iwibrational line exists on the time scale of the 10 ps OPA
low temperature crystals and glasses, in which local strucpulses. At temperatures above 250 K, the line is homoge-
tural evolution occurs slowl§*®47 In a liquid, local struc- neously broadened. For a homogeneously broadened line, the
tures evolve rapidly and assume all possible configurationpump pulse will bleach the entire line even though the OPA
on short time scales, generally picoseconds at room temperaulse bandwidth is less than the linewidth. The FEL pump
ture. Therefore, in liquids it is anticipated that spectral diffu-pulse bleaches the entire line at all temperatures because its
sion will occur relatively rapidly. bandwidth is wider than the line. Thus spectral diffusion will

The differences in the population dynamics observed fohave no influence on the FEL data, but can appear as an
the bandwidth-dependent FEL and OPA data at the magiadditional decay component in the magic angle OPA data.
angle are consistent with the observation of spectral diffusion  The fact that the line is homogeneously broadened at and
in an inhomogeneously broadened line. Figufa® 8hows a near room temperature, and only develops substantial inho-
schematic representation of the bandwidths of the two inframogeneity as the temperature is reduced below 200 K, is
red sources, compared to the IR absorption linewidth of thelemonstrated by photon echo experiments on this sample.
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maximum amplitude of the spectral diffusion component of
the decay occurs at120 K. At this temperature and below,
300(* 4%, the homogeneous line is narrower than the OPA pulse band-
width, and the initial hole is constant at the laser bandwidth.

350

. 250 . As the temperature decreases further and the glass transition
N 200t is approached, the viscosity increases dramatically and spec-
) 150% . < tral diffusion no longer spreads the hole over the entire in-
% . homogeneous line. This restricted spectral diffusion, dis-
2 cussed in detail below, decreases the amplitude of hole filling
%’ 100} * Ges O*° observed by the probe pulse. Thus, the amplitude of the spec-

tral diffusion component of the biexponential decay de-
creases as the temperature is reduced beld®0 K.

501 . The data presented here provide compelling evidence of
. spectral diffusion based on its temperature dependence, rela-
Olmas o oo’ . , , , tionship to the orientational relaxation, independence of
0 50 100 150 200 250 300 power dependent effects, and disappearance with the transi-
Temperature (K) tion to a homogeneous vibrational line shape at high tem-

perature. These experiments were conducted with two dis-
FIG. 7. Temperature dependence of the homogeneous and absorptiginct bandwidths using the same bandwidth for pump and
linewidths for W(CO)g in 2-MP. The homogeneous linewidtltrcles were probe. Another way these experiments could be conducted is

taken from photon echo data on this systéRef. 3. The absorption . .
linewidths (diamonds are those taken from Fig. 1. The “echo” data at 250 to use a narrow bandwidth pump and mdependently tunable

and 300 K are really free induction decays that match the observed absorftarrow bandwidth probe or spectrally resolved broad band-
tion line, showing the spectra are homogeneously broadened. At 200 K, theyidth probe. This method allows the observation of the spec-

absorption line begins to display some inhomogeneous broadening. The &fum of the hole**84%and could be used to observe the
ror bars are approximately the size of the markers for the absorption datEBroadening of thé hole with time

and are approximately-10% for echo data above 150 K.

Figure 7 displays photon echo measurements of the homoge- Orientational relaxation

neous linewidth(circles taken on this sample with the FEL For pump—probe measurements taken with parallel po-

(Ref. 3 and the absorption spectrum linewidtftsamond$ o . . . .
from Fig. 1. (These data and photon echo data for OtherIarlzatlon, the transient absorption, due both to orientational

liquids and glasses will be discussed in detail elsewRere. and population relaxation, is expected to decdy as

While the echo signal can be resolved at all temperatures, the [(t)=1, exp —t/T,)[1+2C(t)], ©)]
data at 300 K and 250 K actually represent the free induction . . .
decay (FID) of a homogeneously broadened line. This iSwhereC(t) is the orientationally averaged Legendre polyno-
shown by the fact that the FID decays vyield linewidths that
exactly match the absorption linewidths. The 200 K point  C(t)= 2 (P,[ «(0)- u(t)])= £ exp(—6Dyt). (4)
represents the transition between homogeneous broadenin ) o o _
at high temperatures and inhomogeneous broadening ;?ue final equality in this expression is the result obtained for
lower temperatures. Thus the onset of the nonexponentiéhe orientational diffusion of a spherical rotor in small steps,

magic angle OPA data coincides with the absorption line2nd the orientational correlation time 7§=1/6D,. This is
becoming inhomogeneously broadened. the case expected for the orientational relaxation of the ini-

Qualitatively, the amplitude of the spectral diffusion tially excited W(CO)s dipole. From Eqgs.(3) and (4), the
component of the OPA biexponential decay can be undeUmp—probe data are expected to decay as
stood in the following manner. Above 200 K, the line is I(t 4 1 1
homogeneously broadened, and thus no spectral diffusion is T "9 exp(—t/Ty) + 9 exr{ -t _I_—+ —)
observed. Although the bandwidth of the laser is less than the 0 1 Tor
spectroscopic linewidth, the entire homogeneously broadThe decay is a biexponential, as observed with the FEL prob-
ened line is bleached uniformly. At 200 K, the line becomesing at 0°. When compared with E¢l), 7, gives the vibra-
inhomogeneous, although the homogeneous contribution stitlonal lifetime, T,, and r,; is given by the sum of the rates
dominates. At this temperature, the hole bleached by théor orientational and population relaxation. The orientational
pump is almost as wide as the entire line. Rapid spectratorrelation timeg7'=7,5—T11), calculated from the decay
diffusion filling of this hole does very little to reduce its constants of the fast components of the 0° pump—probe data
depth across the probe pulse bandwidth. As the temperatufsee Fig. 8)], are shown in Fig. &).
is decreased from 200 K te-120 K, the decrease in the Equation (5) predicts that the zero-time amplitudes of
homogeneous linewidth results in a deeper and narrowehe orientational relaxation component in the 0° FEL data
transient hole. A deeper initial hole, when spread over theshould be equal to 4/9. As seen in Figb8 this amplitude is
increasing inhomogeneous linewidth, is observed as an irroughly constant at-0.44 for temperatures in the liquid be-
creased amplitude in the spectral diffusion component. Théween 120 and 300 K. In this temperature range, the orien-

mial of the dipole correlation function,

. (5

J. Chem. Phys., Vol. 102, No. 10, 8 March 1995



Tokmakoff et al.: Vibrational spectral diffusion 3927

70 reorientation, whileS?=1 is no orientational motion. If the
60| { (a) slow external contribution occurs on a time scale much
sol el ® longer than the vibrational lifetime, the pump—probe signal
% a0l .{,o for restricted orientational motion is expected to decay as
[~8 L]
g of ; 1O _ 5 % ) o — 4 S
ol N . Iy +98 exp(—t/Ty) + 9 98
L d .
10 ce. ( 101 ,
0 —— : X —tl—+—].
1 (b) & ! T 7o )
L
08y } Equation(7) shows thatS can be obtained from the ampli-
o O8[ ; tudes of the pump—probe decay. The generalized order pa-
? o4} R rameter calculated from the pump—probe amplitudes of the
02l °{,.§ FEL 0° data are given in Fig.(B).
0 PN The restricted range of motion given 8y can be mod-
eled as free diffusion of the excitation dipole within a cone
i % of semiangled. This wobbling-in-a-cone model has been de-
' scribed in detail previousRP°*>* The cone angle can be
—_ determined from the generalized order parameter through the
Qg 00r $ ¢ relation
= ootl L §*=[3 (cos6)(1+cos )] ®
e o0t * (c) where 6<0<180°. The orientational diffusion constabt, is
0050 700 150 200 250 300 related both t& and tor,,. The general expression is lengthy
Temperature (K) and has been given by Lipari and Szabdzor small cone

angles(6<30°, D,,=76424r,,. For complete orientational
FIG. 8. Temperature-dependence of orientational relaxation parameters calandomizationP ,,=1/67,, is recovered.
culated_from the fast decay components in Fig).3(a) Orle_ntatlonal dlf— The use of the wobbling in a cone model works well for
fusion time, 7. (b) Generalized order paramet&?. The point at 10 K is btaini ientati | diffusi tants f ti
added as the minimum value & not discernible from the pump—probe 0 .ammg orientational ditfusion Conssggss or motions re-
data.(c) Orientational diffusion constant derived with the generalized orderStricted to cone angles smaller thai75°>“°>As can be seen
parameter inb) using the expression given in Ref. 51. Complete orienta- from Eq. (8), S2<0.02 over the range 7¥°0<180°, result-
tlongl randomization was assumed foc125 K and orientational relaxation ing in an uncertainty of-40% in theD 7, product over this
restricted to a cone was used fbrK125 K. . "

range. At smaller cone angles, the valueddd very sensitive

to S%. The amplitude of the orientational component of the

: - - decay givesS?, and through Eq(8), 6. The cone angld is
| relaxat f th | h
tational relaxation of the triply degenerdlg, mode behaves related to theD .7, product>® and with 7, D, is obtained.

in the expected manner. As shown in Figh)3 below 120 K, L ; .

the amplitude of the orientational component decreases. Not-gh_e most accu_rate_ d_etermlnatlon [0, for restrl_ct(_ad orien-

also that the amplitude of the fast spectral diffusion compo:[atlonal relfaxatlo_n IS m_the _smaII cone a.”g'e limit.

nent of the OPA magic angle data, shown in Figo)5de- The prlentatu_)nal dlffu:_smn constant is the true measure

creases in a similar manner. At high temperatures, the amplf—nc the microscopic dynamics. To determine the temperature

tude of the orientational component in the FEL data aredependence ODgr, the pump—prqbe datg at t_emperatu_res

consistent with complete orientational randomization of the>1.20 K were treated as unrestricted orientational motion,

dipole direction. The decrease in the orientational amplitudg\’h”.e for 'te'mperatures<120 K, the data were trea}ted as
otion within a cone. The results are given in Fidc)8

at low temperatures is caused by incomplete orientationa{F .
50954 y P emperatures>120 K gave amplitudes expected for com-

relaxation? . : o S
For restricted orientational relaxation, the dipole plete orientational randomization, and the diffusion constant
’ was determined frond ,,=1/67,,. For temperatures between

correlation function is assumed to be separable into inde: . -
pendent “internal” and “external” motions, 120 and 10 K, the amplitudes of the pump—probe indicate

C(t) = Cey(t) Ciy(t) 5% The internal partial reorientation is C?net angles thlat \I’elrydflfom 7tﬁ t@1|5t,' The dlfleJ)SIOS ?02_1
fast and limited by the long time evolution of the external Stants were calculated from the refation given by Ret. 5L

solvent structure. This is the case in the very viscous liquid
and glasgT<125 K). In this picture, the dipole correlation
function for the fast orientational relaxation within a cone is

expected to decay exponentially to a nonzero vaBig?
It is important to emphasize again that the magic angle

Cin(t)=S"+ (1= S)expl —t/75,). ©) data taken with the broad bandwidth FEL pulses are always
S is the generalized order parameter, which describes thgingle exponential. Only the narrow bandwidth OPA magic
degree of restriction on the orientational moti@satisfies angle data are biexponential. At all temperatures where the
the inequality 6:S?<1, whereS?=0 describes unrestricted biexponential behavior is observed in the magic angle OPA

C. Mechanism of orientational relaxation and spectral
diffusion
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Temperature (K) mal stick boundary conditions should apply, and the bound-
30 200 150 130 110 100 © 8 ary conditions are not an explanation for the nonhydrody-
T ] namic behavior.
To provide a consistent explanation for the complex dy-
0| = namics observed in the variable bandwidth experiments, it is
necessary to examine in some detail the nature ofTthe
= state that is excited and probed in the experiments. Metal
20} - hexacarbonyls belong to th®,, point group, and ther,,,
ol _-' normal mode is an asymmetric CO stretching motion of op-
] posite in-line carbonyl pair€ The asymmetric stretches of
s 1(')4 1(‘).3 16.‘;2 ' ‘162‘ ‘165' ‘168‘ 10" the three pairs of carbonyl ligands are degenerate. If we take
Viscosity/Temperature (P/K) a molecular based orthogonal coordinate systery, andz,
with each of these three axes directed along one of the in-line
pairs of carbonyls, then we can label three eigenkets of the
FIG. 9. Plot of the orientational relaxation timg of W(CO)sin 2-MP as a  triply degenerate manifold dX), |Y), and|Z). These kets

function of the viscosity to temperature rafig/T) for data shown in Fig. are taken to be normalized. Since these eigenkets are degen—
8(a). The data spans temperatures from 300 K to the glass transition tem-

perature of 79 K. Hydrodynamic behavior predicts a linear relationship, yeterate' ajny superposition of th(?m is also an eigenket with the
the orientational relaxation time varies only by one order of magnitude for sSame eigenvalue. A superposition of these kets can be made
7/T change of 16 orders of magnitude. Note that #ie axis is logarithmic,  to point in any direction in the molecular frame. For any
with a change of scales at120 K, in order to display the data clearly. such superposition state, two other orthogonal superpositions
can then be formed to produce a set of hormalized orthogo-

data, the decay constants obtained for the fast spectral difflp—al tnply-degen_erate e|ge_nkets. . .
sion component match the orientational relaxation decay . The excitation pulse 1S polarized. In general, the orien-
constants obtained from the 0° FEL data. This strongly su tation of the. molecule will not place one of the mqlecular
gests that the same mechanism is responsible for both tf{ me coordmate;x, y. orz, glong the pump pulse-field
orientational relaxation and the spectral diffusion. irection. Tth-fleId will excite a superpqsmon O.f t_he de-

The orientational relaxation and associated spectral difgen.erate basis ke_t15>,(>, |Y),.an('j |Z>’. to yield an |n|t!ally
fusion are uncorrelated with either the normal rotational dif-exc't(.ad §tate|,S>, with an oscillating dipole along th-field
fusion of the WCO)g or of the 2-MP solvent. This is dem- polarization,
onstrated by the viscosity dependence of conventional
rotational diffusion. The data taken in liquid 2-MP measure  |S)=a|X)+b|Y)+c|Z). 9
orientational relaxation of the excited transition dipole of the
W(CO)g CO asymmetric stretch through a temperature ranggiere, |S) is normalized, and in writingS), the basis states
over which the solvent viscosity changes by greater than 1¢yere taken to be degenerate. On a short time scale, local
orders of magnitud&® Debye—Stokes—EinsteitDSE) hy-  directional anisotropy will exist in the intermolecular inter-
drodynamic theory gives the orientational correlation timegctions of the WCO)g and the solvent. This will break the
for a spherical rotor as,=V47/kT, whereVy is the effec-  degeneracy of the basis statésHowever, as long as the
tive volume of the molecule ang is the viscosity. The DSE  gplitting is small compared to the laser bandwidth or the
equation shows that rotational diffusion should slow by ap-Rabi frequency, a superposition described by @ywill be
proximately 16 orders of magnitude over the temperaturg@ormed.
range of 300-79 K. Figure 9 displays a plot of as a We propose a mechanism for orientational relaxation
function of /T for the excitedT ,, transition dipole in liquid  that does not involve the physical motion of the molecule,
2-MP, as determined from the FEL pump-probe experitherefore decoupling orientational relaxation from the sol-
ments. The orientational relaxation of the initially excited vent. The decay of the transition dipole correlation function
transition dipole slows by one order of magnitude over thgEq. (4)] gives rise to the orientational relaxation observable.
temperature range in which/T decreases by 16 orders of The transition dipole is initially along the pump puEéield
magnitude. This behavior is decidedly nonhydrodynamic angolarization and is associated with the superposition $&ite
demonstrates that the orientational relaxation and associatgfyen in Eq.(9). Fluctuations in the solvent can cause the
spectral diffusion do not arise from conventional rotationalcoefficients of the basis states that fot®) to evolve in
diffusion. time, i.e.,

The lack of correlation between the temperature depen-
dence of the orientational relaxation rate and the viscosity
shows that normal rotational diffusion is not occurring. A
spherical molecule in a solvent can have slip boundary con- N ] o
ditions and can be effectively decoupled from the solvent®S the coefficients of the basis vector evolve in time, the
viscosity®” However, a space-filling model of WO), direction of the _tran3|t|0n dlpole will also change d_|rect|0n.
shows that it is far from spherical. The carbonyls are large e transition dipole projection operator can be written as
nonoverlapping projections. The 2-MP solvent molecules are
approximately the same size as théG®)s. Therefore, nor- w|GYG|u, (11

60

501

30+

Orientational Relaxation Time (ps)

S)=a(t)[X)+b(t)[Y)+c(1)|Z). (10
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where |G) is the vibrational ground state, and sulting in the cone of orientations. This behavior occurs in
W=yt Myt 1, . Then the projection of the transition dipole both the supercooled liquid and the glass. As the temperature
in terms of the basis stat€X), |Y), and|Z) which are along is lowered, the range of structures that are sampled on a fast
the molecular axisx, y, andz is time scale decreases, and the cone angle becomes smaller.
— — The restriction on the orientational relaxation only becomes
(S| G)(G|1|S) = (S| x| )G x| ) + (Sl 1y|G) significant when the glass transition is approac%ed, and it
X(G| uy|S)+ (S| 1| GY{(G| 14| S)- becomes very pronounced in the glass. At the lowest tem-
perature, 10 K, within experimental error, no orientational

(12 relaxation occurs.
Sinceu, only couples(G| to | X), the projection of the tran- As shown above, the spectral diffusion seen in the fast
sition dipole on thex molecular axis is component of the OPA magic angle biexponential decay is
— * 2 identical to the orientational relaxation in time dependence
Pu= (Xl Grat (Da®(GludX)=la(ol” (133 and temperature dependence. This is true even to the point
Similarly, we write that the extent of spectral diffusion begins to decrease as the
P, = (Y|, |GYb* ())b(1)(G| 1y Y) | b(1) |2, (13b) glass transition temperature is approached, decreases sub-
Y Y Y stantially as the temperature of the glass is lowered, and
P,=(Z| u,|G)c* (t)c(t)(G|u,|Z)=|c(t)|?. (130  ceases at 10 K within experimental error. Therefore, it is

The proportionality constant is the same for each projectioﬁ?asonable to prop.ose.that the structural fluctuations respon-
and|a(t)|2+|b(t)|2+|c(t)|2=1. Thus it can be seen that the sible for spectral diffusion are the same as those responsible

direction of the transition dipole will evolve in time because for the superposition-state-evolution-induced - orientational

of the changing composition of the excited superpositionrelaxation' S_pectral diffusion is caused by_ the eyol_ution of
state even though the molecule itself undergoegphysical the_energy elge_nvalue of the Stdt_ﬁ)' The an|so_trop|c Inter-
rotation. This explains the nonhydrodynamic origin of the actions of S) with the medium will determine its energy as

orientational relaxation. Although the viscosity changes 14we|| as break the degeneracy. Spectral diffusion can be

decades in going from room temperature to the glass transF—aused by both the time-dependent fluctuations in the energy

tion temperature, the decrease in the rate of orientation enter of gravity ofS) and by fluctuations in the splittings of

relaxation is very mild as can be seen from the plot of thehe three states. At sufficiently high temperatures, 200 K to

orientational relaxation diffusion constant shown in Fi¢z)8 ~120 K, the fluctuations in the energy are sufficient to

The relaxation caused by the evolution of the superpositioﬁample the entire inhomogeneous line, and complete spectral

state is much faster than the rotational diffusion at all temJiffusion occurs. At lower temperatures, restricted solvent

peratures except perhaps room temperature structural evolution results in partial spectral diffusion, in a
Above ~150 K, complete orientational }andomization manner analogous to the incomplete orientational relaxation.

occurs. This is demonstrated by the magnitude of the fast. Atnothelrt W?{hto cqns;d(ta_r th? spl)ectrtgl d|f;\u3|tc;]n IS aif_a
component of the biexponential 0° FEL data in Fig. 3. The rect resuft ot the orientational relaxation. As the coetli-

time-dependent coefficients in EGLO) completely random- cients in the superposition state evolve in time, the direction
ized because of interactions of the vibration with the fluctu-Of the transition dipole changes. This means that the direc-

ating solvent structure. At lower temperatures, the orientafElon of the actual vibrational motion is changing. In an an-

tional randomization is incomplete. This was describeq‘SOtrOpiC environment, a change in the direction of vibration

above in terms of the wobbling-in-a-cone model. PrevioustW'” result in a change in the vibrational potential. As the

the cone model has been applied to the actual physical mé/_ibrational potential evolves, so does its energy. Thus, the

tion of a molecule restricted within a certain range of anglesorlentatlonal relaxation and the spectral diffusion are mani-

whereas here it is the evolution of the coefficients in thefestaﬂons of the same microscopic dynamics, and their time

superposition state that is restricted. Incomplete orientationa?rnd temperature dependencies are identical.
relaxation implies that the coefficients do not completely
randomize.

In the supercooled liquid and in the glassy state, struc- The temperature dependence of the population lifetime
tural evolution of the solvent is greatly hindered and can(T,) of theT,, CO stretching mode observed by the FEL and
occur over a vast range of times scales. Fast structurdPA in Figs. 3a) and 5a) is counterintuitive. The lifetime
changes for two level systems with small barriers can occuactually becomes longer as the temperature is raised. This
on a ps time scale, while slower structural evolution canbehavior was also recently observed for solutions ¢€@)g
occurs on the time scale of secoffdsours®® weeksS* and  in CHCI;.2* Vibrational relaxation is expected to be a ther-
perhaps geological time scales. Therefore, it is possible fomally activated process; as the low frequency modes that
there to be a restricted set of local structural changes thatouple to the initially excited vibration become thermally
result in only partial randomization of the superposition statepopulated, the rate of relaxation is expected to increase. In
coefficients on the time scale of the measurement. On the W(CO)g/2-MP system, energy from the initially excited
longer time scale, large barriers may be surmounted, an@O stretch will relax into other discrete modes of®D)g
further structural evolution can result. However, if this and solvent vibrational modes Energy mismatch is made up
longer time scale is long compared to the excited state lifeby the excitation of low frequency modes of the solvent con-
time, only partial orientational randomization will occur, re- tinuum (instantaneous normal modes or “phonopsThe

D. Temperature dependence of the vibrational lifetime
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initial excitation can relax into modes such as the other caref states in 2-MP can contribute to the inverse temperature
bonyl stretches, W—C stretches and WCO bends, as well atependence of the vibrational relaxation rate.
the intermolecular solvent vibrational modes and phonons. The cubic anharmonic coupling matrix elemeiwt®), is
More precisely, the temperature-dependence of vibranot expected to be temperature-dependent; however, it is also
tional relaxation is an anharmonic process in which theexpected to be sensitive to density changes in the liquid and
temperature-dependence of the phonon density of stateglass. Calculations for molecular crystals have shown that
phonon thermal occupation numbers, and anharmonic cownharmonic coupling matrix elements increase with
pling matrix elements must be considered. As an examplajensity®® so that the thermal decrease in density may be able
consider the lowest order cubic process. For a cubic relaxo overcome the thermal increase in vibrational relaxation
ation process, in which a vibrational quantum relaxes fronrate. Thus, thermal occupation numbers increase with in-
the initially excited state of frequenc{) to a lower fre- creasing temperature, but the density of states and the anhar-
quency vibration, o, through emission of a phonon, monic coupling matrix elements can decrease with tempera-
wph={—w, the rate of the relaxation process is giverd¥  ture. The competition between these factors will determine
the temperature dependence of the vibrational relaxation.
Kzz_wp HOVEY2(1+n)(1+n,). (14)  ldentical considerations hold for higher order processes
h TP P ¢ (quartic, eto. If a decrease in density of states and coupling
Here p, refers to the phonon density of statesugf,, (V®) !”natrix eI_emgnts is ;ufficiently large to overcome the i.ncr_ease
is the cubic anharmonic coupling matrix element, angs N Mpn with increasing temperature, the vibrational lifetime

the thermally averaged occupation number will increase, as observed in FiggaBand 3a).
ni=[expfiw; /kT)—1]"*. (15 V. CONCLUDING REMARKS
For a high frequency vibration, such as fhg, CO stretch- The temperature-dependent vibrational population dy-

ing mode, both() and w are much greater thaaT/A. Thus, namics of the triply degeneraig;, CO stretching mode of
n, in the last term in Eq(14) is negligible. Since vibrational W(CO)g in 2-MP, observed with variable bandwidth picosec-
relaxation occurs through multiple channels, the observednd IR experiments, yield a number of fundamental insights
rate is a sum over all vibrational and phonon frequencies fointo the nature of vibrational dynamics in condensed phases.
all cubic and higher order processes that satisfy the energyariable bandwidth experiments are sensitive to the different
conservation requiremen)=>w+Xwy,. time and frequency dynamics contained within an inhomo-
Equation(14) demonstrates that the temperature depengeneously broadened vibrational line. Although time resolu-
dence of the cubic anharmonic relaxation mechanism will beion is sacrificed with longer pulses, the narrower bandwidth
determined by the temperature-dependence of the phonas sensitive to spectral diffusion dynamics throughout the in-
occupation number, the phonon density of states, and theomogeneous line. For the @WO)g in 2-MP, the use of vari-
cubic anharmonic coupling matrix eleméitThe phonon able bandwidth experiments provides insight into the rela-
thermal occupation will cause the relaxation rate to increaséonship between spectral diffusion and the orientational
as a function of temperature. Thus to obtain an inverse tenmotion of theT,, vibration. The same time and temperature
perature dependence, the remaining terms must overcontependencies for these two observations demonstrate that
the thermal increase in rate. Both the phonon density othey are manifestations of the same microscopic dynamics.
states and the cubic anharmonic coupling matrix element ar@rientational motion of the CO stretch under the inhomoge-
sensitive to the nature of the liquid potential, and are thuseously broadened line is observed as spectral diffusion of
density-dependent terms. The temperature dependence tbie transient hole bleached by narrow bandwidth excitation.
these terms is expected to manifest itself through the densitye have proposed that the mechanism for orientational mo-
changes with temperature in the liquid and glass. tion and spectral diffusion in the liquid and glass is through
Although the temperature dependence of the phonothe time evolution of the coefficients of the superposition
density of states in crystals is expected to increase istate of the three orthogonal, modes initially excited by
crystals®? the nature of low frequency modes in liquids arethe pump pulse.
substantially different. The structure of liquids is not fixed, The observation that the vibrational lifetime of(BO)g
but evolves over many time scales. The low frequencyin 2-MP actually becomes longer as the temperature in-
modes of a liquid do not arise from delocalized latticecreases demonstrates that temperature-dependent lifetimes
modes, as in crystals, but rather have contributions from licannot be described by an activation energy. Even in a sys-
brational, orientational, and translational motion of the sol-tem that shows a decrease in vibrational lifetime with in-
vent. Recent molecular dynamics calculations of thecreasing temperature, it is unrealistic to assign an activation
temperature-dependent density of states for instantaneoesiergy based solely on the data. To understand condensed
normal modes of liquid CS(Ref. 63 and CC}, (Ref. 69 phase vibrational relaxation dynamics, it is necessary to con-
predict that the density of states increases with increasingider the temperature dependencies of the thermal popula-
temperature at lower frequencies40 cm ) while decreas- tions of low frequency modes of the liquid, the solvent den-
ing with temperature at higher frequencies. Thus the fresity of states, and the anharmonic coupling matrix elements.
guency of the phonons involved will determine what the  The experiments presented above suggest a number of
temperature dependencef, is. Based on these findings, it different research directions that are currently being pursued.
is reasonable to assume that a decrease in the liquid densithe orientational and spectral diffusion dynamics are domi-
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nated by the triply degenerate nature of tig, mode.
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