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The vibrational dynamics of polyatomic solutes in polyatomic liquid and glassy solvents are examined using 
picosecond infrared photon echo experiments and pump-probe experiments from room temperature to 10 K. 
The photon echo experiments measure T2, the homogeneous dephasing time (homogeneous line shape), while 
the pump-probe experiments measure the vibrational lifetime, TI, and the orientational relaxation dynamics. 
By combining these measurements, a complete analysis of vibrational dynamics is obtained in the liquid, in 
the supercooled liquid, through the glass transition, and in the glass. Experiments were conducted on the 
asymmetric CO stretching mode of tungsten hexacarbonyl (- 1980 cm-I) in 2-methylpentane (2-MP), 
2-methyltetrahydrofuran, dibutyl phthalate (DBP), carbon tetrachloride, and chloroform. The experiments 
were conducted using the picosecond IR pulses from a superconducting-accelerator-pumped free electron 
laser. The absorption line widths for all glasses are massively inhomogeneously broadened at low temperature. 
In the room temperature liquids, while the vibrational line in 2-MP is homogeneously broadened, the line in 
DBP is still extensively inhomogeneously broadened. The temperature dependences of the homogeneous 
line widths in the three glasses are a Tz power law. The contributions of vibrational pure dephasing, 
orientational relaxation, and population lifetime to the homogeneous line shape are examined in detail in the 
2-MP solvent. The complete temperature dependence of each of the contributions is determined. In addition, 
the temperature dependence of TI  is observed to be "inverted" in most of the solvents; Le., the lifetime 
becomes longer as the temperature is increased. 
of the anharmonic coupling matrix elements. 

I. Introduction 

Vibrational spectra of even large molecules reveal detailed 
structure, a large number of lines that can be assigned to the 
various types of motions that occur in a molecule. The position 
of the spectroscopic peak associated with a particular mode 
yields the energy of the vibration. However, in general, even 
a well-resolved vibrational line does not provide information 
on dynamics. In principle, dynamical information is contained 
in a spectroscopic line shape. Vibrational line shapes in 
condensed phases contain all of the details of the interactions 
of a normal mode with its environment. These interactions 
include the important microscopic dynamics, intermolecular 
couplings, and involve the time scales of solvent evolution that 
modulate the energy of a transition. However, the line shape 
can also include essentially static structural perturbations 
associated with the distribution of local solvent configurations 
(inhomogeneous broadening). An infrared absorption spectrum 
or Raman spectrum gives frequency-domain information on the 
ensemble-averaged interactions that couple to the states involved 
in the tran~ition.'-~ Line shape analysis of vibrational transitions 
has long been recognized as a powerful tool for extracting 
information on molecular dynamics in condensed pha~es.4.~ The 
difficulty with determining the microscopic dynamics from a 
spectrum arises because linear spectroscopic techniques have 
no method for separating the various contributions to the 
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Analysis shows that this is caused by temperature dependence 

vibrational line shape. The IR absorption or Raman line shape 
represents a convolution of the various dynamic and static 
contributions to the observed line shape. In some cases, 
polarized Raman spectra can be used to separate orientational 
and vibrational dynamics from the line shape, yet as with all 
linear spectroscopies, contributions from inhomogeneous broad- 
ening cannot be eliminated.6 

To completely understand a vibrational line shape, a series 
of experiments are required to characterize each of its static 
and dynamic components. These experiments can be effectively 
accomplished in the time domain, where well-defined techniques 
exist for measuring the various quantities. Nonlinear vibrational 
spectroscopy can be used to eliminate static inhomogeneous 
broadening from IR and Raman line shapes.6 Techniques such 
as the infrared photon and Raman echoI0-l3 can 
determine the homogeneous vibrational line shape which 
contains the important microscopic dynamics, when this line 
shape is masked by inhomogeneous broadening. 

Below we present the temperature-dependent vibrational 
dynamics of the triply degenerate TI ,  CO stretching mode 
(-1980 cm-l) of tungsten hexacarbonyl (W(CO)6) in the 
molecular glass-forming liquids 2-methyltetrahydrofuran (2- 
MTHF), 2-methylpentane (2-MP), and dibutyl phthalate (DBP). 
Two aspects of the vibrational line shape in these systems are 
discussed in detail. Initially, we compare the behavior of the 
homogeneous line widths in the glasses and the transition to 
the room temperature liquids for the three solvents, using 
picosecond IR photon echo experiments. The temperature 
dependence of the vibrational dephasing and the degree of 
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inhomogeneity as the liquids approach room temperature are 
discussed. The temperature dependence of the homogeneous 
vibrational line width in each of the three glassy solvents is T?, 
but the behavior is distinct in each of the liquids. While in 
2-MP the vibrational line is homogeneously broadened at room 
temperature, the line in DBP is massively inhomogeneously 
broadened in the room temperature liquid. 

Following the comparison of the temperature-dependent 
dephasing in the three solvents, one of the systems, W(CO)6 in 
2-MP is analyzed in greater detail. The contributions to the 
vibrational line shape from different dynamic processes are 
delineated by combining the results of photon echo measure- 
ments of the homogeneous line shape8 with pump-probe 
measurements of the lifetime and reorientational dynamics. l 4  

This combination of measurements allows the decomposition 
of the total homogeneous vibrational line shape into the 
individual components of pure dephasing (T2*), population 
relaxation ( T I ) ,  and orientational relaxation. The results dem- 
onstrate that each of these can contribute significantly, but to 
varying degrees at different temperatures. 

In measuring TI, it was found that in a number of solvents 
the lifetimes become longer as the temperature is increased. I 4 - I 7  

This counterintuitive temperature dependence is examined more 
closely in the solvents carbon tetrachloride (CC14) and chloro- 
form (CHC13).17 Analysis of the influence of the temperature 
dependence of the occupation numbers of the solute and solvent 
modesl6.l8 and of the solvent density of statesi6 shows that these 
cannot account for the “inverted” temperature dependence. This 
suggests that the temperature dependence of the liquid density, 
resulting in changes in the anharmonic potential, is responsible 
for the form of the temperature dependence.I6 

11. Infrared Vibrational Photon Echo Experiments 

A. The Nature of the Experiment. The picosecond infrared 
vibrational photon echo experiment is a time domain nonlinear 
experiment that can extract the homogeneous vibrational line 
shape even when the inhomogeneous line width is thousands 
of times wider than the homogeneous width. The echo 
technique was originally developed as the spin echo in magnetic 
resonance in 1950.19 In 1964, the method was extended to the 
optical regime as the photon echo.20 Since then, photon echoes 
have been used extensively to study electronic excited state 
dynamics in many condensed matter systems. For experiments 
on vibrations, a source of picosecond IR pulses is tuned to the 
vibrational transition of interest. The echo experiment involves 
a two-pulse excitation sequence. The first pulse puts the solutes’ 
vibrations into superposition states, which are mixtures of the 
u = 0 and u = 1 vibrational levels. Each superposition has a 
microscopic electric dipole associated with it. This dipole 
oscillates at the vibrational transition frequency. Immediately 
after the first pulse, all of the microscopic dipoles in the sample 
oscillate in phase. Because there is an inhomogeneous distribu- 
tion of vibrational transition frequencies, the individual dipoles 
oscillate with some distribution of frequencies. Thus, the initial 
phase relationship is very rapidly lost. This is referred to as 
the free induction decay. After a time, t, a second pulse 
traveling along a path making an angle 0 with that of the first 
pulse passes through the sample. This second pulse changes 
the phase factors of each vibrational superposition state in a 
manner that initiates a rephasing process. At time t after the 
second pulse, the sample emits a third coherent pulse of light 
along a unique path which makes an angle 28 with the direction 
of the first pulse (see Figure la). The third pulse is the photon 
echo. It is generated when the ensemble of microscopic dipoles 
are rephased at time 2t. The phased array of microscopic 
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Figure 1. (a) Schematic diagram of the infrared vibrational photon 
echo experiment. Two picosecond IR pulses tuned to the vibrational 
transition frequency enter the sample crossed at a small angle, 8. 
Because of wave vector matching, the echo pulse emerges from the 
sample in a unique direction, 28. Pulse 1 and pulse 2 are separated by 
time t. The echo is formed a time 2 t  after pulse 1. (b) Experimental 
apparatus. Pulse selection is accomplished with AOMl, while AOM2 
is used for chopping of pulse 2. Abbreviations: AOM, acoustooptic 
modulator; A/D, analog-to-digital converter; BS, ZnSe beam splitter; 
CL, cylinderical lens; D, detector; DL, optical delay line; GI, gated 
integrator; L, lens; PC, personal computer; PO, pick-off; PR, off-axis 
parabolic reflector; Q, position-sensitive detector; S, sample. 

dipoles behaves as a macroscopic oscillating dipole, which 
generates an IR pulse of light. A free induction decay 
(inhomogeneous frequency distribution) again destroys the phase 
relationships, so only a short pulse of light is generated. 

The rephasing at 2 t  has removed the effects of the inhomo- 
geneous broadening. However, fluctuations due to coupling of 
the vibrational mode to the heat bath (solvent) cause the 
oscillation frequencies to fluctuate. Thus, at 22 there is not 
perfect rephasing. As z is increased, the fluctuations produce 
an increasingly large accumulated phase error, and the size of 
the echo is reduced. A measurement of the echo intensity vs 
z, the delay time between the pulses, is called an echo decay 
curve. Thus, the echo decay is related to the fluctuations in 
the vibrational frequencies, not the inhomogeneous spread in 
frequencies. The Fourier transform of the echo decay is the 
homogeneous line shape.*’ For example, if the echo decay is 
an exponential, the line shape is a Lorentzian with a width lhT2 
determined by the exponential decay constant. The vibrational 
photon echo makes the vibrational homogeneous line shape an 
experimental observable. In fact, the echo measures directly 
the decay of the system’s off-diagonal density matrix elements 
and is the most fundamental observable. 

B. Correlation Function Description of the Vibrational 
Line Shape. For a dilute solution of a vibrational chromophore, 
the homogeneous vibrational line width, r, generally has 
contributions from the rate of population relaxation (lifetime), 
UTI, the rate of pure dephasing, l/Tz*, and the rate of 
orientational relaxation, Tor. TI processes are caused by the 
anharmonic coupling of the vibrational mode to the bath. The 
bath includes other vibrational modes of the solute and the 
solvent and the low-frequency continuum of intermolecular 
solvent modes. i7.18.22.23 Population relaxation is the only 
dynamic process that can contribute to the vibrational line width 
in the limit that T - 0 K.’8,24 Pure dephasing describes the 
adiabatic modulation of the vibrational energy levels of a 
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transition caused by thermal fluctuations of its e n ~ i r o n m e n t . ~ ~ . ~ ~  
Measurement of this quantity provides detailed insight into the 
fast dynamics of the system. Although generally equated with 
physical rotation of the dipole, orientational relaxation is defined 
as any process that causes the loss of angular correlation of an 
ensemble of dipoles. For the TI, mode of W(CO)6 studied here, 
orientational relaxation occurs through the time evolution of 
the coefficients of the three states in the superposition created 
by the initial excitation of the triply degenerate TI" mode.I4.l5 
Both pure dephasing and orientational relaxation will vanish in 
the limit that T - 0 K, since they are thermally induced 
processes. 

The infrared absorption line shape is related to these 
microscopic dynamics through the Fourier transform of the two- 
time transition dipole correlation function' -3,26 
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The infrared absorption spectrum gives dynamic information 
on (PI@(t)p*(0))), where PI is the first Legendre polynomial. 
If the vibrational and rotational motions are decoupled, then 
the dipole correlation function can be factored 

@(t);u*(O>) = Cu(0 P*(~))@(t).P(O)) (2) 

The first term in eq 2 describes the time dependence of the 
vibrational motions and is often written as35 

Here A describes the variations in the transition energies for 
the ensemble of vibration transition dipoles and includes any 
inhomogeneous br~adening.~' The second term in eq 2 is the 
ensemble-averaged correlation function for unit vectors along 
the dipole direction and describes the orientational motion of 
the dipole. 

In the Markovian limit, in which these quantities are described 
by independent exponentially relaxing dipole correlation func- 
tions, the total transition dipole correlation function described 
by eq 2 decays exponentially at a rate of 1/T2, where T2 is the 
dephasing time. This gives a Lorentzian line shape, and 
contributions to the full line width at half-maximum (fwhm) 
are additive 

The orientational contribution to the infrared line shape due to 
isotropic rotational diffusion of the dipole is determined by (PI- 
@(W(o) ) )  and, 

rOr = 2D0jn  ( 5 )  

where Do, is the orientational diffusion constant.15,2s Equation 
4 allows the contribution of pure dephasing to the vibrational 
line shape to be determined from a knowledge of the homoge- 
neous line width, the vibrational lifetime, and the orientational 
diffusion constant. 

C. The Infrared Photon Echo Experiment. The infrared 
photon echo7-9 is a time-domain nonlinear technique that allows 
inhomogeneity to be removed from the vibrational line shape. 
The two-pulse photon echo, and other line narrowing techniques 
such as the stimulated photon echo and hole burning, eliminate 
the inhomogeneous contribution to the line shape and are 
described by four-time correlation functions6 of the form 

C = Cu*(t3+t2+t1) p(t2+tl) pu(tl) ~ ~ ( 0 ) )  (6)  

where tl, t 2 ,  and t 3  refer to three consecutive time intervals. We 
have written this form29 of the correlation function for direct 
comparison to eq 1. The two-pulse photon echo is a third- 
order nonlinear experiment that uses three input fields E; 
resonant with a vibrational transition to generate an output echo 
signal described by C(t3J2,tl). The first field interaction is 
during the first pulse, and the second and third interactions are 
with the second pulse. For a delta function pulses with 
separation t, the experiment is described by correlation functions 
of the form (u*( 2t).p( t)p( t)'p *( 0)). 

As with the two-time correlation function, the assumption 
that vibrational and rotational degrees of freedom are indepen- 
dent allows the four-time correlation function C to be separated 
as C = CvCor. The vibrational contribution to the four-time 
correlation function C, is given by6.30,31 

CV(2t,t,t) = Ip14(e~p[i~*tdt'  A(t') - i K d t '  A(t')]) (7) 

Unlike eq 3, eq 7 allows for time reversal processes to remove 
inhomogeneity. If the A's in eq 7 are strictly static energies 
(inhomogeneous broadening only), then the two integrals are 
identical and cancel. Thus, inhomogeneous broadening does 
not contribute to the echo decay. Random, homogeneous energy 
fluctuations will not be identical in the two time intervals 0 - 
t and t - 2t. Therefore, the two integrals will not cancel 
identically, and homogeneous dephasing will contribute to the 
echo decay. 

The contribution of orientational relaxation to the correlation 
function Cor can be written as 

which is the ensemble-averaged four-time correlation function 
for unit vectors along the transition dipole direction. Cor can 
be treated as a classical probability average when the orienta- 
tional relaxation is diffusive. 

The description of the third-order nonlinear polarization that 
governs infrared photon echo experiments in terms of the 
dynamics of lifetime, pure dephasing, and orientational diffusion 
has been presented.I5 For the case that the relaxation processes 
that contribute to the line shape are separable, the photon echo 
signal with delta function pulses decays exponentially as 

Z(t)/Z(O) = exp[-4t( UT2* + 1/2Tl + 2Dor)] (9a) 

= exp[-4t/T2] (9b) 

The signal decays at a rate 4 times faster than the decay of the 
homogeneous dipole correlation function. The decay of the 
photon echo in this limit can be written as proportional to I(u- 
(t).p*(O))I4 and thus gives the homogeneous vibrational line 
shape through eq 1. It is important to note that due to the 
separability of the rotational and vibrational degrees of freedom 
and the Markovian form of the correlation function decay, the 
four-time correlation function can be written as the product of 
two-time correlation functions. 

D. Experimental Procedures. Vibrational photon echo 
experiments require tunable IR pulses with durations of -1 ps 
and energies of -1 pJ. These can be produced with systems 
based on conventional picosecond lasers using an optical 
parametric amplifier (frequency difference mixing) to generate 
the IR pulses. However, the experiments described below were 
performed using a different approach, Le., with infrared pulses 
at -5 pm generated by the Stanford superconducting-accelera- 
tor-pumped free electron laser (FEL). The FFiL generates 
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Gaussian pulses that are transform limited with pulse duration 
that is adjustable between 0.7 and 2 ps. Active frequency 
stabilization allows wavelength drifts to be limited to <0.01% 
or '0.2 cm-I. The pulse length and spectrum are monitored 
continuously with an autocorrelator and grating monochromator. 

The FEL emits a 2 ms macropulse at a 10 Hz repetition rate. 
Each macropulse consists of the picosecond micropulses at 
a repetition rate of 11.8 MHz (84 ns). The micropulse energy 
at the input to experimental optics is -0.5 pJ, and the 
corresponding energy in the full FEL beam is 120 mW. In 
vibrational experiments, virtually all power absorbed by the 
sample is deposited as heat. To avoid sample heating problems, 
micropulses are selected out of the macropulse at a reduced 
frequency. 

The experimental apparatus is shown in Figure lb. The 
infrared beam enters the experimental area roughly collimated 
with a 16 mm diameter. A 1:6x telescope (Ll,  L2) reduces 
the beam size. At the focus of the telescope is a Ge acoustooptic 
modulator (AOM) for pulse selection, within a 1: 1 cylindrical 
telescope using CaF2 lenses. Micropulses are selected out of 
each macropulse at a repetition rate of 50 kHz by the AOM 
single-pulse selector. The cylindrical telescope makes the AOM 
rise time less than the interpulse separation. This pulse selection 
yields an effective experimental repetition rate of 1 kHz and an 
average power of < O S  mW. A ZnSe beam splitter allows 1% 
of the IR beam to be directed into a HgCdTe reference detector. 
The reference detector was used for shot intensity windowing; 
all data from pulses with intensities outside of a 10% window 
were discarded. 

The two pulses for photon echo or pump-probe (transient 
absorption to measure the vibrational lifetime) experiments were 
obtained with a 10% ZnSe beam splitter. The 10% beam (first 
pulse in echo sequence and probe pulse) is sent through a 
computer-controlled stepper motor delay line. The remaining 
portion (second echo pulse or pump pulse) is chopped at 25 
kHz by a second Ge AOM. A HeNe beam is made collinear 
with each IR beam for alignment purposes. The two pulses 
were focused in the sample to 220 p m  diameter using an off- 
axis parabolic reflector for achromatic focusing of the IR and 
HeNe. The beams and echo signal were recollimated with a 
second parabolic reflector and focused into a HgCdTe signal 
detector with a third parabolic reflector. By selecting the desired 
beam with an iris between the second and third parabolic 
reflectors, either the photon echo or pump-probe signal could 
be observed. The photon echo signal and a intensity reference 
signal were sampled by two gated integrators and digitized for 
collection by computer. 

Careful studies of power dependence and repetition rate 
dependence of the data were performed. It was determined that 
there were no heating or other unwanted effects when data were 
taken with pulse energies of -15 nJ for the first pulse and -80 
nJ for the second pulse and the effective repetition rate of 1 
kHz (50 kHz during each macropulse). 

Vibrational photon echo and pump-probe data were taken 
on the triply degenerate TI,  asymmetric CO stretching mode 
of W(CO)6. Solutions of W(CO)6 in the glass-forming liquids 
were made to give a peak optical density of 0.8 with thin path 
length. These solutions correspond to mole fractions of 5 
The temperatures of the samples were controlled to f 0 . 2  K 
using a closed-cycled He refrigerator. 

Pump-probe experiments conducted in the solvents CCh and 
CHC13 were performed with the 1 lcHz output of an optical 
parametric amplifier using doubled YAG and a dye laser as 
inputs. This system has been described in detaiL3* 
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Figure 2. (a) Photon echo decay data for the CO asymmetric stretching 
mode (TI,) of W(CO)6 in 2-methylpentane glass at I O  K. The 
homogeneous line width determined by the echo decay is 1.3 GHz 
(0.04 cm-I) in contrast to the absorption line which is inhomogeneously 
broadened to 310 GHz (10.5 cm-I). (b) Vibrational photon echo decay 
and fit for asymmetric CO stretching mode of W(C0)b in dibutyl 
phthalate in the glass at 10 K. The fit is to eq 10 and represents the 
homogeneous dephasing of the three-level coherence with beating at 
the anharmonic vibrational frequency splitting. 

111. Experimental Results 

A. Vibrational Photon Echo Decays. Figure 2a displays 
photon echo data for W(CO)6 in 2-MP taken in the low- 
temperature glass at 10 K.*.I5 The inset shows a log plot of 
the data. The decay is exponential, indicating that the homo- 
geneous line is a Lorentzian. At this temperature, the absorption 
line width is 10.5 cm-' (310 GHz). In contrast, T2 = 240 ps, 
yielding a homogeneous line width of 1.3 GHz. Thus, the 
absorption line is massively inhomogeneously broadened. 

Figure 2b displays data taken using 0.7 ps pulses in the 
solvent DBP.9 When the pulse duration is made shorter, the 
associated bandwidth, Q, of the transform limited pulse is larger. 
If the bandwidth of the excitation pulses exceeds the vibrational 
anharmonicity, then population can be excited to higher 
vibrational levels. For the case where A x 9, short pulse 
excitation will create a three-level coherence involving the u = 
0, 1, and 2 vibrational levels. The expected photon echo signal 
can be described for an unequally spaced three-level system 
using a semiclassical perturbative treatment of the third-order 
nonlinear polarizability in the Bloch limit.30.33 The three-level 
system is spaced by the frequencies W I O  and 1321,  where 010 = 
w21 + A and A << W I O  and W Z I .  The transition frequencies 0 1 0  

and ~ 2 1  lie within the bandwidth of the pulses. For a finite 
pulse bandwidth, where the E-field amplitude differs at w10 and 
~ 2 1 ,  the decay is given by9 

Here, El0 and E21 are excitation E-field amplitudes for the u = 
0 - 1 and v = 1 - 2 transitions, respectively. Equation 10 
shows that the echo signal envelope decays in proportion to 
the dephasing rates of the u = 0 - 1 and = 1 - 2 transitions, 
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Figure 3. Temperature dependence of the homogeneous line widths 
of the TI, CO stretching mode of W(CO)6 in 2-MTHF, 2-MP, and DBP, 
determined from infrared photon echo experiments using eq 9b. Arrows 
mark the glass transition temperatures. Note the different temperature 
and line width scales. 

with exponentially damped beats observed at the frequency 
splitting, A. The dephasing rates for the two transitions are 
y l o  and y21. For the narrow bandwidth case (E21 x O), eq 9b 
is recovered. 

As can be seen from Figure 2b, the decay is consistent with 
the expected decay of a three-level vibrational coherence. The 
decay is modulated at a 2.3 ps frequency, which is constant 
within error over all temperatures. Based on the average of 
several data sets, the vibrational anharmonic splitting is A = 
14.7 f 0.3 This splitting is in accord with the value of 
15 f 1 cm-l subsequently obtained by Heilweil and co-workers 
from observation of the u = 1 -. 2 and u = 2 3 transitions 
of the asymmetric CO stretching mode of W(CO)6 in hexane 
using transient infrared absorption.34 The agreement between 
the anharmonicity obtained from the beat frequency and that 
obtained by transient absorption confirms the interpretation of 
the beats as arising from the multilevel coherence of the 
anharmonic oscillator. The echo decay data also provide the 
homogeneous dephasing times for the two transitions involved 
in the multilevel c~he rence .~  

B. Temperature Dependence of Vibrational Dephasing. 
I .  Below the Glass Transition Temperature. The results of 
temperature-dependent photon echo experiments on the TI,  
mode of W(CO)6 in the three glass-forming liquidsL5 are shown 
in Figure 3. The homogeneous line width, r = l/nT2, is shown, 
derived from fits with the photon echo signal decaying 
exponentially as eq 9b. Data on 2-MTHF were taken from 10 
to 120 K, at which point the decay rate exceeded the instrument 
response. With the same time resolution, echo data in the other 
liquids were observable up to room temperature. The data on 
DBP (discussed above) were taken with 0.7 ps pulses. At 
temperatures above 150 K, where the decays are fast, the 
presence of the beats on the decays introduced some uncertainty 
into the determination of the vibrational line width for the u = 
0 - 1 level. 
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Figure 4. (a) Comparison of the homogeneous infrared line width in 
three organic glasses. The homogeneous line width normalized to the 
line width at the glass transition temperature to remove the coupling 
strength is plotted against the reduced temperature. The temperature 
dependence follows a power law with exponent a = 2.1 5 0.2. (b) 
Homogeneous line width of the TI ,  mode of W(CO)6 in DBP between 
IO and 200 K. The homogeneous line widths are shown in solid circles, 
and the corresponding data with the low-temperature lifetime of T1(O 
K) = 33 ps removed are shown with open circles. The data fit a power 
law of a = 2.0 5 0.1. 

The temperature dependence of the homogeneous line width 
increases monotonically in the glass. Above the glass transition 
temperature, the line widths in 2-MTHF (T, = 86 K) and 2-MP 
(Tg = 80 K) rise rapidly in a manner that appears thermally 
activated. In 2-MP, the rapid increase in dephasing rate slows 
above 130 K and becomes temperature independent. In DBP 
(T, = 169 K), the line width appears to decrease with 
temperature above 200 K although the error bars are large 
enough that it is possible that the temperature dependence is 
essentially flat. 

The temperature dependences of the homogeneous vibrational 
line widths in the three glasses are compared using a reduced 
variable plotI5 in Figure 4a. Although the absolute line widths 
for each system may vary, this is a reflection of the strength of 
coupling of the transition dipole to the bath and can be removed 
by normalization to the line width at the glass transition 
temperature. Likewise, using a reduced temperature, T/Tg, 
allows thermodynamic variables that contribute to determining 
the glass transition to be normalized. Such normalization allows 
comparison of the functional form of the temperature depend- 
ences, independent of differences in T, and coupling strengths. 
Figure 4a shows that the temperature dependences of the 
homogeneous line widths are identical in the three glasses and 
are well described by a power law of the form 

r(n = ro + AP (1 1) 

The offset at 0 K, To, represents the line width due to the low- 
temperature vibrational lifetime. A fit to eq 11 for all 
temperatures below the glass transition is shown in Figure 4a 
and yields an exponent of a = 2.1 f 0.2 and T f l ( T g )  = 0.24 
f 0.02. At temperatures above -1.2Tg, the line widths of the 
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three liquids diverge from one another. The data from each 
sample were individually fit to eq 1 1 .  The results demonstrate 
that the temperature dependence is well described by a power 
law of the form Tz. 

Because of its high glass transition temperature, DBP allows 
the largest temperature range over which to observe the power 
law. The data are presented in two ways in Figure 4b. The 
solid circles are the data and the line through them is a fit to eq 
1 1 .  To show more clearly the power law temperature depen- 
dence, the open circles are the data with the low-temperature 
line width, To (corresponding to a vibrational lifetime, Tl(0 K) 
= 33 ps) subtracted out. The line through the data is p. It 
can be seen that the power law describes the data essentially 
perfectly over a change of line width of -500 from 10 to 200 
K. 

Electronic excited state dephasing in glasses35 is generally 
interpreted within the model of two-level systems, initially 
proposed to describe the anomalous low-temperature heat 
capacities of g l a s ~ e s . ~ ~ . ~ ’  In this model, pure dephasing dynam- 
ics are described in terms of phonon-induced tunneling between 
structural potential wells. At temperatures above the Debye 
frequency of the glass, a power law of p is theoretically 
predicted for dephasing due to two-phonon (Raman) scattering 
processes between potential wells.35 Huber has pointed out that 
in glasses this temperature dependence is expected above an 
effective Debye temperature, which can often be 2-10 times 
lower than the true Debye t e m p e r a t ~ r e . ~ ~  The a FZ 2 temper- 
ature dependence is almost universally seen for the high- 
temperature dephasing of electronic transitions in a variety of 
glasses.35 

Figure 4 demonstrates that the underlying temperature 
dependence of the vibrational homogeneous dephasing measured 
with the IR photon echoes is, in fact, identical in the three 
glasses studied here and is described by a power law p. The 
results presented here were the first to examine the temperature 
dependence of vibrational dephasing in organic gla~ses.’-~.‘~ 
The observation of the p dependence suggests that these glasses 
are in the high-temperature limit above 10 K and that the 
temperature dependence of vibrational pure dephasing may be 
universal in all high-temperature glasses. This would be 
consistent with dephasing caused by Raman (two quantum) 
phonon scattering. 

2 .  Above the Glass Transition Temperature. The temperature 
dependences of the rate of dephasing in 2-MP and 2-MTHF 
(Figure 3) both show a gradual increase with temperature until 
shortly after the glass transition, at which point a rapid increase 
in dephasing is observed. Coincidentally, the glass transition 
temperatures for 2-MP (T, = 80 K) and 2-MTHF (Tg = 86 K) 
are very similar. The temperature dependence in DBP shows 
no dramatic change near 90 K, demonstrating that the mecha- 
nism is dependent on the solvent; the dephasing is dictated by 
the particular temperature-dependent dynamics of the solvent. 
At temperatures above the glass transition, the normalized line 
widths in the three liquids diverge from each other, indicating 
the emergence of distinct relaxation processes in the various 
 liquid^.'^ 

In 2-MTHF and in 2-MP below 150 K, the echo decays yield 
a homogeneous line width that is much narrower than the width 
of the absorption spectrum. These results demonstrate that the 
vibrational lines of these systems are inhomogeneously broad- 
ened in the glass and supercooled liquid. As shown below, in 
2-MP the W(CO)6 TI, line becomes homogeneously broadened 
at room temperature. However, in DBP the line is clearly 
inhomogeneous at all temperatures. The homogeneous line 
width at 300 K is -1 cm-’, while the absorption spectrum line 
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Figure 5. Temperature dependence of the homogeneous and absorption 
line widths for the TI ,  mode of W(CO)6 in 2-MP. The homogeneous 
line widths (solid circles) are taken from Figure 4. The “echo” data at 
250 and 300 K are actually free induction decays that match the 
observed absorption line (open circles), showing the spectra are 
homogeneously broadened. At 200 K (dotted circle), the homogeneous 
and inhomogeneous contributions to the absorption line are of equal 
magnitude. Below 200 K, the homogeneous line width is much 
narrower than the inhomogeneous width. 

width is 26 cm-I. This is the first conclusive evidence for 
intrinsic inhomogeneous broadening of a vibrational line in a 
room temperature liquid. Thus, even in room temperature 
liquids, it is not safe to assume that dynamics can be obtained 
by taking a vibrational spectrum and analyzing it assuming it 
is homogeneously broadened. 

C. Contributions to the Homogeneous Line Shape in 
2-MP. 1 .  Transition to a Homogeneously Broadened Line. 
The measured homogeneous vibrational line width obtained 
from infrared photon echo measurements (Figure 3) assumed 
that the echo decays as eq 9b. This equation is valid in the 
inhomogeneous limit, when the width of the inhomogeneous 
distribution of homogeneous lines far exceeds the homogeneous 
line width. This inhomogeneous limit implies a separation of 
time scales exists between the fast fluctuations of homogeneous 
dephasing and long time-scale inhomogeneous structural evolu- 
tion. Such is the case below 150 K, where the echo decays 
yield a homogeneous line width that is much narrower than the 
width of the absorption spectrum. At these temperatures, the 
data demonstrate with certainty that the TI,  vibrational line in 
2-MP is substantially inhomogeneously broadened. 

Above 150 K, the homogeneous line width begins to approach 
the measured absorption line width,I4.l5 as illustrated in Figure 
5.  Under these conditions, the time scale for the rephasing of 
the echo pulse is shortened by the polarization decay due to 
homogeneous dephasing. This causes the echo to rephase at 
times between z and 22. Thus, the echo signal decays at a 
slower rate than the 4/T2 given by eq 9b.39.40 As the homoge- 
neous dephasing time T2 decreases, the rephasing of the echo 
is shifted to shorter times. In the limit that the absorption line 
is homogeneously broadened, a free induction decay (fid) will 
be observed along the echo phase matching direction. If the 
homogeneous line is a Lorentzian, then an exponential decay 
with a decay constant of 2/T2 will be observed.40 

The data above 150 K reflect this transition to a homoge- 
neously broadened line. If near room temperature the measured 
echo data are actually fid’s from a homogeneously broadened 
line, the decay constants 2lT2 yield a line width given by the 
open circles in Figure 5.  The FID line widths match the 
measured absorption line widths exactly, demonstrating that the 
line is homogeneously broadened for temperatures 2250 K. 
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Notice that the absorption line width, which narrows for 
temperatures up to 200 K, actually broadens slightly for higher 
temperatures, in a manner that precisely follows the echo data. 
Without experimentally time-resolving the rephasing of the echo 
pulse, it is not possible to determine from an echo experiment 
alone whether the observable is a true echo decay, a fid, or an 
intermediate case. However, a comparison to the absorption 
spectrum provides a test. Since treating the point at 160 K as 
an fid still results in a line width that is narrower than the 
absorption line, this point corresponds to a true photon echo. 
The point at 200 K represents the transition between a 
homogeneous and an inhomogeneous absorption line shape. 

In liquids, the distinction between homogeneous and inho- 
mogeneous broadening is a matter of definitions and time scales. 
A photon echo experiment measures the homogeneous line 
shape, which arises from fast fluctuations of the medium that 
cause rapid fluctuations of the vibrational energy levels. In a 
liquid, the homogeneous line width can be much narrower than 
the inhomogeneous line width even at room temperature, as 
shown above for W(C0)b in DBP. The slower dynamic 
processes, which are essentially static on the time scale of the 
homogeneous dephasing, appear as part of the quasi-static 
inhomogeneous background. This quasi-static distribution of 
vibrational energies is rephased in a photon echo experiment 
and does not contribute to the homogeneous line width. 

2.  Components of the Homogeneous Line. Pump-probe 
studies of the population dynamics of the TI, mode of W(CO)6 
in 2-MP have observed dynamics that contribute to the infrared 
absorption line shape.l4.l5 In addition to pure dephasing (energy 
fluctuations), population relaxation and orientational relaxation 
contribute to the homogeneous line width. Pump-probe 
measurements of the population dynamics in 2-MP and other 
solvents were p e r f ~ r m e d . ~ ~ * ~ ~ ~ ”  A detailed analysis of the 
population dynamics and their temperature dependences for the 
2-MP data is given in ref 14. The data taken with parallel pump 
and probe polarizations are biexponential at all temperatures. 
The long decay component is due to vibrational population 
relaxation (lifetime) and decays with an exponential decay time 
of T I .  The data display a counterintuitive temperature depen- 
dence, with the rate of relaxation decreasing as the temperature 
increases. This phenomenon has also been observed in crystal- 
lizing and other glass-forming l i q ~ i d s l ~ . ’ ~  and is discussed in 
some detail below.I6 The fast component in the pump-probe 
data is due to orientational relaxation of the chromophore and 
decays exponentially at a rate of (6D,, + UTI) .  With magic 
angle probing to eliminate orientational relaxation effects, the 
fast component vanished from the decay, leaving only the long 
component. 

Equation 9 gives a Lorentzian line shape, and contributions 
to the full line width at half-maximum are additive, given in 
eqs 4 and 5. Using the pump-probe measurements of the 
orientational diffusion constant Do, and the population relaxation 
time Tl,14-15 the contribution due to pure dephasing can be 
determined from the homogeneous line width. (There are a 
number of subtle issues involved in considering the influence 
of orientational relaxation on the photon echo decay. A full 
discussion of these in relation to the material presented below 
is given in ref 15.) 

Figure 6 displays the decomposition of the temperature 
dependence of the homogeneous vibrational line width into its 
three dynamic component~.’~ At low temperatures, the lifetime 
is the dominate contribution. At high temperatures, pure 
dephasing is the dominate contribution. Only at intermediate 
temperatures does orientational relaxation make a substantial 
contribution. The line width contribution from lifetime broad- 
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Figure 6. A log-log plot of the dynamic contributions to the 
homogeneous vibrational line width of the TI ,  mode of W(CO)6 in 
2-MP: total line width, squares; lifetime contribution, diamonds; pure 
dephasing contribution, solid circles; orientational contribution, open 
circles. The vibrational lifetime dominates the homogeneous line width 
at the lowest temperatures and is only mildly temperature dependent. 
At high temperatures, pure dephasing dominates the homogeneous line 
width. Orientational relaxation never dominates but makes significant 
contributions to the line width at intermediate temperatures. The 
orientational contribution, shown with a Tz  power law line, is continuous 
over all temperatures. The temperature dependence of the pure 
dephasing is the same as the orientational relaxation in the glass. The 
line through the pure dephasing data is a fit to eq 13 with a = 2.2 and 
TO* = 80 K. Error bars on the total line width, lifetime, and pure 
dephasing are approximately the size of the symbols at most temper- 
atures. The orientational error bars vary from the size of the symbols 
at high temperature to *50% at 30 K. 

ening remains significant until -50 K. Above 50 K, the 
contributions to the line width from pure dephasing and 
orientational relaxation dominate. Orientational relaxation does 
not dominate in any temperature range but makes its largest 
percentage contribution around 100 K. By 100 K, the pure 
dephasing is a substantially larger contribution than either the 
lifetime or the orientational relaxation. Above -150 K, pure 
dephasing is the overwhelmingly dominate component of the 
homogeneous line width. 

At low temperature, where the contributions from pure 
dephasing and orientational relaxation are negligible, the 
contribution to the line width from the lifetime (from pump- 
probe data) and the line width determined from the decay of 
the echo are equal within error. This is the expected low- 
temperature limit for the homogeneous vibrational line width 
where processes caused by thermal fluctuations disappear, and 
only lifetime broadening is possible. 

From low temperature to slightly above Tg, both pure 
dephasing and orientational relaxation have power law temper- 
ature dependences. The earlier discussion of the combined 
dynamics in 2-MP and the other two solvents showed a p 
temperature dependence when the lifetime contribution was 
taken out. Here, the contributions from both pure dephasing 
and orientational relaxation are shown to follow the same 
power law behavior in the glass. Thus, the total temperature 
dependence, excluding T I ,  is p, as shown in Figure 4. In 
addition, the power law observed for the orientational relaxation 
in the glass is observed to continue into the liquid. In Figure 
6, a power law fit of a = 2.2 f 0.2 is shown. The orientational 
dynamics are independent of the glass transition and distinctly 
n~nhydrodynamic.~~ This is consistent with the results of 
pump-probe experiments.I4 
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In Figure 6 it is seen that there is a rapid increase in pure 
dephasing beginning slightly above the glass transition temper- 
ature. This implies that an additional mechanism or a change 
in the nature of the mechanism for pure dephasing tums on, 
and it is linked to the glass-to-liquid transition. The onset of 
dynamic processes near the glass transition is often described 
with a Vogel-Tammann-Fulcher (VTF) e q ~ a t i o n ~ l - ~ ~  

z = zo exp(B/(T - To)) (12) 
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This equation describes a process characterized by a time, z, 
with a temperature-dependent activation energy that diverges 
at a temperature, TO, below the nominal glass transition 
temperature. TO can be linked thermodynamically to an “ideal” 
glass transition temperature that would be measured with an 
ergodic ob~ervable.~‘ This equation describes the temperature 
dependence of the viscosity of 2-MP well and gives TO = 59 
K.I5 

If the VTF equation applies to pure dephasing near and above 
the glass transition, then the full temperature dependence would 
be the sum of the low-temperature power law plus a VTF term. 
To test this idea, the temperature dependence of pure dephasing 
was fit to 

r*(T) = A l ~ + A A Z e x p ( - B l ( T -  To*)) (13) 

for all temperatures below 300 K, and is shown as the line 
through the pure dephasing data in Figure 6. The fit describes 
the entire temperature dependence exceedingly well but yields 
a reference temperature of TO* = 80 K. This reference 
temperature matches the laboratory glass transition temperature 
T .  exactly but is not related to the ideal glass transition 
temperature TO. We can thus infer that the onset of the dynamics 
that cause the rapid increase in homogeneous dephasing in 2-MP 
is closely linked with the onset of structural processes near the 
laboratory glass transition temperature. This may be a mani- 
festation of the short time scale of the measurement and a 
reflection of the nonergodicity of the system. 

D. Vibrational Lifetimes Measured with IR Pump-Probe 
Experiments. The population dynamics of the vibrations of a 
polyatomic solute molecule in a polyatomic solvent can involve 
the internal vibrational modes of the solute, the vibrational 
modes of the solvent, and the low-frequency continuum of 
solvent modes. 17-18  An initially excited high-frequency vibra- 
tional mode of a solute molecule can relax by transferring 
vibrational energy to a combination of lower frequency internal 
vibrations and solvent vibrations. Vibrational energy can also 
be transferred to modes of higher frequency, but this process is 
generally less efficient than comparable downward pathways.I8 
In general, a combination of lower frequency vibrations will 
not match the initial vibrational frequency. Therefore, one or 
more quanta of the continuum will also be excited (or an- 
nihilated) to make up for the mismatch in the vibrational 
frequencies and conserve energy. The low-frequency solvent 
continuum can be described in terms of instantaneous normal 
modes (INM).44-48 Not all of the modes are bound, so that 
INM’s have both real and imaginary frequencies. The imaginary 
frequency modes are related to the structural evolution of the 

Vibrational relaxation involves a cubic or higher order 
anharmonic process. The “order” of the process refers to the 
number of quanta involved in the relaxation. In the simplest 
cubic anharmonic process, the initial excited vibration is 
annihilated, a lower frequency intemal mode or solvent mode 
is excited, and a phonon (INM) is excited to conserve energy. 
For a high-frequency mode to relax by a cubic process, there 
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Figure 7. (a) Temperature dependence of the vibrational relaxation 
time, TI, for the TI,  CO stretching mode of W(CO)6 in C c 4 .  The 
data were taken from the melting point to the boiling point. (b) 
Temperature dependence of TI in CHC13. The data were taken from 
the melting point to the boiling point. The lifetime actually becomes 
slower as the temperature is increased (inverted temperature depen- 
dence). 

must be another high-frequency mode close enough in energy 
for the energy mismatch to fall within the phonon bandwidth. 
In a quartic or higher order process, the initial vibration is 
annihilated, two or more lower frequency vibrations are created, 
and one or more phonons are created to conserve energy. 
Unless there is a coincidence or Fermi resonance in which 
energy can be conserved by the creation and annihilation of 
discrete vibrational modes alone, at least one mode of the low- 
frequency continuum of states will be involved in vibrational 
population dynamics. 

The vibrational relaxation times (TI) as a function of 
temperature for TI,  mode of W(CO)6 in CC4I7 are shown in 
Figure 7a. Although the change in the decay with temperature 
is not large, given the excellent signal-to-noise ratio of the data,I7 
the differences are readily discernible. From the melting point 
to the boiling point, the lifetimes decrease monotonically by 
19%. The values range from 775 ps at the melting point (250 
K) to 650 ps at the boiling point (350 K). 

The results of the pump-probe lifetime measurements in 
CHC13l7 are shown in Figure 7b. The decay times are substan- 
tially different from those in cc14 although the solvents differ 
only by substitution of a hydrogen for a chlorine. Even more 
significant is that the basic nature of the temperature dependence 
is different. Vibrational lifetimes for the TI, mode of W(C0)d 
CHC13 actually become longer as the temperature is increased, 
changing by 9% from 322 ps at the melting point (210 K) to 
350 ps at the boiling point (334 K). This is analogous to the 
temperature dependence of TI seen in 2-MP (see Figure 6). 

W(CO)6 has a variety of intemal modes that are lower in 
frequency than the initially excited TI,  CO stretching fre- 
q ~ e n c y . ~ ~ . ~ ~  Both CC14 and CHCl3 have a number of lower 
energy vibrational modes than the initially excited mode at 
-1980 cm-’.I6.I7 CHC13 also has a CH stretching mode at 
higher energy, -3020 cm-I, which is too high in energy to 
participate in the vibrational dynamics. The simplest relaxation 
pathway would involve the deposition of the initial vibrational 
energy into a single lower frequency vibration and one phonon. 
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However, as shown by INM calculations, neither CC4 nor 
CHC13 has INM bandwidths that extend past 180 cm-’.I6 
Therefore, in CHCl3, it is necessary for the initial vibration to 
relax into at least two vibrations and a phonon and in CC4 to 
relax into at least three vibrations and a phonon. This difference 
most likely is responsible for the generally longer relaxation 
times observed in CCb. It is possible that it is necessary to 
excite more than one phonon to conserve energy. For simplicity, 
the following discussion assumes that only one phonon is 
involved, although this will not influence the conclusions that 
are reached. 

The rate of vibrational relaxation, K ,  of the initially excited 
mode is generally described by Fermi’s Golden Rulei8.26.50 

Tokmakoff et al. 

In eq 14, u and d denote the initial and final state of the initially 
excited vibration (the TI, mode in this case), while r and r’ refer 
to the receiving (or reservoir) modes. The ket lo,r) is the initial 
state, described by thermal occupation numbers of the various 
modes of the system, in addition to unit occupation of the state 
initially excited by the IR pump. The bra (d,r’l is the final 
state with the initially populated state having occupation number 
0 after relaxation and other states having increased occupation 
numbers. e is the density of states of the reservoir modes for 
the relaxation step and is often written as a delta function to 
denote the energy conservation requirement. The summation 
in eq 14 denotes the fact that the true relaxation rate is a sum 
over contributions from all possible pathways;I8 however, in 
the following discussion we will describe relaxation through a 
single anharmonic path involving one phonon. 

In eq 14, Vis the potential that describes the system-reservoir 
interaction.18 The potential energy surface for the system and 
reservoir is expanded about the potential minima of the various 
INM coordinates. VI] is the ith matrix element that describes 
the interactions which couple i modes. The anharmonic terms, 
i 2 3, govern relaxation processes involving the coupling of 
multiple vibrational modes. The magnitudes of the matrix 
element expansion coefficients decrease with order, leading to 
decreased relaxation rates with higher order processes. 

Given the vibrational energies of the solutes and the solvents, 
the relaxation of the initially excited mode results in the 
excitation of at least two other vibrations and a phonon. For 
such a process, the anharmonic coupling matrix element is at 
least fourth order, or quartic. For the following discussion, we 
use one of the quartic relaxation paths that contributes to the 
relaxation of the TI, CO stretch in CHC13.l6 The CO stretch 
relaxes by transferring energy to the W-C-0 bending motion 
of the W(CO)6, the H-C-Cl bending motion of the CHC13, 
and a -160 cm-l solvent phonon. 

The quartic anharmonic matrix element (V4)) contains the 
magnitude of the quartic anharmonic coupling term, 1 V4)[, and 
combinations of raising and lowering operators that describe 
the anharmonic relaxation ~ t e p . ~ ~ . ’ ~  If the operator a annihilates 
the initially excited vibration and the operator b describes the 
change in the reservoir modes A, B, and the phonon, then the 
interaction is described by 

This interaction leads to seven possible quartic relaxation 
pathways,’* some of which are unphysical. The relaxation 
pathway being considered, a simple cascade process in which 
the energy relaxes only to lower energy modes, is described by 
one term arising from eq 15, ~b;bib;~. Once substituted into 

eq 14, a raising operator brings out a factor of A+ 1 and a 
lowering operator brings out a factor of &, where n is the 
occupation number of the particular mode involved in the fourth- 
order process. This allows eq 14 to be written as 

K =  (2d~)ephl (~”) IZ (aA + + 1 h P h  f 1) (16) 

where n is the thermally averaged occupation number, 

a, = (exp(fiw,/kV - I)-’ (17) 

wl  is the frequency of the vibrational or phonon mode. We 
take @ph = (@(w,)); Le., the “phonon” density of states is given 
by the ensemble-averaged density of INM. 

Clearly, if the reservoir modes are high frequency (hw >> kT 
and, therefore, n << l), such as the discrete vibrational modes 
of the solute and solvent, eq 16 is 

K = (2.z/h)ephl(v‘4’)t2(nph + 1) (18) 

Although the discussion of the derivation of this relaxation rate 
expression has been qualitative, the same results can be shown 
rigorously.i8 In general, the expression for the relaxation rate 
along a given one-phonon, ith-order anharmonic pathway is 
given by the product of the phonon density of states, the 
magnitude of the anharmonic coupling matrix element squared, 
and occupation number factors for the receiving modes. If a 
reservoir mode is created in the relaxation step, it contributes a 
factor of (n + l), whereas if it is annihilated, it contributes a 
factor of n. This is a simple, yet rigorous, method for describing 
even complex relaxation pathways. 

Considering only the occupation number in eq 18, K should 
become larger, and the observed decay times should become 
shorter as the temperature is increased. If more than one 
thermally occupied phonon were involved in the relaxation 
pathway or if a vibrational occupation number changes signifi- 
cantly, the temperature dependence would be even steeper. If 
the phonon occupation number is the only factor responsible 
for the temperature dependence, then for hw << kT, K would 
increase linearly with temperature. For hw >> kT, K goes as 
exp(-hw/kr) if a phonon is annihilated as part of the relaxation 
process, and K goes as 1 + exp( -hw/kT) if a phonon is created. 
In either limit and for intermediate situations, the temperature 
dependence of the occupation number(s) will always yield a 
decrease in the vibrational lifetime with increasing temperature. 
Only near T x 0 K (only phonon emission processes are 
possible) where 1 =- nph will the temperature dependence vanish, 
and the vibrational lifetime will become temperature indepen- 
dent. Above T % 0 K, an inverted temperature dependence 
cannot be explained by considering occupation numbers, regard- 
less of the pathways or number of modes involved.’* 

The experimental data for W(CO)6 in CHC13 displayed in 
Figure 7b, with its inverted temperature dependence, show that 
the temperature dependence is influenced by temperature- 
dependent factors in addition to the occupation numbers. A 
competition among these factors will yield the observed 
temperature The factors that cause the W(C0)d 
CHCl3 vibrational lifetimes to become longer as the temperature 
is increased are operative in W(CO)6 in CCl4 and presumably 
other systems, even though they do display vibrational lifetimes 
that decrease with increasing temperature.I6 

In examining eq 16 or 18, there are two other factors besides 
the occupation numbers that can contribute to the temperature 
dependence of the decay constant. They are the density of 
states, e, and the magnitude of the anharmonic coupling matrix 
element, VI). First, consider the density of The 
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densities of states of the intemal vibrational modes of W(CO)6 
do not change with temperature. However, the densities of 
states of the solvent modes will change with temperature. 

To gain insights into the temperature dependences of the 
vibrational lifetimes in the two solvents, the temperature- 
dependent low-frequency INM spectra, (e(o)), of CCl4 and 
CHCl3 were calculated.I6 The calculations employed a detailed 
potential that included intermolecular and intramolecular com- 
ponents. While the low-frequency intermolecular modes are 
of interest here, the potential is able to do a reasonable job of 
reproducing the vibrational spectrum of the liquids as well. The 
use of the full potential proved important. Calculations with 
an accurate Lennard-Jones (LJ) potential do not generate the 
high-frequency “rotational” part of the INM spectrum even 
though the LJ potential yields the correct melting point of the 
crystal. The real and imaginary components of the INM 
spectrum were calculated at three temperatures: near the melting 
point, at room temperature, and near the boiling point for both 
solvents. As the temperature is increased, there is a small 
decrease in the density of states across most of the real part of 
the spectra with a corresponding increase in the imaginary part. 
The changes in the two solvents were very similar, and detailed 
analysisI6 showed that the changes were far too small to account 
for the observed inverted temperature dependence. 

These results suggest that a significant temperature depen- 
dence exists for the magnitude VI). The temperature dependence 
of this term must be opposite to that of the phonon occupation 
numbers and must be sufficiently large to offset the change in 
occupation numbers to yield the inverted temperature depen- 
dence. Although W) is not explicitly temperature dependent, 
it can vary with density. As the density decreases with 
increasing temperature, intermolecular separations are increased 
on average. The important point is that the region of the 
intermolecular potential that is sampled changes, and therefore 
the anharmonic coupling matrix elements can change. If this 
causes the matrix elements to become smaller with increasing 
temperature, then this decrease will work to offset the increase 
in occupation numbers. If this effect is sufficiently large, the 
observed inverted temperature dependence of W(CO)dCHCl3 
would be observed. This is the most likely explanation for the 
inverted temperature dependence. 

Three factors were discussed that will influence the vibrational 
lifetime of the metal carbonyls studied and, presumably, other 
systems as well. They are (1) the temperature-dependent 
occupation number of the phonon(s) or other very low-frequency 
modes excited in the relaxation of the initially pumped vibration, 
(2) the temperature dependence of the liquid’s density of INM 
states, and (3) the temperature dependence of the magnitude of 
the anharmonic coupling matrix elements responsible for 
vibrational relaxation. The results briefly discussed here 
demonstrate that understanding the temperature dependence of 
vibrational lifetimes requires consideration of the interplay of 
the temperature dependences of the three factors. Observation 
of a normal (noninverted) temperature dependence does not 
indicate that all three factors are not involved. Fitting a normal 
temperature dependence as a simple activated process can yield 
a highly flawed indication of the frequency of the low-frequency 
mode that is involved. 

IV. Concluding Remarks 

In principle, analysis of a vibrational line shape can provide 
a great deal of information on dynamics and intermolecular 
interactions in condensed matter systems. However, to com- 
pletely characterize an infrared line shape, a combination of 
experimental methods is necessary to elucidate each of the 

dynamic and static contributions to the line. Picosecond infrared 
photon echo experiments were used to measure the homoge- 
neous line shape and remove inhomogeneity. Infrared pump- 
probe experiments were used to measure the vibrational lifetime 
and orientational relaxation. The total vibrational line shape 
was determined by absorption spectroscopy. Together, these 
experiments yield a complete characterization of the dynamics 
that make up the homogeneous line and the extent of inhomo- 
geneity of the infrared absorption line. 

The development of picosecond vibrational photon echo 
experiments to examine condensed matter systems represents a 
significant extension of the field of vibrational spectroscopy. 
Recently, we have also applied other IR nonlinear experimental 
methods to study vibrations. We have used stimulated photon 
echoes and transient grating experiments. All of these methods 
are types of four-wave mixing experiments. The application 
of four-wave mixing experiments to the study of electronic states 
and nonresonant phenomena in the visible part of the spectrum 
has had explosive growth in the 1980s and 1990s. Vibrational 
spectroscopy has always gained importance because of its 
selectivity, Le., its ability to look at specific, well-defined 
mechanical degrees of freedom of molecules. The advent of 
IR vibrational four-wave mixing experiments, such as the photon 
echo experiments described here, will provide important tools 
to greatly increase our understanding of the dynamics and 
intermolecular interactions in molecular systems of interest in 
chemistry, biology, and materials science. 
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