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We review the literature on spectroscopic methods of studying processes of vibrational relaxation of
molecules in condensed media; special attention is paid to liquids. We discuss the features and advantages
of the following methods: spontaneous Raman scattering, picosecond spectroscopy, and active Raman
spectroscopy. Comparison of the results obtained by the different methods yields detailed information on
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1. INTRODUCTION

The shape of the band contours in vibrational spectra
of materials in the liquid phase and in molecular crys-
tals is determined both by the orientational movement
of the molecules and by the dynamics of relaxation of
the energy of intramolecular vibrations. Many original
and review studies1"8 have been concerned with the ef-
fect of reorientation on the contours of bands in mole-
cular spectra. This review aims to analyze the studies
concerned with the contribution of intra- and inter-
molecular interactions to the component of the contour
of the vibrational bands that does not depend on the
orientational movement of the molecules.

Currently several methods exist of studying the dy-
namics of vibrational relaxation. Historically the first
of these is me separation of the contributions of orien-
tational and vibrational realxation in the contours of the
spontaneous Raman bands. The first studies were per-
formed in the Institute of Physics of the Academy of
Sciences of the USSR.7 However, all the potentialities
of this method have emerged only with the application
of lasers as the sources of the exciting radiation.8

Another method is based on coherent vibrational pump-
ing of the medium through stimulated Raman scattering
(SRS) of a high-power picosecond laser pulse. Then
one applies another picosecond probe pulse to the med-
ium and studies its anti-Stokes Raman scattering. By
varying the delay time of the probe pumping pulse dur-
ing the experiment, one can get information on the re-
laxation times of the vibrational energy in the medium.9"12

Priority along this line of studying the dynamics of vi-
brational relaxation belongs to Alfano, Shapiro, Lau-
bereau, Von der Linde, and Kaiser, whose studies
were published in 1971. We should note that these stud-
ies were preceded by a theoretical study of the problem

by Akhmanov and his associates1*"14 (1969) and by
Bloembergen's group15 (1970). These studies treated
the fundamental properties of Raman scattering under
non-steady-state picosecond excitation.

Finally, the third method of studying the dynamics of
vibrational relaxation is based on biharmonic picosec-
ond resonance vibrational "pumping" of the medium with
subsequent probing of this nonequilibrium, vibrationally
excited medium with a picosecond pulse.16 Here also
the dynamics of relaxation is studied with a time delay
of the exciting pulse with respect to the pump pulse.
This line has been developed successfully by the groups
of S. A. Akhmanov (Moscow State University) and of
Kaiser (Technische Universitat, Munich). The latter
two methods can be called picosecond SRS spectroscopy
and picosecond active Raman spectroscopy, respec-
tively.

2. SEPARATION OF THE CONTRIBUTIONS OF
ORIENTATIONAL AND VIBRATIONAL RELAXATION
IN THE CONTOURS OF SPONTANEOUS RAMAN
BANDS

First we should note that one can distinguish the con-
tributions of orientational and vibrational relaxation only
in the contours of Raman bands. The point is that the
Raman tensor is symmetric when far from electronic
absorption bands. This means that one can distinguish
the isotropic and anisotropic components in it. One
can show2 that the isotropic component of the scatter-
ing tensor is determined exclusively by intra- and
intermolecular interactions. Within the framework of
neglecting vibrational-rotational interactions, this
component of the Raman tensor does not depend on the
nature of the rotational motion of the molecules. Both
intra- and intermolecular interactions and reorienta-
tion of the molecules contribute to the anisotropic com-
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ponent of the Raman tensor.

The possibility of experimentally distinguishing the
contribution of the orientations and interactions of the
particles to the contours of the vibrational bands opens
up broad potentialities of employing Raman spectros-
copy for studying materials in a condensed phase. This
potentiality is lacking in infrared (IR) absorption
spectroscopy since a vector quantity, the dipole mo-
ment of the transition, is responsible for the parame-
ters of the IR bands.

Following Ref. 2, we can write an expression for the
intensity of the light scattered by a molecule as a func-
tion of the frequency in the form

/ (coa) = Λ (ω, — Ω)4(2ΐτ)-' f <[ε<')α(0)ε( ί»Ι[εωα(<)ε">])οΓ

Χ«?(Ο)<?(ί)>ν«,βχρ(ιω,ί)Λ.

(1)

Here A is a certain constant; ω(, ω3, ε ( ί ), and ε&> are
respectively the frequencies and polarization vectors
of the incident (i) and scattered (s) radiation; Ω is the
frequency of the vibrational transition in the molecule;
α is the component of the scattering tensor that depends
only on the angular and electronic variables; and Q is
the normal coordinate of the vibration:

Q (() = U-1 (() QU (i),

U(t) is the evolution operator (in the interaction repre-
sentation) that corresponds to (he intermolecular inter-
action potential; (.. , ) ^ implies the quantum average
Sp|p,,Q(0)Q(i)] and averaging over the orientational-
translational motion, which is treated classically in a
liquid; and (.. . ) o r implies averaging over the random
re orientations of the particles.

In order to distinguish the contributions of orienta-
tional and vibrational relaxations from the recorded
band contours, one employs the method of perpendicu-
lar experimental geometry, in which one studies the
components of the scattered light <Λι(ω5) with ε5 | |ε ( and
JJ.(<KS) with E s i £ , ,
isotropic liquid:

Here we have the following for an

'"' da
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(2)

(3)

The correlation functions (2) and (3) are not norma-
lized. In practice it is more convenient to use the
normalized functions Gv(t)=gv(t)/gv(0)And Gor =gOI(t)/

Let us list the approximations that we have used in
deriving (l)-(3). The molecules scatter light inde-
pendently. The frequency of the incident light is far
from the frequencies of electronic transitions (non-
resonance Raman scattering). The electronic, vibra-
tional, and rotational movements in the molecule do not

interact. The trace of the scattering tensor differs
from zero. The system of scattering molecules is iso-
tropic. The possibility of "hot" transitions is ruled out
in the experiment.

For experimental study of vibrational and orienta-
tional relaxation using Raman spectra, one employs the
apparatus" whose block diagram is shown in Fig. 1.
A Raman band is recorded twice: first with an analyzer
passing scattered light (with its electric vector polarized
in the V plane perpendicular to the scattering plane),
and then with an analyzer that passes light polarized in
the Η plane. Thus one records the intensities Jfr and
Jfu. The asterisks here indicate that these are ex-
perimentally observed contours.

The contour of the anisotropic component of the
Raman band is

Jtm> (ω) -~~J*vB (ω) = <•>) = JHH (<•>). (4)

At the same time, in line with (2), the contour of the
isotropic component is defined as

7, (ω) (5)

Here k(u>) =JH(w)/Jr{w) is the polarizing action of the
instrument. The contour of the isotropic component of
the vibrational Raman band contains information on
vibrational relaxation. The anisotropic contour contains
information both on vibrational and rotational relaxa-
tion. In order to distinguish the vibrational and orien-
tational contributions from the observed isotropic and
anisotropic contours, we must rule out or reduce to a
minimum the distorting effect of the spectral instru-
ment. As we know,18 we can find the true contour of a
Raman line by solving an integral equation in which two
of the three functions are determined experimentally.
One can apply computer Fourier analysis in solving
this equation.19·20 This type of problem belongs to the
incorrectly posed problems of mathematical physics.21

The trouble is that the relative error in assigning the
two observed contours and the error of computation
begin to rise with Increasing frequency in the spectrum
of Fourier harmonics of the observed contours. As we
know, one can solve this type of incorrectly posed
problems by using a priori information on the sought

FIG. 1. Block diagram of the apparatus. 1—laser, 2—mono-
chromator, 3—photomultlplier (with cryostat). 4—Photomul-
tipller power supply, 5—temperature-control device for the
photocathode of the photomultlplier, 6—photon-flux meter
(IPF-2), 7—recorder, 8—frequency meter F-5080, 9—trans-
criptor F-5033, 10—punch PL-80, 11—printer.
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function or on its Fourier transform. As the a priori
information on the sought function, one can employ its
property of going to zero at infinite distance from the
center of gravity in such a way that the function and its
square are integrable. In connection with the require-
ments imposed on the sought contour based on Plancher-
el's theorem (see Ref. 22), the weight of the higher
frequencies in the Fourier transform of the true con-
tour must be limited. That is, the amplitude of the
Fourier harmonics must fall off with increasing fre-
quency. The amplitude of the spectrum of the Fourier
transforms of the observed contours comes rather
close to its limiting value up to certain small frequen-
cies. Hence, if we re strict the Fourier transformation to
a certain frequency £^ax, we conserve in practice the
fundamental information on the details of the sought con-
tour. However, here we perform a reduction to an
instrument having an apparatus function of a certain
finite width, rather than to an ideal spectral instru-
ment. The limiting frequency U^ of the Fourier
transformation employed in reconstructing the true
contour of the Raman band contains information on the
source data of the problem, namely on the frequency of
the spectrum of Fourier components at which the noise
signal begins to predominate. We can estimate the re-
lationship between the limiting employed frequency of
the Fourier transform of the true contour of the Raman
band and the details of this contour resolvable through
reduction by the relationship

A X m l n - (6)

Here AXmta is the interval between just-resolvable de-
tails of the true contour. If we transform to wave num-
bers, then we have

231 (7)

Thus we can obtain by reduction the contours of
Raman bands having the same shape as would be re-
corded by a spectrometer having an effective apparatus
function with a width of the order of Δϋ,^. A test of
this method of reduction of observed contours of Raman
lines has shown its great effectiveness.

In order to determine the vibrational component
J^u)) of the Raman line from the observed contour
J* (λ), one employs the above-described procedure to
eliminate me observed contour Λ«Γ(λ) of the exciting
laser line as recorded under the same conditions as for
the contour J$VW.

The problem of distinguishing the rotational contribu-
tion of the anisotropic component of the Raman band
in the contour J^W is quite analogous, from the
technical standpoint, to the problem of eliminating ap-
paratus distortions. Actually the observed contour
J>b(X) is the convolution of the sought orientational
contour JOr(M with the observed contour

(8)

Upon solving this integral equation for JmWt one auto-
matically eliminates the apparatus distortions, which
exist to an equal extent in both the isotropic and the
anisotropic contours (apart from a negligibly small
difference in the distorting action of the instrument on
the shape of the contours of the exciting line with dif-
fering polarizations). In view of the incorrect posing
of the problem, we should note that here the contribu-
tion of vibrational relaxation is not fully eliminated
from the anisotropic contour, but reduced to a certain
minimum. The normalized correlation functions
GL·^), GS(<), and G^U), which are found from the
contours «J^uM, J£ (λ), and J^W by a computer pro-
gram for calculating direct Fourier transforms, show
greater accuracy in this regard. The normalized vi-
brational-relaxation correlation function is found by

Gwfb(t)=GHt)/GUKr{t)

and the orientational correlation function by

(9)

(10)

In these functions, at least for times that are not very
large, the recording and calculation errors have less
effect than in determining the shapes of the contours

Moreover, as a rule, one can extract information on
the dynamics of relaxation processes from the con-
tours Jyfb(u) and Jor(to) by analyzing the dependence of a
parameter of the shape of the contours (their width) on
the conditions of experiment. The width of the contour
of a spectral line, as usually measured at the half-
height of the contour, i.e., near the center of gravity of
the band, gives a picture of the relaxation after large
time intervals. At the same time, the temporal auto-
correlation functions allow one to trace the nature of
the relaxation at each instant of time at intervals of the
order of ten picoseconds. This is what determines the
information content of the autocorrelation functions of
molecular spectroscopy.

3. PICOSECOND STIMULATED RAMAN
SPECTROSCOPY

In recent years the progress in the field of laser
technique of generating ultrashort picosecond pulses
has enabled direct measurements of the lifetime of
short-lived states (including vibrational ones).9-12·2*-27

The essence of this method consists in the following.

A short, high-power pulse of laser radiation of dura-
tion from 6 to 8 picoseconds is directed at the studied
object. The stimulated Raman scattering of this radia-
tion in the medium leads to population of the excited
vibrational states. After a certain time (called the
delay time and denoted as tD), the object is irradiated
with another short picosecond pulse obtained from the
first one by frequency doubling. As a rule the probe
pulse is several orders of magnitude weaker than the
pump pulse. Therefore it is scattered spontaneously
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FIG. 2. Choice of conditions for measuring the lifetime of ex-
cited vibrational states: Q/Qme a r e fl* calculated values of
the normalized vibrational amplitudes, t D is the delay time
between the pump and probe pulses, and τρ is the duration of
the pump pulse.

by the studied object. Owing to the high population of
the excited vibrational state obtained with the pump
pulse, the anti-Stokes component is enhanced in the
scattering spectrum of the probe pulse. By varying the
delay time between the probe pulse and the pump pulse,
one can directly determine the vibrational relaxation
time τ. In order to ensure reliable measurements, a
certain relationship should obtain between the sought r
and the durations of the pump and probe pulses. Figure
2a9 shows the calculated vibrational amplitudes Q/Qmax

as a function of to/rp for three values of τ/)/τ = 32, 3.2,
and 0.8. We see from Fig. 2a that the ratio Q/Qmax

strongly depends on the parameter τρ/τ. The experi-
mentally measured ratios Sa/Sm^ of the signals at the
frequency of the anti-Stokes scattering of the probe
beam behave analogously (Fig. 2b). The anti-Stokes
signal Sa turns out to decline exponentially with τ for
small TP/T, while directly following the vibrational-
deexcitation time. Yet if the ratio rp/r is large (τρ/τ
= 32 in Fig. 2), the contribution of τ to the dependence
of Q/Qma or Sa/Sma on tD/rp is very small. In es-
sence, the corresponding curves match the shape of
the probe pulse. The shape of the picosecond pulse is
very important in the experiments described. It is
quite necessary to have the leading and trailing fronts
of the probe pulse and the pump pulse as steep as pos-
sible. Hence a Gaussian shape of these pulses is
preferable to a Lorentzian shape.8

We can note from Fig. 2b that it takes a certain time
to establish vibrational excitation. Actually, the maxi-
mum of Sa is shifted away from the instant of applying
the probe pulse.

Figure 3 shows the fundamental diagram of the ap-
paratus.9 A Q-switched neodymium laser generates a
single picosecond pulse at the frequency ω1# A second-
harmonic generator doubles the frequency of the oscil-

FIG. 3. Fundamental diagram of a picosecond experiment.
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lations in this pulse. The radiation i s then split in such
a way that the beam Bt at the frequency ωχ t r a v e r s e s the
fixed delay line FD and i s directed onto the studied
specimen LC generating stimulated Raman scattering in
it. The beam B2 at the frequency 2ωι through the regu-
lated delay line VD i s a l s o incident on the specimen LC
and yields spontaneous Raman scattering in it. Phased
vibrations ar i se in the medium in the p r o c e s s of st imu-
lated Raman scattering. The corresponding wave v e c -
tors must satisfy the following equation (Fig. 4):

(ID

(Here k, i s the wave v e c t o r of the Stokes component of
the stimulated Raman scatter ing. ) Upon interacting
with these phased vibrations, the probe beam i s s c a t -
tered in such a way that one observes an espec ia l ly in-
tense coherent anti-Stokes s ignal SJ in a direction that
sat i s f ies the equation

Wl + kvUl = (12)

In al l other directions one a l s o observes anti-Stokes
spontaneous Raman s ignals, but they are of considerably
s m a l l e r intensity. In Fig, 3 the spectrometer Spl e s -
tabl ishes the anti-Stokes scattering in the direction of
phase synchronization. As the phase grating establ ished
in the medium during stimulated Raman scattering
breaks down, the signal S£ recorded by the spectro-
meter Spl dec l ines. We shall denote the time for
breakdown of phase synchronization of the vibrations,
or the dephasing t ime, a s τ.

By studying the relationship of the incoherent signal
Si* =f(tD/Tp) to the time in directions that do not satisfy
the synchronization conditions (11) and (12), one can
establish me time for vacating the excited vibrational
state, or depopulation t ime τ7 from the time decay of
the signal S a

t a c .

The amplitude of the phased vibrations that have
ar i sen during stimulated Raman scattering will decline
with t ime owing to damping of the vibrations and decline
in the number of vibrationally excited molecu les 1 2 :

2τ (13)

In this case, we have

£ T s r ( £ ) . (14)
Here m and a>0 are the reduced mass and the frequency
of the intramolecular vibration, η is the number of ex-
cited molecules per unit volume, EL1 is the intensity of
the pump field, Es is the field intensity of the Stokes
wave, α is the polarizability of the molecules, Q is the

FIG. 4. On the determination of the direction of coherent scat-
tering.
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classical normal coordinate, and Ν is the number of
molecules per unit volume.

The interaction of the excited molecules with the probe
laser pulse gives rise to the incoherent anti-Stokes
signal12

{%)* J , „ | ELl{t-tD; ,) |« (15)

In Eq. (15) ωα is the frequency of the anti-Stokes signal,
ρ is the density, A is the cross-section of the beam,
and Ω is the solid angle that characterizes the detector
for the scattered radiation.

For coherent scattering we have9

(16)
Here ka is the wave vector of the anti-Stokes scattering.

The expressions (15) and (16) have been employed13

for comparing the results of theory and experiment.
The substances 1,1,1-trichloroethane and ethyl alcohol
were studied in the experiment (Figs. 5 and 6). We
should note the good agreement of theory and experi-
ment.

Table I gives the results of direct measurements of
the dephasing time τ and the depopulation time r' that
have been obtained by methods of picosecond spec-
troscopy up to the time of writing this review. In
analyzing the data presented in the table, attention is
called to (he qualitative difference in the estimates of
rfor liquid nitrogen. The authors of the later study25

demonstrate that the elevated values of τ in Ref. 26 are
erroneous, owing to an incorrect choice of the parame-
ters of the probe pulse.

We noted earlier that one can estimate the νibrational
relaxation time r^ from the isotropic contours of
spontaneous Raman lines. Comparison of these times
with the dephasing time τ shows that their values are
close to the latter in three out of four measurements.
The values of τ and τ ^ diverge only in the case of cal-
cite. In Ref. 9 the agreement of τ and τ ^ is considered
to be a "successful case in which the width of the spon-
taneous Raman lines is apparently determined by the
dephasing time."

Generally both processes contribute to the width of
the isotropic Raman bands, both the decline with time
of the phase correlation of the intramolecular vibrations
and the decay of the vibrational excitation. The direct

20 *0
Delay time r o, psec.

FIG. 5. Decay of the coherent and incoherent anti-Stokes scat-
tering in 1,1,1-trlchloroethane (frequency 2939 cm'1). Dots:
experiment; curves: calculation; dotted curve: pump pulse.

4S
Delay time fD, psec

FIG. 6. Decay of the coherent and incoherent anti-Stokes
scattering in ethyl alcohol. Frequency 2938 cm"1. Dots: ex-
periment; curves; calculation.

measurements discussed in this paper of the dephasing
times τ and depopulation times τ' show that, as a rule,
τ «τ1. Thus, for CHSCC1, we have τ'/τ =4, for
C2H5OH τ'/τ=80, and for liquid nitrogen28 τ'/τ «8.7
xlO5. That is, the dephasing of the vibrations occurs
considerably faster than the decay of the excited vibra-
tional state. Hence the contribution of phase-correla-
tion processes to the width of the spontaneous Raman
scattering prevails over the contribution of the factors
that determine the lifetime of the molecules in the ex-
cited vibrational state.

In analyzing the causes of the dephasing of the intra-
molecular vibrations, we can assume a substantial role
in this process of orientational thermal disordering of
the molecules. In this case correlation must exist be-
tween the dephasing time τ and the orientational re-
laxation time of the molecules. Studies on liquid nitro-
gen have been undertaken to elucidate this situation.
The dephasing time has been established as τ =75 ± 8
psec by picosecond spectroscopic methods.25 Study of
the anisotropic component of the spontaneous Raman
scattering by using temporal angular autocorrelation
functions shows that the correlation time of the orien-
tational relaxation of the molecules in liquid nitrogen
amounts to 0.6 picosecond29 in the pure liquid and 0.8
picosecond in the inert solvent SFe.

30 We can assume
it is firmly established that orientational relaxation
does not affect the phase correlation of the intra-
molecular vibrations.

Picosecond spectroscopy allows us to study directly
the nature of nonequilibrium relaxation processes and
the kinetics of quantum states. In obtaining the spectral
band contours, the measurement is performed on the
equilibrium medium and one actually extracts informa-
tion on the fluctuations (of density, orientations, etc.)
in the system. The relationship between the charac-

TABLE I.

Substance

Ethyl alcohol, 2928 cm'1

1,1,1-tiichloroe thane
Diamond, Γ=77ΟΚ, 1333 cm"1

Carbon tetiachloride, 459 cm"1

Calcite, Γ=297°Κ

Nitrogen (liquid), 1332 cm'1

T, 10"" sec (from
spontaneous Raman

scattering)

0.26

1.1
3.5
3.2-2.5
4.0 ± 0 3
3.6-4.8
7.7
8 0 *

T, 10" l 2sec

1.3 ±0.6
3.4 ±0.3
2.010.3
4.0 ±0.5
8.5 ± 2

19.1 ± 4
600-5000*

r , 10 "see

2O±5
28 ±14

5.0 ±1

6.5 Χ 107

Refer-
ence

24
27
24
10
10
9

11
11
26
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teristics of a dissipative process and the equilibrium
fluctuations in the medium is established by the fluc-
tuation-dissipation theorem. In comparing the correla-
tion functions reconstructed from the band contour and
the relaxation functions of picosecond spectroscopy,
one must determine exactly the processes to which
they (the correlation functions) refer. Thus, the con-
tour correlation functions contain information on all the
types of processes that lead to broadening (phase mis-
match, resonance exchange of vibrationai quanta, popu-
lation relaxation, etc.). The direct measurements of
the picosecond technique yield the relaxation functions
of the phases and populations separately. The deviation
of the correlation and relaxation times for the stated
functions is natural.

Let us indicate another point to be taken into account
in comparing the data of the two methods. The fluctua-
tion-dissipation theorem is valid for small perturba-
tions of a system, i.e., for weak departures from
equilibrium. In picosecond experiments, the population
inversion of levels can be very substantial, so that the
process will be nonlinear in the thermodynamic pa-
rameters. 3 1 Here the nonequilibrium relaxation func-
tions and the equilibrium correlation functions can have
different forms.

4. PICOSECOND ACTIVE RAMAN SPECTROSCOPY

In recent years another highly effective method of
getting information on vibrationai relaxation of mole-
cules has been progressing vigorously: active Raman
spectroscopy (ARS). In contrast to the traditional
methods of studying equilibrium thermal excitations,
this method uses tunable lasers to carry out effective
excitation and phasing of intramolecular vibrations in
large volumes. In order to do this, the ARS method,
employs biharmonic laser pumping. One directs radia-
tion into the studied medium with the frequencies ω1

and ω2 such (hat o^ - ai^fi, where Ω is the frequency
of a vibrationai transition. Thus the beating of the
light waves resonates owing to the coupling of the elec-
tronic and nuclear excitation with the elementary oscil-
lators1 8

2M ( dQ (17)

In Eq. (17), Q is the normal coordinate of the corres-
ponding vibration, £ ( l ) and £ f e ) are the amplitudes of
the pump wave fields at the frequencies ω1 and ω2, re-
spectively, (Sa(i/8Q)0 is the derivative of the electronic
polarizability of the molecules with respect to the nu-
clear coordinate, 2Γ is the decay constant of the vibra-
tion, and Μ is the reduced mass of the molecule.

The difference between the ARS method and the meth-
od of picosecond spectroscopy consists in the fact that
in the former method the intensities of the pump field
in the process of "preparing" the medium are not
large. They do not reach the levels required for stimu-
lated Raman scattering of radiation in the medium. At
the same time, the population of the excited vibrationai
states in the ARS method substantially exceeds the
equilibrium thermal value. In picosecond spectroscopy

one can study relaxation of vibrationai excitation only
for transitions manifested in stimulated Raman spectra.
In the ARS method, by scanning a^ - u>2, one can popu-
late practically any vibrationai levels of the studied
system. The phased vibrations in the "prepared" med-
ium are probed by the "probe" beam of frequency αι.
Here the wave vectors k l i 2 of the pump, k of the probe
wave, and k c and ka of the scattered radiation are in-
terrelated by:

-kc (Stokes scattering), (18)k, - ks = k

k2 = ko — k (anti-Stokes scattering). (19)

In the ARS method, just as in picosecond spectroscopy,
the scattering indicatrix is substantially anisotropic.
The maximum scattering intensity of the probe beam is
observed in the synchronization directions of (18) and
(19).

By employing picosecond pulses in active Raman
spectroscopy, one can measure relaxation times of vi-
brationai processes in condensed media directly. Just
as in the method discussed above, one can measure
the dephasing times of the molecular vibrations in the
synchronization direction in such an experiment. In all
other directions, measurements of incoherent anti-
Stokes scattering yield the decay times of the vibrationai
excitations, or depopulation times.

5. MECHANISMS OF VIBRATIONAL RELAXATION

The difficulty of creating a general theory of the con-
tours of spectral lines has been discussed repeatedly
(see, e.g., Ref. 32). Construction of a theory of the
shape of vibrationai bands of liquids is also complicated
by the fact that simple model concepts of the nature of
the movement of the particles are unsuitable in this
case (e.g., rectilinear trajectories, as is assumed for
gases). However, the molecules in liquids lack ro-
tational transitions, i.e., the bands lack rotational
structure. As is shown in Chap. 2, this allows us to
reconstruct the correlation functions of vibrationai
processes from the band contour. The latter circum-
stance facilitates the theoretical treatment of the prob-
lem.

We can classify the relaxation processes of vibra-
tionai states into adiabatic and nonadiabatic. The
former include perturbations that don't give rise to
transition of the molecules to another energy level
(shift of a level, phase mismatch). The latter gives
rise to changes in the states of the molecules (relaxa-
tion of energy into the dissipative degrees of freedom,
resonance exchange of birational quanta between iden-
tical molecules in pure materials). Let us discuss how
these processes are manifested in the discussed experi-
ments.

The contours of spectral bands are shaped by all the
stated processes. Picosecond spectroscopy allows us
to gain separate information on the breakdown of phase
synchronization and on population relaxation in a sys-
tem. Here the possibility of such a separation involves
the large difference in the relaxation times of these
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processes. The breakdown of phase synchronization of
the vibrations of the molecules in the medium stems
from the adlabatic dephaslng and resonance exchange of
vlbratlonal quanta. The property of the phase-differ-
ence operator of commuting with the operator for the
number of quanta is a system of two oscillators" Im-
plies that resonance exchange does not alter the phase
difference of this pair. However, one loses Information
here on the Initial phase of the vibrations. That Is,
these molecules become Incoherent with the remaining
oscillators of the medium and with the probe light pulse.
Thus picosecond spectroscopy does not allow separate
study of processes of adlabatlc dephaslng and resonance
exchange in pure liquids. We should note that this fact
is not always clearly formulated In the literature, and
people identify a measured time for breakdown of
synchronization with the adiabatic dephasing time.

We can distinguish two formulations of the problem
for describing νibrational relaxation processes. One
of these adopts the aim of describing the kinetics of
population of the vibrational levels in the system of
molecules. That is, one studies energy relaxation in
the system. In order to do this, one constructs the
kinetic equations for the population numbers In some
way. In this approach one must relinquish exact ac-
counting for resonance-exchange events, while pheno-
menologically introducing a variable vibrational tem-
perature. Usually the result obtained here is an ex-
ponential or almost exponential kinetics of relaxation
of the total vibrational energy. Rather complete re-
views on this topic are to be found in Refs. 34-38.

In the other formulation of the problem, one treats
the model of a molecule in a thermostat. For sim-
plicity we approximate the molecule by a harmonic os-
cillator, and the thermostat amounts to a system hav-
ing a continuous or discrete energy spectrum. The
interaction potential of the molecule with the thermo-
stat Is a stochastic quantity that approximates actual
intermolecular bonds. This approach allows us to
estimate the lifetime of individual molecules in ex-
cited states. It is of importance In problems of study-
ing contours and of breakdown of phase synchronization
owing to nonadiabatlc processes In picosecond experi-
ments. The studies on this level differ in their funda-
mental method of constructing the relaxation equation.

One of the most fruitful methods is that of projection
operators.57"39 This method has been applied to the
problem of vibrational relaxation of molecules in liq-
uids by Diestler and Wilson,40 Yul'met'ev,41 and Wang.42

The latter two studies relate the vibrational-relaxa-
tion parameters to the characteristics of the mobility
of the molecules in the liquid—the pulse relaxation
time and the diffusion coefficient.

Morawitz and Eisenmal4' have employed the Van Hove
approach to constructing the fundamental kinetic equa-
tion.

The theories of vibrational relaxation of molecules
in liquids are reviewed In Ref. 44.

In studying relaxation processes, most studies have

paid major attention to obtaining the long-period asymp-
totics of the relaxation functions (the correlations). Yet
it Is of Independent Interest to study their behavior at
short periods. The topicality of the problem Is evident
from the fact that the derivatives of the correlation
functions at the zero point give the moments of the
spectral distribution

(20)

We should say that extrapolation of the results for long
times (e.g., the traditional result exp(- at)\ yield an
unsatisfactory result in the neighborhood of i=0, since
It yields divergent moments (the first derivative has a
discontinuity at zero).

The behavior of the correlation function in the neigh-
borhood of the origin has been studied in Refs. 45 and
46. The result is presented in the form of a power
series in ί In which the coefficients are the moments
of corresponding order of the spectral distribution.

These studies on the formulation of the problem
border on the statistical theories of the contour of spec-
tral lines.*2

Let us point out several papers that discuss the limi-
tations of the approaches applied in the given set of
problems.

Reference 47 analyzes the applicability of the funda-
mental kinetic equation for describing vibrational re-
laxation; it is shown to hold only in the approximation
of first order in the interaction potential of the mole-
cules.

Zwanzig48 has discussed the assumptions of the model
of isolated binary collisions in liquids. He points out
that the collisions of molecules in liquids are so fre-
quent that the inequality ωο»1/τ (ω0 is the vibration
frequency of the oscillator, and τ is the time between
collisions) loses validity. That is, the model becomes
invalid. An attempt to account for interference of two
subsequent collisions in vibrational relaxation has been
undertaken.49

References 50 and 51 analyze the validity of exponen-
tial curves for describing relaxations, and have pointed
out certain assumptions that yield exponential laws.

In summarizing this section, we should say that,
while a satisfactory theory of vibrational relaxation
exists for gases, the problem for liquids is far from
complete solution.

6. RESULTS OF STUDYING THE DYNAMICS
OF VIBRATIONAL RELAXATION

The parameters of the band contours in molecular
spectra contain essential information on the mechanism
of vibrational relaxation and on the properties of the
energy levels between which the transition occurs. Of-
ten the very same vibrational levels combine in the
Raman and in the Infrared (JR) absorption spectra. Yet
the mechanisms of these phenomena differ. Thus, the
parameters of the Raman lines are determined by a
second-order tensor, which can be either isotropic or
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anisotropic. In the former case, sharply polarized
lines appear in the Raman spectrum, and depolarized
lines in the latter case. The anisotropy of the Raman
tensor gives rise to the sensitivity of the width of the
depolarized lines to the conditions of reorientation of
the molecules.52'5* The isotropic component of the
Raman tensor is invariant to rotation of the coordinate
axes. Hence the contours of the sharply polarized lines
in Raman spectra should not depend on the nature of the
orientational movement of the molecules.

In IR spectra the characteristics of the absorption
bands are always determined by an anisotropic quan-
tity: the derivative of the dipole moment with respect
to the normal coordinate. Hence the width of any band
in IR absorption spectra can be sensitive to the reorien-
tation conditions of the molecules.

The opinion has existed in the literature for a long
time that the width of bands in IR absorption spectra is
practically fully determined by the stochastic reorien-
tations of the molecules.5 4"5 8 The contribution to shap-
ing of the contour of vibrational bands by other pro-
cesses, including vibrational relaxation, has been as-
sumed negligibly small. Hence we could conclude that
the isotropic component of a Raman band, which does
not depend on orientational relaxation, should have a
contour of vanishingly small width. However, in actual
experiment the contours of sharply polarized Raman
lines (ps 0.02) have a finite, reliably recordable width
(to an accuracy of 5-10%). This means that the con-
tribution of effects not involving orientational relaxa-
tion to the contours of vibrational bands is substantial.
One can select molecules (e.g., those of C2V and Csv

symmetry) whose vibrations are manifested simul-
taneously in infrared absorption and in Raman spectra.
In this case the contours of the sharply polarized Ram-
an lines (isotropic scattering) are fully determined by
vibrational relaxation processes, while, in addition,
the orientational movement of the molecules exerts an
effect on the contours of the IR absorption bands.
Comparison of the parameters of the band contours in
the Raman and IR absorption spectra corresponding to
the very same molecular vibration enables one to esti-
mate the contribution of vibrational relaxation to the
contour of the IR band.57 The comparison performed in
Refs. 58 and 59 has shown that one can estimate the
characteristics of the rotational Brownian movement
such as the orientational relaxation time τ0Γ of the
molecules by equating the parameters of the contours
of IR bands and the corresponding sharply-polarized
Raman lines. The agreement of the values of ror with
the orientational relaxation time of the molecular dipoles
obtained from the frequency-dependence of the tangent
of the dielectric-loss angle60·"1 indicates that the width
of the sharply polarized Raman lines is determined by
the same relaxation time of the vibrational excitation
of the molecules for the Raman and IR absorption
spectra. A considerable number of experimental stud-
ies havebeen concerned with studying the mechanism of
vibrational relaxation in a condensed phase.

References 62-64 have studied experimentally the
concentration behavior of the isotropic contours of

Raman bands. They have established that vibrational
relaxation occurs more slowly in solutions than in the
pure liquids. We should note that inert solvents were
chosen in the solutions given in Table II. The same
concentration variations were observed for the vibra-
tional relaxation times at the frequency 992 cm"1 [the
"a(aif) vibration] in liquid benzene dissolved in deutero-
benzene. Here they observed an increase in the relaxa-
tion time from 2.4X10"12 sec (pure CeHe) to 3.3X10"12

sec (solution in CeDe).

References 62,65-68 have studied the effect of tem-
perature on vibrational relaxation. Here the nature of
the temperature variations differs for different mole-
cules. Thus, at constant pressure an increase in the
temperature of liquid benzene, toluene, chlorobenzene,
chloroform, nitrobenzene, nitromethane,82·68 and
tricyclooctane67 increases the rate of vibrational relaxa-
tion. The temperature broadening of the isotropic
components of Raman bands observed in the Raman
spectra of polyatomic molecules in the liquid phase can
involve a dissipative process. Similar effects have been
established experimentally69"71 and theoretically72'73 in
isotropic scattering in solids. In the latter case people
have associated the temperature-broadening of the
Raman bands with a decay mechanism of scattering of
optical phonons by acoustic and optical phonons. The
lifetime of the scattered phonons is diminished thereby.
Understandably, phonon decay is out of the question in a
liquid. Nevertheless, the rich (for polyatomic mole-
cules) spectrum of high-frequency intramolecular and
low-frequency intermolecular vibrations enables the
decay of vibrational excitation of the molecule with
subsequent transfer of the excitation energy to the
translational degrees of freedom. This mechanism be-
comes more important as the interaction of vibrations
and intra- and intermolecular anharmonicity become
more effective. In line with calculations,88'74 a de-
crease in the lifetime of the excited vibrational state
should alter the scattering power of the molecules,
i.e., alter the integral intensity of the line in the
Raman spectrum. Actually the quantum theory of in-
teraction of radiation with matter75 implies that the
probability of Raman scattering depends on the width
of the vibrational levels between which the transition
occurs. Hence, if the assumption holds that the width
of the excited vibrational level determines the width of

TABLE II.

Substance

CH 3 NO a

C,H5C1

CH,I

CD3I

Solvent

CC14

CC1,

cs2

cs2

"vib

917

1002

2941

1241

523

2130

938

493

Concentration,
mote/mole

Pure
1
1
1
1
Pu
1
1

1
2
4
8

re
2
16

Pure
1%
Pure
1%
Pure
1%
Pure
1%
Pure
1%
Pure
1%

T-10"12, sec

2.53
2.79
3.54
4.42
5.31
3.32
6.63
7.58
2.20
2.70
2.30
3.60
2.40
3.60
4.40
5.90
2.80
6.60
2.90
4.40

Refer-
ences

62

64
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the isotropic scattering band or the vibrational relaxa-
tion time calculated from this width, then it is ex-
pedient to adduce the stated theory for explaining the
correlation between the temperature variations of the
integral intensity and of the width of the Raman line.
According to Ref. 75, the integral intensity «7» of a
Raman line is determined by the relationship

TABLE IV. Comparison of the concentration variations of the
integral intensity and width of polarized lines.

/„ = to,, Mn, Mhl, . . .) Fk (ί) Β (Τ). (21)

In this formula a0 is a combination of constants, Jexc

is the intensity of the exciting radiation. A is a func-
tion that is determined by the spectrum of the exciting
and scattered radiations and certain intramolecular
parameters, and B(T) is a temperature factor.7'·77 The
function Fk{t) determines the relationship of the intensity
of the Raman lines to the width of the corresponding
vibrational levels. One can show74 that«/» ~?4"

1, where
qk is the width of the excited vibrational level that par-
ticipates in the Raman-scattering event. This con-
clusion satisfactorily describes quantitatively the cor-
relation of the temperature variations of the integral
intensity and of the width of the polarized Raman lines
(Table m).

Comparison of (he concentration variations of the
scattering power of molecules and the width of the cor-
responding polarized Raman lines also shows the cor-
rectness of the calculations given in Ref. 74 (Table IV).

For small molecules such as CH,I, we should note
that the rate of vibrational relaxation, and hence also
the width of the isotropic scattering bands, declines
with increasing temperature."5·"* We can trace in the
data of Table V the variation in the vibrational relaxa-
tion time for the vibration ^(AJ at 524 cm"1 of CH,I.
Reference 66 presents the following arguments to ex-
plain this temperature-dependence. The kinetic energy
of the particles rises with increasing temperature.
Hence the molecules approach considerably more
closely in collisions than at low temperatures. We can
treat this as a decrease in the effective radius of the
molecules, and hence, an increase in the mean free
path. The effect can be considerable with packings as
dense as in liquids. References 78 and 79 have studied
vibrational relaxation of diatomic molecules in the gas,
liqiud, and solid phases. They established that the vi-
brational relaxation time in the liquid and solid phases
substantially involves the mean intermolecular dis-

TABLE III. Comparison of the temperature variations of the
integral intensity and the width of polarized lines.

Object

Toluene

Chlorobenzene

"vib·""""1

1004

1002

f.°C

30
4(1
50
00
70
80
95
30
40
50
60
70
80
95

δ, cm"1

1.6
1.6
1.7
1.7
1.8
1.9
2.0
1.6
1 fi
1 .D

1.71.7
1.8
l.'J
2.1

/M,calc -

relative units

loo
94
87
84
78
73
68

100
93
86
80
74
68
63

•Όο > e x p '
relative units

100
94
93
92
91
88
81

100
92
85
78
76
72
67

Object

Nitromethane t 917

C, mole/mole

Pure

1:0.4
1:0.8
1 : 1

0.5:1
0.25:1

δ, cm"1

2.1
2.07
1.95
1.9
1.5
1.2

relative units

100
102
108
111
140
175

/_,exp"
relative units

100
118
112
118
128
148

tance: T~N~1/S, where Ν is the particle-density factor.

Besides other factors, the vibrational relaxation time
is also determined by the possible transfer of energy
of vibrational motion to neighboring molecules (vibra-
tional exchange). Evidently, the contribution of this
factor to the width of the isotropic scattering bands will
depend on the nature of the intermolecular interaction.
We can naturally expect that this interaction will con-
tribute more to the width of the polarized Raman bands
as its energy increases. In order to test this hypothes-
is, studies80'81 have been undertaken of the effect of
hydrogen-bonding and dipole-dipole interaction on the
width of polarized Raman lines.

The objects of study chosen for elucidating the role
of hydrogen-bonding81 were solutions of acetone in
water, methanol, carbon tetrachloride, and benzene.
As we know from the literature, the depolarized Raman
bands of acetone are narrowed when acetone is dis-
solved in water or methanol.82 One can explain this fact
by accounting for the formation of a strong hydrogen
bond between the molecules of acetone and the stated
solvents. This same study82 implies that the depolarized
lines are broadened upon dissolving (CHĵ CO in CC14

and C6He. This indicates an increase in the orienta-
tional mobility of the acetone molecules, which in turn
can involve decreased interactions of the acetone mole-
cules with one another. Table VI gives the concentra-
tion variations of the width of the polarized lines of
acetone in the stated solvents. This table implies that
in all cases the formation of a hydrogen bond enhances
the rate of vibrational relaxation, while the breaking of
an fl-bond diminishes it.

The effect of dipole-dipole interaction on the width of
the polarized lines in Raman spectra has been studied
in Ref. 81. For preparing the solutions, liquids were
chosen that were transparent in the visible and had the
following properties:

a) a dipole moment of the molecules of 3-4 Debyes;

b) intense polarized lines in the Raman spectra that
correspond to characteristic vibrations of individual
groups and bonds of the carriers of the molecular dipole
moment;

c) contours of the studied lines that do not overlap

TABLE V.

T,°K 196

1.82

209

1.92

228

1.91

242

2.08

259

2.18

298

2.31

278 Sov. Phys. Usp. 22(4), April 1979 Pogorelov et al. 278



TABLE VI.

Vibration
frequency,
era"1

787

2922

Vibra-
tion

C - C

C - H

Acetone con-
centration,
mole/mole

Pure
4
2
i
1
1
1

Pu
4
2
1
1
1
1

1
1
1
2
4
8

e
1
1
1
2
4
8

Width of the Raman line of (CH3)2CO, cm"1

inH20

10.4±0.1

13.4+0.6
14.6+0.2
13.8+0.4
13.5+0.1
12.5+1.5
15.5±0.5

16.6
16.9
17.7
17.7
17.5

in CH3OH

10.4+0.1
10.7±0.3

13.8+0.4
14.0+0.3
15.4+1.4

15.5+0.5
16.2+0.1

inCCL4

15.5±0.5

14.9+0.3
14.1+1.0
13.7±0.3

—

inC6H6

10.4+0.1

10.2-1-0.5
10.4+0.3
10.6+1.0

15.5+0.5

14.8+0.3
15.0+H.8
14.7+0.1

with other Raman lines.

Table VH gives the experimental results of studying
the concentration-dependence of the width of the po-
larized bands of nitrobenzene in various solvents. The
nitrobenzene bands at frequencies 1345 and 1004 cm*1

belong respectively to the symmetric stretching vibra-
tion of the NO; group and the breathing vibration of the
benzene ring. Upon dissolving nitrobenzene in such
polar solvents as nitromethane, acetonitrile, and
benzonitrile, one observes a considerable narrowing
of the contour of the line belonging to the vibration of
the NO2 group. Solution of nitrobenzene in the neutral
CC14 leads to an even greater narrowing of the 1345
cm"1 band.

The chosen polar solvents have approximately the
same dielectric constant as nitrobenzene, while the
dipole moments of their molecules are close to that of
the CgHjNOj molecule. For these reasons we can as-
sume that the decreased width of the nitrobenzene line
does not stem from a change in the macroscopic prop-
erties of the medium in going from pure nitrobenzene
to the solution. As we know, the molecules of acetoni-
trile and benzonitrile are dimerized in the pure liq-
uid.8 3'8 4 The authors of Ref. 85 view nitromethane as
an unassociated liquid.

The experiment of Ref. 81 implies that the polarized
line due to the symmetric vibration of the NO2 group
in the nitrobenzene molecule is essentially uniformly
narrowed in neutral CC14 and in the varyingly as-
sociated polar nitromethane, benzonitrile, and acetoni-

TABLE ΥΠ. Width of nitrobenzene lines in different solvents.

Frequency of
vibrations
cm"1

1345

1004

Degree
of depo-
larization

0.19

0.11

I'lUvUvll

zene con-
centration.
mole/mole

100"o
1
1
1
1
1
1
1
1
IC
1
1
1
1
1

1

1
2
8
16
24
48
64
96

K)°o
1
2
8
12
16
24

In carbon
tetra
chloride

7.2+0.1
6.8+0.1
6.2+0.1
5.6+0.1
5.3+0.1
5.0+0.1
4.8+0.1
4.7+0.1
4.6+0.1
2.2+0.1
1.7+0.1
1.7+0.1
1.1+0.1
1.1+0.1
0.9+0.1
0.9+0.1

Width,

In aceto-
nitrile
(μ =3.94)

7.2+0.1
7.2+0.
7.2+0.
7.0+0.
6.4+ϋ.
6.1+0.
6.1+0.
5.7+0.
5.3±0.
2.^+0
2.1+0.
2.0+0.
1.9+0.
1.9+0.
1.9+0.
1.9+O.i

cm-l

In nitro-
methane
(JU=3.49)

7.2+0.1
7.3+0.1
7.2+0.1
6.8+0.1
6.3+0.1
6.0+0.1
6.0+0.1
5.8+0.1
5.6+0.1
2.2+0.1
2.0+0.1
2.0+0.1
l.il+0.1
1.9+0.1
1.9+0.1
1.8+0.1

In benzo-
nitrile
0i = 4.05)

7.2+0.1
. 7.0+0.1

6.7+0.1
6.1+0.1
5.9+0.1
5.8+0.1

. 5.3+0.1
5.1+0.1

2.2+0.1

trile. Apparently this fact indicates a resonance
mechanism of broadening of this line in pure nitro-
benzene. The narrowing of the lines in a neutral sol-
vent can arise from a decreased dlpole-dipole inter-
action energy between the molecules. This leads to
impairment of the conditions for resonance exchange of
vibrational energy between the molecules of the same
type. In the polar solvents one observes experimental-
ly a more smooth narrowing of the nitrobenzene lines
of frequency 1345 cm"1 than in neutral CC14. Here the
least amount of narrowing as compared with the neutral
solvent occurs in the binary mixture nitrobenzene-
nitromethane. Considering that the CH,NO2 molecules
are not associated, we can calculate the variation in
distance between the CeH5NO2 molecules upon diluting
the solutions. Figure 7 shows the relation of the width
of the 1345-cm"1 line to the distance bewteen the mole-
cules for binary mixtures of C,,H5NO2 in CC14 and of
CeH5NO2 in CHjNO2. For identical distances between the
nitrobenzene molecules, we see that the line is wider
in the polar solvent. We can treat this as an effect of
dipole-dipole interaction on the life time of the excited
vibrational state. Since the dipole moment of the nitro-
benzene molecule is localized in the NO2 group, which
directly participates in the dipole-dipole interaction,
the line involving vibration of this group should be es-
pecially sensitive to this interaction. This is what
one observed experimentally.

Valiev88"88 has performed a theoretical analysis of
the mechanism of production of the band contours of
isotropic Raman scattering in dipole liquids. The
fundamental results of these studies amount to the fol-
lowing. The exchange interaction of the molecules in
the liquid leads to transfer of vibrational excitation
energy into translational Brownian movement. The
dipole-dipole interaction also leads to dissipation of
vibrational excitation energy, and here the time-de-
pendence of the dipole-dipole interaction86 arises from
the rotational and translational diffusion of the parti-
cles. Upon assuming these diffusions to be independent,
we can assume (heir contributions to dissipation to be
additive. Dipole-dipole interaction affects the proba-
bility of only those transitions that are manifested only
in the IR absorption spectra.

One can get interesting information on the process of
vibrational relaxation by comparing the parameters of
the fundamental Raman bands and of their overtones.89"91

If we consider dephasing to be the fundamental mecha-
nism of countour formation, then the width of the over-

W .5 20 25 r, A

FIG. 7. Relationship of the width of the line κ = 1345 cm"1 to
the distance between the nitrobenzene molecules in CC14 (1)
and in CH3NO2 (2).
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tone bands of isotropic Raman scattering should be pro-
portional to the number of the excited level. However,
experiment with the first overtone bands diverges from

the expected ratio /3 = 2 of the widths of the overtone
and fundamental bands, namely,90 one finds (3=6.2 for
v2 of CgHg, β =2.9 for ν,, β =1.9 for vn, etc. Hence we
see that phase relaxation cannot explain the mechanism
of contour formation in this case. The need is evident
of accounting for other factors in the process of vibra-
tional relaxation.

Thus far we have been analyzing the results of stud-
ies that employed the traditional method of studying the
parameters of vibrational spectra. Recently the method
of picosecond spectroscopy has been applied to study
the time dynamics and pathways of decay of intra-
molecular vibrational excitations.27·92 In this experi-
ment the pump pulse gives rise to stimulated Raman
scattering in ethyl alcohol at the frequency of the CH
vibration at 2928 cm" 1. One can fix three bands in this
region in spontaneous Stokes scattering: 2877, 2928,
and 2972 cm"1 (Fig. 8a). In stimulated Raman scatter-
ing only the single mode 2928 cm" 1 is populated. In the
picosecond experiment, anti-Stokes scattering was
observed with the appearance of three bands (Fig. 8b).
This indicates a rapid redistribution of energy among
the stretching CH vibrations in the 2900-cm"1 region.
The picosecond experiment revealed two more bands of
frequencies 1400 and 1456 cm"1 in anti-Stokes scatter-
ing. Here the spontaneous Raman spectrum showed two
bands in this region at frequencies 1456 and 1485 cm"1.
In the anti-Stokes spectrum of the picosecond experi-
ment, we can note that the spontaneous scattering spec-
trum contains one common band of frequency 1456 cm"1

and two different ones. Here the new frequency in the
anti-Stokes spectrum is shifted toward lower frequen-
cies with respect to the common band. The authors
of Ref. 81 propose this treatment of the anti-Stokes
spectrum.

The 2900-cm"1 region contains the fundamental fre-
quency of the stretching vibration of the CH group at
2928 cm"1 and the overtone of the bending vibration of
this group at frequency 2930 cm" 1 . Owing to reson-
ance, the level υ =2 of the bending vibration of the CH
group becomes populated. Generally speaking, the
2900-cm"1 region contains the frequencies of the over-

tones of several bending vibrations of the CH group:
two non-degenerate (2930 and 2750 cm"1) and one triply
degenerate (2870 cm"1) vibration. The resonance popu-
lation of the level v= 2 of the vibration of frequency
2930 cm"1 leads also to population of the two other ex-
cited vibrational states of the CH bond by redistributing
energy between the bending vibrations of the CH bond.
Subsequently the vibrational state 2870 cm"1 decays so
that the transitions υ =2 - ν =1 and υ =1 - υ =0 occur.
The former transition yields a band that is new as
compared with the spontaneous scattering spectrum.
This transition is practically unobservable in the spon-
taneous scattering spectrum owing to the small popula-
tion of the ν =2 level. The latter transition yields a
band that matches the spontaneous scattering spectrum.
Study of the dependence of the intensity of the inco-
herent anti-Stokes signal on the delay time tD allows us
to estimate the times for population and decay of the
two states υ =2 and υ =1. They proved to-be 22 ±5 and
40 picoseconds respectively. The shorter lifetime of
the υ =2 state is quite natural and arises from the pos-
sible transfer of vibrational energy to other states.
Thus picosecond spectroscopy opens up completely new
potentialities for studying intramolecular transfer of
vibrational energy.

Phenomena analogous to those discovered27·92 in
ethyl alcohol have been observed9* In a mixture of the
two liquids CH,CC1, and CDSOD.

7. CONCLUSION

The material presented above indicates the great
potentialities of modern Raman spectroscopy in the
field of studying the dynamics of decay of intramolecu-
lar vibrational excitations. Interesting results have
been obtained here by direct measurement of relaxation
times by the methods of picosecond Raman spectros-
copy and active picosecond Raman spectroscopy. At the
same time, the traditional methods, which are based
on studying the shape of the isotropic scattering bands,
allow one to determine the vibrational relaxation times,
to study the factors that affect the dynamics of relaxa-
tion processes, and to calculate the time correlation
functions of vibrational relaxation.

The possibility of separate study of vibrational and
orientational relaxation from spontaneous laser Raman
spectra and of direct determination of vibrational re-
laxation times by methods of picosecond spectroscopy
allow us to expect substantial progress in understanding
the mechanisms of molecular vibrational relaxation.

FIG. 8. a) Spontaneous Raman spectrum (Stokes region) In
CH3CH2OH. b) Spectrum of the anti-Stokes scattering of the
probe pulse in the same medium. The dotted line shows the
mode active in Raman scattering.
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