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Novel Information about Vibrational Relaxation in Liquids Using Time-Resolved Stokes
Probing after Picosecond IR Excitation
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The use of Stokes difference spectra for picosecond studies of vibrational relaxation dynamics in condensed
matter is introduced and compared to the established techniques of measuring anti-Stokes scattering or IR
transmission changes. A simple quantum mechanical description reveals the principal similarities and differences
of the different probing processes for the case of moderately anharmonic oscillators, e.g., liquids with only
relatively weak interactions of the sample molecules. The outcome is illustrated by novel experiments on
neat liquid chloroform, whose relaxation is known quite well. It is shown that transient Stokes data allow
additional information, particularly about the behavior of low-lying vibrational levels and the type of energy
transfer during relaxation, to be obtained.

Introduction vibrational coordinate is expressed by creation and annihilation
L . . operators@ [l [a™ + a]), and the light field (electric field vector
The study _of vibrational popu_latlon _relaxatlon processes _has E) is written in terms of modes with frequencies (photon
become a vvfldelydused (thO' to investigate uItrafaHst Qyna3j|cal number densityy in this mode) and the corresponding photon
properties of condensed matter. Experiments allowing direct : G ! U2 1+
time-resolved observations typically apply intense ultrashort o caion and annihilation operatoi, (J o, “[b; + bi). If the.
| | for th itati ypically p_[l)_y i ianifi tmolecular vibration is treated as a harmonic oscillator in a
aser ptu s]:es or the exf' t? ion proce?s_. c_)bcrf[e_a € Ia tsu{:,)nl '(.:tﬁn quantum statémJand only the resonant mode of the infrared
amoun ?ISXCESS p?g:’qﬁa |ontpn aluf[e:jallqn vibra |on3 s&;’ €M€light field characterized by its photon number density (corre-
rbesonag Th adso_rpclj_ for s 'tm” abe ttﬁman sclat_er d n sponding wave functiomirl) is considered, the probability for
€ used. The desired information about thé population dynamics photon number change Byl (according to the selection rules

reqwlr et? nmc;rglr'][oréng tO; tlkllsibtrlrrt]ie ne\llglutollon 8‘;{ tl:]e crelattiedn of a harmonic oscillator) is given by the difference of prob-
population at the best ot a ational modes. DIen populalion 4 iiies for emission and absorption of a photon (and decrease

relaxation is used as a probe for further properties such as_ . : ; .
. ) 8 ) or increase of the oscillator quantum number by 1, respectively):
orientational motior?, hydrogen bond dynamidspr structural q y P y)

relaxation! For molecules in the gas phase, IR fluorescence is okt _

well suited for this purposgln condensed matter fluorescence Wig O [y + 2, m = 1ibgalng,m 7

becomes negligible due to far more efficient nonradiative g — 1, m+ 1|b|Ra+|n|R, mif =

processes; other probing techniques such as spontaneous anti- (g + M= ng(m+ 1) (1)
Stokes scattering or detection of the induced IR transmission

changes (e.g., IR double resonance) have to be used. It has beefiyis equation is now multiplied by total number of molecules
demohstrated previously that, as a consequence of differenty, probability Py, for population of a vibrational statem()
selection rules of Raman and IR probing, in most cases a and absorption/emission cross sectigg (a singleoig is used,
combination of both techniquéss necessary to get a really  pecause all vibrational states of a harmonic oscillator are
comprehensive insight into the relaxation phenomena. In this gquidistant, and line width and transition probability only depend
paper, it will be shown that transient Stokes difference spectra g the quantum numbers of initial and final stdetaking then
can provide additional information, because they combine the the sum over all vibrational states yields the rate of photon

easy Raman access to low-frequency vibrations with the nymper change for a macroscopic number of molecules:
possibility to directly observe ground state recovery. These

features are first discussed theoretically with the help of a simple an, @

quantum mechanical description of the different experimental — [J U|RNt0120Pm((n|R +1)m—ng(m+1))=

approaches and then demonstrated presenting novel experimentalot =

results on the well-known system of neat liquid chloroform. i

01rRN ol Zo(mpm) —ng) (2
m=

Theoretical Considerations

The interaction between a light field and a molecular vibration ¥ Pm = 1 was used to derive the right side of eq 2. The
is treated quantum mechanically starting with a Hamiltonian first term contains information about the population of vibra-
accounting for both infrared and Raman-type interactions. The tional states, but does not depend og; it describes IR

fluorescence (spontaneous emission), which is normally too

* Corresponding author. E-mail: g.seifert@physik.uni-halle.de. Fe49 weak to be observed in condensed matter due to much more
345 5527221. efficient nonradiative processes. If eq 2 is transformed to a
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coordinate system moving with the velocity of light and then

Seifert et al.

would be suited for population relaxation studies; practically

integrated, it is easily seen that the second term simply representsn liquids only Raman photons will be observable. But in any

Beer’s law, i.e., describes conventional absorption and stimu-

lated emission. As this term is totally independent of the
population distribution (and fluorescence is negligible), in the
case of a harmonic oscillator no direct information about
vibrational relaxation is accessible with infrared probing.

case only effective relaxation rates covering the manifold of
overtones could be determined experimentally.

Turning to the more realistic case of a moderately anharmonic
molecular vibration modified selection rules and energetic shifts
of higher-lying levels must be regarded. But still transitions with

For Raman scattering processes the situation is different; two Am = +1 are the strongest ones; only these will be discussed

frequencies, namely these of incident probe (“laser”, index L)

in the following. Now am— (m+ 1) or (m+ 1) — mtransition

and scattered light (Stokes: index S and anti-Stokes: index AS)will be characterized by a central frequengy, bandwidthl"y,
have to be regarded, and the light fields must be written as sumand a frequency-dependent cross sectiornt{ 1)o((v — vm)/

of (EL + Eg) or (EL + Eas). The probabilities for changes iy

I'm), where the indexm refers to the quantum number of the

or nas are again given by the differences between emission andlower state of the considered transition. The prefaator(1)

absorption probabilities:
W, O |m, — 1,n,+ 1, m+ 1jb b} a’|n_, n, mf —
|+ 1,n,— 1,m— 1|b/ ba’|n_, n, nf = n (n;+ 1) +
n(n. —ny (3a)
W, 0|, — 1,n,s+ 1,m— 1jb, bisaln_, nyg, mif —
I, + 1,nyg — 1, M=+ 1bbga’ In,, Nag, M= nyg(n +
1) = m(n. — nyg) (3b)

In analogy to the case of a resonant IR light field (eq 2)

comes from the growing transition probabilities between higher
levels (which are further described in harmonic approximation,

which should be valid at least for moderate anharmonicities).
As all these parameters are in general different for different
transitions, the summation over all vibrational states cannot be
simplified as much as for the derivation of eqs 2 and 5. If again

IR fluorescence is neglected, the following expression is found
instead of eq 2:

ong o

— O NN
5t tot anZO

v =)

F—)(Pm—H - Pm)) (6)

m

(m+ 1ok

molecular density, population probability and (scattering) cross opyiously for anharmonic oscillators also IR transmission can

sectionsos andoas for Stokes and anti-Stokes are introduced,;

be modified by excess population if the transition frequencies

the sum over all vibrational states gives the corresponding for different m are sufficiently different. But at a distinct

emission rates:

an o
8_: 0 Ngos((n, — nS)WZO(um) +n(ne+1) (4a)
0Npg

? U Nygoas((n. — nAs)WZO(um) —Nas(n. + 1)) (4b)

For the case of spontaneous Raman scattering,

important for studies of population relaxation processes, the

number of scattered photons is very small, itg,,nas << N,
and accordingly egs 4 can be simplified to

ang o
— 0O N,.oen, (1 + mP, 5a
o - Nos ( WZO( ) (5a)

MNyg w
(5b)

—— U Nyp@asn, Zo(mpm)
ot =

In contrast to the case of IR probing, both Stokes and anti-

which is most

frequencyvr, always the population difference between the states
(m+ 1) andm s probed. Only if there is no population in the
upper level of the considered transition, population of a single
(the lower) state can be determined separately. Experimentally,
the relevant information, i.e., transient population chargeg)

= Nyot(Pm — Pm+1), is obtained calculating 1§ — In(To) O

AN(t) (whereT and Tp denote sample transmission with and
without previous excitation).

In a similar way, the spontaneous Raman scattering processes
can be treated resulting in

M e s 1o M)P ) 7a)
5t tot LnZO S rm m
% g NtotnLi (m+ 1)‘7As(w Pm+1) (7b)

It is easily seen looking at eqs 7 that changes of Raman
scattering intensity at frequency shiftg (£ vy) only depend
on single population probabilities, provided that the anharmonic

Stokes scattering contain population information even for frequency shifts¥mn+1 — vi) between different transitions are
harmonic oscillators. If only the ground state is populated (i.e., significantly larger than the corresponding line widthg); in

Pm=o Z= 0, Pm=0 = 0), the sum in eqgs 5 is zero, and thus only this case, population densities of single vibrational states can
Stokes, but no anti-Stokes, photons will be observed. If also be determined. Interestingly the same excess population is seen
levelsm = 1 are populated, the number of scattered Stokes at different frequency shifts; for example, the population of an
photons increases due to the growing transition probability m = 1 state can be measured on the anti-Stokes side at the
between higher levels (the probability of en(— 1) — m (fundamental) frequency, or on the Stokes side at the (excited-
transition is larger by a factor o compared to the fundamental state transition) frequencyi. The ground statenf = 0)

0 — 1 transition); this increase is identical to the number of contributes only to Stokes, but not at all to anti-Stokes intensity.
anti-Stokes photons (except the factefoas). But it is important This difference has important consequences for experiments;
to notice that onlynP,, can be obtained and n&%, alone. For while the number of scattered anti-Stokes photons is directly
example, one molecule inra= 2 state cannot be distinguished proportional toAN(t) and thus provides a “background-free”
from 2 molecules in then = 1 state. The conclusion of the signal, in the Stokes case the same information is only found
considerations so far is that in the idealized case of harmonic from differences of spectra with and without excess population,
oscillators principally Raman scattering and IR fluorescence because there scattered intensity due to fundamental transitions
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is much stronger than the changes to be observed. Anotherprovided by efficient second harmonic conversion of a single
interesting point is that, if different normalization factors are Nd:YLF pulse. The scattered Raman photons (the number of
not regarded, the difference between anti-Stokes and Stokeswhich is directly proportional to vibrational population) are
spectra is completely comparable to an IR spectrum (where, collected and spectrally analyzed with a highly sensitive CCD
roughly spoken, the Stokes process corresponds to absorptioncamera behind a monochromator. Here, the spectral resolution
anti-Stokes to stimulated emission). depends on the grating used; for the experiments described
The discussion up to this point was only valid for oscillators below, a 384.7 lines/mm holographic grating was applied
with only one vibrational mode (two-atom molecules). For larger providing a spectral resolution ef13 cnt? (~23 cn'l) at a
systems, all vibrations including their anharmonic coupling have Stokes (anti-Stokes) shift of 3000 cf This choice was the
to be taken into account. The principal contributions of this best compromise between spectral resolution@{Ndatio. For
extension can be demonstrated introducing at least one additionathe data presented below, the Stokes spectrum for each delay
vibrational state; that is, the wave functipnChas to be replaced  position was collected two times, once with and once without
by |I,mC) Assuming that the fieldmatter interaction still only IR excitation in order to have a reference spectrum under
changes the quantum numhber eqs 6 and 7 remain valid if  identical experimental conditions in each case. Details of this
the single indexm is replaced by a double inddrm. Under experimental setup have been described previddsly.
these conditions a fundamental transitiO0— |0,10can be To avoid stationary local temperature effects in the focal
distinguished from a1,0C— |1,1transition to a combination  region precautions are taken to have a fresh portion of the
state if the corresponding line parameterg,(I'im) for these (liquid) sample for each pump pulse: in the IRDRS system the
two transitions differ. It is important to note that the level- sample cell is continuously moved within the focal plane by
dependent prefactorm( + 1) for these two transitions in  help of a motorized two-axes positioning stage, whereas in the
harmonic approximation is equal (herel). Raman setup the interesting liquid is pumped through the
From the above considerations, it can be concluded that (i) capillary d = 200 um) of a specially designed IR quartz cell
successful studies of vibrational population dynamics in liquids within a closed cycle.
are only possible if the investigated system is sufficiently
anharmonic and (ii) it depends on selection rules (IR/Raman Experimental Results and Discussion
activity) for vibrational transitions if IR or Raman probing can . . . . . .
provide the desired information. The amount of needed anhar-  This section has two aims: (i) the above theoretical consid-
monicity depends strongly on the spectral resolution of the €rations shall be illustrated and tested by experimental data and
experimental setup. The discussion will be continued in more (if) novel transient Stokes difference spectra will be introduced

detail after the Experimental Section. and compared to anti-Stokes and IR data from the same sample,
and the additional information accessible from the Stokes data
Experimental Setup will be discussed. For this purpose, chloroform was re-examined,

because this liquid provides sufficient IR and Raman activity

The two laser systems used for the presented experimentsat nearly all its fundamental vibrations, and its principal scheme
are based on pulsed, Kerr-lens mode-locked Nd:YLF lasers with of vibrational population relaxation has been cleared up in great
parametric frequency conversion stages; repetition rates are 7Qjetail in a previous studi? where the transient population
or 60 Hz, respectively. changes of all six fundamental vibrations could be traced using

For the infrared double resonance system, pump and probeproper normalized time-resolved anti-Stokes spectra; the results
pulses are evaluated in two identical paths: First, a rather low are briefly summarized to facilitate the following discussion. It
percentage (23%) of an amplified single pulse is frequency- was found that the created transient population on the CH
doubled (giving 523.5 nm); the second harmonic is then stretching levelv; has a lifetime ofr; = 23 ps, and the
separated from the fundamental and sent through a KTP opticalcorresponding primary relaxation process is a three-quanta step,
parametric generator (OPG); finally, the difference frequency where one; vibrational quantum is converted into ong(CH
between the idler from the OPG (+2.0um) and the remaining ~ bending mode) and one (CCl; stretching vibration) quantum.
fundamental is generated and amplified in, depending on It could not be determined if this means an intermolecular energy
wavelength range, LiNb©or AgGas crystals. At the end of  transfer (IET) process or intramolecular vibrational relaxation
this procedure, two separately tunable pulses (tuning range 2.5 (IVR), i.e., transient population of a combination level like
10um) with pulse durations of about 2.5 ps and a spectral width + v,. Further findings were lifetimes of 105 ps for thequanta,
of 8—10 cnt! are available; for the pump process up to:@0 460 ps forv, quanta, energy redistribution betweenand vs
of single pulse energy is produced, whereas in the probe beamon a time scale of 10 ps, and finally population of the low-
the energy is diminished ts1 xJ. For this investigation, only  lying levelsv; andve with a time constant of roughly 100 ps.
LiNbO3 crystals were utilized. Transmission changes in a sample The two limiting cases (IET or IVR) feasible for the description
produced by (resonant) pumping are monitored by the probe of the primary relaxation step are schematically given in Figure
pulses with time, frequency, and polarization resolution; a 1; levelsvs, vs, andvg are omitted for clearness. The dotted
rotation-free signal Aauf), which is directly proportional to arrows symbolize transitions to over- or combination tones
vibrational population changes can be obtained calculatiag changing av; quantum; these “hot bands” are observable only
= [In(T,/To) + 2 In(T/To))/3, whereT, /To denotes the parallel  in transient Stokes and IR spectra in accordance with the
and perpendicular polarized component of measured sampletheoretical discussion. The corresponding frequency ranges (CH
transmission changes. The spectral resolution of this system isstretching region around3000 cnt?) of novel time-resolved
given by the spectral width of the infrared pulses. More details Stokes difference spectra and transient IR transmission changes
on this setup will be given elsewhefe. measured on neat chloroform at room temperature are plotted

The system for observation of spontaneous Raman scatteringas three-dimensional surfaces in Figure 2; the CH-stretching
after IR excitation comprises a pump path quite similar to that modev; at 3020 cmi! was excited. Figure 2a gives the relative
of the IRDRS system, but with an optical parametric oscillator (rotation-free) IR transmission changesTigT), and Figure 2b
(OPO) instead of the OPG; the probe pulse in this case is simply gives the difference of scattered Stokes intensities with and
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Figure 1. Simplified energy level schemes describing the vibrational
relaxation of chloroform after CH stretch excitation for two limiting
cases: (a) the first relaxation step being purely intermolecular and (b)
relaxation being completely intramolecular.

without previous IR excitation of the CH stretch, in both cases
as a function of delay time and frequency (shift). Both surfaces
are created directly by connecting experimental data points
linearly. It is easily seen that the time and frequency dependence
of the two signals are quite similar, with only one striking
difference: in the IR data, a much more pronounced negative
peak attqes = O ps andvy, = 3020 cnT? is observed. Looking

in more detail, in both cases three common characteristic fea-
tures are observed, which can easily be interpreted regarding
the outcome of the mentioned anti-Stokes investigatiand
similar experiments on bromofort.(i) At the fundamental
frequency (3020 cm), the signals decrease very fast to a mini-
mum near delay zero, then more slowly increase again, though
staying clearly below their equilibrium values even 300 ps after
the excitation process; this first feature is directly proportional
to ground state depletion in the Stokes case, whereas in the IR
spectra additionally stimulated emission contributes to the
observed change. It should be noted that this fully corresponds
to the theoretical considerations. (i) At2900 cntl, the
observed scattering intensity (or absorption increase, respec-
tively) increases steeply to a maximum neégf = 0 ps and
then returns to its equilibrium value within less than 100 ps;
this signal is due to excited state absorptionr<1 — v = 2 Figure 2. 3D surface plots of measured transient spectral changes in
transition of the CH stretch) confirming both thelifetime of the CH stretching region of liquid chloroform as a function of delay
23 ps and the anharmonic shift of 125 chfor the first CH between pump (at 3020 ctf) and probe pulses: (a) ratio of IR
stretch overtone obtained from conventional IR spectra. (jii) transmission Inl/'T) without and with excitation; (b) difference of
Around 2995 cml, there is a moderately slow increase of the Stokes intensities with and without IR excitation.

signal to a maximum &t = 50 ps, followed by a quite slow

decay; this feature is caused by transitions starting from lower- the harmonic oscillator model is well justified for the presented
lying levels (which are populated in the coursevpfelaxation) data despite the rather large anharmonic shift of the- 2

and ending at the corresponding combination state wyitfihis transition.
type of transition was discussed at the end of the theoretical One can now try to extend these amplitude arguments for
section. the Raman Stokes scattering to distinguish between the IVR

For the transient spectra at zero delay, i.e., maximym  and IET relaxation processes as depicted in Figure 1. As just
population, the validity of the theoretical prediction of transition discussed, the expectation of a normalized integrated Stokes
probabilities in the harmonic oscillator limit can be tested. The intensity of 1 around 3020 cm (fundamental transition) and
1— 2 transition is expected to have two times the band integral 2 around 2900 crmt (excited state transition) at early delay times
of the 0— 1 transition; this ratio should be found in the Stokes is approximately confirmed by the data. At later times, the
spectra comparing features (i) and (ii), while in the IR case the situation of Figure 1la would mean two lacking ground state
additional stimulated emission should lead to equal band areasmolecules (transitions) and two combination transitions for each
(denoted byA in the following). Calculating the band integrals  primarily excited molecule, resulting in a band area of 2 both
Ao1 and Aj; at tge) = O directly from the data yields ratios of  for the depleted fundamental and additional combination tone
A1dAp1 = 2.0 for the Stokes intensity change af\gh/Ag1 = scattering. In the situation of Figure 1b, these two band areas
1.13 for the IR transmission changes. This agrees, within would be 1. In consequence, a careful comparison of short and
experimental accuracy, quite well with the expectation; it can long time behavior should allow a decision between the two
be concluded that the use of amplitude arguments derived fromsituations. Unfortunately, in the case of chloroform, the various
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Figure 3. 3D surface plot of measured transient Stokes intensity 0 100 200 300
differences in thev, (symmetric CQ stretching) region of liquid
chloroform as a function of delay between pump (at 3020%rand Delay Time [ps]

probe pulses. Figure 4. Integrated band areas calculated from theregion of

. . L . transient Stokes difference spectra of chloroform: (a) direct integration
overlapping transitions to combination levels (which are re-  (jrsjes) and sum of two Lorentzian lines (squares, see (b)): (b) areas
sponsible for the induced absorption around 2995%¢make of two Lorentzian bands fit to the, region, (open squares) positive

it impossible to derive the desired information. In the appropriate contribution, (solid circles) negative contribution; (c) rafgedAneg
frequency region the following transitions have to be consid- of the bands given in (b).

ered: v4 — (v1 + v4) with anharmonic shift of 22 crri; v, —

(v1 + v2) andvs — (v1 + vs), both with ~4 cnr?® shift; v3 —

(v1 + v3) andve — (v1+vg), shifts< 2 cnmd; (v2 + vg) — (v1

+ v, + v4), where the anharmonicity cannot be determined
directly from overtone spectra, but estimated to<#5 cnt?!

from the above numbers. As the anharmonic shifts are in mostthe results are presented in Figure 4
cases clearly smaller than the spectral width of the CH stretching )

band, positive and negative contributions compensate each other First of all, the whole spectral range presented in Figure 3
to a large extent. A simulation using the two limiting relaxation ¢an Pe integrated (Figure 4a, open circles) giving the changes

models of Figure 1 and three Lorentzian lines with realistic °f Population probabilities times quantum numbera\(mPry);
anharmonic shifts revealed that the amplitudes of the expected®®mpare eq 5a). It is obvious that the population of the
spectral features for inter- and intramolecular case, respectively, Manifold increases. This observation is in very good agreement
only differ by less than 15% instead of the factor of 2 expected With the anti-Stokes results for the band}® where the time
for isolated bands. Accordingly, within experimental accuracy €volution of its transient population could be described by the
the in principle available information if IET or IVR is dominat-  Proportionality Any(t) [ (exp(-t/ze) — exp(-t/z1)) with zefr
ing cannot be extracted from the data in the CH stretching = 460 s and = 23 ps; using the same expression and exactly
region. the same time constants the solid curve in Figure 4 was
But of course, the Stokes spectra were recorded in the Who|ecalcuIaFed (with an amplitude factor of 5.6). The better frequenpy
accessible frequency range, thus particularly also at low-lying resolutllon pf the presented Stokes data allows a more detailed
fundamentals (which cannot be monitored with our current IR analysis: if higher levelsng > 1) of the v, manifold are
setup and are in general hard to measure using IR pulses). Ad°0pulated, one expects regarding eq 7a that the negative
an example, the region around the band (at 665 cmt) is component mainly belongs to the lacking ground state mol-
presented in Figure 3, again as a three-dimensional surface plotecules, whereas the positive (red-shifted) contribution is due to
Only two effects are seen: (i) at the fundamental frequency the population of the higher levels.
the scattered intensity decreases rapidly due to ground state Fitting the transient Stokes intensity differences by two
depletion, then remains constant or even decreases slightly mord_orentzian lines, the band areas given in Figure 4b as full circles
up to~100 ps, and afterward begins to increase again; (ii) at a (Aneg and open squared o9 were found (frequency and width
red-shift of~13 cnTl, the intensity increases more slowly to a  of the negative line, i.e., the lacking fundamental were fixed).
significantly stronger maximum around 70 ps and then decreasesThe difference of these areas (shown in Figure 4a as open

quite slowly. Again, a detailed analysis of the observed features
suffers a little from the overlap of positive and negative effects,
but nevertheless in this spectral region important additional
information can be obtained from an evaluation of the data;
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squares) nicely agrees with the direct integration result. Finally, Transient Stokes difference spectra open up the possibility
the quotient of the band areas is shown in Figure 4c. to study not only population on all Raman active vibrations (like
The time dependence of the positive band alone is ratherin the case of anti-Stokes) but additionally also ground state
similar to the integrated band intensity; the slight differences depletion in the region of any fundamental. In particular, a
can readily be explained by contributions of transitions such as spectral region with sufficient anharmonic shifts can be selected
v1 — (v1 + o) andvs — (va + v2). More interesting is the  in order to work on the question of inter- or intramolecular
behavior of the negative band; in the limit of pure intramolecular energy transfer in the course of vibrational relaxation; this kind
relaxation, the maximum ground state depletion would be of analysis could be demonstrated for the presented results in
reached at the end of the pump process, i.e., afteps, and the CC} stretching region (606700 cnt?l) with the outcome
from then on could only decrease. In contrast to this, the solid that in liquid chloroform obviously an intermolecular energy
points in Figure 4b indicate that in chloroform ground state transfer is present within the first 100 ps, but intramolecular
depletion is at least constant up to 100 ps or even increasesprocesses are dominating the relaxation. The great similarity
slightly up to this point of time. This cannot be explained by of transient Stokes difference spectra and IR transmission
population ofv, from the thermal bath (due to already relaxed changes, which roughly spoken differ just by the corresponding
energy) because this process is expected to occur with a timeanti-Stokes photons, could be demonstrated on the same sample.
constant slower by a Boltzmann factor (here, 5 with respect to Taking a quite general, but experimental, point of view,
vs and ~25 with respect to ground state) compared to the Raman probing of vibrational excess population is favorable
lifetime of 460 ps; this means, direct thermal population can for studies of corresponding ultrafast dynamics, because there
only happen on a nanosecond time scale and should thus bés no need for tunability of the probe light and the comprehen-
negligible within the first 100 ps. Accordingly, this observation sive information can in principle be obtained from a single
is a significant hint that in liquid chloroform there is a certain  experiment. Even for low-lying levels the signal can be detected
amount of intermolecular interactions increasing the number of in the visible, where in contrast to far-IR, highly sensitive
vibrationally excited molecules within the first 100 ps after detectors are available. On the other hand, there are vibrational
excitation. The magnitude of this increase can be estimated tomodes with very low Raman cross section, where often the
be of the order of 20%. Another piece of information can be signal cannot be distinguished from noise. As this is the case
obtained by looking at Figure 4c. On the basis of eq 7a one particularly in the presence of hydrogen bonds, there is still a
would expect the intensity ratinedAposto increase from 1 at  wide range of interesting investigations, where IR probing is
early times (population of:) to a larger value at later times  the better (if not the only) choice. And, applying complete
due to population of; modes; particularly, if any molecule  polarization resolution, not only information on orientational
which is not in the ground state would contain onguantum, relaxation but also about the real part)¢? can be obtained
a ratio of 2 should be found. The observed value at longer times simultaneously from the IR experiment. So in general, the two
is slightly higher; this can either be interpreted as contribution probe techniques complement each other quite nicely, and a
of 2v, population or by a rather strong anharmonic increase of combination of both, particularly if both anti-Stokes and Stokes
the transition probability compared to the harmonic approxima- scattering is analyzed, is a very efficient method to obtain real
tion. comprehensive information about the equilibration of vibrational
Finally, it must be discussed why the increase of ground state excess energy.
depletion was not observed in the CH stretching region. A
possible explanation is found looking at the quite different ratios References and Notes
of anharmonicity and bandwidth in the two spectral regions.
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