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Vibrational energy relaxation (VER) of neat methanol at ambient temperature is studied with a three-dimensional
vibrational spectroscopy technique. The first two dimensions are represented by a time series of incoherent
anti-Stokes Raman spectra at a given mid-IR pump frequency. The third dimension involves changing the
mid-IR pump frequency within the manifold of CH and OH stretching transitionsν(CH) andν(OH). Each
2D representation shows the VER dynamics occurring as a result of pumping a specific vibrational transition.
The decay of the pumped transition into first-generation daughters, and the subsequent decay into second-,
and even third-generation daughters can be monitored. The third dimension shows how VER depends on the
nature of the pumped transition. Additional information about the buildup of excitation in the bath of lower-
energy collective excitations (phonons) is obtained by monitoring the heating of CCl4 spectators in methanol-
CCl4 mixtures. Three distinct stages are seen in VER ofν(CH). The pumpedν(CH) creates two quanta of
bending vibrationsδ(CH) or δ(OH) (0-1 ps), theδ(CH) vibrations preferentially create CO stretchν(CO),
and theδ(OH) create methyl rockF(CH3) (2-5 ps), and thenF(CH3) andν(CO) decay into phonons (5-15
ps). Three stages are also seen inν(OH) VER except that the first stage involves exciting every other vibration
to some extent. About 10% ofν(OH) decay occurs in four stages, where the first stage isν(OH) f ν(CH).
The IR-Raman 3D technique is compared to other multidimensional vibrational spectroscopies. This 3D
method is presently the most powerful technique for studying VER in condensed phases. It is sensitive to
overtone and combination transitions buried under more intense fundamental absorption spectra. In addition
it is sensitive to very weak cascaded anharmonic couplings responsible for the excitation of successive
generations of daughter vibrations.

1. Introduction

Virtually all chemical phenomena in polyatomic liquids and
solutions involve vibrational energy relaxation (VER).1,2 VER
in condensed phases is an elementary process that remains
poorly understood to this day. The reasons for this lack of
understanding are twofold. Calculations are problematic.3,4

Experimentally extensive use has been made of pump-probe
methods to measure the decay out of a specific higher wave-
number (say>1500 cm-1) vibrations, but finding where the
vibrational energy has gone has only been accomplished in a
few cases.5

More than 20 years ago, Laubereau and Kaiser developed a
powerful experimental technique which monitors the decay of
a laser-pumped vibration (the parent) and the growth and
subsequent decay of lower-frequency daughter vibrations.6 This
ultrafast infrared-Raman (IR-Raman) technique uses resonant
vibrational pumping by a tunable mid-IR pulse and incoherent
anti-Stokes Raman probing.6 However, only recently have
advances in laser technology allowed this technique to be used
to its fullest potential, to monitor energy flow through all
Raman-active vibrations, including the lower frequency states,
of a polyatomic liquid or solution.7-9

In this paper, we report our studies of VER in liquid (neat)
methanol at ambient temperature using the IR-Raman tech-

nique. Methanol (along with water) is a model system for under-
standing the effects of hydrogen bonding on VER, such as the
dependence of VER on pump frequency within the very broad
(∼700 cm-1) OH stretching band. In a recent letter,10 we studied
vibrational energy redistribution within the C-H stretchingν-
(CH) and O-H stretchingν(OH) transitions of methanol. In
this paper, we shall concentrate on determining the mechanisms
of VER through direct observation of the daughters ofν(CH)
andν(OH) decay, and by a recently introduced technique where
the build up of the collective lower-energy excitations of the
bath (phonons) is detected by a CCl4 spectator.9,11,12

Recently there has been a good deal of interest in multidi-
mensional vibrational spectroscopy.13 Much of our past work
with the IR-Raman technique has examined VER with the
pump ωIR tuned to only one vibrational transition,12 giving a
time series of anti-Stokes spectra probing a wide wavenumber
range (typically 800-4000 cm-1). This time and frequency data
is a 2D representation of a particular vibrational cooling (VC)
process. In the present work we introduce the additional
dimension of tuning the pump pulse through the mid-IR
absorption, leading to a 3D vibrational spectroscopy which
provides information about correlations between vibrations,13,14

vibrational lifetimes, spectral diffusion, and anharmonic interac-
tions15 that couple the parents to first-, second-, and higher-
generation daughters. Obtaining a complete 3D surface is
extremely time-consuming and difficult, so at the present time
we have measured only part of the 3D surface for methanol.
Nevertheless the present results indicate a great deal of
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additional information can be obtained using 3D vibrational
spectroscopy.

Previous IR-Raman studies of polyatomic liquids from our
laboratory and from other laboratories have been reviewed
elsewhere.6,12,16,17As a background note, we should mention
the extensive studies of ethanol ultrafast vibrational dynamics,
first by the Kaiser group18-20 and later by the Laubereau
group21-25 and others.26-29 We chose methanol rather than
ethanol for our studies because it is simplersno possibility of
energy transfer among methyl and methylene vibrations.25 Early
studies of neat ethanol18-20,25,27and methanol19 were directed
toward measuring C-H stretch decay and understanding the
mechanism in the context of Fermi resonances with the lower-
energy bending vibrations. Heilweil et al.26 used one-color mid-
IR pump probe to measureν(OH) lifetimes of ethanol and
methanol monomers in CCl4. Recent attention has been directed
to ethanol oligomers in CCl4. These hydrogen-bonded oligomers
are interesting becauseν(OH) pumping temporarily breaks up
the oligomer via vibrational predissociation.21,22,29One-color or
two-color mid-IR pump-probe spectroscopy of ethanol oligo-
mers has been used to measure the VER lifetime ofν(OH) and
ν(CH),25,27,28 orientational relaxation,28,29 spectral diffusion,24

and vibrational predissociation30 following ν(OH) pump-
ing.21,22,25,29The two-color mid-IR techniques are complemen-
tary to the IR-Raman method. The IR-Raman method opens
up a new window to VER due to its ability to probe the
dynamics of the lower-frequency daughter vibrations, so the
present work is focused on this issue, which has not been studied
in detail previously.

In the rest of this paper, we briefly review the vibrational
spectroscopy of methanol. Next we discuss aspects of the IR-
Raman technique needed to understand our results, and to
understand the present 3D technique. Then we present results
on VER of methanol with pump pulses in theν(CH) andν-
(OH) regions. We also present vibrational cooling data obtained
by monitoring vibrational heating of a CCl4 spectator in
methanol-CCl4 solutions. With both types of results in mind,
we then discuss what has been learned about VER in methanol
and present a comprehensive picture of its VER dynamics.
Finally, we compare the present technique to other multidi-
mensional vibrational techniques and discuss the advantages of
adding the third dimension.

2. Spectroscopy of Methanol

Figure 1 shows IR and Raman spectra of methanol. Each
transition is labeled by its assignment from ref 31. There are
twelve normal modes of methanol: three CH stretches and three
CH bends, one OH stretch and one OH bend, two methyl
rocking motions, one CO stretch, and an OH torsion. The dotted
curves in the IR are representative of the spectra of the mid-IR
pump pulses. In the∼3000 cm-1 CH stretch region there are
two higher-frequencyνa(CH) and one lower-frequencyνs(CH)
transitions. The broad line width of theν(OH) transition is due
to the simultaneous coexistence of a wide range of hydrogen-
bonding environments.32,33 Nonassociated methanol has a
characteristic much sharperν(OH) transition near 3700 cm-122

In neat methanol, the higher-frequencyν(OH) region is associ-
ated with sites of weaker hydrogen bonding and the lower-
frequency region with sites of stronger hydrogen bonding.32,33

The bending vibrations,δs(CH), δ(OH) and a pair ofδa(CH),
the pair of methyl rock vibrationsF(CH3), and the CO stretch
ν(CO) are found in the 950-1700 cm-1 range. The OH torsion
δ(OH‚‚‚O) is seen in the IR in the 500-800 cm-1 range but is
essentially invisible in the Raman. To deal with spectral overlap

among these transitions, we used a computer program (Microcal
Origin) to fit the static anti-Stokes spectrum, obtained with a
high signal-to-noise ratio, by a sum of Voigt line shapes. The
fitted center frequencies, which agreed well with literature
values,31 wereδa(CH) 1541 cm-1, δs(CH) 1466 cm-1, δ(OH)
1381 cm-1, F(CH3) 1117 cm-1, and ν(CO) 1034 cm-1. The
components at 1541 and 1117 cm-1 represent pairs of nearly
degenerateδa(CH) or F(CH3) transitions, which cannot be
individually resolved. The fit to the static spectrum is essentially
perfect. We assign no physical significance to the Voigt
parameters, but use this fitting method solely to determine the
instantaneous amplitude of each transition in the anti-Stokes
transients. An example of a computer-generated fit to an anti-
Stokes transient is shown in Figure 2. In fitting these transients,
which have worse signal-to-noise ratios than the static spectrum,
only the amplitude of each Voigt component is varied.

3. IR-Raman Technique

The IR-Raman technique has been discussed in several
reviews.6,12,16,17The mid-IR pump pulseωIR and 532 nm Raman

Figure 1. IR and Raman spectra of methanol, obtained with instru-
mental resolution better than the natural line widths. The assignments
are from ref 31 The dotted curves under theν(CH) and ν(OH)
transitions are characteristic of the spectra of the mid-IR pump pulses.

Figure 2. An anti-Stokes transient (delay) 5 ps, ν(CH) pumping,
thermal background subtracted) for vibrations in the lower frequency
region. The smooth curve is a fit to the sum of five Voigt line shape
functions representing the five transitions indicated in the figure. The
dashed curves are the individual Voigt components whose amplitudes
are varied to fit all the transient data.
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probe pulseωL used here have spectral widths of 35 and 25
cm-1, respectively, and durationsτp ∼ 0.8 ps.34 The experiments
in ambient liquids are approximately in the semi-impulsive
limit 13,14,35where

except in the case ofν(OH) pumping, whereT2 , τp. In eq 1,
T2 is the usual time constant for vibrational dephasing andT1

the time constant for VER.6

A. Pumping ν(CH) and ν(OH) Fundamentals. There is no
possibility of pumpingν(OH) overtones (V ) 2 or higher)
because theν(OH) anharmonicity28 is about 250 cm-1. Theν-
(CH) anharmonicity is much smaller, probably about 20 cm-1

as measured for ethanol,25 but the incident pump fluence of
∼0.15 J/cm2 is about one-tenth of the saturation fluence for the
CH stretch transition,∼1.5 J/cm2.10 Therefore,ν(OH) andν-
(CH) overtone excitation by the pump pulses is, at most, a few
percent.

B. Bulk Temperature Jump. The ambient temperature anti-
Stokes spectrum is subtracted from the transients in all displayed
data as described previously.8,36The nonequilibrium population
generated by the pump pulse eventually (∼20 ps) comes to a
new quasi-equilibrium at a temperature somewhat above ambi-
ent. At longer delay times, the probe pulse sees an average over
the rather complicated spatial profile of the temperature jump.17

The magnitude of the spatially averaged temperature jump is
typically ∆T ) 10-30 K, depending on the pump frequency.
At the new quasi-equilibrium, the vibrational populations reach
new steady-state levels that depend on the magnitude of∆T
and the vibrational frequency8,36 (e.g., see Figures 4 and 10-
13). The temperature jump ultimately decays via thermal
conduction on the<100 µs time scale, which is shorter than
the 1 ms separation between pump pulses.

C. Probing with Incoherent Anti-Stokes Emission. For an
instantaneous pump pulse arriving at timet ) 0, the change in
the anti-Stokes intensity of transitioni, with frequencyωi, the
“anti-Stokes transient” is7

where the constant depends on the experimental set up,∆ni(t)
is the instantaneous induced change in vibrational population,
gi is the degeneracy, andσRi is the Raman cross-section.
Equation 2 shows that the anti-Stokes transient’s intensity is
proportional to the population change during VER. It is possible
to probe both the parent vibration and its daughters, but in a
neat liquid it is not possible to tell whether the daughters are
on the same molecule or on adjacent molecules.

D. Observing Overtone or Combination Excitations. Since
ν(OH) andν(CH) fundamentals are more than twice the energy
of some other vibrations, mid-IR pumping could result in the
excitation of first overtones 2νi or combinationsνi + νj. When
the anharmonic shift ise30 cm-1, which is often the case, we
cannot resolve it very well. Since the anti-Stokes Raman cross-
section is largest for single-quantum transitions, first overtones
2νi are observed via the 2νi f νi transition which appears as
excitation of the fundamental with twice the amplitude.7

Combinations are seen as simultaneous excitation of bothνi

and νj.7 Sometimes we observe the following VER process:9

In this case, we first see a buildup ofνj, followed by a

nonexponential decay where the first part corresponds to 2νj

f νj and the second part toνj f ground.
E. Artifacts. Coherent artifacts in IR-Raman experi-

ments5,19,37 and 3D mid-IR experiments38 are often observed
near t ) 0. Artifacts are generated by elastic or inelastic
nonlinear light scattering.37,39,40The most intense artifacts are
caused byelasticnonlinear light scattering that appears at the
sum frequencyωL + ωIR. In liquids, sum-frequency generation
is forbidden in the dipole approximation but it is allowed by
quadrupole or higher-order terms.41 The elastic artifact appears
at the same anti-Stokes wavenumber as the parent vibration
pumped by the laser.37 For example, Figure 3 shows methanol
data whereωIR is either 3250 or 3400 cm-1. The elastic artifact
is the relatively narrow feature at 3250 or 3400 cm-1 anti-Stokes
Raman shift (optical frequenciesωIR + ωL) whose intensity
peaks neart ) 0. The artifact’s temporal and spectral properties
can be characterized using a thin (50µm) nonlinear crystal such
as KTP (KTiOPO4) as the sample.37 The artifact can easily be
subtracted from the data, since it simply rides on top of the
incoherent anti-Stokes signal.

Inelasticnonlinear light scattering, which is a general case
of hyper-Raman scattering, would appear atωL + ωIR - ωi.
Inelastic scattering is expected to be smaller than elastic
scattering by two or more orders of magnitude,39 which appears
to be the case in our methanol experiments. For example, the
most prominent inelastic signal would likely originate from the
strongly Raman-activeν(CO) transition (ωi ) 1034 cm-1). Its
inelastic artifact would appear at either 2215 or 2366 cm-1 for
3250 or 3400 cm-1 pumping. Nothing is seen in this region in
Figure 3; thus inelastic artifacts appear to be insignificant. We
should, however, be concerned about the possibility of inelastic
artifacts when monitoring a transitionωi at about one-half the
frequency of the parentωIR (e.g., CH stretch and CH bend). In
that case the inelastic artifact would appear atωL + ωIR/2, which
would be coincident with anti-Stokes transient fromωi. The
test for inelastic artifacts in this case is to slightly tuneωIR.
The inelastic signal will tune along withωIR, whereas theωi

anti-Stokes signal will not.
F. Interactions and Anti-Stokes Probing. The most sig-

nificant clues to the nature of the interactions between daughters
and parents are found in the time dependence. The mid-IR pulse
pumps an initial state whose character is primarilyν(CH) or
ν(OH) fundamental. For “pure”ν(CH) or ν(OH) pumping, the
parent population will rise instantaneously (i.e., on the∼1 ps
time scale of the apparatus time response) and fall on the time
scale of VER. First-generation daughters are identified by a rise
time that matches the parent fall time. Second-generation

T2 ∼ τp e T1 (1)

∆Ii
AS(t) ) const∆ni(t)giσRi(ωL + ωi)

4 (2)

νi f 2νj f νj f ground (3)

Figure 3. Representative data for methanol pumped at 3250 and 3400
cm-1 in the ν(OH) region. An artifact due to nonlinear elastic light
scattering is seen as the sharp feature on top of theν(OH) spectrum at
shorter delay times. The artifact is seen at the same anti-Stokes
wavenumber as the pump pulse.
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daughters are identified by a rise time that matches the first-
generation fall time, and so on.

However, the initial state may in addition to the fundamental
involve correlated lower-frequency states. These vibrational
correlations are often the result of resonance between the
fundamental and some combination or overtone.13,14One might
view this as a combination or overtone that is buried under the
more intense fundamental absorption. In this case the parent
state is an admixture of higher- and lower-frequency excitations
which would be expected to rise and decay in a concerted
fashion. This situation is illustrated in Figure 4 for the case of
νa(CH) pumping atωIR ) 2980 cm-1. This pump pulse is in
the region of Fermi resonance betweenνa(CH) and 2δa(CH).
For clarity in Figure 4, we display only the smooth curves that
fit the individual data points of the anti-Stokes transients (the
data points themselves, normalized by their respective Raman
cross-sections, are shown in Figure 11).

The parentνa(CH) signal rises instantaneously, and then
decays nonexponentially as a result of a competition between
VER and equilibration withνs(CH). The instantaneous rise of
δa(CH) in Figure 4 indicates a strong correlation with the
pumpedνa(CH) state. As expressed by eq 3 above, theδa(CH)
transient is at first primarily the overtone 2δa(CH) and later the
fundamentalδa(CH). The instantaneous rise of 2δa(CH) excita-
tion indicates that energy exchange withνa(CH) is faster than
∼0.2 ps. A lower limit toT2 for ν(CH) can be estimated from
the line widths ofν(CH) transitions in methanol (30-40 cm-1

from Figure 1b), to beT2 > 0.2 ps. Energy exchange on time
scales comparable to or faster thanT2 indicates the existence
of coherentVibrational couplingbetweenνa(CH) and 2δa(CH).
Theδs(CH) transient in Figure 4 rises on the 1-2 ps time scale
of νa(CH) decay, indicating thatδs(CH) is a first-generation
daughter. Theν(CO) transient rises on the 3-4 ps time scale
of δa(CH) andδs(CH) decay, indicating it is a second-generation
daughter.

The coupling between the parent and the first-generationδs-
(CH) and δa(CH) daughters might be either cubic〈V(3)〉, or
quartic 〈V(4)〉 anharmonic coupling.15 An example of cubic
coupling is

where energy conservation is possible due to the finite widths
of the bending transitions. An example of quartic anharmonic
coupling is

where the daughter vibrations are near the peaks of the
vibrational density of states, and energy is conserved by emitting
one phonon. The cubic or quartic matrix elements in eqs 4 and
5 are quite small. In contrast to the usual anharmonicity of a
particular mode, for instance the∼20 cm-1 anharmonicity for
ν(CH) or δ(CH) in methanol, these aremixed mode anharmo-
nicities. Mixed mode anharmonicities are usually small because
they couple different vibrations and/or phonons.15 For instance,
experiments42,43and calculations42,44on crystalline naphthalene
give an average value for the cubic anharmonicity for two
vibrations and one phonon of〈V(3)〉 ∼ 0.05 cm-1. The rise times
of first-generation daughter anti-Stokes transients provide
estimates of anharmonic couplings that are possibly more than
2 orders of magnitude smaller than the vibrational line widths.

Theν(CO) excitation is a second-generation daughter created
from δ(CH) in a two-step process such as

This scheme is actually a representation of several more
complicated processes. One example might be

The interaction between the parentνa(CH) and the second-
generation daughterν(CO) in eq 7 is formally some higher-
order (i.e., sixth or seventh order) anharmonic coupling. This
higher-order coupling actually consists ofcascadedcubic or
quartic interactions, which might be expressed as〈V(3)〉〈V′(3)〉,
〈V(4)〉〈V′(3)〉, etc. These cascaded interactions are obviously very
much smaller than the vibrational line width, and might be as
small as 10-3-10-4 cm-1.

G. 3D Vibrational Spectroscopy. Our 3D data will be
presented in the form of a time series of 2D plots withx andy
wavenumber axes. The signal along the diagonal att ) 0 is
due to elastic artifacts plus the parent population. The artifact’s
intensity along the diagonal is a sum-frequency spectrum where
ωIR is scanned,ωL is fixed, and the detector is kept atωL +
ωIR. The population contribution along the diagonal att ) 0 is
approximately proportional to the products of the mid-IR and
Raman cross-sections. Off-diagonal signals att ) 0 should in
principle be due to vibrations that are strongly correlated with
the pumped vibration. In practice,t ) 0 signals also have a
contribution from first-generation daughters that are produced
during the∼1 ps pump pulses. Fort > 0, off-diagonal signals
are associated with daughters generated by VER, which reveal
weaker correlations due to mixed-mode anharmonic coupling
or cascaded mixed-mode anharmonic coupling.

4. Experimental Section

The IR-Raman system, consisting of a∼1 ps Ti:sapphire
laser and a two-color KTiOPO4 optical parametric amplifier,

Figure 4. Representative anti-Stokes transients (smooth fitted curves
only) seen withνa(CH) pumping in methanol. The coupling of each
vibration to the parentνa(CH) can be understood from the build-up
time.δa(CH) rises instantaneously, indicating coherent coupling between
νa(CH) and 2δa(CH). The delayed rise ofδs(CH) indicates it is a first-
generation daughter. The even slower rise ofν(CO) indicates it is a
second-generation daughter.

νa(CH) 2980 cm-1 f

δa(CH) 1580 cm-1 + δ(OH) 1400 cm-1 (4)

νa(CH) 2980 cm-1 f

δs(CH) 1466 cm-1 + δ(OH) 1381 cm-1 +

phonon 133 cm-1 (5)

νa(CH) f δ(CH) f ν(CO) (6)

νa(CH) f δs(CH) + δa(CH) f

ν(CO) + phonon+ δa(CH) f ‚‚‚ (7)
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has been described previously.5,34 The pump pulses (2.7-3.5
µm, ∼50 µJ, ∼0.8 ps, 35 cm-1 fwhm, 200µm diameter) and
probe pulses (0.532µm, 5 µJ, ∼0.8 ps, 25 cm-1 fwhm, 150
µm diameter) were focused on a flowing jet of reagent grade
methanol (Aldrich). The CCl4 experiments used a mixture of
methanol with 25% CCl4 (Aldrich). Anti-Stokes emission was
detected with a spectrograph and charge-coupled array detector
(CCD), or with a monochromator and a photomultiplier tube
(PMT). Data were acquired at five pump wavenumbers, 2870,
2970, 3033, 3250 and 3400 cm-1.

The multichannel CCD detector is preferred for detecting the
anti-Stokes signal, since it captures the entire spectrum simul-
taneously. However, obtaining a series of CCD spectra over a
range of delay times takes many hours, during which the laser
intensity and alignment may drift. The effects of these drift
factors can be corrected by using a PMT scan. With the PMT,
we average many (typically 10-20) scans of the delay line,
each scan lasting only a few minutes. This averaged scan
eliminates effects of long-term drift. For a normalizing PMT
scan, the most intense, best-resolved transition should be used,
which in methanol isν(CO). Figure 2 shows that with an∼50
cm-1 detection window near 1000 cm-1, only ν(CO) is detected.
A ν(CO) PMT scan is shown in Figure 5, along with a smooth
curve fit to the data. Each CCD spectrum was corrected for
drift by multiplying it by a factor (generally in the 0.8 to 1.2
range), that makes theν(CO) time dependence from the CCD
match the time dependence from the PMT.

5. Results

A. CH and OH Stretch Pumping. Figure 6 shows some
representative data (artifacts removed) forν(CH) andν(OH)
pumping. To understand how VER depends on the parent, we
need to characterize energy redistribution in theν(CH) andν-
(OH) manifolds. In previous work we studied equilibration
betweenνs(CH) and νa(CH).10 When pumping at lower fre-
quency, about one-fourth ofνs(CH) is transferred toνa(CH)
before VER. When pumping at higher frequency, about one-
third of νa(CH) is transferred toνs(CH) before VER. Thus with
lower frequencyνs(CH) pumping or higher frequencyνa(CH)
pumping, the VER we see originates predominantly but

not entirely from the pumpedνa(CH) or νs(CH) state. Figure 6
shows that littleν(OH) is produced withν(CH) pumping. In
fact, detectable amounts ofν(OH) are produced only whenν-
(CH) is pumped in the higher-frequency region, and we believe
it is produced not byν(CH) f ν(OH) energy transfer but by
direct laser absorption into the red tail of theν(OH) absorption.10

There is a small amount ofν(OH) f ν(CH) energy transfer
(∼10%, see Figure 6b). A more serious concern is spectral
diffusion in ν(OH). Theν(OH) transition is inhomogeneously
broadened12,24 and the ∼35 cm-1 pump pulse produces a
somewhat narrowed excitation distribution that broadens due
to spectral diffusion. Spectral diffusion might be caused by
equilibrium structural fluctuations,24 structural fluctuations trig-
gered byν(OH) pumping,37,45 or ν(OH) excitation hopping to
different local environments.37,46,47 The observed VER thus
involves excitations at the pump frequency plus any otherν-
(OH) that becomes excited by spectral diffusion during the 1-2
ps ν(OH) lifetime.37 Figure 7 comparesν(OH) excitations in
the 0-1 ps time range with lower wavenumber 3250 cm-1 and
higher wavenumber 3400 cm-1 pumping. These two pump
wavenumbers do produce somewhat differentν(OH) popula-
tions.

B. CCl4 Experiments. Using CCl4 as a spectator to probe
the buildup of bath excitation during VER was discussed
previously.11,12,17 The CCl4 is heated primarily by phonons
produced by methanol vibrational cooling. We pumped both
ν(CH) andν(OH) of methanol (the pump pulses are not absorbed
by CCl4) and probed three low-wavenumber CCl4 Raman
transitions (314, 459, and 790 cm-1). CCl4 did not noticeably
affect methanol VER except that∆T was slightly smaller in
solution. Even with 25% CCl4 low-molecular-weight alcohols
remain highly associated.48 The CCl4 anti-Stokes transients are

Figure 5. Schematic of normalization procedure to remove effects of
long-term laser drift. The anti-Stokes signal fromν(CO) is isolated
with a narrow-bandwidth spectrometer and photomultiplier (PMT). The
signal is averaged over many sweeps of the delay line (solid curve). A
smooth curve is fit to the PMT data. The time-dependentν(CO) signal
amplitude from the charge-coupled array detector (CCD) is corrected
using the smooth curve.

Figure 6. Methanol data with artifact removed forν(CH) andν(OH)
pumping.

Figure 7. Spectral diffusion inν(OH) smears out the initial distribution
produced by pumping at higher or lower wavenumber. During the 0-1
ps range when mostν(OH) relaxation occurs, 3250 cm-1 pumping
produces a somewhat red-shifted population and 3400 cm-1 pumping
produces a somewhat blue-shifted population.
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shown in Figure 8. The signal-to-noise ratio is poor due to a
large thermal background for these lower-frequency CCl4

vibrations. Within experimental error, the anti-Stokes transients
for the three probed CCl4 vibrations with eitherν(OH) or ν-
(CH) pumping were essentially identical, with the buildup of
CCl4 excitation complete within about 20 ps. That demonstrates
unambiguously that there is no vibrational energy stored in
methanol after∼20 ps. This is important because Raman
probing does not see theδ(OH‚‚‚O) torsion and we need to
determine whether stored vibrational energy is hiding in this
state. The CCl4 buildup in the first 2 ps is no more than 10-
15%, suggesting that the relaxation ofν(CH) and ν(OH) is
primarily intramolecular. We cannot definitively rule out the
alternative possibility of slow (∼20 ps) response of CCl4 to bath
heating by methanol, but in the past we have seen much faster
(<3 ps) vibrational heating of CCl4 by acetonitrile.9

C. 3D Representation. A 3D representation of the methanol
data is shown in Figure 9. Artifacts were not removed. For each
pump wavenumber, we plot a 50 cm-1 wide strip that ap-
proximately represents the apparatus spectral resolution (35
cm-1 pump and 25 cm-1 probe). Two features are worth
noting: (1) at the present time we have data only at five pump
wavelengths, so vacant strips along the abscissado not indicate
the absence of signal, but rather the absence of data; (2) the
2D plots are rectangular because the wavenumber range probed
via anti-Stokes scattering is much larger than the range of pump
tuning.

In Figure 9a (t ) 0), the largest signals are the coherent
artifacts on the diagonal. The off-diagonal signals provide
information about vibrational correlations.13,14 However keep
in mind that the off-diagonal signals areintensities. The off-
diagonal populations are the intensities divided by the Raman
cross-sections, which vary quite a bit. The smaller cross-sections
tend to de-emphasizeδ(OH), δa(CH), andF(CH3) at the expense
of the more intenseδs(CH) andν(CO).

D. Methanol VER. In Figures 10-13, we have plotted the
time-dependentrelatiVe populationsof the daughter vibrations
excited by different wavenumber pump pulsess2 different
locations within theν(CH) manifold and two different locations
within theν(OH) manifold. In these figures, the time-dependent

amplitudes of the bending and stretching transitions, determined
with the spectrum-fitting procedure discussed in conjunction

Figure 9. Three-dimensional methanol data. The data were obtained
at five different pump wavenumbers in the 2800-3500 cm-1 range.
The data from each pump wavenumber are plotted as a strip∼50 cm-1

wide to indicate the instrumental spectral resolution. Empty regions
between these five strips do not indicate a lack of signal, but rather the
lack of data in these regions.

Figure 10. Time dependence of the relative populations of methanol
vibrations withν(CH) pumping at 2870 cm-1.

Figure 11. Time dependence of the relative populations of methanol
vibrations withν(CH) pumping at 2970 cm-1.

Figure 8. Rise of vibrational excitation from three CCl4 transitions in
methanol-CCl4 solution (75% methanol, 25% CCl4). Solid curves are
for ν(CH) pumping, dotted curves forν(OH) pumping. The buildup is
complete within 20 ps, indicating there is no significant VER in
methanol after 20 ps. There is no evidence for a fast burst of energy at
short times, suggesting the initial steps inν(CH) andν(OH) relaxation
are primarily intramolecular.
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with Figure 2, are normalized by Raman cross-sections from
steady-state spectra.

i. 2870 cm-1 Pumping. The pumpedνs(CH) excitations are
below the region of Fermi resonance with 2δa(CH). Three stages
of VER are seen in Figure 10. In the first stage,ν(CH) decay
occurring in the 0-1 ps range generates the three bending
vibrationsδ(OH), δs(CH),andδa(CH). Theδ(OH) population
is about three times larger than the other bending vibrations. In
the second stage the three bending vibrations generateF(CH3)
andν(CO) in the 2-5 ps range. TheF(CH3) population is about
twice theν(CO) population. The delayed buildup ofF(CH3) and
ν(CO) is a bit difficult to see in Figure 10, but easy to see in
Figure 4 where theν(CO) transient is expanded. In the third
stage,F(CH3) andν(CO) decay into bath excitations in the 5-15
ps time range. These bath excitations are not observed directly,
but their buildup is indirectly detected by CCl4 heating (Figure
8).

ii. 2970 cm-1 Pumping. The pumpedνa(CH) excitations are
in the Fermi resonance region. The overall three-stage VER
process is similar to what was seen with 2870 cm-1 pumping,
with two differences. First, as discussed in conjunction with
Figure 4, pumping in the Fermi resonance region leads to the
instantaneous appearance of 2δa(CH) excitation along with the
pumped νa(CH). Thus in the first stage of VER, there is
relatively moreδa(CH) than with 2870 cm-1 pumping. In the

second stage of VER, there is relatively lessF(CH3) and more
ν(CO) than with 2870 cm-1 pumping.

iii. 3250 cm-1 Pumping. This pump wavenumber produces
VER from a red-shiftedν(OH) population, as shown in Figure
7. The population dynamics are shown in Figure 12.ν(OH)
relaxation is qualitatively different fromν(CH) relaxation.ν-
(OH) decay immediately produces excitationsin all obserVed
lower-frequency methanolVibrations.

An interesting and totally unexpected result is seen in Figure
12sthe instantaneous appearance ofδ(OH) excitations. This
effect is more easily seen in Figure 14, where we compare
expanded and normalizedδ(OH) anti-Stokes signals at different
pump wavenumbers. Theδ(OH) rise follows the decay of
pumpedν(CH) orν(OH) except for 3250 cm-1 pumping, where
δ(OH) appearance is instantaneous. We cannot conclude that
we are producing a coherently coupledν(OH) andδ(OH) state,
as in the case ofν(CH) pumping in the Fermi resonance region,
because the pulse is∼1 ps whereasT2 for ν(OH) very much
shortersperhaps the inverse of the∼300 cm-1 ν(OH) line width
seen in Figure 7 or∼30 fs.

iV. 3400 cm-1 Pumping. This pump wavenumber produces a
somewhat blue-shiftedν(OH) population (see Figure 7). Figure
13 shows thatν(OH) relaxation generates all the lower-
frequency vibrations. Unlike 3250 cm-1 pumping, there is no
instantaneous appearance ofδ(OH). In comparison to 3250 cm-1

pumping, whereδ(OH) dominates, 3400 cm-1 pumping pro-
duces roughly equal amounts ofδ(OH), δs(CH), F(CH3), and
ν(OH). There is much lessδa(CH) and moreνs(CH).

E. Vibrational Predissociation. It is well-known thatν(OH)
pumping of gas-phase methanol clusters leads to cluster
fragmentation via vibrational predissociation.49 Efficient (∼70%)
vibrational predissociation was first observed in condensed phase
ethanol oligomers in CCl4 by Laubereau et al.21,25The Laubereau
experiments monitored the appearance of the vibrational ground
state of the nonassociatedν(OH) transition. Anti-Stokes probing,
which sees only excited states, is not suitable for this task. Stokes
probing of nonassociatedν(OH) is possible, provided the signal
is above the background of the associated methanol. In a limited
number of Stokes probing experiments, we found no evidence
for a nonassociatedν(OH) after 3250 cm-1 pumping.

Figure 12. Time dependence of the relative populations of methanol
vibrations withν(OH) pumping at 3250 cm-1.

Figure 13. Time dependence of the relative populations of methanol
vibrations withν(OH) pumping at 3400 cm-1.

Figure 14. Comparison ofδ(OH) transients (all normalized to the same
height) with different pump wavenumbers. At 3250 cm-1 in the lower
wavenumber part of theν(OH) transition, an instantaneous rise ofδ-
(OH) is observed indicating the mid-IR pulse is pumping a buried
transition that contains substantialδ(OH) character.
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6. Discussion

Two topics will be discussed in this section: (1) VER in
methanol, and (2) the present 3D IR-Raman technique and
comparison to other multidimensional techniques.

A. VER in Methanol . It is worthwhile mentioning that
isolated gas-phase methanol will not undergo VER when either
ν(CH) and ν(OH) fundamentalsare pumped. The density of
states is simply too small to permit efficient intramolecular
vibrational relaxation (IVR).50 All the VER phenomena seen
here are a consequence of intermolecular interactions in the
condensed-phase environment.

We do not observe the appearance of the nonassociated
methanol transition created by vibrational predissociation fol-
lowing ν(OH) pumping, even though predissociation has been
seen in many studies of ethanol oligomers.21,22,29 Efficient
predissociation is inconsistent with the CCl4 data in Figure 8,
because predissociation would release a large burst (1000-2000
cm-1) of energy49 into the bath on the 0-2 ps time scale of
ν(OH) decay, which is not seen. We stress that our experiments
are performed on neat alcohol rather than alcohol oligomers.
In oligomers, vibrational predissociation of molecules at the end
of open oligomer chains21,22,29 produces easily detectable
monomericν(OH). In neat methanol, every methanol molecule
is part of an extensive hydrogen-bonded network and essentially
all molecules have multiple hydrogen bonds.33 Even if a single
hydrogen bond were broken, the result might not possess a
transition that was spectroscopically distinguishable from other
associated species. In addition the total concentration of
nonassociated alcohol would likely never be very great, because
any broken hydrogen bonds would reform much faster than in
oligomers. In 1.5 M ethanol solutions, hydrogen-bond reforma-
tion occurs on the 15 ps time scale.21,22,29By extrapolation, in
neat (25 M) methanol diffusion-controlled hydrogen-bond
reformation would occur on the 1 ps time scale. It might be
worthwhile to view ourν(OH) pumping experiments in the
following way.ν(OH) pumping of neat methanol might in some
environments lead to a fast hydrogen-bond disruption and
reformation process that changes the local environment. In fact,
a sudden change in local environment triggered byν(OH)
pumping might be the cause of the spectral diffusion seen in
Figure 7.

i. CH Stretch Relaxation. Theν(CH) relaxation proceeds in
three stages. In the first stage the bending vibrationsδ(OH),
δs(CH), andδa(CH) are produced (1-2 ps). In the second stage,
these bending vibrations generateF(CH3) andν(CO) (2-5 ps).
In the third stage,F(CH3) andν(CO) decay into the bath (5-
15 ps). The bending fundamentals are about one-half of the
energy of theν(CH) fundamental. Thusν(CH) decay in the first
1-2 ps could produce either two bending excitations or a single
bend and a large burst (∼1500 cm-1) of energy in the bath.
This large burst would be expected to cause a fast jump in the
CCl4 data and in the buildup of the lower-frequencyν(CO) and
F(CH3) vibrations via multiphonon up-pumping, which is not
seen. Because we cannot readily distinguish betweenV ) 1 and
V ) 2 bends, there are two possibilities forν(CH) relaxation.
The first possibility is that bending vibrations are generated in
matched pairs:

In equations 8, 2δ might represent a bend overtone on one

molecule or a pair of fundamentals on two adjacent molecules.
The former possibility is judged more likely because intramo-
lecular anharmonic coupling is generally larger than intermo-
lecular coupling. The first and second percentage efficiencies
in parentheses refer to 2870 and 2970 cm-1 pumping, respec-
tively. A second possibility is that mixed pairs are generated.
In that case VER producingδ(OH) as the dominant product
would occur via three channels of roughly equal efficiency:

ii. CH and OH Bend Relaxation. Relaxation of the first-
generation bending vibrations generatesF(CH3) andν(CO). Due
to the energy gap for bend relaxation (∼1500 cm-1 f ∼1000
cm-1), this process would dissipate about one-third of the bend
energy into the bath in the 2-4 ps time range. Notice that is
exactly what is seen in the CCl4 data in Figure 8. In the mid-IR
spectrum of methanol, a broad peak extending from 500 to 800
cm-1 has been assigned to OH torsional motion, indicated by
δ(OH‚‚‚O) in Figure 1. It is likely that the bend relaxation
generates eitherF(CH3) or ν(CO) plus one torsion. It is possible
to correlate the different bends withF(CH3) or ν(CO) by looking
at the pump wavenumber dependence. The big difference
between 2870 and 2970 cm-1 pumping is the extraδa(CH) at
2970 cm-1, and the big difference between 3250 and 3400 cm-1

pumping is the extraδ(OH) at 3250 cm-1. Comparing Figures
10 and 11, when there is extraδa(CH), there is proportionately
more ν(CO) and lessF(CH3). Comparing Figures 12 and 13,
when there is extraδ(OH), there is proportionately moreF-
(CH3) and lessν(CO) (BecauseF(CH3) andν(CO) are generated
in two stages withν(OH) pumping we look at the 2-5 ps time
range of the second stage of VER). These observations seem
to indicate thatδ(CH) has a preference for generatingν(CO)
while δ(OH) has a preference for generatingF(CH3):

and

iii. CH Rock and CO Stretch Relaxation. There are no lower
energy intramolecular vibrations. These excitations relax directly
to the bath. The most likely route is generation of a pair of
torsional excitations on the 5-15 ps time scale, although the
possibility of emitting a larger number of phonons cannot be
discounted.

iV. OH Stretch Relaxation. There are a myriad of possibilities,
so we begin by considering the simplest: generation of
vibrations only, or generation of vibrations plus only a single
torsion. For vibrations only, energy conservation allows for
several combinations of three quanta ofF(CH3) or ν(CO). With
3400 cm-1 relaxation, energy conservation is also possible using
one quantum ofδ(OH) and two of the others. Thus we would
expect the first generation to consist almost entirely ofF(CH3)
andν(CO), which is inconsistent with Figures 12 and 13. For
generation of a single torsion in the 500-800 cm-1 range,
higher-frequencyν(OH) relaxation can occur via

ν(CH) f 2δ(OH) (9a)

ν(CH) f δa(CH) + δ(OH) (9b)

ν(CH) f δs(CH) + δ(OH) (9c)

δa(CH), δs(CH) f ν(CO) + torsion (10)

δ(OH) f F(CH3) + torsion (11)

ν(OH) f any bend+ eitherν(CO) orF(CH3) + torsion
(12)

ν(CH) f 2δ(OH) (62%, 63%) (8a)

ν(CH) f 2δa(CH) (16%, 18%) (8b)

ν(CH) f 2δs(CH) (21%, 18%) (8c)
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or

Assuming the possibility that the processes described in eqs 12
and 13 are about equally likely would give the observed first-
generation abundances of bend, rock, and CO stretch.

For lower-frequencyν(OH) relaxation, eqs 13,14 are not
possible, so eq 12 would be expected to dominate. The
domination of eq 12 implies that the first generation bend
population would be about the same as theF(CH3) andν(CO)
populations, and that is what is observed in Figure 12 if we
ignore the excessδ(OH) produced by direct laser pumping.

For ν(OH) f ν(CH), if we take the lowest wavenumber
torsion to be∼500 cm-1 and the lowest wavenumberν(CH) to
be νs(CH) ≈ 2834 cm-1, eq 14 is possible only forν(OH)
excitations above∼3350 cm-1. In comparing Figures 12 and
13, we see a substantial increase inνs(CH) with 3400 cm-1

pumping, along with a dramatic drop inδa(CH). That indicates
when energy conservation allows it, eq 14 is more efficient than
eq 13, presumably because eq 14 involves cubic anharmonic
coupling whereas eq 13 involves quartic coupling.

V. Vibrational Energy Flow in Methanol.In this section we
describe in broad terms what 3D spectroscopy has taught us
about VER in methanol. Forν(CH) pumping, VER occurs in
three distinct stages, which may be summarized as follows:

Forν(OH) pumping, the first generation includeseVery other
methanolVibrationsν(CH), the bending vibrations, andF(CH3)
and ν(OH). About 10% of the VER occurs in four stages,ν-
(OH) f ν(CH) + torsion followed by the three stages ofν-
(CH) relaxation given above. The three-stageν(OH) relaxation
that accounts for the other 90% of VER may be summarized as
follows:

In the scheme above, the second line is significant only for
higher-frequencyν(OH). In the third line above,F(CH3) and
ν(CO) are created in the first stage byν(OH) decay. In the last
line, F(CH3) andν(CO) are created in the second stage byδ-
(CH) or δ(OH) decay.

Vi. Buildup of Bath Excitation. These proposed mechanisms
can be tested against the CCl4 data. The primary routes from
intramolecular vibrations to the bath appear to involve generating
torsional excitations from 500 to 800 cm-1. Due to the large
anharmonicity associated with large-amplitude torsions, this
should result in fast decay into phonons. Either the torsions
themselves or the phonons could heat the CCl4.

For ν(CH) pump, in the first stage (0-1 ps)ν(CH) generates
two bends and no torsions. In the second stage, each of the two
bends generates one lower energy vibration and one torsion. In
the third stage, each of the two remaining vibrations generates
two torsions. There are on average 6 torsions generated, two in
the 2-5 ps range and four in the 5-15 ps range, which explains
the data in Figure 8 very well. Forν(OH) pump, things are
only slightly different. There are on average 7 rather than 6
torsions generated, with the one additional torsion generated in
the first 0-1 ps (the first stage). That implies a small-amplitude
(∼15%) fast component in the CCl4 buildup forν(OH) pumping
that would be absent withν(CH) pumping. However, such an
effect could not be seen with the present signal-to-noise ratio.

Vii. Strongly Correlated Vibrational Transitions. On the basis
of instantaneously rising populations, we have detected strong
correlations betweenδa(CH) andνa(CH) in the Fermi resonance
region, andδ(OH) andν(OH) in the lower wavenumber region
of ν(OH) near 3250 cm-1. Coherent coupling between a stretch
and a bend overtone in the Fermi region is, of course, totally
expected. However, the δ(OH) observation is unexpected and
it is difficult to explain why this happens and why we do not
see it with 3400 cm-1 pumping (Figure 13). One possibility is
that we are pumping a hot-band transition 2δ(OH) + torsion
(∼500 cm-1) near 3250 cm-1. For 3400 cm-1 pumping, a
higher-energy torsion would be needed which would have a
smaller thermal population. An intriguing possibility is that
pumping in this lower-frequency region associated with stronger
hydrogen bonding does lead to some fast vibrational predisso-
ciation that generatesδ(OH) excitations. The instantaneous
δ(OH) might be the spectroscopic signal of predissociation in
neat methanol.

Viii. SolVent-Assisted IVR and IVR Threshold. The concepts
of intramolecular vibrational relaxation (IVR) and an IVR
“threshold” are familiar from studies of gas-phase molecules.51

Below the threshold, few or no final states (combinations of
vibrations) can be found that conserve energy. In condensed
phases, VER occurs well below the gas-phase IVR threshold
due to the presence of a continuous spectrum of phonons.15 Here
we point out that purely intramolecular relaxation processes may
themselves be quite different in condensed phases. In condensed
phases, every vibrational state is broadened by fast energy
exchange with the solvent.52 For example, Figure 2 shows that
the lower-frequency methanol vibrations have line widths of
∼100 cm-1. Therefore in condensed phase IVR, energy-
conserving intramolecular pathways can be found at much lower
threshold energies, for example, in the IVR ofν(CH) at∼3000
cm-1. Thus, we might speak of “solvent-assisted IVR” that
cannot occur in the gas phase.

There is a qualitative change in the solvent-assisted IVR when
the energy of the pump pulse crosses the threshold that separates
ν(CH) from ν(OH). With ν(CH) VER, some of the methanol
vibrations, namelyν(CO) andF(CH3), are not populated in the
initial burst of energy relaxation. Withν(OH) pumping,all
Vibrationsare populated in the initial burst of energy relaxation.
That is presumably because new channels (eqs 12 and 14) have
opened up that allow direct energy transfer fromν(OH) to ν-
(CH), ν(CO), andF(CH3). Thus, we might speak of asolVent-

ν(OH) f any two bends+ torsion (13)

ν(OH) f ν(CH) + torsion (14)

ν(CH) f

2 bending vibrationsδa(CH), δs(CH), δ(OH) (0-1 ps)
(1st)

δa(CH) or δs(CH) f ν(CO) plus torsion (2-5 ps) (2nd)

δ(OH) f F(CH3) plus torsion (2-5 ps) (2nd)

F(CH3) or ν(CH) f 2 torsions (5-15 ps) (3rd)

ν(OH) f

bend+ torsion+ eitherF(CH3) or ν(CO) (0-1 ps) (1st)

ν(OH) f 2 bends+ torsion (0-1 ps) (1st)

F(CH3) or ν(CO) f 2 torsions (5-15 ps) (2nd)

δ(OH) f F(CH3) plus torsion (2-5 ps) (2nd)

δa(CH) or δs(CH) f ν(CO) plus torsion (2-5 ps) (2nd)

F(CH) or ν(CO) f 2 torsions (5-15 ps) (3rd)
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enhanced IVR thresholdin condensed-phase methanol slightly
above 3000 cm-1, where vibrational energy flows freely into
every vibration in the molecule.

B. Comparison to Other Multidimensional Techniques.
Multidimensional vibrational spectroscopy has been the subject
of several recent reviews.13,14 There are many kinds of multi-
dimensional spectroscopies. Here we compare the 3D IR-
Raman method to some well-known multidimensional tech-
niques: time-domain 2D fifth-order Raman experiments,
frequency-domain 2D doubly vibrational enhanced four-wave
mixing (DOVE-FWM), and 2D and 3D experiments using
ultrashort mid-IR pulses.

Multidimensional vibrational experiments can be categorized
by the pump and probe process.13,14Some techniques use Raman
excitation and probing (visible light only), mid-IR pumping and
probing (mid-IR only), or a combination of mid-IR and visible.
The pump process may be impulsive, quasi-continuous, or quasi-
impulsive, where the latter means longer than a vibrational
period but shorter than most characteristic relaxation times.13,14

The probe process may be coherent or incoherent.
i. Fifth-Order Raman Techniques. Time-domain fifth-order

Raman experiments with impulsive pulses are attractive because
of the correspondence with well-developed magnetic resonance
techniques.13,14 There are two delay time variablesτ1 and τ2,
and a phase-sensitive detection scheme. The signal can be
expressed in 2D as a function ofτ1 andτ2, or as a function of
frequency (wavenumber) axesω1 andω2 via Fourier transform.
Available pulse sources (g20 fs) limit these measurements to
the lower wavenumber (say<500 cm-1) transitions. Combina-
tion bands, which appear as cross-peaks off the diagonal, reveal
correlations between different transitions which might be
exploited to learn about molecular structure and dynamics. In
principle, homogeneous and inhomogeneous dephasing times
as well as energy relaxation times can be determined from a
complete set of 2D data. In practice it has proven difficult to
even obtain the desired fifth-order signal against the background
of cascaded third-order signals of lesser interest,53 although the
situation is improving rapidly.54-56 To our knowledge no
information about energy relaxation times has yet been obtained
from this technique. Presumably this is because Raman pumping
with short visible pulses does not cause much population
transfer, so the population decay part of the signal is too small
to be seen.

ii. Frequency-Domain 2D Techniques. DOVE-FWM experi-
ments are 2D experiments that use two narrow-band quasi-
continuous lasers.57,58 The technique has been employed with
two mid-IR lasers or one IR and one visible laser. The data are
expressed in 2D as a function ofω1 and ω2, which are
determined using spectrometers that read out the laser or signal
frequency. High signal-to-noise ratio 2D signals have been
obtained on several molecular liquids and solutions. Cross-peaks
appear off the diagonal that represent correlated vibrational pairs
(combination bands) such asν2 + ν4 of acetonitrile. These
DOVE techniques have been shown to be useful analytical
methods that offer possible advantages such as removal of
solvent background.57,58Although not explicitly time dependent,
some information about dephasing and energy relaxation times
can extracted due to an implicit time dependence in the
expressions for the signal strength.

iii. Time-Domain 2D IR.A 2D IR technique was recently
demonstrated by the Fayer laboratory,59 using a pair of time-
delayed one-color mid-IR pulses and coherent detection of the
two-pulse vibrational echo signal. The data are expressed in
2D as a time series of mid-IR spectra. At zero time delay, the

echo spectrum discriminates in favor of species with large cross-
sections. For instance a solvent background (higher concentra-
tion, smaller mid-IR cross-section) might be removed to reveal
a solute transition (lower concentration, larger mid-IR cross-
section). At longer time delays, the echo spectrum discriminates
in favor of species with larger cross-sectionsand slower
vibrational dephasing (largerT2).

iV. Time-Domain 3D IR.3D IR experiments use a pair of
independently tunable mid-IR pulsesω1 and ω2 in the semi-
impulsive limit. The detected signal may be incoherent (pump-
probe absorption recovery) or coherent (echo). The 3D signal
can be expressed in two ways: 2D plots of a time series of
mid-IR spectra (ω2 vs τ) at different pump wavelengthsω1, or
a time series of 2D plots as a function of two wavelengths
(ω1 vs ω2). For example, Laubereau22,60-63 and other
authors29,45,47,64-66 used two narrow-band picosecond or fem-
tosecond pulses, while Hamm and Hochstrasser67-70 used a
narrow-band picosecond pulseω1 and a broad-band femtosecond
pulse monitored with a spectrograph and mid-IR array detector
that simultaneously measures a range ofω2. Pump-probe has
been used to study VER and spectral diffusion in theν(OH)
band of isotopically substituted water solutions (HDO in
D2O).45,47,61,63-66,71 Laubereau et al. used 3D pump-probe to
study VER, orientational relaxation, spectral diffusion, and
hydrogen bond dynamics including vibrational predissociation
in ethanol oligomers and other polyatomic liquids.22,60-63

Hochstrasser et al. studied the dynamics of amide I vibrations
(1600-1700 cm-1) of small peptides and proteins.67-70 Pump-
probe techniques were used to measure the amide VER lifetime,
while stimulated echoes were used to study spectral diffusion.
A combination of pump-probe and dynamic hole-burning
measurements was used to provide information about the
instantaneous structures of peptides.

Two-color mid-IR methods are tremendously powerful. One
feature of 2-color IR experiments is worth mentioning: the
probe pulse sees three effects: stimulated emission fromV ) 1
vibrations, absorption decrease from theV ) 0 vibrational hole,
and transitions to higher excited states such asV ) 1 f 2. The
ability to see all three effects simultaneously might be viewed
as a virtue or alternatively as a complication hindering data
interpretation.45

V. 3D IR-Raman.The IR-Raman technique used here fea-
tures semi-impulsive pumping and probing, both with reasonable
spectral resolution. The probe method is strictly incoherent.
Although signals are weak and interference from a variety of
optical background sources is problematic,12 there are several
advantages to this method. Even though the mid-IR tuning range
is limited (with our apparatus 2700-4000 cm-1), this technique
featuressimultaneous probing of all lower- and higher-frequency
transitions. The incoherent signal comes only from excited
states, with no contribution from the ground-state hole or
transitions to higher excited states. This results in a tremendous
simplification (or alternatively a significant limitation).

The 2D IR-Raman technique can be used to understand VER
from a particular initial state, and for hole-burning studies of
inhomogeneous broadening and spectral diffusion, especially
in associated liquids such as methanol and water.12,37 Adding
the third dimension of tuning the pump shows how VER or
spectral diffusion is affected by changing the initial state. For
instance, we see VER is different fromν(CH) or ν(OH) in
methanol. That is hardly unexpected. However, we also see that
VER can be considerably different for different locationswithin
the ν(CH) and ν(OH) transition. Even a change of pump
wavenumber of 60 cm-1 within the ∼400 cm-1 wide ν(CH)
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manifold can have a noticeable effect, as illustrated in Figure
15. The figure shows that tuning the pump∼60 cm-1 to the
blue, from 2970 to 3033 cm-1, increases the abundance ofν-
(CO), F(CH3), andν(OH).

The 3D technique has many other significant features. It
provides an effective way of detecting vibrational correlations
that are not seen by conventional methods. As the pump is tuned
through the intenseν(CH) andν(OH) fundamental transitions,
overtone and combination bands buried under these transitions
are detected via the instantaneous rise of excitation in the lower
frequency states. One observed correlation was the expected
coherent coupling betweenνa(CH) and 2δa(CH) via Fermi
resonance. A surprising new observation was a correlation
between the lower frequencyν(OH) states andδ(OH), that does
not exist with the higher frequencyν(OH) states.

The IR-Raman technique reveals the existence of extremely
weak but extremely interesting correlations. For example we
have determined the following process occurs after 3400 cm-1

pumping:

This process is the result of an extremely weak interaction that
might be described as a ninth-order anharmonic coupling, or
better as a cascade of three third-order couplings. Somewhere
under the ν(OH) transition near 3400 cm-1 is buried an
incredibly weak transition involving simultaneous excitation of
one quantum ofν(CH), 2 quanta ofδ(CH), one quantum of
ν(CO), and one quantum of torsion. It is practically inconceiv-
able that this correlation could be revealed using conventional
IR spectroscopy to detect the absorption of the buried transition.

The 3D implementation has also proven valuable in under-
standing the mechanism of VER of the lower-frequency
daughter vibrations. Even though instrumental limitations
prevent us from directly pumping the bending fundamentalsδ-
(CH) andδ(OH) in the 6.5-7.3 µm range, we have learned a
great deal about their VER by tuning the pump frequency. We
increase or decrease the relative populations of the different
bending vibrations and then see how that affects the populations
in later stages. That allowed us to determine the tendency for
δ(CH) to generateν(CO) and forδ(OH) to generateF(CH3).

7. Conclusion

The 3D IR-Raman technique shows how VER occurs in
methanol with unprecedented detail. Of particular interest is how
VER changes as the pump pulse is tuned through the methanol
absorption, and how measuring the dependence of VER on
pump frequency helps elucidate the fundamental mechanisms
of VER. The dependence on pump frequency is not entirely
destroyed by fast equilibration betweenνs(CH) andνa(CH) and
fast spectral diffusion inν(OH). Relatively small differences

in the first stage of VER can lead to more dramatic differences
in later stages. A solvent-enhanced IVR threshold has been
observed. Excitation above this threshold (>3000 cm-1) results
in a fast intramolecular process not possible in isolated
molecules, that redistributes the initial excitation among all other
vibrations of the molecule. The surprising observation of
instantaneous generation ofδ(OH) when pumpingν(OH) at
lower frequency might be an indication that some vibrational
predissociation does occur in neat methanol.
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(37) Deàk, J. C.; Iwaki, L. K.; Dlott, D. D.J. Phys. Chem.2000, 104,

4866.
(38) Woutersen, S.; Bakker, H. J.J. Opt. Soc. Am. B2000, 17, 827.
(39) Terhune, R. W.; Maker, P. D.; Savage, C. M.Phys. ReV. Lett.1965,

14, 681.
(40) Kauranen, M.; Persoons, P.J. Chem. Phys.1996, 104, 3445.
(41) Shen, Y. R.Surf. Sci.1994, 299/300, 551.
(42) Hill, J. R.; Dlott, D. D.J. Chem. Phys.1988, 89, 842.
(43) Schosser, C. L.; Dlott, D. D.J. Chem. Phys.1984, 80, 1394.
(44) Righini, R.Chem. Phys.1984, 84, 97.
(45) Woutersen, S.; Bakker, H. J.Phys. ReV. Lett. 1999, 83, 2077.
(46) Woutersen, S. Femtosecond vibrational dynamics of hydrogen-

bonded systems. Ph.D. Thesis, FOM-Institute for Atomic and Molecular
Physics, 1999.

(47) Woutersen, S.; Bakker, H. J.Nature1999, 402, 507.
(48) Coburn, W. C., Jr.; Gruwald, E.J. Chem. Phys.1957, 80, 1318.
(49) Buck, U.; Ettischer, I.J. Chem. Phys.1998, 108, 33.
(50) Wang, X.; Perry, D. S.J. Chem. Phys.1998, 109, 10795.
(51) Uzer, T.Phys. Rep.1991, 199, 73.
(52) Shelby, R. M.; Harris, C. B.; Cornelius, P. A.J. Chem. Phys.1979,

70.
(53) Blank, D. A.; Kaufman, L. J.; Fleming, G. R.J. Chem. Phys.1999,

111, 3105.
(54) Astinov, V.; Kubarych, K. J.; Milne, C. J.; Miller, R. J. D.Opt.

Lett. 2000, 25, 853.

(55) Blank, D. A.; Kaufman, L. J.; Fleming, G. R. In press.
(56) Golonzka, O.; Demirdo¨ven, N.; Tokmakoff, A. In press.
(57) Zhao, W.; Wright, J. C.J. Am. Chem. Soc.1999, 121, 10994.
(58) Zhao, W.; Wright, J. C.Phys. ReV. Lett. 2000, 84, 1411.
(59) Rector, K. D.; Fayer, M. D.; Engholm, J. R.; Crosson, E.; Smith,

T. I.; Schwettman, H. A.Chem. Phys. Lett.1999, 305, 51.
(60) Graener, H.; Dohlus, R.; Laubereau, A.Chem. Phys. Lett.1987,

140, 306.
(61) Graener, H.; Seifert, G.; Laubereau, A.Phys. ReV. Lett.1991, 66,

2092.
(62) Laenen, R.; Rauscher, C.; Laubereau, A.J. Phys. Chem. B1998,

102, 9304.
(63) Laenen, R.; Rauscher, C.; Laubereau, A.Phys. ReV. Lett. 1998,

80, 2622.
(64) Woutersen, S.; Emmerichs, U.; Bakker, H. J.Science1997, 278,

658.
(65) Woutersen, S.; Emmerichs, U.; Nienhuys, H.-K.; Bakker, H.Phys.

ReV. Lett. 1998, 81, 1106.
(66) Gale, G. M.; Gallot, G.; Hache, F.; Lascoux, N.; Bratos, S.;

Leicknam, J.-C.Phys. ReV. Lett. 1999, 82, 1068.
(67) Hamm, P.; Lim, M.; Hochstrasser, R. M.Biophys. J.1998, 74,

A332.
(68) Hamm, P.; Lim, M.; DeGrado, W. F.; Hochstrasser, R. M.J. Chem.

Phys.2000, 112, 1907.
(69) Hamm, P.; Lim, M.; DeGrado, W. F.; Hochstrasser, R. M.J. Phys.

Chem. A1999, 103, 10049.
(70) Hamm, P.; Limm, M.; Hochstrasser, R. M.J. Phys. Chem. B1998,

102, 6123.
(71) Nienhuys, H.-K.; Woutersen, S.; van Santen, R. A.; Bakker, H. J.

J. Chem. Phys.1999, 111, 1494.

9112 J. Phys. Chem. A, Vol. 104, No. 40, 2000 Iwaki and Dlott


