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Three-Dimensional Spectroscopy of Vibrational Energy Relaxation in Liquid Methanol
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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 transitigf@H) andv(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 gs@&itators in methanel

CCl, mixtures. Three distinct stages are seen in VER/(GH). The pumped/(CH) creates two quanta of
bending vibration®)(CH) or 6(OH) (0—1 ps), thed(CH) vibrations preferentially create CO stretetCO),

and thed(OH) create methyl rock(CHs) (2—5 ps), and them(CHs) andv(CO) decay into phonons {515

ps). Three stages are also seen(itH) VER except that the first stage involves exciting every other vibration

to some extent. About 10% of{OH) decay occurs in four stages, where the first stagg¢@) — v(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 nigue. Methanol (along with water) is a model system for under-

Virtually all chemical phenomena in polyatomic liquids and  Standing the effects of hydrogen bonding on VER, such as the
solutions involve vibrational energy relaxation (VER)VER dependence of VER on pump frequency within the very broad
in condensed phases is an elementary process that remain&~700 cn1) OH stretching band. In a recent lettérve studied
poorly understood to this day. The reasons for this lack of Vibrational energy redistribution within the-H stretchingy-
understanding are twofold. Calculations are problenfatic. (CH) and O-H stretchingy(OH) transitions of methanol. In
Experimentally extensive use has been made of ptpnpbe this paper, we sha_ll concentrate on determining the mechanisms
methods to measure the decay out of a specific higher wave-Of VER through direct observation of the daughters/(&H)
number (say>1500 cnt?) vibrations, but finding where the andv((_)H) decay, and by a_recently introduced te_chnlque where
vibrational energy has gone has only been accomplished in athe build up of t_he collective lower-energy excitations of the
few cases. bath (phonons) is detected by a GGpectatof.11.1?

More than 20 years ago, Laubereau and Kaiser developed a Recently there has been a good deal of interest in multidi-
powerful experimental technique which monitors the decay of mensional vibrational spectroscopyMuch of our past work
a laser-pumped vibration (the parent) and the growth and with the IR-Raman technique has examined VER with the
subsequent decay of lower-frequency daughter vibrafidiss pump wr tuned to only one vibrational transitidA giving a
ultrafast infrared-Raman (IR-Raman) technique uses resonant time series of anti-Stokes spectra probing a wide wavenumber
vibrational pumping by a tunable mid-IR pulse and incoherent range (typically 806-4000 cnt?). This time and frequency data
anti-Stokes Raman probiffgHowever, only recently have is a 2D representation of a particular vibrational cooling (VC)
advances in laser technology allowed this technique to be usedprocess. In the present work we introduce the additional
to its fullest potential, to monitor energy flow through all dimension of tuning the pump pulse through the mid-IR
Raman-active vibrations, including the lower frequency states, absorption, leading to a 3D vibrational spectroscopy which
of a polyatomic liquid or solutioi=® provides information about correlations between vibratigis,

In this paper, we report our studies of VER in liquid (neat) Vvibrational lifetimes, spectral diffusion, and anharmonic interac-
methanol at ambient temperature using the-FRaman tech- tions!® that couple the parents to first-, second-, and higher-
~generation daughters. Obtaining a complete 3D surface is
d_;(ﬁ;‘(g‘gés_t&uggg? correspondence should be addressed. E-mail: eyiremely time-consuming and difficult, so at the present time

" Present address: National Institute of Standards and Technology, W& have measured only part of the 3D surface for methanol.
Gaithersburg, MD 20899-8441. 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

. wor) @
Q
g
laboratory and from other laboratories have been reviewed &
e
&

va(CH)
\

elsewheré:1216.17As a background note, we should mention
the extensive studies of ethanol ultrafast vibrational dynamics,
first by the Kaiser grouly=2° and later by the Laubereau

vs(CH)

vaCHy ()

group™25 and otherg%2° We chose methanol rather than
ethanol for our studies because it is simptap possibility of 5(OH--0) v(CH)
energy transfer among methyl and methylene vibratidisrly o(CH,)

3

studies of neat ethari§292527and methanéf were directed
toward measuring €H stretch decay and understanding the SOH)  5,4CH)
mechanism in the context of Fermi resonances with the lower- v(CO) \ //
energy bending vibrations. Heilweil et®&lused one-color mid- M [ R
IR pump probe to measurg(OH) lifetimes of ethanol and 1000 1500 2000 2500 3000
methanol monomers in C£IRecent attention has been directed
to ethanol oligomers in CGIThese hydrogen-bonded oligomers Figure 1. IR and Raman spectra of methanol, obtained with instru
are m_terestlng_ be_caugéOH) pumping te_mporarlly breaks up mgntal resolution better tha’?] the natural line W’idthS. The assignments
the oligomer via vibrational predissociatigt’*?°0One-color or - zre from ref 31 The dotted curves under theCH) and »(OH)
two-color mid-IR pump-probe spectroscopy of ethanol oligo-  transitions are characteristic of the spectra of the mid-IR pump pulses.
mers has been used to measure the VER lifetimg©H) and
v(CH) 22728 grientational relaxatio”®2° spectral diffusior??
and vibrational predissociatiéh following »(OH) pump-
ing.21.22.2529The two-color mid-IR techniques are complemen-
tary to the IR-Raman method. The RRaman 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

v(OH)

Raman intensity

3500

wavenumber (cm-')

t =5 ps anti-Stokes transient
v(CH) pumping

W(CO)

mntensity

in detail previously. 8
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 technigue. Then we present results
on VER of methanol with pump pulses in th¢CH) and -

(OH) regions. We also present vibrational cooling data obtained
by monitoring vibrational heating of a QCIspecta_tor _in 1000 1200 1400 1600 1800
methanot-CCl, 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. Figure 2. An anti-Stokes transient (delay 5 ps, v(CH) pumping,
Finally, we compare the present technique to other multidi- thermal background subtracted) for vibrations in the lower frequency

mensional vibrational techniques and discuss the advantages ofegion. The smooth curve is a fit to the sum of five Voigt line shape
adding the third dimension. 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.

wavenumber (cm'!)

2. Spectroscopy of Methanol

Figure 1 shows IR and Raman spectra of methanol. Each@mong these transitions, we used a computer program (Microcal
transition is labeled by its assignment from ref 31. There are ©Origin) to fit the static anti-Stokes spectrum, obtained with a
twelve normal modes of methanol: three CH stretches and threeligh signal-to-noise ratio, by a sum of Voigt line shapes. The
CH bends, one OH stretch and one OH bend, two methyl fitted center frequencies, which agreed well with literature
rocking motions, one CO stretch, and an OH torsion. The dotted Values? V\{ereéa(CH) 1541 Crfl’ 05(CH) 1466 cm, ‘E(OH)
curves in the IR are representative of the spectra of the mid-IR 1381 cm™, p(CHg) 1117 cm*, and»(CO) 1034 cm™. The
pump pulses. In the-3000 cn? CH stretch region there are  components at 1541 and 1117 C‘m_e_present pairs of nearly
two higher-frequencys(CH) and one lower-frequenoy(CH) degenerated(CH) or p(CHs) transitions, which cannot be
transitions. The broad line width of th¢OH) transition is due  individually resolved. The fit to the static spectrum is essentially
to the simultaneous coexistence of a wide range of hydrogen-Perfect. We assign no physical significance to the Voigt
bonding environment&33 Nonassociated methanol has a Parameters, but use this fitting method solely to determine the

characteristic much sharpefOH) transition near 3700 cr#?2 instantaneous amplitude of each transition in the anti-Stokes

In neat methanol, the higher-frequendH) region is associ- ~ ransients. An example of a computer-generated fit to an anti-

ated with sites of weaker hydrogen bonding and the lower- Stokes transient is shown in Figure 2. In fitting these transients,

frequency region with sites of stronger hydrogen bond#g. which have worse signal-to-noise ratios than the static spectrum,
The bending vibrationsi(CH), 5(OH) and a pair 0B(CH), only the amplitude of each Voigt component is varied.

the pair of methyl rock vibrationg(CHs), and the CO stretch
v(CO) are found in the 9501700 cnv! range. The OH torsion
0(OH---0) is seen in the IR in the 56800 cnT?! range but is The IR-Raman technique has been discussed in several
essentially invisible in the Raman. To deal with spectral overlap reviews%1216.17The mid-IR pump pulser and 532 nm Raman

3. IR—Raman Technique
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probe pulsew_ used here have spectral widths of 35 and 25

cm 1, respectively, and durations ~ 0.8 ps* The experiments

in ambient liquids are approximately in the semi-impulsive

limit13.14.35where
T,~7,=Ty (1)

except in the case of(OH) pumping, wherdl, < 7. In eq 1,

T, is the usual time constant for vibrational dephasing &nd

the time constant for VER.

A. Pumping »(CH) and »(OH) Fundamentals There is no
possibility of pumpingv(OH) overtones { = 2 or higher)
because the(OH) anharmonicit$? is about 250 cm®. Thev-
(CH) anharmonicity is much smaller, probably about 20 &m
as measured for ethar®lbut the incident pump fluence of
~0.15 J/cmM is about one-tenth of the saturation fluence for the
CH stretch transition;~1.5 J/cnd.’® Therefore,y(OH) andv-
(CH) overtone excitation by the pump pulses is, at most, a few
percent.

B. Bulk Temperature Jump. The ambient temperature anti-
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(a) 3250 cm™! v(OH) pump (b) 3400 cm! v(OH) pump
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Figure 3. Representative data for methanol pumped at 3250 and 3400
cm in the v(OH) region. An artifact due to nonlinear elastic light
scattering is seen as the sharp feature on top of({@&l) spectrum at
shorter delay times. The artifact is seen at the same anti-Stokes
wavenumber as the pump pulse.

nonexponential decay where the first part correspondsyo 2
— vj and the second part g — ground.

E. Artifacts. Coherent artifacts in IRRaman experi-

Stokes spectrum is subtracted from the transients in all displayedment§,19,37 and 3D mid-IR experiment& are often observed

data as described previous$tye The nonequilibrium population
generated by the pump pulse eventuath2( ps) comes to a

new quasi-equilibrium at a temperature somewhat above ambi-

neart = 0. Artifacts are generated by elastic or inelastic
nonlinear light scattering’3°4°The most intense artifacts are
caused byelasticnonlinear light scattering that appears at the

ent. At longer delay times, the probe pulse sees an average oveg frequencys, + wir. In liquids, sum-frequency generation

the rather complicated spatial profile of the temperature jlfnp.
The magnitude of the spatially averaged temperature jump is
typically AT = 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 magnitud&Tof
and the vibrational frequengy® (e.g., see Figures 4 and 40
13). The temperature jump ultimately decays via thermal
conduction on the<100 us 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 titree 0, the change in
the anti-Stokes intensity of transitionwith frequencyw;, the
“anti-Stokes transient” 1s

AIt) = constn(t)gog(ew, + ) (2
where the constant depends on the experimental sekmyfi)

is the instantaneous induced change in vibrational population,
g is the degeneracy, andg; 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
v(OH) andv(CH) fundamentals are more than twice the energy
of some other vibrations, mid-IR pumping could result in the
excitation of first overtonesi2 or combinations;; + v;. When
the anharmonic shift i< 30 cnt?, 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
2v; are observed via thev2— v; transition which appears as
excitation of the fundamental with twice the amplitude.
Combinations are seen as simultaneous excitation of Both
andv;.” Sometimes we observe the following VER procéss:

®3)

v, — 2v; —v; —ground

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

is forbidden in the dipole approximation but it is allowed by
guadrupole or higher-order terrfisThe elastic artifact appears
at the same anti-Stokes wavenumber as the parent vibration
pumped by the laséf.For example, Figure 3 shows methanol
data wherewr is either 3250 or 3400 cnd. The elastic artifact

is the relatively narrow feature at 3250 or 3400 ¢ranti-Stokes
Raman shift (optical frequenciesr + w.) whose intensity
peaks near= 0. The artifact’s temporal and spectral properties
can be characterized using a thin (5@) nonlinear crystal such
as KTP (KTiOPQ) as the samplé’ 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 appeawat+ wr — wi.
Inelastic scattering is expected to be smaller than elastic
scattering by two or more orders of magnitiflehich appears
to be the case in our methanol experiments. For example, the
most prominent inelastic signal would likely originate from the
strongly Raman-active(CO) transition {; = 1034 cnt?). Its
inelastic artifact would appear at either 2215 or 2366 tfor
3250 or 3400 cm! 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 transitian; at about one-half the
frequency of the parentr (e.g., CH stretch and CH bend). In
that case the inelastic artifact would appeanatt wr/2, which
would be coincident with anti-Stokes transient framm The
test for inelastic artifacts in this case is to slightly tung.

The inelastic signal will tune along witlyr, whereas the;
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 prima{¢H) or
v(OH) fundamental. For “pure¥(CH) or »(OH) pumping, the
parent population will rise instantaneously (i.e., on the 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
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anti-Stokes intensity (rel)

15 20

delay time (ps)

Figure 4. Representative anti-Stokes transients (smooth fitted curves

only) seen withv(CH) pumping in methanol. The coupling of each
vibration to the parent,(CH) can be understood from the build-up

time. 94(CH) rises instantaneously, indicating coherent coupling between

vo(CH) and ,(CH). The delayed rise af{CH) indicates it is a first-
generation daughter. The even slower rise/@O) indicates it is a
second-generation daughter.

daughters are identified by a rise time that matches the first-

generation fall time, and so on.

Iwaki and Dlott

v(CH) 2980 cm ' —
0,(CH) 1580 cm™ + 6(OH) 1400 cm® (4)

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

v(CH) 2980 cm*—
04(CH) 1466 cm* + 5(OH) 1381 cm™* +
phonon 133 cm'® (5)

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 egs 4 and
5 are quite small. In contrast to the usual anharmonicity of a
particular mode, for instance the20 cnm! anharmonicity for
(CH) or 6(CH) in methanol, these areixed mode anharmo-
nicities Mixed mode anharmonicities are usually small because
they couple different vibrations and/or phonéh&or instance,
experiment®43and calculatiorf@44on crystalline naphthalene
give an average value for the cubic anharmonicity for two
vibrations and one phonon & @~ 0.05 cnT. 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.
Thev(CO) excitation is a second-generation daughter created

However, the initial state may in addition to the fundamental from §(CH) in a two-step process such as

involve correlated lower-frequency states. These vibrational
correlations are often the result of resonance between the

fundamental and some combination or overt&iéOne might

v4(CH) — 6(CH) — »(CO) (6)

view this as a combination or overtone that is buried under the This scheme s actually a representation of several more
more intense fundamental absorption. In this case the parentcOmplicated processes. One example might be

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

vo(CH) pumping atwir = 2980 cntl. This pump pulse is in
the region of Fermi resonance betweefCH) and 2,(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).

v,(CH) — 64(CH) + ¢ (CH) —

v(CO) + phonon+ 6, (CH) — ++ (7)
The interaction between the parerfCH) and the second-
generation daughter(CO) in eq 7 is formally some higher-
order (i.e., sixth or seventh order) anharmonic coupling. This
higher-order coupling actually consists céiscadedcubic or
quartic interactions, which might be expressedW@IV'C)[]
V@IV’ G etc. These cascaded interactions are obviously very

The parentry(CH) signal rises instantaneously, and then mych smaller than the vibrational line width, and might be as
decays nonexponentially as a result of a competition betweensmall as 163—10"4 cm™L.

VER and equilibration withvg(CH). The instantaneous rise of
0o(CH) in Figure 4 indicates a strong correlation with the
pumpedv,(CH) state. As expressed by eq 3 above,d{€H)
transient is at first primarily the overton®ZCH) and later the
fundamentab,(CH). The instantaneous rise od ZCH) excita-
tion indicates that energy exchange witffCH) is faster than
~0.2 ps. A lower limit toT, for »(CH) can be estimated from
the line widths ofy(CH) transitions in methanol (3640 cnr?
from Figure 1b), to bél, > 0.2 ps. Energy exchange on time
scales comparable to or faster th&nindicates the existence
of coherentvibrational couplingbetweernv,(CH) and 2,(CH).
The d4(CH) transient in Figure 4 rises on the-2 ps time scale
of v4(CH) decay, indicating thadsCH) is a first-generation
daughter. The/(CO) transient rises on the-3} ps time scale
of 05(CH) andd{CH) decay, indicating it is a second-generation
daughter.

The coupling between the parent and the first-generation
(CH) and 04(CH) daughters might be either cubi®®L] or
quartic V®Oanharmonic coupling? An example of cubic
coupling is

G. 3D Vibrational Spectroscopy Our 3D data will be
presented in the form of a time series of 2D plots withndy
wavenumber axes. The signal along the diagondl=at0 is
due to elastic artifacts plus the parent population. The artifact’s
intensity along the diagonal is a sum-frequency spectrum where
wr is scannedg, is fixed, and the detector is kept af +
wir. The population contribution along the diagonat at O is
approximately proportional to the products of the mid-IR and
Raman cross-sections. Off-diagonal signals =t0 should in
principle be due to vibrations that are strongly correlated with
the pumped vibration. In practicé,= O signals also have a
contribution from first-generation daughters that are produced
during the~1 ps pump pulses. Far> 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~al ps Ti:sapphire
laser and a two-color KTiOPfoptical parametric amplifier,
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anti-Stokes intensity (arb.)

10

15 20 25 30

delay time (ps)

Figure 5. Schematic of normalization procedure to remove effects of
long-term laser drift. The anti-Stokes signal frarCO) 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-dependg@6Q) signal
amplitude from the charge-coupled array detector (CCD) is corrected
using the smooth curve.

has been described previou8t The pump pulses (2-73.5
um, ~50 uJ, ~0.8 ps, 35 cm! fwhm, 200um diameter) and
probe pulses (0.532m, 5 «J, ~0.8 ps, 25 cm! fwhm, 150
um diameter) were focused on a flowing jet of reagent grade
methanol (Aldrich). The CGlexperiments used a mixture of
methanol with 25% CGI(Aldrich). Anti-Stokes emission was

J. Phys. Chem. A, Vol. 104, No. 40, 2008105

(a) v(CH)
2970 cm! pump

(b) v(OH)
3400 cnr! pump

3

2@%\

1
<
&

1500 2500 3500 1500 2500 3500

wavenumber (cm') wavenumber (cm'!)

Figure 6. Methanol data with artifact removed fo(CH) andv(OH)
pumping.

P 3250 Cm-l pump
—— 3400 cm™! pump

t=1ps

2500

3000

3500 4000 2500 3000 3500 4000

relative anti-Stokes signal (arb.)

wavenumber (cm!)

Figure 7. Spectral diffusion in/(OH) smears out the initial distribution
produced by pumping at higher or lower wavenumber. During th& O
ps range when most(OH) relaxation occurs, 3250 crh pumping
produces a somewhat red-shifted population and 3400 pumping

detected with a spectrograph and charge-coupled array detectoP"duces a somewhat blue-shifted population.

(CCD), or with a monochromator and a photomultiplier tube
(PMT). Data were acquired at five pump wavenumbers, 2870,
2970, 3033, 3250 and 3400 cf

The multichannel CCD detector is preferred for detecting the

not entirely from the pumped,(CH) or v{(CH) state. Figure 6
shows that littlev(OH) is produced withv(CH) pumping. In
fact, detectable amounts efOH) are produced only when

anti-Stokes signal, since iF captures Fhe entire spectrum simul-(CH) is pumped in the higher-frequency region, and we believe
taneously. Howgver, obtaining a series of QCD spectra over aj; jg produced not by/(CH) — v(OH) energy transfer but by
range of delay times takes many hours, during which the laser gjrect Jaser absorption into the red tail of t©H) absorptior®

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 #R0) 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

There is a small amount af OH) — v(CH) energy transfer
(~10%, see Figure 6b). A more serious concern is spectral
diffusion in »(OH). Thev(OH) transition is inhomogeneously
broadenet?2* and the ~35 cnm! pump pulse produces a
somewhat narrowed excitation distribution that broadens due

scan, the most intense, best-resolved transition should be usedt,0 spectral diffusion. Spectral diffusion might be caused by

which in methanol ig/(CO). Figure 2 shows that with an50
cm! detection window near 1000 cth only »(CO) is detected.

A v(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 thgCO) 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) #¢CH) and »(OH)

equilibrium structural fluctuation®, structural fluctuations trig-
gered byy(OH) pumping®”45 or »(OH) excitation hopping to
different local environment¥:4647 The observed VER thus
involves excitations at the pump frequency plus any other
(OH) that becomes excited by spectral diffusion during th@ 1
ps v(OH) lifetime 37 Figure 7 compares(OH) excitations in
the 0—1 ps time range with lower wavenumber 3250 ¢rand
higher wavenumber 3400 crh pumping. These two pump
wavenumbers do produce somewhat differef@H) popula-
tions.

B. CCl4 Experiments. Using CC}, as a spectator to probe

pumping. To understand how VER depends on the parent, wethe buildup of bath excitation during VER was discussed

need to characterize energy redistribution in t(€H) andv-
(OH) manifolds. In previous work we studied equilibration
betweenvgCH) and v,(CH).1° When pumping at lower fre-
quency, about one-fourth afy(CH) is transferred ta’o(CH)
before VER. When pumping at higher frequency, about one-
third of v4(CH) is transferred tog(CH) before VER. Thus with
lower frequencyvs(CH) pumping or higher frequency,(CH)
pumping, the VER we see originates predominantly but

previously!t1217 The CC}, is heated primarily by phonons
produced by methanol vibrational cooling. We pumped both
v(CH) andv(OH) of methanol (the pump pulses are not absorbed
by CClL) and probed three low-wavenumber G@Raman
transitions (314, 459, and 790 cA). CCl, did not noticeably
affect methanol VER except th&T was slightly smaller in
solution. Even with 25% CGllow-molecular-weight alcohols
remain highly associateéd.The CC}, anti-Stokes transients are
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anti-Stokes intensity (arb.)
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Y LS IS
%000 3500 3000 3500 Q@\c «oe‘&u
delay time (ps) pump wavenumber (cm!) ¢
Figure 8. Rise of vibrational excitation from three CQtansitions in Figure 9. Three-dimensional methanol data. The data were obtained

methanot-CCl, solution (75% methanol, 25% Cgil Solid curves are at five different pump wavenumbers in the 28500 cn* rangel.

for »(CH) pumping, dotted curves fofOH) pumping. The buildup is ~ 1he data from each pump wavenumber are plotted as a-stifperm ™
complete within 20 ps, indicating there is no significant VER in wide to |nd|cate_ the mstrumenta_d s_pectral resolutlc_)n. Empty regions
methanol after 20 ps. There is no evidence for a fast burst of energy atPetween these five strips do not indicate a lack of signal, but rather the
short times, suggesting the initial steps/{€H) andv(OH) relaxation lack of data in these regions.

are primarily intramolecular.

¥ 5,(CH) 1531 cm” @ S(OH) 1381 cm'!

m 5,(CH) 1466 cm' A p(CH) 1117 cm!
x V(CO) 1034 cm!

shown in Figure 8. The signal-to-noise ratio is poor due to a
large thermal background for these lower-frequency 4CCl
vibrations. Within experimental error, the anti-Stokes transients
for the three probed Cglibrations with eitherns(OH) or v-
(CH) pumping were essentially identical, with the buildup of
CCl, 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 thi&OH:--O) torsion and we need to
determine whether stored vibrational energy is hiding in this
state. The CGlbuildup in the first 2 ps is no more than 10
15%, suggesting that the relaxation ofCH) and »(OH) is
primarily intramolecular. We cannot definitively rule out the

v(CH) pump
(2870 cm™)

relative population (arb.)

alternative possibility of slow+20 ps) response of Cfto bath 0 5 10 15 20
heating by methanol, but in the past we have seen much faster delay time (ps)
(<8 ps) vibrational heating of C¢by acetonitrile? Figure 10. Time dependence of the relative populations of methanol

C. 3D Representation A 3D representation of the methanol  vibrations with»(CH) pumping at 2870 cnt.
data is shown in Figure 9. Artifacts were not removed. For each
pump wavenumber, we plot a 50 ciwide strip that ap- ]
proximately represents the apparatus spectral resolution (35
cm™! pump and 25 cm! probe). Two features are worth
noting: (1) at the present time we have data only at five pump
wavelengths, so vacant strips along the absassaot indicate
the absence of signal, but rather the absence of ;d@nthe
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 { = 0), the largest signals are the coherent
artifacts on the diagonal. The off-diagonal signals provide
information about vibrational correlatioA3* However keep
in mind that the off-diagonal signals anetensities 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-emphasiz§OH), 6,(CH), andp(CHs) at the expense 0 > ,10 15 20
of the more intensésCH) andv(CO). delay time (ps)

D. Methanol VER. In Figures 16-13, we have plotted the ~ Figure 11. Time dependence of the relative populations of methanol
time-dependentelative populationsof the daughter vibrations ~ Vibrations with»(CH) pumping at 2970 cnt.
excited by different wavenumber pump pulsés different
locations within the/(CH) manifold and two different locations  amplitudes of the bending and stretching transitions, determined
within thev(OH) manifold. In these figures, the time-dependent with the spectrum-fitting procedure discussed in conjunction

¥ 5(CH) 1531 cm' @ 3(OH) 1381 cm’!

m 5,(CH) 1466 cor! A p(CH) 1117 cm!
x V(CO) 1034 cm!

(arb.)

0n

v(CH) pump
(2970 cm')

relative populat
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20
delay time (ps)

Figure 12. Time dependence of the relative populations of methanol
vibrations withv(OH) pumping at 3250 cnt.

¥ 5,(CH) 1531 cm’!
m 5,(CH) 1466 cm’!

® 5(OH) 1381 cm’!
A p(CH) 1117 em!
% V(CO) 1034 cm!
0 v,(CH) 2944 cm’!
o v{(CH) 2834 cm!

relative population (arb.)

v(OH) pump
(3400 cm!)

15

20
delay time (ps)

Figure 13. Time dependence of the relative populations of methanol
vibrations withv(OH) pumping at 3400 cn.

with Figure 2, are normalized by Raman cross-sections from
steady-state spectra.

i. 2870 cnt! Pumping The pumpeds(CH) excitations are
below the region of Fermi resonance wiih,@H). Three stages
of VER are seen in Figure 10. In the first stagéCH) decay
occurring in the 6-1 ps range generates the three bending
vibrations(OH), d(CH),andd5(CH). The (OH) population
is about three times larger than the other bending vibrations. In
the second stage the three bending vibrations gengf@tes)
andv(CO) in the 2-5 ps range. The(CHs) population is about
twice thev(CO) population. The delayed buildup gfCHs) and
v(CO) is a bit difficult to see in Figure 10, but easy to see in
Figure 4 where the/(CO) transient is expanded. In the third
stage p(CHs) andv(CO) decay into bath excitations in the-55
ps time range. These bath excitations are not observed directly,
but their buildup is indirectly detected by CCleating (Figure
8).

ii. 2970 cnt! Pumping The pumped(CH) excitations are
in the Fermi resonance region. The overall three-stage VER
process is similar to what was seen with 2870 &mpumping,

with two differences. First, as discussed in conjunction with w

Figure 4, pumping in the Fermi resonance region leads to the
instantaneous appearance 6§ZH) excitation along with the
pumped vy(CH). Thus in the first stage of VER, there is
relatively mored,(CH) than with 2870 cm! pumping. In the

7 ¥ 5,(CH) 1531 em! @ 5(OH) 1381 cm! F,  S(OH) 1381 e 3250 cm!
m 5(CH) 1466 cm! A p(CH) 1117 cm! 2N pump
= x V(CO) 1034 cnr'! ~ AN 3400 et
£ 0O V,(CH) 2944 cm! g S pugg
g 0 v,(CH) 2834 el z -~ vc
§ % ~ - pump
2, g —_—
2 OH) pum -
= v(OH) pump 3
= (3250 cm?) g
2 g
<
g £
=
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10
delay time (ps)

Figure 14. Comparison oH(OH) transients (all normalized to the same
height) with different pump wavenumbers. At 3250 ¢rin the lower
wavenumber part of the(OH) transition, an instantaneous risedf
(OH) is observed indicating the mid-IR pulse is pumping a buried
transition that contains substanti®glOH) character.

second stage of VER, there is relatively l@g€Hsz) and more
v(CO) than with 2870 cm' pumping.

iii. 3250 cnT! Pumping This pump wavenumber produces
VER from a red-shifted’(OH) population, as shown in Figure
7. The population dynamics are shown in Figure #@H)
relaxation is qualitatively different frorm(CH) relaxation.v-
(OH) decay immediately produces excitatidnsall obserwed
lower-frequency methaneibrations

An interesting and totally unexpected result is seen in Figure
12—the instantaneous appearanced¢(®H) excitations. This
effect is more easily seen in Figure 14, where we compare
expanded and normalizédOH) anti-Stokes signals at different
pump wavenumbers. Th&(OH) rise follows the decay of
pumpedv(CH) or »(OH) except for 3250 cm pumping, where
O0(OH) appearance is instantaneous. We cannot conclude that
we are producing a coherently coupheg@H) andd(OH) state,
as in the case of(CH) pumping in the Fermi resonance region,
because the pulse isl ps wheread, for v(OH) very much
shorter—perhaps the inverse of the300 cnt ! »(OH) line width
seen in Figure 7 or30 fs.

iv. 3400 cnt Pumping This pump wavenumber produces a
somewhat blue-shiftedl OH) population (see Figure 7). Figure
13 shows thaty(OH) relaxation generates all the lower-
frequency vibrations. Unlike 3250 crhpumping, there is no
instantaneous appearancey(®H). In comparison to 3250 cm
pumping, whered(OH) dominates, 3400 cnd pumping pro-
duces roughly equal amounts &fOH), 64(CH), p(CHs), and
v(OH). There is much lesd,(CH) and morevs(CH).

E. Vibrational Predissociation. It is well-known thaty(OH)
pumping of gas-phase methanol clusters leads to cluster
fragmentation via vibrational predissociatitEfficient (~70%)
vibrational predissociation was first observed in condensed phase
ethanol oligomers in CGby Laubereau et &L2°The Laubereau
experiments monitored the appearance of the vibrational ground
state of the nonassociate(DH) transition. Anti-Stokes probing,
hich sees only excited states, is not suitable for this task. Stokes
probing of nonassociatedOH) 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 nonassociated(OH) after 3250 cm! pumping.
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6. Discussion

Two topics will be discussed in this section: (1) VER in
methanol, and (2) the present 3D-HRaman 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
v(CH) andv(OH) fundamentalsare pumped. The density of
states is simply too small to permit efficient intramolecular
vibrational relaxation (IVR¥° 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 »(OH) pumping, even though predissociation has been
seen in many studies of ethanol oligom&rd?2° Efficient
predissociation is inconsistent with the G@hata in Figure 8,
because predissociation would release a large burst {12000
cm 1) of energy® into the bath on the 82 ps time scale of

v(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 chaif$222° produces easily detectable
monomericv(OH). In neat methanol, every methanol molecule

is part of an extensive hydrogen-bonded network and essentially

all molecules have multiple hydrogen borfd&ven 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 sc&le??2°By 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 ourv(OH) pumping experiments in the
following way. v(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 “@H)
pumping might be the cause of the spectral diffusion seen in
Figure 7.

i. CH Stretch RelaxationThe v(CH) relaxation proceeds in
three stages. In the first stage the bending vibrati®(@H),
04CH), andd4(CH) are produced (22 ps). In the second stage,
these bending vibrations genera{€Hs;) andv(CO) (2-5 ps).

In the third stagep(CHs) and»(CO) decay into the bath (5

15 ps). The bending fundamentals are about one-half of the
energy of the/(CH) fundamental. Thug(CH) decay in the first
1-2 ps could produce either two bending excitations or a single
bend and a large burst-(l500 cnt?) of energy in the bath.
This large burst would be expected to cause a fast jump in the
CCl, data and in the buildup of the lower-frequendO) and
p(CHa) vibrations via multiphonon up-pumping, which is not
seen. Because we cannot readily distinguish betweerd and

v = 2 bends, there are two possibilities fiofCH) relaxation.
The first possibility is that bending vibrations are generated in
matched pairs:

»(CH) — 26(OH) (62%, 63%) (8a)
(CH) — 20,(CH) (16%, 18%) (8b)
(CH) — 20(CH) (21%, 18%) (8¢)

In equations 8, @ might represent a bend overtone on one
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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 émpumping, respec-
tively. A second possibility is that mixed pairs are generated.
In that case VER producing(OH) as the dominant product
would occur via three channels of roughly equal efficiency:

»(CH) — 26(OH) (9a)
¥(CH) — 8,(CH) + 6(OH) (9b)
¥(CH) — 8(CH) + 6(OH) (9¢)

ii. CH and OH Bend RelaxationRelaxation of the first-
generation bending vibrations genergiéSHs) andv(CO). Due
to the energy gap for bend relaxation{500 cnt! — ~1000
cm™1), this process would dissipate about one-third of the bend
energy into the bath in the-24 ps time range. Notice that is
exactly what is seen in the CQata in Figure 8. In the mid-IR
spectrum of methanol, a broad peak extending from 500 to 800
cm! has been assigned to OH torsional motion, indicated by
0(OH:--0) in Figure 1. It is likely that the bend relaxation
generates eithgr(CHs) or »(CO) plus one torsion. It is possible
to correlate the different bends wipliCHs) or v(CO) by looking
at the pump wavenumber dependence. The big difference
between 2870 and 2970 crpumping is the extra,(CH) at
2970 cn1?, and the big difference between 3250 and 3400%cm
pumping is the extré(OH) at 3250 cm®. Comparing Figures
10 and 11, when there is extdg(CH), there is proportionately
more »(CO) and lessp(CHs). Comparing Figures 12 and 13,
when there is extra&(OH), there is proportionately more-
(CHg) and less/(CO) (Because(CHs) andv(CO) are generated
in two stages with/(OH) pumping we look at the-25 ps time
range of the second stage of VER). These observations seem
to indicate thatd(CH) has a preference for generatingCO)
while 6(OH) has a preference for generatip@Hs):

0,(CH), 6(CH) — »(CO) + torsion (10)

and

0(OH) — p(CH,) + torsion (12)

iii. CH Rock and CO Stretch Relaxatiofhere 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-5L5 ps time scale, although the
possibility of emitting a larger number of phonons cannot be
discounted.

iv. OH Stretch RelaxatiarThere 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 quantg{CHs) or v(CO). With
3400 cn1? relaxation, energy conservation is also possible using
one quantum oH(OH) and two of the others. Thus we would
expect the first generation to consist almost entirely(@Hs)
and»(CO), which is inconsistent with Figures 12 and 13. For
generation of a single torsion in the 56800 cnt?! range,
higher-frequency(OH) relaxation can occur via

v(OH) — any bend+ eitherv(CO) or p(CHj) + torsion
12)
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v(OH) — any two bendst torsion (13)

or

v(OH) — »(CH) + torsion (124)

Assuming the possibility that the processes described in eqs 1
and 13 are about equally likely would give the observed first-
generation abundances of bend, rock, and CO stretch.

For lower-frequencyy(OH) relaxation, eqs 13,14 are not
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vi. Buildup of Bath ExcitationThese proposed mechanisms
can be tested against the G@kata. The primary routes from
intramolecular vibrations to the bath appear to involve generating
torsional excitations from 500 to 800 cth Due to the large
anharmonicity associated with large-amplitude torsions, this

oshould result in fast decay into phonons. Either the torsions

themselves or the phonons could heat the,CCl

Forv(CH) pump, in the first stage (01 ps)v(CH) generates
two bends and no torsions. In the second stage, each of the two

possible, so eq 12 would be expected to dominate. The bends generates one lower energy vibration and one torsion. In

domination of eq 12 implies that the first generation bend
population would be about the same as p€Hs) andv(CO)
populations, and that is what is observed in Figure 12 if we
ignore the exces8(OH) produced by direct laser pumping.
For »(OH) — »(CH), if we take the lowest wavenumber
torsion to be~500 cnT?! and the lowest wavenumbe(CH) to
be v(CH) ~ 2834 cml, eq 14 is possible only fop(OH)
excitations above-3350 cnt?. In comparing Figures 12 and
13, we see a substantial increasevifCH) with 3400 cnt?!
pumping, along with a dramatic drop d(CH). That indicates
when energy conservation allows it, eq 14 is more efficient than

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-8L5 ps range, which explains
the data in Figure 8 very well. Far(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 CQuildup forv(OH) pumping

that would be absent with(CH) pumping. However, such an
effect could not be seen with the present signal-to-noise ratio.

vii. Strongly Correlated Vibrational Transition®©n the basis

eq 13, presumably because eq 14 involves cubic anharmonicof instantaneously rising populations, we have detected strong

coupling whereas eq 13 involves quartic coupling.
v. Vibrational Energy Flow in Methanoln this section we

correlations betweed,(CH) andv,(CH) in the Fermi resonance
region, and(OH) andv(OH) in the lower wavenumber region

describe in broad terms what 3D spectroscopy has taught usof v(OH) near 3250 cmt. Coherent coupling between a stretch

about VER in methanol. For(CH) pumping, VER occurs in
three distinct stages, which may be summarized as follows:

v(CH) —
2 bending vibrations ,(CH), d(CH), 6(OH) (0—1 ps)
(1st)
0,(CH) or 6(CH) — »(CO) plus torsion (25 ps) (2nd)
0(OH) — p(CH,) plus torsion (2-5 ps) (2nd)
p(CH,) or v(CH) — 2 torsions (5-15 ps) (3rd)

Forv(OH) pumping, the first generation includesgery other
methanobibration—v(CH), the bending vibrations, angCHz)
andv(OH). About 10% of the VER occurs in four stages,
(OH) — »(CH) + torsion followed by the three stages of
(CH) relaxation given above. The three-stag®H) relaxation

and a bend overtone in the Fermi region is, of course, totally
expected. Howevethe 6(OH) observation is unexpected and
it is difficult to explain why this happens and why we do not
see it with 3400 cm! pumping (Figure 13). One possibility is
that we are pumping a hot-band transitiod(@QH) + torsion
(~500 cnT1l) near 3250 cm! For 3400 cm! 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 generated(OH) excitations. The instantaneous
0(OH) might be the spectroscopic signal of predissociation in
neat methanol.

viii. Solvent-Assisted IVR and IVR Thresholthe concepts
of intramolecular vibrational relaxation (IVR) and an IVR
“threshold” are familiar from studies of gas-phase molecbdes.
Below the threshold, few or no final states (combinations of
vibrations) can be found that conserve energy. In condensed

that accounts for the other 90% of VER may be summarized asphases, VER occurs well below the gas-phase IVR threshold

follows:

v(OH) —
bend+ torsion+ eitherp(CH,) or »(CO) (0—1 ps) (1st)

v(OH) — 2 bendst- torsion (G-1 ps) (1st)

p(CH,) or v(CO)— 2 torsions (515 ps)  (2nd)
0(OH) — p(CHy,) plus torsion (2-5 ps) (2nd)
0,(CH) or 6(CH) — v(CO) plus torsion (25 ps) (2nd)
p(CH) orv(CO)— 2 torsions (5-15 ps) (3rd)

In the scheme above, the second line is significant only for
higher-frequencw(OH). In the third line abovep(CH3) and
v(CO) are created in the first stage b§OH) decay. In the last
line, p(CH3) andv(CO) are created in the second stagedby
(CH) or 6(OH) decay.

due to the presence of a continuous spectrum of pholtdtesre

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 solvePt.For example, Figure 2 shows that
the lower-frequency methanol vibrations have line widths of
~100 cntl. Therefore in condensed phase IVR, energy-
conserving intramolecular pathways can be found at much lower
threshold energies, for example, in the IVRWEH) at~3000
cm L 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
v(CH) from »(OH). With »(CH) VER, some of the methanol
vibrations, namely(CO) andp(CHs), are not populated in the
initial burst of energy relaxation. Withr(OH) pumping,all
vibrationsare populated in the initial burst of energy relaxation.
That is presumably because new channels (egs 12 and 14) have
opened up that allow direct energy transfer fro(@H) to v-

(CH), »(CO), andp(CHz). Thus, we might speak of solvent-
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enhanced IVR threshold condensed-phase methanol slightly echo spectrum discriminates in favor of species with large cross-
above 3000 cmt, where vibrational energy flows freely into  sections. For instance a solvent background (higher concentra-
every vibration in the molecule. tion, smaller mid-IR cross-section) might be removed to reveal
B. Comparison to Other Multidimensional Techniques a solute transition (lower concentration, larger mid-IR cross-
Multidimensional vibrational spectroscopy has been the subject Section). At longer time delays, the echo spectrum discriminates
of several recent reviewd:14 There are many kinds of multi-  in favor of species with larger cross-sectionsd slower
dimensional spectroscopies. Here we compare the 3B IR Vibrational dephasing (largdf).
Raman method to some well-known multidimensional tech-  i». Time-Domain 3D IR3D IR experiments use a pair of
niques: time-domain 2D fifth-order Raman experiments, independently tunable mid-IR pulses and w; in the semi-
frequency-domain 2D doubly vibrational enhanced four-wave impulsive limit. The detected signal may be incoherent (ptmp
mixing (DOVE-FWM), and 2D and 3D experiments using probe absorption recovery) or coherent (echo). The 3D signal
ultrashort mid-IR pulses. can be expressed in two ways: 2D plots of a time series of
Multidimensional vibrational experiments can be categorized mid-IR spectrad; vs 7) at different pump wavelengths,, or
by the pump and probe procé8d4Some techniques use Raman a time series of 2D plots as a function of two wavelengths
excitation and probing (visible light only), mid-IR pumping and (w1 VS @z). For example, Laubere#f®% and other
probing (mid-IR only), or a combination of mid-IR and visible. ~authorg®4547.6466 ysed two narrow-band picosecond or fem-
The pump process may be impulsive, quasi-continuous, or quasi-tosecond pulses, while Hamm and Hochstré$sé used a
impulsive, where the latter means longer than a vibrational narrow-band picosecond puleg and a broad-band femtosecond
period but shorter than most characteristic relaxation tifhé&s.  pulse monitored with a spectrograph and mid-IR array detector
The probe process may be coherent or incoherent. that simultaneously measures a range»af Pump-probe has
i. Fifth-Order Raman Technique3ime-domain fifth-order ~ Peen used to study VER and spectral diffusion in #®H)
Raman experiments with impulsive pulses are attractive because®@nd of isotopically substituted water solutions (HDO in
of the correspondence with well-developed magnetic resonanceP20)- 4761626571 Laubereau et al. used 3D pumprobe to
techniqued314 There are two delay time variables and 7, study VER, orientational relaxation, spectral diffusion, and
and a phase-sensitive detection scheme. The signal can bdydrogen bond dynamics including vibrational predissociation
expressed in 2D as a function of and,, or as a function of N ethanol oligomers and other polyatomic liquids?©®
frequency (wavenumber) axes andw, via Fourier transform. ~ Hochstrasser et al. studied the dynamics of amide | vibrations
Available pulse sources=Q0 fs) limit these measurements to ~ (1600-1700 cm™) of small peptides and proteifis.”® Pump-
the lower wavenumber (say500 cnt?) transitions. Combina- ~ Probe techniques were used to measure the amide VER lifetime,
tion bands, which appear as cross-peaks off the diagonal, revealVhile stimulated echoes were used to study spectral diffusion.
correlations between different transitions which might be A combination of pump-probe and dynamic hole-burning
exploited to learn about molecular structure and dynamics. In measurements was used to provide information about the
principle, homogeneous and inhomogeneous dephasing timednstantaneous structures of peptides.
as well as energy relaxation times can be determined from a Two-color mid-IR methods are tremendously powerful. One
complete set of 2D data. In practice it has proven difficult to feature of 2-color IR experiments is worth mentioning: the
even obtain the desired fifth-order signal against the backgroundprobe pulse sees three effects: stimulated emission freni
of cascaded third-order signals of lesser inteteatthough the  vibrations, absorption decrease from the 0 vibrational hole,
situation is improving rapidly45¢ To our knowledge no  and transitions to higher excited states such asl1 — 2. The
information about energy relaxation times has yet been obtainedability to see all three effects simultaneously might be viewed
from this technique. Presumably this is because Raman pumpingas a virtue or alternatively as a complication hindering data
with short visible pulses does not cause much population interpretatior®
transfer, so the population decay part of the signal is too small ;. 3D IR—Raman.The IR—Raman technique used here fea-
to be seen. tures semi-impulsive pumping and probing, both with reasonable
ii. Frequency-Domain 2D TechniqueBOVE-FWM experi- spectral resolution. The probe method is strictly incoherent.
ments are 2D experiments that use two narrow-band quasi-Although signals are weak and interference from a variety of
continuous laser¥.*8 The technique has been employed with optical background sources is problemafithere are several
two mid-IR lasers or one IR and one visible laser. The data are advantages to this method. Even though the mid-IR tuning range
expressed in 2D as a function ef; and w,, which are is limited (with our apparatus 27634000 cnt?), this technique
determined using spectrometers that read out the laser or signateaturessimultaneous probing of all lower- and higher-frequency
frequency. High signal-to-noise ratio 2D signals have been transitions The incoherent signal comes only from excited
obtained on several molecular liquids and solutions. Cross-peaksstates, with no contribution from the ground-state hole or
appear off the diagonal that represent correlated vibrational pairstransitions to higher excited states. This results in a tremendous
(combination bands) such as + v, of acetonitrile. These  simplification (or alternatively a significant limitation).
DOVE techniques have been shown to be useful analytical The 2D IR-Raman technique can be used to understand VER
methods that offer possible advantages such as removal offrom a particular initial state, and for hole-burning studies of
solvent backgroun@.>®Although not explicitly time dependent,  inhomogeneous broadening and spectral diffusion, especially
some information about dephasing and energy relaxation timesin associated liquids such as methanol and w&t#&rAdding
can extracted due to an implicit time dependence in the the third dimension of tuning the pump shows how VER or

expressions for the signal strength. spectral diffusion is affected by changing the initial state. For
iii. Time-Domain 2D IR.A 2D IR technique was recently  instance, we see VER is different fron{CH) or v(OH) in
demonstrated by the Fayer laboratétysing a pair of time- methanol. That is hardly unexpected. However, we also see that

delayed one-color mid-IR pulses and coherent detection of the VER can be considerably different for different locatiovithin
two-pulse vibrational echo signal. The data are expressed inthe v(CH) and »(OH) transition. Even a change of pump
2D as a time series of mid-IR spectra. At zero time delay, the wavenumber of 60 cmt within the ~400 cnt! wide v(CH)
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(2) 2970 e v(CH) pump (b) 3033 cm! v(CH) pump in the first stage of VER can lead to more dramatic differences

| in later stages. A solvent-enhanced IVR threshold has been
LA
ﬁ ZiNAva
v 7 2ps
(e Avar it

observed. Excitation above this threshotB00 cnt?) results
in a fast intramolecular process not possible in isolated

4 3ps molecules, that redistributes the initial excitation among all other
/ 205 & ibrations of the molecule. Th ising observation of
_ ~ Tps o vibrations of the molecule. The surprising observation o
0 ps ﬂ\* 0ps & instantaneous generation 6{OH) when pumpingv(OH) at
1500 2500 3500 @q’ 1500 2500 3500 b@\% lower frequency might be an indication that some vibrational
wavenumber (cm) wavenumber (cm) predissociation does occur in neat methanol.

Figure 15. Even a small change of pump wavenumbe6Q cnr?
change within the~400 cnt! wide »(CH) manifold) can have a
noticeable effect on the vibrational population distribution.
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