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Vibrational relaxation of CH ,l, in solution: Excitation level dependence
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Transient electronic absorption monitors the flow of vibrational energy in methylene iodidg)CH
following excitation of five C—H stretch and stretch—bend modes ranging in energy from 3000 to
9000 cm®. Intramolecular vibrational relaxatioflVR) occurs through a mechanism that is
predominantly state-specific at the C—H stretch fundamental but closer to the statistical limit at
higher excitation levels. The IVR times change with the excitation energy between the fundamental
and first C—H stretch overtone but are constant above the overtone. The intermolecular energy
transfer(IET) times depend only weakly on the initial excitation level. Both the IVR and the IET
times depend on the solvef€Cl,, CDCl;, C;Dg, CgHg, or (CD;),CO] and its interaction
strength, yet there is no energy level dependence of the solvent influenc200® American
Institute of Physics.[DOI: 10.1063/1.1554396

I. INTRODUCTION experiments that prepare gas phase molecules with varying
] . . ~amounts of vibrational energy above tBgelectronic origin
Vibrational energy plays a major role in every chemicalspow a transition from state-specific IVR at low levels of
reaction. Since nuclear motion transforms reactants intQjprational excitation to a statistical relaxation mechanism at
products, the rate, and even the outcome, of a reaction dgjgn excitation energies, where the density of states is much
pends on the amount and distribution of vibrational enérgy. larger'3-18
The vibrational dynamics are therefore ultimately respon- The rate of intramolecular relaxatiom,},%{, depends on
sible for the evolution of a reactive system, and the process§fe density of states because it limits the number of available
that move energy within and out of a molecule play an esgnergy transfer pathways. For a statistical relaxation mecha-

sential role. Short-pulse lasers can directly follow this flowpism “Fermi's Golden Rul8 gives the IVR rate in terms of
of energy by exciting a specific vibrational motion and moni-

toring the transient response of the molectifeproviding a . 5 )
test for theoretical treatments of vibrational energy  Tivr=47Cp|VI|%, (1)
transfe®~8n the work described here we examine the influ-\yhere the coupling strengt

o N ; W, to the initially excited state
ence of the excitation level on vibrational relaxation for ajs the same for all of the states that accept energy. Experi-
wide range of initial vibrational energies.

Vibid ' _ ments often show, however, that the IVR rate does not scale
Intramolecular vibrational relaxatiofiVR) is the pro-

\ ela h with the total density of statéd-2° Such a deviation from
cess by which energy flows within a molecdié! Anhar-

Fermi’s Golden Rule occurs when only a fraction of the

monic coupling between the initially excited state and eachyyjaple states participate in the initial energy transfer.

of the energetically available states governs the redistribution@eparming the accepting states into tiers according to their

of energy since the energy transfer rate increases with COys,pling strength accounts for the larger role that some states
pling strength. Only one or a few states dominate the initial lay in the relaxation compared to oth&?25The excited
relaxation in the state-specific limit, while in the statistical g¢4te initially transfers energy to only those states in the first
limit the relaxation involves a very large number of accept-tier, which contains the most strongly coupled states, and
ing states. During state-specific IVR, energy initially flows han on a slower time scale the energy relaxes into the re-
into only the most strongly coupled states, while relaxationmaining, more weakly coupled states. This picture recovers
into other energetically accessible states occurs more sIowI¥he limiting mechanisms of state-specific IVR, where only a

This situation can result in oscillating populations if energyse,y states are in the first tier, and of statistical IVR, where a
returns to the initially excited state before it flows into @ |arge number of states compose the first tier.

large nu.mbsqer of the weakly coupled modes or the ~1he yibrational relaxation process is even more compli-
surroundings. In contrast, statistical IVRlirectly populates  .ated in solutio?’~“° whereintermolecular energy transfer

every accessible state, resulting in @ monotonic populatiofeT) ¢ the solvent is important. IET depends on the internal
decay of the initially excited state and a uniform distribution, ;- ational modes of the solute, as well as the surrounding
of energy within the molecul®. The number of vibrational - anvironment, since some modes transfer energy to the sol-
states in a molecule increases rapidly with the energy leve(,ont more effectively than others. Vibrational energy gener-
providing a means of studying the relationship between theyy fiows within the molecule until it reaches these “gate-
density of statesp, and the IVR mechanism. For example, way” modes, which then efficiently transfer the energy to

solution. It is also possible that the intra- and intermolecular
3Electronic mail: fcrim@chem.wisc.edu energy relaxation occurs simultaneously. The low frequency
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collective modes of the solvent can accelerate the intramo-
lecular relaxation by making up small energy differences be-
tween an initially excited state and the accepting stat&4?

This solvent-assisted IVR depends strongly on the solvent
environment. A
In the present work we examine IVR and IET in meth-

ylene iodide (CHI,) following excitation of five different
C—H stretch and stretch—bend states ranging in energy from
3000 to 9000 cm'. Graener and Laubere¥uand Bakker

et al>* were the first to study vibrational relaxation of gl
following picosecond excitation of the C—H stretch funda-
mental vibrations, and their results indicate a state-specific
IVR mechanism. Our recent wdtk “°suggests that the IVR
mechanism changes between the C—H stretch fundamental
and the first overtone, and Abel and co-work&f$ show

that the IVR rate does not scale with the total density of
states between the stretch—bend combination region and the
stretch overtone. The past studies also show that the IET rate
depends on the initial excitation level and that the solvent
influences the rates of both IVR and IET. Here we investi-
gate a wider range of excitation levels and explore system-
atically the influence of the excitation level on the IVR >
mechanism, the IVR and IET times, and the solvent depen- I=CHal
dence of the relaxation.

Transient Absorption, 3A

Time Delay, At

I+ CHyl

/

FIG. 1. Schematic diagram of the transient electronic absorption technique

for CH,l,. Absorption of an infrared photon with wavelengtly, (3.3-1.1

Il EXPERIMENT wm) excites a nonstationary C—H stretch or stretch—bend state. Following
We monitor the vibrational relaxation of GH in solu- time delayAt, absorption at the probe wavelength,;(360—400 nmhmea-

fi b b - the ti d dent ch . lect . sures excitation in the Franck—Condon actipemarily C—I stretch modes.

1on by .O Servmg_ e .lme.' epen e_n C ange. In elec Ifomc\rhe inset is a sample experimental trace showing the rise and decay of the

absorption following vibrational excitation. This detection apsorption an

technique is only sensitive to motion along the Franck—

Condon active(primarily C—1 stretch vibrational modes,

whose excitation increases the electronic absorption at longepParate the signal and idler beams of the OPA with a polar-
wavelengths. Figure 1 shows a schematic diagram of th&#€' and use them directly for the near-infrared pump pulses
experimental approach and a typical transient absorptioH’ t_hle wavelength range from 1.1 to 250 (9000 to 4000
trace. A short laser pulse excites a C—H vibration, whichcm ). Difference frequency mixing of the signal and idler
does not enhance the absorption in the long-wavelength poRulSes from the OPAnia 1 mm, type-l silver gallium sulfide

tion of the electronic absorption spectrum since it is FranckAgGa$) crystal cut at9=50° generates midinfrared pump

=1\ 44
Condon inactive. During intramolecular vibrational relax- Pulses at 3.3um (3000 cm*).™* The pump pulse energy

ation, energy flows into states with some excitation in thevaries from approximately 2 to 4@J depending on the
C-1 stretching coordinate, and the electronic absorption ifvavelength. Two successive type-1 BBO crystdlsmm, ¢
the long-wavelength part of the spectrum increases, as shown

in the experimental transient in Fig. 1. The subsequent inter- L B e o e R
molecular equilibration with the solvent _Iowers the total en- Infrared Absorption lexcitatioln ]
ergy of the solute, depopulating the excited Franck—Condon [ of CHalo ase"’%zso -
active modes and decreasing the transient absorption. 5

We vibrationally excite CHl, with 100-fs mid-infrared
3vg
At: |
L I I | ]

or near-infrared pump pulses tuned to one of the C—H stretch
8000 9000

abs*

Vs Vs+ Vp 2vs  2vg+ vy
or stretch—bend bands shown in the spectrum of Fig. 2,
wherevg and v, denote the C—H stretch ant-C—H bend,
respectively(This notation ignores the relative contribution
of specific normal modes to each bright state since the laser
excites all transitions that lie within the pulse bandwigth.
]

x4 %25 x250
The pump pulses come from nonlinear frequency conversion |
)

Absorption

of 800 nm pulses from a regeneratively amplified Ti:sapphire 3000 4000 5000 6000 7000
laser(Clark MXR CPA-1000 that delives a 1 kHz train of Frequency (cm-!
100 fs pulses at an energy of 1 mJ. Approximately 50% of

. . . . FIG. 2. Infrared absorption spectrum of the C—H strete}) @nd bend ¢y,)
the light from the Ti:sapphire laser pumps a Contlnuummodes for CHI, in the region 3000 to 9000 crh. The excitation laser

seeded optic'al parametric amplifi@PA) based on a 5 mm, pulses, also represented in the figure, have a bandwidth of approximately
type-Il B-barium borate(BBO) crystal cut atd=27°. We 250 cm®.
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=22°, and 0.3 mm@=29°) frequency quadruple the signal State-Specific IVR Mechanism

pulse from a second BBO OPA, pumped with approximately probe

30% of the light from the Ti:sapphire laser, to generate ul- wave'e”g"‘ Population

traviolet probe pulses at 390 nm and below. We frequency AN |

produce 400 nm probe pulses.

A computer controlled translation stage adjusts the delay
between the pump and probe pulses, and a metal-coated
parabolic mirror with 100 mm focal length focuses the pump e

double a portion of the remaining Ti:sapphire light directly to AN
A Y

A Y
beam to a 10Qum diameter in the sample. The probe beam, H\‘\‘ JI
. . . . . state-specilic
which a 120 mm lens focuses to a similar size, intersects the couping N— = 3
PE)

pump beam at a small angle in the sample. Two silicon pho-

todiodes measure the probe pulse energy before and afterthe |
sample to account for fluctuations in the laser intensity, and a excitation
synchronized chopper blocks every other pump pulse for ac-

tive background subtraction. Averaging between 1000 and

10000 laser shots per delay step produces a detection limit

of about 0.01 mOD. We ma&kl M solutions of CHl, in

CCl,, CDCl, CiDg, CgHg, and (CD}),CO using the re-

agents as received, without further purification. The solution

circulates through a 6 mm300xm nozzle to form a 250 probe o
um thick liquid jet with the flow rate set to minimize fluc- \wave'e"gm Vibrational Temperature

Statistical IVR Mechanism

tuations in the recorded probe beam intensity. ‘\M A R
f\'\_
I1l. RESULTS AND DISCUSSION o
A. Intramolecular vibrational relaxation mechanism Vor L]
\ / T T T
The two limiting cases of intramolecular vibrational re- — j’ 1 ! :

laxation are the state-specific and the statistical mechanisms, Sl N\ m—

an important distinction since the mechanism governs the

redistribution of energy throughout the molecule. Traditional

methods for determining the IVR mechanism, such as high yorational

resolution spectroscop{,are impractical in solution because

of interactions with and energy transfer to the solvent. Our

infrared pump and ultraviolet probe technique, however, dis-

tmngheS between the two “mltmg IVR m(':‘(%hamsmsFIG. 3. Top: diagram of the population evolution for a single Franck—

through the wavelength dependence of the decay times of th&ndon active state populated through state-specific IVR from the initially

transient electronic absorption. excited C—H mode. Bottom: diagram of the vibrational temperature evolu-
State-specific intramolecular vibrational relaxation fromtion following stati_stical IVR. Note that the signal decay depends on the
S . probe wavelength in the bottom panel but not the top.

the initially excited state populates only one or a few accept-

ing states. These states contain only low levels of excitation

in the Franck—Condon active coordinates since transitions

with a small change in quantum number should dominate théhe vibrational population decays more rapidly for highly

initial energy transfer. In the limit that subsequent relaxationexcited states relative to those with fewer quanta of excita-

steps do not further excite the Franck—Condon active modes$ipn, producing a probe wavelength-dependent decay time.

the low-lying states dominate the transient electronic absorpSince lower energy probe photons predominantly interrogate

tion at all wavelengths, as shown schematically in the tophigher lying vibrational states, we observe a faster decay of

portion of Fig. 3. The transient absorption directly monitorsthe transient signal at longer wavelengths than at shorter

the population evolution of the newly populated states indeones??

pendent of the wavelength, and the decay time is the same Figure 4 compares the transient absorption signal of

for all probe wavelength¥:4° CH,l, in CCl, at several probe wavelengths, each fit to the
The limit of statistical intramolecular vibrational relax- sum of an exponential rise and decay, following excitation of

ation produces a very different picture, as outlined in thethe first and second excited states of the C—H stretch vibra-

bottom part of Fig. 3. This mechanism populates not a singlé¢ion. Figure 5 shows the exponentiédcaytimes, along with

accepting state, but a statistical ensemble of all modes in thihose from measurements at the other excitation levels, and

molecule. The population distribution in the Franck—Condondemonstrates that there is a weaker wavelength dependence

active modes shifts to higher levels of excitation as the ini-of the decay times following excitation of the fundamental

tially excited state relaxes and returns to lower levels duringstretch vibration,vg, than for higher levels. Using the de-

energy transfer to the solvent. During the cooling processscription given above, we interpret this difference as a
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FIG. 5. Exponential decay times of the transient absorption at several probe

0.4 wavelengths for CHl, in CCl, as a function of the initial excitation level.

0.2

: “ery, ever, we do not expect the mechanism to be different than
0.0 (o O Vi oBopan what we observe at nearby levels of excitation. Our primary
conclusion is that the IVR mechanism changes from pre-
dominantly state-specific to more nearly statistical for an ini-
tial excitation energy between that of the C—H stretch fun-

FIG. 4. Transient electronic absorption of gklin CCl, at various probe  damental at 3000 cit and the stretch—bend combination at
wavelengths following excitation to the C—H stretch fundamentg) énd 4400 cm'L.

overtone (2) levels. The trace at each probe wavelength is fit to the sum

of two exponentials.

0 100 200 300 400 500
Time Delay, At (ps)

B. Vibrational energy transfer times

The transient absorption signals directly reflect the popu-
change from a predominantly state-specific vibrational eniation dynamics of the Franck—Condon active vibrational
ergy transfer mechanism at the energy of the C—H stretcimodes in the case of state-specific vibrational energy trans-
fundamental, to a more statistical mechanism at the level ofer, as shown in Fig. 3. Thus, for the C—H stretch fundamen-
the C—H stretch—bend combination. The slight wavelengthal we identify the rise time of the signal with intramolecular
dependence at the fundamental vibrational level reflects wibrational relaxation and the decay time with intermolecular
minor statistical component underlying the predominantlyenergy transfer to the solvefftWe obtain the rise and decay
state-specific IVR mechanisffi. This minor component is times through nonlinear least-square fits of the data at each
only detectable in the long wavelength transients since theprobe wavelength to a sequential first-order kinetics scheme
preferentially probe states highly excited in the Franck—and average the results to obtain the IVR and IET times.
Condon active coordinate that are not populated by the priBecause data taken at probe wavelengths of 390 nm and
mary, state-specific channel. A recent stbidyf vibrational ~ longer reflect a minor statistical component of the intramo-
relaxation in the series of iodomethanes @GHCH,I,, and  lecular relaxation at the fundamental level, we determine en-
CHI5) provides additional evidence for state-specific IVR atergy transfer times from traces at shorter wavelengths.
the fundamental, finding that the vibrational state structure The signals recorded at higher initial excitation levels
plays a more important role in the relaxation than the densitylepend strongly on the probe wavelength, as we expect fol-
of states. lowing statistical IVR. We describe the energy transfer for

The decay times following excitation of thes+ vy, these levels using a population distribution function charac-
2vg, and v+ v, bands depend strongly on the probe wave-terized by a phenomenological time-dependent vibrational
length, suggesting that the intramolecular relaxation is closetemperatureT,i,(t).*® In this model, the observed transient
to the statistical limit at each of these initial energy levels.signal, SA(\,t), is the difference between room temperature
Because the weak infrared absorption at the second overtonahsorption, A(\,Tp), and the absorption at the time-
3vg, gives a relatively poor signal to noise ratio, it is not dependent vibrational temperatufg(\,T,;,(t)). We model
possible to infer the vibrational energy transfer mechanisnthe long wavelength portion of the electronic absorption
from the wavelength dependence of the decay times. Howspectrum of CHI, with an empirical formul® that de-
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»
=)

FIG. 7. IVR and IET times for CHl, in CCl, as a function of the initial
excitation level.
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changé®® but since the vibrational temperature is a phenom-

enological parameter describing the vibrational energy con-

tent in the Franck—Condon active modes, the model ad-

equately characterizes the change in absorption during
Vs + Vb energy transfer.

Tie=16£2ps We model the time evolution of the vibrational tempera-
Tgecay = 10727 ps  _| ture with an exponential rise and decay, representing IVR
and IET, and use the temperature-dependent absorption spec-
trum to obtain the resulting signal at each probe wavelength.
Fitting the data simultaneously fatl probe wavelengths at a
given excitation level yields the IVR and IET times, as well
as a maximum vibrational temperatufdn amplitude scal-
ing factor compensates for small changes in the experimental

0 100 200 300 400 500 conditions among the tracg¢The maximum vibrational tem-
Time Delay, At (ps) perature is typically close to 1000 K, which is consistent
FIG. 6. Transient electronic absorption of gkin CCl, at various probe with the amo_unt Of_ e_nergy initially deposné%lAddnmnally,
wavelengths following excitation to the C—H combination bandg ( an exponentially rising temperature offset compensates for
+ vy, 2v+ 1) and stretch overtones (23v.). The fit to the data at each Solvent heating by the pump laser pulse, with this solvent
gxcitation level uses the temperature-dependent absorption model describgige time set equal to the vibrational population decay time of
in the text. the solute. Figure 6 shows the result of nonlinear least square
fits to the experimental data, at vibrational levels above the
C—H stretch fundamental, for GH in CCl, using the tem-
scribes both the exponential decrease at low frequeticiesperature model. The model reproduces the experimental data
and the Gaussian shape near the absorption maxithtak; ~ very well for the 25, 2vs+ v, and v excitation levels.
ing into account only the lowest energy electronic transition.The fit to the transient absorption traces after excitation to
Although as many as five electronic transitions appear in théhe v+ v, stretch—bend combination band is not as good,
ultraviolet absorption spectrufi, the lowest energy band perhaps reflecting a component of state-specific IVR. This
dominates at long wavelengths. The temperature-dependebg¢havior, along with the observation of a minor statistical
parameters for the absorption are extrapolations from spectiomponent at the fundamental, is consistent with a gradual
taken over the temperature range of 284—-322 K. Recent 40@ansition from state-specific to more nearly statistical relax-
nm absorption measurements of £ heated in shock- ation. A gradual transition between the two mechanisms is
waves show that the extrapolation may underestimate theot surprising since they are limiting cases. Figure 7 summa-

o
o

4.0

2.0

0.0
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TABLE I. Intramolecular vibrational relaxatioiVR) times for CHl, in 3000 6000 9000
various solvents. 0.15 T T T T T T T T
-1
Energy  CCl, CDCl,  C4Ds  (CD3),CO . Vi Rat_e’ K% 2V +Vp .
Excitation ~ (em™)  (ps (P9 (P (P9 — (CHyl5 in CCly) oy 3vs
~ 0.10F -
Vg ~3000 437  33+3  15+1 14+4 38
Vet vy ~4400 162  14+2  6+1? 5+1 - s Vs*Vb :
2vg ~6000  12:2  11+1 9+1 5+1 T
& 0.05[ -
AN CgHg. Vs
0.00 lj et
rizes the vibrational energy transfer times obtained from the — — 120k |
fits at all excitation levels for CHl, in CCl,, and Tables | 5 Total Density of States,
and Il give the IVR and IET times for CH, in various g 80 P(E) 7
solvents. T 40l !
[2)
o ) Q O gty e
1. Intramolecular vibrational relaxation L1 ! ' I ! ! |
The Golden Rule expressidikq. (1)] predicts that the —
. . . p c[_ a. (1] p L — 2.0 Order-Specific n
intramolecular vibrational relaxation rate in the statistical re- c Density of States n=10
gime scales linearly with the state density, which itself in- < 15k (E) ’ _
creases rapidly with vibrational energy. However, Fig. 8 8 Pn
shows that the IVR rate does not increase for excitation en- g 10k _
ergies above the first C—H stretch overtonerd)2 around il
6000 cni!, even though the total density of states increases = o s -
from 16 states/cm® at 2v to 124 states/cimt at 3vg. (The %
total density of states, middle panel of Fig. 8, is from a direct 0.0k-- == .
harmonic state count using the frequencies listed in Table 000 6000 9000
111.%%) Insensitivity of the IVR rate to the total density of Vibrational Excitation Energy (cm-)

states suggests that the additional states available at higher

excitation levels do not contribute to the initial vibrational FiG. 8. Top: intramolecular vibrational relaxation rate,&, for CH,l, in

relaxation. The extra states apparently constitute higher tier§Cls at each initial vibrational excitation level. Middle: total density of

of weakly coupled states, while the first tier of acceptings_tates,o, as a function of vibra_ltion_al energls}7 Bpttom: order-specific den-
LT L . sity of statesp,(E), at each vibrational excitation level for a few orders of

states is similar at each excitation level and consists of thosg,;jing, n,

states that are most important for the initial relaxation. Since

the coupling strength between two states generally decreases

as the number of quanta exchanged in the transition inegory makes the overly simple assumption that the coupling

creases, we analyze the intramolecular relaxation in terms aftrength)V, is the same for all states with a specific coupling

the coupling ordem, connecting the states. This is similar to order.

previous work that associates IVR with the coupling order  The bottom panel of Fig. 8 shows how the order-specific

between states~2>4°>*~*%tates with a high coupling order, density of states changes with the vibrational energy level for

which are weakly coupled to the initially excited state, com-a few orders of coupling. At low ordep,,(E) remains rela-

pose higher tiers in the IVR hierarchy, while states with lowtively constant over the energy range shown, but at higher

coupling order make up the lower tiers. We enumerate theoupling order it increases rapidly with energy. We associate

states that are coupled to the initially excited C—H stretch othis difference in behavior with the stagnation of IVR times

stretch—bend states at a particular order, and define the ordéor CH,l, at energies above thev2 overtone. Figure 8

specific density of stateg,(E), as the density of those

states coupled to the initially excited state at onde€Classi-

fying all states with the same coupling order into one cat-TABLE Ill. Normal mode frequencies and symmetries for £}

Mode Motion Energy(cm 1) Symmetry
TABLE Il. Intermolecular energy transfétET) times for CHl, in various 1 CH, sym. stretch 2992 &
solvents. vy CH, bend 1350 a,
V3 Cl, sym. stretch 484 a,
Energy ~ CCl,  CDCl;  CgDs  (CDy),CO va Cl, bend 127 3
Excitation  (cm™%) (P9 (P9 (P9 (P9 Vs CH, twist 1031 a
Vg CH, antisym. stretch 3069 by
Vs ~3000 874 84+4 42+3 22+5 vy CH, rock 716 by
vt vy ~4400 1077 102+7 30+3? 33+3 vg CH, wag 1105 b,
2vg ~6000 75 53+3 24+2 172 12 Cl, antisym. stretch 570 b,

4n CgHg. %Reference 53.
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shows thap,(E) is relatively constant above 6000 cifor  two decay times correspond to the average relaxation rate of
Nn<7 but increases with energy for eighth and higher ordelFranck—Condon active modes that are either highly excited
coupling. Thus, we infer that states coupled to the initiallyor contain only a few quanta of excitation.
excited state in about seventh order and lower dominate the The intermolecular energy transfer time for thefun-
intramolecular energy flow. This situation is analogous todamental is shorter than extrapolation from higher levels of
previous work showing that low order resonances can domiiitial excitation suggests. This surprising behavior may arise
nate the IVR even when the relaxation involves a large numfrom an acceleration of the intermolecular energy transfer
ber of state$3~2° following state-specific redistribution within the molecule.
The state-specific IVR mechanism could directly populate a
larger fraction of gateway modes than the more random vi-
2. Intermolecular energy transfer brational distribution produced by statistical IVR. Since the

The mechanism and rate of intermolecular energy transdateway modes transfer energy to the solvent quickly and

fer depend not only on the surrounding environment but als(Siirectly, a distribution containing a large fraction of these

on the internal modes of the relaxing molecule and theilmm,jes relaxes more rapidly thap one with a small fraction of
coupling to the solvent. Molecular dynamics simulations byexCltecj gateway modes, producing an IET rate at the funda-

Kab et al®® find that the dominant gateway mode of Gk mental level that is faster than at higher levels. Our observa-
in CDCI3. is the CH, rocking vibration, not the lower fre- tion that thev, fundamental level has a shorter intermolecu-

guency C-I stretch and bend modes. Although this conclul-ar relaxation time than thes+ v, com_bin_ation in qther
sion contradicts the notion that the lowest frequency mode§OIVents as wel(see Table Il supports this interpretation.
are the most strongly coupled to the solveiitjs consistent
with recent experimental evidence that low frequency mode
are not necessarily the gateway moffe®ur experiment is
only sensitive to the Franck—Condon actigimarily C—I The solvent plays an essential role in the vibrational en-
stretch modes and cannot determine which modes transfeergy transfer that we observe. Tables | and Il list the IVR and
energy to the solvent most efficiently. Regardless of thdET times, respectively, for CH, in the solvents CGl,
transfer mechanism, we observe intermolecular energy tran&DCl;, C¢Dg, CsHg, and (CD),CO following excitation
fer by monitoring the decay of vibrational population in the of the v fundamental, thevs+ v, combination, and the iz
modes to which our probe is sensitive. overtone levels. We choose deuterated solvents to avoid di-
We assume that IET produces a single exponential decaect excitation of solvent modes by the infrared pump pulse
of the signal, independent of a state-specific or a statisticat the C—H absorption frequencieBecause thevs+ vy
IVR mechanism. The lower panel of Fig. 7 shows these deeombination band for Chl, coincides with an absorption in
cay times for CHI, in CCl, following excitation to the vari- CgDg but not GHg, we use nondeuterated benzene for ex-
ous C—H stretch and stretch—bend levels between 3000 anqmériments on that stajeFor each of the vibrational excita-
9000 cm L. We observe a slight decrease in the intermolecution levels, the strongly interacting solvents accelerate both
lar energy transfer time for increasing levels of initial exci- intramolecular vibrational relaxation and intermolecular en-
tation, with an unexpectedly short transfer time for the ergy transfer, consistent with previous qualitative
fundamental. The energy level dependence of the IET timénterpretationd>444€ Specifically, the presence of a dipole
indicates that a single exponential decay does not completelpoment in CDCJ does not significantly change the IVR or
describe the energy transfer, but instead approximates tHE&T times compared to the nonpolar solvent ¢Qbut near-
actual, energy-dependent relaxation. The IET rate dependsst neighbor interactions of solvent molecules with,GH
on the level of excitation in the modes that we probe sincesuch as ther— o_, charge transfer in the case of benzene
vibrational relaxation rates increase with the quantumandng— og_, for acetone, have a large effect on the energy
number?® Higher levels of initial C—H excitation lead to transfer times. Relaxation times following excitation of the
more vibrational quanta in the Franck—Condon active2v, overtone of CHI, in supercritical CQ by Sekiguchi
modes, and thaveragelET time that we observe reflects the et al®* provide another reference point. They find that
faster initial relaxation. The result is a modest decrease ichanging the solvent density has no apparent effect on in-
IET times with increasing level of initial excitation. tramolecular vibrational relaxation but strongly influences
Charvatet al* treat the excitation level dependence of the intermolecular energy transfer.
the intermolecular energy transfer times with a biexponential ~ The effect of different solvents on the intramolecular vi-
decay function, and find that time constants of 27 and 140 pbrational relaxation times is particularly interesting because
reproduce the vibrational relaxation in G@bllowing exci- it provides direct evidence of solvent-assisted IVR. Table |
tation of both thevs+ v, combination and the 2 overtone. clearly shows that the more strongly interacting solvents ac-
(They find that the IVR and IET times are the same for bothcelerate the intramolecular relaxation at all excitation levels
the v,+vg and v+ vg/vs+ vg combination bands, which but does not indicate the IVR times in the absence of solvent.
we collectively callvg+ v,.) The biexponential decay pro- The 2y, overtone relaxation measureméntis supercritical
vides a slightly better fit of the data because it begins taCO, give a relaxation time of 15 ps that is comparable to our
account for the energy level dependence of the relaxatiomeasurement of 12 ps in CClthe most weakly interacting
rate constant, but it is still only an approximate treatment ofsolvent studied. This similarity suggests that the intramolecu-
the energy transfer to solution. In terms of our picture, thear energy transfer time of isolated GH may not be very

?3. Solvent dependence
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the experimentally determined temperature dependence of
Relative Tyyq the electronic absorption spectrum. The intramolecular vibra-
tional relaxation times depend strongly on the excitation en-
(CHalp) ergy for states between the fundamental level and the first
Vg overtone but are constant at energies above the overtone,
indicating that the additional vibrational states available at
higher energy levels do not participate in the intramolecular
ol = relaxation. We use an order-specific density of stgigd),
to interpret these results and infer that IVR in Zfoccurs
predominantly through states that are fewer than about eight
orders of coupling away from the initially excited state. The
: | intermolecular energy transfer times depend weakly on the
CDCl3 CgDg  (CD3),CO excitation energy, probably because of the different levels of
excitation in the Franck—Condon active modes populated by
% { % BaistE T ] ?ntramolecular relaxation. Although the so!vent has a ;trong
IET influence on the absolute IVR and IET times, there is no
% (CHolp) evidence that this effect depends on the initial excitation
level.
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