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Vibrational Relaxation in f-Carotene Probed by Picosecond Stokes and Anti-Stokes
Resonance Raman Spectroscopy
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Picosecond time-resolved Stokes and anti-Stokes resonance Raman spaktraraf3-carotene are obtained

and analyzed to reveal the dynamics of excited-statg g8pulation and decay, as well as ground-state
vibrational relaxation. Time-resolved Stokes spectra show that the ground state recovers with a 12.6 ps time
constant, in agreement with the observed decay of the unigBeBes bands. The anti-Stokes spectra exhibit

no peaks attributable to the @Ay") state, indicating that vibrational relaxation inr8ust be nearly complete

within 2 ps. After photoexcitation there is a large increase in anti-Stokes scattering from ground-state modes
that are vibrationally excited through internal conversion. The anti-Stokes data are fit to a kinetic scheme in
which the G=C mode relaxes in 0.7 ps, the-©€ mode relaxes in 5.4 ps and the-CHz; mode relaxes in

12.1 ps. These results are consistent with a model feiSginternal conversion in which the=€C mode is

the primary acceptor, the-&C mode is a minor acceptor, and the-CH; mode is excited via intramolecular
vibrational energy redistribution.

Introduction that relaxation tov = 0 proceeded more slowly than IC.
However, their conclusions depended on a complicated inter-

The electronic structure and photodynamics of carotenoids retation involving competing stimulated and inverse Raman
are of interest because carotenoids play important roles as Iight-p 9 petng

harvesting and photoprotective agents in photosynthetic Sys_effects and a 40 cri a.nharmor.uc Sh'.ﬁ n the SC=C
1 - X f S frequency. These conclusions are inconsistent with femtosecond
tems! The visible absorption band in carotenoids is due to the

i i i 7 i 3
1a,-(S) 18" (S ransion. Ingenera, heStaterees [SEN absarpon ucesiobaroen el aneraendond
to the § (2A47) state on the subpicosecond time-scale in all 9 W

carotenoids, but the;S S, relaxation rate is slower and depends cooling in S‘ occurin<1 ps. IF IS eyldent tha} amore complete
on the conjugation lengThe time-scale for S— S relaxation understandl_ng _of IVR and vibrational cooling in the Sates
ranges from~0.5 ps for long carotenoids with 19 conjugated of carolten0|d.s is needed. . .
C—C bonds, to~300 ps for short carotenoids with 7 conjugated Previous time-resolved anti-Stokes Raman experiments on
C=C bonds¥* In B-carotene, $to S, internal conversion (IC) caroteno!ds have observed the gxpected increase N
occurs in~200 f$-9 and internal conversion from;S0 S Stokes ;lgnals aft_er photoexmt_a_tlon te é_hd subs_equent IC.
oceurs in~8—10 ps31011Both IC rates follow the energy gap The antl-Stokgs signal from spmlloxanthm grew in ;B pS,.
law formulated using an adiabatic weak-coupling mddel. Closely matching theS-So ICglme constant, and decayed with
Recently, however, conical intersections have been discovered® ~10-15 ps cooling timé&>2*In a related study of cantha-
in shorter polyenes and implicated in both IC proceddss.  *anthin the anti-Stokes rise-time fit the known-SS, IC time
The conical-intersection model of IC reproduces the same energyconstant and the signal decayed with a-28 ps time constarit
gap dependence but invokes dynamic relaxation and strong”dditionally, it was shown that at 6 ps, the signal arose from
coupling between the electronic states at the conical intersection.Melecules inlow ¢ = 1 or 2) vibrational states, indicating that
In photosynthetic systems, the ability of a carotenoid to IVR must have occurred ir6 ps. Ho_vvever, these studies did
transfer excitation to nearby chlorophylls is determined by the NOt observe any Sfeatures or kinetics that would report on
relative energies of the carotenoig Sate and the chlorophyll ~ €XCited-state IVR processes. _
Qy state. To explore these energetics, the rate of intramolecular  Here, we have performed simultaneous Stokes and anti-Stokes
vibrational energy redistribution (IVR) and vibrational cooling time-resolved Raman experiments Srcarotene in order to
in the S. state of carotenoids has been extensive|y investi- elucidate the time-scales of vibrational relaxation in both the
gated15-18 Two of these studies suggested that vibrational S1and  states. Our results show that Bbrationally relaxes
relaxation in $ occurs more slowly than IC. Zhang et'al in <2 ps, much faster than thg-SS, internal conversion time,
assigned several features in theaBsorption band of lycopene and that IVR and vibrational cooling in the ground state occur
to vibrational hot-bands and found that these bands did not decayover & range of times (112 ps) suggesting mode-specific
faster than the other bands in the spectrum. However, their time-c00ling rates in &
resolution was limited te-3 ps, which is longer than the usual
time-scale for excited-state IVR.Yoshizawa et al® suggested Materials and Methods

that 3-carotene relaxed in 600 fs to the= 1 (C=C) state but ) .
all-trans-3-Carotene (Aldrich) was recrystallized from ben-
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in toluene was prepared from dried crystals under dim light and
stored under nitrogen. The sample was kept on ice and circulated
throudh a 2 mmsquare cell in a closed loop under nitrogen.
The flow rate of the solution (20@m/ms) was chosen so that
the illuminated sample volume was completely replaced between
shots. The OD at the pump wavelength was 0.075 fnamd

the OD at the probe wavelength was 0.010 MimThe
absorption spectrum did not exhibit any observable changes over
the course of the experiment. Anti-Stokes Spectrum

Instrumentation. The picosecond resonance Raman laser T -
system has been described in detail elsewPet€Briefly, a
picosecond Ti:Sapphire oscillator (Spectra-Physics Tsunami
model 3950) seeds a Ti:Sapphire regenerative amplifier (Spectra-
Physics Spitfire) that produse 1 kHz, 3 ps pulse train. After
frequency doubling in BBO, the resultant 403 nm beam is
Raman-shifted in a 0.5 m pipe filled with 1000 psi © produce
the 531.5 nm second Stokes probe beam, while the residual SHG|
beam is used as the pump. The pulse width of the probe was
1.5 ps (16 cm! fwhm) and the pump/probe cross-correlation
was 4.1 ps with an approximately Gaussian shape. Deconvo-
lution of the cross-correlation, assuming Gaussian pulse shapes, :
indicates that the pump pulse fwhm was 2.9 ps. The pump ™ N R A LA AR RAAA RARAS RAARR R AR R
probe time delay was calibrated with sum-frequency generation 500 520 540 560 580

. s Wavelength / nm

in BBO to within £0.5 ps. Figure 1. Representative pump- probe (solid-line), pump-only
The pump and probe beams were focused onto the flowing (yashed line), and probe-only (dotted line) spectr-carotene. The

sample with a 50 mm f.I. spherical lens, producing a0 pump-+ probe time delay is 1 ps. The dip in the middle of the spectrum

diameter focal point. The average pump power at the sampleis due to the notch filter, which removes scattered light within 5 nm of

point was 42Q:W (4.3 x 10 photons/crpulse) and the probe  the probe wavelength (visible as the peak in the middle of the notch).
power at the sample point was 120V (2.6 x 106 photons/ Pump-induced qu_orescence f_ror@ $§pans the entire spectral window.
cn?/pulse). Wih a 5 pspump-probe delay, the growth in Peaks labeled with an f\sterlsk (*) are due to toluene. Peaks due to
intensity of the $ Stokes peaks and, @nti-Stokes peaks and p-carotene are labeles™
the decrease in intensity of thg Stokes peaks were linear in
pump power from 350 to 550W. The changes in intensity of
all Stokes and anti-Stokes peaks were linear in probe power
from 150 to 260uW.

Raman scattering was collected with #f.2, 50 mm f.l.
camera lens and imaged onto the 2080 (26 cntl) entrance
slit of the spectrograph (Spex 500 M, 500 g/mm, 560 nm blaze)
with anf/4, 200 mm f.l. singlet lens. The pump scattering was
removed with a long-pass filter (Schott GG435), whereas the
probe scattering was removed with a 1064.0 nm notch filter
(Kaiser Optical) using its second-order blocking capability at
532 nm. The width of the optical notch was 10 nm, which

+ R

Stokes Spectrum

_____

the broad fluorescent background which is also evident in the
pump-only spectrum (dashed). Comparing the Stokes Raman
peaks of the pumpt probe spectrum with the probe-only
spectrum (dotted), the decreased relative intensity of the
pB-carotene peaks is visible, indicative of ground-state depletion
by the pump pulse.

To visualize the pump-induced changes quantitatively, back-
ground-free time-resolved Raman spectra were generated from
the pump+t probe spectra using the subtraction procedure shown
in Figure 2. The pump-induced fluorescence was removed by
subtracting the pump-only spectrum (B) from the putnprobe
spectra (A). The spectra were then corrected for self-absorption,

allowed simultaneous collection of Stokes and anti-Stokes qing the toluene peaks as an internal standard, by dividing by
scattering to within 300 cmt of the probe wavelength. The the transmission spectrunT(@)) of a 1.4 mm effective path

dispersed light was detected with a liquid nitrogen coole_d CCD length 3-carotene solution to produce spectrum C. This large
(Princeton Instruments, LN/CCD-1100-PB/UVAR). The instru-  ofetive path length indicates that the dynamic self-absorption
ment response .vvas.determlned with a tungsten standard lampoccurring in the 50um illuminated spot has a negligible
Wavelength calibration was performed using a neon lamp. All' ¢ ntribution relative to the static ground-state absorption. The
absolute Raman shifts are accluratectbcnr , whereas relative 51 ene Raman peaks were then removed by subtracting the pure
shifts are accurate 0.5 cn™. toluene probe-only spectrum (D), resulting in spectum E.
Pump+ probe spectra were collected for 10 min at each Because of slight changes in the spectral profile of the probe
pump + probe time delay, with probe-only and pump-only heam over the course of the experiment, it was sometimes
spectra measured for 5 min between each ptngrobe time  necessary to shift the toluene spectra slightly to obtain a proper
point. Spectra with twenty different time delays betwee solvent subtraction. The broad fluorescence background under
and 100 ps were acquired. The fluorescence background in thethe Stokes and anti-Stokes spectra was fit to a 19th order
pump-only spectra exhibited no change over the approximately polynomial (F) and subtracted, leaving the background-free,
12 h of data collection. Pump-only, probe-only, and putap  time-resolved Raman spectrum of the ground and excited states
probe spectra of neat toluene were measured for 5 min each toof S-carotene (G). It was necessary to use a high-order
provide solvent spectra. polynomial to effectively fit the structure of the fluorescence
Spectral Subtraction. Examples of corrected pumgp probe, over the broad spectral range of both the Stokes and anti-Stokes
pump-only, and probe-only data are presented in Figure 1. In windows and to describe the decreased instrument response
the pump+ probe spectrum witt\t = 1 ps (solid line), the approaching the notch filter wavelength. A background-free
Raman lines of toluene an@carotene are superimposed on Raman spectrum of (Sf-carotene was obtained from the
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T T T T T 1 T T T + T we use “hot” to refer to any molecular state that has excess
Anti-Stokes Stokes vibrational energy relative to what would be expected for a
Boltzmann population at 10C, the bulk sample temperature.
We use “cooling” to refer to any process that reduces the
excitation present in a particular vibrational mode. This cooling
may occur by IVR or vibrational energy dissipation to the
solvent.) Excitation creates an initial population in &nd
relaxation of this population and subsequent time-dependent
population changes in the other states can be solved exactly
using first-order kinetics, assuming the relaxation scheme

50 l 52 ng koo = Ll7gg SO (2)

where ko1 and kigp are the $ — S; and § — & internal
conversion rates, ankho is the mode-specific cooling rate in
So- With the conditions $(t)] + [Si(t)] + [$°‘(t)] + [S)] =
1, [S(0)] = 1 — [$(0)], and [(0)] = [§(0)] = O, the
solutions to the time-dependent populations are as follows

Ky = 1lt,, Kyg=1lt4q

[S,(B)] = [S,(0)]-e " (3)

G=E-F
x4 k
: nnt i R, £ i B [S(B] = [%(o)].+.(e—kzlt — g tohy (4)
41600 1200  -800  -400 400 800 1200 1600 (ko — Ky)
Raman Shift / cm”

Figure 2. Subtraction procedure used to produce time-resolved Raman _ _ _

sp%ctra of-carotene. pThe pumg- probe gpectrum (A) witlAt = 6 [ng(t)] = [S(0)]{oge ot o€ o + o€ koot} (5)
ps, pump-only spectrum (B, dashed), and toluene probe-only spectrum

D) were collected under the conditions described in the text. The pum . koot K

i(nd)uced fluorescence (B) is subtracted from the punyrobe spectrunpw P [S0] = [S0)] + [SO)]{1 — fyre ™ — prre " -

(A) and corrected fofs-carotene self-absorption by dividing By4), ﬁz.e—koot} (6)
the f(-carotene transmission spectrum. The toluene peaks in this

spectrum (C) are removed by subtracting the toluene probe-only

spectrum (D). The resultant spectrum (E) contains ktarotene  Whereao = kaikio/[(Kio — Ka1)(Koo — Ka1)], a1 = kaakio/[(Ko1 —
Raman scattering and residual fluorescence. The fluorescence backk;o)(Koo — kio)], 02 = B2 = kaikio/[(ko1 — koo)(Kio — kog)], Bo =
ground is fit (F, dotted) and subtracted to give the background free k; koy/[(kio — ko1)(Koo—k21)] @and 1 = koikoo[(ko1 — Kio)(koo —
pump -+ fpmbet Ramg”hSpethr”m ﬁca.;.‘)tzr}e (g)' lThe anti-Stokes 1 W1 The net observed intensity of the Stokes and anti-Stokes
region ot spectrum as been magnitie€ for dispiay. peaks, relative to that observed in the probe-only spectrum, is

averaged probe-only spectra using the same spectral subtraction o
procedures as described above. 1(t) = [SO] + d-[F°)] (7)
Kinetic Analysis. The kinetics of the Raman intensities were

first analyzed by empirically fitting to the convolution of our  where the &" coefficient,d, represents the relative increase or

Gaussian instrumental response with a single or double expo-decrease in scattering frongosrebtive to the room-tempera-

nential molecular response ture $ population. The enhancement factdyparametrizes all
contributions to the scattering intensity of the hot species

—(t— Aty —(t = Aty) including population and resonance enhancement changes.
M(t) = Ay agex 7 T aex 7 +B Because of the decrease in Stokes scattering cross-section with
Q) increasing temperatufé we might expectl < 1 for the Stokes

peaks. However, this effect may be significantly attenuated by

The functional form of eq 1 varied depending on the dynamics our use of a probe wavelength on the red edge of the absorption

being considered. For the) 8ecovery, the parameters in eq 1  spectrum, where increased relative enhancement of vibrationally

were chosen to produce an instantaneous bleach followed by ahot molecules is expectél.In the anti-Stokes spectrum,

single-exponential recovery. For the Beaks, the molecular  however, the increase in population in excited vibrational states

response was set to a biexponential representing the fastin hot S would increase anti-Stokes signal and therefore we

formation and the slower decay of the [®pulation. The anti- would expecd > 1. Substituting eqs 5 and 6 into eq 7, we get

Stokes signals were fit to a biexponential molecular response

with different amplitudes for the two exponential terms allowing  |(t) = 1 + [S,(0)]{(d 0oy — Bp)e " + (do, — By)e 4 +

an instantaneous decrease in intensity followed by exponential ot

rise above baseline and subsequent decay back to the baseline. (da, — Br)e ™} (8)

To more effectively analyze the anti-Stokes dynamics, it was

necessary to develop a first-order kinetic model of the relaxation The $ Stokes and anti-Stokes kinetics were fit to the convolu-

encompassing excitation fromy ® S, fast relaxation from S tion of eq 8 with the Gaussian instrumental response. In all of

to S, internal conversion from 3o vibrationally hot g, and the fits, the zero of time was adjusted as discussed below. It

then cooling from hot &to the final relaxed &state. (Here, should be noted that the only variable parameters in eq 8 are



Vibrational Relaxation in3-Carotene

8 % 9 9 3§ g 9 9 9 9
o o [&] Ue &) [S G 8] [4) Q
o 73 w O o w & B )
= © (=] [ =+ <t ~ [=] ] -
g B & £ 8 g 2 &8 &8 E
§x25 x5
"W"l x5 100ps  x1 s
: M ]
; e
W‘ N 30 ps T
; 18 e
by A B
H \‘-T'*—"/\‘ , N e\gs ] o~
AV
L) O LA
5 e
W/\ A, ‘g‘gi -
¥ 2ps il
P e vy —
~— Probe Only »,\kjk:

T T T T
1800

T T
1000

S, .
I T T T ! T

-1000 -600 600 1400

Raman Shift /cm’”

Figure 3. Time-resolved pumpg- probe Raman spectra gfcarotene.
Peaks from $(marked by dashed vertical lines) are superimposed on
peaks from $(solid vertical lines). The anti-Stokes spectra (left side)
are blown upx5 for display. Note the decrease in intensity and
subsequent recovery of the Stokes peaks and the large increase in
S anti-Stokes scattering caused by internal conversion freto S.

The magnifications aroune-1800 cn?! reveal the appearance and
decay of the §C=C Stokes peak at 1781 ctand the fact that no
corresponding anti-Stokes peak is observed.

-1800 -1400

[S(0)], d, ka1, kio, andkgg; thea’s andf’s are functions okss,
kio, andkgp and are therefore not independent variables.

Results

Representative pumyp probe spectra are presented in Figure
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Figure 4. Time-resolved Stokes difference spectra ®tarotene,
produced by subtracting the probe-only spectrum from the time-
resolved pumpt probe spectra. Peaks attributed tpa8e indicated
with the dashed vertical lines. Residual scattering from the heta$e
is also observed, anharmonically red-shifted from th€SC and C=
C bands. Features marked with an asterisk (*) are due to imperfect
subtraction of toluene.

Although most of the §peaks are removed by the subtraction,
at longer time delays peaks from the hot ground state are visible
on the low-frequency side of they €—C and CG=C peaks at
1145 and 1509 cri. These hot §bands are not completely
removed by the subtraction because they are anharmonically
downshifted. Attempts to decompose thd200 and~1530
cm~! bands into separatg 8nd hot $ peaks were unsuccessful

3 along with the probe-only spectrum. On both the Stokes and because of the complex shape and intensity evolution of the
anti-Stokes sides of the probe-only spectrum, the three largesthot S peaks.

S vibrational peaks are visible at 1004, 1157, and 1523%cm
corresponding to the methyl rock {CHjz), carbon single-bond
stretch (C-C) and carbon double-bond stretch=C) normal
modes?® Comparing thet-2 and—2 ps pump+ probe Stokes
spectra, the decrease in intensity of theCS-C and C-CHs;
peaks at 1157 and 1004 ctnis clearly visible. In addition,
growth of the Stokes Ssignal is evidenced by the broad
shoulder that develops on the high-frequency side of th€C
band 61230 cnt?) and by the high-frequency=€C band (1781
cm™1). The large increase inp@nti-Stokes scattering at positive
time delays is due to the formation of hog ®olecules after
internal conversion from Shrough S to S. Note also that no
S; peaks are visible in the anti-Stokes spectra.

To clarify the positions and shapes of thea®d hot § bands,

Analysis of the kinetics of the Stokes spectra using eq 1 (see
below) revealed that the decay-timg, was very sensitive to
variations in the rise-timer;, and the zero of timeAt,. It was
thus necessary to adjustty and to choose and fix the rise-
time, 71, of the § peaks. To determineg, the S peak kinetics
(Figure 5¢-€) were first fit using eq 1 and all parameters except
ap, a1, andB were allowed to vary. The weighted mean of the
best-fit values ofr; (0.2 + 0.2 ps) was chosen and fixed in
subsequent analyses that determinggland zo. This value of
71 is consistent with the 144 10 fs S — S; IC time constant
determined in previous fluorescence upconversion experiments
in toluene® To determineAty, both the $kinetics, withz; fixed
at 0.2 ps, and the¢Secovery kinetics (Figure 5a,b) were fit.
The weighted mean of all five fits gawisto = 0.3 £+ 0.1 ps,

the $ probe-only Stokes spectrum was subtracted from the and this zero of time was used in all subsequent analyses.

pump+ probe Stokes spectra until the Seaks at 1004 and
1157 cnt! were completely removed. The subtraction coef-
ficient, c(t), varied between 6@ 2% at 6 ps and 10% 2% at

The dynamics of ground state bleaching and recovery are
revealed by the kinetics of the probe-only subtraction coef-
ficients, c(t) in Figure 5a, as well as the Stokes G—CHjs

100 ps. A representative set of these Stokes difference spectrantensity in Figure 5b. Although the bleaching of the ground
is presented in Figure 4. In the early difference spectra, the S state is also visible in thep&—C and C=C Stokes peaks, the

C—C band at 1230 crt, the § C=C peak at 1543 cmi, and
the high-frequency SC=C peak at 1781 crt are observed.

overlap of these features with; ands dictates that their
integrated areas are not strictly proportional topBpulation.
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Figure 5. Kinetics of the time-resolved Stokes spectrgefarotene.
The top two panels present the dynamics gfpSpulation depletion
and recovery. The subtraction coefficieoft), was used to scale the

probe-only spectrum in the generation of the Stokes difference spectra.

The § C—CHjs intensity (b) is the integrated area of the methyl-rock
peak at 1004 cmt in the pump+ probe spectra. The bottom three
panels present the dynamics of thesBate monitored by the Stokes

difference spectra. The data points are the integrated areas of the S

C=C peak at 1781 crt (c), the G=C band at 1543 cnt (d), and the
C—C band at 1230 crt (e). The 4.1 ps fwhm Gaussian instrumental
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Figure 6. Kinetics of the time-resolved anti-Stokg@scarotene spectra.
Data points are the integrated areas of the anti-Stok€=% peak at

1523 cnt? (a), the $ C—C peak at 1157 cnt (b) and the $C—CHjs

peak at 1004 crt (c). The 4.1 ps fwhm Gaussian instrumental response
is shown as the dashed curve in (a). The other curves are the best-fit
convolutions of the instrument response with either a biexponential
(eq 1, dotted) or kinetic (eq 8, solid) model of the molecular response.
Values of the best fit parameters are summarized in Tables 1 and 2.
Each peak area has been normalized to its area in the probe-only
spectrum.

time constant is 12.6 ps. However, the fact that the decay time
constants of the other Stokes kinetics in Figure 5 agree with
this value within the error limits indicates that the contribution
of hot § scattering to the 1543 and 1230 thg; kinetics does

response is shown as the dashed curve in (c). The solid curves are thenot significantly perturb the results (see discussion below).

fits of a convolution of the instrument response with the exponential

The normalized intensities of they @nti-Stokes bands are

molecular response described in eq 1. The fitting parameters arepresented in Figure 6. The &nti-Stokes signal is expected to

summarized in Table 1.

Thec(t) and the C-CHjs kinetics were fit by a single-exponential
molecular response using eq 1 with the best-fit parametes of
= 56%,70 = 12.0£ 0.7 ps, andA = 59%, 7o = 10.2+ 2.3 ps,

decrease instantaneously due to ground state depletion, to then
increase above the probe-only level due to the formation of
vibrationally excited molecules after internal conversion from
S;, and finally to decay back to the probe-only level via

respectively. The weighted mean of these two amplitudes vibrational cooling. This is the observed behavior, although the

indicates that each pump pulse excited £62% of the

initial decrease is only suggested in the CHz anti-Stokes data.

[-carotene in the illuminated sample. The kinetic model fits of Attempts to fit the anti-Stokes kinetics to a biexponential
the § Stokes data using eq 8 gave poorer fits than the single- molecular response function (eq 1) were hampered by large
exponential molecular response. This is most likely because theuncertainty in the parameters. For completeness, however, these

Stokes scattering cross-section of hgtiSnearly the same as
cool § at our probe wavelength, making~ 1 in eqs 7 and 8

results are reported in Table 1 and Figure 6 (dotted). These fits
indicated that the decay times of the=C, C—C, and C-CHjs

and the observed dynamics essentially independent of thepeaks were 11.% 2.6, 15.3+ 3.7, and 16+ 11 ps, respectively.

cooling rate.

The analysis of the kinetics of the 1781 thiC=C, 1543
cm1 C=C, and~1230 cnt! C—C peaks of the Sexcited state
is presented in Figure 5g. As described previously, the rise
time of the § peaks was fixed at 0.2 ps. With this constraint,
the decay times were determined to be 12.6.3, 15.1+ 1.2,
and 13.2+ 1.8 ps for the 1781, 1543, and 1230 chpeaks
respectively (see Table 1). Because the@Cpeak at 1781 cri
is unencumbered by any overlap with [g&aks, it provides the
best measure of the;S> S kinetics and indicates that this IC

The respective rise times of the peaks were4.9.7, 3.1+
1.4, and 6.8t 5.5 ps.

A more precise analysis of the anti-Stokes kinetics was
obtained by fitting the anti-Stokes data to the convolution of
our instrument response with the kinetic model described by
eq 8. The results of these fits are shown in Figure 6 (solid) and
Table 2. These analyses were constrained by sektirandki
to the values determined by the biexponential fits of the S
peaks, and$(0)] to the value determined by thg Stokes data.
This allowed for the determination of the following: (1) the
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TABLE 1: Exponential Analysis of f-Carotene Stokes and Anti-Stokes Intensitie’s

figure component Abe =N 70 (PS) a 71 (pS)

5a c(t) Stokes —0.56 (0.02) 1 12.0 (0.7) 0 n.a.
subtraction coef.

5b S Stokes G-CH; —0.59 (0.08) 1 10.2 (2.3) 0 n.a.
(1004 cnt)

5c S Stokes G=C 1.27 (0.07) 1 12.6 (1.3) -1 0.2
(1781 cn?)

5d S Stokes G=C 1.35 (0.06) 1 15.1(1.2) -1 0.2
(1543 cmY)

5e S Stokes G-C 1.42(0.11) 1 13.2(1.8) -1 0.2
(1230 cn?)

6a $ anti-Stokes €C 5.9 (1.6) 1 11.7 (2.6) -1 1.4(0.7)
(1523 cn?)

6b S anti-Stokes 1 6.1(2.2) 15.3(3.7) —-8.3(1.8) 3.1(1.4)
C—C (1157 cm?)

6C S anti-Stokes 1 8.8 (16) 16 (11) —10.9 (15) 6.8 (5.5)

C—CHs (1004 cnt?)

a Parameters were determined using eq 1 to model the data in Figures 5 and 6. Th8pffsatset to 1 in Figure 5a,b, 0 for 5e, and 1 for
6a—c. ® The At = 0 offset, Ato, was determined by initially allowing it to vary as a fitted parameter. The weighted average of theseQ Q. ®s,
was chosen as the best overall value and fixed for these calculetidhe.amplitudeA, in 5a,b corresponds to the proportion of sample excited
by the pump pulse. In 5ee and 6aA is a scaling factor without any molecular significance. In 6B¢s fixed at 1 to prevent redundancy when
ap anda; are allowed to varyd The rise time;, of the § peaks was much faster than the time resolution of this experiment and could not be
accurately determined. The value of 0.2 ps was chosen as described in the text.

TABLE 2: Kinetic Model Analysis of f-Carotene 5F
Anti-Stokes Intensities ®
o—8-§ f—f
721 T10 @ ) %
figure  component (fixed) (psP (fixed) (ps} oo (fit) (ps) d (fit)d s i
6a $C=C 0.2 12.6 0.7 (0.4) 171 (85) 10 ‘é
(1523 cn?) (@) S, C=C
6b $C-C 0.2 12.6 54(0.9) 25(3) 5l 1
(1157 cnry) 5 .
6c $C—CHs 0.2 12.6 12.1(25) 12(2) = -20H
(1004 cnt) =
a Parameters were determined using eq 8 to model the data in Figure g
6.° The time constant for S— S, internal conversiong,;, was much g
faster than the time resolution of this experiment and could not, 2 .
therefore, be experimentally determined. The value of 0.2 ps was chosen ,
as described in the textThe S — S time constant was calculated as 3k
the weighted mean of the decay times, determined from the 4L (b) §,C-C
exponential fits to the Stokes kinetics (see Table! The enhancement 5 2
factor, d, is an empirical measure of the increase in population#n L

1 of the hot G state relative to the room-temperatugestite (see text). 0 10 20 Y 10 0
Delay Time /ps

cooling rate, koo, for eac_h vibrational mOd_e’ and (2) thg Figure 7. Time-dependent frequency shifts of theG&=C and $C—C
enhancement factod, which measures the increase of anti- Raman peaks g8-carotene. (a) The frequency of the Stoke<CS-C
Stokes signal frorrﬁ;ot relative to the room temperatui®. mode relative to 1781 cm. The dashed line is a 1.4 ps exponential
Unconstrained fits, in whickso was allowed to vary, converged — decay. (b) The frequency shifts of the Stokes (open squares) and anti-
to essentially the same value kab as the exponential fits, but ~ Stokes (filled squares)&—C peaks relative to 1157 crh The dashed
with much larger errors in the parameters because of their:l?nee'tiscgl 5.4 ps exponential decay, determined by the anti-Stok&s C
interdependence. In Figure 6, it is apparent that the kinetic model '
o he Prponenil i 2 i 1 8P Sen, AN St G- ks e i34 v <10 ps T 5
reproduced with the kinetic model. The expected decrease isC=C. frequency shiftis fit Wlth.a 114 ps exponentlal rise time,
too small compared with the measur.ement error to be statisticallyconSIStem Wlth the<2 ps .S cooling time determined using ant-
significant. The benefit of the kinetic model is that we can St(.)kes intensity ana_|y3|s (see below). 'I_'hﬁCSrC_frequency

: shifts with a~5 ps time constant, consistent with the 5.4 ps

definitively assign the mode-specific cooling rate associated with ~ . . . - . }
the observed anti-Stokes kinetics. The cooling time of the S C~C cooling time determined by the anti-Stokes intensity

C=C peak is extremely fast, 0 0.4 ps, and this band exhibits kinetics.

a very large enhancement factor of 1#185. The § C—C Discussion

peak has a slower cooling time of 5#4 0.9 ps and a smaller

enhancement factor of 2& 3. The $ C—CHj; peaks shows Excited-State SpectraOur S Raman spectra ¢f-carotene

the slowest cooling time, 12.% 2.5 ps, and the lowest are consistent with previous time-resolved Raman studies
enhancement factor, 12 2. showing that vibrational bands of; &re highly shifted from

The cooling rates in Sand $ can also be monitored by the the ground-state frequenci®s2”-2° The 1157 cm! S C—C
time-dependent frequencies of theSokes and the SStokes peak splits into approximately 3 overlapping peaks at 1204,
and anti-Stokes peaks. Figure 7 shows that th€SC peak 1243, and 1282 cni in S; and the 1523 cmt Sy C=C peak
blue shifts 10 cm! in <2 ps and that both the Stokes and anti- splits into two peaks at~1530 and~1780 cntl. These
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scattering, the population in > 1 must be less than 10% and
25,000 X . - e
4 2% of the total excited population within 2 ps after excitation
jw’ for the G=C and G-C modes, respectively. Because it is
S, 1 — unlikely that by 2 ps there would be more excitation in the
20,000 e — higher frequency mode, we can place an upper bound2st
o A on the S vibrational excitation. However, because under these
] — resonance conditions the anti-Stokes scattering strength could
Tp=126ps_ ¢ — S1 be 5 times less than the Stokes scattering strength, a more
hv —¢=¢  cc conservative upper bound of10% excitation is suggested.

403 . . .
24514 o™ These results contrast with the conclusions of Yoshizawa'et al.

<~ 15,000

on f-carotene and Zhang et ®l.on lycopene who both

Energy (cm

10,000 — hypothesized that relaxation in $roceeds normally until the

_ molecule is trapped in the = 1 C=C vibrational state. If this
— were the case, then we would expect the percentage of
5,000 - i vibrationally excited molecules in;So be nearly 100% at and
beyond 2 ps. A vibrationally excited population of this
magnitude would almost certainly produce a large anti-Stokes

N
Il
LU
[T

S, To= ¥ <ips ¥ 5ps Fiaps signal, which we clearly do not observe. It is likely that the 0.6
07 c=C cC CCH3 ps relaxation rate observed by Yoshizawa et al. is reporting on

] ) ] ] . the completion of the IVR process inj,Srather than an
Figure 8. Vibronic relaxation scheme ¢f-carotene. After excitation incomplete relaxation to = 1.16 This fast IVR process, which

to S (1B,"), the molecule relaxes in 0.2 ps ta @Ag"). In S IVR . .
occurs very rapidly, such that the population of vibrational states with has been observed in several other stutiiéss much faster

v = 1is less than 10% within 2 ps. Internal conversion from&S, than could be detected with the-2 ps time resolution of Zhang
(1Ag) occurs with a 12.6 ps time constant. The=C mode is the et al®
primary accepting mode of the IC process and relaxeslips through Excited-State Lifetime. The 12.6 ps Slifetime determined

IVR. The C-C mode is excited directly by IC, as a minor accepting ; ; ; ;
mode, and relaxes with a5 ps time constant, The -€CHs mode is here is slightly longer than those determined previously for

excited by the IVR process and then relaxes with-22 ps time p-carotene in aromatic solvents by trar_1$ie_nt absorp_tion:(:8.4
constant, which is likely the molecular cooling rate. 0.6, 10+ 2, and 8.8+ 0.2 ps)t®3334This difference is most

likely due to the fact that our experiment was performed @t
(iO"C, whereas previous experiments were all performed at room
temperature. Decreasing the sample temperature can as much
as double the internal conversion time constant for carotefbids.
We can eliminate the possibility that our measured lifetimes
are systematically increased as a result of interference with
ground-state cooling features by noting the agreement of the
S, lifetime measured by the 1781 chhC=C peak with the
average of the other four Stokes decay times. If there was a
contribution from slow ground-state cooling process, we would
expect the kinetics of the;$eaks at 1230 and 1543 cito

be significantly longer than the kinetics of the 1781 émpeak.
However, since all of these decay times are within one standard
deviation of each other, we conclude that ground-state cooling
has a negligible affect on the measured lifetimes.

frequency changes have been reproduced by the nonadiabati
vibronic coupling model of Zgierski et &P Investigations of
the high-frequency S C=C peak in different solvent¥,
carotenoids! and isotopomet8 revealed that the :SS
frequency shift can be directly correlated with the extent;ef S
S, vibronic coupling. The 1781 cm frequency of our §
C=C peak is consistent with previous observations in polariz-
able solventd? However, our low-frequency 1543 cthC=C
peak can only be compared with previous experiments in a
relatively nonpolarizable solvent (THF) in which the twe S
C=C peaks were observed at 1530 and 1796 cth32 The
solvent dependence of the high-frequeneyCpeak frequency
has been attributed to a breakdownGf, symmetry in $ and
the accompanied increase in—S5, vibronic coupling?® The
upshift in our low-frequency €C peak and the downshift of R - ) )
our high-frequency €&C peak relative to previous work by Grounq-State \/lbratlongl Relaxation. Analysis of the anti-
Koyama et at%32may be due to solvent dependent changes in Stokes ](|net|cs is complicated by the slow rate pf internal
the S—S, vibronic coupling. It is also possible that the lower ~Cconversion between;&nd $. Because IC necessarily occurs
C=C frequency observed in the previous work was affected Pefore the formation of hotsSany faster dynamics occurring
by the spectral subtraction technique used, which is difficult Within the ground-state manifold will be hidden. By examining
because of the inherent spectral broadening of the ground-statéhe preexponential factors,(and,) in eq 5, it is apparent that
spectrum at high powers and the close proximity of theu®i with ka1 > koo > kio (i.€., 721 < 70 < T10), the kinetics ofg)™
S, peaks around 1530 crh will be dominated by a rising term determined kyy, the mode
Excited-State Vibrational Relaxation. One of our primary ~ Specific cooling rate, and a decaying term determinedigy
results is that there are no observabi@&aks in our high signal- the § — & internal conversion rate. This is counterintuitive
to-noise anti-Stokes spectra. As summarized in Figure 8, this considering that schematicallggOt is formed viakio and is
indicates that following fast internal conversion from, S  removed viekoo. AS a result, the exponential decays of the anti-
molecules in $equilibrate most of the excess photon energy Stokes kineticstp, Table 1) can be assigned to the-S S

(4600 cntt) as well as the energy of the, S> S; internal internal conversion time and, as expected, they are all within
conversion (5800 cri) within 2 ps. As a result, there is no  one standard deviation of the 12.6 ps time constant determined
observable Spopulation in the high-frequenay= 1 vibrational in the Stokes kinetics. We assign the rising terms of the anti-

levels. We estimate a maximum vibrationally excited population Stokes kinetics 13, Table 1) to the cooling times of these
of <10% at 2 ps: On the basis of our limit-of-detection, we vibrational modes, however, these cooling times are better
can place an upper limit on the anti-Stokes:Stokes intensity ratio determined using the kinetic modebg, Table 2). In general, it

of 15% for the G=C peak and 3% for the €C peak at a time is apparent that the cooling times increase as the vibrational
delay of 2 ps. Factoring in thes® dependence of the Raman frequency decreases. As summarized in Figure 8, the 1528 cm



Vibrational Relaxation in3-Carotene

C=C relaxes in~ 1 ps, the 1157 cm C—C relaxes in~5 ps,
and the 1004 cm! C—CHjs relaxes in~12 ps. Our revised
relaxation scheme becomes

7, =0.2ps 7,0=12.6 ps

1

Tgo=1-12ps

S-S, Sig 9)

The enhancement factod, determined by the anti-Stokes
kinetic model is a measure of the increase in anti-Stokes
scattering in $" relative to (cool) & The enhancement arises

J. Phys. Chem. A, Vol. 106, No. 25, 2002037

TABLE 3: Observed and Calculated Thermal Occupation
Numbers of #-Carotene

occupation number,
fi (ratio to 283 K value?

c=C Cc-C C—CHs

energy
(cm™)  T(K)

source

observefl n.a. 850-550 0.074 (171) 0.070(25) 0.073(12)
sample temp. 9388 283 0.00043 (1) 0.0028 (1) 0.0061 (1)
int. convd 14500 468 0.0093 (22) 0.029 (10) 0.046 (8)

photort! 24814 568 0.021 (49) 0.053(19) 0.079 (13)

a QOccupation numbers defined for a Boltzmann population at a given

from either an increase in the resonance enhancement or fromemperature agi = exp(—hv/kT). The energy stored at a given

an increase in the vibrationally excited population. A large

temperature is given byE,» = ¥ hwi/[exp(wi/kT) — 1], where the

change in resonance enhancement can occur through twovibrational frequencies gi-carotene were calculated Baussian 98

mechanisms, both of which are unlikely in this system. First,
an increase in resonance enhancementBfcduld occur if

the §” scattering arose from a different vibrational transition
than theS, scattering, which comes entirely from the= 0 —

1 transition. Our probe wavelength is approximately one
vibrational quantum~1400 cnt?) below the $—$S; electronic
origin and is therefore very near the maximum in the 0 —

1 anti-Stokes Raman excitation profile. Hence, at this wave-
length we would expect to see only a decrease in relative

at the HF/3-21G level and scaled by 0.834. The scaling factor was
chosen to place the calculated frequencies of theCCC—C, and
C—CHz; modes at the observed frequencie€alculated by multiplying

the sample temperature occupation numbers by the enhancement factor,
d, determined spectroscopically. Note that the enhancement factors in
parentheses are those determined in Figure 6 and shown in Table 2.
The temperatures noted are the range of temperatures necessary to
produce the calculated occupation numbeéfSalculated assuming a
Boltzmann distribution of vibrational excitation at 18C.9The
temperature was determined by adding either theSg internal-
conversion energy (14 500 ci) or the pump-photon energy (24 814

scattering strength from molecules excited to vibrational states ¢y-1) o the 9388 cmt of energy stored at 16C and distributing the

abovev = 1.35 Also, given that the rate of vibrational relaxation
scales approximately linearly with vibrational quantum num-
ber38 it is unlikely that any high vibrational quantum number

net energy into a thermalized Boltzmann population of vibrations.

IC process, whereas the-CH; mode has no more excitation

states would be present on the picosecond time-scale of ourthan that dictated by thermalization.
experiment. Second, changes in the resonance enhancement may Vibrational Cooling. Following IVR, the energy of internal

occur with increasing temperature, even if the anti-Stokes
scattering is generated from the= 0 < 1 transition. This would
occur if there existed low-frequency modes that were strongly
coupled to the resonant electronic transition; howegecar-

otene has no strongly displaced low-frequency modes and,

hence, should be relatively insensitive to this thermal multi-
mode quenching® We therefore conclude that most of the anti-
Stokes scattering generated after IC is due toutle 0 — 1

conversion is dissipated to the surrounding solvent environment
through vibrational cooling. Our spectra reveal no long-term
increase in anti-Stokes signal frgfacarotene, indicating that
vibrational cooling must occur in less than 13 ps. If the cooling
rate were slower than the rate of internal conversion then there
would be a build-up of anti-Stokes signal at long times and the
decay of the anti-Stokes signal would exhibit biexponential
kinetics. The relaxation time of the-€CH; mode (12 ps) is

transition in each mode and that the enhancement factors carconsistent with the 515 ps cooling time observed in longer

be attributed to an increase in population of the 1 state.

carotenoidéand with our condition that the cooling must occur

Based on this conclusion, we can use our measured enhancein <13 ps, so it is quite likely that the cooling time of the

ments to estimate the degree of vibrational excitatiogfh

C—CHz mode is equivalent to the overall rate of energy

Table 3 compares the observed occupation numbers after ICdissipation to the solvent.

with the thermal occupation numbers that we would expect for
different energy partitioning models. The thermal occupation
numbers of each vibration ing&t 10°C are 0.00043, 0.0028,
and 0.0061 for the €C, C—C, and C-CHz modes, respec-
tively. Multiplying these values by determines the observed
occupation numbers inf%, which are 0.074, 0.070, and 0.073,
respectively. If the 5 internal conversion energy (14 500
cm1)%7 is thermally distributed among all 282 normal modes
of the molecule, the temperature will increase to 468 K. At this
temperature the thermal occupation numbers for 8+€0C—C,

and C-CHsz modes will be 0.0093, 0.029, and 0.046, respec-
tively, which are 22, 10, and 8 times larger than at 283 K but

Implications for the Mechanism of IC and Ground-State
IVR. Our cooling times and enhancement factors are consistent
with a model of$-carotene relaxation in which the=€C and
C—C stretching modes are the dominant acceptor modes in the
internal conversion process. Because the observed enhancements
are much larger than those calculated for a fully thermalized
molecule, we conclude that the anti-Stokes signal from ##€C
and C-C modes arises from hot ground-state molecules that
have not fully thermalized on the ground state surface and that
these modes must have received preferential excitation during
IC. The extremely large enhancement factor of tkeCCmode
and the modest enhancement of the@mode indicate that

much less than necessary to generate the observed enhancemeritee G=C mode is the primary acceptor, with the-C mode

of 171, 25, and 12. Alternatively, if we distribute the full photon
energy (24 814 cm) in a Boltzmann population in¢Sthen

being a minor acceptor. In contrast, the similarity of the@Hs
mode enhancement to that expected in a thermalized molecule

the temperature increases to 568 K. This would give occupationindicates that its anti-Stokes signal is generated after IVR has
numbers of 0.021, 0.053, and 0.079 and enhancement factordeen completed but before a significant amount of the photon

of 49, 19, and 13 for the €C, C-C, and C-CHz modes,
respectively. The observed enhancements of ti€@nd C-C
modes are much larger than we would expect for a fully
thermalized molecule, but the enhancement of th&€E; mode

is very nearly what we would expect based on thermalization
of the photon energy throughout the molecule. This indicates
that the G=C and C-C modes are preferentially excited by the

energy has been dissipated to the environment. The rapid
appearance of increased anti-Stokes signal from th€ld;
indicates that this mode must be excited by relaxation of the
C=C mode.

It has been well established that the=C is the primary
promoting mode for §-S internal conversiod%11-38However,
the accepting modes are not as well defined. Previous investiga-
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tions of IC in3-carotene have been formulated in terms of the
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200Q 104, 5011; Cerullo, G.; Lanzani, G.; Zavelani-Rossi, M.; De Silvestri,

energy-gap law, which assumes that there is only one acceptingS: Phys- Re. B 2001, 63, 241 104).

mode that is weakly coupled to the electronic transi#owlith
this assumption, the insensitivity of the IC rate to deuteratton,
and the sensitivity t&3C substitutio®® has led to the conclusion
that the G=C mode is the only acceptor. However, the
assumption of a single accepting mode is not valid-tarotene,
which falls in Englman’s strong-coupling limftand has several

(3) Andersson, P. O.; Bachilo, S. M.; Chen, R. L.; GilloroJTPhys.
Chem.1995 99, 16 199.

(4) Andersson, P. O.; Gillbro, . Chem. Phys1995 103 25009.

(5) Shreve, A. P.; Trautman, J. K.; Owens, T. G.; Albrecht, ACBem.
Phys. Lett.199], 178 89.

(6) Zhang, J. P.; Inaba, T.; Watanabe, Y.; KoyamaC¥iem. Phys.
Lett. 200Q 332, 351.

(7) Kandori, H.; Sasabe, H.; Mimuro, M. Am. Chem. Sod 994

modes of similar frequency and with very large displacements 116 2671.

between $and $ that may act as acceptor modes during?1C.
By partitioning the IC energy into both the=€C and C-C
modes, the FranekCondon overlap between the relaxedstte
and the isoenergetigState can be dramatically increased. Also,

because each of these modes would be similarly affected by

(8) Akimoto, S.; Yamazaki, |.; Takaichi, S.; Mimuro, Nbhem. Phys.
Lett. 1999 313 63.
(9) Macpherson, A. N.; Gillbro, TJ. Phys. Chem. A998 102, 5049.
(10) Nagae, H.; Kuki, M.; Zhang, J. P.; Sashima, T.; Mukai, Y.; Koyama,
Y. J. Phys. Chem. £00Q 104, 4155.
(11) Wasielewski, M. R.; Johnson, D. G.; Bradford, E. G.; Kispert, L.

13C-substitution, the isotope affect on the internal conversion D- J- Chem. Phys1989 91, 6691.

rate would be the same as previously observed and predicte

by the energy gap la#f. The excitation of both the €C and
C—C modes by IC is also consistent with a twin-state model of
the IC process, in which the;SSy conical intersection lies
highly displaced from the Sequilibrium geometry along the
bond-inversion coordinaté.Relaxation from the conical inter-
section to equilibrium would require simultaneous lengthening
of C—C bonds and contraction of€C bonds and so excitation
of both of these normal modes would be expected.

Summary

d (12) Englman, R.; Jortner, 8ol. Phys.197Q 18, 145.

(13) Fuss, W.; Haas, Y.; Zilberg, &hem. Phys200Q 259, 273.

(14) Garavelli, M.; Bernardi, F.; Olivucci, M.; Vreven, T.; Klein, S.;
Celani, P.; Robb, M. AFaraday Discuss1998 110, 51.

(15) zZhang, J. P.; Chen, C. H.; Koyama, Y.; NagaeJH?hys. Chem.
B 1998 102, 1632.

(16) Yoshizawa, M.; Aoki, H.; Hashimoto, H?hys. Re. B 2001, 63,
180 301.

(17) Cerullo, G.; Lanzani, G.; Zavelani-Rossi, M.; De SilvestriP8ys.
Rev. B 2001, 63, 241 104.

(18) Polivka, T.; Zigmantas, D.; Frank, H. A.; Bautista, J. A.; Herek, J.
L.; Koyama, Y.; Fujii, R.; Sundstrom, \d. Phys. Chem. B001, 105 1072.

(19) Seilmeier, A.; Kaiser, W. Iifopics in Applied Physics. Ultrashort
Laser Pulses: Generation and Applicatiorand ed.; Kaiser, W., Ed.;
Springer-Verlag: New York, 1993; Vol. 60, p 279.

Picosecond Stokes and anti-Stokes Raman spectra of photo- (20) Hayashi, H.; Brack, T. L.; Noguchi, T.; Tasumi, M.; Atkinson, G.
exciteds-carotene have allowed us to directly observe relaxation H. J. Phys. Cheml1991] 95, 6797.

processes in both the excited(8Ag) and ground (§ 1A47)
states. The kinetics of the observed Stokeb&hds at 1781,
1543, and 1230 cnt as well as the kinetics of they Stokes
spectral recovery, establish the S S IC time as 12.6 ps.
The lack of any observable; &nti-Stokes signal indicates that
p-carotene vibrationally relaxes via IVR within 2 ps ip, &nd
that there is<10% residual vibrationally excited population by
this time. Internal conversion between &d $ partitions the
IC energy between the=6C and C-C modes of the ground

state. Although both of these modes act as acceptors, the

magnitude of the anti-Stokes scattering indicates that ts€ C

(21) Okamoto, H.; Ogura, M.; Nakabayashi, T.; Tasumi@em. Phys.
1998 236, 309.

(22) Nakabayashi, T.; Okamoto, H.; Tasumi, MPhys. Chem. A997,
101, 3494.

(23) Kim, J. E.; McCamant, D. W.; Zhu, L.; Mathies, R. A. Phys.
Chem. B2001, 105 1240.

(24) Zhu, L.; Kim, J.; Mathies, R. AJ. Raman Spectrosd999 30,
777.

(25) Shreve, A. P.; Mathies, R. Al. Phys. Cheml1995 99, 7285.

(26) Saito, S.; Tasumi, MJ. Raman Spectros@983 14, 310.

(27) Hashimoto, H.; Koyama, YChem. Phys. Lettl989 154, 321.

(28) Noguchi, T.; Kolaczkowski, S.; Arbour, C.; Aramaki, S.; Atkinson,
G. H.; Hayashi, H.; Tasumi, MPhotochem. Photobioll989 50, 603.

(29) Noguchi, T.; Hayashi, H.; Tasumi, M.; Atkinson, G. 8. Phys.

mode is dominant. In the ground state, the mode-specific cooling chem.1991, 95, 3167.
rates are established by observing the growth and decay of the (30) Orlandi, G.; Zerbetto, F.; Zgierski, M. Zhem. Re. 1991, 91,

S, anti-Stokes signal. The 1523 ctC=C mode relaxes in
<1 ps, the 1157 cm C—C mode in 5 ps, and the 1004 cin
C—CHsz mode in 12 ps. The magnitude of the 1004 émode

anti-Stokes enhancement is consistent with a model of ground-

state IVR in which the €CHz mode is excited by IVR from
the G=C mode. Finally, vibrational energy dissipation to the
solvent must occur faster than the 12.6 psSS, IC because

867.
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Lett. 199Q 175, 163.
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there is no long-lived enhancement of anti-Stokes scattering in 101, 348s.
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