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Probing the Kinetics of a Nonadiabatic Transition Initiating Out of Vibrationally Excited as
Well as Ground State Modes with Femtosecond Time-Resolved Transient Gratin§js
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Femtosecond time-resolved population gratings are employed for observing the kinetics of vibrational cooling
and internal conversion in thg State of-carotene. Two independent laser pulses, which are tuned resonant
to the S — S optical transition induce transient population gratings into solutions-cdrotene. Because

the S state lies approximately 6000 cfhabove the $potential, the subsequent internal conversion to the

S, state generates a population grating of hot vibrational modes on;tipet&ntial. This is followed by
vibrational cooling and an internal conversion to the electronic ground state. The kinetics associated with
these processes are interrogated by scattering a third, time-variable probe pulse effthie $opulation
gratings under Bragg conditions. When the probe laser pulse is tuned to different wavelengths within the red
flank of the § — S; absorption profile, excited vibrational states as well as the vibrational ground state
modes in the Spotential can selectively be monitored. This is verified by characterizing the contribution of
vibrational cooling to the acquired kinetics. With a comparison between the kinetics observed for excited and
ground state vibrational modes, it can be shown that the rate ofif8gisternal conversion increases for hot
vibrational modes.

1. Introduction The experiments presented in this work explore thssS
internal conversion (IC) irg-carotene with special emphasis
on the influence of the vibrational energy of modes engaging
in this radiationless electronic transition. It is the electronic
structure off-carotene and other carotenoids that allows this
molecule to fulfill a variety of essential functions in the process
of photosynthesi$*2526The close proximity in energy of the
_two lowest excited singlet states, denote@&d S in S-carotene

to the Q and Q bands of chlorophyll A and B, allow for energy

in the mechanism of highly efficient photobiological processes transf_er between these two types of mol_ecules via dipole/dipole
coupling an electron exchange mechanisms. In photosystem II,

such as vision and photosyntheis'® The electronic transitions . ; o
P y one of the light harvesting units in photosynthegis;arotene

and nuclear dynamics involved in these processes take placeand chlorophvil svstems act as the active chromonhors. Here
on an ultrafast time scale, and it is the progress in laser phyll Sy P . '

: o - the spatial proximity of these two types of molecules, together
technology, opening the possibility of laser spectroscopy with " . O
femtosecond (fs) time resolution, that allows for the direct with the possibility of an energy exchange, allofisarotene

observation of coupled electronic and atomic motion in real time. apd related parotenoids to act as (1) auxiliary Iight-harvestipg
The new insight into the dynamic aspects of molecules observedp!gments’ with energy transfer to chlorophyll molecules, ('.')
on the relevant time scale has brought great advances to thed_!_ssmators of excess p_hotoenergy co!lected by chlorophyll_ units,
field of molecular physicas-18 (i) photoprotectors via the quenching of chlorophyll triplet
On the ultrafast time scale, third-order, optical spectroscopy states, qnd (.'V) scavengers of smglgt oxy§fEThe S/ SO mternall
has shown the capability to address many facets of molecularSONVersion in-carotene pl_ays an important role n re_gqla_lt_lng
dynamics due to the numerous degrees of freedom innate toa” these elementary reactions. This process, which is initiated
this type of spectroscopic meth8é-21 Fundamental contribu- by the $/S, internal conversion, has been studied by Albrecht
tions in the area of coherent four-wave mixing (FWM) et al. and other groups by means of transient absorption

spectroscopy’ 31
spectroscopy were made by Albrecht and co-workers. They used i
both theory and experiment to examine problems of photo- In the present work, the method of femtosecond time-resolved

physical and photochemical interest in nonlinear light-matter transient grating spectroscopy is applied to the study of the S
interactions (see, e.g., refs 224). S internal conversion. By employing this method, we seek to
utilize the innate sensitivity of FWM technique to the population

Since the beginnings of quantum theory, a better understand-
ing of the vast complexity innate to polyatomic molecules has
been the aim of numerous works? Particularly interesting is
the coupling between nuclear and electronic motion, which
governs elementary aspects of photochemistry and photo-
biology#~'! Here, nonadiabatic coupling determines the pathway
of photochemical reactions such as electron transfer, photodis
sociation, and photoisomerization, thereby taking a central role

T Part of the special issue “A. C. Albrecht Memorial Issue”. dynamics in the system of interest. The sensitivity is given by
*Author  for correspondence. Email: mschmitt@  the nature of the FWM signal which, under the proper phase
ggg?é%%%m'e-“”"W“eer“rg-de- Fak49-931-888-6332. Phonet-49-931- matching conditions, allows for a background free detection of
* Present address: School of Engineering and Science, International@ directed coherent signal. This is in contrast with the commonly
University Bremen, P.O.Box 750 561, D-28725 Bremen, Germany. applied technique of transient absorption, which inherently
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Figure 1. Schematic Potential energy diagram@tarotene (left) and the double-sided Feynman diagram (right) illustrating the transient grating
technique used to determine the kinetics of tiéSsSinternal conversion initiating out of vibrationally excited as well as ground state modes. Two
pump lasersX and 2, 1,y = 510 nm, fwhm= 70 fs, 60 nJ), induce a population grating of electronically excited molecules in,ts&at® of
p-carotene. The subsequen{S internal conversion populates the Sate that is probed by elastically scattering a third probe p@sé,( =
570-660 nm, fwhm= 70 fs, 60 nJ) off the population grating, generating the coherent sigfiak) in the phase-matched direction. The probe
pulse is delayed variably in time\() relative to the two laser pump pulses that interact simultaneously with the sample to induce the population
grating. The probe pulse is tuned variably to be in resonance tonthe S optical transition and furthermore spectrally red-shifted out of this
optical transition to enhance the interrogation of vibrationally excited states imtheténtial.

requires the detection of a small absorption difference carried pulse under Bragg conditions off the Sate population grating

on a large stationary background. Furthermore, the transientin resonance to the,S— S, optical transition inS-carotene.
grating technique does not require the use of a reference that isThe transient grating signak{g in Figure 1), scattered in the
subtracted from the transient signal. This increased sensitivity phase matched directiokyc = k; — k, + k3 is directed into
allows for the kinetics of different vibrational quantum states a monochromator and the spectral components of the signal are
to be differentiated, opening the possibility to characterize the detected with a multichannel CCD detector. The intensity of
contribution of hot vibrational states to the rate of thg¢S$ the different spectral channels in the signal is recorded as a
internal conversion process. For this, we build upon the transientfunction of the delay timeAt, between the two pump pulses,
absorption experiments performed by various groups, which ki and kz, and the probe pulseks. This allows for the
have determined the kinetics of cooling of vibrational hot states observation of the population flow from the originally prepared
in the § state, generated as a result of thgSg internal S, state into the Sstate through the £5; IC, and the subsequent
conversiort’—31 The results of these experiments are used to depopulation of the Sstate by means of the//S, IC. Because
further determine the dynamics of internal conversion initiating the S state lies approximately 6000 cfabove the $state,

out of vibrationally hot states within the; State potenial. the S/S; IC prepares vibrationally hot modes in the s$ate?®
To monitor the population flow in different regions of the S
2. Experimental Section potential, the central wavelength of the probe pulse was varied

¢ from 570 to 635 nm to include spectral positions that lie red-
ghifted to the §— S, transition32:33 Vibrational ground state
modes can be monitored when the probe laser is in resonance
with the S absorption whereas red-shifting out of the absorption
profile brings the probe laser pulse in resonance with vibra-
tionally hot states of the Spotential3435

Figure 1 shows a schematic potential energy diagram o
f-carotene and the relevant double sided Feynman diagram o
a time-resolved transient grating experiment (TG) applied to
characterizing the kinetics of the internal conversion (IC) that
couples the §and electronic ground state @fcarotene. For
the realization of this experimental scheme, 0.1 mM solutions
of -carotene in acetone were prepared in a rotating sample
with a cell thickness of 0.5 mm. Gratings of Sate population
were induced in the sample space by focusing two noncollinear In Figures 2 and 3, the signal intensity of the scattered probe
pump lasers pulse&{ andk; in Figure 1,A,, = 510 nm, fwhm pulse is plotted as a function of the delay timie, between the

3. Results

= 70 fs, 60 nJ) into the sample in resonance with the-SSq two pump laser pulses that form the grating and the probe laser
optical transition ing-carotene. The subsequen{$ internal pulse scattered off this grating. Because the probe pulse is
conversion allows for population flow into the; Sstate, scattered elastically, a given spectral position in the signal

generating a grating of;State molecules. While the two pump  corresponds to the spectral component of the probe pulse that
pulses interact simultaneously with the sample, a third probe interrogates the dynamics of the gratitfg3® For an overview,
pulse k3 in Figure 1,Aprope= 570-635 nm, fwhm= 70 fs, 50 the signals obtained by varying the probe pulse ffgoe =

nJ) resolves the kinetics of the Sate with the help of a variable 570 nm to 635 NnMifyrohe = 15 950-16 950 cm'?) are shown
time delay At, between the grating formation by the two pump in panels A-D in Figure 2. These wavelengths lie exclusively
pulses and the interrogation with the probe pulse. The probingin the red flank of the 8S, transient absorption spectrum of

of the S state is accomplished by elastically scattering the probe j3-carotene, which can readily be found in the literature for
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Figure 2. Scattered intensity of the probe pulse plotted as a function Figure 3. Scattered intensity of the probe pulse plotted as a function
of the delay timeAt. Panels A-D show the transient signal for different  of the delay timeAt. Panels A-D show the transient signal for different
spectral positions of the probe laser. The experimental data points arespectral positions of the probe laser. The experimental data points are
shown as open circles and the theoretical fits are given as solid lines,shown as open circles and the theoretical fit as a solid lines, using eq
using eq 1 with the parameters of model 1 listed in Table 1. The inset 1 with the parameters of model 2 listed in Table 1. The inset in panel
in panel D shows a time window that emphasizes the nonresonantD shows a time window that emphasizes the nonresonant scattering
scattering observed at this spectral position. observed at this spectral position.

comparisor?® The experimental data points (displayed as open case, the pump pulses prepare a grating of a transient population
circles in the plot) show the dynamics observed at the maximum and the probe pulse utilizes thg, S- S; transition for the
signal intensity for the four different central wavelengths of the resonant scattering.
probe pulse. The dynamics were further analyzed at the blue The lack of a nonresonant peak for the transients in panels
and red side of the fwhm in the spectral profile of the signal. A—C in Figure 2 is surprising at first because the blue-shift
From a first qualitative comparison of the curves in Figure wavelengths of the probe pulse, used for the transients in panels
2, it can be seen that the transient signal shows a dependencyA—C should lead to a stronger nonresonant scattering effect.
on the spectral position at which the signal is observed. The The missing nonresonant peak centered arothd= 0 can
first evident feature in panels-AD is an intense peak centered therefore only be the result of a change in the ratio between the
aroundAt = 0 ps that is observed for a detection at 627 nm nonresonant signal and the resonant signal observéd at
(15 950 cml) in panel D and not seen in the other transient 100 fs. In the progression of Figure 2 from panel A to D, the
signals. This peak is attributed to the nonresonant scattering ofspectral position of the probe laser is shifted further toward,
the probe pulse from the grating formed by the electric field of and eventually out of, the red flank of the &ate absorption.
the two pump pulses that is independent of an electronic This change in the electronic resonance conditions for the probe
resonance in the chromophore of the sampfé.The peak is pulse causes a decrease in the intensity of the resonant signal
only observed for delay times during which the two pump pulses in relation to the nonresonant contribution. For the transients
and the probe pulse interact simultaneously with the sample recorded between 575 and 612 nm (17 390 and 16 330)cm
and shows a temporal profile that corresponds to the convolutionin panels A-C, the ratio between resonant and nonresonant
of these three laser pulses. The scattering mechanism is ineffects is overwhelmingly in favor of the resonant signal, which
contrast with the resonant scattering from the grating of makes the nonresonant contribution diminish to the point of
electronically excited molecules possessing an electronic transi-not being apparent. For the transient recorded at 627 nm (15 950
tion that is in resonance with the frequency of the probe pulse. cm™1), the decreasing resonant signal allows for the nonresonant
This resonant scattering can be observed for delay times of effect to become noticeable. The effect was further verified for
t = 100 fs at all the spectral positions of the signal. In the latter probe wavelengths up to 690 nm (14493 & which are
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shifted even further into the red. For these probe wavelengths, TABLE 1. Summary of the Two Models for the Transient
an intense nonresonant contribution can be seen that is highlyGrating Data Using Equation 1*

convoluted with the very weak resonant signal, making the parameter model 1 model 2
evaluation of the resonant data difficult for these detection Teys?®  134fs 134 fs
wavelengths. _ Teoo23 700 fs 700 fs

To evaluate the resonant transient data, a model was 7sys¢*®  9.20 ps variable (panel C, Figure 5)
formulated that includes the possible population and depopula- A variable (panel A, Figure 5) variable (panel B, Figure 5)
tion channels for the region of the Sotential that is monitored aThe models differ with respect to the parameters that are fit as

by the probe pulse. The,&, internal conversion is assumed free variables and parameters that are fixed with literature values.
to be the only mechanism with which the Sate is populated,
the time constant beings,s,.*2 For molecules in the vibrational ~ grating data, only the amplitude factod, is left as a free
ground state of the ;Jpotential, the g internal conversion variable in eq 1. The distribution between the two channels
is assumed to be the only channel of depopulation and thisleading to a decay of the signal is characterized by directly
process is characterized with the time constags,. Fluores- assigning the cooling process the factaand the ¥, internal
cence as a decay channel farsBate molecules can be neglected conversion the corresponding amplitude of{#). This allows
because the:S— S optical transition is symmetry forbidden. ~ for the expression A:100) to describe the percentage of
For wavelengths of the probe laser that are red-shifted to the vibrational states that take the pathway of vibrational cooling
S, state absorption, it is postulated that vibrationally hot states to leave the region of the;otential interrogated by the probe
are also interrogated by the probe laser pulse. In this case, twolaser.
possible decay channels are postulated that allow molecules to  The model can directly be applied to the transients in panels
leave the region of the;Jotential that is interrogated by the ~A—C in Figure 2 that show a negligible nonresonant contribution
probe laser. The first channel is th¢/S internal conversion ~ atAt= 0. For the transient in panel D, which exhibits a strong
taking place out of vibrationally hot states. The second channel nonresonant contribution, a deconvolution of the resonant and
is given by vibrational cooling due to system-bath coupling, nonresonant signal must be carried out because the kinetic model
resulting in energy transfer to solvent molecules. The cooling only describes the resonant scattering out of thet&te. The
processes are described with a global time constant for all nonresonant contribution is characterized by replacing the
modes,tcool sample with a glass platelet and recording the transient signal
The population flow into the Sstate is characterized by the ~under analogue experimental conditions. Because the glass
time constantsys, of the $/S; internal conversion. This channel platelet shows no resonant response, the transient signal attained
of population is coupled with the multiple mechanisms of in this manner gives the temporal profile. The nonresonant
depopulation, which are characterized by the time constants forprofile acquired from the glass platelet corresponds to the
the S/, internal conversiorgs,s,, and the global time constant convolution of all three lasers involved in the optical process.
for vibrational coolingreeo. The later two decay channels are  This nonresonant profile from the glass platelet is deconvoluted
not coupled. These assumptions for the skate kinetics in from the transient data points, and the resulting, deconvoluted
combination with the time dependency of a transient grating data set is fit with the model described above, where the data
signal result in the following model for the resonant transient points remaining from the nonresonant profile are not included

data?1.47 in the fitting process. To directly compare the quality of the fit
to the transient data that did not require the deconvolution
lro(A) = |(1 — e AVrszsy[Ag AVTeol 4 (1 — A)g AVTSTsq)2 process, the theoretical curve generated out of the fit to the
(1) deconvoluted data set is convoluted with the nonresonant profile

from the glass platelet. This convoluted fit curve is shown as a
The model above possesses four variable parameters describingolid line with the original data in panel D of Figure 2.
the transient data, consisting ofys,, Tcoo Tsys, andA, the The fits to the experimental data are shown as solid lines in
amplitude factor, which describes the distribution between Figure 2. The fits show that using the fixed time constants of
cooling and the 8% internal conversion as a decay channel model 1 for eq 1 gives a good first approximation of the
out of the probe window. A free fit of all the parameters in eq experimental data. The amplitude factots,determined from
1 would prove difficult because the multitude of variables makes the fit are plotted in the form ofA-100) as a function of the
the determination of a minimum for the least-mean-squares fit spectral position of the probe pulse in panel A of Figure 5. An
difficult. Due to this, data from the literature are used to estimate interpretation of the tendency observed in the amplitude factor,
the time constants of the processes involved in the kinetics. A, as a function of the spectral position of the probe will be
Macpherson et al. performed solvent-dependent measurementgiiven in the following section. Despite the relatively good
of the $/S; internal conversion using fluorescence up-conver- approximation of the transient data with the respective amplitude
sion of the $ state fluorescence and determined a time constant factors, deviations of the fit in specific regions of the experi-
of 7sys, = 134 fs for3-carotene dissolved in acetoffeln the mental data call for a modification of the model. Although the
group of de Silvestri, the vibrational cooling effects in the S transient at 17 390 cm shows the best agreement with the
state of -carotene after the .55, internal conversion were  model, the deviations from the experimental data increase with

characterized with a global time constantwf, = 623 f&° a further red-shift of the probe pulse. This growing deviation
and transient infrared absorption measurements in the group ofcan be seen as an overestimated amplitdder the decay
Sundstrgm characterize the cooling in thestate after the $ channel of cooling. The overestimated amplitude factor is the

S; internal conversion in analogue carotenoids with a very result of this fit variable overcompensating for a changing decay
similar time constant of.yo = 750 fs3° The solvent effect on time of either the cooling process describedthy, or the S/

the S/ internal conversion was explored with transient S internal conversion given bysys,. To further illustrate this
absorption which allows fotsys, in acetone to be estimated growing deviation as the probe is red-shifted, the fit curves are
with 9.2 ps3! By using the time constants summarized in Table subtracted from the experimental data. The resulting curves are
1 under model 1 to fit the resonant signal from the transient plotted in Figure 4 for the probe at 590 nm (16 950 ¢npanel
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Figure 4. Curves obtained by subtracting the theoretical fit using model
1 from the experimental data shown in Figure 2. The curves are plotted :
as open circles for the probe at 590 nm (16 950 mpanel B of Figure
2) and as filled squares for the probe at 627 nm (15 950'cpanel
D of Figure 2). The chosen wavelengths of the probe correspond to
the measurements performed in the middle and the red end of the
spectral range used for the probe pulse. The plots illustrate the increasing
deviation of the experimental data to fit curves using model 1 in the
region of the transient between 6 and 15 ps that is characterized by th
Si/S internal conversion. For details see text.

brational Cooling / %

V

version /° ps

(Tsus0)

B of Figure 2) and at 627 nm (15 950 cfy panel D of Figure

Con

evident, in the region between £ At < 15 ps, which are
characterized bys/s,. Because the deviations are larger and
increase with red-shifted probe wavelengths primarily in the
region characterized by the decay channel @SsSinternal
conversion, it is assumed that this parameter leads to the
deviation of the fits from the experimental data. Various
experiments in the literature confirm this, e.g., Mathies etal.,
analyzed the vibrational relaxation fiicarotene by means of
Stokes and anti-Stokes resonance Raman spectroscopy. The
found that the vibrational relaxation in the &ate is complete
within 2 ps and therefore much faster than théSginternal
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Figure 5. Parameters obtained from the fits to the experimental data
shown in Figures 2 and 3 using eq 1. (A) Percentage cooling as a
function of the spectral position of probe pulse using model 1 (see
Yable 1). (B) Percentage cooling as a function of the spectral position
of probe pulse using model 2 (see Table 1). (C) Time constaj,

for the respective internal conversion as a function of the probe energy

To improve the quality of the fit to the experimental data, experimental data. In Figar5 a comparison of the values for
the fit procedure is modified so that a variable time constant amplitude factorA obtained from each model shows that the

for the S/, internal conversion is taken into consideration for
the different regions of the;$otential that were probed. For

general tendency of this factor, seen as a steplike increase toward
red-shifted detection positions, remains the same for both

this, the model described in eq 1 is again applied in the fit models. It should also be noted that the values obtained from
procedure and, consistent with model 1 presented above, thethe fit for A at ¥prope = 17 490, 17 390, and 17 295 cusing
time constants for the,£5; internal conversion and the cooling both models are in the range between 8%A-100) < 0.8%,

process are fixed with the literature values fgfs, and reoql.

yet the deviation shows also negative values. They arise when

Deviating from the first model, we now use the amplitude factor the amplitude factor for the cooling time compensates for the

A and the time constant for the/Sp internal conversiongsys,,

transient data deviating from the fixed literature values<p§,

as fit parameters. The employed numerical values of the latter= 134 fs andrs,s, = 9.2 ps. The negative values fBrwere

are summarized in Table 1 under model 2. Transients thatincluded in the error oA to illustrate that the fixed literature
require deconvolution of the resonant and nonresonant contribu-values are only an approximation to the data obtained with the
tions of the signal are fit with the same procedure as describedtransient grating technigue in this work and to further show the
above. The obtained fits to the transient data are shown as solidimited accuracy with whiclA can be determined with this fit

lines in panels A-D in Figure 3. Furthermore, the amplitude
factor, A, as well as the time constantys,, obtained by using

strategy.

model 2 is plotted as a function of the spectral position of the 4. Discussion

probe in panel B and C of Figure 5. By allowingys, to fit

By fitting the experimental data with the second model, it

freely, the second model shows excellent agreement with thewas possible to characterize the distribution between vibrational
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cooling and internal conversion as a decay channel in the S is inadequate for describing the population flow in the vibra-
state with the amplitude factof, and, furthermore, determine tionally excited states, if the varying contribution of the cooling
the time constant for the;& internal conversion as a function  process via the amplitude factod, is the only parameter
of the spectral position of the probe pulse. The results of the considered in the fit. The obvious deviations of the fit using
fits described in the previous section are summarized in Figure model 1 (panels BD, Figure 2 and Figure 4) call for the revised
5. model 2, which allows for a variable fit of the amplitude factor,
The characterization of the amplitude factdygives insight A, as well as the time constant describing théSginternal
into the region of the § potential energy surface that is conversiongsys, This revision in the fit procedure allows the
interrogated when the probe laser is red-shifted toward and transient data for all spectral positions to show good agreement
eventually out of the red flank of the; State absorption. The  with the model (see panels-#D, Figure 3).
S, state lies approximately 6000 cthabove the vibrational When the time constant for the/S, internal conversion is
ground state of the ;Sstate forj-carotene in acetone and this  varied in model 2, a clear tendency s, can be observed as
excess energy is transferred into the vibrational modes of the 3 function of the spectral position of the probe pulse (panel C
S, state after the £S, internal conversion. This generates of Figure 5). The plot ofrs,s, clearly shows that the 155
vibrationally hot molecules in the;State that undergo cooling  internal conversion begins in the blue-shifted region with a value
processed2*° The energy necessary for a resonance with the of 7, ~ 9.0 ps and becomes faster for the red-shift spectral
S — S, optical transition is insufficient for the vibrational  region, reaching a minimum in the time constant of ap-
ground state molecules in the State when the probe laser is  proximately 7 ps in the region between 16 500 and 15 500.cm
red-shifted out of the absorption profile of the Sate. This A comparison of the behavior of the amplitude factay,and
forces the probe to interrogate energetically higher lying the time constantrs,s, as a function of the spectral position
vibrational states that can still utilize the, S— S; optical of the probe in panels B and C in Figure 5, shows a strong
transition, bet_:ause the excess wbrat_lonal energy compensateg, re|ation between both variables. Hefeand Tsys, Show a
for the red-shifted probe pulse. A similar experimental scheme gpa, change in their values in the spectral region between
was realized in the group of Sundst#mwith transient 17550 and 16 500 cni that become constant in the region
absorption measurements of thesgate inf-carotene and by o1 16500 to 15500 cnt. On the basis of this strong
Duppen et al'. with two colgr photon echos in pen'tac°éne. correlation, it is postulated that vibrationally hot states that are
The behavior of the amplitude facta, as a function of the interrogated with a red-shifted probe pulse undergo a faster
spectral position of the probe laser, displayed in Figure 5, internal conversion than vibrational ground state modes in the
confirms that the strategy of spectrally red-shifting the probe s, potential. Because the contribution of vibrational cooling as
for the interrogation of vibrationally hot states in the Sate a decay channel, given b, is a measure for the amount of
shows the desired effect. The percentage cooling as a decay;iprationally excited states contributing to the total signal, it
channel out of the region in the State potential being probed, ¢4 pe concluded that the decrease in the time constant for the
given by (A-100), shows a strong increase of up to 25% (model g 5 internal conversion, is the result of vibrationally excited

2, in Figure 5) for the red spectral positions between 16 500 ;4 possessing a faster time constant for 8, $iternal
and 15 500 cml. This is in contrast to the absence of the fast COnversion.

decay channel of cooling for the blue spectral region of the probe . . . . .
y g b g P Because a single time constantys, is used in the fit

from 17 500 to approximately 17 250 cf Here, the probe - .

laser primarily interrogates vibrational ground state molecules procedure, the values_ extrgcted from the fit .repfesent an |r!tegra|

when the color is tuned to a spectral region that is in strong t[me cqnstant for all V|brat|qnal states contrlputlng to the signal

resonance with the S— S; optical transition. Important to (including vibrationally excited as well as vibrational ground
state modes in the;Potential). It would be possible to attempt

further note about the behavior of the amplitude fachyris ; : - . -
the consistency between the tendency in the fit valuesfor (& disentanglement of the time constants for vibrational excited

100) extracted from different spectral positions of a single States and vibrational ground state modes by modifying eq 1 to
measurement and the general tendency2e1@0) when the include two separate time constants for both cases. Attempts at
central wavelength of the probe laser is shifted. Here, the sharpth€se types of fits have shown that the two time constants for
slope in the values extracted form three spectral positions within the internal conversion of vibrationally hot and cold modes do

the spectral profile of the probe laser centered around 16 9500t show adequate separation in their values. Therefore, the

cm! follows the general tendency oA{100) observed over ~ €xperiments presented here only allow for the qualitative result
the full spectral region probed. that vibrationally hot states in the, State undergo an internal

By establishing the probing of vibrationally hot states in the conversion to the glectronlc ground state with a faster time
S, potential via the contribution of cooling processes to the constant than the vibrational ground state modes.
transient data, it is possible to discuss the behavior of the time ~ The faster §S internal conversion for vibrationally excited
constant for the §S internal conversiongsys,, as a function modes in the Sstate can be the result of a variety of parameters.
of the spectral position of the probe laser (panel C of Figure Advantageous FranekCondon factors or coupling constants
5). In the previous section, the transient data for the different for the excited vibrational modes as well as the higher energy
spectral positions of the probe were characterized with a first for a tunneling process between the two participating electronic
model that used fixed literature values for all the time constants states or overcoming of energy barriers on thet&te potential
involved in the $ state kinetics. This first model was presented can result in a faster internal conversion for the vibrationally
to demonstrate that the fixed values f@ys,, Tcoon andzsys, hot moleculed 68-105051The experiments presented here do
show good agreement for the probe between 17 500 and 17 25010t allow for an identification of the effect that results in the
cm! (panel A, Figure 2) that are in strong resonance with the faster internal conversion because the participating potentials
S, — S optical transition. For red-shifted probe energies, where are not characterized sufficiently. It is also important to consider
vibrationally hot states are interrogated and a vibrational cooling that the contribution of vibrationally excited states to the overall
noticeably contributes to the kinetics observed, the first model population transfer between the &d $ potential will be small
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because this process is in competition with the much faster as a decay channel in vibrationally excited modes was deter-
process of vibrational cooling. mined. The high sensitivity of the transient grating technique
The last important property of the experimental data char- with respect to the transient population gives a signal quality
acterized by the behavior of the amplitude factdy,and the that further allows for the kinetics of vibrationally hot versus
time constantrsys,, is the steplike change as a function of the vibrational ground state modes to be differentiated. Due to this,
spectral position of the probe laser. Rather than a continuousa faster rate for the ;155 internal conversion for vibrationally
change in these two parameters as the spectral position of theexcited states could be characterized.
probe is red-shifted, both parameters show a jump in a relatively
small spectral region of the probe to a value that stays consistentF
for further change in the probe energy. A sudden change in a
molecular parameter as a function of energy can often be
associated with the quantum states in the molecular system. In
the following, the steplike behavior & andtgys, (panels B
and C, in Figure 5, respectively) is correlated to quantum spacing
of vibrational modes given by the State Raman spectrum and Note Added after ASAP Posting.This article was released
the particular sensitivity of the,S— S; optical transition to a ASAP on 9/06/2003. A paragraph was inadvertently deleted
specific Franck-Condon active mod®. The jump in the values  during production. This paragraph is now cited as ref 42 and
for amplitude factorA, and the time constantg,s,, takes place  the following references (43 through 51) have been renumbered.
in a spectral region between approximately 17 300 and 16 300 The correct version was posted on 9/12/2003.
cm, which corresponds to an energy difference’at 1000
cmL. This tendency in the;&inetics was attained by utilizing
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