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Coherent Nuclear Wavepacket Motions in Ultrafast Excited-State Intramolecular Proton
Transfer: Sub-30-fs Resolved Pump-Probe Absorption Spectroscopy of
10-Hydroxybenzo[h]quinoline in Solution

1. Introduction
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The dynamics of the excited-state intramolecular proton transfer of 10-hydroxybenzo[h]quinoline (10-HBQ)
and the associated coherent nuclear motion were investigated in solution by femtosecond absorption
spectroscopy. Sub-picosecond transient absorption measurements revealed spectral features of the stimulated
emission and absorption of the keto excited state (the product of the reaction). The stimulated emission band
appeared in the 60800-nm region, corresponding to the wavelength region of the steady-state keto
fluorescence. It showed successive temporal changes with time constants of 350 fs and 8.3 ps and then
disappeared with the lifetime of the keto excited state (260 ps). The spectral feature of the stimulated emission
changed in the 350-fs dynamics, which was likely assignable to the intramolecular vibrational energy
redistribution in the keto excited state. The 8.3-ps change caused a spectral blue shift and was attributed to
the vibrational cooling process. The excited-state absorption was observed in the0830m region, and it

also showed temporal changes characterized by the 350-fs and 8.3-ps components. To examine the coherent
nuclear dynamics (nuclear wavepacket motion) in excited-state 10-HBQ, we carried out-probp
measurements of the stimulated emission and absorption signals with time resolution as good as 27 fs. The
obtained data showed substantially modulated signals due to the excited-state vibrational coherence up to a
delay time of several picoseconds after photoexcitation. This means that the vibrational coherence created by
photoexcitation in the enol excited state is transferred to the product. Fourier transform analysis indicated
that four frequency components in the 20000-cm* region contribute to the oscillatory signal, corresponding

to the coherent nuclear motions in excited-state 10-HBQ. Especially, the lowest-frequency mode at242 cm

is dephased significantly faster than the other three modes. This observation was regarded as a manifestation
that the nuclear motion of the 242-chmode is correlated with the structural change of the molecule associated
with the reaction (the reaction coordinate). The 242-tmode observed in excited-state 10-HBQ was assigned

to a vibration corresponding to the ground-state vibration at 243 byreferring to the results of resonance
Raman measurements and density functional calculations. It was found that the nuclear motion of this lowest-
frequency mode involves a large displacement of the OH group toward the nitrogen site as well as in-plane
skeletal deformation that assists the oxygen and nitrogen atoms to come closer to each other. We discuss the
importance of the nuclear wavepacket motion on a multidimensional potential-energy surface including the
vibrational coordinate of the low-frequency modes.

To consider the significance of the coherence in chemical
reactions, we need to study molecules that react while the

Ultrashort pulses have an energy bandwidth that is broad
enough to excite a lot of vibrational eigenstates simultaneously
and to generate their coherent superposition. The vibrationally
coherent state thus created by photoexcitation evolves in time,
which initiates the coherent nuclear motion of the molecule (the ; . .
nuclear wavepacket motiohEspecially for molecules showing u!trafa;t _rezic7t|ons, such asflghotmsomenza%m’n,phof?g;
ultrafast chemical reactions in the excited state, the reaction dissociatiorf,” proton transfef, *° and electron transfef,

proceeds from a photogenerated excited state that exhibits the'Vere _|nvest|gated, and thg nuclear wavepacke_t dynamics qf these
coherent nuclear motion. Therefore, owing to the interest in reactive molecules was discussed on the basis of the oscillatory

possible roles of the coherence in chemical reactions the feature observed in the time-resolved signals. For such reactions

coherence in reactive excited state has been receiving considerStarting from a vibrationally coherent state, it is important to
able attention in recent time-resolved spectroscopy using unveil how the coherent nuclear motion is correlated with the

coherence is remained in the molecular system. This means that
we should examine molecules that react in the femtosecond time
region since the vibrational dephasing time is typically a few
picoseconds in room-temperature solution. So far, typical

ultrashort pulses. structyral change assouated_ with the reaction (the reac_tlon

coordinate). Recently, we studied several fundamental reactions
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regenerative amplifier (CPA-1000, Clark-MXR; 1 mJ, 100 fs,
OO hv OO 1 kHz, 840 nm). The output of the first NOPA was frequency-
S doubled in a thirB-BaB,O, crystal, and the generated ultraviolet
Oy Nx 0 N pulse was compressed in time by a prism pair. It was used as
enol form keto form a pump pulse (360 or 385 nm, 17 fs) and focused into a 50-

Figure 1. Intramolecular proton-transfer reaction of 10-HBQ that #M-thick jet stream of the sample solution. The output of the
occurs in the photoexcited state. In this reaction, the hydroxyl proton S€cond NOPA in the visible region<( nJ) was divided into
is translocated to the benzoquinolinic nitrogen. two, and they were used as a probe and a reference pulse for

monitoring the time-resolved absorption signals. The intensities
the photodissociation of diphenylcyclopropenone, for example, of the probe and reference pulses were detected by photodiodes,
the vibrational coherence damped off in parallel with the and the signals were processed on a shot-to-shot basis for the
disappearance of the precursor excited stateéhereas the evaluation of pump-induced absorbance change. The pump
photoisomerization otis-stilbene was found to proceed after polarization was rotated by a half-wave plate for the pamp
the vibrational coherence was lost within the precursor excited probe measurements under the magic-angle condition. The time
state* The vibrational coherence in these prototypical systems resolution of this measurement ranged from 27 to 40 fs,
was observed only in the precursor excited state, and hence, itdepending on the probe wavelength.
was not transferred to the product. For better understanding of Transient absorption spectra were measured with sub-
the vibrational coherence in chemical reactions, it is intriguing picosecond time resolution (380 fs) by using the same regenera-
to study a molecular system in which the vibrational coherence tive amplifier (800 nm, 100 Hz) as that employed for the two-
is preserved throughout the reaction. color pump-probe measurements. The second harmonic pulse

With this idea in mind, we studied another type of funda- (400 nm) was used as a pump pulse for photoexcitation of the
mental reactions, excited-state intramolecular proton transfer.sample, whereas a white-light continuum generated by focusing
The proton transfer is one of the simplest chemical reactions in the 800-nm pulse into D was used as a probe and a reference
which a proton is translocated from the donating to accepting pulse. The sample solution was circulated through a flow-cell
sites. Therefore, the dephasing of the vibrational coherence iswith a 1-mm path length. Both the probe and reference spectra
expected to be somewhat different from that in the dissociation of each laser shot were analyzed by a spectrograph (500is/sm,
and isomerization reactions that induce much larger structural Chromex) and detected by a CCD camera that was synchronized
changes. It was reported that 10-hydroxybenzo[h]quinoline (10- with the laser system. We also measured Kerr gating signals of
HBQ) exhibits the intramolecular proton transfer in the photo- the solvent (cyclohexane) with exactly the same experimental
excited state, and it is converted from the enol form to the keto configuration. The obtained Kerr data were used to correct the
form (Figure 1)2° Steady-state fluorescence from the keto effect of chirping of the white-light probe pulse on the time-
excited state (the product) appears in the red spectral regionresolved absorption data.
with the Stokes shift as large as 10000 ¢@wiThe rise of this Raman spectra were measured by using the second harmonic
keto fluorescence was not yet fully time resolved in the reported (405 nm) of the output of a picosecond Ti:sapphire laser
femtosecond fluorescence dataindicating that the proton  (Tsunami, Spectra-Physics) and a 0.32-m spectrometer (HR-
transfer in 10-HBQ occurs in a time scale shorter tha00 320, Jobin-Yvon) equipped with a liquid-nitrogen cooled CCD
fs. As seen in Figure 1, this molecule possesses a rigid six- detector. A dielectric notch filter was used in front of the
membered ring configuration, forming a strong intramolecular spectrometer to suppress the strong Rayleigh component. The
hydrogen-bonding between the hydroxyl proton and benzo- frequency resolution was typically 10 cfh
quinolinic nitrogen. As a result, the photophysical properties  10-Hydroxybenzdf]quinoline was purchased from Tokyo
relevant to the proton-transfer reaction are rather insensitive toKasei. It was recrystallized twice from cyclohexane and dried
solvent perturbatiof?23Therefore, this molecule is considered in vacuo before use. Spectroscopic-grade cyclohexane was
to be one of the best systems for which we can examine thereceived from Wako Pure Chemicals, and it was used without
vibrational coherence in the intrinsic proton-transfer process. further purification.

In this paper, we report our ultrafast absorption study of the  Quantum chemical calculations were carried out using the
intramolecular proton-transfer reaction of 10-HBQ in a nonpolar Gaussian 98 package.Optimized geometry and frequencies
solvent?* Our sub-picosecond transient absorption measure- of the vibrational normal modes in the ground state were
ments revealed the spectral feature of the excited-state absorptiomalculated using the density functional method (B3LYP) com-
and stimulated emission due to excited-state 10-HBQ. We bined with the 6-31+G** basis set. The calculated frequencies
further examined the dynamics of these signals with time were scaled by using the wavenumber-linear scaling method.
resolution as good as 27 fs and observed oscillatory feature due
to the vibrational coherence. Excitatiowavelength dependence 3. Results and Discussion
of this vibrational coherence signal was also examined, which

confirmed that the oscillatory signal directly corresponds to the _ 3-1- Steady-State and Transient Absorption Spectralhe
coherent nuclear motion. On the basis of these time-resolvedStéady-state absorption spectrum of 10-HBQ in cyclohexane is

data combined with frequency-domain vibrational data, we ShoWn in Figure 2A. This spectrum represents absorption of

discuss the coherent nuclear dynamics and its relation to thethe enol form, sincszi} is the most stable form in the electroni-
reaction coordinate of the proton transfer. cally ground staté@%2! The absorption spectrum shows the

lowest-energy band around 380 nm due to the-S (7r7*)

transition. Photoexcitation of this band generates thet&e

of the enol form, which is the precursor of the intramolecular
The experimental setup for the two-color punaprobe proton-transfer reaction. Photoexcited 10-HBQ emits fluores-

measurements was previously described in déiiefly, we cence in the red spectral region, as shown by a dotted curve.

used two home-built noncollinear optical parametric amplifiers This emission band was ascribed to the fluorescence from the

(NOPAs) that were driven by the output of the Ti:sapphire keto excited state that is generated by the reaction (the proton-

2. Experimental Section
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Figure 2. (A) Steady-state absorption (solid curve) and fluorescence 0 5 10 15 20

(dotted curve) spectra of 10-HBQ in cyclohexane. The spectra of the Delay Time (ps)

pump and probe pulses used in the time-resolved absorption measureFigure 3. Temporal behavior of the transient absorption signals at
ments with the NOPA system are also shown. (B) Transient absorption four wavelengths depicted in the-B00-ps (A) and 6-20-ps (B) time
spectra of 10-HBQ in cyclohexane (1:510°2 mol dn3) measured regions. The dotted curve drawn for each trace is the calculated function
at several delay times after photoexcitation at 400 nm. The spiky dip obtained from the fitting analysis. The dottedashed curves drawn
at 454 nm observed around the time origin is caused by the stimulatedfor the 430- and 730-nm traces are also the calculated functions showing
Raman gain process due to the CH stretching vibration of the solvent. an instantaneous rise. The asterisk indicates experimental artifacts
The dotted and dotteeddashed curves are drawn for guides for the eye caused by the multiple refection of the pump pulse in the optics.
to show the spectral shifts (see text).
is also assignable to the keto excited state, since the keto excited

transferred productf This assignment was supported by the state is generated within the time resolution of the present
fact that no red emission is observed in a nonproton-transfer measurement (380 fs). Simultaneously with photoexcitation, the
model compound in which the hydroxyl group of 10-HBQ is excited-state absorption shows a structureless band bet®0
replaced by the methoxy group. The observed Stokes shift asnm. Then, the absorption in the 46800-nm region builds up
large as 10000 cmt manifests that the S S transition energy in the sub-picosecond region and forms a strong peak in the
is substantially reduced in the keto form, indicating that the shorter wavelength region, although its peak wavelength could
relative stability of the enol and keto forms is reversed in the not be determined within the spectral range of the present
excited state. Fluorescence from the initially populatedt&te measurement. The transient absorption spectra of 10-HBQ
of the enol form was only observed very weakly in the reported obtained in the present sub-picosecond measurements have
steady-state spectrum ¢~ 8 x 1075),2 because it is converted revealed the spectral feature of the keto excited state generated
to the keto form in an ultrafast time scale. by the proton transfer reaction. It should be noted that the

We first measured transient absorption spectra with sub- transient absorption spectra measured in the present experiments
picosecond time resolution to obtain spectral information of the are significantly different from those in a recent literattir&he
excited states. Figure 2B shows transient absorption spectra ofreported spectra showed an absorption increase in the whole
a cyclohexane solution measured at several delay times afterwavelength region of 550750 nm, but such a spectral feature
S, — S excitation at 400 nm. Over the entire time region, the was not reproduced, not only in this sub-picosecond measure-
obtained spectra exhibit an absorption decrease in the wave-ment but also in the time-resolved absorption measurement using
length region longer than-600 nm. Since it appears in the the NOPA system described later (vide infra).
spectral region of the (steady-state) fluorescence, it is attributable For better understanding of the complicated dynamics of
to the stimulated emission from the keto excited state. As seenexcited-state 10-HBQ, we depict temporal behavior of the
in this figure, the spectral shape of the stimulated emission bandtransient absorption signals at four selected wavelengths in
evolves in time and shows complicated dynamics: The stimu- Figure 3. In the 8-300-ps time scale (Figure 3A), the stimulated
lated emission first shows a rather flat band immediately after emission signal at 730 nm shows a biexponential decay. The
photoexcitation. Then, the relative intensity on the longer decay time constants of these two components were evaluated
wavelength side increases as the emission grows in the sub-as 8.3+ 0.6 and 260+ 30 ps, respectively. The longer time
picosecond region. In the subsequent picosecond region, theconstant agrees very well with the reported fluorescence lifetime
stimulated emission apparently shows a spectral blue shift, whichof the keto excited state (270 pd).This ensures that the
is manifested by the shift of the zero-crossing point around 600 absorption decrease, which was observed in the long wavelength
nm (dotted line). On the other hand, the obtained spectra in theregion of our transient absorption spectra, is due to the
short wavelength region exhibit an absorption increase, i.e., thestimulated emission from the keto excited state. The fast
excited-state absorption. Most of this excited-state absorption component (8.3 ps) corresponds to the spectral blue shift of the
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stimulated emission observed in the picosecond time region. Inspiky feature was also reported for other proton-transfer
fact, at the short wavelength side of the stimulated emission molecules, such as 2:(Bydroxyphenyl)benzoxazdland 2-(2-

band (620 nm), this fast component appears as a rise. It washydroxyphenyl)benzothiazolé,indicating that the absorption
argued that, immediately after the proton transfer, the keto of the initial excited state is observed instantaneously with
excited state is formed in a vibrationally hot state with an excess photoexcitation, while the stimulated emission signal appears
energy of~4200 cnr’.2! Therefore, the vibrational cooling in the overlapping spectral region after a finite time. As clearly
process is expected to occur, in which the vibrational excess seen in Figure 3B, the stimulated emission at 620 nm then shows
energy is dissipated to the surrounding solvent molecules. Thisa temporal change opposite to that at 730 nm: the signal at
energy dissipation process was studied with picosecond Ramar730 nm shows the 350-fs rise and 8.3-ps decay, whereas the
spectroscopy by observing the frequency shift of a Raman bandsignal at 620 nm shows the 350-fs decay and 8.3-ps rise. This
(C=C stretch of gtransstilbene), and it was revealed that the is because the wavelengths of 620 and 730 nm correspond,
cooling rate of the photoexcited molecule shows a strong respectively, to the blue and red sides of the stimulated emission
correlation with the thermal diffusivity of the bulk solvett. band, and hence, the temporal changes due to the successive
We evaluated the thermal diffusivity of cyclohexane as 8.5  spectral shifts (red shift, 350 fs; blue shift, 8.3 ps) give the
1078 m? s™* from its thermal conductivity (0.123 W K~1),29 opposite features at these two wavelengths. The existence of
heat capacity (156.5 J® mol?), and density (0.7786 g crd). the 350-fs decay component in the stimulated emission around
By reference of the reported relation between the thermal 620 nm was more clearly seen in the reported fluorescence up-
diffusivity and the cooling rate, the evaluated thermal diffusivity conversion data! It was also more clearly observed in time-

of cyclohexane corresponds to the cooling rate of nearly 0.10 resolved absorption measurements using the NOPA system
x 102 s71 (i.e., 10-ps cooling time). Since the observed time described in the next section.

constant of 8.3 ps agrees very well with this estimated
vibrational cooling time in cyclohexane, we can attribute this
fast component to the vibrational cooling process in the keto
excited state. A similar decay component-@ ps) was also
reported in the fluorescence up-conversion study of the keto
fluorescence, and it was assigned to the vibrational cooling
proces$! As seen in Figure 3A, the excited-state absorption
observed in the short wavelength region (430 and 560 m) also
shows a biexponential decay that consists of the 8.3- and 260-

ps components. This is consistent with our assignment that thestructureless absorption band in the 4@D0-nm region. The

Zgzg:p::gz I(;]fczﬁisﬁeltr(]) tz)fc:ggos(gt‘;n i:]e?r']%n Ii:c?sueecct)%(;htei}me stimulated emission from the same excited state is also observed
re ionp P in the 606-800 nm region. The spectrum of the keto excited
gon. state shows a temporal change with the time constant of 350

Figure 3B represents the temporal behavior of the same g yith which the strong absorption peak appears around 400
transient absorption signals in an expanded time scale. Thepq (o shorter) and the stimulated emission intensity on the
temporal behavior observed in this early time region varies longer wavelength side becomes enhanced.

significantly, depending on the wavelength. The excited-state
absorption at 560 nm shows an “instantaneous” rise with tional i ith the fi tant of 8.3 Duri
photoexcitation, which is followed by the 8.3-ps decay (the fast lonal cooling Process wi € time constant of ©.5 ps. buring
component). In contrast, the transient absorption at 430 nm th_ls V|brat|(_)nal cooling, the excited-state absorption decreases
shows a finite rise time, corresponding to the delayed appearancé’v '_th keeping . almost the same band s_hape_, whereas the
of the strong absorption peak around 400 nm (Figure 2). In the S“T““'a‘ed emission band .shpws.a blqe Sh'.ﬂ' This spec.tral blue
fitting analysis taking account of the time resolution, we needed shift of thg stimulated emission is ratlonallzed,. assuming th'at
a single-exponential rise with a time constant of 3560 fs to the potential-energy surface of the keto form is shallowe“r n
reproduce the observed dynamics. This ultrafast component isthe excited stgte than in the ground ;tate. In this case, the h_Ot
also involved in the dynamics of the stimulated emission at 730 fluorescence is expected to appear in the lower energy region
nm. As seen in the figure, the stimulated emission at 730 nm compare(_:l_to the thermal_ly eqwhbrated quor_escence, because
shows a finite rise time, corresponding to the spectral evolution 1€ transition from the vibrationally hot excited state occurs
in the long wavelength side in the sub-picosecond region. The prgfgrentlally to the vibrationally hot ground state owmg.to the
fise at 730 nm can be reproduced fairly well by the same efficient Franck-Condon overlaﬁ?lemaIIy, the keto.excr[ed'
ultrafast component (350 fs), as shown by the dotted curve. TheState decays to the ground state in the keto form with the time
dynamics at 620 nm is rather complicated. The signal first shows constant of 260 ps.

a positive spike (indicated by arrow) around the time origin ~ The origin of the 350-fs component was discussed previously
and then rapidly goes to a negative value. This behavior seemsbased on the fluorescence up-conversion #atahou et al.

to show that an excited-state absorption signal is observedpointed out that condensed ring systems such as 10-HBQ have
immediately after photoexcitation and is replaced, after a finite two closely lying electronic excited states labeléd and Ly,

short time, by the stimulated emission from the keto excited and they tentatively assigned the 350-fs component to the
state. Since we first photoexcited the molecule to thestste internal conversion process between these two states in the
of the enol form (the precursor excited state), this excited-state excited keto form after the proton transfer. However, this
absorption observed only around the time origin is likely assignment is unlikely. As we describe in the next section, we
assignable to the enol excited state (before the reaction). Theobserved the coherent nuclear wavepacket motion that persists
finite, short rise time of the stimulated emission corresponds to for more than a few picoseconds, and it is not reasonable that
the proton-transfer time, although it was too short to be coherent nuclear motion survives in relatively slow-S S;
determined in the sub-picosecond measurement. The very similaiinternal conversion process. We assign this 350-fs dynamics to

The excited-state dynamics and the corresponding spectral
change of 10-HBQ can be summarized as follows based on the
results of the above sub-picosecond transient absorption mea-
surements. With photoexcitation, the excited state of the enol
form is generated. The spikelike feature observed around the
time origin in the 620-nm trace may be attributable to this enol
excited state. This precursor state disappears very rapidly (within
less than 100 fs) due to the ultrafast proton-transfer reaction.
Then the keto excited state is generated, and it shows a

The keto excited state subsequently experiences the vibra-
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Delay Time (ps) we observed a stimulated emission signal having a very fast
Figure 4. (A) Time-resolved absorption signals of 10-HBQ in [iSe. Itdecays due to the 350-fs component in thé.(s region
cyclohexane (3x 1072 mol dnm3) measured with excitation at 360  and is followed by small rising feature due to the 8.3-ps
nm. The time-resolved traces were probed at 560 nm (a) and 620 nmcomponent. We simulated the observed dynamics by a multi-
(b), and the oscillatory component was extracted from the 620-nm trace exponential function including the 350-fs, 8.3-ps, 260-ps, plus
gl%o gk]]% c:]ozs C%”?'.i:frr‘egglth: d%‘:)";grat'.‘:ngoggl g%ozgr%]%ﬂfszég additional exponential rise components and optimized it to fit
: wn (d). (B) Time-resolv ption Sig "% to the total signal. The rise time of the stimulated emission signal
with excitation at 385 nm. .
was evaluated as 2% 15 fs, which can be regarded as a
measure of the proton-transfer time of 10-HBQ. The calculated
process (see section 3.3). function representing the intensity dynamics is also shown by

3.2. Vibrational Coherence Signal and Its Excitation- dott_ed curves |n.F|gure 4A. . . .
Wavelength DependenceTo examine the coherent nuclear Slnce thg excited-state gbsorptlon and stlmulqted emission
dynamics in the ultrafast proton transfer, we used the NOPA shown in F!gure 4A are attributed to the kgto excited state for
system and measured time-resolved absorption with much bette@Imost all time except for a very short period around the time
time resolution (2740 fs). Figure 4A shows time-resolved ©rigin, the oscillatory components observed at 560 and 620 nm
absorption signals of 10-HBQ in cyclohexane measured at two pontaln the same information about the v!bratlonal coherenqe
wavelengths (560 and 620 nm). These probe wavelengthsih the_keto eXC|ted_ stgte. Becau_se the oscillatory componen_tm
correspond to the excited-state absorption and stimulatedthe stimulated emission signal is more clearly observed owing
emission bands, respectively. The pump wavelength was tunedtc_’ the_ better time resolgtlon a_t 620 nm, we further analyze the
to 360 nm, which is located at the short-wavelength side of the Vibrational coherence in excited-state 10-HBQ only for the
S, — S absorption band. (The spectra of the pump and probe oscillatory component at 620 nm, in the following.
pulses are shown together in Figure 2A.) As readily seen in We extracted the oscillatory component by subtracting the
Figure 4A, we observed a substantially modulated oscillatory slow intensity dynamics from the raw data (Figure 4Ac). Since
component due to the vibrational coherence at both probethe probe wavelength is far from the S- S absorption, this
wavelengths. oscillatory component is straightforwardly assignable to the

The dynamics observed in this experiment looks consistent Vibrational coherence in the excited state. It is noted that the
with the transient absorption data taken with sub-picosecond oscillation is noticeable even at the delay time of several
time resolution (Figure 3). We observed the excited-state picoseconds, which is long after the proton transfer reaction.
absorption signal at 560 nm that decays with the 8.3-ps This means that the vibrational coherence, which is initially
component in this early picosecond region. Because of the created by photoexcitation in the excited state of the enol form,
improved time resolution, a spiky feature around the time origin is transferred to the product and is remained in the keto excited
was additionally observed, which may be assignable to the state. This situation is apparently different from our recent
absorption of the enol excited state before the reaction. Also, aobservation for photoisomerization ofs-stilbene and photo-
rising feature due to the 350-fs component can be seen in thedissociation of diphenylcyclopropenone, where the vibrational
0—1-ps region, although it was not noticeable in the sub- coherence was only observed in the initial photoexcited $tate.
picosecond measurement (Figure 3B). The appearance of thd-ourier transform analysis showed that the extracted oscillatory
350-fs rise is probably caused by the broad spectrum of the Signal involves at least four frequency components at 242, 392,
probe pulse that can cover the shorter wavelength region. (The550, and 692 cmt (Figure 5A).
350-fs component was strongly observed in the-4800-nm The oscillatory component arises from the temporal evolution
region.) At the probe wavelength of 620 nm, on the other hand, of the vibrationally coherent state prepared by photoexcitation,

the intramolecular vibrational energy redistribution (IVR)
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(A) multimode excitation Figure 4B shows a time-resolved absorption signal at 620
nm obtained with 385-nm excitation. The pump pulse at 385
nm corresponds to the red edge of the-SS, absorption band
(Figure 2A), and it is displaced in energy by as large as 1800
cm~1 from the 360-nm pump pulse. The time resolution of this
measurement (28 fs) was almost the same as in the case of the

‘ 360-nm excitation. As seen in this figure, the signal shows a

|

Vi

5Vah ! 6\; cid

pump pump
= spectrum 1 _ spectrum 2

very similar feature to that obtained with 360-nm excitation.

\[ (The weaker signal obtained with 385-nm excitation is due to
> the smaller pump pulse energy.) Both of the 350-fs decay and

el I Ivertiff HSACIEY 8.3-ps rise are noticeable also with this 385-nm excitation. The
: JHJUL! appearance of the 350-fs component even with the red-edge
(B) progression excitation excitation (i.e., no excess energy) implies that this component
8"'311 arises from a relaxation process occurring in the keto form after

ov the reaction. The oscillation amplitude relative to the whole

mo

: signal is larger in the 385-nm data, suggesting that the
‘ vibrational coherence can be generated more efficiently by

Vg

exciting the low energy region of the; S— S electronic
transition.

In Figure 5A, the Fourier transform of the oscillation
ﬂ > measured with the 360- and 385-nm excitations are compared.
energy Obviously, both spectra exhibit four bands in the 2000-
Figure 6. Schematic drawing of the vibrational lines that can be cm™!region, and more importantly, the frequency of each band
covered by two pump pulses having different center wavelengths (pump coincides very well with the other. That is, the oscillation
spectrum 1 and 2). (A) Multimode excitation. (B) Progression excitation. frequency did not change significantly with the change of the

and we often associate its frequency with that of the coherent excitation (photon) energy by 1800 cfn This is a clear

L . indication that the oscillatory component arises from a coherent
molecular vibration straightforwardly. In general, however, the excitation of the overtone/combination progression relevant to
Fourier transform spectrum cannot be related directly to the prog

frequency of the vibrational modes itself, because the period each vibrational mode. It should be noted that this result is not
of the oscillation corresponds to the eneréy difference between aﬁected substantially even if we take account of the homogeneous/

two vibrational states that are coherently exciaccordingly inhomogeneous broadening of the vibronic transitions. Such
' broadening mechanisms make the vibronic structure blurred and

the following two mechanisms need to be considered as possibleI th iral selectivity i by the shift of th itai
origins of the oscillatory component. The first is a coherent ower the spectral selectivity given by the shilt o the excitation
wavelength. In the current system, however, the vibronic

excitation of vibrational states that belong to different modes . ; .

(the “multimode excitation”, Figure 6A). In this case, the structure .W'th an energy spacing D 10Q0bm clearly.

oscillation period merely corresponds to the difference frequency res_olved in the 5 S absorptlon.spectrum (Figure 2A). Th|s

between the two different vibrational modes. The second is a indicates that the homogeneousllnhomogeneous broad(_enlng of

coherent excitation of overtone/combination progression of a tEe 110-HBQ/(iyc!ghex_ane system 'IS n%t S0 Iarge as tOfW'pﬁ out

particular vibrational mode (the “progression excitation”, Figure the OQO-cm vibronic structure. In the experiment for the
excitation wavelength dependence, we shifted the excitation

6B). In this case, the oscillation period corresponds directly to a
the frequency of the vibrational mode, since the vibrational states (Photon) energy by as large as 1800 ¢mso that we can

in a progression appear with nearly the same energy Spacmggenera}te a new_coht_arent superposition that is composed c_)f
corresponding to the frequency of the vibrational mode. Obvi- essentially new vibronic states. Consequently, the above experi-

ously, it is important to distinguish these two mechanisms to ment for the excitation wavelength dependence can verify the

further discuss the coherent nuclear dynamics based on thgn€chanism for the generation of the oscillatory component,
observed oscillatory component. despite the inevitable influence of the homogeneous/inhomo-

To distinguish these two mechanisms, we changed the 9€N€0OUS broadening int_he c_ondensed phase. Thus, we conclude
excitation wavelength and compared the observed oscillatory that the peak frequencies in the Fourier transform spectrum
signals. It is because the oscillatory component is expected todlre_ctly correspond to the vibrational modes that are coherently
show different excitatiorwavelength dependence, depending €xcited.
on the mechanism. In fact, when the excitation wavelength is  3.3. Assignment of the Coherently Excited VibrationsThe
changed, we generate another coherent superposition thaproton-transfer reaction of 10-HBQ is initiated by photoexci-
consists of vibrational states in the new energy region. In the tation that populates the, State of the enol form (the precursor
case of the multimode excitation, it is very unlikely to find a of the reaction). The photoexcitation also creates the vibrational
pair of vibrational states that have exactly the same energy coherence in the same precursor excited state, which induces
spacing. As a result, the period of the observed oscillation shouldthe nuclear wavepacket motion of the vibrationally coherent
change with the change of the excitation wavelength. In the state. Accordingly, the proton-transfer reaction proceeds while
case of the progression excitation, in contrast, a pair of the nuclear motion is coherently excited. As described in the
vibrational states with almost the same energy difference canprevious sections, the vibrational coherence in 10-HBQ is
be excited even in the new energy region, since the vibrational maintained in the course of the reaction, and hence, even the
states in the progression are nearly equally spaced in energyketo excited state (the product) is remained coherent. In other
Therefore, the period of the observed oscillation does not changewords, the wavepacket motion observed for the keto form is
significantly regardless of the change of the excitation wave- considered to contain “memory” of the nuclear motion during
length. the ultrafast proton transfer. Therefore, for deeper understanding
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of the vibrational coherence in the reaction of 10-HBQ, it is @
very important to discuss how the coherent nuclear motion is
related to the structural change associated with the proton
transfer.

Looking at the oscillatory component in Figure 4, we notice
that the oscillation feature changes with time: The oscillation
with a relatively long period is predominant in the early time
region (0-1 ps), whereas the oscillation with a shorter period
is prominent in later times. This implies that the relative
amplitude of the four frequency components changes with time.

To quantitatively discuss this temporal change, we performed x50 || Ll

Fourier transform analysis using a temporal window function i | |y ‘ L
having 0.5-ps full width at half maximum width (the “sliding- L R S A R B N
window Fourier transform”). The resultant Fourier transform 0 300 600 900,1 1200 1500

spectra are shown in Figure 5B for three different delay times. Viavenumber (cm )

It is remarkable that only the lowest-frequency mode at 242 Figure 7. Comparison of the vibrational spectra of 10-HBQ. (a) Fourier
cmLis significantly short-lived compared to the other modes. transform spectrum obtained from the oscillatory component at 620

. . . " nm, (b) resonance Raman spectrum measured with 405-nm excitation,
From the time dependence of the band intensity, the dephasmgand (c) Raman spectrum in the ground state obtained by the density

time of the 242-cm' mode was evaluated approximately as  functional calculation. The spectra in the 800- and 406-1200-cn?
0.5+ 0.1 ps. Importantly, this dephasing time is substantially regions are also magnified by factors of 50 and 5, respectively. In these
shorter than the typical vibrational dephasing time in solution magnified spectra, the thick lines represent totally symmetric (in-plane)
(a few picoseconds), whereas the dephasing of the other modegibrational modes.

seems ordinary and they last for as long as a few picoseconds.

)
o

[N
&

The significantly rapid dephasing of the 242-chlmmode 1

suggests its particular character in this excited state. } -
Simply speaking, the relation between the coherent nuclear \gr +/\4\T/

motion and the reaction coordinate can be categorized into two

extreme cases, the orthogonal case and the (nearly) parallel case. /\Y\% -y

In the orthogonal case, the coherent nuclear motion (nuclear \ \

wavepacket motion) occurs along a vibrational coordinate that (—

is perpendicular to the reaction coordinate, and the motion is L\/\\\\ /)L\\

not coupled with the reaction. The situation of such a vibration

is expected to be similar to that of ordinary vibrations in the -

stable state, and hence the vibration is considered to have arigyre 8. Nuclear motion of the ground-state vibration at 243-¢m

typical vibrational dephasing time of a few picoseconds. The (calculated, 248 cri) that corresponds to the lowest-frequency
dephasing time of the 242-cthmode is obviously shorter than  wavepacket motion observed in excited-state 10-HBQ.

that expected for this orthogonal case. The lowest-frequency
mode at 242 cmt seems somewhat correlated with the reaction

coordinate of the proton transfer. To consider this point further, sensitive to the S— So Franck-Condon activity (the A term

we try to make assignment of the 242-chmode. resonanc®). Therefore, the ground-state 243-chmode highly
Vibrational spectroscopy in the frequency domain can provide |ikely corresponds to the 242-crh excited-state motion ob-
r|Ch |nf0rmat|0n fOI’ the aSSIgnment Of the COherent I’IUC|eaI' Served in pumpprobe measurements. Th|s assignment iS
motions. At present, however, the vibrational data such as consjstent with a Raman spectrum calculated by the density
Raman and infrared spectra are not available for excited-statefynctional method (Figure 7c). As clearly seen in the calculated
10'HBQ AlSO, theoretical calculations of the excited state Spectrum, there is Only one tota"y Symmetric mode at 24glcm
molecules are still a challenging task, especially for large in the 200-300-cnt? region, and hence, it is attributable to
polyatomic molecules such as 10-HB& Therefore, we  the (ground-state) 243-crh mode observed in the resonance
discuss the assignment of the 242=¢rmode by referring to  Raman spectrum. From this comparison with the measured and
the measured and calculated Raman spectra of 10-HBQ in thecglculated Raman spectra, we can conclude that the lowest-
ground state (the enol form), which are only available at the frequency wavepacket motion in the excited state of 10-HBQ
moment. Although the excited keto form gives a major corresponds to the in-plane vibration at 243-érim the ground
contribution to the oscillatory signal, we can expect that the state. We note that definitive assignment of the other three
skeletal vibrations are not drastica"y different between the keto Components in the Fourier transform of the excited-state
and enol forms. oscillation (392, 550, and 692 crf) needs further studies, such
We measured a Raman spectrum of 10-HBQ in cyclohexane as transient Raman measurements and theoretical calculations
by using a 405-nm light (Figure 7b). Since the excitation line for excited-state 10-HBQ, since there are more than one
corresponds to the red edge of the<S S absorption, it is candidate in the Svibrations in the vicinity of each peak
(pre)resonance Raman spectrum. In the low-frequency regionfrequency.
of this resonance Raman spectrum, we notice a band at 243 Figure 8 shows the nuclear motion of the 248-énimea-
cm™%, which is located very closely to the 242-chrmode in sured, 243-cmt) vibration obtained from the density functional
the Fourier transform spectrum. Since the vibrational mode theory calculation. In this vibrational mode, the OH group, as
appearing as the oscillatory component is excited in the pumpinga whole, is displaced largely toward the nitrogen site. Since we
process, it should be FranekCondon active in the S— S expect the hydrogen atom to be displaced away from the oxygen
transition, i.e., a totally symmetric, Raman-active vibration. atom (i.e., the lengthening of the OH distance) for the proton

Thus, the corresponding vibration in the ground state is expected
to be observed in the resonance Raman spectra because it is
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plane deformation mode controls the reaction dynamics by
opening a barrierless transfer route on the excited-state poten-
tial.®

It is important to discuss the dephasing of the lowest-
frequency mode at 242 crhthat shows a remarkable role in
the dynamics of the proton-transfer reaction. As described above,
the dephasing time of this mode was evaluated approximately
as 0.5+ 0.1 ps. This dephasing time is fairly close to the decay
time constant of 350 fs recognized in the intensity dynamics.
This indicates a possibility that the dephasing of the 242%cm
Figure 9. Schematic illustration of the potential-energy surface of mode occurs in a relaxathn process corresponding to the 350-
excited-state 10-HBQ relevant to the proton-transfer reaction. It is drawn S component. A relaxation process that can lead to the
as a function of the ©H and O-N distances. The energetically favored ~ Vibrational dephasing is IVR. Actually, a limited number of
trajectory from the FranckCondon region (FC) is depicted by the solid  vibrational modes are coherently excited in the pumping process,
curve, while the straight route to the final position is shown by the reflecting the FranckCondon overlap in the;S— S, electronic
dashed curve. transition. Because of the ultrafast proton transfer process, the

) ) vibrational energy in excited-state 10-HBQ is expected to be

transfer to occur, this nuclear motion does not exactly match y4iher |ocalized within those modes even after the reaction. This
the structural change of the proton transfer. Nevertheless, it|ocajized vibrational energy then spreads to other (dark) modes
seems that the nuclear motion in Figure 8 is closely related to through the anharmonic coupling, in which the initially excited
the reaction. In fact, this vibration ?nduces the displacem_ent of modes can be dephased, and consequently, the statistical energy
the OH group and shortens the distance between the nitrogenyjstribution to other vibrational degrees of freedom is to be
and hydrogen atoms, which seems to make the proton transfefeajized. For excited state relevant to the reaction, the potential-
more feasible. In other words, the molecular skeleton of energy surface is often highly anharmonic, especially along the
benzoquinoline deforms within the molecular plane to make the reaction coordinate. Therefore, it is natural to think that the
OH group to come closer to the nitrogen site. These nuclear potential-energy surface is also anharmonic along the vibrational
motions look to assist the translocation of the proton. We ¢oordinate that is coupled with the reaction coordinate. In this
consider that, in the overall process, the phOtoeXCItatlon induceSSense, the |owest_frequency mode at 242bmhose coordinate
the nuclear wavepacket motion that corresponds to the modee consider is strongly coupled with the reaction, is expected
shown in Figure 8 in the enol excited state, and the proton tg have an efficient anharmonic coupling with dark modes and,
transfer takes place with assistance of this low-frequency hence, is dephased more rapidly compared to other three modes
deformation motion. The proton-transfer process is completed (392, 550, and 692 cm). The rapid dephasing due to the IVR
in a time as short as 25 fs, and the relevant coherent nuclearprocess in the reactive excited state was recently discussed also
motion persists in the resultant keto excited state, which we for yltrafast proton transf&rand photoisomerizatidmeactions.
observed. In this sense, we consider that the lowest-frequencyas already mentioned, the origin of the 350-fs component was
wavepacket motion (242 cm) in excited-state 10-HBQ is  discussed previously based on the fluorescence up-conversion
coupled with the reaction coordinate of the proton transfer.  data2! and it was tentatively assigned to the internal conversion

The nuclear wavepacket motion initiated by photoexcitation process from théL, state tolL , state in the excited keto form.
seems not to point directly to the final structure (the keto form). However, it is not natural that the internal conversion causes
It indicates that the wavepacket motion should be considered efficient dephasing only for a particular mode and does not affect
on the multidimensional potential surface, especially for the other modes at all. It was also argued that solvent reorganization
reaction of polyatomic molecules. In the proton transfer of 10- can occur even in nondipolar solvents and induce a spectral
HBQ, we need to consider, at least, two coordinates: the change with a sub-picosecond time sc#leThis type of
vibrational coordinate of the 242-crhmode and the proton-  solvation arises from the interaction between the solute dipole
transfer coordinate. The 242-cihmode is deformation of the  and solvent multipole moments. The solvent used in the present
molecular skeleton that makes the oxygen and nitrogen atomsstudy (cyclohexane) has negligibly small dipole and quadrupole
come closer, so that this coordinate can be essentially repre-moments, and it is truly a nonpolar solvent, unlike strongly
sented by the oxygemitrogen distanced(O—N)). Here, we quadrupolar solvents such as benzene. Consequently, it is also
simply represent the proton-transfer coordinate in 10-HBQ by very unlikely that the 350-fs component is ascribed to the
the oxygen-proton distance(Q—H)). We consider the wave-  solvation dynamics in the nonpolar cyclohexane solution. Thus,
packet motion on this two-dimensional potential surface, as we consider that the mode-specific dephasing observed in the
schematically illustrated in Figure 9. As seen in this illustration, present study supports the IVR process occurring in excited-
the minimum-distance route of the wavepacket motion from the state 10-HBQ with the time scale of 350 fs.
initial position to the final structure is not energetically favored.  Very recently, Riedle and co-workers investigated the nuclear
Instead, the wavepacket finds a more favorable route by wavepacket dynamics in another intramolecular proton-transfer
changing the oxygennitrogen distance. As a result, the system, 2-(2hydroxyphenyl)benzothiazole (HBT), elaborately
wavepacket is expected to show a trajectory that deviates fromwith similar time resolution and observed the pronounced
the minimum-distance route, which is a simple change of the oscillations due to the wavepacket motion in the keto excited
O—H distance. The cooperative change of {©—N) and state over the entire wavelength region of the steady-state keto
d(O—H) values is a consequence of the multidimensionality of fluorescencé®!®> They analyzed the rise of the stimulated
the wavepacket motion in polyatomic molecules such as 10- emission by a temporally delayed steplike function, which was
HBQ. A similar multidimensional potential-energy surface was interpreted as a manifestation of the ballistic wavepacket motion
already discussed for a proton-transfer reaction of 2w#aroxy- on the excited-state potential-energy surface. The evaluated
5'-methylphenyl)-benzotriazole, where a highly anharmonic in- delay of 33 fs corresponded to the time that the wavepacket
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needs to reach the keto region along the reaction coordinate. (7) Takeuchi, S.; Tahara, T. Chem. Phys2004 120, 4768.

They also presented a detailed analysis of the four oscillation . (8) Arthen-Engeland, T.; Bultmann, T.; Emsting, N. P.; Rodriguez, M.
. f their both litud d oh | A.; Thiel, W. Chem. Phys1992 163 43.
components in terms of their both amplitude and phase. In " (g) chudoba, C.; Riedle, E.; Pfeiffer, M.; ElsaesserChem. Phys.

particular, the lowest-frequency mode at 113 émwas distin- Lett. 1996 263 622.

guished from the other three with respect to its significant fast 11é12%)6|-;90hbfunneh S.; Wurzer, A. J.; Riedle, E.Chem. Phys200Q
depha;mg (SOQ fs) a.ls ngl as pha_se dev'.atlon from zero (11) Wu.rzer, A. J.; Lochbrunner, S.; Riedle, Appl. Phys. B00Q 71,
(vibrational turning point with the maximum displacement) at 1.

the time of the electronic configuration change to the keto form.  (12) Ermnsting, N. P.; Kovalenko, S. A.; Senyushkina, T.; Saam, J.;
These experimental findings and a related theoretical calcula-Farztdinov, V.J. Phys. Chem. 001 105 3443.

tion3* showed the importance of the wavepacket motion on a 40513) Stock, K. Bizjak, T.; Lochbrunner, &hem. Phys. Let2002 354
multidimensional potential-energy surface that involves not only (i4) Rini, M.; Kummrow, A.; Dreyer, J.; Nibbering, E. T. J.; Elsaesser,
the OH coordinate but also the vibrational coordinate of the T.Faraday Discuss2002 122, 27.

low-frequency modes that modulates the distance between thelogli)os'-g’ombr“””e“ S.; Wurzer, A. J.; Riedle,E Phys. Chem. 2003

donating (oxygen) and accepting (nitrogen) sites of the proton. (16) wynne, K.: Reid, G. D.; Hochstrasser, R. 3 Chem. Phy<1996
In fact, they proposed a beautiful model that the wavepacket 105 2287.

moves first to shorten the ON distance, and then when it arrives (i? EUbfsﬁﬂv" |I-EV-;I YOShihSar'a’Z'K]i']P%SI'{ Chegh- 5987, &837621?8-
at the critical point, the electronic structure switches to induce 36§ ) Seel, M.; Engleitner, S.; Zinth, Wehem. Phys. Let1.997 275

the proton transfer from the oxygen site to the nitrogen site. ~ (19) Hal, P. A; Janssen, R. A. J.; Lanzani, G.; Cerullo, G.; Rossi, M.
Compared with their HBT, 10-HBQ possesses a rather rigid Z.; Silvestri, S. D.Chem. Phys. LetR001, 345 33.

structure with its proton transfer site directly linked to the lgézzo)lg“galrgqez' M. L.; Cooper, W. C.; Chou, P. Them. Phys. Lett.
condensed ring system. Despite this difference in rigidity, the ~ 57y chou, P. T.; Chen, Y. C.; Yu, W. S.; Chou, Y. H.: Wei, C. Y.:

proton-transfer dynamics as well as the nuclear wavepacketCheng, Y. M.J. Phys. Chem. 2001, 105, 1731.
dynamics relevant to the reaction looks quite similar to each ~ (22) Chou, P. T.; Wei, C. YJ. Phys. Chem1996 100, 17059.

; _ ; _ (23) Chou, P. T.; Wu, G. R,; Liu, Y. I; Yu, W. S,; Chiou, C. 3.
other. We estimated the proton-transfer time of 10-HBQ to be Phys. Chem. 2002 106 5967.

254 15fs, and it is in the same order of the proton-transfer  (24) Takeuchi, S.; Tahara, TFemtochemistry and Femtobiology:
time of HBT, although we adopted exponential functions in our Ultrafast Events in Molecular SciencéMartin, M. M., Hynes, J. T., Eds.;

analysis. More importantly, our data also suggest that the low- Elsevier: The Netherlands, 2004; p 295.
Y P y 99 (25) Yamaguchi, S.; Hamaguchi, Appl. Spectrosc1995 49, 1513.

frequenqy deformational motion plays a key role in the reaction (26) Frisch, M. J.; Trucks, G. W.; Schiegel, H. B.; Scuseria, G. E.. Robb,
and assists the proton to be transferred. Therefore, we canu. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
consider that the involvement of the low-frequency skeletal gtraémgnnkRNE-:SFU_ran,\t)l JCCE Dspprigh,TS-: Mil_lajﬂ,él. M.; D\é}niecls, A.
H H ., Kudin, K. N.; rain, M. C.; Farkas, O.; lomasi, J.; barone, V.; C0OSsSI,
defo.rmatlon.’ as well E.IS the WavepaCket traJeCt.ory on the M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
multidimensional potential-energy surface sketcheldjs more Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
or less a general feature of ultrafast intramolecular proton- D. K, Rabuck,fA. D.; Raghavachari, Kh F?(resman, ~|1( B.; Cioslowski, J.;
i i i Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
transfer reaction of this kind. I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;
. Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
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