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Ultrafast excited-state dynamics in photochromic N-salicylideneaniline
studied by femtosecond time-resolved REMPI spectroscopy
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Ultrafast processes in photoexcitedN-salicylideneaniline have been investigated with femtosecond
time-resolved resonance-enhanced multiphoton ionization spectroscopy. The ion signals via the
S1(n,p* ) state of the enol form as well as the proton-transferredcis-keto form emerge within a few
hundred femtoseconds after photoexcitation to the firstS1(p,p* ) state of the enol form. This
reveals that two ultrafast processes, excited-state intramolecular proton transfer~ESIPT! reaction
and an internal conversion~IC! to theS1(n,p* ) state, occur on a time scale less than a few hundred
femtoseconds from theS1(p,p* ) state of the enol form. The rise time of the transient
corresponding to the production of the proton-transferredcis-keto form is within 750 fs when near
the red edge of the absorption is excited, indicating that the ESIPT reaction occurs within 750 fs.
The decay time of theS1(p,p* ) state of thecis-keto form is 8.9 ps by exciting the enol form at 370
nm, but it dramatically decreases to be 1.5–1.6 ps for the excitation at 365–320 nm. The decrease
in the decay time has been attributed to the opening of an efficient nonradiative channel; an IC from
S1(p,p* ) to S1(n,p* ) of thecis-keto form promotes the production of thetrans-keto form as the
final photochromic products. The two IC processes may provide opposite effect on the quantum
yield of photochromic products: IC in the enol form may substantially reduce the quantum yield, but
IC in the cis-keto form increase it. ©2004 American Institute of Physics.
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I. INTRODUCTION

Photochromism is characterized by a light-induced
versible reaction of a chemical species. This reaction gi
rise to the formation of photoisomers whose electronic
sorption spectra are fairly different from those of the react
molecules, resulting in a dramatic color change of a cry
or solution. A lot of photochromic materials have receiv
great attention to their applications to optoelectro
devices.1–8Among themN-salicylideneaniline~SA! is one of
the most extensively studied photochromic molecules.9–31

Figure 1 displays the change in the geometry of SA a
photoexcitation of the enol form. Density functional theo
calculation at the B3LYP/6-31G** level predicts that the
relative energy of the enol form is 5520 cm21 lower than the
trans-keto form.31 Over the past few decades, a considera
number of experimental and theoretical studies have b
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devoted to clarify the mechanism of photochromic react
of SA.9–31 Different precursors and processes have been
posed to explain the photochromism of SA. A common fe
ture of the photochromic reaction of SA derived from rece
studies is summarized as follows.25–28,30,31The excited-state
intramolecular proton transfer~ESIPT! followed by photoex-
citation of the enol form to its first1(p,p* ) state
@S1(p,p* )# produces theS1(p,p* ) state of thecis-keto
form, leading to a metastabletrans-keto form as the final
photoproduct. However, the detailed mechanism of
photochromic reaction of SA is controversial, in particul
the depopulation processes after ESIPT are ambiguous. P
second and nanosecond time-resolved measurement of S
low-temperature matrices suggests that the precursor of
photochromic species is a vibrationally ‘‘hot’’ proton
transferredketo-form.15 A similar transient is proposed from
femtosecond and picosecond time-resolved measuremen
SA in various solutions at room temperature.15,25–27 Mitra
and Tamai estimated the time constant for the transition fr
the vibrationally hot state of thecis-keto form to thetrans-
il:
6 © 2004 American Institute of Physics
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keto form to be 300–400 fs.25–27 Zgierski and Grabowska
carried out theoretical calculations on SA~Ref. 30! and re-
lated molecules32–34 to investigate the geometries of ta
tomers, the transition energies, the rate for ESIPT, and
precursor of the photochromic species. They proposed
the common precursor of the final photochromic species
the fluorescent species is the vibrationally excitedS1(p,p* )
state of the enol form, and the formation of thetrans-keto
form as the final photochromic products can be explain
without considering the vibrational hotketo-form as a reac-
tion intermediate.

In the present work we focus on ultrafast processes
the proton-transferredcis-keto form as well as those in th
enol form. Recently, we reported the laser-induced fluor
cence~LIF! and dispersed fluorescence spectra of jet-coo
SA.31 The onset of theS1(p,p* )←S0 absorption has bee
found to lie below 400 nm, and no vibrationally resolve
structure was observed. A very broad feature in the LIF sp
trum suggests that an ultrafast nonradiative process occu
addition to the ESIPT reaction after photoexcitation to
S1(p,p* ) state. This ultrafast process may significantly
fluence the excited-state dynamics and the quantum yiel
the photochromic products, but this process has not b
observed.

As described above conclusive results have not been
tained to elucidate the photochromic reaction of SA. Fem
second real-time probing of the excited states in a molec
beam is crucial for complete understanding of the ultraf
processes in SA. Numerous studies have been carried o
reveal the photoexcited dynamics of SA in the conden
phase.9–20,22,23,25–29However, the solvent effect may signifi
cantly influence the excited-state dynamics of SA in the c
densed phase, because a large change in the geometry o
during the photochromic reaction of SA. The ESIPT rate a
the quantum yield for the photochromic products subst
tially depend on the nature of the solvent molecules.25,26

Spectral changes due to intermolecular vibrational relaxa
as well as solvation make it difficult to determine the tim
constants in solution by ultrafast optical spectroscop27

Therefore, the investigation of the ultrafast processes un
the gas phase condition, where the solvent effect is abse
desired to obtain inherent nature of the electronic state
SA. Ultrafast intramolecular processes proceed on the f
tosecond to picosecond time scale.25–27,35–43Since the quan-
tum yield of photochromic reaction is defined as the ratio
the rate for the photochromic process to that for the ot
processes, the femtosecond time resolution is crucia
clarify the excited state dynamics of the photochromic co
pounds. Resonance-enhanced multiphoton ioniza
~REMPI! technique is very useful to investigate nonradiat
processes.37,39–43

FIG. 1. Stable structures and photochromic reaction of SA.
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We apply the femtosecond time-resolved REMPI tec
nique to investigate the real-time dynamics after photoex
tation of the enol form under the jet-cooled conditions. T
electronic excited states of the enol andcis-keto forms are
selectively ionized by choosing the pump and probe wa
lengths. Two rapid internal conversion~IC! processes have
been observed for the first time: one is IC from t
S1(p,p* ) state to theS1(n,p* ) state of the enol form and
the other is IC from theS1(p,p* ) state to theS1(n,p* )
state of proton-transferredcis-keto form. The role of the two
IC processes in the photochromic reaction of SA has b
discussed.

II. EXPERIMENT

The experimental setup for femtosecond time-resolv
REMPI spectroscopy is drawn in Fig. 2. A femtosecond
:sapphire laser~Spectra Physics, Tsunami! was pumped by a
diode laser~Spectra Physics, Millennia!. The output pulses
from the Ti:sapphire laser were used to seed a regenera
amplifier ~Spectra Physics, Spitfire! pumped by a frequency
doubled Nd:YLF laser~Spectra Physics, Merlin! to generate
amplified pulses with;1 mJ/pulse at a repetition rate of
kHz. The amplified output was split into two beams. A pa
of the amplified output beam~0.85 mJ/pulse! was used to
excite an optical parametric amplifier~OPA! system~Spectra
Physics, OPA-800!. The fourth harmonic of the signal wav
~320–373 nm! was used as a pump beam. Two differe
wavelengths, the fundamental~790 nm! and the second har
monic ~395 nm! of the remainder of the amplified outpu
~0.15 mJ/pulse!, were used as a probe beam. The power d
sities used for the pump and probe lasers were'1
310210W/cm2 and '1310211W/cm2, respectively. The
probe beam was optically delayed with respect to the pu
beam using a computer-controlled delay stage. The pu
and probe beams were superimposed by a dichroic mir
and loosely focused into a vacuum chamber with a 350 m
focal lens. Both of the pump- and probe-pulse energies w
strongly reduced to avoid saturation and interference fr
higher order multiphoton excitation. The average pulse
ergy at the entrance of the chamber was;500 nJ for the

FIG. 2. Schematic diagram of the femtosecond time-resolved REMPI s
troscopy. Nd:YVO4 , diode-pumped cw Nd:YVO4 laser; Ti:Sapphire, fem-
tosecond mode-locked Ti:sapphire laser; YLF,Q-switched cw Nd:YLF la-
ser; RGA, femtosecond regenerative amplifier; OPA, optical parame
amplifier; SHG, second harmonic generator; VD variable optical delay l
MSP, microsphere plate; PC, personal computer.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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pump pulse, 4mJ and 40mJ for the 395 and 790 nm prob
pulses, respectively. The FWHM of the response funct
was ;240 fs. The product ions were mass analyzed in
time-of-flight mass spectrometer and detected using a mi
sphere plate. The ion signals were fed into a digital stor
oscilloscope. The integrated intensity of the parent ion sig
was recorded as a function of the delay time between
pump and probe pulses. SA vapor at 350 K was seeded in
gas at 1 atm, and the mixture was expanded into the vac
chamber through a cw nozzle. SA was purchased from To
Kasei and used as received. The OH-deuterated deriva
was obtained by introducing D2O into the nozzle housing.

III. RESULTS

A. Two different photoionization processes in SA

Figure 3 shows an ionization scheme for the enol a
cis-keto forms of SA. The enol form is excited to th
S1(p,p* ) state with the pump pulse, and subsequently i
ized with the probe pulse. The time evolution of photoe
cited molecules can be obtained by monitoring the ion s
nals as a function of the delay time between the pump
probe pulses. Since the ion intensity largely depends on
resonance condition, the selective ionization of the eno
cis-keto form in the excited state can be achieved by cho
ing the wavelength of the probe beam. In solution the e
form shows a broadSn←S1 absorption in the range of 400
500 nm, while thecis-keto form shows a sharp and stron
Sn←S1 absorption with a maximum at around 420 nm.25–27

Thus, the second harmonic of Ti:sapphire laser is usefu
ionize thecis-keto form in theS1 state selectively.

To examine the selectivity of the ionization for the en
and keto forms, we have measured the time profiles of
ion signal intensity of photoexcited SA with several pro
wavelengths. Figures 4~a! and 4~b! show the time profile of
the ion signal of SA by using the probe wavelengths of 7
and 395 nm, respectively. The pump wavelength is 320
in both the cases. Figures 5~a! and 5~b! show the relative ion
intensities as a function of the square of the power den
probed at 390 nm and the cube of the power density pro

FIG. 3. Energy diagram and ionization scheme for the enol andcis-keto
forms of SA. The probe wavelength of;400 nm is resonant with theSn-Si

transition of thecis-keto form. Resonant wavelength for theSn-S1 transition
of the enol form may be longer than 700 nm.
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at 790 nm, respectively. In Figs. 5~a! and 5~b! the ion inten-
sity increases linearly with the square of the power den
and the cube of the power density, respectively. These
show that the photoionization of SA takes place by absorb
one pump photon and three probe photons, i.e.,~1138! pro-
cess, for the pump wavelength at 320 nm and the pr
wavelength at 790 nm. However, the photoionization occ
via the~1128! process with the probe wavelength at 395 n

The time dependence of the ion intensity markedly d
pends on the probe wavelength used~see Fig. 4!. The decay

FIG. 4. Decay profiles of SA excited at 320 nm and probed at~a! 790 nm
and ~b! 395 nm. The solid circles are experimental data, while the so
curves are the best-fitted curves obtained by two or three decay compon
The dotted curves represent the components used to decompose the
profiles.

FIG. 5. Probe power dependence of the ion intensities of SA exciting at
nm. The relative ion intensities probed at 395 nm are plotted as a functio
the square of the power density in~a!, while those probed at 790 nm ar
plotted as a function of the cube of the power density in~b!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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profile in Fig. 4~a! is well reproduced by a convolution of th
response function with a biexponential decay, giving tim
constants oft1,300 fs andt253.3 ps. On the other hand
the decay profile in Fig. 4~b! cannot be fitted with a biexpo
nential function. The decay profile in Fig. 4~b! is well fitted
using a triexponential decay function with time constants
t1,300 fs, t351.5 ps, and t4.100 ps. As mentioned
above, the difference in the decay profiles in Figs. 4~a! and
4~b! is attributable to the difference in the ionization ef
ciency for the enol and keto forms. The assignment of th
time components will be discussed in detail in Sec. IV.

B. Excitation wavelength dependence of decay
processes

Figure 6~a! shows the absorption spectrum of SA
n-hexane. The absorption onset of SA is located at 380–
nm, and two absorption maxima are seen at 270 and 340
Figure 6~b! shows the femtosecond time-resolved REM
intensities observed with several pump wavelengths in re

FIG. 6. ~a! Electronic absorption spectrum of SA inn-hexane solution.~b!
Decay profiles of SA measured by varying the pump wavelength from
to 373 nm, while probing at 395 nm. The pump wavelength is given on
right-hand side of each time profile. The solid circles are experimental d
while the solid curves are the best-fitted curves obtained by biexpone
decay components.
Downloaded 05 Nov 2004 to 133.11.199.16. Redistribution subject to AIP
e

f

e

0
m.
I
o-

nance with the optical absorption and the probe wavelen
of 395 nm. All the experimental traces are fitted by a conv
lution of the response function with a biexponential dec
No rise component is necessary to reproduce the time pr
within the experimental accuracy; all the observed spec
appear within time constants of 750 fs. The decay is co
posed of a femtosecond component with a time constant (t1)
of ,300 fs and a picosecond one with a time constant (t3)
of 1.5–8.9 ps. The time constants obtained from the de
profiles in Figs. 4 and 6 are summarized in Table I. The f
component decays within 300 fs and this time const
hardly depends on the pump wavelength in the range fr
360 to 373 nm, while the time dependence of the slow
component is sufficiently affected by the pump wavelen
used.

The rise time of the slow component is almost indepe
dent of both the pump wavelength and the deuteration of
hydroxy proton within the present experimental accura
The rise time of the second component with the pump wa
length of 370 nm is within 750 fs in deuterated SA.

IV. DISCUSSION

A. ESIPT and IC from S1„p,p* … of enol form

The femtosecond~1138! and ~1128! REMPI measure-
ments in this study provide new information about the
trafast dynamics of photoexcited SA. In Fig. 4~a!, two time
constants (t1,300 fs andt253.3 ps) are estimated from th
time profile observed with the pump and probe waveleng
of 320 nm and 790 nm, respectively. On the other hand
Fig. 4~b!, three time constants (t1,300 fs, t351.5 ps, and
t4.100 ps) are necessary to reproduce the decay profile
corded with the pump and probe wavelengths of 320 and
nm, respectively. A very fast decay component (t1,300 fs)
is attributed to a decay of theS1(p,p* ) state of the enol
form. A componentt351.5 ps in Fig. 4~b! arises from the
cis-keto form produced via the ESIPT reaction, because
probe wavelength at;400 nm is in resonance with theSn-S1

transition of thecis-keto form.25–27A componentt253.3 ps
in Fig. 4~a! is attributed to the decay of an excited state
the enol form. This state must be populated via t
S1(p,p* ) state of the enol form, suggesting that an ultraf
nonradiative process occurs in addition to the ESIPT re
tion. The rise time of the transient corresponding to the p
duction of theS1(n,p* ) is estimated to be within 500 fs.

0
e
a,
ial

TABLE I. Best-fit time constants of SA in units of ps obtained from fem
tosecond time-resolved measurement.t1 andt2 are time constants obtaine
from the decay profiles ofS1(p,p* ) andS1(n,p* ) of the enol form, while
t3 andt4 are time constants obtained from the decay profiles ofS1(p,p* )
of the keto form.

l~pump!a l~probe!a t1 t2 t3 t4

320 790 ,0.3 3.360.5
320 395 ,0.3 1.560.3 .100
360 395 ,0.3 1.660.3
365 395 ,0.3 1.660.5
370 395 ,0.3 8.960.7
373 395 ,0.3 8.561.5

aWavelength of the pump and probe pulses in units of nm.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 7. Photoexcited processes of S
drawn on the basis of the femtosecon
time-resolved REMPI spectroscopy i
gas phase. Two ultrafast processes E
IPT and IC occur by photoexcitation
of a high vibronic state of the eno
form. When the pump wavelength i
shrorter than;365 nm, an IC occurs
from the1(p,p* ) to the1(n,p* ) state
of the proton-transferredcis-keto form
in addition to the radiative (hnF) and
nonradiative decay to theS0 state. The
IC efficiently produces thetrans-keto
form as the final photochromic prod
ucts. Thetrans-keto form may be pro-
duced as a minor channel when th
enol form is excited at wavelength
longer than 370 nm. TS indicates
transition state.
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The existence of the two ultrafast decay processes f
the S1(p,p* ) state of the enol form is consistent with th
results of our previous study.31 A very broad feature in the
LIF spectrum was attributed to the existence of a very ra
nonradiative process other than the ESIPT reaction. The
spectrum of SA in a free jet expansion indicates that
energy difference between the first1(p,p* ) state and theS0

state is smaller than 25 000 cm21. Ab initio calculation at the
HF/6-31G* level indicates that the stable ground state geo
etry of the enol form is achieved by twisting the anilino rin
by ;44° at the HF/6-31G* level.30 The excitation of the eno
form in a higher vibronic state in1(p,p* ) may generate a
planar molecule (Cs) that can undergo the ESIPT reactio
Zgierski and Grabowska predicted that the first1(n,p* )
state with Cs symmetry is located slightly above th
S1(p,p* ) state, but theS1(n,p* ) state withC1 geometry
produced by IC from theS1(p,p* ) state may be stabilized
by twisting the two carbon rings by;94° and theS1(n,p* )
state withC1 geometry is predicted to be lower than th
S1(p,p* ) state.30 The observation of a second ultrafast pr
cess is consistent with the broad feature in the L
spectrum31 and the results of theoretical calculations.30 Thus,
t253.3 ps in Fig. 4~a! is attributed to the decay ofS1(n,p* )
of the enol form.

The geometry of the enol form may change from plan
to nonplanar accompanying with the IC process fro
S1(p,p* ) to S1(n,p* ). When theS1(n,p* ) potential sur-
face crosses theS1(p,p* ) potential surface,30 the conical
intersections may significantly promote a rapid IC.44,45

In Fig. 4~a! the ion signal from theS1(n,p* ) state of the
enol form is weaker than that from theS1(p,p* ) state of the
enol form. Since the~1138! process is employed for th
observation of the ultrafast dynamics of the enol form,
difference in resonance condition as well as that in popu
tion should be considered to discuss the intensity differe
between the two components in Fig. 4~a!. We have measured
the decay profile of SA using the pump and probe wa
lengths of 320 and 810 nm, respectively, and found that
ion intensity from theS1(n,p* ) state relative to that from
the S1(p,p* ) state becomes weaker with the use of t
longer probe wavelength. This indicates that the weak sig
Downloaded 05 Nov 2004 to 133.11.199.16. Redistribution subject to AIP
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from the S1(n,p* ) state in Fig. 4~a! cannot be explained
only by the difference in population between theS1(n,p* )
andS1(p,p* ) states.

B. IC from cis -keto form

The deactivation processes following the photoexcitat
of the enol form are drawn in Fig. 7 on the basis of t
results of the femtosecond time-resolved REMPI measu
ment together with the theoretical studies.30,31 The diagram
in Fig. 7 obtained from the experimental studies in the g
phase is in good agreement with a picture predicted fromab
initio calculations~Fig. 4 in Ref. 30!. TheS1(n,p* ) state of
the enol form and the proton-transferredcis-keto form are
generated after the photoexcitation of the enol form to
S1(p,p* ) state. We have found that the decay timet3 of the
S1(p,p* ) state of thecis-keto form dramatically change
from 1.5 to 8.9 ps with the excitation wavelength from 3
to 360 nm. The remarkable change in the decay time is
sonably explained by the existence of a threshold for
ultrafast nonradiative process from theS1(p,p* ) state of the
cis-keto form when the enol form is excited between 370 a
365 nm.

The electronic state of the proton transferredcis-keto
form must be a1(p,p* ) state, since the nature of the ele
tronic state of thecis-keto form produced via the ESIPT
reaction should be very similar to that of the enol form
Theoretical calculations predicted that the lowest (n,p* )
state of thecis-keto form with Cs symmetry lies somewha
higher in energy than theS1(p,p* ) state. However, thecis-
keto form in the (n,p* ) state is significantly stabilized by
twist of the phenyl ring that becomes almost perpendicula
the anilino ring.30

The S1(n,p* ) state of thecis-keto form having a
twisted structure plays an important role as an effective
population channel leading to thetrans-keto form. The re-
markable shortening oft3 with increasing the excitation en
ergy is ascribed to the opening of an IC channel from
S1(p,p* ) state to theS1(n,p* ) state of thecis-keto form.
The quantum yield of the photochromic products is known
be inversely proportional to the fluorescence quantum y
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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of SA; the photochromic quantum yield at 334 nm excitati
wavelength is three times larger than that at 365 nm, whe
the fluorescence quantum yield in solution decreases
increasing excitation energy.13

A long-lived decay component (t4.100 ps) is detected
by using the pump and probe wavelengths of 320 and
nm, respectively. A candidate for the species responsible
the long-lived component is a1(p,p* ) state of a second
cis-keto form that has a nonplanar structure,31 a high vibra-
tionally excited state of thetrans-keto form, and a triplet
state of the proton-transferredcis-keto form. The existence
of a secondcis-keto isomer has been suggested both fr
experiment and theoretical calculations.17,26,30,31It is difficult
to assignt4 from the present measurement.

C. HÕD isotope effect on ESIPT

We have investigated whether the potential energy b
rier exists or not in the ESIPT reaction by varying the pum
wavelength between 360–373 nm with the~1128! REMPI
technique. The rise time of the transient corresponding to
formation of thecis-keto form is less than 750 fs for th
pump wavelength at 373 nm. In addition, no significa
OH/OD isotope effect on the rise time is detected. Th
results indicate that the ESIPT reaction occurs within 750
and the wavelengths shorter than 373 nm excite the en
region where there is no potential barrier to proton trans
The ESIPT time in cyclohexane is 210 fs, and it becom
longer ~245–380 fs! in polar solvents.25–27 The ESIPT time
measured in this study is consistent with those obtained f
the femtosecond study in solution.

The potential barrier height to proton transfer is p
dicted to be 3.2–7.2 kcal/mol from B3LYP/6-31G* and
CIS/6-31G* calculations.30 The calculated barrier heights d
not contradict our experimental result. However, the L
spectrum of SA in a supersonic jet expansion shows that
onset of theS1(p,p* )-S0 absorption lies at,25 000 cm21

~400 nm!. Owing to very small magnitude of the Franc
Condon factors for theS1(p,p* )-S0 transition, the ion in-
tensity enough for the analysis of the ESIPT rate was
obtained with the pump wavelength longer than 373
~26 800 cm21! in the present study. Therefore, we cann
immediately conclude that the potential barrier is small or
barrier in the ESIPT reaction.

D. Comparison with time-resolved studies
of SA in condensed phase

The S1(n,p* ) state of the enol form had not been o
served before this study. The present study demonstrated
the femtosecond REMPI spectroscopy is more sensitive
the transient absorption spectroscopy to detect theS1(n,p* )
state of SA.

The depopulation processes of thecis-keto form have
been extensively investigated both experime
tally9–15,17,18,20,22–27,31and theoretically.21,24,26,30A common
subject of spectroscopic studies on SA has beenWhich spe-
cies is the precursor of the photochromic products. For ex-
ample, Barbara, Rentzepis, and Brus studied photochem
kinetics of SA in a low temperature matrices at 4 K.15 They
Downloaded 05 Nov 2004 to 133.11.199.16. Redistribution subject to AIP
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observed a biexponential decay from the proton transfe
cis-keto form in protic solvents; a short-lived component a
a long-lived component were assigned to vibrational exci
fluorescence from hot state~QA* ! and fluorescence from th
vibrationally relaxed state~QB* !, respectively. QA* has
been proposed as a precursor of thetrans-keto form that is
responsible for the photochromism. Picosecond and fem
second studies on SA in various solutions by Mitra a
Tamai obtained similar results.25–27They observed the vibra
tional relaxation process of the proton transferredcis-keto
form in theS1(p,p* ) state with a time constant of 300–40
fs and suggested that the transition to the electronic gro
state of thetrans-keto form also occurs with a similar tim
constant. The observation of the hot state in the conden
phase does not contradict the present study, but the d
process in this state is not clear from the time-resolved m
surements in the condensed phase.13,25,27In contrast, the for-
mation process of thetrans-keto form has been reasonab
explained by measuring the excitation wavelength dep
dence of the decay profile of the proton-transferredcis-keto
form in the gas phase.

The decay time of the planarcis-keto form is 1.5–1.6 ps
for the excitation of the enol form at,365 nm and 8.5 ps a
.370 nm. It should be noted that the initial state of the e
form excited at 370 nm wavelength is substantially high
bronic state where the excess energy from the zero-p
level of theS1(p,p* ) state is larger than 2000 cm21. There-
fore, the proton transferredcis-keto form must be populated
in a high vibronic state. Since the two carbon rings of t
cis-keto form are predicted to be perpendicular in t
S1(n,p* ) state of thecis-keto form,30 the twisting of the
nonplanarS1(n,p* ) state may efficiently produce thetrans-
keto form. Thus, the formation of thetrans-keto form has
been consistently elucidated with a simple picture based
the gas-phase femtosecond time-resolved study.

V. CONCLUSION

We have applied femtosecond time-resolved REM
technique for the investigation of the ultrafast dynamics
SA under the jet-cooled isolated conditions for the first tim
On the basis of the experimental data the following conc
sions have been derived:~1! the electronic excited states o
the enol andcis-keto forms can be selectively ionized b
choosing the probe wavelength at 790 nm for the enol fo
and at 395 nm for thecis-keto form. ~2! Three decay com-
ponents~,300 fs, 1.5 ps, and 3.3 ps! are obtained by using
the pump wavelength of 320 nm and the probe wavelen
of 395 nm. The obtained time constants of 3.3 ps and 1.5
are attributed to the decay of the enol form in theS1(n,p* )
state and that of thecis-keto form in theS1(p,p* ) state
generated via the ESIPT reaction, respectively. The very
decay component~,300 fs! is due to the two ultrafast pro
cesses, IC fromS1(p,p* ) to S1(n,p* ) of the enol form and
ESIPT. The IC time is estimated to be within 500 fs.~3! The
ESIPT reaction occurs within 750 fs.~4! The decay time of
the proton-transferredcis-keto form strongly depends on th
excitation wavelength for the enol form in the range fro
365 to 370 nm. This indicates that a threshold exists as
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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efficient IC channel fromS1(p,p* ) to S1(n,p* ) of thecis-
keto form, and the IC time is estimated to be;2 ps.

In summary, femtosecond time-resolved REMPI sp
troscopy has been successfully applied to investigate
excited-state dynamics of SA. It has been found that the
ultrafast IC processes play important roles in the pho
chromic reaction of SA: one is IC fromS1(p,p* ) to
S1(n,p* ) of the enol form and the other is IC from
S1(p,p* ) to S1(n,p* ) of the cis-keto form. The former IC
reduces the quantum yield of the photochromic produ
while the latter increases it.
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