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Femtosecond Fluorescence Dynamics of trans-Azobenzene in Hexane on
Excitation to the S4(n,n*) State
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Femtosecond fluorescence dynamics of ¢rans-azobenzene in hexane have been investigated on excitation
tothe Sy(n,r+) state at 432 nm using the up-conversion technique. Two transient components were observed to
represent the fast and the slow S; fluorescence dynamicsin the wavel ength range of 550-732 nm. Based on the
results obtained from recent ab initio calculations (Ishikawa, T.; Noro, T.; Shoda, T., J. Chem. Phys. 2001,
115, 7503), adynamical pictureisgiven in the following. Upon initial excitation to the S, state, the excited
molecule is moving away from the first detection window within the observed 200-300 fs. The structural re-
laxation from the Franck-Condon region may be responsible for the observed fast S; dynamics with the driv-
ing force being the CNNC twisting motion along the rotational coordinate. For therest of the motion onthe S;
global potential surface, the excited molecule may search for the So/S; conical intersection for an efficient in-
ternal conversion to the ground state. The nuclear motionsfor the observed slow S; dynamicsnot only involve
the CNNC torsional coordinate but also the other degrees of freedom such asthe CNN bending coordinate on
the multidimensional S; potential energy surface. The whole electronic relaxation process occurs within the
observed 1-2 ps. Theslow S; dynamicswere found to vary with the fluorescence wavel engths dueto theinflu-
ence of the solvent-induced vibrational relaxation in the S, state; the vibrational relaxation should occur on a
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time scal e comparabl e to the time scal e of the electronic relaxation (S;—S internal conversion).

INTRODUCTION

The cis-trans photoi somerization of azobenzene and its
derivatives has been a subject for many yearsfor its potential
industrial applicationsin light-triggered optical switchesand
memory-storage devices.’ From a fundamental viewpoint,
photo-excitation of the azobenzene moleculesinto their elec-
tronic excited states |eads to isomerization which gives the
ground-state products with both ¢trans- and cis-conforma-
tions. However, the mechanism for the cis-trans photoiso-
merization of azobenzene still remains ambiguous according
to recent investigations.®>™*

The steady-state UV-visible spectra of both azo-
isomersin solutions are featured with two absorption bands
that respectively represent the Sp—S; and the Sp—S; transi-
tions.”*** |n thevisible region, the Sy—S; transition corre-
sponds to a perpendicular electronic excitation from the
non-bonding n orbital of the N atom to the anti-bonding
orbital with the maximum intensity near 440 nm for both iso-
mers. For the trans-isomer with Cz, symmetry, thiselectronic
transition (4'Bg<—X'Ag) is strictly forbidden.® However, for
the cis-isomer with C,, symmetry, the electronic transition
(A"B1X A1) is symmetry allowed.” Such a symmetry dis-

crepancy between trans- and cis-azobenzenes gives the max-
imum intensity of the cis-isomer greater than that of the
trans-isomer by almost a factor of three.”***® In the UV re-
gion, the Sy—S; transition corresponds to the symmetry-
allowed n—m# transition with the maximum intensity near
320 nm and 280 nm for ¢trans- and cis-isomers, respectively.
The spectral feature of the So—S; transition of azobenzeneis
similar to that of the n—mn* transition of stilbene —a similar
molecule with pivotal C=C double bond instead of the N=N
double bond.*"*°

Early steady-state measurements show that the iso-
merization quantum yields for the S,—S; transition and the
So—$S, transition are different — the trans-to-cis quantum
yields are 0.23 and 0.10 for the former and the | atter, respec-
tively, indicating different isomerization mechanisms may be
operating upon excitations into different electronic excited
states.” Based on Rau and L iiddecke’s results® showing al-
most the same frans-to-cis quantum yields (0.24 vs. 0.21) for
the azobenzene derivatives of which the free rotation about
the N=N double bond is prohibited, two possible photoiso-
merization mechanisms are proposed: %% Visible excitation
to the Si(n,n+) state may lead to the isomerization viainver-
sion around one nitrogen atom in the same molecular plane
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whereas UV excitation to the Sy(n,mt*) state may result in the
isomerization viathe rotation around the N=N double bond.
This mechanism has been widely accepted by recent time-
resolved studies,'®?*?* and the relevant results will be de-
scribed in the following.

In recent years, many ultrafast spectroscopic experi-
ments were carried out in solutions to justify the proposed
photoi somerization mechanism for azobenzene excited to the
Si(n,m*) and the Sy(n,m*) states.'''>'®*2°> Because the
S—S; transition is the strongest absorption band, studies on
the S, dynamics of azobenzene are relatively rich. The first
femtosecond (fs) study of the system wasreported by Lednev
et al.?® using transient UV-visible absorption spectroscopy
technique on excitation of trans-azobenzene at 303 nm and
detection at 370-450 nm. The observed short-lived compo-
nent with time constant 1 ~1 ps was attributed to the S, spe-
ciesand alonger time scale component (1= 11-15 ps) was as-
signed to atwisted conformer onthe S; or S; potential energy
surface (PES). It isworth noting that the partial recovery time
of the ground-state absorption at 303 nm is 13 ps, which
makes the authors give an alternative interpretation for the
long component — it is due to vibrational relaxation of hot
trans-azobenzene molecules in the ground state. This vibra-
tional relaxation model has been supported by two other re-
cent time-resolved investigations. First, combining fs tran-
sient IR spectroscopy technique and model calculations, the
time scale for the solvent-induced intermolecular vibrational
relaxation was reported to be ~20 ps.*® Second, using pico-
second (ps) Raman spectroscopy technique, the lifetime of
vibrationally excited S, azobenzene was determined to be
~16 ps via analysis of the anti-Stokes NN stretch band.? In
fact, in a subsequent letter Lednev et al.?* revised their inter-
pretation based on the results obtained with better time reso-
lution (see below).

Two relevant results upon excitation to the S;(n,m*)
state are summarized as follows. Using fs transient absorp-
tion technique, Nagele et al .*® studied the S; photoisomeriza-
tion dynamics of azobenzenes at 435 nm and found two tran-
sient components for both ¢rans and cis isomers — the fast
component (with time constants of 170 fs and 320 fs for the
cis- and the trans-isomers, respectively) was assigned to be
due to the isomerization process and the slow component (~2
ps for both isomers) due to a“diffusion-type” motion on the
S, potential surface. Using the same experimental technique
to study the S; photoisomerization dynamics of trans-azo-
benzene on excitation at 390 nm, 420 nm, and 503 nm,
Lednev et al.** reported the fast transient component with a
time constant of ~0.6 ps and the slow component of 2.5 ps.
Since the fast component was not observed at the longest ex-
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citation wavelength (503 nm), a different assignment for the
S; dynamics of azobenene was therefore proposed: the slow
2.5 pscomponent isdueto the trans-to-cis isomerization pro-
cess and the additional fast sub-ps component may arise from
vibrational relaxation.

Despite the very low fluorescence quantum yield for
both S—S; and Sy—S; excitations of trans-azobenzene, the
fs time-resolved fluorescence measurements have been car-
ried out by Fujino et al.™* with the photo-excitation at 280 nm
and the fluorescence detection at 380-640 nm. The lifetimes
of the S; and the S; states were determined to be ~110 fs and
~500 fs, respectively. The quantum yield for the S;—S; elec-
tronic relaxation was found to be almost unity, suggesting
that the isomerization following S; excitation should take
place in the S; state and a sequential mechanism (S;—
S-S, where " and ' represents the excess vibrational en-
ergies for the S; and Sy species, respectively) is established.
Compared to the results obtained from the transient absorp-
tion technique, the observed much shorter lifetime (500 fsvs.
2.5 ps) for the S; fluorescence dynamics may be due to the
much larger excess vibrational energy inthe S;" species upon
excitation at 280 nm with respect to the previous transient ab-
sorption experiments on excitation at 503 nm. However, the
sequential mechanism isinconsistent with the commonly ac-
cepted mechanism of Rau and L iiddecke.”® Therefore, “the
opening of anew relaxation channel that isrelated to therota-
tional coordinate” has been proposed.

Because of the relatively large size of the azobenzene
molecule, theoretical studies'®*** for characterization of the
excited-state PESs along the inversion and the rotation coor-
dinates have not been practical until recently. Early ab initio
work of Monti et al.?® based on minimal basis set Cl calcula-
tions should only give a qualitative picture to describe the
photochemistry of azobenzene; however, their results have
been widely adopted in many experimental studiesto explain
the dual isomerization mechanism that Rau and L iddecke
have proposed. Using more advanced methods such as
CASSCF and CIPSI with a larger basis set, Cattaneo and
Persico? do obtain the excited-state potential energy curves
of azobenzene that are indeed in many aspects significantly
different from those of Monti et al.?® Recently, Ishikawa et
al.™ have carried out two-dimensional surface-scan calcula-
tions for the Sy, Sy(n,m*), So(m, ) and Ss(n?,m=?) states of
azobenzene using high-level CASSCF and MRCISD meth-
ods. Both recent high-level ab initio results have shown that
the S, PES of trans-azobenzeneinvolves asubstantial energy
barrier along the inversion coordinate, but it is essentially
barrierless along the rotational coordinate. Furthermore, the
results of Ishikawaet al. also indicate that a conical intersec-
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tion (Cl) between the S, and the S; states is located near the
midpoint of the rotation pathway, which suggests that the
photoisomerization of azobenzene on the S; surface may fa-
vor the rotation mechanism from atheoretical point of view.

Apparently, the dual photoi somerization mechanism of
azobenzene is challenged by both recent experimental
study™ and theoretical investigations'®% and the rotation vs.
inversion controversy’ has not been resolved yet. Since
time-resolved florescence spectroscopy has the advantage of
awell-defined detection window between the target excited
state and the ground state, it may provide very important dy-
namical information for the understanding of the photo-
chemistry of azobenzene in solution. A previous fs fluores-
cence study of Fujino et al.'* was performed on excitation to
the S, state; therefore, the information corresponding to the
S, dynamicswasinferred indirectly from the data obtained at
longer fluorescencewavelengths. Inthiswork, we carried out
fs fluorescence up-conversion measurements for investiga-
tion of the photoi somerization dynamics of trans-azobenzene
in nonpolar solvent upon excitation directly into the Sy(n, n*)
state (Aex = 432 nm). The up-conversion signal was detected
in abroad fluorescence wavelength range (Aq = 550-732 nm)
and the results with respect to the S; photoisomerization dy-
namics are discussed.

EXPERIMENT

The time-resolved fluorescence measurements were
performed using a fs optically gated system (FOG-100,
CDP); the experimental setup is schematically shownin Fig.
1. Thefslight sourceisabroadband mode-locked Ti:sapphire
laser (Mira900D, Coherent) pumped by a10 W Nd:YV Oy la-
ser (Verdi-V 10, Coherent). The oscillator generates a 76
MHz pulse train with 0.5-1.8 W average power in a tunable
range of 700-980 nm. In the present study, the center wave-
length of thefs pulsewasfixed at 864 nm with average power
~1.3W. The spectral characteristic of the pul se was measured
by an ultrafast laser spectrum analyzer (E201, REES); the
pul se spectrum has FWHM ~12 nm at 864 nm. The temporal
characteristic of the pulse was determined by an autocorre-
lator (Mini, APE); the autocorrelation of the pulse gives a
temporal profile with FWHM ~140 fs (pulse duration ~100
fs) at 864 nm.

The pulses were focused onto a 0.5 mm-thick BBO
type-1 nonlinear crystal (NC1; Fig. 1) for the second har-
monic generation (SHG; Fig. 1). The second harmonic pulses
were separated from the fundamental pulses with adichroic
beam splitter (BS; Fig. 1) and used as pump pulses. The pump
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pulseswere focused onto a 1 mm-thick rotating cell (SC; Fig.
1) containing sample solutions. The fluorescence emitted
from the samplewas collected by alenspair (AL and L4; Fig.
1) and focused on another BBO type-I crystal (NC2; Fig. 1).
The optically delayed fundamental pulses were also focused
on NC2 and used as gate pul sesfor sum-frequency generation
(SFG; Fig. 1). The fluorescence and the gate pulse interact
non-collinearly in NC2, and typically the crossing angle be-
tween the two beams is about 5°. The fluorescence wave-
length to be up-converted by SFG was selected by changing
the phase-matching angle of NC2. The sum-frequency signal
was spatially and spectrally separated from the other interfer-
ing lights (such as fluorescence itself, the gate pulse, and the
unphase-matched SHG due to the intense gate pulse) by a
combination of an iris, a band-pass filter (F3; Fig. 1), and a
single monochromator (CDP2022). The width for the en-
trance and exit slits of the monochromator was kept at 1.0
mm, which gives the spectral resolution of 8.7 nm at A = 300
nm. The signal was detected via a photon-counting PMT
(R1527P, Hamamatsu) and then transferred to a PC through
RS-232 interface (represented by dotted arrowed linesin Fig.
1) for data acquisition and manipulations. By varying the de-
lay time between the excitation pulse and the gate pulse
through the optical delay line, the transient profiles were ob-
tained.

A Berek’svariable waveplate (BW; Fig. 1) was used as
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Fig. 1. Experimental setup used for the femtosecond
fluorescence up-conversion measurements.
M1-M4: mirrors; L1-L5: lenses; F1-F3: optical
filters; NC1-NC2: nonlinear crystals; BS:
dichroic beam splitter; BW: Berek’s variable
waveplate; SC: rotating samplecell; AL: achro-
matic lens; SHG: second-harmonic generation;
SFG: sum-frequency generation; PMT: photo-
multiplier tube; PC: personal computer.
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a M2 plate to change the polarization of the excitation pulses
for the time-dependent anisotropy measurements. In the pres-
ent study the pump-probe polarization was set at the parallel
configuration in order to get the best signal-to-noise ratio for
the SFG signal converted from the extremely weak fluores-
cence emission. Therefore, both rotational and tilted angles
of BW were adjusted to reach the maximum intensity for the
third harmonic generation (THG) signal at the parallel polar-
ization of the pump (SHG) pulse with respect to the probe
(fundamental) pulse.

The current photon-counting detection system has a
very high duty cycle because the fs oscillator is operated at a
very high repetition rate (7.6 x 10’ shots per second). To
avoid saturation effect and the overflow damage of the detec-
tor, the THG signal was always kept below 10¢ counts per
second viaattenuation of theincident fsintensity using an ap-
propriate neutral-density filter. In the present study, it has
been recognized that the fluorescence of trans-azobenzene
resulting from the S; state is normally non-observable in a
typical steady-state measurement dueto itsvery low fluores-
cence quantum yield. Therefore, we were struggling in the
first stagefor the optical alignment to find the weak signal for
the title molecule. To overcome this problem, a laser dye
emitting fluorescence with high enough efficiency in asimi-
lar wavelength region wasused for initial alignment. We have
chosen DCM dye for this purpose. For each transient, typi-
cally atotal of 300 data points were taken in three different
time intervals (100 points each) depending on the composi-
tion and the corresponding lifetime of the transient, with 6-9
seconds of accumulating time for each data averaging. To ex-
amine the contributions from the multiphoton excitation pro-
cesses, atest for the power dependence of the pump pulsewas
performed. Theresultsindicate that the up-conversion signal
isindeed due to a one-photon excitation process under the
current experimental conditions.

Experimental data were analyzed with an appropriate
kinetic model (see below) including convolution of the laser
pulses. Two important parameters, time zero and instrumen-
tal response function (IRF), should be precisely determined
in order to extract the kinetics (in particular with afast-decay
component of which thelifetimeiscomparableto the FWHM
of the laser pulse) from deconvolution.* Both time zero and
the FWHM of IRF were treated as free parameters in our
non-linear curvefitting procedure because these two parame-
ters strongly depend on the probing wavelength due to the
group velocity dispersion (GVD) arising from the lens pair
used to collect the fluorescence. Fig. 2 shows the substantial
effect of GV D shifting the time zero at five different fluores-
cence wavelengths — 550 nm, 607 nm, 643 nm, 687 nm, and
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732 nm; all five measurementswere performed with the start-
ing point at exactly the same delay time. Since the fluores-
cence at 550 nm suffers more GVD than the fluorescence at
732 nm, the time zero at 550 nm is delayed by almost 1 ps
compared to the time zero at 732 nm. The IRF was also sub-
stantially affected by GVD at various fluorescence wave-
lengths, which will be further discussed in the next section.
The present test indicates that one must consider the influ-
ence of GVD leading to the time zero shift and the variation
of the instrument response in analyzing the transient data,
particularly for those fs time-resolved spectra taken via the
CCD spectrometer.

Trans-azobenzene (99%) was purchased from Aldrich
and used without further purification. The samples were dis-
solved in hexane (HPLC grade). The transient response from
the sample was identical in the concentration range of 1 x
103 mol L™ -1 x102mol L™ For all experimental datare-
ported in this paper, the sample concentration is 5.0 x 1073
mol L.

RESULTS AND DISCUSSION
The Kinetic Model

The temporal characteristic of the pulse (instrumental
response function) at the excitation wavelength of 432 nmis

1.2 T —T T T T T T T

Relative Fluorescence Intensity

2000

Relative Delay Time (fs)

Fig. 2. Time-resolved fluorescence signals of trans-
azobenzene in hexane obtained from five dif-
ferent fluorescence wavelengths as indicated.
The same starting point of the delay time be-
tween pump and probe pulses was applied for
each transient. The substantial time zero shifts
for the transients between the longer wave-
lengths and the shorter wavel engths were due to
the effect of group velocity dispersion (GVD)
imposed on different wavelengths (see text).
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assessed from the temporal profile of the THG signal, which
can befitted to a Gaussian function with the FWHM equal to
~220fs (Fig. 3A). When the probing wavelength was tuned
to the region where the fluorescence can be effectively up-
converted, the transients for the S; photoisomerization dy-
namics of trans-azobenzenein hexane were collected. A typi-
cal transient traceis shown in Fig. 3B. Since the “ spike-like”
component in the transient cannot be described solely by an
IRF, a simple consecutive kinetic model is therefore em-
ployed to account for the observed temporal profile:
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Fig. 3. (A) The THG signal obtained from the SFG
measurement between the fundamental pulse
(864 nm) and the SHG pulse (432 nm). The
FWHM of the THG is ~220 fs. (B) A typical
transient of trans-azobenzenein hexane at Aex =
432 nm showing the bi-exponential feature that
is described by a consecutive kinetic model
with the corresponding time constants as indi-
cated. The dotted curve represents the fast tran-
sient component A and the dashed curve repre-
sents the slow transient component B. (C) The
blank experiment with hexane only in the sam-
ple cell showing only the background (dark)
signal.
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wherethe fast component A is described by asingle exponen-
tial function with a decay time constant 1, and the slow com-
ponent B described by a bi-exponential function with arise
time constant t; and adecay time constant 1,. To further make
sure that the initial fast decay component A is not due to the
unphase-matched THG interference in the same detection
window, a blank experiment was performed in the same sam-
ple cell containing only the hexane solvent. The result ob-
tained from the blank experiment (Fig. 3C) has confirmed
that both fast and slow components shown in Fig. 3B are gen-
uinely arising from the emission of the electronically excited
trans-azobenzene.

The transients taken at five different fluorescence
wavelengths are shown in Fig. 4. For each trace, the two re-
solved components represent A and B in model (1) with the
corresponding time constants fitted according to this consec-
utive kinetic model. Fig. 5 shows these five transients to-
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Fig. 4. Fluorescence up-conversion signals of trans-
azobenzene in hexane on excitation at Aex = 432
nm with the fluorescence wavelengths ob-
served at (A) 550 nm; (B) 598 nm; (C) 640 nm;
(D) 690 nm; (E) 732 nm. The time constants
shown for each transient were obtained by a
non-linear curve fitting procedure with convo-
lution of laser pulses according to the kinetic
model described in the text.
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gether with the fitted curves normalized in a short time range
to further extend the vision for therising part of the transient,
which is predominantly characterized by IRF. As mentioned
in the experimental section, the zero delay time and the in-
strumental FWHM were set as free parameters when fitting
the data. The delay of time zero dueto GVD at various wave-
lengths has been demonstrated in Fig. 2. After the correction
for the time zero shift, the effect of IRF broadening due to
GVDisillustratedin Fig. 5; thetransients shown fromthe top
to the bottom curves were taken at the wavel engths of 550
nm, 598 nm, 640 nm, 690 nm, and 732 nm, respectively. The
value of FWHM was fitted to decrease gradually from 250 fs
at 550 nm to 190 fs at 732 nm because the fluorescence at a
shorter wavelength suffers more GVD than the fluorescence
at alonger wavelength.

The Fast S1 Dynamics

Because all the transient signals shown in Fig. 4 decay
to the background level at longer times (>10 ps, not shown),
no other long-lived fluorescence state except the fast-decay
component A and the slow-decay component B was consid-
ered to interpret the photoi somerization dynamics of azoben-
zene. A dynamical model is schematically shown in Fig. 6 to
illustrate the S; relaxation processes for components A and B
according to our experimental findings. Since the excited
molecule has the same molecular geometry as the ground-
state speciesuponinitial excitationtothe S; state, itisreason-
able to assume that the fast component A isdueto the S; spe-
cies in the Franck-Condon (FC) region undergoing initial
structural change along the reaction coordinate (RC) toward

1,=550nm, FWHM=250fs
2,=598nm, FWHM=230fs
A,=640nm, FWHM=210fs
1,=690nm, FWHM=200fs

A,=732nm, FWHM=190fs
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Fig. 5. The combined plot of five transients of Fig. 4
normalized in a short time range to show a sys-
tematic GV D broadening effect at various fluo-
rescence wavelengths.
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the S; minimum region. The structural relaxation time (t1)
wasfittedto be 160 fsat 552 nm, and it increasesonly slightly
with the wavelength increasing up to 690 nm. For the tran-
sient measured at 732 nm, alarger t; value (= 275 fs) was ob-
tained from the standard fitting procedure. If the fitting was
made with a constant value of 1, = 200 fs, afit with similar
quality of Fig. 4E can be obtained by increasing the FWHM
to ~200 fs; the fit was not sensitive to the value of t.. Al-
though the larger change in 1, at 732 nm iswithin our experi-
mental uncertainty, it may also suggest that there is a fast
intramolecular vibrational relaxation affecting the observed
initial S; photoisomerization dynamics of azobenzene in so-
lution (see below).

The Slow S1 Dynamics and Vibrational Relaxation

For the assignment of component B, two dynamical
features must be considered in thefollowing. First, theampli-
tuderatio of A with respect to B gradually decreasesfrom 550
nm to 732 nm. Second, the value of 1, shows a dramatic sys-
tematic change from the shorter wavelength (1, = 785 fs at
550 nm) to the longer wavelength (t. = 1565 fs at 732 nm).
After initial FC relaxation, component B becomes more im-
portant at longer wavelengths (fluorescing in lower energy),
indicating that B is the observed excited-state speciesin the
S; minimum region because the energy difference between
the two fluorescing statesis small enough to favor the detec-
tion at alonger wavelength. This observation is conceptually
illustrated in Fig. 6. Therefore, we assign component B to be
the excited-state species moving on the S; PES along the RC
to search for the So/S; ClI, where the energy gap between the
S; and the S, states is essentially zero. After reaching the
Su/S1 Cl, the excited-state species becomes ahot ground-state
species and the fluorescence signal is no longer observed.

The observed systematic change in t, on the pstime

Sl AN

=

A732

55
Az2| Asso|  [A732 Asso

L

FC Sl min So/SICI

Fig. 6. A dynamical model for interpretation of the ob-
served S; fluorescence dynamics of trans-azo-
benzenein solution (see text).
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scale further suggests that there should be a relaxation pro-
cess responsible for the even slower dynamics at longer
wavelengths. Such an observation may be explained with the
involvement of the solvent-induced vibrational relaxation
process that brings the excited species from the highly ex-
cited vibrational levels into the lower vibrational levels on
the S, surface before reaching the Sy/S; CI. Asshownin Fig.
6, because the “shrinkage” of the energy gap between the Sy
and the S; states, the detection window at 550 nm becomes
too “narrow” to probe the S; populations at the lower vibra-
tional levels. The observed 785 fs at 550 nm is therefore the
measured lifetimefor the S, species at higher vibrational lev-
els undergoing either the solvent-induced relaxation to the
lower vibrational levels of the S, state or internal conversion
to the highly excited vibrational levels of the S, state (both
are dark at 550 nm). On the other hand, the S; species popu-
lated at the lower vibrational levels may be observed with the
detection window opened at longer wavelengths (Fig. 6). The
S,— S internal conversion process is slower at lower vibra-
tional levels because less internal energy is available to
search for the So/S; Cl in the multidimensional S, PES.
Therefore, the observed much longer lifetime (1, = 1565 fs) at
732 nm is due to the wide opening of the detection window at
the longer wavel ength so that the S; populations at the lower
vibrational levels can be probed aswell. This may be the con-
sequence of the solvent-induced vibrational relaxation af-
fecting the overall S; photoisomerization dynamics of azo-
benzene in solution.

The Comparison with Other Real-Time Investigations
Qualitatively, our results are similar to those of Négele
et a." and those of Lednev et al.;** both found two transient
components at similar excitation wavelengths using femto-
second transient absorption technique. However, the time
constants of both components measured by the transient ab-
sorption method are generally larger than what we have ob-
served using the fluorescence up-conversion method. This
may be due to a broader detection window involved for the
former than the latter. According to the observed systematic
trend for the increase of t; and 1, at longer fluorescence
wavelengths where the detection window is broader, our re-
sults are totally consistent with those obtained from the tran-
sient absorption measurements,**>?* by which t; = 0.3-0.6 ps
and 1, = 2.1-2.6 ps were given. The observed vibrational re-
laxation process in the S; state must occur on a similar time
scale in order to compete with the isomerization process tak-
ing place onthe S; PES. In fact, the vibrational cooling of the
hot ground-state species was observed to occur on the time
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scale of 10-20 ps using various ultrafast techniques.*>162>2

The fast component observed in the transient absorp-
tion measurements was previously suggested to arise from
the vibrational relaxation because it was absent on excitation
at 503 nm.?* Our results have ruled out this possibility be-
cause the vibrational relaxation process cannot be completed
within the time scale of the fast-decay component and it has
significantly affected the slow S; dynamics at longer times.
On the other hand, our assignment for the fast-decay compo-
nent to be the initially excited molecule moving away from
the FC region is consistent with the result of Lednev et al.**
without seeing this fast component at 503 nm because the
transition probability between the S; and S, statesin the FC
region may be too small to be observed in the transient ab-
sorption measurements.

Fujino et al.™* have measured the fluorescence dynam-
ics of trans-azobenzene upon excitation to the Sy(n,*) state
with Aec = 280 nm. The transients observed at the fluores-
cence wavelengths similar to ours (A5 = 560 nm and A4 = 640
nm) show clearly a bi-exponential kinetic feature, and they
have analyzed the lifetimes to be pulse-limited and ~500 fs
for the fast and the slow components, respectively. On excita-
tion directly into the Sy(n,n*) state with Aex = 432 nm, we ob-
served 1, = 1010 fs at An = 640 nm. Although our result is
slower than that of Fujino et al. by afactor of two at the same
detection wavelength, the available energy in their measure-
mentsis much higher than ours. Asaresult, amuch slower S;
fluorescence dynamics was observed in our study.

CONCLUDING REMARKS

Using the technique of femtosecond fluorescence up-
conversion spectroscopy, we have carried out real-time mea-
surements to study the photoisomerization dynamics of
trans-azobenzene in hexane upon direct excitation to the
symmetry-forbidden S;(n,n*) state. The transient signals
show an apparent bi-exponential character that can be fitted
into our consecutive kinetic model with two distinct compo-
nents. From the experimental viewpoint, our real-time obser-
vation did not provide structural evidence for judging the S;
photoisomerization mechanism of azobenzene to proceed
along either the rotation or the inversion RC. However, the
observed “dual-fluorescence” dynamics are consistent with
the theoretical results obtained from recent high-level ab
initio calculations.**?” Because the S; minimum and the Sy/S;
Cl arelocated in the middle of the rotational pathway, we
summarize the results of Ishikawaet a.*in Fig. 7 to demon-



700 J. Chin. Chem. Soc., Vol. 49, No. 5, 2002

FC| —5

432 nm

180 90 0
trans- cis-

Rotation RC

—_—

Fig. 7. A dynamical picture conceptually showing the
S, isomerization dynamics of azobenzene on a
multidimensional potential energy surface
along therotational coordinate (see text).

stratethe observed S, dynamics of azobenzene along therota-
tion RC. Upon excitation to the S; state at Aex = 432 Nm, the
excited molecule is moving away from the FC region toward
the S; minimum region within the observed 200-300 fs along
the rotation RC (the source of component A). The S; mini-
mum has a rotamer structure with the CNNC torsional angle
of 125°-135° according to Ishikawaet al.*® and Cattaneo and
Persico.”’ Ishikawa et al.”® have further located the structure
for the So/S; ClI to have a perpendicular geometry with the
CNNC torsional angle of 88° and the CNN bending angle as
wide as 130°. Therefore, the observed slower dynamics for
component B is due to the nuclear motion on the multidimen-
sional S; surfacetolook for the So/S; Cl along not only thero-
tation RC but also the other relevant degrees of freedom such
asthe CNN bending coordinate. Thewhole process of search-
ing for the S¢/S; conical intersection occurs within the ob-
served ~2 ps. The solvent-induced vibrational relaxation tak-
ing placeinthe S; statewasfound to have atime scale compa-
rableto the time scal e of the photoi somerization of trans-azo-
benzene on the S; potential energy surface.
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