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Photoisomerization dynamics and the electronic relaxation process of trans-azobenzene after the Sy(nm™) — So
photoexcitation were investigated in solution by femtosecond and picosecond time-resolved spectroscopy (UV-visible
absorption, Raman, and fluorescence). Femtosecond time-resolved absorption spectrosocopy was performed to observe
the transient absorption of the S, and S, states. Immediately after photoexcitation, a very broad transient absorption
peaked at 475 and 600 nm was observed. This transient absorption decayed repidly within 0.5 ps, and this ultrafast com-
ponent was attributed to the S, < Sy(nn™*) absorption. After the decay of the S, state, a transient absorption showing
peaks at 410 nm and 500 nm was observed, which was ascribable to the S; state. This transient absorption is similar to
the S, < S, absorption that is observed after S; < S, photoexcitation. Picosecond time-resolved Raman measurements
were carried out to obtain information about the molecular structure of azobenzene in the S, state. The NN stretching
frequency in the S; spectrum was determined with use of '’N-substituted azobenzene, and it was found that the NN
stretching frequency in the S, state is very close to that in the S, state (1428 cm ™' in the S; and 1440 cm™! in the Sy).
This fact indicated that the NN bond retains a double bond character in the S; state. A strong similarity was also found
between the S; and Sy Raman spectra. The double bond nature of the NN bond as well as the similarity between the S,
and Sy Raman spectra indicates that the observed S, state has a planar structure around the NN bond. The Raman data in-
dicate that the observed S, state is not a twisted excited state that appears during the rotational isomerization, but is the
excited state that is populated during the S, — S; — S relaxation process while retaining a planar molecular structure.
Anti-Stokes Raman measurements were performed to obtain information about the vibrational relaxation process. The
anti-Stokes Raman spectra showed that the S, state was highly vibrationally excited. It was also observed that the hot
bands due to the S, state appear after the decay of the S; state and these Sy hot bands disappear with a time constant of
~16 ps in hexane. Femtosecond time-resolved and steady-state fluorescence measurements were performed and they
revealed that the S, — “planar” S, relaxation process is the major relaxation pathway following S, photoexcitation. The
quantum yield of the S, — “planar” S, electric relaxation was evaluated by comparing the intensity of the S, and S, fluo-
rescence, and it was found to be almost unity. A series of time-resolved spectroscopy demonstrated that the S, rotational
isomerization mechanism, which had been believed so far, does not exist. It has been clarified that the isomerization oc-
curs in the S; state after S, — S; relaxation. Consequently, it is concluded that the isomerization of azobenzene takes
place in the S; state by inversion in cases of both S, and S; photoexcitation.

1031

Azobenzene is a well-known molecule that shows photo-
isomerization. The cis-trans photoisomerization of this mole-
cule is very important not only from the viewpoint of funda-
mental photochemistry but also for its high potential in indus-
trial applications.'™ The elucidation of the mechanism and dy-
namics of the isomerization reaction is a central issue for the
photochemical study of this molecule. However, the mecha-
nism and dynamics have not been well clarified because the re-
action of azobenzene takes place very rapidly.

It has been well established for olefinic molecules that nr™
excitation induces rotational isomerization around the C=C
double bond.*” However, the isomerization around N=N dou-
ble bond in azobenzene has been considered to occur with a
different mechanism, especially when the molecule is excited
to the nm™(S;) state. Rau and Liiddecke synthesized azoben-

zene derivatives in which the rotational motion is prohibited,
but they found that the isomerization quantum yield was equiv-
alent to that of azobenzene itself in the case of S;(nn™) excita-
tion.® So, they proposed that isomerization after nm™* excitation
proceeds not with rotation around the N=N bond but with in-
version around a N atom. As for the isomerization after
nn*(S,) excitation, the excitation wavelength dependence of
trans — cis isomerization quantum yield has been examined
and it was found that the quantum yield obtained with S, exci-
tation (~0.1) is significantly different from that with Si(nm™®)
excitation (~0.2).°'' On the basis of this difference, the
isomerization mechanism after S, excitation was claimed to be
different from that after S; excitation. Consequently, it has
been considered that azobenzene undergoes two different
isomerization processes depending on the excitation wave-
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length: with S,(nm™) — Sy excitation, the isomerization occurs
with the inversion around a N atom (the inversion mechanism),
whereas the rotation around the NN double bond is induced by
Sy(mm*) — S, excitation (the rotation mechanism) (Scheme 1).
A low-level quantum chemical calculation also provided po-
tential curves that looked consistent with this reaction
scheme.'?> Therefore, the isomerization scheme shown in
Scheme 1 had been accepted for a long time. At close inspec-
tion, however, there has been no experimental evidence that di-
rectly supports the existence of the rotational isomerization af-
ter S,(mn*) excitation, while inversion in the S, state was
strongly indicated by the experiments of Rau and Liiddecke.
Time-resolved spectroscopy is the most powerful tool to
study photochemical dynamics. However, it is only recently
that time-resolved spectroscopy was applied to the study of
photoisomerization of azobenzene. Lednev et al. conducted
femtosecond UV-visible absorption spectroscopy with S,(mr™)
«— Sy photoexcitation to clarify photoisomerization dynamics
of trans-azobenzene."*™'> 1In their time-resolved absorption
measurements, a transient band assignable to the Sy(trt™) state
was first observed around ~475 nm. After it decays (< 200
fs), another transient absorption was observed around ~400
nm whose lifetime is ~1 ps in hexane. In addition, a minor
slowly decaying component having a lifetime of ~16 ps was
also observed around ~400 nm. Lednev et al. assigned the
transient absorption observed around ~400 nm to the twisted
excited states in the S, (lifetime ~1 ps) and S; (~16 ps) states
that are supposed to appear during the rotational isomerization.
Meanwhile, Nigele et al. performed time-resolved absorption
study of the cis isomer that exists in the photostationary cis/
trans balance.'® They found that photoisomerization from the
cis isomer proceeds with a time constant of ~170 fs with
S,(nmt™) excitation (435 nm). The vibrational cooling process
in the electronically ground state was also studied by Hamm et

Sy(mu*)

ot

rotation ?

|

cis-azobenzene

Scheme 1.

Ultrafast Spectroscopy of trans-Azobenzene

al., using time-resolved infrared spectroscopy. It was conclud-
ed that the intermolecular energy transfer to the surrounding
solvent takes place on a time scale of ~20 ps.!” These spectro-
scopic studies have provided important information about the
photochemical dynamics of azobenzene. However, all these
spectroscopic data have been interpreted within the framework
of the reaction scheme shown in Scheme 1.

We recently studied photoisomerization of trans-azoben-
zene after S,(nn™) « S, photoexcitation using picosecond
time-resolved Raman and femtosecond fluorescence spec-
troscopies.'®!”  The picosecond Raman study demonstrated
that the S, — S; — Sy relaxation observed after S, photoexci-
tation is the process taking place in the molecule that retains
essentially planar structure around the NN bonding.!® More-
over, the femtosecond time-resolved fluorescence spectrosco-
py clarified that the photoexcited S, state is almost exclusively
relaxed to the “planar” S; state and that the rotational isomer-
ization pathway starting directly from the S,(nn™) state does
not exist.!® This series of our works requested essential revi-
sion of the photoisomerization scheme of trans-azobenzene
that had been employed so far.

The above-described situation urged us to re-examine time-
resolved absorption of trans-azobenzene, since the absorption
data were claimed to support the rotational isomerization path-
way in the S, state.'*" In fact, it is now very necessary to dis-
cuss all the data taken by different time-resolved spec-
troscopies in a unified and consistent framework. In this paper,
we describe the results of the three time-resolved spec-
troscopies, femtosecond absorption, picosecond Raman and
femtosecond fluorescence spectroscopies, all of which were
carried out in our laboratory. The aim of this paper is to con-
struct a solid picture of the photochemical dynamics of trans-
azobenzene following S,(mm™®) excitation, by gathering pieces
of information provided by each spectroscopy. It will be
shown that the isomerization of frans-azobenzene takes place
in the S; state, most likely by inversion, regardless of differ-
ences in the initial photoexcitation.

Experimental Section

Femtosecond Time-Resolved UV-Visible Absorption Mea-
surements. The apparatus used for transient absorption mea-
surements has been described elsewhere.”® The output of a mode-
locked Ti:sapphire laser (800 nm, 8 nJ, 65 fs, 78 MHz; Coherent,
MIRA-900F) pumped by an Ar* laser (Coherent, INNOVA310)
was amplified to an energy of ~1 mJ with a regenerative amplifier
(Clark-MXR, CPA-1000, operated at 100 Hz). The third harmon-
ics (~20 pJ) of the amplified pulse or the sum frequency between
the amplified pulse and the output from an OPA system (Quant-
ronix, TOPAS) was used as pump. The white-light continuum
generated from D,O was used as probe. The probe beam was fo-
cused on a thin film-like jet stream of a sample solution, and it was
spatially overlapped with the pump beam. The time delay be-
tween the pump and probe pulses was controlled with an optical
delay line. The polarization of the probe beam was set at the mag-
ic angle to that of the pump beam. The probe intensity with/with-
out pump irradiation was monitored by a polychromator
(CHROMEX, 500im) equipped with a CCD detector (Princeton
Instruments, TEA/CCD-1024-EM/1UV). Pulse-to-pulse fluctua-
tion of the probe beam was corrected for each laser shot by moni-



T. Fujino et al.

toring the reference intensity. The Kerr gate signals from hexane
solution were measured under the same experimental condition,
and the group-delay dispersion of the probe light was corrected on
the basis of the obtained Kerr data. The time resolution of the
measurements was also evaluated from the Kerr data, which was
typically 600-700 fs.

Picosecond Time-Resolved Raman Measurements. The
experimental setup for the picosecond time-resolved Raman mea-
surements has already been described.” Briefly, the third harmon-
ics (273 nm) of the output of a regeneratively amplified Ti:sapphire
laser (Spectra-Physics, 0.8 mJ, 1 kHz) was focused onto a sample
solution for photoexcitation. The second harmonics (410 nm) of
the output of the Ti:sapphire laser was used to probe spontaneous
Raman scattering. The polarization between the pump and probe
pulses was set parallel. The Raman signals from the sample solu-
tion were analyzed with a polychromator (Jovin-Yvon, HR-320)
and detected by a liquid nitrogen-cooled CCD detector (Princeton
Instruments, LN/CCD-1100PB). The Kerr gate signal from hep-
tane was measured to determine the delay time origin as well as
the time resolution of the measurements (~2.8 ps).

Femtosecond Time-Resolved and Steady-State Fluorescence
Measurements. Femtosecond time-resolved fluorescence was
measured using the apparatus described previously.?'*> The third
harmonic pulses (280 nm, 560 pJ) of a mode-locked Ti:sapphire
laser (Spectra-Physics, Tsunami) were used for photoexcitation of
the sample. The residual fundamental pulses after the third har-
monic generation were used as gate pulses for the fluorescence up-
conversion process. The up-converted fluorescence signal was
separated by a monochromator (Jovin-Yvon, HR-320) and detect-
ed by a photomultiplier (Hamamatsu, H585) with a photon
counter (Stanford Research Systems, SR400). The polarization of
excitation and detection was set at the magic angle. The time res-
olution of the fluorescence up-conversion measurements was eval-
uated by the cross correlation between the excitation and gate
pulses, the value was typically ~230 fs (FWHM). All the mea-
surements were performed at room temperature.

Steady-state fluorescence spectrum was measured with use of
the detection system in the picosecond Raman apparatus. The
steady-state measurement was also carried out under the magic
angle condition. Sensitivity correction of the detection system
was done using a standard lamp (Ushio, 3230 K color tempera-
ture). The spectral distortion due to the self-absorption effect was
corrected.

Sample Preparations. Azobenzene (trans) was purchased
from Wako Pure Chemical Industries and it was recrystallized
three times from methanol. '’N-substituted azobenzene, (Cs-
Hg'°N),, was synthesized and purified according to the literature.?
Both samples, normal and isotopic substituted azobenzene, were
sufficiently dried in a dry box before use. Hexane was purchased
from Wako Pure Chemical Industries (HPLC grade) and used as
received. The solution with a concentration of 5.0 X 107° (ab-
sorption, fluorescence) or 1.5 X 1072 mol dm™ (Raman) was
used for time-resolved measurements. A fresh sample solution
was prepared for each measurement.

Results and Discussions

Femtosecond Time-Resolved Absorption: Kinetics of Re-
laxation After S, Photoexcitation. The electronically
ground state of frans-azobenzene (we simply call it azoben-
zene hereafter) shows two absorption bands in the UV-visible
region. A strong band around ~300 nm is assigned to the S,-
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(mm™) «— S, transition whereas another weak band around
~450 nm is ascribed to the S; (nm™) < Sy transition. The
pumping wavelength (267nm) for the time-resolved absorption
measurements corresponds to the blue side of the S, «+— S ab-
sorption, and the molecules are initially photoexcited to the S,-
(nm™) state. The transient absorption spectra obtained from a
hexane solution (5.0 X 10~ mol dm ™) are shown in Fig. 1(a)
for the delay time range from —1 to 100 ps. Immediately after
photoexcitation, a very broad transient absorption that covers
the whole visible region appears. Then a broad “offset-like”
absorption showing peaks at 475 and 600 nm decays rapidly
within 0.5 ps. This ultrafast component is attributable to the S,
— Sy(mm™) absorption.14 The observed S, spectrum is notice-
ably different from that reported by Lednev et al.'* (especially
for the existence of the broad “offset-like” feature and the peak
at 600 nm) while it is very similar to the reported S, spectrum
of an azobenzene derivative (frans-4-butyl-4’-methoxyazoben-
zene).?* With the rapid decay of the broad S, absorption, a
transient absorption showing peaks at 410 nm and 500 nm is
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Fig. 1. (a) Femtosecond time-resolved UV-visible absorption
spectra of azobenzene in hexane in the delay time range
from —1 to 100 ps (5.0 X 107* mol dm™3; pump laser 267
nm). (b) Temporal behavior of transient absorption at 405
nm. The dotted circles are the experimental data and the
solid line is the best-fit curve having a decay time constants
of 7, =0.94 and 7, = 16.9 ps.
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observed. This second absorption is ascribable to the transient
species generated from the S, state, although its rise was not
fully time-resolved in the present measurement owing to the
limited time resolution. This transient absorption band be-
comes prominent after ~0.5 ps and then it decays with in-
crease of the delay time.

The temporal change of the absorbance at 405 nm is depict-
ed in Fig. 1(b) for the delay time range from —1 to 20 ps. The
observed decay was well fitted by a double exponential func-
tion convoluted with the instrumental response, and two time
constants of 7, = 0.94 ps and 7, = 16.9 ps were evaluated.”
The kinetics observed at 405 nm is essentially the same as that
reported by Lednev et al., who used 303 and 280 nm excita-
tion.'*'* The main decay component, 7, = 0.94 ps, represents
the lifetime of the transient species that is generated from the
S, state. Lednev et al. assigned this component to the “twist-
ed” S, state.'”> However, we later found that its lifetime
strongly depends on the solvent and that it becomes ~13 ps in
ethylene glycol.'® Since it is very unlikely that the S, state has
a lifetime as long as 13 ps, the 410-nm transient showing the 7,
decay should be assigned to the S; state of azobenzene. The
minor decay component in the absorbance change (7, = 16.9
ps) is not due to the decay of the S, state. As seen in Fig. 1(a)
the time-resolved spectra corresponding to this component (e.
g., the spectrum at 5 ps) do not show any peak around ~410
nm and exhibit significantly different spectral features. In the
previous study, this 7, component was assigned to the “twist-
ed” S; state.’>> However, time-resolved anti-Stokes Raman
spectroscopy clearly shows that it originates from the vibra-
tional cooling process taking place in the Sy state, as described
in detail in the next section. In other words, the transient fea-
ture showing the 7, decay is attributed to the spectral change of
the S, absorption that accompanies the vibrational cooling pro-
cess in the S states.

In Fig. 1(a), we note that a very weak absorption remains
around ~430 nm after all the prominent transient absorption
bands disappear. This weak feature (AA ~ 0.01) is very long-
lived and its decay was not recognized in the measured delay
time range up to 100 ps. This band is highly likely assignable
to the absorption of the cis isomer that is produced by photoi-
somerization. (More strictly speaking, it corresponds to the
absorption difference between cis- and trans-azobenzene in the
S, state.) It is known that cis-azobenzene exhibits the S;(nm™)
«— Sy absorption peaked around ~430 nm (&5 =~ 1500 mol !
dm® em™!, %" =~ 500 mol™' dm® cm™!). The absorbance
change induced at 430 nm by trans — cis photoisomerization
can be estimated as AOD = (&5 — £4¢™)CI®, where C and [
correspond to the sample concentration and thickness, respec-
tively, and @ is the quantum yield of trans — cis photoisomer-
ization after S, photoexcitation. Using 5.0 X 107> mol dm ™3
for C, 200 pm for / and 0.11 for @ (in hexane), we obtained the
AOD value of ~0.011. The estimated AOD value accords well
with the observed transient absorbance at 430 nm, which sup-
ports our assignment.

When we discuss the isomerization pathway after S, excita-
tion based on the time-resolved absorption data, a key is the S;
state that exhibits transient absorption around ~410 nm. In or-
der to consider this transient further, it is desirable to compare
its spectrum with the S; spectrum obtained by direct S; < S,
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excitation. Thus, we carried out the femtosecond time-re-
solved absorption measurement also with direct Si(nm™) — S,
excitation.

The transient absorption spectrum obtained with direct S;
«— Sy excitation from a hexane solution is shown in Fig. 2(a).
The pumping wavelength (500 nm) for this measurement cor-
responds to the red side of the S; «— S, absorption. The tran-
sient absorption shown here appeared immediately after photo-
excitation, weakened with increasing delay time, and then
completely vanished after 5 ps. Therefore, this transient ab-
sorption can be straightforwardly ascribed to the S; state. In
Fig. 2(b), the S, absorption observed at 1 ps after S, photoexci-
tation is depicted for comparison. The spectral feature of the
S, spectrum obtained by direct S, excitation is very similar to
that observed after S, excitation, but there are some differenc-
es: (1) A very broad offset-like feature is absent, (2) the peak
position of the most prominent band around 400 nm is blue-
shifted (i. e., 410 nm — 400 nm), and (3) the width of this
band is significantly narrower. It should be noted that the life-
time of the S; state is also different between S, and S, excita-
tions.'"* Because of these differences, it was argued that the
410-nm transient that appears after S, photoexcitation is not
the S, state populated by direct S, «+— S, photoexcitation, in the
previous time-resolved absorption studies.'*!3

Time-resolved absorption data afford crucial information
about the kinetics of the relaxation process of photoexcited
azobenzene. However, unambiguous assignment of each tran-
sient species cannot be made only by the transient absorption
data, so that the obtained data cannot be fully interpreted. Full
understanding of the observed time-resolved spectroscopic
data can be gained by combining information of femtosecond
absorption spectroscopy and picosecond Raman spectroscopy,
as described in the following subsections. In fact, it is clearly
shown that the above-described difference in S; absorption
spectrum is due to the difference in vibrational excess energy,
and that the S, state appearing after S, and S; photoexcitation
is essentially the same, as which is the “planar” S; state.

pump 500 nm (S ex.)
delay time 0.5 ps

pump 267 nm (S, ex.)
delay time 1 ps

absorbance (0.02/div)

T
350 400 450 500 550 600 650
wavelength / nm

Fig. 2. (a) Femtosecond time-resolved UV-visible absorption
spectra of azobenzene in hexane: (a) with S; < S, photo-
excitation (500 nm) at 0.5 ps delay time, (b) with S, < Sg
photoexcitation (267 nm) at 1 ps delay time.
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Picosecond Time-Resolved Raman Scattering: Molecu-
lar Structure of the S; State and Vibrational Cooling Pro-
cess. When we consider the S; state (the 410-nm transient)
appearing after S, photoexcitation, the information about the
molecular structure is crucial. If femtosecond absorption spec-
troscopy sees the rotational isomerization pathway starting
from the S, state, it is expected that the S; state generated from
the S, state has a twisted structure around N=N double bond.
Actually, the first interpretation about femtosecond time-re-
solved absorption data was made in this context.'*'> However,
transient absorption affords little information about the molec-
ular structure, so that we could not make any clear arguments
about isomerization pathway based only on time-resolved ab-
sorption data. Time-resolved resonance Raman spectroscopy
often affords unique information that cannot be obtained by
other types of spectroscopy. Raman spectra contain rich infor-
mation about the molecular structure, and time-resolved anti-
Stokes measurements give clear information about the vibra-
tional relaxation process. We thus carried out picosecond
time-resolved Raman measurements to obtain information
about the molecular structure of the S; state that appears after
S, excitation.

In time-resolved Raman measurements, we used excitation
at 273 nm to excite molecules to the S,(mn™) state. The probe
wavelength at 410 nm is in resonance with the S, «— S, tran-
sient absorption peaked at 410 nm. The procedure to obtain
the transient Raman spectra was as follows. In the spectrum
taken with the pump and probe irradiation, Raman scattering
was observed on the fluorescence background. We subtracted
fluorescence background from the spectrum using the fluores-
cence spectrum measured with only pump irradiation. Then,
we carefully subtracted Raman bands of S, azobenzene and
solvent, and obtained the Raman spectrum of S; azobenzene.
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The S; Raman signals were so weak that we needed a careful
subtraction to obtain a reliable S; spectrum. In the Fig. 3(a),
we depict the picosecond transient Raman spectrum of the S
state, which was obtained from an ethylene glycol solution
(1.5 X 102 mol dm ) at the delay time of 0 ps. Ethylene gly-
col was used as solvent since the lifetime of the S, state be-
comes significantly longer.

The vibrational frequency of a characteristic normal mode is
very sensitive to the structural change of the molecule. For S,
azobenzene, structural information around the central NN
bond is very important, and hence determination of the NN
stretching frequency is crucial. In order to find the NN stretch
band in the S; Raman spectrum, we synthesized a '’N-isotopic
analogue, in which both of the two N atoms are substituted by
15N, and then measured Raman spectra of the S, state. Figure
3(b) shows the S; Raman spectrum of '’N-substituted azoben-
zene. For comparison, the Raman spectrum of the S state is
also shown for the N normal species in Fig. 3(c). In the S,
Raman spectrum, the strongest Raman band at 1440 cm™!
showed a large isotopic shift (~29 cm™') by the N substitu-
tion (not shown). The observed isotopic shift agrees well with
the literature,”® and the 1440 cm™! band is ascribed to the NN
stretching vibration in the Sy state. In the S; spectra, on the
other hand, the Raman band at 1428 cm™' shows a 27-cm™"
downshift by the 'SN substitution (Figs. 3(a) and 3(b)). There-
fore, the 1428-cm ™! band can be assigned to the NN stretching
vibration in the S; state. The >N shift for the S; band at 1428
cm~ ! is almost the same as that for the Sy band at 1440 cm ™!
(27 cm™'in Sy and 29 cm™! in Sp). It implies that the corre-
sponding vibrational modes are similar to each other.

The NN stretching frequency in the S; state (1428 cm™!) is
very close to that in the Sy state (1440 cm™'). This small fre-
quency difference (12 cm™") in the NN stretching frequency
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S,(14N)

(OO

S,(15N)

(OO

So(14N)

14,
O

1800 1600 1400 1200 1000 800

Raman shift / cm-1
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Fig. 3. Raman spectra of azobenzene in the S; and the S, state in ethylene glycol solution. Normal (**N) species in the S, state (a),
15N analogue in the S, state (b), and normal species in the S state (c). The S; Raman spectra were taken at 0 ps delay time.
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indicates that the structural change around the NN bond is very
small and that the NN bonding retains a double bond character
in the S| state. We also found very strong similarity between
the S; and Sy Raman spectral features. These observations
strongly indicate that the observed S; state is not a twisted ex-
cited state but has a planar structure around the central NN
bond. One may expect a significant structural shift in the S,
state alond some coordinate because photoexcited azobenzene
shows very fast trans — cis isomerization. However, the
present Raman data revealed that this coordinate is not torsion
around the NN bond.

In femtosecond time-resolved absorption measurements, we
observed a transient species that decays with a lifetime of ~17
ps in hexane (the 7, component). Picosecond time-resolved
Raman measurements also afford crucial data that enable us to
make a clear assignment of this component.

Picosecond time-resolved anti-Stokes Raman spectra mea-
sured from a hexane solution are shown in Fig. 4. The Raman
signals observed only with probe irradiation were already sub-
tracted, and the Raman intensity at each delay time was nor-
malized using the solvent Raman intensity. Immediately after
photoexcitation, several anti-Stokes transient Raman bands
were observed at 1425, 1120, 985, 850 and 650 cm™! and they
vanish within a few picoseconds (Fig. 4(a)). These anti-Stokes
Raman bands are assignable to the S, state of azobenzene. It
should be noted that the high frequency anti-Stokes Raman
bands appear with fairly high intensity, which implies that the
observed S state is highly vibrationally excited after S, — S,
electronic relaxation. After the decay of these S; Raman
bands, anti-Stokes Raman bands at 1440 and 1128 cm ™' re-
main (Fig. 4(b)). Although the band shapes of these bands are

@) __ delay time 0 ps
~ 5
% Q ~ = o~
0 - » @ %)
N - Z o ~
> < | ITs) 0 o
= - [oe) © o]
(7] | » | ©
c | |
()
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s 5 5
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$7 8z
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Fig. 4. Picosecond time-resolved anti-Stokes Raman spectra
of azobenzene in hexane taken at O ps and 3 ps. The Ra-
man intensity at each delay time has been normalized us-
ing the solvent band intensity.
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slightly broadened, these Raman frequencies are almost identi-
cal to the N=N stretch and the C-N stretch bands of S, azoben-
zene. Thus, these anti-Stokes Raman bands are assigned to the
vibrationally hot S, state. With photoexcitation at 273 nm, the
molecule gains the energy greater than 36000 cm™!. The life-
times of the S, and S, states are so short in hexane that a con-
siderable amount of the photoexcitation energy is expected to
be still localized in the azobenzene molecule after the S, — S,
— Sy electronic relaxation. Therefore, it is very natural to ob-
serve the vibrationally hot Sy state in picosecond time-resolved
anti-Stokes Raman measurements in hexane. The S, anti-
Stokes Raman bands disappear with a time constant of ~16 ps,
which corresponds to the vibrational cooling process in the S,
state (the energy dissipation to the surrounding solvent). This
time constant (16 ps) is exactly the same as the lifetime of the
T, component found in time-resolved absorption measure-
ments, which implies that their origins are the same. Picosec-
ond time-resolved anti-Stokes Raman measurements disclosed
that the slowly decaying 7, component seen at 405 nm arises
from the vibrational cooling process in the S, state.

By combining the information of femtosecond time-re-
solved absorption spectroscopy and picosecond time-resolved
Raman spectroscopy, we can conclude that the process seen in
the time-resolved spectroscopy is the S, — hot “planar” S; —
hot Sy — Sy relaxation process, but not the rotational isomer-
ization process starting from the S, state. Raman spectroscopy
clearly showed that the S, state generated from the S, state has
a planar structure, which means that the relevant S; potential
minimum is located rather closely to the potential minimum of
the Sy state. Such a result implies that the S; state generated
after S, excitation is the same S; state that is populated by di-
rect S; < Sy photoexcitation, because the optical transition
takes place vertically. (Nevertheless, the vibrational excess en-
ergy in the S; state is different between S, and S; photoexcita-
tion). It has been experimentally demonstrated that the inver-
sion isomerization takes place with direct S; < S, photoexci-
tation.® Consequently, the “planar” S, state observed after S,
< Sy photoexcitation is considered to be the state from which
the inversion isomerization starts. Proper interpretation of
time-resolved absorption and Raman data lead us to think that
the inversion isomerization in the S state takes part also in the
isomerization following the S, photoexcitation. The time-re-
solved spectroscopic data certainly request the revision of the
reaction Scheme 1, in which the S, excitation induces rotation-
al isomerization without relaxation to the “planar” S; state and
the cis isomer is produced exclusively from the twisted excit-
ed-state intermediate.

Steady-State and Time-Resolved Fluorescence: the
Quantum Yield of the S, — “planar” S; Relaxation and
Clarification of the Major Isomerization Pathway. As de-
scribed above, the time-resolved absorption and Raman data
disclosed that the “planar” S, state is generated after S, excita-
tion. They also indicated that inversion isomerization in the S;
state takes part in the isomerization following the S, excitation.
However, this finding, by itself, cannot exclude the existence
of the rotational isomerization pathway starting from the S,
state, because it cannot exclude the possibility that the relax-
ation pathway to the “planar” S; state is a minor process and
that a significant number of molecules are still relaxed through
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Fig. 5. The absorption spectrum (left) and the steady-state fluorescence spectrum obtained with 280-nm excitation (right). The flu-
orescence intensity is represented as the photon number intensity in the frequency space. In the fluorescence spectrum, the open
circles and the open triangles represent the decomposition into the S, and S, fluorescence, respectively. The wavenumber region

from 22000 to 12000 cm ™' is expanded in the inset.

the rotational pathway which is totally “dark” in the time-re-
solved absorption and Raman measurements. Therefore, we
need to clarify which is the major isomerization pathway after
S, excitation, the rotational isomerization starting directly
from the S,(nm™*) state, or the inversion isomerization that
takes place from the “planar” S, state after the S, — S, relax-
ation. We carried out steady-state and femtosecond time-re-
solved fluorescence measurements to obtain a clear answer for
this question by determining the S, — “planar” S; relaxation
quantum yield.

Figure 5 depicts steady-state fluorescence spectrum taken
from a hexane solution (5.0 X 107% mol dm™%) with the
Sy(rm™) — So photoexcitation at 280 nm. The UV-visible ab-
sorption spectrum is also shown in this figure for comparison.
The intensity maximum of the steady-state fluorescence was
observed around ~390 nm (~25750 cm™!), and it is energeti-
cally higher than the S;(nm*) — Sy transition. This main fluo-
rescence band shows a mirror image of the Sy(n®) — S, ab-
sorption band, so that we assigned it to the S, fluorescence
band. The fluorescence spectrum extends to the red region and
it exhibits a very weak peak around ~665 nm (~15000 cm™").
This second fluorescence band shows a mirror image of the
S,(nm™) « Sy absorption band, and hence it is assignable to the
S, fluorescence. The appearance of the S; fluorescence show-
ing a mirror image of the S;(nn*) « S, absorption demon-
strates that the S; state that is Franck—Condon active from the
Sy state is certainly generated after the S, excitation. In other
words, the observed S, fluorescence is assignable to the fluo-
rescence from the “planar” S, state.

Femtosecond time-resolved fluorescence measurements
were carried out in the wavelength region from 340 to 680 nm
by the up-conversion method. The time-resolved fluorescence
traces are shown in Fig. 6. The temporal behavior of the fluo-
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Fig. 6. Femtosecond time-resolved fluorescence signals ob-
tained from azobenzene in hexane (5.0 X 107° mol dm 3,
pump laser 280 nm) in the wavelength region from 340 nm
to 680 nm. The dotted circles are the experimental data,
and solid curves are the results of the fitting analysis.
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rescence signals varies with the change of wavelength, reflect-
ing the dual nature of the fluorescence. In the S, fluorescence
region (340-500 nm), we observed very rapid decay that is
comparable to the instrumental response. The second slower
fluorescence component becomes noticeable in the longer
wavelength region. In the decay around 580 nm, the amplitude
of the second component becomes comparable to that of the
first component, and then it becomes predominant around 640
nm in the S; fluorescence region. Considering the observed
temporal behavior and steady-state fluorescence spectrum, we
can straightforwardly assign the first (fast) and second (slow)
components to the S, and S; fluorescence, respectively. The
time-resolved fluorescence signals decayed to the dark level
within 5 ps, indicating that there is no other long-lived fluores-
cent state.

In order to obtain quantitative information, the time-re-
solved fluorescence data were analyzed on the basis of the fol-
lowing relaxation scheme:

kver k
Sz ;» Sl i’

ko “

Since the observed fluorescence consists of the S, fluorescence
(Rsx(V, 1)) and the S; fluorescence (Rs;(V, 1)), the time-resolved
fluorescence intensity can be described as follows:

R(V’ t) = RSZ(V’ t) + RSI(V’ t)s
= asx(V)exp(—ksat) + asi(V)D ksof
(ksy — ksi){exp(—ksit) — exp(—ksh)}, ()

where
kSZ = kverl + kROT’ D= kvert/(kverl + kROT)~

In this expression, asy(V) and as;(V) denote the transition prob-
abilities of the two excited states at wavenumber v, whereas ks,
and ks represent their population relaxation rates. Note that
the ks, rate is the sum of the S, — S, relaxation (k) and other
relaxation pathways (kgror) that include the rotational isomer-
ization in the S, state as well as the direct non-radiative S, —
So relaxation. Therefore, the @ value represents the quantum
yield of the S, — “planar” S, relaxation process. By a fitting
analysis, we obtained the S, and S, lifetimes as 0.11 ps (1/ks,)
and 0.50 ps (1/ks;), respectively. The best fits obtained with
these lifetimes are shown by solid curves in Fig. 6. The S, life-
time determined by the time-resolved fluorescence data was
shorter than the value obtained from the time-resolved absorp-
tion data (0.94 ps). We consider that the value determined
from fluorescence data is more reliable, because (1) the time
resolution of the up-conversion measurements (~230 fs) is
much better than that of absorption experiments (600-700 fs),
and (2) the absortion data contain contributions from not only
S, absorption but also Sj spectral change (e. g. bleaching and
cooling). In addition to the lifetime, we also determined the
amplitude of each component, as;(V) and as;(V)®, which rep-
resent the contribution of the S, and S, fluorescence at each
wavelength. By plotting these parameters after normalization,
we could successfully decompose the steady-state fluorescence
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spectrum into the S, and S; fluorescence components, as
shown in Fig. 5.

The quantitative analysis of time-resolved fluorescence as
well as the decomposition of the fluorescence spectrum en-
ables us to determine the quantum yield of the S, — “planar”
S; relaxation process (@) by comparing the intensities of the S,
and S, fluorescence. By integrating Eq. 2 in the time and fre-
quency spaces, we obtain the following expression for the inte-
grated intensity of the steady-state fluorescence:

Ei; J(;JJ;?R(V, 1 = éﬂgsz(f/)df’

k52 ( 1 1 ) +oo
+O———| ——— || as;(V)dV.
ksy —ksi \ks1  ks» IO .
3)

On the right side of Eq. 3, the first term represents the total in-
tensity of the S, fluorescence (/s;), and the second term de-
notes that of the S; fluorescence (/s;). As already mentioned,
as,(V) and ag (V) represent the intrinsic fluorescence transition
probability of the S, and S; state at frequency V. Thus, the in-
tegration of the as; (i = 1, 2) value in the frequency space gives
a quantity proportional to the radiative decay rate, and it can be
related to the oscillator strength (jggs,-(\“/)d\”/oc v2.f5).2"?7 Conse-
quently, by taking the ratio between I, and I5;, we obtain the
following expression of the quantum yield @ after a simple
calculation:

+oo
o= (el - (e )
Isr N\ ksy ."OQSI(V)dV Isy N ksy N\ 73, fsi

“
Here, Vy; is the peak frequency of the S; — S, fluorescence and
fsi is the oscillator strength of each transition. The integrated
intensities of the S, and S, fluorescence were obtained from
the decomposed steady-state fluorescence spectra and the ratio
of Is/Is; was determined to be 0.032. The oscillator strengths
of the S,(nn™) — S, and the S;(nm*) «— Sy transitions can be
determined from absorption spectra as fs; = 0.511 and f5; =
0.01, whereas the values of V5, = 25750 cm™! and V5, =
15000 cm ™! were used as the transition frequencies of the S,
and S, fluorescence. By using these parameters as well as the
S, and S, liferimes (1/ks; = 0.11 ps, 1/ks; = 0.50 ps), we ob-
tained a value of @ = 1.07 (£ 0.15) for the S, — S, electronic
relaxation quantum yield. The obtained @ value can be regard-
ed as unity within error.

The obtained @ value manifests that the photoexcited S,
state is almost exclusively relaxed to the “planar” S, state. It
means that the S, — “planar” S, relaxation process, which we
see through time-resolved absorption and Raman spectrosco-
pY, is the major relaxation pathway of the S, state. It implies,
at the same time, that the rotational isomerization pathway that
starts directly from the S, state does not exist, or, even if it ex-
ists, it is a very minor pathway.

Isomerization Pathway of Photoexcited frans-Azoben-
zene. A series of time-resolved spectroscopies described
above gave us a clear and new insight into the photodynamics
and photoisomerization process of trans-azobenzene. Femto-
second time-resolved absorption study clarified the transient
absorption of the S, and S, states as well as their lifetimes. It
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also afforded a direct indication of the production of the cis
isomer after relaxation of these excited states. Picosecond
time-resolved Raman revealed that the observed S, state has a
“planar” structure and that the relaxation process observed in
time-resolved spectroscopy is not the rotational isomerization
process but the S, — S; — Sy relaxation process occurring in
the molecule that essentially retains planarity. This finding in-
dicates that the isomerization starting from the “planar” S,
state also participates in the photoisomerization after S, excita-
tion. Femtosecond time-resolved and steady-state fluores-
cence study revealed that, in fact, this isomerization pathway,
i.e. isomerization in the S; state after S, — S; relaxation, is the
major isomerization pathway following S, photoexcitation. It
disclosed that the rotational isomerization pathway starting di-
rectly from the S, state does not exist. Since it has been photo-
chemically demonstrated that the isomerization in the S; state
occurs by inversion, it can be concluded that the isomerization
of azobenzene takes place in the S; state by inversion also in
the case of S, excitation. The “planar” S; state observed in
time-resolved UV-visible absorption, Raman and fluorescence
spectroscopies is assigned to the S; state from which the inver-
sion isomerization starts. Figure 7 sketches the isomerization
mechanism and the relaxation processes after S, excitation,
which have been clarified by femtosecond and picosecond
time-resolved spectroscopy.

The rotational isomerization pathway starting directly from
the S, state was originally claimed on the basis of the differ-
ence in the isomerization quantum yield between S, and S, ex-
citation. The isomerization quantum yields have been mea-
sured for the S, and S; excitation in several solvents, and they
were reported to be 0.15 (S,) and 0.28 (S;) in ethanol, 0.15 and
0.31 in acetonitrile, 0.11 and 0.26 in ethyl bromide, ~0.11 and
~0.24 in isooctane, respectively.>!! This difference in the
quantum yield had been considered a manifestation of two dif-
ferent isomerization pathways starting from the S, and S,
states. Since the S, state is the ™ state that induces the rota-
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tional isomerization of olefins, it had been believed that the
isomerization after S, excitation is the rotational isomerization
in the S, state. However, our studies clearly excluded the ex-
istence of this rotational isomerization pathway in the S, state.
It means that we now need to reconsider the implication of the
difference in the isomerization quantum yield between S, and
S, excitation. As discussed in the following, the difference in
the isomerization quantum yield suggests that another relax-
ation channel exists in the vibrationally excited S, state.

With the photoexcitation to the S, state, molecules gain the
energy as high as ~36000 cm~'. After the rapid decay of the
S, state (0.11 ps), a considerable amount of photoexcited ener-
gy is localized in the S; state, since the energy dissipation to
the surrounding solvents occurs in a much longer time scale
(~20 ps'7). Therefore, an essential difference between S, ex-
citation and S, excitation is the vibrational excess energy in the
“planar” S, state that appears after photoexcitation. In other
words, the S; state that is generated by the S, — S; relaxation
following the S, excitation is very “hot” compared with the S,
state produced by direct S; « S, photoexcitation. Since al-
most all the S, state is relaxed to this “hot” planar S; state, the
small isomerization quantum yield obtained with S, photoexci-
tation is attributed to the low isomerization efficiency of this
vibrationally excited S; state. The isomerization quantum
yield is determined by the ratio between the rate of isomeriza-
tion and that of the other relaxation pathway. Therefore, the
low isomerization quantum yield implies that the trans S; —
trans Sy relaxation process is accelerated in the vibrational ex-
cited S state. This argument about the acceleration of the S
— Sy relaxation process in the vibrationally excited S; state is
actually consistent with the data of the S; lifetime. The life-
time of the S; state generated by S, excitation (280 nm) was
determined to be ~0.5 ps in the present time-resolved fluores-
cence measurement, whereas the S, lifetime measured with the
direct red-edge S; photoexcitation (503 nm) was reported to be
~2.6 ps."* This means that with increase of the vibrational ex-
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cess energy, the S; lifetime becomes significantly shorter and
the isomerization quantum yield becomes smaller. Such re-
sults strongly suggest that a new relaxation channel that accel-
erates the trans S| — trans S, relaxation process opens in the
vibrationally excited S, state.

It has been reported by Rau and Liiddecke that the values of
the isomerization quantum yield become the same for S, and
S, excitation when the rotational motion of azobenzene is
blocked by chemical modification. They measured the trans
— cis isomerization quantum yield of a “blocked” azobenzene
and found that the yield remains almost constant even though
the excitation condition is significantly changed: 0.21 for the
Sy(nn™) — S, excitation and 0.24 for the S;(n™) «— S, excita-
tion. Disapperance of the excess energy dependence was also
found in the recent femtosecond time-resolved absorption
study reported by Lednev et al.'> They measured the S; life-
time for another rotation-blocked azobenzene after S, excita-
tion and found that its lifetime is exactly the same as the life-
time of the S; azobenzene that is prepared by the S; red-edge
excitation (2.6 ps). These facts strongly suggest that the new
relaxation channel that opens in the vibrational excited S; state
is blocked when the rotational motion around the N=N bond-
ing is prohibited. In other words, the new relaxation channel is
related to the rotational coordinate, although this relaxation
channel finally produces the trans S, state but does not gener-
ate any cis isomers. It may be also worth nothing that the sta-
tistical distribution of vibrational energy may be not achieved
in the vibrationally excited S, state where this channel is open.
Taking account of the very short lifetime of the S, state, espe-
cially in hexane (0.50 ps), it is highly likely that the vibrational
energy is still localized in particular vibrational modes during
the S, lifetime. Therefore, it is possible that the rotational de-
activation channel, which we discuss here, is open only in the
vibrationally excited S; state before the intramolecular vibra-
tion redistribution (IVR) process.

The time-resolved spectroscopic studies (absorption, Raman
and fluorescence) have successfully revealed photochemical
dynamics of frans-azobenzene following the S, photoexcita-
tion. The following new picture has been obtained for the re-
laxation of the photoexcited azobenzene: After S, excitation,
first almost all S, molecules are relaxed to the S, state having a
“planar” structure. Then, the S; state is relaxed to the S, state
through the three different relaxation pathways, (1) the inver-
sion isomerization, (2) the trans S| — trans S, relaxation chan-
nel that is open even in the “cold” S; state, and (3) the trans S,
— trans Sy relaxation channel that is open only in the “vibra-
tional excited” S; state. Further elucidation of these three re-
laxation channels in the S; state is necessary for full undrstand-
ing of photochemistry of azobenzene, and, of course, not only
experimental studies but also theoretical approaches are highly
desirable.
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