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The electronic and vibrational relaxation of photoexciteths-azobenzene was investigated in solution by
picosecond time-resolved Raman spectroscopy. Picosecond time-resolved Raman spectra were measured with
the probe wavelength at 410 nm, which is in resonance with a transient absorption appearing after the S
(m*) — S photoexcitation. Several transient Raman bands assignable to,tktat® were observed
immediately after photoexcitation. The lifetime of thes$ate showed a significant solvent dependence, and

it was determined as-12.5 ps in ethylene glycol and1 ps in hexane. Time-resolved anti-Stokes Raman
measurements were also carried out for hexane solutions to obtain information about vibrational relaxation
process. The anti-Stokes spectra showed that the obsergeté&Swas highly vibrationally excited. In addition,
several anti-Stokes Raman bands due to thet&e were observed after the decay of thet8te, indicating

that the vibrationally excited (Sstate was generated after electronic relaxation in hexane. The lifetime of
vibrationally excited $azobenzene was evaluated-as6 ps by the analysis for the intensity change of the
anti-Stokes NN stretch band. The assignment of the NN stretch band in #pe&rum was made by using
5N-substituted azobenzene, and it was clarified that the NN stretching frequency indtateSs very close

to that of the g state (1428 cm' in S; and 1440 cm' in ). The high NN stretching frequency in the S

state indicated that the NN bond retains a double bond nature in tat8. Vibrational assignments for the
other § Raman bands were made by one-to-one correspondence betweenatid $ bands. The double

bond nature of the NN bond and the high similarity between thansl the $ Raman spectra indicated that

the observed Sstate has a planar structure around the NN bond. The obtained Raman data seemed to suggest
that the inversion in the ;State takes part also in the isomerization followingis*) photoexcitation. The
relaxation process of photoexcitedns-azobenzene as well as its photoisomerization mechanism is discussed
on the basis of the observed Raman data.

1. Introduction and Morganté314who observed the,snd the $fluorescence

) o ) and evaluated fluorescence lifetime by the Kerr gate method
Azobenzene and its derivatives are prototypical molecules using 8-ps laser pulses. Lednev et al. carried out the first

showing cis-trans photoisomerization and are of current interest femigsecond UV-visible absorption study and observed tran-
because of their wide applications such as light-driven switches gjant absorption peaked around 400 nm after the 303-nm
and image storage devicEs. The properties of azobenzene gycitation to the Sstatels They measured absorption change
have been extensively investigated by variety of physicochem- 5; 367 400, and 420 nm and observed biexpoential decay having

ical metf;ods inc,;léjding steady-state BVisible at;§°f9ti°"?77 time constants of 1 and 15 ps. In the following work undertaken
Raman} NMR,'? and theoretical calculatiort:'2 It is now  yith improved time resolution, they succeeded in observing
believed that the photoisomerization mechanism trains: another transient showing absorption around 475 nm whose

azobenzene (we simply call it azobenzene hereafter) stronglyjifetime is shorter than 200 £.In their recent assignment, the
depends on the excitation wavelength; witft'1§S,) excitation 475-nm transient was attributed to the Sate of azobenzene
the isomerization proceeds with the in-plane inversion at one 4t is initially prepared by photoexcitation, and the two
N atom while undertz* (S;) excitation it takes place by rotation componentsz ~ 1ps, 7> ~ 15 ps) in the transient absorption
around the N=N double bond. The inversion mechanism was 5rq,nd 400 nm were ascribed to the “bottleneck” states in the
first proposed by Rau and"ddecke, who observed photo- g, anq g potentialsié” Very similar transient absorptions as
isomerization of azobenzene derivatives in which the rotation |\ q|| as analogous dynamics were observed for an azobenzene
was prohibited by chemical modificatidrOn the other hand, derivative by Azuma et al. although the peak wavelength of
it seems that the rotational mechanism has not been fully provedyy,q S transient absorption was shifted fror#75 to~490 nm
for azobenzene itself, although this mechanism is known as thereflecting para substitutio€. However, they assigned the
photoisomerization pathway of olefines. second 400-nm transient to the Sate of azobenzene. In this
Time-resolved studies are very important for elucidation of sense, the assignment of the 400-nm transient is still unclear.
the reaction dynamics of azobenzene. However, the number ofpeanwhile, time-resolved absorption study has been undertaken
the reports is still limited because photoisomerization of a|so for the cis isomer that exists in the photostationary cis/
azobenzene occurs very rapidly. The first picosecond time- trans balance. It was found that photoisomerization from the
resolved study of azobenzene has been conducted by Struveis isomer proceeds with a time constantef70 fs with the
excitation at 435 nm? The vibrational cooling process in the
*To whom correspondence should be addressed. electronic ground state has been studied by time-resolved
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infrared spectroscopy, and it was concluded that the intermo- sample position in order to introduce the pump and probe beams
lecular energy transfer (energy dissipation) to the solvent takesto an optical setup for Kerr effect measurements. The delay time
place on a time scale 0f20 ps?° origin (ty = O ps) as well as the time resolution of the

Thanks to these time-resolved studies, the ultrafast dynamicsmeasurements was checked by measuring the Kerr effect of
of photoexcited azobenzene has been clarified to some extentheptane. A typical time resolution was evaluated as about 2.8
However, the assignment of each dynamics is still controversial ps. In all Raman measurements, the polarization of pump and
and the structural information about transient species is obvi- probe pulses were set parallel with the intention of getting larger
ously lacking. Time-resolved resonance Raman spectroscopytransient signals especially in early delay time. Under this
is a very powerful tool to study photochemical reactions, and it condition, the temporal change of transient Raman signals (and
often affords unique information that cannot be obtained by other the evaluated decay time constants) are affected by the rotational
spectroscopy: Raman spectra contain much information aboutdiffusion of the molecule to some extent. However, the effect
molecular structure of transient species, and anti-Stokes mea-Of rotational diffusion was not sizable as checked by transient
surements give clear information about vibrational relaxation absorption polarization measurements, and it does not influence
process. Therefore, it is highly desirable to apply Raman any arguments in this paper. All measurements were performed
spectroscopy to the study of ultrafast dynamics of azobenzene.at room temperature.
In general, vibrational spectroscopy requires high-frequency Azobenzene (trans) was purchased from Wako Pure Chemical
resolution compared with electronic spectroscopy such as UV  Industries and was recrystallized two times from methaiink
visible absorption. For the molecules in solution, the frequency substituted azobenzene ¢t&*°N),, was synthesized and puri-
resolution as high as 10 crhis needed to obtain well-resolved  fied according to the literatu. Both samples, normal and
vibrational spectra. This fact practically limits the upper time isotopic substituted azobenzene, were sufficiently dried in a
resolution of Raman measurements to about 1 ps. From thisdrybox before use. The samples were dissolved in hexane (Wako
viewpoint, azobenzene that shows very fast dynamics is one of Pure Chemical Industries, special grade) or in ethylene glycol
the most challenging targets for time-resolved Raman spectro-(Wako Pure Chemical Industries, special grade), and the
scopy. In this paper, we report our picosecond time-resolved solutions with the concentration of 1;6 1072 mol dm 3 were
resonance Raman studytainsazobenzene. We present Raman used for the Raman experiments. A fresh sample solution was
spectra of the 400-nm transient, which we assign to thsteie prepared and used in the dark for each time-resolved measure-
of azobenzene. The NN stretch frequency in thesfate is ment. The amount of the cis isomer in the solution, which was
determined by°N substitution, and the molecular structure of produced by photoisomerization, was negligibly small because
the S state is discussed. Raman scattering from the vibrationally the cis isomer thermally returns to the trans form with a time
hot ground state is also observed, and the relaxation dynamicsconstant as short as50 us?3
including vibrational cooling process is clarified.

3. Results and Discussion

2. Experimental Section 3.1. Time-Resolved Raman Spectra in Ethylene Glycol:

The experimental setup used for picosecond time-resolved Observation of the § State.In the UV—visible region, ground-
Raman measurements is described in detail elsevih8réefly, state azobenzene exhibits two absorption bands arowid
a mode-locked Ti:sapphire laser (Spectra-Physics, Tsunami) thaiand ~450 nm, and those bands have been assigned tosthe S
was pumped by an Arlaser (Spectra-Physics, Beam lok 2060- (77*) — S and the $ (n7*) — & transitions, respectively.
10SA) provided picosecond pulses (820 nm, 13 nJ, 1.8 ps) at aThe pumping wavelength (273 nm) in the present experiments
repetition rate of 90 MHz. The output from the Ti:sapphire corresponds to the blue side of the<S S absorption 73 ~
oscillator laser was amplified up to an energy~df mJ with a 6100 mott dm?® cm™2), and the molecule is initially excited to
regenerative amplifier (Spectra-Physics, Spitfire, 1 kHz) that the $ (nz*) state under this photoexcitation condition. The
was pumped by a CW Q-switched Nd:YLF laser (Spectra- probe wavelength (410 nm) is in resonance with the absorption
Physics, Merlin). The amplified pulses were frequency doubled of the 400-nm transient that appears in accordance with the
by a 5-mm LBO crystal (410 nm, 12@J) and then tripled by ~ decay of the §state when the molecule is photoexcited to the
a 5-mm BBO crystal (273 nm, 11@J). The generated second $; state. It was reported for an azobenzene derivative that the
and third harmonic pulses were used as the probe and the pumpifetime of the 400-nm transient strongly depends on the solvent
pulses, respectively, in the time-resolved measurements. Theviscosity: it changes from+1 ps in hexane te-10 ps in highly
pump and probe pulses were separated by a dichroic mirror andviscous ethylene glycdf We measured transient absorption at
were introduced to different variable delay lines to make a time 410 nm for azobenzene itself and confirmed that the lifetime
delay. Then the two beams were recombined and focused ontoof the transient becomes as long as 11 ps in ethylene glycol.
a thin-film-like jet stream of the sample solution with a quartz Because of this much longer lifetime of the transient, we first
lens § = 50 mm). The intensity of the probe pulse passing carried out time-resolved Raman measurements in ethylene
through the sample was monitored by a photodiode with a glycol.
boxcar averager (Stanford Research System, SR 250) in order Figure 1 shows picosecond time-resolved Raman spectra
to check the spatial/temporal overlap of the pump and probe obtained from ethylene glycol solution at the delay time of 0
pulses by measuring transient absorption at the probing wave-ps. In the spectrum taken with the pump and probe irradiation
length. Typical energy of the pump and probe pulses wete (Figure la), Raman scattering was observed on the high
and 3-10 uJ at the sample position, respectively. Raman luminescence background that presumably arises from the S
scattering from the sample were analyzed with a polychromator fluorescence of azobenzene. We subtracted fluorescence back-
(Jovin-Yvon, HR-320) and detected by a liquid-nitrogen-cooled ground from the spectrum by using the fluorescence spectrum
CCD detector (Princeton Instruments, LN/CCD-1100PB). The measured with the only pump irradiation (Figure 1b), and the
frequency resolution was about 11 chhwhich was determined  resultant subtracted spectrum is shown in Figure 1c. All the
as the full spectral width at half-maximum of the Rayleigh prominent Raman bands observed in this spectrum are the
scattering. In this setup, a mirror can be inserted before the Raman bands of Sazobenzene or solvent, and it was a little
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Figure 1. Picosecond time-resolved Raman spectr:aragﬁsazobean- zene in ethylene glycol in the delay time range frerh0 to 50 ps (1.5
zene in ethylene glycol at the delay time of 0 ps (£.5072 mol dn3; x 1072 mol dnT3; pump laser 273 nm; probe laser 410 nm). The Raman

pump laser 273 nm; probe laser 410 nm): (a) Raman spectrum obtainedntensity at each delay time has been normalized by using the solvent
with pump and probe irradiation; (b) Raman spectrum obtained with pang intensity.

pump; (c) subtracted spectrum, (&)(b). Subtraction of the Raman
bands of $azobenzene and ethylene glycol from the spectrum c gave
the transient Raman spectrum shown in (d). 1.0+
difficult to recognize the Raman signal arising from the transient o 1428 cm-"
species. However, when we carefully subtract Raman bands of 1130 cm-?
S azobenzene and solvent from the spectrum, we were able to 08 980 cm-1
see very weak but clear Raman signals ascribable to the transient
species, as shown in Figure 1d. Under the present experimental
condition, we needed a careful subtraction procedure to make
the transient Raman bands noticeable. It is not only due to the
weakness of the transient Raman bands but also owing to the
high Raman intensity of Sazobenzene. The Raman intensity
of Sp azobenzene is highly enhanced under the present probing
condition thanks to the resonance effect originating from the
nz* transition and/or preresonance effect due to the*
transition. The resonantly enhanced strongR&man bands
mask transient Raman signals. Time-resolved Raman spectra
shown in this paper hereafter have been obtained after subtract- 0.0
ing & and solvent Raman bands as well as fluorescence ‘ ' ' ' ' '
baCkgrOUnd. 0 10 20 30 40 50

Figure 2 depicts picosecond time-resolved Raman spectra of delay time (ps)
ethylene glycol solution in the delay time range fremi0 to Figure 3. Intensity changes of transient Raman bands in ethylene
50 ps. The Raman intensity at each delay time has beenglycol. The solid line is the best fitted single-exponential function having
normalized by using intensity of the solvent Raman bands. (Note 2 timg constant of 12.5 ps. The intensity of each band was normalized
that the solvent Raman bands were already subtracted and henc® Unity at 0 ps.
are not shown in the spectra.) Immediately after photoexcitaion, nm transient in ethylene glycol, is safely assigned to thet8e
we observed prominent transient Raman bands at 1428, 1130pf azobenzene.
980, 845, and 635 cnt as well as weak ones at1550 and It should be mentioned that when we measured time-resolved
1170 cnm. These bands disappeared with increasing delay time spectra with the probe pulse whose energy exceededl10
and completely vanished after 50 ps. The temporal changes ofseveral additional transient Raman bands appeared. These
the normalized intensity of the five transient Raman bands are Raman bands were observed only in a polar solvent (ethylene
plotted in Figure 3. The decays of the observed transient Ramanglycol) but not observed in a nonpolar solvent (hexane). We
bands were indistinguishable within experimental error, and they tentatively assigned the additional transient Raman bands to the
were well fitted by a single-exponential function having a cation of azobenzene that was produced by the multiphoton
lifetime of ~12.5 ps (the solid curve in the figure). The obtained ionization under the intense laser pulses. It was essential to lower
lifetime of the transient Raman bands is in good agreement with the probe pulse energy down to as low asl3n order to obtain
the lifetime of the 400-nm transient in ethylene glycol. The reliable time-resolved Raman spectra of &obenzene in
identical decay of all the transient Raman bands indicated thatethylene glycol.
these bands are ascribed to a single transient species. Judging It should be also noted that no Raman bands due to the cis
from its lifetime of ~10 ps, the observed transient, i.e., the 400- isomer were recognized in our time-resolved Raman spectra,
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Figure 4. Picosecond time-resolved Raman spectraaris-azoben- Figure 5. Picosecond time-resolved anti-Stokes Raman spectra of
zene in hexane in the delay time range frert0 to 50 ps (1.5« 1072 trans-azobenzene in hexane in the delay time range fra to 30 ps

mol dnr3; pump laser 273 nm; probe laser 410 nm). The Raman (1.5 x 1072 mol dnm3, pump laser 273 nm; probe laser 410 nm). The
intensity at each delay time has been normalized by using the solventRaman intensity at each delay time has been normalized by using the
band intensity. solvent band intensity.

although the cis isomer is expected to be produced by photo-amount of the phoexcitation energy is still localized in an
isomerization. The absence of the cis Raman bands is presum-azobenzene molecule even after the-S, electronic relaxation
ably due to the low isomerization quantum yield under S and that the vibrationally excited (“*hot"),State is produced.
photoexcitation ¢ = 0.10f and the small resonance Raman In general, Raman bands of the vibrationally excited molecule
enhancement of the cis isomer at the present probe wavelength(hot bands) are red-shifted and are broadened compared with

3.2. Time-Resolved Raman Spectra in Hexane: Observa- those of the “cold” molecules. Thus, we thought that the spectral
tion of the S; State and the Vibrationally Excited S State. features in the time region from 1.5 to 20 ps indicated the
Next we describe the experimental results obtained from hexaneeXistence of the vibrationally excitedy &zobenzene. In other
solution. Figure 4 shows picosecond time-resolved Raman words, they arose from the subtraction of the “cold’R&man
spectra of a hexane solution in the delay time range frat spectrum from the “hot” §Raman spectrum. To verify this
to 50 ps. The Raman intensity at each delay time has beenargument, we have undertaken picosecond time-resolved mea-
normalized. As clearly seen, the time-resolved Raman spectrasurements of anti-Stokes Raman spectra that directly represent
in hexane showed somewhat complicated temporal change the population of the vibrationally excited state.
Immediately after photoexcitation, several transient Raman Picosecond time-resolved anti-Stokes Raman spectra of
bands were observed. Although some solvent-dependent shiftsazobenzene in hexane are shown in Figure 5. The Raman signals
were recognized, these transient bands were essentially the samebserved only with probe irradiation were already subtracted,
as those observed in ethylene glycol solution. Thus, they areand the Raman intensity at each delay time was normalized
ascribable to the Sstate of azobenzene. Theseg t&ansient using the solvent Raman intensity. However, reflecting the small
Raman bands disappeared withit8 ps in hexane, as most population of the vibrationally excited state in thermal equilib-
clearly seen for the bands at 830 and 645 trhlowever, some rium, the intensities of the anti-Stokes Raman bands pof S
transient spectral features remained around 1440 and 1140 cm azobenzene and solvent were very small compared with those
where the strong SRaman bands are located. These features in the Stokes side so that we were able to recognize time-
changed its shape and became smaller with the increase of theesolved change even without spectrum subtraction. The ob-
delay time and finally disappeared at 50 ps. The spectral featuresserved temporal change of the anti-Stokes Raman spectra
observed in the region ofpSRaman bands were not due to coincided well with the spectral change observed in Stokes
artifacts arising from an inadequate subtraction procedure. In Raman. Immediately after phtoexcitation, the several transient
fact, we obtained flat subtracted spectra at the negative delayRaman bands assignable to thestate were observed and they
time as well as at 50 ps. The existence of the residual spectraldisappeared within a few picoseconds. (The frequency difference
feature around thepRaman band region is reproducible even between the Stokes side and the anti-Stokes side is due to the
though some details of the features were affected by small error in the determination of the peak position.) The intensity
arbitrariness of the subtraction coefficient. The observed Ramanpattern of the anti-Stokes, Raman resembled well that of the
spectra indicated that additional dynamics was observed in Stokes Raman, and the high frequency bands appeared with
hexane after relaxation of the State. fairly high intensity. This implies that the observed ate is

With photoexcitation at 273 nm, the molecule gains the highly vibrationally excited. After the decay of thg State,
energy greater than 36 000 cinThe energy dissipation to the  several anti-Stokes Raman bands remained. The prominent
surrounding solvent takes place in a time scale of a few tens of bands are located around1440 and~1130 cntl Those
picosecond* 26 Therefore, it is expected that a considerable Raman frequencies are almost identical to tlreNNstretch and
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time constant of-16 ps, which corresponds to the lifetime of
the vibrationally excited gspecies in hexane. The obtained time

3 constant is a typical value for the vibrational cooling time of
the photoexcited solute molecule in hydrocarfb®® This value
0ps is also in fairly good agreement with the vibrational cooling

time of azobenzene in DMS@s which was evaluated by
femtosecond time-resolved infrared spectroscpy.

1.5ps It is noteworthy that only the NN stretch and the CN stretch

bands were clearly observed for the hgsgate in time-resolved

anti-Stokes Raman spectra. It suggests that these two vibrational
3ps modes are selectively excited with the S S electronic

relaxation. It should be also noted that the CN stretch band of

the hot 3 state exhibits a significant temporal frequency shift.

It is located around-1128 cnt! at 3 ps and is shifted te1140

cm~! at 20 ps. The anti-Stokes Raman measurements provide
(b) rich and direct information about the vibrational relaxation
process of the molecule. The further study of time-resolved anti-
~16 ps Stokes Raman, such as pump wavelength dependence, may shed
06 A new light on the understanding of the reaction pathways.

3.3. Vibrational Assignment and Molecular Structure of
047 the S State. In this section, we make vibrational assignments
of the observed transient Raman bands of thet&@e and discuss
its molecular structure. Time-resolved vibrational spectra contain
much information about the molecular structure of transient
T . . \ . species even though it sometimes requires considerable effort
0 ° 1 2 % to “read” spectra properl§’—2° Especially, the vibrational
delay time(ps) frequency of a certain characteristic mode is very sensitive to
Figure 6. Result of the fitting analysis for the NN stretch region of o structural change taking place at the specific site of the
?—Etel-ifa%?rﬁ p%‘;g];g :ﬁg’scg?1'2;2%%%2{?;;21%9&3? gngo(go;ps (a)'molecule. Concerning the; State of azobenzene, in_formation
solid) are depicted with thin lines, and the thick lines are the sum. @bout the structure around the central NN bond is the most
Intensity change of the 1440 ciband (b). The solid line is the best- ~ important because it can afford a clue to understand how the
fitted curve having a decay time constant of 16 ps that represents theS; state participates in the photoisomerization process. In this
decay time of vibrationally “hot” §azobenzene. The instrumental  sense, the assignment of the NN stretching vibration is crucial.
response as well as the 1-ps rise is also taken into account. We synthesized @5N-substututed analogue and measured

the C-N stretch bands of Sazobenzen&l! respectively, Raman spectra of the State in order to make an unambiguous

although the observed band shapes were slightly broadened. Th@ss'_grlrnent about this _key vibration. )
intensity of these §anti-Stokes Raman bands decreased within ~ Figure 7 shows transient Raman spectra of the normal species
a few tens of picoseconds and returned to the value of thermaland the'>N analogue of the Sstate of azobenzene. The spectra
equilibrium (zero in the subtracted spectra). The observation in Were measured for ethylene glycol solutions where the signal
the anti-Stokes side clearly showed that the vibrationally excited due to the vibrationally excitedyState was not observed. The

S state is generated after the decay of thestate in hexane, Raman_spectra of they State are also shown in this figure for
which gives rise to the residual features after spectral subtractioncomparison. In the spectra, the strongest Raman band at 1440
in the Stokes Raman spectra. cm~1 exhibits a large!®>N shift of 29 cnt?!, which is ac-

To obtain more quantitative information about the dynamics companied by a small downshift of the neighboring band at
in the hexane solution, we carried out a fitting analysis for the 1471 cn™. This isotopic shift agrees with the literatétend
anti-Stokes Raman Signa' in the region around HD®O0 ensures that the 1440 ciband is aSSigned to the NN Stretching
cmL In this analysis, we assumed that the observed RamanVibration in the g state. In the §spectra, on the other hand,
feature consists of the;Sand the $ Raman bands having although the signal-to-noise ratio of the spectra was much worse
Gaussian band shapes and determined each amplitude with théhan that of the &spectra, it is clearly recognized that the Raman
peak frequencies and the bandwidths fixed. Figure 6a depictsband at 1428 cm! shows a 27-cm' downshift with **N
the results of the band decomposition for the de|ay time range substitution. This ﬁband is Straightforwardly attributable to
from O to 3 ps. The decomposed bands at 1425 §8d 1440 the NN stretching vibration in the;State. Thé®N shift of the
cm L (Sy) are represented with thin lines, and the thick lines St band at 1428 cmt is almost the same as that of the NN
are the sum of them. It is clearly seen that the contribution from Stretch band in thegSpectrum (27 cm*in S; and 29 cm* in
the vibrationally excited Sazobenzene disappears in a few o). It implies that the corresponding vibrational modes in the
picoseconds and, in exchange, that of the vibrationally excited S1 and the gstate are very similar to each other and that there
S, state grows up. We can evaluate the lifetime of thetate exists a fairly “pure” NN stretch mode in thg State as well as
to be about-1 ps in hexane since the contribution from the S  in the S state.
state is completely missing in the Stokes and anti-Stokes Raman Vibrational assignments for the othef Raman bands are
spectrum at 3 ps. The lifetime of the vibrationally “hoty S  safely made by referring to the vibrational assignments for the
species was evaluated from the time dependence of the 1440, state!! because simple one-to-one correspondence can be
cm~1 band intensity. The intensity change of the 1440-tm  made between the;®ands and theJands. The 1130 cr
component is plotted in Figure 6b up to 30 ps. The obtained band in the $spectrum corresponds to the 1142¢érband in
decay was well fitted by an exponential function having a decay the $ spectrum, and it is ascribed to the-® stretch. The §
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Figure 7. Raman spectra dfans-azobenzene in the;State and in
the § state (in ethylene glycol): from the top to the bottom, normal
species in the Sstate,*>N analogue in the Sstate, normal species in
the S state, and®N analogue in the Sstate. The Sspectra were taken
at 0 ps.

TABLE 1: Observed Vibrational Frequencies and Their
Assignments (in cnr1)?

St S
N S\ N 15N assgnts
1550 1550 1593 1593 CC str of phenyl ring (8a/b)
1428 1401 1440 1411 NN str (19a/b)
1130 1130 1142 1142 CN str (13/9a)
980 990 1000 1002  trigonal (12) breathing (1)
845 845 848 out-of-plane CH bend (10a)
635 645 655 ring deformation (6a)

aThe values are observed in ethylene glycol solutiddescriptions
in parentheses are the Wilson notations.

Raman bands observed at 980, 845, and 635'@urrespond

to the $ bands at 1000, 848, and 655 thnThey are assignable
to the three phenyl ring modes, “trigonalbreathing”?”-3°out-
of-plane CH bending, and ring deformation, respectively. The
weak and broad feature recognized around 1550 'cim
presumably ascribable to the CC stretching vibration of the
phenyl ring which gives rise to the 1593 ciband in the §
spectrum. The vibrational frequencies observed jrR8man
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Figure 8. Schematic diagram of the relaxation processtrahs
azobenzene in hexane after<S S photoexcitation. See text.

electron is excited from nonbonding n orbital to an antibonding
o* orbital, which is expected to induce weakening of the
relevant chemical bonds. The fact that only very small change
is induced around the NN bond upon’nexcitation suggests
thatsz* orbital is not localized on the central NN bond, but it
extends to the phenyl group. The vibrational frequencies of all
observed phenyl ring modes shift downward by a few tens of
wavenumbers in the;Spectrum. It also suggests the delocal-
ization of the antibonding* orbital over the whole molecule.

The potential surface of the;State should be different
significantly from that of the §state, and it causes the very
fast trans— cis structural change in the; State. One might
expect a significant shift in equilibrium geometry along some
coordinate in the Sstate for the isomerization to happen. The
present Raman data give clear evidence that this coordinate is
not torsional, even if such a shift exists. The double bond nature
of the NN bonding as well as high similarity in the spectral
feature between;Raman and @Raman strongly suggests that
the observed Sazobenzene has a planar structure around the
central NN bond.

3.4. Relaxation Process of Photoexcitetians-Azobenzene.
Figure 8 shows a sketch for the relaxation process of photoex-
cited azobenzene that was observed in the present study. The
273-nm light initially excites the molecule to the &r*) state.

This S state is relaxed very rapidly~200 fs) to generate the
vibrationally excited $ (n7*) state that exhibits a transient
absorption around 400 nm. The present time-resolved Raman
study revealed that the NN stretching frequency in thet8te

is 1428 cnt1l, which is very close to that in theyState (1440
cmY). This fact indicates that the NN bond in thes$ate retains

a double bond character, and hence, it suggests that ttats

has a planar structure around the NN bond. (Thus, we locate
the potential minimum of the ;Sstate roughly at the trans
configuration in the figure.) Concerning the following S S

spectra and their vibrational assingments are listed in Table lrelaxation, it was confirmed that the lifetime of the Sate

along with corresponding frequencies in thgstate.

The NN stretch frequency in the State (1428 cm?) that
has been determined BN substitution is slightly lower than
the corresponding frequency in the Sate (1440 cmb), but
the frequency difference is very small (12 ¢t This small

significantly depends on the solvent. In hexane, the het&e

is electronically relaxed to thepState with a time constant as
short as 1 ps to produce the vibrationally excitedstate. The
appearance and the population change of the “hgst&e were
monitored in time-resolved Raman spectra in the anti-Stokes

change of the central NN stretching frequency indicates that side. The $state is cooled with a time constantefl6 ps by

the structural change induced by*nexcitation is very small
around the NN bond. The high NN stretching frequency in the
S, state manifests that the NN bond in &obenzene retains a
double bond character. In the &ate having n* character, an

dissipating its excess vibrational energy to the surrounding
solvent. In ethylene glycol, on the other hand, the lifetime of
the S state becomes as long as 12.5 ps. Owing to the lang S
lifetime, it is likely that significant amount of the energy is
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dissipated to the surrounding solvent already in thest&te.
Subsequently, the;S~ S electronic relaxation takes place to
give the vibrational excited ¢Sstate, which is cooled to reach
thermal equilibrium. In the present Raman experiments for
ethylene glycol solutions, the signal due to the vibrational
excited $ state was hardly observed, indicating that only little
population of the hot $state appears during the relaxation
process. This fact is readily rationalized in terms of the rate
equation, which shows that the population of the hpstte is
determined by the balance between the-SS, relaxation rate
(production of the hot &state) and the vibrational cooling rate
of the § state (loss of the hotsState). The §— S relaxation
rate observed in ethylene glycol is comparable to the vibrational
cooling rate in hexane. In addition, if we take it account that a
typical vibrational cooling rate in ethylene glycol is about double
of that in hexan&® we can consider that the vibrational
relaxation rate is significantly larger than the-S S, relaxation
rate in ethylene glycol. This condition keeps the population of
the hot g state small and difficult to be observed because the
rate of the loss is larger than the rate of the production.

Now we compare the conclusion obtained from the present

picosecond time-resolved Raman study with the results of time-

resolved U\~visible absorption spectroscopy reported by
Lednev et al>17 In the case of photoexcitation to the Sate,
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is prepared by the direct S— S photoexcitatiorf,which means
that the inversion isomerization starts in thes&te just above
the potential minimum of the (Sstate because the optical
transition takes place vertically. Therefore, it seems that the
planar S state observed after,S— Sy photoexcitation is also
the state from which the inversion mechanism starts, as indicated
in Figure 8. One may deny this idea by mentioning that the
lifetime of the S state produced by the;S> S relaxation is
different from that of the Sstate prepared by direct; S-S
photoexcitation. In hexane, the former value~i& ps, but the
latter one has been determined as 2.6 ps by time-resolved UV
visible absorptiort® The lifetime is certainly one of the most
important and characteristic property of the excited state, and
in solution, it is usually insensitive to the photoexcitation
wavelength. Thus it sounds fairly safe to refer to the lifetime
for identifying the transient species that are produced by
different pathways. However, we think, it is safe only when
the lifetime of the transient is much longer than the time constant
of vibrational cooling process because, in this case, what one
measures is the lifetime of thermally equilibrated transient that
has already dissipated its initial excess energy to the surrounding
solvent. The situation is different for the transient species that
decays much faster than vibrational cooling, since in this case
we measure the lifetime of the transient species that still

they found two components in the temporal change of absorption preserves its initial excess vibrational energy. Actually, in the

around 400 nm: the short-lived major component having a
lifetime of ~1 ps and the long-lived minor component with a
lifetime of ~15 ps. They interpreted this observation on the
basis of the potential energy diagram calculated by Monti et
al’?2 and assigned these two components to the “bottleneck”
states in the Sand the $ potential. Especially, they suggested
that “bottleneck” state in the;$otential has the F0twisting

gas phase where the vibrational cooling process takes place very
slowly, the lifetime of the electronically excited state sometimes
exhibits significant dependence on the vibrational enétgy.
Obviously, the lifetime of the Sazobenzene is much shorter
than the vibrational cooling time in hexane. The lifetime of the
S; state that we observed with the &citation is the lifetime

of the highly vibrational excited state of the Sate. It may be

configuration of a phenyl ring around the NN bond. The time  yiterent from the lifetime of the Sstate created by directS
constants of the dynamics observed in the present Raman study_ g, hhotoexcitation reflecting the difference in the vibrational

are in very good agreement with those of the two components

found in the time-resolved absorption study. However, the

assignments are different. Time-resolved Raman data clearly

showed that the 1-ps dynamics is the decay of thst&e and
the ~16-ps dynamics~15 ps in the absorption study) is the
vibrational cooling process in the State. Since our Raman

probing wavelength is 410 nm and the observed time constants

are very similar, it is highly likely that the dynamics observed

excess energy. To verify this argument, it is highly desirable to
measure time-resolved Raman of thesfate that is created by
direct S — S photoexcitation. Unfortunately it is not easy task
because the molar absorption coefficient of the <S S
absorption is small.

Finally, we make a comment on the rotational mechanism
of photoisomerization of azobenzene. The rotational mechanism

in the Raman experiments are identical to those observed inis the established mechanism for photoisomerization of olefins.

the UV—visible absorption. Therefore, the present Raman study

For azobenzene, however, it seems that the existence of this

requests the revision of the former interpretation about the time- iISomerization pathway has not been fully proved whereas the

resolved absorption data.

The S state observed in time-resolved measurements after

S, <—Sp photoexcitation is not the “twisted” bottleneck state that

is expected to appear in the isomerization process of the rotation

mechanism. It is not surprising because the lifetimes of the

inversion pathway was experimentally verified using chemical
modification4~6 In fact, the present time-resolved Raman study
did not give any support for the rotational mechanism but
suggested that the inversion mechanism may take part also in
the isomerization following the S(7zz*) photoexcitation. To

the authors’ best knowledge, there has been no direct experi-

twisted intermediates of photoisomerization reactions are usually
very short and it is very difficult to measure such transients by A k " A
spectroscopic methods, even though there are a few exceptional?ation of azobenzene. Also from the viewpoint of theoretical
molecules whose twisted states have fairly long lifetifie® calculation, only Il|ttle .|nformat|on. is now available for azoben-
On reflection, it seems that there is no direct evidence indicating Z€N€- The potential diagram, which we can refer to, was drawn
that the observed;Sstate participates in rotational mechanism ©n the basis of the ab initio MO calculations carried out only
of photoisomerization. The Raman spectra of the sGite for several geometrles using t_he minimum bas@%‘éherefo_re,
strongly suggest that it has a planar structure around the NN @S for _the rota_tlonal mechanism of a_zobenzene,_ we thlr_lk that
bond and that its structure is not drastically changed from that the existence itself should be reconsidered and is a subject for
of the S state. It is likely that the relevant potential minimum  further theoretical and experimental investigation.

in the § state is rather closely located above the potential
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