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Abstract: Measurements of anisotropy of femtosecond fluorescence after direct excitation of the S;(n,z*)
state of azobenzene in hexane and ethylene glycol solutions have been carried out to address the
controversy about inversion and rotation in the mechanism of photoisomerization. The observed anisotropies
in hexane decay to a nonzero asymptotic level with a relaxation period the same as that for slow decay of
the corresponding biexponential transient; this effect is attributed to involvement of the out-of-plane CNNC-
torsional motion on approach to a twisted conical intersection along the “rotation channel” that depolarizes
the original in-plane transition moment. In contrast, when the rotational channel becomes substantially
hindered in ethylene glycol, the anisotropies show no discernible decay feature, but the corresponding
transients show prominent decays attributed to involvement of in-plane symmetric motions; the latter
approach a planar-sloped conical intersection along a “concerted inversion channel” for efficient internal
conversion through vibronic coupling. The proposed mechanism is consistent with theoretical calculations
and rationalizes both results on quantum yields and ultrafast observations.

1. Introduction

UV —visible spectra of AB in solutions in the steady state
exhibit two absorption features assigned to-SS; and $ —

The photoisomerization of azobenzene and its derivatives hasg yansitions? In the visible region, the S— S transition with

attracted interest because of its potential applications in optical

switching and memory storade? biochemical activity?®
molecular machine$,and nanodevices.Photoexcitation of

trans-azobenzene (AB) into electronically excited states leads
to isomerization, and both trans and cis isomers are produce

in the ground stat® The mechanism of photoisomerization of
AB has been controversial for almost two decatéstherefore
prompting many experimentdi2* and theoreticaf152429
investigations.
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maximum intensity near 450 nm is interpreted as involving
perpendicular excitation of an electron from the nonbonding
orbital of an N atom to an antibonding orbital. For a molecule
with symmetry according to point grouPz,, this electronic

Airansition—AB, — X'Aq — is forbidden? In the UV region,

the § — S, transition with maximum intensity near 320 nm is
associated with a symmetry-allowed—z* transition. The
features of the latter transition of AB resemble those of
stilbene3® possessing a central CC double bond fortsz*
transition.
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Scheme 1. The Conventional Inversion versus Rotation 680 nm) show clearly two components that were attributed to
Mechanisms the S and S fluorescence. These workers analyzed the lifetimes
X + to be~100 fs and~500 fs for the rapid and slow components,
N=N@ respectively; the quantum yield for, S> S; fluorescence was
@ determined to be 1.07, indicating that the isomerization takes

place after relaxation to the State. Since the isomerization in
Inversion the § state was considered to take place with inversion as

Q S (") proposed by Rau and “ddeckel® they concluded that the
NN ’ ©N=N\® isomerization ofrans-azobenzene occurs with inversion regard-

less of difference in the initial excitation. As this mechanism
@ w . . seems to _disagreg with the hypothesi_s pf Rau_ a'r(!iﬂbnkéo
srans Azobenzens - cis-Azobenzene to rationalize the d|sc_repancy of__traﬁsms isomerization yields
Rotation between $and S excitations, Fujino et &21proposed another
e N ¥ relaxation channel to be open only foansS; — transS in
a vibrationally hot $ state.

Other time-resolved spectral investigations provide insights
into this controversial mechanism of photoisomerization of AB
and its derivatives. On excitation at 330 nm, Schultz €8 al.

Measurement** in the steady state show that quantum found two distinct transient components using femtosecond
yields (@) for trans— cis photoisomerization through thg S time-resolved photoelectron spectroscopy with a molecular
S1 and $ — ; transitions differ: in hexanep = 0.20-0.27 beam. Two electronic states; 8nd S, were consequently
and 0.09-0.12, respectively; distinct isomerization mechanisms proposed to be involved in the observed bifurcated relaxation
might therefore operate after excitations into separate eIectroni-dynamiCS: the Spopulation decays in 170 fs via the inversion
cally excited state3Results of Rau and'lddecke}’ Rau?* and channel to produce both cis and trans isomers, whereasthe S
Bortolus and Monfi* show almost the samg values for AB population decays in 420 fs via an uncharacterized channel to
and its derivatives in which rotation about the NN double bond produce only the trans isomer on the ground-state PES. In this
is restricted. Two mechanisms of photoisomerization have beenway’ the proposed mechanism becomes consistent with both

proposed*? excitation to the §n*) state might implement  yegyits on quantum yieldand observations of Tahara and co-
isomerization via inversion about one nitrogen atom in the same \ygrkers13.20.21

molecular plane, whereas excitation to th€iSt*) state might
produce isomerization via rotation about the NN double bond . ered coherent modulations corresponding to NN- and CN-

(Scheme 1). Calculations of molecular electronic structure by gyetching modes of methyl yellow in dimethyl sulfoxide using
Monti et al* support this interpretation that has Eegen widely 5 gub-10-fs chirp-controlled purprobe technique. The authors
i 19 i i i ,19,36,37 | . . . .
adopted in research on AB*9and its derivative$*%*{using claimed a multidimensional property of the excited-state surface
time-resolved femtosecond (fs) transient absorption SPeCtros-gy,cp, that a one-dimensional model via rotation or inversion is
copy._ . inadequate to describe the isomerization of AB derivatives.
This dual mechanism was challenged by Tahara and €o-gayada and co-worké®© studied $ photoisomerization

13,20,21 i i i _ . . . .
workers, whose insightful work was based on time- 4y namics of methyl orange encapsulated in various cyclodextrin
resolved measurements with abundant dynamical and spectraljronments using an ultrafast transient lens technique; their

: i i 20 . N ;
information. Fujino and Tahat&?’reported that the wavenum-  aq s show that the rate of isomerization decreases, with a value
ber of the NN-stretching mode observed in picosecond (ps) of ¢ decreased from 0.1 to 0.07, when the molecule was
transient Raman spectra of AB, upon excitation to thetste oy pietely confined in the nanospace. This observation is
at the excitation wavelengttid) 273 nm, is near that of the . aistent with work of Bortolus and Mor#. who found
ground state: 1428 cmvs 1440 cm™. The observed transient ¢ ,an1ym yields of photoisomerization of AB in a cyclodextrin
Raman spectra were assigned to thejsecies; the lifetime of cavity to be smallg ~ 0.1, and equal for both;Sand S

this transient state was reported to depend strongly on solvent:g,citations. With a synthetic strategy to impede rotation with a
~1 ps in hexane but-12.5 ps in ethylene glycol (EG). This ¢y ciophane structut@ or a crown ethe®? the quantum yields
important finding enables a conclusion that the excited-state \yore however. found to be larger= 0.2—0.3, but still equal
species having a double-bond character, i.e., fhedie witha ¢, bé)th electr(),nic excitations. 7 ’

planar structure, 1s gen_erat_ed fqllowmg 6(0|_tat|on_. I ques- Quantum-chemical characterization of potential-energy sur-
tioned the dual mechanism in which the rotational isomerization faces (PES) of excited states along inversion and rotation

) . 321
fhr oc;le eds directly dfrom t_hez?;,tztBea: ﬂ'ggoet a1.. th n:easu_reii coordinates became practicable recently; previous work of Monti
€ fluorescence dynamics o N nm, e ransients o 4135 with minimal basis-set CI calculations rendered only a

observed in a wide fluorescence wavelength regiar<( 340~ qualitative picture to describe the photochemistry of AB. Using

(31) Zimmerman, G.; Chow, L.-Y.: Paik, U.-J. Chem. Physl958 80, 3528- advanced methods such as CASSCF and CIPSI with a larger
3531 basis set, Cattaneo and Per3tabtained excited-state potential-

Working with AB derivatives, Saito and Kobaya%his-
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(37) Mayer, S. G.; Thomsen, C. L.; Philpott, M. P.; Reid, PChem. Phys. (40) Yui, H.; Takei, M.; Hirose, Y.; Sawada, Rev. Sci. Instrum.2003 74,
Lett. 1999 314, 246-254. 907-909.

10110 J. AM. CHEM. SOC. = VOL. 126, NO. 32, 2004



Photoisomerization Dynamics of Azobenzene

ARTICLES

energy curves of AB that differ significantly in many aspects
from those of Monti et at® Ishikawa et ak® performed two-
dimensional surface-scan calculations far&(n,7*), Sx(w,7*),

and $(n%7*?) states of AB using high-level CASSCF and
MRCISD methods; Diat? performed CASSCF surface-scan
calculations along the minimum energy pathway of several key
reaction coordinates (RC) on the Surface; Fliegl et a?
predicted vibrational and electronic spectra of AB using the
coupled-cluster model; Cembran et?alcharacterized lowest
singlet and triplet excited-state PES along the rotational RC

4

250
200
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50

2 4 6

(=]

based on the CASPT2 approach. The gist of results from ' l ' T ' 1
sophisticated methods indicates that th®ES of AB involves 400 | (B) |52,=600nm EM

a substantial energy barrier along the inversion coordinate, but L o2

has essentially no barrier along the rotational RC. Furthermore, * 300 2 &
the results of Ishikawa et & Cembran et aP? and Diad® n Z 00}« X
show that a conical intersection (Cl) between thea&d the $ .

states is located near the midpoint of the rotational pathway, 100
indicating that photoisomerization of AB on the Sirface might
favor the rotation mechanism. Persico and co-wofKesisnu-

lated the dynamics of AB flying on both;&nd $ surfaces

200 |

Fluorescence Intensity /counts s

. : . ) i . [ (C) | 2,~680nm %
using a semiclassical surface-hoping approach; their results 200 - " =
indicate that the rotation channel is the preferred mechanism = 150 [ g 02
for photoisomerization of AB regardless of initial excitation. ! I E 00
In view of the coherence of these theoretical calculations, key 100 " '

experimental evidence is required to resolve the inversion
rotation controversy about the mechanism.

As time-resolved fluorescence spectroscopy bestows an 0 1
advantage of a well-defined detection window between the target
excited state and the ground state, it might provide important
dynamical information to enhance understanding of the photo- Delay Time /ps
chemistry of azobenzene from a fundamental point of view. Figure 1. Polarized femtosecond fluorescence up-conversion transients of
Fluorescence experiments of Fujino ef®! provide crucial trans-azobenzene in hexane with excitationigt= 440 nm and detection
dynamical information on excitation to the, State, but the 41 = (A) 520 nm, (B) 600 nm, and (C) 680 nm with both parallel and

A . o . perpendicular polarizations as indicated. Insets show the corresponding time-
mechanistic information on ;Sexcitation was inferred. We  gependent fluorescence anisotropy data manipulated (shown as open circles)
reported? the fluorescence dynamics tfans-azobenzene in according to eq 1 and simulated (shown as solid curves) according to eq 4.
hexane on excitation directly into the State fex = 432 nm).

The temporal profiles of fluorescence feature two components
that we assigned to decay of a rapid component reflecting
structural relaxation from the FranekCondon (FC) region and

to decay of a slow component arising from essential nuclear
motions along the rotational coordinate in seeking the rotational
conical intersection ($S; Cl_rot) on the multidimensional PES.

In the present work, we verify the rotation mechanism by means
of fs time-resolved measurements of fluorescence anisotropy We performed time-resolved fluorescence anisotropy mea-
at three excitation wavelength&y = 400, 440, and 480 nm, surements using an integrated fluorescence up-conversion
in a broad ranged¢q = 520-680 nm) of fluorescence wave- system in combination with a 76 MHz broadband (a®00
length; we found that the;&inisotropy dynamics of AB depend  nm) mode-locked Ti:sapphire laser of which the pulse duration
strongly on the viscosity of the solvent. The observed S was~100 fs. A calibrated Berek’s variable wave plate was used
fluorescence depolarization of AB in a nonviscous solvent, e.g., to vary the polarization of the excitation pulse with respect to
hexane, is highly anisotropic with a decay parameter the samethe probe pulse. The experimental setup is detailed elsewhere,
as that of the slow component of the fluorescence transients.and a summary is given in the Supporting Information. The
This observation indicates an orientational change of the experimental results and the subsequent kinetic analysis are
transition dipole moment induced via structural relaxation along presented in the following sections.

the rotational pathway in seeking/S; CI_rot on the $ PES. 2.1. Evidence for Electronic Relaxation via the Rotation

In contrast, the fluorescence anisotropy for AB in a viscous Channel. Figure 1 in three parts shows the fluorescence
solvent, ethylene glycol, decays only slightly when rotational dynamics oftrans-azobenzene in hexane with excitation wave-
motion is substantially constrained. The observed depopulationlength fixed atlex = 440 nm and emission observed/at=

of S; fluorescence in EG therefore reflects in-plane symmetric 520, 600, and 680 nm. Time-dependent fluorescence anisotropy
motions along the concerted inversion reaction pathway in data shown in insets of these figures were obtained from
seeking another conical intersectio/& Cl_inv). This mech- manipulation of the corresponding fluorescence transients with

50

anism not only rationalizes results both on quantum i34
and from ultrafast measuremefts®24 put also is fully
consistent with refined calculatiol¥5250f electronic structure
and semiempirical simulations of dynamiés.

2. Results and Data Analysis

J. AM. CHEM. SOC. = VOL. 126, NO. 32, 2004 10111
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varied configurations of polarization between the pump and gate
pulses according to the following formuta??

o = 10 150 0
1,(©) + 210

in which r(t) is the anisotropy at timé and I;(t) and I(t)

represent the time-dependent fluorescence intensities for the

pump and gate pulses with parallel and perpendicular polariza-

tions, respectivelyl(t) andI(t) are formulated as follow&

0 ="+ 2r(0) @
150 =" ) ©

with the total intensityl(t) = I,(t) + 21 (t).

The observed data for time-dependent anisotropy exhibit three
important features: the values f) at zero of delay timer()
are near 0.4, indicating the orientation of the dipole moments
between excitation and emission to be nearly paralle=0;
r(t) gradually decays, and a single-exponential decay function
is applicable to describe this dynamical featwi() decays to
a nonzero asymptotic levelr{) when both parallel and
perpendicular fluorescence signals have reached nearly their
background levels. Thereforg) is well-described according
to the following equatiorf+2

rt) = (ro — r.) exp(-t/z,y) +r, 4)

in which 7,4t is the time constant for rotational relaxation due
to depolarization of the system. Before full analysis of the
observed anisotropy dynamics, together with the corresponding

time-resolved fluorescence data in a systematic way (see below),

the time-dependent anisotropy data were initially fitted using
only eq 4. From this preliminary analysis, bath; andr. were
evaluated, depending on emission wavelength, to be in the
ranges +3 ps and 0.2 to 0.3, respectively.

As detailed elsewhere for a general cé&the causes of the
fluorescence depolarization might be nonparallel transition

Fluorescence Anisotropy

%,= 680 nm

Delay Time /ps

Figure 2. Comparison of time-dependent fluorescence anisotroprans-
azobenzene in hexan®) with anisotropy in ethylene glycod) probing
at 14 = 680 nm with excitation atex = (A) 440 nm and (B) 480 nm.

responsible for the observed depolarization dynamics of AB in
hexane. This experimental evidence is fully consistent with
recent theoretical calculatiod$152526.29

If the CNNC-torsional motion is involved for the observed

moments for absorption and emission, energy transfer to anomerdepolarization, this large-amplitude motion should be signifi-

molecule with disparate orientation, Brownian motion, or
torsional vibrations. The first two factors can be excluded
because of the theoretical valueQ.4) forr, observed and the
simplicity of the system. Brownian rotation of the emission
transition moment is also unlikely in the case for our observa-
tions in AB for two reasons: the observed single-exponential
decay of the anisotropy has a decay time constant on a
picosecond time scale- ps), which is certainly too small for

a rotational diffusion motion of a molecule such as AB to occur
in a liquid state*® the observed anisotropy decays to an
asymptotic level much above zero.(= 0.2—-0.3), and this
anisotropic feature seems inconsistent with motion of a free
rotational type in solution for whichr., = 0. Therefore, a
torsional vibration, presumably the CNNC-torsional motion, is

(41) Lakowicz, J. RPrinciples of Fluorescence Spectroscoppgd ed.; Kluwer
Academic/Plenum: New York, 1999; Chapters—12 and other related
references therein.

(42) Valeur, B.Molecular FluorescenceWiley-VCH: Weinheim, Germany,
2002; Chapters 5 and 6 and other related references therein.

(43) Toele, P.; Zhang, H.; Glasbeek, M. Phys. Chem. 2002 106, 3651
3658
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cantly hindered in a viscous solvent, ethylene glycol. In fact,
we observed the decay of fluorescence anisotropy being much
slower in EG than in hexane; the results appear in Figure 2A
and B for lex = 440 and 480 nm, respectively. To account
quantitatively for these observations described above, we present
a kinetic model.

2.2. A Kinetic Model for the Observed § Dynamics. The
observed anisotropy dfrans-azobenzene in EG exhibits no
discernible decay feature, whereas the corresponding fluores-
cence decays in a way that differs greatly from the decay of
anisotropy (Figure 3). This distinction indicates another relax-
ation process that is insensitive to the depolarization of the
system. The Sfluorescence depopulation might hence involve
two relaxation channels: one corresponding to the out-of-plane
CNNC-torsional motion that yields the observed d&polar-
ization dynamics and another related to a symmetric vibration
(discussed later) without affecting the @&polarization dynam-
ics. As a result, the observed fluorescence intensity at parallel
[1i(H)°°s9 and perpendicularlf(t)°*sq polarizations must be
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Figure 3. Normalized total time-dependent fluorescence interlgifff) of trans-azobenzene withex = 440 nm andly = 680 nm in (A) hexane and (B)
ethylene glycol, antly(t) with 1ex = 480 nm andiy = 680 nm in (C) hexane and (D) ethylene glydel(t) and the corresponding time-dependent fluorescence
anisotropy data (shown in insets) were simultaneously analyzed according te-&8s Ehe solid black curves are theoretical fits with residues shown as
green traces; the red and blue curves under each transient are the deconvoluted components correspg(tiliagdbyn(t), respectively.

modified according to eqs 2 and 3, respectively, to include The observed time-dependent anisotropft)°®sd becomes
contributions originating in both relaxation channels:

|||(t)0b3d:

I D(t)ObSd —

I I'Ot(t)
3

@[1 T 2r6(O] +

1- rrot(t)] +

[yt
o v )
loym(t

y3( )[1 - rsyrr] (6)

in which Io(t) andlsyn(t) are the time-dependent fluorescence
intensities resulting from rotational and symmetric vibrational
channels, respectively;q(t) is the time-dependent anisotropy
that decays as a function of time via the rotational relaxation
channel, whereasym is the time-independent anisotropy that
does not decay via the symmetric vibrational relaxation channel.
Similarly, r«(t) is formulated according to eq 4:

Mol = (rg — 1.,) exptiz,y) + 1.,

@)

The time-dependent total fluorescence intengity(f)] is a sum
of the time-dependent intensities of the individual channels:

Itot(t) = Irot(t) + Isym(t) = Ill(t)0b5d+ 2l D(t)ObSd

®)

modified based on eqs-8, accordingly:

Ill(t)ObSd_ |D(t)0b8d_ Irot(t)

| Sym(t)
o® @™ sm ()

r(t obsd _
© lot® ™

(t) +

The physical meaning of eq 9 is obvious: the anisotropy
component resulting from the rotational relaxation channel
decays exponentially as expressed in eq 7, whereas the other
component resulting from the symmetric vibrational relaxation
channel does not decay in time. The observed time-dependent
anisotropy is a sum of these two components weighted by their
corresponding intensities. Accordingly, we expect to detect an
apparent anisotropy decay if the contribution from the rotational
channel is dominant as in the case of hexane, whereas no
apparent anisotropy decay is expected if the contribution from
the symmetric vibrational channel prevails, as in the case of
EG.

Figure 3, parts A and B, shows time-dependent total
fluorescence intensity data (circles) according to eq 8 vith
= 440 nm andly = 680 nm in hexane and EG, respectively;
the corresponding time-dependent anisotropy data (circles)

J. AM. CHEM. SOC. = VOL. 126, NO. 32, 2004 10113
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Table 1. Summary of the Fitted Time Constants and the Corresponding Anisotropy Parameters at Various Excitation and Fluorescence
Wavelengths?

solvents Aednm Aglnm FWHMY/fs Ti/fs Tlps TrolPS fo I'o Teym®
hexane 400 600 230 230 (0.74) 1.5(0.26) 0.39 0.24 0.39
440 520 220 150 (0.76) 0.6 (0.24) 0.41 0.32 0.41
600 200 290 (0.69) 1.4 (0.31) 0.41 0.26 0.41
680 190 330 (0.59) 1.7 (0.41) 0.40 0.21 0.40
480 600 210 120 (0.70) 1.3 (0.030) 0.40 0.25 0.40
680 180 240 (0.51) 2.0 (0.49) 0.40 0.22 0.40
ethylene glycol 440 680 210 650 (0.75) 3.6 (0.22) 20(026) 0.49 0.20 0.35
480 680 180 350 (0.62) 3.1(0.35) 24(.034) 0.49 0.2A 0.38

a Relative weights are given in brackets; the systematic ascending variatipamdz,,: as a function ofly is due to the detection window that is broader
at greater wavelengths but narrower at smaller waveler#gtfis/alues are the full width at half maximum of the instrument response function obtained
from the fit; the systematic variation of the values as a functiotyd$ due to the effect of group velocity dispersion (GVD) detailed elsew¥efeAssume
r'sym = ro iN hexane but setym as a free parameters in ethylene glycol (see téxplues were fixed according to the case in hexane at the ¢apeand
)Lﬂ.

according to eq 9 are shown in insets. Figure 3, parts C and D,results are shown as solid curves. Data in eight sets (see
shows corresponding results obtained with = 480 nm and Supporting Information) were satisfactorily fitted with this
An = 680 nm in hexane and EG, respectively. To desdrild® kinetic model; the results are summarized in Table 1.
properly, the transient signals were fitted with a convolution of

. . . 3. Discussion
the instrument response function with the molecular response

function#2:44 Our observations in real time can be summarized according
to the following three major points. First, there are two genuine
liot(t) = lio®) T 1synft) = dynamical processes involved in the observedi®rescence

t _ _ decays in hexane, but only a single exponential decay was
S)f ot — 9) + f,(t — 9] ds (10

f o IO)rait = 9) oyt — ST S (10) observed in the corresponding anisotropy decays, with kinetics

in which g(s) is a Gaussian functiofi(t) andfen(t) are the identical to the s_Iow decay component of th(_e tranS|en_ts. Sepond,

when the rotational motion was substantially restricted in a

molecular response functions figs(t) andlsyn(t), respectively. . ent. f le. ethvl veol. the i
Because the time-dependent anisotropy in hexane shows onIyVISCOUS solvent, for example, ethylene glycol, the fiuorescence

a single-exponential feature with kinetics similar to the corre- anisotropy seems not to decay in time, and théudrescence

sponding transient, the molecular response funcfig(t), due dynamics must be. descnbed_ by _at least three_ dynammal
to relaxation through the rotational channel becomes well- PrOCESSes; the dominant relaxation via the symmetric vibrational

represented with a single-exponential function and a decay time(:hantmalt IS brl]phasm én nat(;Jre. tTh|rdt,_ thlf flttetg dftlacay time
constant equal o constants in hexane depend systematically on the fluorescence

wavelength?? but their dependence on excitation energy has

an atypical trend. These dynamical behaviors can be understood
falt) =2 exr(—a‘) 11 to some extent with the aid of theoretical calculations, discussed
in what follows.
The molecular response functiofy(t), due to relaxation 3.1. A Relaxation Mechanism for the Observed §Dy-

through the symmetric vibrational channel is also represented namics.Rotational relaxation in hexane has been unambiguously
with a single-exponential function and a decay time constant observed (Figure 3A and C) with a relaxation time constant
(7o) (tror) evaluated in a range 0-&.0 ps (Table 1) depending on
the fluorescence wavelengthThe observed rates of decay,
foym(®) = 2 ex;(—l) (12) ‘rn?fl,' in EG are about one tenth of those in hexane (Table 1);
7 this disparity is understood to reflect that nuclear motion through
) ] the rotation channel is substantially hindered and slowed in the
Figures 2 and 3 clearly show that the motion through the iscous solvent. The transients in EG (Figure 3B and D) show
rotational channel in EG slows significantly, so that relaxation g, offset-like component for a slow decayy ~ 20 ps, with
contributed from the symmetric vibrational channel becomes only a slight contribution,~0.03, corresponding to the slow
important. As the single-exponential molecular response func- rgtational motion, whereas the transients in hexane decay rapidly
tion, eq 12, is inadequate to fil(t) in EG, we obtained the 4 the hackground level in 10 ps (Figure 3A and C). Our results
theoretical curves shown in Figure 3B and D using a biexpo- thus indicate that the relaxation S+ S through the rotation
nential function with decay time constanisandz, representing  channel is dominant in hexane but scarcely observed in EG.

rapid and slow decays, respectively: Excited-state calculatio#sindicate two possible isomeriza-
t tion channels to lead to the photochemical funnels responsible
foym® = & eXF(—T—) +a, ex;{——) (13) for the observed Sdynamics. One follows the rotatierthe

out-of-plane CNNC-torsional motierpathway on an almost
According to this analysis, data for both time-dependent flat S; surface, at which a conical intersection/& CI_rot) is

fluorescencelu(t), and anisotropyt(t)°>s¢ shown in Figure 3, accessible at a molecular structure with the CNNC-torsional

were simultaneously fitted according to eqs B; the fitted angle near a perpendicularly twisted conformation. The other
follows the concerted inversiefthe in-plane symmetric CNN-

(44) Pedersen S.; Zewail, A. Hidol. Phys.1996 89, 1455-1502. bending motioa-pathway descending to approach a planar
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CNN bending motion
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SI(CZh)
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Concerted
Inversion Rotation
- —

trans-Azobenzene cis-Azobenzene

Figure 4. A dynamical representation based on theoretical calculdfions
to illustrate two relevant reaction channels responsible for the observed
dynamics of photoisomerization @fans-azobenzene on the; Potential-
energy surface in various solvents.

region of local minimum at the 18C,,) geometry; following
this reaction path might lead to a sloped conical intersection
(So/Sy Cl_inv) at the molecular structure near a linear CNNC
conformation. On the basis of these theoretical findings, a
dynamical picture is displayed in Figure 4 to illustrate the
observed dynamics of photoisomerization of AB on th&ES.
Our observations support the above dynamical picture:
observed rate of Sdepolarizationg, 1, in hexane is due to
electronic relaxation through the rotation channel vigSS
Cl_rot, whereas the observed rate gfflBorescence depopula-
tion, 7,71, in EG is consistent with relaxation mainly due to the
concerted inversion channel vig/S; Cl_inv.

3.2. An Intensity-Borrowing Mechanism upon Initial S;
Excitation. In the following, we present a possible dynamical
model based on the intensity-borrowing mechanism of a
symmetry-forbidden transition to rationalize the observed de-
polarization dynamics ofrans-azobenzene in hexane. As the
molecule in its ground electronic state belongs to point group
Con, the S(Ag) — Si(Bg) transition is strictly forbidden by
symmetry. For this forbidden at transition to occur, the
intensity might be “borrowed” from an upper symmetry-allowed
transition through an appropriate vibronic coupling procéss.
Refined calculatiori$-232527 of molecular electronic structure
indicate that the next transition, of type-z* that is allowed
by symmetry, occurs to an electronic state wthsymmetry.

If this By state is borrowed from accordingly, the dipole moment
for the electronic transition would ha\g, symmetry because

the

the representation character of the electronic transition dipole

moment matrix elemeniAg|u|B,is totally symmetric. As a

result, the transition dipole moment of the molecule at time zero
(&o) is polarized inside they-plane for a nonzero absorption
intensity being observed. For the casdrahs-azomethane, an
azo compound also having@,, symmetry, work on photodis-
sociation in the gaseous ph&&¥ indicated thafio is oriented
parallel to the NN double bond of the azo group; the case of
trans-azobenzene might be also similar. On the basis of a first-
order approximation, the intensity borrowed from the next
symmetry-allowed state witB, symmetry would require the
symmetry of the corresponding vibrational moti@)) (o satisfy

the totally symmetric criterion for the matrix eleméBy|Q|B,L
Therefore Q would correspond to a vibrational motion witf
symmetry for absorption intensity borrowed from an upBgr
state. In principle, all normal-mode vibrations wih symmetry
belong to motion of an out-of-plane type; the CNNC-torsional
mode is considered for the observedi8polarization in hexane
because of the following two reasons.

First, the rotational relaxation time constant of the anisotropy
decay o) is identical to the time constant for fluorescence
decay of the slow component of the transients, meaning that
the depolarization of the system reflects the electronic relaxation
via the rotation channel as discussed in section 3.1. Second,
the observed anisotropy decays to a nonzero asymptotic level
(r.) related to the detection window of the fluorescence probe.
The data shown in Figure 1 indicate thatiat = 440 nm, a
largerr., value was observed at the smaller emission wavelength
(ro ~ 0.3 atAy = 520 nm), whereas a smalleg value was
obtained at a larger emission wavelength# 0.2 atls = 680
nm) because the detection window is broader for the |&&tar.
broader detection window would probe the CNNC-torsional
motion more extensively, which is expected to lead to a larger
angular displacement being observed.

3.3. Initial Driving Force Affecting the Rapid S; Dynamics.
In EG, a biexponential decay function, eq 13, served to fit
properly the time-dependent fluorescence signals for the S
species relaxing through the concerted inversion channel. This
biphasic dynamical nature implies that there must be an initial
process with time constant for nuclear relaxation from the
FC region to the local minimum area on the BES. This FC
relaxation, as proposed previoudlyis insensitive to the
fluorescence depolarization, a phenomenon that we have also
observed in hexane, with time constantThe observed initial
fluorescence decay in both EG and hexane is hence related to
a symmetrical nuclear motion, in-plane vibration, that does not
depolarizeiio. The feasible in-plane symmetric vibrations are
the symmetric CNN-bending motion, the symmetric CN-
stretching motion, and the NN-stretching motion. According to
theoretical calculation® the structure of the local minimum
[S1(Can)] has a CNN-bending angle somewhat larger than the
angle at the FC geometry (128.Vs 116.8); the CN bond of
the S(Czn) species is also shorter than that of the FC structure
(1.384 A vs 1.428 A). Moving from the FC region along either
the symmetric CNN-bending RC or the symmetric CN-stretch-
ing RC directions to the §C,,) area would gain substantial
internal energy; this energetic factor might be the driving force
for what we have observed in the initial stage upon excitation
to the §(n,7*) state. The horizontal dotted lines shown in Figure

(45) Herzberg, GMolecular Spectra and Molecular Structure Ill. Electronic
Spectra and Electronic Structure of Polyatomic MolecMan Nostrand
Reinhold: New York, 1967; p 137 and other related references therein.

(46) Gejo, T.; Felder, P.; Huber, J. Rhem. Phys1995 195 423-433.
(47) Diau, E. W.-G.; Zewail, A. HChem. Phys. Cher2003 4, 445-456 and
references therein.
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4 further emphasize this point. The calculated relative energy internal energy (i.e7, = 3.1 ps at 480 nm but, = 3.6 ps at
of the §(Ca) species is less than the energy at the FC structure 440 nm) facilitates this process.
by 12.3 kcal mot* but is only slightly greater than for the S 3.5. Subtle Evidence for Initial Asymmetric Motions in
true minimum C, symmetry) by 1.0 kcal mof.15 Ethylene Glycol. Saito and Kobayaski observed strong
The observed rate of rapid decay;?, depends on energy; dynamical mode coupling between the NN- and CN-stretching
it is greater with less excitation energy at 480 nm but smaller modes before isomerization through torsional motion in the
with more energy at 440 nm in both hexane and EG (Tabie 1) System of methyl ye”OW, which indicates the multidimensional-
This Opposite trend can be rationalized for a vibronic Coupiing |ty of the potential surfaces relevant to the reaction in the excited
effect through in_piane Symmetric motions being Stronger at 480 state. We have additional information about the ObserVﬂd S
nm than at 440 nm. As noted previously, the symmetric CNN- depolarization dynamics of AB in EG to provide a multidimen-
bending motion and the Symmetric CN_Stretching motion Sional feature Of the ]_SPES that Saito and KObayaShi haVe
effectively bring the $potential energy down to the level near hoted. In Table 1 the fittedsyn values in EG, 0.35 and 0.38,
the S_(CZh) local minimum energy. The FC structure for 480- are smaller than those in hexane, 0-BA41. In F|gure 2 there
nm excitation is therefore expected to have a geometry nearerS @ subtle early-time anisotropy decay feature not being
that of the $(Cu) species than of the FC structure with ~considered for the time-independent anisotropy paranmejgy,
excitation at 440 nm; the vibronic interaction involving in-plane  IN €q 9; for this reason we observed smatigr, values in EG.
symmetric vibrations is expected also to be stronger for the TO account for such a subtle difference in the observed S
former than for the latter. As a result, the driving force upon anisotropy dynamics, we must allawmto relax from an initial
initial excitation is vibronic coupling through symmetrical in- Value, r,, to an asymptotic level,, with a time constant’
plane vibrations; this driving force is much stronger with Similar to the case ofi(t) in eq 7:
excitation at 480 nm than the driving force at 440 nm. The rate o , , ,
of decay,r;~?, observed at 400 nm with greater excitation energy rsym(t) = (ro = 1) exp(tlr) + 1,
is nevertheless greater than the rate of decay observed at 44
nm with smaller excitation energy. This normal dynamical
phenomenon probably involves redistribution of intramolecular

vibrational energy (IVR) when the vibronic coupling effect and 0.40 and values of, to be 0.34 and 0.37 Withe, = 440

becomeg Ies; |mport§nt Bty = ‘_100 nm. ) and 480 nm, respectively, witth ~ 1 ps in both cases; according
3.4. Vibronic Coupling Affecting the Slow S Dynamics. 1 this modified kinetic model the other time constants and the
In hexane, the rotational motion is active and becomes a major yg|ative weights were evaluated to be the same as before.
S1 — S relaxation channel. Except for relaxation through the Figure 5, parts A and B, demonstrates the subtle difference
rotation channel, only a single-exponential decay, described by ¢ r(t)°°s between the two models at, = 440 and 480 nm,
eq 12, corresponding to the initial FC relaxation was observed. respectively; the fluorescence transients were fitted to be
We have tried to fit our transients also using egs 10, 11, and 13j4entical to cases shown in Figure 3B and D. Although the
for a possible contribution of the concerted inversion channel change in anisotropy is minute and even smaller than the noise
in hexane. In an extreme case wiiffixed at 50 fs, the smallest 4t jarger times, the decay feature is clearly visible in the insets
time constant resolvable with our instrument,was obtained  of Figure 5 at small times when the noise is modest. This small
in a range 0.30.6 ps. The relaxation times through the pt significant evidence indicates another dynamical process
concerted inversion channeb = 0.3-0.6 ps in the higher limit) 5 pe involved at an early stage with a relaxation time of order
are still much smaller than those through the rotation channel 1 ps. As the quality of data is inferior to represent such a small

(T = 0.6-2.0 ps; Table 1), which is inconsistent with our  yariation in anisotropy, we obtained only approximztealues
observation that the latter is a major relaxation channel. The from the fit. The fit of li(t) in Figure 3D is imperfect, which

contribution to $— S relaxation from the concerted inversion might indicate an involvement of another decay component
channel is thus expected to be negligible in hexane. (unresolvable from the fit because of its small contribution)
The above discussion implies that the concerted inversion generating the observed depolarization. We consider this subtle
channel is open only when the rotation channel is blocked. From initial depolarization in EG to be due to certain asymmetric
a dynamical point of view, the sloped nature of théSSCI_inv motions that alter the transition dipole moment in early stages
(Figure 4) indicates vibronic coupling to be involved for efficient of reaction. The best candidate for the observed asymmetric
internal conversion. According to discussion in section 3.3, the motion is a coupled vibration between NN- and CN-stretching
most effective vibronic coupling upon initial excitation is modes that Saito and Kobaya®$tibserved in the AB derivative.
through the symmetric CNN-bending motion. The effect of To account for our observation, an asymmetric in-plane CNN-
vibronic interaction with this in-plane vibration might be bending motion might also depolarize the system. The contribu-
significant only at a structure near a planar conformation. Once tion of the asymmetric motions is too small to be evaluated in
the molecule moves along the rotational pathway to a certain the fit of transients in EG, and evidence is lacking for the
extent as in the case of hexane, the effect of vibronic interaction involvement of this motion in hexane. The observed subtle decay
might become insignificant, leaving the only channel for in anisotropy might provide evidence for involvement of
electronic relaxation to be rotation. If rotational motion is asymmetric motions, but they should be regarded only as part
suppressed as in EG, vibronic coupling via the symmetric CNN- of the FC relaxation upon initial excitation.
bending motion is expected to be efficient so that internal  3.6. Rationalization of the Inversion—Rotation Contro-
conversion through the concerted inversion channel occurs onversy. The dual mechanism for the photoisomerization of
the observed picosecond time scale; an excitation with lessazobenezene (Scheme 1) has long been accepted on the basis

(14)
%y replacingrsym with rsyn(t) in eq 9, we fit both transient and

anisotropy data perfectly according to the same kinetic model
mentioned above. The new results show values, t§ be 0.39
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A= 680 nm This conclusion is supported also by femtosecond measurements
—— 1 of Sawada and co-workef&°who found the quantum yield
(A) % =440 nm - of an AB derivative (methyl orange) in the confined space of
o . cyclodextrins,p ~ 0.07 in a 1:2 complex, to be smaller than
the yield in free aqueous solutiop, ~ 0.1, on $ excitation

0.5

0.4
with Aex = 400 nm.
0.3 Inconsistency of results for quantum yields between experi-
ments on AB-cyclodextrin inclusion complexgsz 0.1 343940
0.2 and the rotation-blocked AB derivatives~ 0.2571033implies
a subtle mechanistic discrepancy between these cases. As the
01 . rotation channel is blocked in both cases, only the concerted
038 — ()™ h inversion pathway is feasible for transcis photoisomerization
i Iym= 0-35 1 to occur. From a structural point of view, the two phenyl rings
0.0 |- 030 r,.=034+005¢"™ 7 twist more easily about the two CN bonds in the former case
i 0 1 2 3 45 i than in the latter case for which structural restriction by other

chemical bonds attached to the rings might be severe. According
to the theoretical calculatior8this structural difference might
have a significant dynamical effect by following the direction
of the derivative coupling motion, corresponding to a symmetric
out-of-plane CNN-bending vibration, of the conical intersection
(So/S1 CLinv). Following this out-of-plane bending motion
descending to thepSurface, the phenyl-ring-twisted Species,
with CNNC dihedral angle 180 must revert the two phenyl
rings to the same molecular plane for a stable trans isomer to
be produced on the;®ES. As the twisting motion of the phenyl

0.5 (B) A =480 nm

0.4

Fluorescence Anisotropy

0.3

0.2

01} tohesu:! -
| :,( )= 0.38 | rings is suppressed in the case of rotation-blocked azobenzene
ook ¥ :”"’_ 0.37+0.03 o™ derivatives, one expects that léssns-S, isomer, or moreis-
. sym_ . . .

S isomer, becomes produced in this case than in the case of

R B B B P azobenzenecyclodextrin inclusion complexes. The above

0 5 10 15 20 speculation suggests the photoisomerization of AB and its
Delay Time / ps derivatives to occur within the electronground statewhen

) . . . the rotation channel is obstructed.
Figure 5. Time-dependent anisotropy in ethylene glycol (black traces) o B
reanalyzed with the same kinetic model as in Figure 3B (A) and Figure 3D On excitation from the Sstate fex = 273 nm), Fujino and

(B) but usingrsyn(t) instead offsym The red and blue curves are theoretical  Tahard32° measured the picosecond Raman spectra of AB in
Show & bt decay Teallre that might be. dus. (o asymmetic motons POt hexane and EG solvents. The most significant discovery
responsible for part of the FC relaxation activated upon initial excitation made from the time-resolved Raman study is the fact that the
(see text). transient Raman spectra corresponding to a planar species with
NN double bond character were unambiguously observed in both
of measurements in a steady stifée quantum yield for trans  splvents. Because this important finding did not give any support
— cis isomerization depends on wavelengtit 0.25 andp ~ for the rotational mechanis#d,it was suggested by the authors
0.1 on § and S excitations, respectively, but it becomes h4¢ the photoisomerization of AB o Sxcitation takes place
essentially independent of wavelength ¢ 0.25 on both  j, the g state by inversioR? The high similarity between the
excitations) when rotation about the NN double bond is restricted S, and the $ Raman spectra indicated that the observed S
by chemical modification%1°-33Bortolus and Mon#* evaluated species has a planar structure around the NN bond. However,

¢ 1o b.e smaller{;é ~0.1on .bOth excitations) when the mcl)le.culel- this observation cannot exclude the following photoisomerization

was included in a confined nanospace (cyclodextrin); this . .

. . ) . of AB to proceed through the rotation channel for the twisted

important evidence should be taken into account in any S; species being either Raman inactive or extremely short-lived

conclusion. Our experimental results indicate that peX®ita- Th P ; 9 i ¢ this inf y First th.

tion the § — & relaxation through the rotation channel is ere are two reasons 1o support this inierénce. First, the
dobserved planar;Sspecies in transient Raman spectra at time

dominant in hexane, whereas relaxation via the concerte ' ) oM
inversion channel prevails in EG: in the latter case the inhibition 2€r0 can only provide the evidence for an efficient=S S,

of rotational motion in a viscous solvent might mimic a confined Nteérnal conversion near its FC geometry, which has been
space. As isomerization via the rotation channel is expected toconfirmed by recent theoretical calculatishéor the conical
produce more cis isomer than that via the concerted inversion intersection (gS; Cl) being characterized to have nearly planar
channel® one thus expects to observe the quantum yield geometry. In fact, the ultrarapid nature of the-S S, relaxation
applicable to the rotation channel in hexagesx 0.25, to be  process has been reported by recent transient absdfgtfamd
greater than the yield predominantly operating through the fluorescence up-conversion studiés! The assignment of the
concerted inversion channel~ 0.1, when the rotational motion ~ observed transient Raman spectra has also been made successful
becomes significantly hindered in the cyclodextrin nanocavity. according to vibration wavenumbers of the planafCg,)

0 1 2 3 4 5 h
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species calculated at the 14/12 CASSCF lé¥@lherefore, the
structural information provided by time-resolved Raman study
gives only the evidence for the(&2,) species being produced
after the $ — S relaxation but gives no indication for the
isomerization mechanism in thg State.

Second, the lifetime of the observed planarsBecies was
found to be strongly solvent dependent, as short-asps in
hexane (uncertain because of the limit of the time resolution of
the instrument) but~12.5 ps in EG32 The 1 order of
magnitude discrepancy in lifetimes observed for the 5§

relaxation between the two solvents strongly suggests that two

different isomerization pathways on the BES are involved
on $ excitation. The transient Raman bands of AB in hexane
disappeared in-1 ps, which is consistent with our observation
on direct S excitation .o = 1—2 ps; Table 1) for the rotation

channel being dominant. However, the Raman bands in EG
disappeared in a much longer time when the large-amplitude

motions, such as the CNNC-torsional motion, are substantially
hindered in the viscous solvent. The reportetR.5 ps lifetime

of AB in EG on S excitatiod?20 is greater than what we
observed in the same solvent opn &citation ¢, = 3—4 ps;
Table 1). Disregarding the broader laser pulse (fwkn?2.8

ps) and the parallel pumgprobe polarization used in the
transient Raman experimerfOthe discrepancy between the
observed lifetimes might reflect a narrower detection window
being probed in our case, as Satzger &t hhve noted, or some
dynamical effect upon separate electronic excitationy$sy).
Nevertheless, the observeg relaxation time obtained in EG

in our work conforms with the femtosecond transient absorption
result of Lednev et a° (~2.6 ps) in a capped azobenzene for
which the rotational motion is completely inhibited. In hexane,
the observed rotational relaxation timeg(= 0.6—2.0 ps; Table

1) are slightly smaller than the 8fetime (2.1-3.0 ps) observed

in investigations of femtosecond transient absorptfotf:24 This

discrepancy is understood on the basis of a narrower detection

window of the fluorescence technique being employed than
mentioned earlief?24

The decreased quantum yield ope&citatior? in hexane can
be understood also to be due to involvement of the symmetric
CNN-bending motion along the concerted inversion channel.
Theoretical calculatio$indicate that the key conical intersec-
tion (S/S; ClI) on the trans sidé,JCNNC = 176°, has a smaller
CNN-bending angle, 1F2than the angle at the FC structure,
117. The subsequent trajectory simulatidhimdicate that the
large amplitude of this symmetric CNN-bending motion leads
to observation of an “early” S— S internal conversion with
larger CNNC-torsional angle for a smaller quantum yield being
observed. The simulated results gige= 0.33 and 0.15 on S
and $ excitations, respectively. Although the values are slightly

170 fs) not being observed in solution might be due to the
involvement of a twisted 4x*2 species characterized by the
theoretical calculatiof® In lack of considering the interaction
with solvent molecules, the results obtained from simulafion
of dynamics in the gaseous phase agree qualitatively with our
observation in hexane that the rotation channel is the preferred
mechanism for photoisomerization of azobenzene joex8ita-

tion.

4. Conclusion

We addressed the controversy about the mechanism of
photoisomerization ofrans-azobenzene through direct observa-
tion of depolarization and depopulation dynamics of the
molecule in solutions upon;&xcitation by means of femto-
second fluorescence anisotropy. The observed prominent de-
polarization in hexane might be due to the variation of
orientation of the transition dipole moment induced via structural
relaxation along the CNNC-torsional pathway in seeking an
efficient conical intersection ¢55; Cl_rot) when the rotation
channel is open in a nonviscous solvent. In contrast, the observed
indiscernible anisotropy change in ethylene glycol is rationalized
to be due to in-plane symmetric motions along the concerted
inversion channel, corresponding to a symmetric CNN-bending
vibration, to approach another conical intersectigf5:3CI_inv,
for internal conversion when the rotational motion is obstructed
in a viscous solvent. The proposed concerted inversion mech-
anism activated in ethylene glycol is consistent with results of
transient Raman experiments by Tahara and co-wok&im
which the planar §intermediate was observed in the same
solvent. We therefore propose thite rotation channel is
operatiwe for the obsered dynamics of photoisomerization of
trans-azobenzene in a nascous salent. When the rotation
channel is obstructed in aiscous salent, in inclusion
complexes, or through chemical modification, the concerted
inversion channel operates to account for the obsdrultrafast
electronic deactiation through this channeThe result$10.3+34
for the quantum yield in a steady state and the femtosecond
observation$16-24 are well-justified according to the proposed
mechanism. The present experiments are fully supported by
recent theoretical calculatioHg®2526.29.48and may provide
crucial dynamical information to resolve the mechanistic
problem for an enduring classical controversy about the mech-
anism of photoisomerization of azobenzene.
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