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The ultrafast relaxation dynamics of two rotation-restricted (azobenz&mphé@ne and azobenzen&-ghane)

and one rotation-free (4 4limethylazobenzene) azobenzene derivatives were investigated using femtosecond

fluorescence up-conversion on botfrgr*) and S(r,7*) excitations. On $excitation, pulse-limited kinetics
with a decay coefficient 0f~100 fs corresponding to ultrafast S S, relaxation is found to be common for

all molecules under investigation regardless of the molecular structure. This indicates that a direct rotational

relaxation on the Ssurface is unfavorable. On &xcitation, we observed biphasic fluorescence decay with
a femtosecond component attributed to the decay of the Fradokdon state prepared by excitation and a
picosecond component attributed to the deactivation of the relaxed molecule arstivéaBe. This picosecond
component is slowed by at least a factor of 2 for the rotation-restric@duatidged molecule compared to that
of the rotation-free molecule; for the even stronger rotation-restricted azoben3giade, the decrease is

by a factor of 10. These differences in deactivation suggest that the relaxed states and probably the trajectories

for rotation-free and rotation-restricted molecules are different on tlsei$ace, which should be important
for the quantum vyield of photoisomerization.

1. Introduction Rau’s hypothesis was first modified by Tahara and co-
Azobenzene is the most widely used element in photore- workerd on the basis of a series of real-time observations
sponsive systems and devideBhe function of these is based ~summarized below. Temporally resolved Raman measuretfents
on the geometrical isomerization of the azobenzene element anddn S excitation show great similarity of:Sand $ Raman
its photostability. Recently, there has been a protracted debatespectra so that the observed tBansient species has a planar
about the mechanism tfins— cis photoisomerization afans- structure about the %N bond, a feature that is consistent with
azobenzene (AB3,7 whether it proceeds through an out-of- Rau’s proposal for an inversion mechanism operating in the S
plane rotation about thessIN double bondrptation mechanisin state. Subsequent femtosecond fluorescence experihemts
or an in-plane inversion of the angle at the azo-nitrogen atoms. dicated the quantum yield for the, S> S, transition to be
Calculations for the ground-state thermal isomerization of AB essentially unity, from which one infers that isomerization in
indicated that the asymmetric inversion at only one nitrogen the S state is unimportant, but that isomerization of AB takes
atom {nversion mechanisjrs energetically much more favor-  place exclusively in the $Sstate, by inversion, regardless of the
able than the symmetric inversion of two nitrogen atoms initial excitation. This is in dissent with Rau’s dual mechanism.
simultaneouslydoncerted imersion mechanisjnand the former To rationalize the wavelength dependence of the isomerization
mechanism was generally accepted for excited-state isomeriza-guantum yields, a new relaxation channeltétional deactia-
tion as well? Only recently, the latter mechanism has been tion) has been proposed that becomes open in the vibrationally

reintroduced to the debafe. hot § state of AB, forming only the trans isomer. Even though
On the basis of steady-state measurements of the quantunthe photoisomerization mechanism of AB in thesGate differs

yield (®) for the trans— cis photoisomerization of AB® of between Rau’s and Tahara's hypotheses, isomerization in the

AB is ~0.25 on $ excitation but it decreases 0.1 on $ S, state via the inversion channel is a conclusion common to

excitation; however® is almost identical £0.25) on both both models.

excitations when the rotation channel is blocked in azobenzene Many advanced theoretical investigations of the isolated AB
derivatives via chemical modificatiorfs}* and on early theo-  qolecule on this controversial topic have been conductéti+
retical work}? the conclusion (Rau’s hypothesis) was drawn Tpe most important feature found thereby is that thpdential-
that the mechanism of photoisomerization of AB should differ gnergy surface (PES) of AB involves a substantial energy barrier
for S, and S excitations, namely, inversion in the State and  415ng the CNN bending coordinatedersion channg| whereas
rotation in the $state, respectively. This conclusion was widely ha surface is almost barrierless along the CNNC torsional
adopted after recent femtosecond spectral investigations of AB .o dinate fotation channel. Indeed, early experiments have

i i i 3—-18 A
and its derivatives: shown a very small temperature dependence ofrtires — cis
* Author to whom correspondence should be addressed. Fax: (886)-03-iSOMerization with an activation energy of-2 kJ mof 2>
572-3764. E-mail: diau@mail.ac.nctu.edu.tw. Furthermore, the lowest conical intersection (Cl) between the
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S and S states was found to be located near the midpoint of CHART 1: Chemical Structures of DMAB, 2S-ABP,
the rotational pathway, indicating that photoisomerization of AB and 4S-ABP

on the § PES might favor a rotational mechani§m?224The

wavelength dependence of the isomerization quantum yields was

explained in a trajectory simulation based on a semiclassical @
surface-hopping approach to be a purely dynamical efféct.

that wave packet dynamics workp values on & and S

excitations differ because of a competition between the-S

S internal conversion (IC) and the torsional motion about the

N=N bond. On $ excitation, after fast §— S, conversion, an S\_@
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motion that allows the molecule to approach the S, crossing
seam along the rotation channel, thus favoring the early IC.
Hence, high-level calculations predict that only the rotational
mechanism operates, incorporating a symmetric CNN bending is, however, unfeasible for a rotation-restricted AB derivative,
motion, for photoisomerization of AB in the State irrespective ~ Whereby large-scale motion of phenyl groups is substantially
of initial excitation. This is in disagreement with Rau’s and constrained via chemical modificatié. One example was
Tahara’s hypotheses. given by ultrafast time-resolved absorption spectral measure-

. . . . . 16 i i i i
Experimental evidence supporting the rotational mechanism MenNts;” the observed lifetimes upon, @xcitation are~1 ps

is provided from femtosecond fluorescence anisotropy measure-21d~2.6 ps for AB and AB capped with an azacrown ether in
ments of AB on direct § excitation?® The observed S chloroform, respectively. This evident discrepancy observed in

fluorescence depolarization of AB in hexane is highly aniso- lifetimes between the two molecules indicates that the restricted
tropic, with the rotational time coefficient {42 ps) the same rotational freedom of the phenyl groups in the capped AB has

as that of the slow component of the transient fluorescence decay? Significant effect on excited-state dynamics and the photo-

in hexane: in contrast, the anisotropies are nearly constant duringSOmerization mechanism of AB but the results were interpreted
ccording to the conventional dual mechanism model.

the corresponding decays in a viscous solvent such as ethylen@ . .
In this paper, we report femtosecond fluorescence dynamics

glycol (EG). Therefore, photoisomerization of AB in theskate ; . cted b h 9-dithial3
was proposed to occur through the rotational channel in hexane? two rotation-restricted azobenzenophanes, 19-dithia3.3K4.4
rans-diphenyldiazeno-2-phane $2ABP) and 2,19,36,39-

but another mechanism should be considered when the rotational . ) . !
motion is substantially hindered in EG, presumably concerted tetrathia[3.3.3.3(3,3%,3)-trans-diphenyldiazeno-4-phane 4

inversion. Similarly, such a solvent dependence ofif&time ABP), for which the out-of-plane rotational motion is significantly
of AB in the same solvents is reported from the time-resolved restricted in both molecules. The rotation-free azo molecules,
Raman experiments of Tahara and co-workéfsthe decay AB and 4,4-dimethyl transazobenzene (DMAB), were also

S - : studied in nonviscous solvents for comparison. The chemical
coefficient is as small as'1 ps in hexane but increasestd2.5 .
ps in EG. As pointed out elsewhefethe observed planans structures of DMAB, &-ABP, and £-ABP are shown in Chart

. , ! , e
species in transient Raman spectra cannot exclude subsequeri]r From earlier expenme_n?sl, we know that the Isomerization
S, — S photoisomerization through the rotational channel process occurs sequentially in the phanes and that the exciton

because the twisted; Species might be either Raman inactive interaction has no decisive effect on their photochemistry. So
or too transient to be observed. We thus conjecture that two we can infer that our experiments reflect the initial steps of the
distinct mechanisms of isomerization are involved in thetSte photoinduced isomerization of an azobenzene_ unit in DMAB,
; L . . 2SABP, and &ABP. The prominent dynamical effect on
that become dominant in different solvents with disparate - : S . X
viscosity as proposed from the femtosecond fluorescence molecular rigidity observed might provide important information

. 5 - ; - to resolve the enduring controversy about the mechanism of
anisotropy worké® the rotation mechanism operates in a

. . - - the photoisomerization of azobenzene.
nonviscous solvent, the concerted inversion mechanism probably

prevails when the rotation channel is obstructed in a viscous 2. Experimental Section

solvent, and thetrans — cis isomerization would occur 2.1. Femtosecond Fluorescence Up-Conversion Setup.

exclusively on the ground-state surfa€e. Femtosecond time-resolved fluorescence measurements were
According to femtosecond time-resolved absorption spec- performed using an integrated fluorescence up-conversion

tra'41518.27and fluorescence up-converstéi® measurements  system (FOG100, CDP) in combination with a mode-locked

of AB on S excitation, the transient species in nonviscous Ti:sapphire laser (Mira 900D, Coherent) pumped with a 10 W

solvents feature two decay components with rapid and slow Nd:YVO, laser (Verdi-V10, Coherent). The experimental setup

components decaying on time scales 4800 fs and 13 ps, is shown in Figure 1. In principle, the system is similar to that

respectively. The femtosecond component is accepted to be dueeported previously® but a minor modification was made to

to the motion of the excited-state molecule out of the Franck improve the signal-to-noise ratio through collecting the emission

Condon (FC) region on the1ES, whereas the picosecond using two parabolic mirrors instead two lenses. The output of

component corresponds to a subsequent motion searching fothe laser pulse was tuned in the wavelength range-980

the $/S; Cl, presumably along the rotation channel according nm with an average power G-.7 W. The spectral profile of

to theoretical investigatiorfs’ Rotational isomerization of AB  the pulse was measured with an ultrafast laser-spectrum analyzer

IC is a symmetric opening of the two CNN bending angles,
which corresponds to the concerted inversion chahtels \
mainly the larger amplitude of this symmetric CNN bending \Q
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Figure 1. Femtosecond fluorescence up-conversion spectrometer. A, aperture or irisBB31beam splitters; F1F3, color filters; L+L3,
focusing lenses; MtM5, broadband dielectric mirrors; Mono, double monochromator; NC, nonlinear crystalP® 1parabolic mirrors; PC,
personal computer; S, rotary sample cell; PMT, photomultiplier tube; SHG, optical set for second-harmonic generation.

(E201, REES); the profile in a typical spectrum has a full width molecular response function; the choice of(& relies on a
at half-maximum (fwhm) intensity in the range of-82 nm. proper kinetic model (see below). Two important parameters,
The pulse duration was determined with an autocorrelator (Mini, time zero and instrument response function, should be precisely
APE), with a typical fwhm of autocorrelation of the pulse determined in order to extract the kinetics (in particular with
measured to be~140 and~220 fs at 860 and 720 nm, the fast-decay component of which the lifetime is comparable
respectively. to the fwhm of the laser pulse) from deconvolut®$#° Both

The femtosecond pulses were focused onto a LBO type-I time zero and the fwhm af(t) were treated as free parameters
nonlinear crystal (thickness 0.8 mm) for second-harmonic in our nonlinear curve fitting procedure because these two
generation (SHG) to produce excitation pulses in the range of parameters strongly depend on the probing wavelength due to
360-480 nm. Excitation pulses were separated from funda- the group velocity dispersion (GVD) detailed elsewhre.
mental pulses with a dichroic beam splitter (BS1) and used as The temporal characteristic of the pulse (instrument response
pump pulses; these pump pulses were then focused to a diameteiunction) at the excitation wavelengtiief) can be estimated
of ~100um onto a rotating cell (S, thickness 1 mm) containing from the temporal profile of the third-harmonic generation
a sample solution with a volume of0.7 cn?. The energy of (THG) signal obtained from SFG of the excitation and the gate
the pump beam was attenuated to be less than 1 nJ/pulse irpulses. When the wavelength of the probe window was tuned
order to avoid irreversible photoreactions. The fluorescence to the region where the fluorescence signal (at the wavelength
emitted from the sample was collected with two parabolic 14) can be effectively up-converted (presumably the phase-
mirrors (P1 and P2) and focused onto a BBO type-I crystal (NC, matching criterion is satisfied), the transients for the photo-
thickness 0.5 mm). The optically delayed fundamental pulses isomerization dynamics of the azo compounds under investiga-
were also focused on the NC and served as gate pulses for sumtion were collected. In the present study, a simple consecutive
frequency generation (SFG). The energy of the gate pulse waskinetic model is employed to account for the observed temporal
kept as high as possible, e.g., typical energy wasnJ/pulse profiles
at 860 nm. The SFG signal was spatially and spectrally separated
from other interfering light with an iris (A), an appropriate AlBEC @)
interference filter (F3), and a double monochromator (DH10,
Jobin-Yvon) in combination. The signal was detected with & \yhere the component A is described by a single-exponential
photon-counting photomultiplier tube (PMT, R1527P, Hamamat- nction with a decay time coefficient and the component B
su) and transferred to a computer through an RS-232 interfacejg gescribed by a biexponential function with a rise time
for data acquisition and manipulation. A Berek variable wave coefficient 7, and a decay time coefficient. That is to say

plate placed in the optical path of the excitation pulse was hat the kinetic response functiéft) is expressed as
carefully adjusted to ensure that the polarization between the
t t
exp——| —exg—— 3
F{ 72) F( Tl)] ®)

excitation and the probe pulses is at the magic-angle {b4.7 t

configuration. As illustrated in the inset of Figure 1, the transient f(t) = aexpg — z + b
where the preexponential factasandb represent the relative
weights (or amplitudes) for components A and B, respectively.

profile of the emission is obtained by varying the delay between .
2.3. Sample Preparation and Experimental Conditions.

the excitation and the gate pulses through the optical delay line.
2.2. Data Analysis and Kinetic Model.The transient signal,
I(t), was fitted by a convolution of the instrument response

function g(t) with an appropriate kinetic functiofft)>? 2S-ABP and 4&-ABP were prepared and purified according to
" literature procedureb;AB and DMAB (Aldrich, 99% and
I(t)= /" ot — 9f(s) ds (1) >095%) were used without further purification. BotiS-ABP

and 45-ABP molecules are very poorly soluble in most solvents
where g(t) is normally a Gaussian function arfft) is the because of their perfectly packed structure in the crystal; only
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T —F——]] TABLE 1: Summary of Fitted Time Coefficients of 2S-ABP
AB at Various Excitation and Fluorescence Wavelengttts
@ —— DMAB | AeiNM Ag/nm fwhnt/fs T/fs Tlps
e — 2S5-ABP 360 450 270 110 (1.00)
3 ——4S-ABP 500 280 100 (0.98)
‘g 550 230 110 (0.89) 2.5(0.10)
g 380 600 260 160 (0.83) 3.2(0.15)
he)
@ 400 500 210 60 (0.98) 1.5 (0.02)
w 550 210 90 (0.93) 1.3 (0.06)
£ 600 210 190 (0.84) 3.1(0.14)
‘<Zs 650 220 260 (0.77) 5.9 (0.21)
430 700 200 480 (0.74) 5.7 (0.26)
L i— e 440 550 290 110 (0.91) 1.4 (0.09)
300 400 500 600 600 250 340(0.81)  3.5(0.18)
650 270 500 (0.77) 5.5(0.23)
Wavelength / nm 700 290 590 (0.72) 6.0 (0.27)
Figure 2. Absorption spectra of AB, DMAB, ABP, and £ ABP. 480 600 230 240 (0.82) 2.9(0.17)

All samples are dissolved in GBI, except £&ABP in benzene. The ) ) ) ) o

absorbance of each spectrum is normalized at the maximum obthe S * Relative weights are given in parentheses; an offset is involved

band for comparison; an inset shows spectra enlarged in the region offor the sum of the weights less than 1.00/alues are the full width at

S, absorption. half-maximum of the instrument response function obtained from the
fit.

polarizable solvgnts dissolve low concer_ltratlops slowly. For t_hls TABLE 2: Comparison of Fitted Time Coefficients for

reason, a solution was prepared by dissolving a sample in apMAB and 4S-ABP at Various Excitation and Fluorescence

polarizable solvent and shaking in a timing supersonic vessel Wavelengthg

fqr several_days before the experimentSJ_ﬁBP was partially DMAB 4SABP

dissolved in CHCI, (Merck, pro analysi) to the saturated

concentratior~1 x 1074 M. 4SABP is essentially insoluble ~ Z2/NM_Ad/nm___ z/fs v2lps nlfs valps

in CH,Cl, but dissolved slightly in benzene (Merck, pro analysi); 360 450 80 (1.00) 100 (1.00)

the concentration for time-resolved measurements was estimated ggg ;8 Eg'g% 8'8 Eg'ggg 120(0.97)  4.1(0.03)
to be ~2 x 107° M. The partially dissolved solutions were 600 90 (0:70) 11 (0:30)

filtered through a membrane filter (size 200 nm) before use 430 550 270(0.82) L8(0.18) 700097 13(002)
in order to eliminate undlssolved particles in the solutl?isns. 600 290 (0.'77) 5% (0.-23) 130 (0.'86) 59 (01-12)
The sample concentrations of AB and DMAB were<510~ 650 360 (0.75

3 i (0.75) 2.4(0.25) 590 (0.67) 14.1(0.26)
and 1x 1073 M, respectively. All measurements were per- 700  340(0.71) 2.5(0.29) 2600 (0.66) 56.2(0.30)
formed at ambient temperature (231 °C).

It has been recognized that irreversible photoreactions of thefo
azobenzenophanes could occur by prolonged irradiation of the
sample solutions at 313 nfrHowever, our measurements were
performed at much longer wavelengths and low laser intensities,
Wh'cth ldo n(()j;tpausetrgwo-fp;hottor; ;bsprptlon._lélnder: SIUCh e>;_per|- 4S-ABP by comparison with the spectrum of AB, whereas the
mentai con Itl lons, I('a ?blef‘ oth eflli:’eV(.EI’SIt ep o.otreaFC. |otns n — sr* transition position is virtually the same in all spectra.
on our results 1S negligibie for the following two points. FIrst, igure 2 also indicates that DMAB is a better spectroscopic
the fluorescence transients of the sample solutions were collecte

. . . atch to the phanes than AB.
repeatedly for many times (depending on the overall signal-to- o
X . . . . No emission is observed for any of the azo compounds under
noise ratio of the transients), and the maximum signal level of

each scan has been checked to be almost identical. Secon dnvestlgatlon using a conventional steady-state spectrofluorom-

rotation of the sample cell would certainly help to avoid the éter because of their extremely low fluorescence quantum

) : : yields2° However, the fluorescent emissions of the azo mol-
accumulation of isomerized or decomposed compounds. In . . )
" . ecules have been successfully observed in the picosecond time
addition, fresh sample solutions were used for each set of the

. . . . scale using our femtosecond up-conversion spectrometer. As a
experiments, and U¥vis absorption spectra of the solutions :
; . result, we measured femtosecond fluorescence dynamics of 2
were checked to be almost identical before and after the laser . o i
. S . ABP in CH,Cl, on both § and $ excitations fex = 360—480
experiments. Therefore, the possibility of a bond-breaking of nm) in a broad fluorescence spectral randg € 450700
the CH—S—CH; bridge occurring in eitherABP or 45-ABP P ®

is expected to be negligible under our experimental conditions nm);2 the results are summarized in Table 1. For comparison,
P glig P " the experiments were performed /g = 360 nm andlex =

430 nm for both DMAB (in CHCI,) and 45-ABP (in benzene);

the results are summarized in Table 2. Detailed analysis and
Steady-state UVvis absorption spectra of2ABP, 4S-ABP, discussion for the observed excited-state dynamics follow.

DMAB, and AB are shown in Figure 2. Absorption spectra of  3.1. 2ZS-ABP. 3.1.1. $ Dynamics and Kinetic ModeWe

both 25 and 45-bridged azobenzenophanes feature a weak extensively investigated the dynamics of the rotation-restricted

symmetry-forbidden §n.*) band and a strong symmetry- azobenzenophane in the Sate by exciting 3ABP in CH,-

allowed S$(r,7*) band, like AB and DMAB, but there is an  Cl, atlex = 440 nm. There might be a little contribution from

additional absorption at approximately 380 nm in boBABP the S excitation, but the similarity of the data in the range of

and 4&5-ABP spectra that might be due to the-S5, exciton S; — S emission regardless of excitation wavelength suggests

2 Relative weights are given in parentheses; an offset is involved
r the sum of the weights less than 1.00.

coupling of the two azobenzene units. The— x* transition
is significantly red-shifted in spectra of DMAB,SABP, and

3. Results and Discussion
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ZS—ABP, 2 =440 nm SCHEME 1: A Cascade Dynamical Relaxation Model
o0 ; : . ' ; for 25-ABP and 4S-ABP
W: L FC
p (A)x, =550 nm T, =110fs |
10 1,=14ps |
0O-—-0-_n
v \1 J =
4 } :

1,=340fs |
7, =3.5ps ]

—]

Concerted inversion coordinate ——

= CN stretching and CNN bending motions are invol§é&urther
= progress along this coordinate leads to a slopg8: €I at the
molecular geometry near a linear CNNC conformation at higher
energy’ The energetically most favorable electronic relaxation
pathway in AB proceeds notably through the rotation channel
7 with a $/S; Cl near the 90twisted molecular geometfy The
1 detailed shapes of the PES at the Cls are the dominant
f determinants for the ratio dfans- andcis-isomer formed.
- - = g For the relatively rigid ZABP, the PES will be modified,
0 5 10 15 20 and although the observed biphasic dynamical featureSef 2
Delay Time/ pS ABP is similar to that of the free AB molecule, this need not
. ) . indicate the same trajectories on the FES. Indeed, for the
Figure 3. Femtosecond fluorescence transients $#ABP obtained . - .
at fex = 440 nm with fluorescence probed &t (nm) = (A) 550, (B) rotatlon-.restrlctedI FABP, we expect the mvolvement of a
600, (C) 650, and (D) 700. The transients were fitted according to a nNonrotational motion. On the basis of recent theoretical calcula-
simple consecutive model (egs 2 and 3) with convolution of the laser tions of ABS7 we propose that this relaxation channel i 2
pulse (eq 1). Open circles denote raw data; solid black curves representABP is related to the concerted inversion motion reaching finally
theoretical fits with residues shown as green traces; the blue andasolsl Cl and thus yielding efficient S— S internal conversion
magenta curves under eac_h transient are _deconvoluted components)yserved as the slow-decay component in the fluorescence
corresponding to A and B (in eq 2), respectively. transients. A cascade dynamical model based on theoretical
calculations of AB is shown in Scheme 1 to illustrate the
that the results are essentially due to the properties of the S observed dynamical behavior (on both &d $ excitations)
state. The results shown in Figure 3 in four parts, from top to for the rotation-restricted speciess-2BP.
bottom, are the fluorescence transients observed at 550, 3.1.2. Dependency on Fluorescence@langth.Our results
600, 650, and 700 nm, respectively. All transients show a bi- of 2SABP shown in Figure 3 indicate that both and
phasic dynamical feature characterized by two decay compo-systematically increase as a function af with the relative
nents. We infer the observed 8ynamics in S-ABP to reflect amplitude of the former being much larger than that of the latter
the involvement of two dynamical processes: (i) an initial nu- at smalleriq (i.e., the contribution of the latter becomes more
clear relaxation from the FranelCondon (FC) region to the;S significant at greateis). We have demonstrated in work on
minimum area producing the fast-decay component; (ii) the sub- AB that the detection window is broad at large but narrow
sequent key motion(s) from tha Binimum toward the photo-  at smalli4.28 This broad detection at largg would probe more
chemical funnel area for electronic relaxation producing the partially relaxed vibrational states with less internal energy than
slow-decay component. A consecutive kinetic model (eq 2) is the narrow detection at small, which on average increases
thus proposed to describe the fluorescence transients with con-decay periods (slower dynamics) observed at lasgeaking
volution of the laser pulse according to eq 1. In eq 2, we assumeinto account the incomplete solvent-induced vibrational relax-
that A represents the initial FC state upon excitation, B denotes ation (vibrational cooling process) oS2ABP occurring on the
the “relaxed” state on the;&,z*) surface (the $minimum), same time scale as for AB in solutions (B0 ps)*14.33
and C denotes the photochemical funnel between thang Furthermore, the shape of the BES should be considered for
the S states (§S; Cl). Hence, the excited2ABP decays with the observed fluorescence wavelength dependency. As the
a time coefficientr; from the FC state to the;$ninimum and rotational channel is blocked irS2ABP, the $—S; energy gap
then from this minimum searches for thg& Cl with a decay of the molecule is expected to decrease continuously along the
coefficientr,; eq 3 quantitatively describes the observed kinetics. concerted inversion reaction path all the way from the FC region
According to calculations of the excited state of azobenzene,to the $—S; surface-crossing area (Scheme 1). Because
a planar local minimum on the; $ES is attainable along the detection at smally is more sensitive to emission occurring at
concerted inversion channel in which both in-plane symmetrical smaller intervals when the,SS; energy gap is larger, the
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Figure 4. Femtosecond fluorescence transients $ABP probed at

a common detection windowl{ = 600 nm) but excited at wavelengths
Aex (Nm) = (A) 380, (B) 400, (C) 440, and (D) 480. Colors are the
same as in Figure 3.
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Figure 5. Femtosecond fluorescence transients $#ABP obtained

at Aex = 360 nm with fluorescence probed/at (nm) = (A) 450, (B)

500, and (C) 550. The transients in parts B and C contain small offset
signals represented by the cyan curves. All other colors are the same
as in Figure 3.

emission might become nonresonant at a greater delay wherof the § PES regardless of excitation energy. Howewvar,
the $—S; energy gap becomes too small to be detectable. As increases as the excitation energy decreases, from 16Qdg at

a result, the detection window resulting from-S S, emission

= 380 nm to 340 fs alexy = 440 nm, then to 240 fs &ty =

is narrower at small fluorescence wavelengths than the detectiord80 nm. Hence, the rate of the initial FC relaxation &/4BP
window at large fluorescence wavelengths, which leads to depends on the energy of the prepared FC state whereas the

observation of smaller decay coefficients @nd 7o) for the

rate of searching for theyS; Cl on the § PES is roughly inde-

former. The observed wavelength dependency in relative pendent of the energy at which the system is monitored. The op-
amplitudes of the two components is also due to the detection posite trend irr; atdex = 480 nm might reflect a vibronic coup-

window of the fluorescence probe; the initial FC relaxation was
probed at an early stage at which the-S; energy gap is larger,
but the ensuing S— S electronic relaxation was probed in a
later stage at which theySS; energy gap is smaller. Therefore,
the detection at smally would probe greater populations in
the FC region (largerss-S; energy gap) than in they &inimum
area (smaller &S; energy gap), leading to the relative
amplitudes of the two components being observed.

3.1.3. Dependency on Excitation Yétength We investigated
the dynamical effect on excitation energy in a broad region of
excitation wavelength at the same probe winday= 600 nm)
of the § — S fluorescence. The results shown in Figures-BA
are the fluorescence transients obtainethat= 380, 400, 440,

and 480 nm, respectively. In general, all transients show biex-

ling effect through the symmetric CNN bending motion as dis-
cussed for the case of AB.Even though the observed greater
rate of FC relaxationtq 1) at smalllex reflects a normal dynam-
ical behavior of &ABP moving along the concerted inversion
coordinate on the $Ssurface (Scheme 1), the excitationsigt
= 380 and 400 nm may also prepare excited molecules in the
S, state or the lower §-S, exciton coupling state (Figure 2).
To study the $dynamics of2S-ABP, we performed experi-
ments at a small excitation wavelength(= 360 nm).

3.1.4. $ Dynamics.The dynamical behavior of2ABP on
S, excitation was investigated atx = 360 nm; the results are
shown in Figures 5AC with 14 = 450, 500, and 550 nm,
respectively. The fluorescence transient observeld at 450
nm, which can be attributed to,S> S, fluorescence, shows

ponential decays that are satisfactorily described according topredominantly a spikelike component with the decay coefficient

the consecutive kinetic model, egs 3. Moreover, excitation at
other wavelengths in thepS> S; absorption region shows that

being poorly evaluated~{100 fs) because of the limit of

temporal resolution of the instrument (fwhm270 fs). In

the decay of the slow component at a specific fluorescence wave-addition to the spikelike component shown in the transients, an

length is virtually independent of excitation wavelength. This

ambiguous offset-like component was observedgat= 500

indicates that the emission stems from the same respective areasm, which becomes more pronouncedigat= 550 nm and
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shows a decay feature with a time coefficientdt.5 ps. Athq

= 450 and 500 nm, the fluorescence is still predominantly of
the S — S character, but the slower decay might also be due
to a “hot” S, — Sy emission. This proposal is based on the fact
that on § — S; excitation the slow components in the decay
times for all probing emission wavelengths are comparable;
however, on 360 nm (S— S;) excitation, the decay of the
fluorescence probed at 550 nm is significantly slower than the
decay on the §— S; excitation.

The above real-time observations indicate that there is only
one process observed when the S S fluorescence is
monitored, probably the ultrafast S> S; transition. At longer
monitoring wavelengths, the emission contains contributions of
the § — S fluorescence, reflecting the dynamics of thePES
after being populated from,SThus, we conjecture that after
excitation to the gstate a hot Sspecies is produced within

100 fs but the subsequent picosecond electronic relaxation on

the S PES might follow a path that has a different time
characteristic than that of the relaxation of directlyeXcited

molecules and needs not necessarily end at the same place whei g
the § excited molecules are deactivated to the ground-state PES,N

The above observations can be compared to those reportec

for femtosecond fluorescence dynamics of AB oneScita-
tion.520 In the study of Fujino et af? S, — S relaxation of
AB was observed to be ultrarapid-110 fs) with a quantum
yield almost unity. However, Schultz et afound two distinct
relaxation time coefficients (170 and 420 fs) upon excitation
of AB in a molecular beam at 330 nm; the fast- and slow-decay
processes correspond to thead®d S 4 dynamics, respectively.
According to recent theoretical calculatichihe lifetime of the

S; state was found to be-100 fs, and it is unlikely that the
excited state of a very close lying pair could live for 420 fs.
However, the observed ultrafast relaxation of thesgte is

of Cimicelli et al® for AB show a $/S; Cl at essentially the
undistorted molecular geometry (FC-like structure), which
rationalizes the ultrafast IC in AB and probably also in the
ABPs. Semiclassical trajectory simulatiérindicate that the
symmetric CNN bending motion would even facilitate this

electronic relaxation and a feasible motion along the concerted

inversion channel can contribute to the observed ultrarapid
kinetics of the $ — S, relaxation. This dynamical feature is
shown in Scheme 1.

The observation of an ultrarapid S- S; relaxation process
in both AB and &ABP invalidates the hypothesis of photoi-
somerization of AB occurring directly in the, State. We have
thus shown that photoisomerization of AB an8&BP must
occur in the lower-lying electronic states (either & &)
regardless of initial excitation.

3.2. DMAB and 4S-ABP. Because the rotational channel in
2SABP is heavily restricted via chemical modification, elec-
tronic relaxation through the proposed concerted inversion
channel becomes unique. To provide further experimental
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common for all measurements. The potentlal_energy dlagramsF|gUre 6. Femtosecond fluorescence transients of DMAB aBd\BP

obtained atlex = 360 nm with fluorescence probed/at (nm) = (A)

450, (B) 500, (C) 550, and (D) 600. The symbols denote raw data;
corresponding black solid curves represent theoretical fits; the blue and
magenta curves in part D are two deconvoluted components. The
theoretical fits of ZABP are shown as dark yellow dashed curves in
parts A—C for comparison.

between DMAB, B-ABP, and £ABP with detection afq =

450, 500, 550, and 600 nm, respectively. Similar to the case of
2S-ABP (theoretical fits are shown as dashed curves), the
transients of DMAB and &ABP probed afly = 450 nm (Figure

6A) show pulse-limited kineticst{ ~100 fs), indicating that

an ultrarapid $— S transition is a fundamental feature for
either the rotation-free or the rotation-restricted azobenzene
derivative. Atls = 500 nm (Figure 6B), a slow-decay compo-
nent becomes just perceptible in all transients to reflect the
following S; dynamics. Atlqy = 550 nm (Figure 6C), the dif-
ference in the slow component of the transients between DMAB
and Z-ABP becomes more evident. A = 600 nm (Figure
6D), the slow-decay component becomes a major part of the
transient in DMAB. Because of the small solubility of tBe

evidence for the proposed dynamical model (Scheme 1) and inpridged compounds and the limit of detection sensitivity, fluo-

an attempt to unravel the key issue for the enduring questionsrescence transients with an acceptable signal-to-noise ratio were
about the mechanism of photoisomerization of azobenzene, wenot attainable for $ABP atlq = 600 nm and for &ABP at

have studied a rotation-free molecule with two methyl groups
bound in thepara positions (DMAB) and a rotation-blocked
molecule with two AB moieties tightly connected via four
thiaphane bridges SABP), with excitation at two wavelengths,
namely,Aex = 360 and 430 nm.

3.2.1. 3 DynamicsExcitation with 360 nm radiation prepares
the molecules in theState; the results are presented in Figure
6 and Table 2. Figures 6A D compare the Sdynamics

An = 550 and 600 nm. Nevertheless,at= 550 nm (Figure
6C), the observed time coefficient of the slow-decay component
of DMAB (72 = 0.9 ps) is much smaller than that c52BP

(t2 &~ 2.5 ps), indicating the ensuing S> S electronic relax-
ation to occur through different channels for DMAB arsl&BP.

3.2.2. 3 DynamicsExcitation with 430 nm radiation prepares

the DMAB molecules in the Sstate and the@ABP molecules

in the S and S states. The results are presented in Figure 7
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Figure 7. Femtosecond fluorescence transients of DMAB aB@\BP
obtained atlex = 430 nm with fluorescence probed/at (nm) = (A)

550, (B) 600, (C) 650, and (D) 700. The symbols denote raw data,
with theoretical fits shown as black solid curves.

and Table 2. Figures 7AD show the fluorescence transients
of DMAB and 4S-ABP for A4 = 550, 600, 650, and 700 nm,
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ABP. As both rotation and concerted inversion channels are
accessible in DMAB but only the latter irB4ABP, we therefore
suggest that opening of the rotational channel in DMAB is
responsible for the observed &/namics in DMAB being much
more rapid than those ofSA4ABP.

3.3. Comparison between AB/DMAB and &ABP/4S-
ABP. It now seems to be a relatively safe assumption that that
the photoisomerization of azobenzene and its derivatives occurs
on the § surface and the isomerization mechanism can be
rationalized from comparison of the observad-5S, relaxation
dynamics between the rotation-free (AB or DMAB) and the
rotation-restricted (3ABP or 4S-ABP) species. In the follow-
ing, we highlight significant discrepancies in dynamics between
molecules of the two types before stating a conclusion.

3.3.1. Key Differences in Dynamics between DMAB and 2S-
ABP.The differences of relaxation dynamics observed between
DMAB and 2S-ABP are summarized in three major points.

First, the rate of $— S relaxation ¢;71) is smaller for &
ABP than that for DMAB when observed at the same detection
wavelength, e.g., (5.7 ps} versus (2.5 ps)! at dex = 430 nm
andiq = 700 nm. The observed much more rapid relaxation
dynamics in DMAB than those inQABP are consistent with
the selection of the rotational channel in DMAB. Hence, the S
— S deactivation via rotational motion should be considered
to be a major relaxation channel in a rotation-free molecule like
DMAB or AB.

Second, when the transient o52BP is observed atqy =
550 nm, the value of, obtained on $excitation ¢, = 2.5 ps
atdex = 360 nm) is significantly larger than valuesmfobtained
on S excitations t, = 1.3 and 1.4 ps atex = 400 and 440
nm, respectively); see Table 1. Such anomalous dynamical
behaviors were not observed in DMAB and AB. Table 2
summarizes the results for DMAB; on Bxcitation gex = 360
nm), 2 is 0.9 and 1.1 ps dt; = 550 and 600 nm, respectively,
which is smaller than on;Sxcitation fex = 430 nm) where;
is 1.8 and 2.5 ps at the same fluorescence wavelengths. This
normal dynamical trend is reported for another rotation-free
species, AB, withr; ~ 500 f€0 and -2 p£628on S and S

respectively. The evident differences between the transients for€xcitations, respectively. The atypical dynamical trend observed

DMAB and 4S-ABP are summarized in the following from three
aspects. First, the slow-decay component of the transierg-of 4
ABP atlq = 550 nm is hardly observed. On close inspection,
one realizes that3ABP in contrast to DMAB has nearly no
slow-decaying component, which might reflect the fact that S
in 4SABP is at lower energy than in DMAB (as shown in
Figure 2). Therefore, aty = 550 nm predominantly S5— S

is observed for 8 ABP, but predominantly S— S is observed
for DMAB. This would again indicate the ultrafast IC of B
4S-ABP. Second, when the monitoring window is shifted to
the § — S fluorescence region, the slow component & 4
ABP grows quickly at largety; and becomes appreciablelat

= 700 nm. In contrast, the slow-decay components of the
transients of DMAB in all probe windows show no such large
change in relative amplitude. Third, bothandt, of 4SABP
increase greatly with increasirlg, but in DMAB the variation

of the time coefficients as a function &f is insignificant (Table

2). For examplez, of DMAB increases by only 40% (from
1.8 ps atly = 550 nm to 2.5 ps ats = 700 nm) whereas; of
4S-ABP increases 40 times (from 1.3 to 56 ps) in the same
range ofdq. In addition, a small offset (27%) was observed
in the transients of @ABP. These remarkable observations
reflect the distinct topologies of the PES between DMAB and
4S-ABP and thus provide strong evidence for the-S &
electronic relaxation of DMAB being quite unlike that o84

in 2SABP might be due to a specific shape of theFES at a
place reached only by & &xcited molecule. This place is the
starting point of a different decay trajectory than the one offered
by direct § excitation. The molecule then makes a long journey
on the multidimensional PES from tha/S, Cl to reach the
“sloped” photochemical funnel region{S, ClI). However, on
direct S excitation, the motion from the FC state to th¢

Cl area is quicker; the involvement of a stronger vibronic
coupling effect on direct Sexcitation might also be consid-
ered?® In contrast, the normal dynamical trend observed in both
AB and DMAB is consistent with a downward motion on the
S: PES toward the energy-favorable photochemical funnel along
the rotational pathway. Therefore, this experimental evidence
indicates strongly that the mechanism of the photoisomerization
mechanism differs between DMAB an&2BP.

Third, the shape of the;SPES is expected to be strongly
correlated to the observed laxation dynamics at various
fluorescence wavelengths; this feature has been examined on
direct S excitation with detection in a broad rangeigf When
we compare the results betweeS-2BP and DMAB on §
excitation (Tables 1 and 2), we find thatin 2S-/ABP increased
substantially from 1.4 ps af = 550 nm to 6.0 ps atq = 700
nm, butz, in DMAB increased only slightly from 1.8 ps a
550 nm to 2.5 ps atls = 700 nm. Moreover, the
corresponding relative amplitude of the component tripled
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energetically much higher inlABP than in ZABP. Further
theoretical calculations might elucidate the observed dynamical
behavior between2ABP and &ABP.
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4. Concluding Remarks
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Additional experimental evidence for the photoisomerization
mechanism ofrans-azobenzene is provided through comparison
of the femtosecond fluorescence dynamics between the rotation-
restricted azobenzenophaneS@EBP and £ABP) and the
rotation-free azobenzene derivative (DMAB) in nonviscous
solvents on both Sand S excitations.

With excitation to the Sstate, we observed ultrarapid kinetics
5 25 40 .86 @5 900 120 for the S — S; electronic relaxation for all three molecules,
consistent with previous femtosecond results by Tahara and co-
workerd-20 that the observed,S— S; quantum vyield is near
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Figure 8. Comparison of femtosecond fluorescence transients between

rotation-restricted @ABP and Z-ABP) and rotation-free (DMAB and um;[y Th]ls obzervatlon |ndlcate_s thl(lans—>|c_|s ph(l)t0|tsomer-t t
AB) species obtained from the present studylat= 430 nm andly Izalion of azobenzene occurs In a lower-lying electronic state

= 700 nm. The fitted time coefficients ofS2ABP and DMAB/4S- (either § or &) regardless of initial excitation into either the
ABP are listed in Tables 1 and 2, respectively; for A= 290 fs S, or S state and thus adds weight to the argument against
and7; = 1.9 ps. An inset compares the transients in the short time Rau’s hypothesis of a rotation mechanism of isomerization in
region. the S(,7*) state.

in 2SABP from Aq = 550 nm to 700 nm, but the increment _With excitation to_the $state, we observed a substant_ial
was only 60% in DMAB in the same detection window. These difference of relaxation rates between DMAB where rotation
observations indicate that the motions of DMAB arl/ABP is possible and 2ABP/4S-ABP where rotation is restricted or

occur on excited-state surfaces with disparate topology. For Plocked. Calculations agree in that the rotation-free molecules
example, the shape of the 8ES in DMAB might be much deactivate via a conical intersection near the® QWist

’ . o L 7,22-24 _ ;
flatter than that in $-ABP so that a smaller variation of lifetimes ~ 9€0metry? Indeed, the 5— S relaxation rate of DMAB

and relative amplitudes was observed for the former. This ina nonviscous solvent is far greater than .that of the-rotf':\tion-
inference is consistent with the topological picture obtained from restricted azobenzenophanes. The geometrical constraint in these
theoretical calculations of AB; the;ES of AB is practically ~ molecules should lead to a lifting up of the BES along the

flat along the rotation channel, but the energy and shape Variesrotatlo_nal coordlnape, rendelrlng the comcal mtersectlon near the
significantly for the $ surface along the concerted inversion 90° twist geometrymaccesgble for rqtathn-restrlcted molecules.
channef. Therefore, our results not only provide strong evidence 1hen the $ — So electronic relaxation in bothSABP and

for the mechanism of photoisomerization being distinct between 4>ABP molecules might occur through a conical intersection
DMAB and 2S-ABP but also support the isomerization of the ©N the conc;erted inversion coordlnate according to calculgtlons
molecule on the SPES to occur via the rotation and the of AB,” which however is at higher energy. The calculations

concerted inversion channels for DMAB an8-2BP, respec-  ©f Ciminelli et al® and of Cembran et & for AB suggest that
fively. the trajectories are neither pure rotation nor pure inversion and

3.3.2. Dynamical Effect on Molecular Rigiditfigure 8 the great discrepancy of relaxation rates observed betwgen 2

compares the Slynamics of all four species, AB, DMAB 2 ABP and &-ABP reflects theT significance of r_nolecular rigidity
ABP, and &ABP in nonviscous solvents, with excitation at ©N the topology of the excited-state potential-energy surface,
Jox = 430 nm and detection dt = 700 nm. We observed a affecyng the corresponding rel_axatlon dynamics. _

systematic variation of time coefficients in terms of molecular 1 NiS work does not contradict Rau's hypothesis of a dual
rigidity; 7, increases only slightly from 1.9 ps in AB to 2.5 ps rotation/inversion mechgnlsm in the phot0|somer|zat|on of
in DMAB but substantially to 5.7 ps in®ABP and greatly to azoben;eneg, but it rejects the neat separation of the two
56 ps in &ABP. The increase af, by 30% when the structure ~ Mechanisms in two separate states. Persico and co-worlesres
changes from AB to DMAB is understandable to reflect the Shown by calculations that the enigmatic quantum yield data
effect of methyl substitutions in theara positions of the  ¢&n be explained by the difference in the dynamics of deactiva-
benzene rings of AB, which to some extent slows the motion tion for molecules prepared at different loci of theRES either

of the phenyl groups along the rotation channel. A substantially P diréct excitation or by internal conversion from. &nfor-
decreased rate of relaxation is observed when the rotationtunately, this experimental work cannot contribute to verification
channel is structurally restricted irSZABP and 4&-ABP; in of this new concept.

comparison to AB, the relaxation rate becomes smaller by )

factors of 3 and 30 for the former and the latter, respectively. Acknowledgment. We thank Professors Tahei Tahara,
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