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We report a study of excited-state dynamicsrahs,transdistyrylbenzene in hexane solution with femtosecond
two-color transient absorption spectroscopy. A consistent model of two distinct excited states] &,
connected by the 10 ps dynamics is proposed with the support from the analysis of excited-state anisotropy.
An investigation on the 10 ps dynamics with varying excitation energy has been also conducted. In the
assumption of fast intramolecular vibrational redistribution, a dependence of this nonradiative 10 ps process
on intramolecular temperature in the Sate has been analyzed. We have found that an effective mode of
~1270 cnt is responsible for the 10 ps dynamics. The analysis of both anisotropy and pump-dependent
results further implies that a distribution of rotamers may exist in the X state. The result indicates a drastic
different excited-state relaxation pathway than thatrafsstilbene.

1. Introduction population (9) to a distinct intermediate state. This 10 ps
dynamics is still observed in the case of@excitation, which
suggests that the vibrational relaxation assignment in ilstafe

is unlikely the origint! In contrast, the evolution of the excited-
state absorption spectrum dfansstilbene shows spectral
narrowing behavior that has been assigned to the vibrational
relaxation proces®¥:13 However, many questions still remain
about this intermediate state. First, is there any other evidence
to further support its existence? Second, how does its behavior
depend on the excess energy in the first excited state? Finally,
: : L . what role does it play in the photoisomerization dynamics of
primary step of photoisomerization before progressing to the trans,ransDSB? In this study, probe wavelength-dependent

so-called “phantom state” where the branching between trans-t lent anisot d and vzed. In additi
and cis-isomers occurs. The crossing of this energy barrier takes ransient anisotropy was measured and analyzed. 1n addition, a

~100 ps depending on solvent temperature and viscosity. It is theoretical calculation orrans,transDSB was performed to

thus reasonable to ask whether these excited-state propertieg"ciIitate the interpretati_on._ Finally, the depende_nce O.f the 10
can be further extended to longer oligomerans, transDSB, ps process on the excitation wavelength was investigated to

as one of three DSB isomers, is a PPV oligomer that extendsunravel the characteristics of this population transfer process.

conjugation in the styryl group. It serves as the first candidate
in studying the dependence of photophysical and photochemical
properties on the molecular chain length in the PPV fafily. ~ The DSB sample was synthesized by the Wittig reactfon,
Several recent studies have been focused on its steady-statgroducing a mixture of three isomersans,trans, cis,trans,
photophysical properties and photoisomerization kinéti¢s. andcis,cisDSB). The purdrans,transDSB isomer was sepa-
In contrast to the prototypical stilbene in which many detailed rated from the mixture by column chromatography (silica gel,
studies have been performgfithe excited-state dynamics of 85 hexane: 15 chloroform) and further purified by recrystalli-
trans,transDSB in solution was investigated only recently by ~ zation. Thetrans,transDSB sample of 5< 1075 M in n-hexane
our groupt! was prepared for laser experiments in a flow cell, and the flow
In a previous ultrafast spectroscopic study teanstrans rate was adjusted to be fast enough to avoid excitation of the
DSB1! we discovered that in the excited-state absorption same molecule by two sequential pump pulses. Because the
spectrum an absorbance decrease- 240 nm and a simulta- isomerized productgcis,transDSB, was constantly formed
neous increase at720 nm take place in 10 ps, which are during the laser experiments, the fraction of thens,trans
assigned to the process transferring the initial excited-state DSB isomer was monitored regularly by HPLC and assured to
be greater than 97%.
* Corresponding authors. E-mail: atmyh@ntu.edu.tw (M.H.); jkwang@  The details of the ultrafast laser system and transient

ccms.ntu.edu.tw (J.-K.W.). : . .
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Poly(p-phenylenevinylene) (PPV) and its derivatives have
attracted much attention in the field of polymer light emitting
devices since the 19904.0One of the PPV oligomers, 1,4-
distyrylbenznene (DSB), deserves deep investigation due to not
only its potential in highly efficient emitting devices but also
its relation to stilbene, which is the prototype molecule for
photoisomerizatiof: Stilbene exhibits characteristic behaviors
in its excited state. Especially, the existence of an energy barrier
of ~1200 cnt! in the § state oftransstilbene governs its

2. Experimental and Computational Methods
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wavelength conversion processes. The pump beam is generated

by the fourth-harmonic-generation of the signal output from a
home-built optical parametric amplifier and its wavelength can
be varied from 300 to 380 nA%.The supercontinuum probe
beam (706-900 nm) is generated by focusing the 800 nm laser
pulse in a sapphire window. The polarization of the probe is
selected to be 450 that of the pump. After overlapping with
the pump beam in the sample flow cell, the transmitted probe
beam is separated into two components with polarizations
parallel and perpendicular to that of the pump begrarfd| ).

These two probe components are dispersed by a 32 cm

monochromator to select a specific probe wavelenggh ith
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Figure 1. Schematic photoexcitation kinetic diagramtdns,trans
DSB. S, S, S, and S represent singlet electronic states, and X

indicates an intermediate state. Tdjerepresents the absorption cross-
section fori — j electronic transitionk; is the population transfer rate

3 nm spectral bandwidth and then detected simultaneously byfrom S, to X; k« indicates the population decay rate of the X state.
two separate photodiodes. In a phase-locked detection scheme,

the pump-induced variation of the two detected probe signals,
Alj(At,Ap) and Al(At,Apr), are extracted by two independent
lock-in amplifiers, whereAt is the pump-probe time delay
provided by a computer-controlled delay stage on the pump
beam path. The polarization-dependent throughput of all optical

components after the sample cell and the responses of twoSt

photodiodes with corresponding lock-in amplifiers are carefully
calibrated for each probe wavelength. Both isotropic and

anisotropic components of the transient absorption data at eachs,—
probe wavelength can be accordingly derived. The transient Si— &

absorption anisotropy is derived from the following relation:

r(Atv/lpr) = [AIII(At!;Lpr) - AID(At!;Lpr)]/{ [AIII(At!/lpr) +
2AI(AtAp)]} (1)

The isotropic component of transient absorption is derived
according to

AAiso(AtJ'pr) U _[AIII(Atilpr) + 2AII](A':J'pr)] (2)

TABLE 1: Characteristics of Electronic Transitions of
trans,transDSB Calculated by ZINDO/S*

u(auy) w@u) w(an)  f AE(eV) Z(nm)

S—S —4.7818 0.2843 0.0002 1.8870 3.3567 369.37
— 0.0000 0.0000 0.0000 0.0000 0.7621 1626.88
S—S  0.8884 0.0292 —0.0003 0.0161 0.8328 1488.77
— 0.0002 0.0000 0.0000 0.0000 0.9913 1250.72
SS—S  0.0933 —0.4376 0.0010 0.0049 0.9933 1248.21
0.0000 0.0000 0.0000 0.0000 1.4924 830.77

6.1793 —0.0048 —0.0002 1.4744 1.5761 786.65

SS—S 0.0000 —0.0001 0.0000 0.0000 1.8957 654.03
S—S 0.0431 0.0353 0.0003 0.0002 2.0180 614.39

a{ux uy, uz are Cartesian components of the transition dipole
moment in atomic unitd,is the oscillator strength\E is its transition
energy, and is the corresponding excitation wavelength. The geometry
used for the calculation is the ground-state optimization structure
obtained with B3LYP/6-311G**.

constant of~0.1 ps? (k;) and subsequently decays i ns
(kx). Over the range of the selected probe wavelengths (from

In the excitation energy dependence measurements, the probgOO to 760 nm), the observed excited-state absorption is

wavelength is selected to be 700 nm because it provides a larg

dherefore composed of two components that are associated with

excited-state absorption cross section and therefore the kinetictW© Franck-Condon regions: one is from the State with the

parameters can be readily extractéd.

In our computational effort, the geometry of the electronically
ground state dfrans,transDSB is fully optimized using density
functional theory (DFT) at B3LYP lev& 26 with the 6-311G*

corresponding excited-state absorption cross-seatipand the
other one is from the X state with the corresponding. The
pump-induced probe absorption/gt = 740 nm at early time
(<10 ps) is mainly due to the excited-state absorption of the S

Gaussian basis set. On the basis of the optimized ground-statétate, and the observed 10 ps decay component reflects the

geometry, we used ZINDO/S methdd® to calculate the
electronic excitation energies from ground statg) (8 excited
states (§), as well as the corresponding oscillator strengths and
transition dipole moments. The first excited-statg &ometry

is subsequently optimized at configuration interaction singles
(CISP® with 6-31G* and 6-3%G* starting with the optimized

Sy geometry. The molecular geometry of thes&te is estimated
on the basis of the 6-31G* calculation result.

3. Results and Discussion

On the basis of our previous study of excited-state dynamics

decrease of the initially excited population in the ssate. In
comparison, the absorption from the X state dominatég, at
720 nm. The 10 ps rising component in transient absorption
represents the population transferred from thstate to the X
state. The vibrational relaxation in the &ate cannot account
for the 10 ps dynamical behaviors because they are still
observable when the pump wavelength is tuned to th@ O
electronic transitioA!

The understanding of the observed excited-state absorption
characteristics ofranstransDSB can be facilitated by the
ZINDOJS calculation. Table 1 presents the calculation results

of trans,transDSB ! we here propose a dynamical model as that consist of orientations of electronic transition dipole

shown in Figure 1. The UV-pump pulse excites the molecule
from the S state to the Sstate with the absorption cross-section
of gp1. The subsequent intramolecular vibrational redistribution
(IVR) process is completed within our time resolution and
quickly equilibrates the excitation energy of Frarckondon
active modes with all other vibrational modes. This was
confirmed by the transient absorption experiment performed with
the pump wavelength tuned to the-0 electronic transition.
The vibrationally equilibrated population in thg State then
undergoes a nonradiative transition to the X state with a rate

moments, corresponding oscillator strengths, excitation energies,
and corresponding excitation wavelengths. The wavelength
corresponding to & S; is calculated to be 369 nm, which is
consistent with the steady-state absorption spectfufor
excited-state absorption, the most probable transition from S
is S, — S7, which is located at 787 nm with an oscillator strength
much stronger than those for nearby possible transitions. This
predicted excited-state absorption wavelength is consistent with

the excited-state absorption spectra observed at the early time

delay. Finally, the orientation information of electronic transition
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Figure 2. Typical anisotropy decay curve of transient absorption signal
of trans,transDSB. The pump and probe wavelengths are 350 and 740
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TABLE 2: Fitted Results of Anisotropy Dynamics of
trans,transDSB Based on Rigid Rotor Modet

Apr (M) O10(deg)  Oxo (deg) B Dn(GHz) Dy (GHz)
760 165.2+2.3 36.0+ 0.4 10.21+1.23 2.2+0.19 6.1+ 0.38
740 1535+ 0.4 32.8+0.1 10.28+0.43 2.1+ 0.05 5.9+ 0.09
720 151.2+£0.3 29.2+ 0.2 10.17+0.38 2.1+ 0.04 5.8+ 0.09
700 155.2+ 0.9 23.3+0.3 10.24+0.77 2.1+ 0.08 5.9+ 0.13

176.8 2.9 6.1

@ 610 (Oxo) is the angle betweem; andua7 (uxm). B representsuxm/
w1712 , and Dy and Dy are the rotational diffusion constants parallel
with and perpendicular to the long axis of the prolate-shaetstrans
DSB, respectively® The value is estimated from the ZINDO/S results
shown in Table 1¢The value is estimated from the ground-state
molecular structure calculated on the basis of the CIS with 6-31G*.

lengths in the excited-state absorption spectrum (700, 720, 740

nm, respectively. The open circles represent the experimental data, andcand 760 nm) are listed in Table 2, from which four facts can be

the solid line indicates the fitted curve.

dipole moments provides a consistency check for the proposed

kinetic model in the analysis of transient absorption anisotropy
(vide infra).

On the basis of the proposed kinetic model (Figure 1), we
derived a dynamical equation for describing the excited-state
anisotropy:

®3)

wherer(At,Apy) represents the dynamical electronic anisotropy
related to the population kinetics tfans,transDSB andRp-

(At) represents the anisotropy relaxation due to its molecular
rotational motion. In this description, two assumptions have been
made. First, the excited-state population kinetics is decoupled
from the molecular rotational motion in the spirit of Befn
Oppenheimer approximation. Second, rotational diffusion is
assumed to be the only anisotropy relaxation mechanism of
nuclear motion in the limit of the rigid rotor approximation.
That is, the conformation dfans,transDSB is not altered in

the time scale of interest. In this cas@ns,transDSB is a rigid
rodlike symmetric rotor (prolate) with two rotational axes and
therefore has two distinct diagonal elements of the rotational
diffusion tensor in the molecular-coordinate system. One axis
is along thexr—conjugated backbone and the other one is
perpendicular to itRp(At) is thus reduced &8

r(Atlllpr) = re(At!}"pr) : RD(At)

Ry (Af) = %1 exp(6D.AL) + g expl—(2D,+ 4D)AY  (4)

where Dy and Dy, correspond to the rotational diffusion coef-
ficients of tumbling and spinning motions, respectively. Dy-
namical electronic anisotropye, is given by!

re(Atdy) =
(3 co$ 015 — Dpss(At,A,) + B+(3 €S O, — L)pxu(Atd,)
5[p11(At!lpr) + ﬂ.pXX (Atilpr)]

®)

where 619 (0xo) is the angle betweep, (iixm) and fio1, 3
representsiixm} /fian|2, Which is proportional tasxm/o1n, and

p11 (pxx) is the population in the X) state. With their kinetics
extracted from the isotropic transient absorption comporiénts,
egs 3-5 are used to fit the anisotropic transient absorption data.
The transient absorption anisotropy g, = 350 nm andi,,

= 740 nm, shown in Figure 2, is a typical example. Notice that
that the fitted curve is in good agreement with the experimental
data. The extracted parameters for four different probe wave-

drawn. First, the two extracted rotational diffusion coefficients,
DpandDy, are 2.1 and 6.0 GHz, respectively, and do not vary
with the probe wavelengths. Second, @b are consistently
around 160 for different probe wavelengths. Third, the extracted
p values remain constant for the four probe wavelengths. Finally,
Oxo decreases from 360 23 as the probe wavelength varies
from 700 to 760 nm.

In the approximation of a rigid ellipsoid, the two rotational
diffusion coefficients can be estimated according to the follow-
ing two equations?

2 J— —_
_ 30[(20° — YW 0]

O 2 (64— 1) S (6)
and
_30(0—-W)
”_Em s (7)

whereDs = kgT/6Vy, W = In[0 + (6% — 1)¥3/(6% — 1)V2, Ds

is the rotational diffusion coefficient of a sphere with an
equivalent volumé/ to the ellipsoidal rotor¢ is the axial ratio

of the rotor ¢ > 1 for prolate), and; represents the solvent
viscosity which is 3.26< 10~* kg-m~1-s~1 for n-hexane at room
temperaturé® Based on the optimized structure from the
theoretical calculation, the calculated radii of the long and short
axis of the ellipsoid are 9.17 and 2.49 A, respectively, yielding
the two corresponding rotational coefficientBp= 2.9 GHz

and D, = 6.1 GHz. The agreement between the fitted results
and the estimated values therefore supports the rigid rotor
approximation and suggests that the molecular conformation
change is insignificant in the time scale of rotational diffusion
relaxation.

In our calculation, it is found that bothy; and zi;7 align
approximately along the—conjugated backbone tfans,trans
DSB. The angle betweeim 7 andjio1 (010) is calculated to be
176.6, which is quite close to the experimentally deduced
values from the anisotropy analysis (Table 1). This agreement
further confirms that the S— S; transition dominates the
contribution fordy = 740 nm and the observed decay in the
transient absorption signal represents the population transfer out
of the § state. It is noticed that all the deducd(= |uxm/
H1n|?) values approach 10, suggesting that the proposed kinetic
model can consistently explain all the excited-state isotropic
and anisotropic behaviors dfans,transDSB. Finally, the
observation thatlxo varies with the probe wavelength from°36
to 23 needs further discussion. Although the transition dipole
is fixed in the rigid rotor approximation, single-bond rotation
in the m—conjugated backbone dfans,transDSB may sig-
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Figure 4. Intramolecular temperature dependence of the population
A, =700nm transfer rate from Sto X, k;. The error bar in each data point

corresponds to the fitting error of the transient absorption data. The
solid line represents the fitted curve by eq 9.
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Figure 3. Pump wavelength dependence of isotropic transient absorp andf, is the pre-exponential factor related to the changes in the

tion at probe wavelength of 700 nm. The open circles represent the normal coordinate and frequency in the equilibrium configu-

experimental data, and the solid lines indicate the fitted curves. ration when the process occuk§is extracted to be 9.2 1010
s~ This fast population transfer process also implies that the

nificantly affect the direction of the transition dipole moment X state is a singlet state of presumably different geometry
but maintain its moment of inertia. The differefi, values at relative to the Sstate. The fittedv; andf; are 1270+ 36 cnrt
various probe wavelengths are probably due to such a distribu-and 84.6, respectively. According to our CIS calculation, the
tion of rotamers with different phenyl/vinyl torsional angles in  gptically active modes of ground-state absorption lie within
the X state. In sum, both isotropicand anisotropy relaxation  1200-1300 cnr! and they are associated with the out-of-plain
studies indicate the existence of the intermediate X state, whichmotion of the benzene ring near 1000 ¢mwhich might be
is in great contrast to the casetodns-stilbene. On the basis of  ye|ated to the rotation about the internal phenyinyl single
the observation of fluorescence lifetime (1.8 ns) and photo- ponds. Notice that the extracted vibrational mode) fespon-
isomerization quantum yield (8 10~),'“this X state apparently  sjple for this 10 ps nonradiative process may not be unigue,
serves as the precursor for the photoisomerization process. ingjicating that there are probably several modes with similar
To unveil the nature of the coupling between theaid X frequencies that contribute to the factor. Moreover, the
states, we monitored the population transfer ratg s @  gdeducedw; mode (or modes) should be also related to the
function of the excess energy in the Sate by varying the  rgtamer distribution in the X state caused by different amplitudes
pump wavelength. As presented previousiyptramolecular  of internal phenytvinyl dihedral angles, which is suggested
vibrational redistribution (IVR) in the Sstate oftrans,trans by the observation that the transition dipole orientation of the

DSB occurs almost instantaneously within the pump pulse x_siate absorption gradually varies with the probe wavelength
duration. This excess energy is expected to establish an(Taple 2).

intramolecular temperature before the population transfer process

takes place. The variation of the pump wavelength thus resultsknOWn that for linear centrosymmetric coniuaated molecules
in the alteration of the internal temperature in the excited state. y Jug '

. . —_ + .

Figure 3 shows the isotropic transient absorption dafayat their two lowest excited states’l, and 2A,) have different
700 nm for five different pump wavelengths as illustrating SYmmetry properties such that the transitid 1 — 1'A; is
examples. Notice that the 10 ps dynamics becomes faster withoptically allowed but the transition'&; — 1A is forbidden,
a decreasing of the pump wavelength. The intramolecular where the 3A[ state is the highest occupied molecular
temperatureT; resulted from the ultrafast equilibration of the orbital3¢ Furthermore, the proximity between théB] and
excess energiEe34 among all 114 internal vibrational modes 21A(_;r states may induce strong vibronic mixing, making
can be evaluated from the ensemble average, possible the observation of emission from tA& 2 state3” For

. example, the fluorescence spectrumatiftrans-1,6-diphenyl-

v 1,3,5-hexatrienea(l-trans-DPH) in solution has been resolved

Z dodkaTm _ q into two components from!B, and ’ZAg+ , respectively?® In
comparison, on the basis of our calculation, the oscillator
wherew, is the radial vibrational frequency of theh mode. strength of the §— S, transition oftranstrans-DSB is much
The dependence & on the extractediy is shown in Figure  larger than that of theS— S; transition. The &state is thus
4 for the pump wavelength varied from 300 to 370 nm. To unlikely the X state. Our ultrafast anisotropy study, however,
analyze this dependence, we invoke a model of temperatureidentifies the different electronic nature of the X state from the

The origin of this X state is worthy of more discussion. It is

[ F

ex

8

effect on radiationless transitich: S, state. Is it possible that the vibronic mixing betweqra8d
S, or another nearby electronic state is responsible for the
k /K = 1+ f, exp(—hw,/ksTi) 9) formation of this X state and is the origin of the 10 ps population

transfer process? Further theoretical investigations are required
wherek{ is the rate constant &y = 0 K, w1 is the effective to answer this question and to unveil the role of the X state in
vibrational mode responsible for this nonradiative process, photoisomerization.
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4. Conclusions

A kinetic model has been proposed to describe the ultrafast
nonradiative 10 ps dynamick] of trans,transDSB in the
state. An intermediate X state that plays a critical role in this
model is proposed to be responsible for the observed 10 ps
dynamics, representing the efficient population transfer from
the S state to the X state. A rigid rotor model has been used to
analyze the anisotropy data. The deduced rotational diffusion
coefficients and transition dipole orientation of the-state
absorption are consistent with the theoretically estimated values.
The observation that the ratio of two transition dipole moments
(S1 — S and X— Sy) is invariant of the probe wavelength
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M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
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further supports the existence of the X state. These consistentN.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;

results obtained over all the probe wavelengths show that the
anisotropy study combined with the isotropic transient absorp-
tion study confirms this kinetic model. The characteristics of

Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,

X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;

this population transfer process have been further investigatedJaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;

by the pump-dependent transient absorption measurements. Th
corresponding; has been observed as a function of the excess
energy. A weak coupling model is proposed to analyze this
relationship, yielding a specific vibrational mode-e1270 cnr?

responsible for the 10 ps nonradiative process. More detailed
theoretical investigation on this issue to elucidate the charac-
teristics of the X state is suggested and is currently under way.
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