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We report a study of excited-state dynamics oftrans,trans-distyrylbenzene in hexane solution with femtosecond
two-color transient absorption spectroscopy. A consistent model of two distinct excited states, S1 and X,
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 S1 state has been analyzed. We have found that an effective mode of
∼1270 cm-1 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 that oftrans-stilbene.

1. Introduction

Poly(p-phenylenevinylene) (PPV) and its derivatives have
attracted much attention in the field of polymer light emitting
devices since the 1990s.1,2 One 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
photoisomerization.3,4 Stilbene exhibits characteristic behaviors
in its excited state. Especially, the existence of an energy barrier
of ∼1200 cm-1 in the S1 state of trans-stilbene governs its
primary step of photoisomerization before progressing to the
so-called “phantom state” where the branching between trans-
and cis-isomers occurs. The crossing of this energy barrier takes
∼100 ps depending on solvent temperature and viscosity. It is
thus reasonable to ask whether these excited-state properties
can be further extended to longer oligomers.trans,trans-DSB,
as one of three DSB isomers, is a PPV oligomer that extends
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 family.5

Several recent studies have been focused on its steady-state
photophysical properties and photoisomerization kinetics.6-10

In contrast to the prototypical stilbene in which many detailed
studies have been performed,3,4 the excited-state dynamics of
trans,trans-DSB in solution was investigated only recently by
our group.11

In a previous ultrafast spectroscopic study ontrans,trans-
DSB,11 we discovered that in the excited-state absorption
spectrum an absorbance decrease at∼740 nm and a simulta-
neous increase at∼720 nm take place in 10 ps, which are
assigned to the process transferring the initial excited-state

population (S1) to a distinct intermediate state. This 10 ps
dynamics is still observed in the case of 0-0 excitation, which
suggests that the vibrational relaxation assignment in the S1 state
is unlikely the origin.11 In contrast, the evolution of the excited-
state absorption spectrum oftrans-stilbene shows spectral
narrowing behavior that has been assigned to the vibrational
relaxation process.12,13 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,
what role does it play in the photoisomerization dynamics of
trans,trans-DSB? In this study, probe wavelength-dependent
transient anisotropy was measured and analyzed. In addition, a
theoretical calculation ontrans,trans-DSB was performed to
facilitate the interpretation. Finally, the dependence of the 10
ps process on the excitation wavelength was investigated to
unravel the characteristics of this population transfer process.

2. Experimental and Computational Methods

The DSB sample was synthesized by the Wittig reaction,14

producing a mixture of three isomers (trans,trans-, cis,trans-,
andcis,cis-DSB). The puretrans,trans-DSB isomer was sepa-
rated from the mixture by column chromatography (silica gel,
85 hexane: 15 chloroform) and further purified by recrystalli-
zation. Thetrans,trans-DSB sample of 5× 10-5 M in n-hexane
was prepared for laser experiments in a flow cell, and the flow
rate was adjusted to be fast enough to avoid excitation of the
same molecule by two sequential pump pulses. Because the
isomerized product,cis,trans-DSB, was constantly formed
during the laser experiments, the fraction of thetrans,trans-
DSB isomer was monitored regularly by HPLC and assured to
be greater than 97%.

The details of the ultrafast laser system and transient
absorption setup have been described elsewhere.11 Briefly, a 1
kHz train of 130 fs laser pulses with 1 mJ pulse energy, centered
at 800 nm, serves as the light source for the following
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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 nm.15 The supercontinuum probe
beam (700-900 nm) is generated by focusing the 800 nm laser
pulse in a sapphire window. The polarization of the probe is
selected to be 45° to 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 beam (I| andI⊥).
These two probe components are dispersed by a 32 cm
monochromator to select a specific probe wavelength (λpr) with
3 nm spectral bandwidth and then detected simultaneously by
two separate photodiodes. In a phase-locked detection scheme,
the pump-induced variation of the two detected probe signals,
∆I|(∆t,λpr) and ∆I⊥(∆t,λpr), are extracted by two independent
lock-in amplifiers, where∆t 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 two
photodiodes with corresponding lock-in amplifiers are carefully
calibrated for each probe wavelength. Both isotropic and
anisotropic components of the transient absorption data at each
probe wavelength can be accordingly derived. The transient
absorption anisotropy is derived from the following relation:

The isotropic component of transient absorption is derived
according to

In the excitation energy dependence measurements, the probe
wavelength is selected to be 700 nm because it provides a large
excited-state absorption cross section and therefore the kinetic
parameters can be readily extracted.11

In our computational effort, the geometry of the electronically
ground state oftrans,trans-DSB is fully optimized using density
functional theory (DFT) at B3LYP level16-26 with the 6-311G*
Gaussian basis set. On the basis of the optimized ground-state
geometry, we used ZINDO/S method27,28 to calculate the
electronic excitation energies from ground state (S0) to excited
states (Sn), as well as the corresponding oscillator strengths and
transition dipole moments. The first excited-state (S1) geometry
is subsequently optimized at configuration interaction singles
(CIS)29 with 6-31G* and 6-31+G* starting with the optimized
S0 geometry. The molecular geometry of the S1 state 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
of trans,trans-DSB,11 we here propose a dynamical model as
shown in Figure 1. The UV-pump pulse excites the molecule
from the S0 state to the S1 state with the absorption cross-section
of σ01. The subsequent intramolecular vibrational redistribution
(IVR) process is completed within our time resolution and
quickly equilibrates the excitation energy of Franck-Condon
active modes with all other vibrational modes. This was
confirmed by the transient absorption experiment performed with
the pump wavelength tuned to the 0-0 electronic transition.
The vibrationally equilibrated population in the S1 state then
undergoes a nonradiative transition to the X state with a rate

constant of∼0.1 ps-1 (k1) and subsequently decays in∼2 ns
(kX). Over the range of the selected probe wavelengths (from
700 to 760 nm), the observed excited-state absorption is
therefore composed of two components that are associated with
two Franck-Condon regions: one is from the S1 state with the
corresponding excited-state absorption cross-sectionσ1n and the
other one is from the X state with the correspondingσXm. The
pump-induced probe absorption atλpr g 740 nm at early time
(<10 ps) is mainly due to the excited-state absorption of the S1

state, and the observed 10 ps decay component reflects the
decrease of the initially excited population in the S1 state. In
comparison, the absorption from the X state dominates atλpr e
720 nm. The 10 ps rising component in transient absorption
represents the population transferred from the S1 state to the X
state. The vibrational relaxation in the S1 state cannot account
for the 10 ps dynamical behaviors because they are still
observable when the pump wavelength is tuned to the 0-0
electronic transition.11

The understanding of the observed excited-state absorption
characteristics oftrans,trans-DSB can be facilitated by the
ZINDO/S calculation. Table 1 presents the calculation results
that consist of orientations of electronic transition dipole
moments, corresponding oscillator strengths, excitation energies,
and corresponding excitation wavelengths. The wavelength
corresponding to S0 f S1 is calculated to be 369 nm, which is
consistent with the steady-state absorption spectrum.10 For
excited-state absorption, the most probable transition from S1

is S1 f 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

r(∆t,λpr) ) [∆I|(∆t,λpr) - ∆I⊥(∆t,λpr)]/{[∆I|(∆t,λpr) +
2∆I⊥(∆t,λpr)]} (1)

∆Aiso(∆t,λpr) ∝ -[∆I|(∆t,λpr) + 2∆I⊥(∆t,λpr)] (2)

Figure 1. Schematic photoexcitation kinetic diagram oftrans,trans-
DSB. S0, S1, Sn and Sm represent singlet electronic states, and X
indicates an intermediate state. Theσij represents the absorption cross-
section fori f j electronic transition.k1 is the population transfer rate
from S1 to X; kX indicates the population decay rate of the X state.

TABLE 1: Characteristics of Electronic Transitions of
trans,trans-DSB Calculated by ZINDO/Sa

µx (au) µy (au) µz (au) f ∆E (eV) λ (nm)

S0 f S1 -4.7818 0.2843 0.0002 1.8870 3.3567 369.37
S1 f S2 0.0000 0.0000 0.0000 0.0000 0.7621 1626.88
S1 f S3 0.8884 0.0292 -0.0003 0.0161 0.8328 1488.77
S1f S4 0.0002 0.0000 0.0000 0.0000 0.9913 1250.72
S1 f S5 0.0933 -0.4376 0.0010 0.0049 0.9933 1248.21
S1 f S6 0.0000 0.0000 0.0000 0.0000 1.4924 830.77
S1 f S7 6.1793 -0.0048 -0.0002 1.4744 1.5761 786.65
S1 f S8 0.0000 -0.0001 0.0000 0.0000 1.8957 654.03
S1 f S9 0.0431 0.0353 0.0003 0.0002 2.0180 614.39

a {µx, µy, µz} are Cartesian components of the transition dipole
moment in atomic units,f is the oscillator strength,∆E is its transition
energy, andλ is the corresponding excitation wavelength. The geometry
used for the calculation is the ground-state optimization structure
obtained with B3LYP/6-311G**.
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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:

wherere(∆t,λpr) represents the dynamical electronic anisotropy
related to the population kinetics oftrans,trans-DSB andRD-
(∆t) 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 Born-
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 oftrans,trans-DSB is not altered in
the time scale of interest. In this case,trans,trans-DSB 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 theπ-conjugated backbone and the other one is
perpendicular to it.RD(∆t) is thus reduced to30

whereD⊥ and D| correspond to the rotational diffusion coef-
ficients of tumbling and spinning motions, respectively. Dy-
namical electronic anisotropy,re, is given by31

where θ10 (θX0) is the angle betweenµj1n (µjXm) and µj01, â
represents|µjXm}/µj1n|2, which is proportional toσXm/σ1n, and
F11 (FXX) is the population in the S1 (X) state. With their kinetics
extracted from the isotropic transient absorption components,11

eqs 3-5 are used to fit the anisotropic transient absorption data.
The transient absorption anisotropy forλpu ) 350 nm andλpr

) 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-

lengths in the excited-state absorption spectrum (700, 720, 740
and 760 nm) are listed in Table 2, from which four facts can be
drawn. First, the two extracted rotational diffusion coefficients,
D⊥ andD|, are 2.1 and 6.0 GHz, respectively, and do not vary
with the probe wavelengths. Second, allθ10 are consistently
around 160° for different probe wavelengths. Third, the extracted
â values remain constant for the four probe wavelengths. Finally,
θX0 decreases from 36° to 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:32

and

whereDS ) kBT/6Vη, W ) ln[δ + (δ2 - 1)1/2]/(δ2 - 1)1/2, DS

is the rotational diffusion coefficient of a sphere with an
equivalent volumeV to the ellipsoidal rotor,δ is the axial ratio
of the rotor (δ > 1 for prolate), andη represents the solvent
viscosity which is 3.26× 10-4 kg‚m-1‚s-1 for n-hexane at room
temperature.33 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 Å, respectively, yielding
the two corresponding rotational coefficients:D⊥) 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 bothµj01 and µj17 align
approximately along theπ-conjugated backbone oftrans,trans-
DSB. The angle betweenµj17 andµj01 (θ10) 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 S1 f S7 transition dominates the
contribution forλpr g 740 nm and the observed decay in the
transient absorption signal represents the population transfer out
of the S1 state. It is noticed that all the deducedâ () |µjXm/
µj1n|2) values approach 10, suggesting that the proposed kinetic
model can consistently explain all the excited-state isotropic
and anisotropic behaviors oftrans,trans-DSB. Finally, the
observation thatθX0 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 π-conjugated backbone oftrans,trans-DSB may sig-

Figure 2. Typical anisotropy decay curve of transient absorption signal
of trans,trans-DSB. The pump and probe wavelengths are 350 and 740
nm, respectively. The open circles represent the experimental data, and
the solid line indicates the fitted curve.

r(∆t,λpr) ) re(∆t,λpr)‚RD(∆t) (3)

RD(∆t) ) 1
4

exp(-6D⊥∆t) + 3
4

exp[-(2D⊥ + 4D|)∆t] (4)

re(∆t,λpr) )

(3 cos2 θ10 - 1)F11(∆t,λpr) + â‚(3 cos2 θX0 - 1)FXX(∆t,λpr)

5[F11(∆t,λpr) + â‚FXX(∆t,λpr)]
(5)

TABLE 2: Fitted Results of Anisotropy Dynamics of
trans,trans-DSB Based on Rigid Rotor Modela

λpr (nm) θ10 (deg) θX0 (deg) â D⊥ (GHz) D| (GHz)

760 165.2( 2.3 36.0( 0.4 10.21( 1.23 2.2( 0.19 6.1( 0.38
740 153.5( 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

176.6b 2.9c 6.1c

a θ10 (θX0) is the angle betweenµ01 andµ17 (µXm). â represents|µXm/
µ17|2 , and D| and D⊥ are the rotational diffusion constants parallel
with and perpendicular to the long axis of the prolate-shapedtrans,trans-
DSB, respectively.b The value is estimated from the ZINDO/S results
shown in Table 1.c The value is estimated from the ground-state
molecular structure calculated on the basis of the CIS with 6-31G*.

D⊥ ) 3
2

δ[(2δ2 - 1)W - δ]

(δ4 - 1)
DS (6)

D| ) 3
2

δ(δ - W)

(δ2 - 1)
DS (7)
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nificantly affect the direction of the transition dipole moment
but maintain its moment of inertia. The differentθX0 values at
various probe wavelengths are probably due to such a distribu-
tion of rotamers with different phenyl/vinyl torsional angles in
the X state. In sum, both isotropic11 and anisotropy relaxation
studies indicate the existence of the intermediate X state, which
is in great contrast to the case oftrans-stilbene. On the basis of
the observation of fluorescence lifetime (1.8 ns) and photo-
isomerization quantum yield (8× 10-4),10 this X state apparently
serves as the precursor for the photoisomerization process.

To unveil the nature of the coupling between the S1 and X
states, we monitored the population transfer rate (k1) as a
function of the excess energy in the S1 state by varying the
pump wavelength. As presented previously,11 intramolecular
vibrational redistribution (IVR) in the S1 state oftrans,trans-
DSB occurs almost instantaneously within the pump pulse
duration. This excess energy is expected to establish an
intramolecular temperature before the population transfer process
takes place. The variation of the pump wavelength thus results
in the alteration of the internal temperature in the excited state.
Figure 3 shows the isotropic transient absorption data atλpr )
700 nm for five different pump wavelengths as illustrating
examples. Notice that the 10 ps dynamics becomes faster with
a decreasing of the pump wavelength. The intramolecular
temperatureTint resulted from the ultrafast equilibration of the
excess energy〈Eex〉34 among all 114 internal vibrational modes
can be evaluated from the ensemble average,

whereωv is the radial vibrational frequency of theVth mode.
The dependence ofk1 on the extractedTint is shown in Figure
4 for the pump wavelength varied from 300 to 370 nm. To
analyze this dependence, we invoke a model of temperature
effect on radiationless transition:35

wherek1
0 is the rate constant atTint ) 0 K, ω1 is the effective

vibrational mode responsible for thisk1 nonradiative process,

andf1 is the pre-exponential factor related to the changes in the
normal coordinate and frequency in the equilibrium configu-
ration when the process occurs.k1

0 is extracted to be 9.2× 1010

s-1. This fast population transfer process also implies that the
X state is a singlet state of presumably different geometry
relative to the S1 state. The fittedω1 andf1 are 1270( 36 cm-1

and 84.6, respectively. According to our CIS calculation, the
optically active modes of ground-state absorption lie within
1200-1300 cm-1 and they are associated with the out-of-plain
motion of the benzene ring near 1000 cm-1, which might be
related to the rotation about the internal phenyl-vinyl single
bonds. Notice that the extracted vibrational mode (ω1) respon-
sible for this 10 ps nonradiative process may not be unique,
indicating that there are probably several modes with similar
frequencies that contribute to thef1 factor. Moreover, the
deducedω1 mode (or modes) should be also related to the
rotamer distribution in the X state caused by different amplitudes
of internal phenyl-vinyl dihedral angles, which is suggested
by the observation that the transition dipole orientation of the
X-state absorption gradually varies with the probe wavelength
(Table 2).

The origin of this X state is worthy of more discussion. It is
known that for linear centrosymmetric conjugated molecules,
their two lowest excited states (11Bu

- and 21Ag
+) have different

symmetry properties such that the transition 11Bu
- f 11Ag

+ is
optically allowed but the transition 21Ag

+ f 11Ag
+ is forbidden,

where the 11Ag
+ state is the highest occupied molecular

orbital.36 Furthermore, the proximity between the 11Bu
- and

21Ag
+ states may induce strong vibronic mixing, making

possible the observation of emission from the 21Ag
+ state.37 For

example, the fluorescence spectrum ofall-trans-1,6-diphenyl-
1,3,5-hexatriene (all-trans-DPH) in solution has been resolved
into two components from 11Bu

- and 21Ag
+ , respectively.38 In

comparison, on the basis of our calculation, the oscillator
strength of the S0 f S1 transition oftrans,trans-DSB is much
larger than that of the S0 f S2 transition. The S2 state is thus
unlikely the X state. Our ultrafast anisotropy study, however,
identifies the different electronic nature of the X state from the
S1 state. Is it possible that the vibronic mixing between S1 and
S2 or another nearby electronic state is responsible for the
formation of this X state and is the origin of the 10 ps population
transfer process? Further theoretical investigations are required
to answer this question and to unveil the role of the X state in
photoisomerization.

Figure 3. Pump wavelength dependence of isotropic transient absorp-
tion at probe wavelength of 700 nm. The open circles represent the
experimental data, and the solid lines indicate the fitted curves.

〈Eex〉 ) ∑
V

pωv

epωV/kBTint - 1
(8)

k1/k1
0 ) 1 + f1 exp(-pω1/kBTint) (9)

Figure 4. Intramolecular temperature dependence of the population
transfer rate from S1 to X, k1. 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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4. Conclusions

A kinetic model has been proposed to describe the ultrafast
nonradiative 10 ps dynamics (k1) of trans,trans-DSB in the S1
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 S1 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 S1-state
absorption are consistent with the theoretically estimated values.
The observation that the ratio of two transition dipole moments
(S1 f S7 and X f Sm) is invariant of the probe wavelength
further supports the existence of the X state. These consistent
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
this population transfer process have been further investigated
by the pump-dependent transient absorption measurements. The
correspondingk1 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 of∼1270 cm-1

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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