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Femtosecond pump-probe spectroscopy is used to explore the excited-state dynamics of TPE in polar and
nonpolar solvents. Four excited states are shown to play an important role: the vertically excited S1 state,
the Franck-Condon relaxed S1 state, a twisted charge-resonance state (in the literature often referred to as
biradical), and a charge-separated state. The subpicosecond dynamics are dominated by a very large Stokes
shift, which is primarily due to ultrafast elongation of the ethylenic C-C bond, and by wave packet motion
of the phenyl-ring bending modes. On picosecond time scales, isomerization dynamics and charge separation
by symmetry breaking occur. The latter process is made possible by an avoided crossing between the singly
and doubly excited states of TPE, leading to a dramatic enhancement of the polarizability. The electron
transfer across the C-C bond follows an adiabatic reaction path on the lower potential energy surface. In
nonpolar solvents, an equilibrium is established with a symmetric charge resonance state, by thermally activated
recrossing to the upper potential surface. In polar solvents this process is suppressed by solvent stabilization
of the dipolar, zwitterionic form of TPE.

1. Introduction

One of the most fundamental, yet simplest, chemical pro-
cesses involves rotation around a chemical bond. While many
molecules exhibit this effect in the ground state, there are several
important systems where isomerization is solely a photon-driven
process. The most famous example is rhodopsin,1 where a cis-
trans isomerization in the retinal pigment triggers a series of
events that ultimately lead to vision. The primary step in this
reaction is thought to proceed via a nonadiabatic crossing to
the ground-state surface.2 Other typical examples are molecules
such as stilbene and azobenzene. Stilbene is the prototype
alkene and has been studied in both the gas3 and condensed4,5

phases. Using a variety of nonlinear optical techniques, much
has been learned about the initial dynamics along the reaction
coordinate. Since cis-trans isomerization reactions occur on
a picosecond time scale, this effect has potential for optical
switching applications. When an alkene or azobenzene is
embedded in a liquid crystal or polymer, photon-induced
isomerization leads to large structural changes in these materi-
als.6,7 This effect could possibly be exploited for optical
information storage.
In the discussion of the photochemistry of stilbene, the so-

called “phantom state” plays a major role.8 This is the lowest
energy state along the twisting coordinate where the phenyl rings
are (nearly) perpendicular to one another and which is presumed
to be the transition state for cis-trans isomerization. While in
stilbene the energetic minimum occurs at a twist angle of∼105°,

in ethylene the perpendicular conformation has the lowest
energy. Calculations show9-11 that for ethylene anaVoided
crossingexists near the phantom state between the electronic
states1B2 and1A1, which are the singly excitedπ-π* and the
doubly excitedπ*-π* states, respectively. Figure 1 shows a
schematic picture of the energies of these states as a function
of twist angle. In the vicinity of the avoided crossing, where
these states are degenerate within the Born-Oppenheimer
approximation, the molecule becomes extremely polarizable.
This effect is known as “sudden polarization”.12 Small pertur-
bations, as, for instance, induced by solvent collisions, heavily
mix these levels, leading to states that exhibit large induced
dipoles due to charge separation across the C-C bond. Such
ionic states can be further stabilized by pyramidalization of one
of the carbon centers, thus shifting the excited-state charge
distribution from a so-called biradical to a zwitterionic nature.9,10

Although solvent polarity has a marked effect on the lifetime
of cis-stilbene,13 the importance of ionic states in the isomer-
ization process has not been assessed yet. The same holds for
rhodopsin and bacteriorhodopsin, although in the latter case an
avoided crossing has been held responsible for the presence of
a small barrier along the twisting coordinate.14 In the case of
ethylene it has been suggested15 that the ion-pair character of
the lowest excited state near the phantom configuration facili-
tates a 1,2-hydrogen atom shift in the photodecomposition
process. For 9,9′-bianthryl (BA) and tetraphenylethylene (TPE),
microwave conductivity16,17 and optical calorimetry18,19 mea-
surements clearly showed twisting-induced charge separation
across the central C-C bond. This process is only possible
when the intrinsic inversion symmetry of BA and TPE is broken
by solute-solvent interactions. Since solvation-shell dynamics
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occur on time scales of 100 fs to ns, an intriguing question
concerns the time scale on which symmetry breaking occurs.
In this paper we focus on the twisting and charge-separation

dynamics of TPE using femtosecond pump-probe spectroscopy.
There is quite a history on the spectroscopy and dynamics of
TPE. Most noteworthy for TPE is its dual fluorescence and
nonexponential fluorescence decay kinetics in nonpolar solvents.
A landmark picosecond pump-probe study on TPE in 3-me-
thylpentane was published in 1981 by Barbara et al., who
proposed a three-state model to account for the spectroscopy
and dynamics around the central bond.20 Although the nature
of the intermediate states was not identified, the model ac-
counted for all spectroscopic observations, including the large
Stokes shift in emission, the dual fluorescence, the viscosity
dependence of the fluorescence lifetime, and the radiationless
decay from the last state along the isomerization coordinate back
to the ground state.
Soon thereafter, Greene reported21 that TPE in hexane has

an excited-state absorption at about 620 nm, which decays on
a picosecond time scale. In view of earlier experiments on
stilbene this time scale was attributed to twisting around the
ethylenic bond. Greene also suggested a transient absorption
at 420 nm to be due to a charge-resonance state, formed on
twisting around the C-C bond. Schilling and Hilinski22

examined the effect of solvent polarity on the decay of this band
and concluded from its solvation dynamics that a zwitterionic
rather than a charge-resonance state was involved. They
proposed that with increasing solvent polarity the zwitteronic
state is stabilized, thereby reducing the energy gap with the
ground state. This latter effect would also explain the increased
rate for radiationless decay to the ground state in a polar solvent.
Morais et al. performed picosecond optical calorimetry

measurements on TPE, which strongly suggested the existence
of a zwitterionic state along the twist coordinate.18 Ma et al.
extended this study19 and determined the energy differences
between the two twisted states (the second and third state in
the model of Barbara et al.) to be only a fewkT. They went
further and assigned the three states to the vertically excited
state, the conformationally relaxed state, and the twisted excited
state, which they interpreted as a zwitterionic state.
Schuddeboom et al. recently reported results of time-resolved

microwave conductivity measurements on TPE in alkanes,17

which clearly showed the existence of a long-lived polar excited
state. They further concluded that the so-called “prompt
emission” of TPE, at about 500 nm, derives from a partially
relaxed S1 state, while the fluorescence around 560 nm was
assigned to a conformationally relaxed S1 state. They also
suggested this latter state to be in equilibrium with the
zwitterionic state.
Recently, our group reported the first results of a femtosecond

pump-probe study on TPE.23 On this time scale vibrational
wave packet motion on the excited-state potential and an
ultrafast dynamic Stokes shift are observed. From the fact that
the Stokes shift seemed to occur on the same time scale as the
buildup of the wave packet motion, it was concluded that
ethylenic bond twisting proceeds on a subpicosecond time scale,
just as in the case ofcis-stilbene. The results presented here,
however, are not in agreement with this earlier conclusion. In
line with earlier work, we consent that ethylenic bond twisting
in TPE takes place on a picosecond time scale and that the
subpicosecond Stokes shift dynamics is caused by ultrafast
vibrational relaxation of the vertically excited state. The pump-
probe data presented here further show that no phase shift occurs
in the oscillatory transient probed at 650 run, as suggested
earlier. It turns out that these oscillationsswhich are much more
pronounced in the measurements presented herescan be fitted
very well, assuming instantaneous response.
In this paper we report a detailed account of femtosecond

pump-probe measurements on TPE in solvents of different
polarity, focusing in particular at the mechanism of the charge-
separation reaction. A novel finding is that in alcohols there is
a direct relation between the decay of the 650 nm absorption
and the buildup of the transient at 500 nm. In alkanes the latter
signal exhibits a delayed buildup compared to the decay of the
650 nm band. In alcohols these dynamics relate the decay of
the Franck-Condon relaxed planar excited state to the formation
of a zwitterionic state. In alkanes this zwitterionic state is less
stabilized and formed on a slower time scale. All these
dynamics can be explained when the avoided crossing between
singly and doubly excited states of TPE is taken into account.
A unified description of the electron-transfer process is proposed
in terms of adiabatic crossing between solvation-dressed excited-
state energy surfaces.

2. Experimental Section

The femtosecond pump-probe experiments were performed
with an amplified CPM-laser system,23 yielding 10µJ pulses
at 620 nm with a repetition rate of 9 kHz. The pump pulse at
310 nm was generated by frequency doubling in a 300µm thick
KDP crystal, while probe pulses were derived from a continuum,
obtained by focusing part of the amplified pulse in a 2 mm
thick sapphire plate. The chirp in the continuum was removed
by use of a pair of quartz prisms in nearly retroreflecting
geometry and a double-pass grating pair, resulting in cross-
correlation widths between pump and probe of 70-100 fs in
the frequency range 450-700 nm. This corresponds to
continuum pulse widths of 50-65 fs for these parts of the
spectrum.
The pump-probe signals were measured for parallel and

perpendicular polarizations of the pump and probe pulses.
Frequency selection was achieved by placing suitable interfer-
ence filters in front of the photodiode detector. In addition,
the spectrum of the continuum was narrowed in front of the
sample, by positioning an adjustable slit in the probe beam after
the first passage of the two quartz prisms. In this way, only
the desired part of the total spectrum, with a width of about 50

Figure 1. Schematic representation of the lowest potential energy
surfaces of symmetric alkenes as a function of the central bond twist
angle. Newman projections of the two limiting cases ofD2h andD2d

symmetry are shown below. The position of the avoided crossing
between the two excited states presumably depends on the substituents
of the central alkene backbone. The nomenclature of the states (N, Z,
V, and ab, a2 + b,2 a2 - b2) is explained in section 3.
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nm, reaches the sample. This proved to be essential, since
otherwise probe pulse-induced artifacts determine the observed
transients.
In a previous report,23 we used the uncompressed continuum

as a probe with frequency selection behind the sample. A
consequence of this arrangement is that all frequency compo-
nents of the continuum interact with the sample. Although the
probe pulse may be weak for a given spectral component, the
pulse energy, integrated over the entire spectrum, is sometimes
capable of altering the state of the system. In particular for
experiments on the blue side of the spectrum, where light arrives
with a time delay for a positively chirped pulse, a totally
different state may be probed than originally excited by the
pump pulse. To some extent, this proved indeed to be the case,
since the transients reported by us before,23 differ occasionally
from those shown here. The lesson learnt is that it is much
preferred to perform wavelength selection in front instead of
behind the sample.
Tetraphenylethylene (TPE) was recrystallized from ethanol/

chloroform mixtures until whiteness was obtained. Following
crystallization, the purity of TPE was checked by13C NMR
and determination of the melting point. Cyclohexane, ethanol,
and 1-butanol (Merck, p.a.) and 1-octanol (Aldrich) were used
as received. The investigated solutions were>99% pure, based
on GC analysis. The sample consisted of a 300µm free flowing
jet with 0.2 mM 300 mL solutions. In cyclohexane solutions,
the TPE concentration may have been slightly higher, due to
the volatility of cyclohexane. This effect was compensated for
by slowly adding cyclohexane to the solution. GC analysis of
the solutions after the experiment showed no evidence of buildup
of photobyproducts.

3. Nomenclature of the States near the Avoided Crossing

Before we discuss the results of the experiments, we want to
comment on the character of the states involved in the “sudden
polarization” phenomenon. We will use the parent molecule
C2H4 as an example. Around the 90° twisted conformation,
one deals with a two-electron, two-orbital open-shell problem.24

Indicating the p-orbitals on the two carbon atoms that form the
double bond in the ground state as “a ” and “b”, the states
1(ab),1(a2 ( b2), and3(ab) arise, of which only the last one can
be describedsas far as the energy is concernedswith a single
determinant wave function. States with a dipole moment, in
which the electron density on one of the carbon atoms is higher
than that on the other carbon atom, are associated only with
the 1(a2 ( b2) states. At the twist angle where the1(a2 + b2)
and1(a2 - b2) Born-Oppenheimer surfaces cross (see Figure
1), these two states are degenerate, and any appropriate
symmetry lowering interaction, be it intramolecular (Jahn-
Teller effect) or external (solvent reorganization), will induce
localization of the electronic charge distribution on one side of
the molecule. This leads to an avoided crossing and to solvent
stabilization of a charge-transfer state1(c1a2 + c2b2), wherec1
. c2 or vice versa. This is also known as a “zwitterionic state”
or, referring to theD2d parent state, as the “Z” state.
Thus, the 1(a2 + b2) state is “stabilized” by symmetry

breaking, which leads to a new state with an appreciable dipole
moment. In contrast, the1(a2 - b2) state, also known as the
“V” state, is destabilized by solvation. Hence, there is a
tendency to reduce the dipole moment when the molecule is
on this potential surface. The1(a2 - b2) state itself carries no
dipole moment, which has ledserroneouslysto classifying it
as a “biradical” state. Note that the V and Z states are no longer
orthogonal, when dressed with the solvent interactions as
described here.

In the practice of organic chemistry and ESR spectroscopy,
it is common to use the phrase “biradical” for systems where
two unpaired electrons are localized on relatively distant parts
of the molecule, and consequently the singlet/triplet splitting is
small. For C2H4 and the like, the only states that may give rise
to this situation are the1,3(ab) states. The CT states are
essentially singlets and cannot be “biradical” at all. We will
therefore call a state “charge resonance” (CR) when the electron
distribution is symmetric and “charge transfer” (CT) or “zwit-
terionic” when an electron has been transferred from one-half
of the molecule to the other.
In light of the above discussion, the assignment of a transient

absorption at 1000 nm in the ethylenic system biphenanthre-
nylidene to a biradical-zwitterionic transition by Piotrowiak
et al.25 is, most likely, incorrect. The lack of a solvatochromic
effect on this transition strongly suggests the initial and/or final
states to have only a very weak CT character, indicative of a
small interaction between the two nondegenerate energy sur-
faces.

4. Results and Discussion

4.1. The First 2 ps. The initial pump-probe response of
TPE, up to about 2 ps is solvent-independent. This suggests
that on this time scale the dynamics are predominantly intramo-
lecular. Figure 2 displays typical transients for TPE in
cyclohexane at probe wavelengths from 500 to 650 nm. At all
wavelengths, from 450 to 700 nm, the absorption rises instan-
taneously, which is interpreted as a signature of excited-state
absorption. While the green part of the spectrum displays fast
changes, the transient absorptions at 450 nm and in the 600-
650 nm range persist on a picosecond time scale, as already
noted by Greene.21

As shown in the bottom panel of Figure 2, the transient at
500 nm changes sign after a few hundred femtoseconds. The
excited-state absorption turns into a bleach, which is assigned
to stimulated emission. This signal is largest for parallel pump
and probe polarizations. In TPE, the S1 r S0 transition is
polarized along the pz orbitals, which form the central double
bond. The fact that the stimulated emission remains polarized
along the excitation direction over the first 2 ps implies that on
this time scale no ethylenic bond twisting occurs. The transient
stimulated emission, probed at 500 nm, therefore must reflect
vibrational cooling from an initial state that has kept its ground-
state configuration, except for elongation of the central C-C
bond. Indeed, the C-C bond in theπ-π* excited state is
formally a single bond, which is stretched compared to the
ground state. This picture is corroborated by the resonance
Raman spectrum of TPE, which is dominated by the 1585 cm-1

stretching vibration of the central bond.26 The vertically excited
state therefore quickly relaxes to the potential minimum along
the C-C stretch mode, by coupling to other intramolecular
vibrations. Thereby, a sizable Stokes shift is generated.
The Stokes shift of 12 000 cm-1, observed in the stimulated

emission, is indeed very large. Although this suggests a large
structural change in the TPE excited state,23 calculations on the
parent molecule ethylene confirm that a lengthening of the C-C
bond in the excited state of about 0.3 Å accounts for a shift of
11 000 cm-1. We performed this ab initio calculation at the
all-valence CISD level in a standard double-ú valence (DZV)
basis for the planar geometry (C-H bond length 1.076 Å;
H-C-H bond angle 116.6°). The fact that the Stokes shift
occurs on a subpicosecond time scale and is solvent-independent
points to strong intramolecular vibrational coupling, leading to
fast energy redistribution among the many modes of TPE.
At 650 nm, the pump-probe signal exhibits strong oscilla-

tions due to a low-frequency vibration (124 cm-1), which decays
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on a subpicosecond time scale. In our previous paper23 we
assigned this mode to a torsional and/or scissoring motion of
the phenyl rings. The oscillations displayed here are much more
pronounced than reported earlier, which is probably due to the
fact that in the previous experiments the probe pulse carried a
substantial chirp. This may enhance or suppress the wave
packet dynamics, depending on the sign of the chirp.27 The
first impression from the trace at 650 nm (see the top panel of
Figure 2) is that the wave packet builds up in time. In our
previous paper this was interpreted as a phase shift, caused by
indirect excitation of this mode by, for instance, the C-C stretch
mode.23 However, closer inspection of these transients obtained
with higher time resolution reveals that the apparent buildup

results from the finite pulse durations used in the pump-probe
experiment. Figure 3 shows that an excellent fit to the pump-
probe data at 650 nm can be obtained by convoluting the
experimental time resolution with a response function of the
form5

with phaseΦ ) 0. Here,A650 andτ650 are the amplitude and
decay time of the overall response at 650 nm, whileBosc and
τoscare the same quantities for the vibrational wave packet with
frequencyνosc. Fits with a quality similar to that of Figure 3
could be obtained for all solvents, with phaseΦ ) 0. This
indicates that the wave packets are directly excited from the
ground state. The fit parameters are shown in Table 1.
Damping of the torsional mode increases slightly at higher
solvent viscosity, showing the importance of intermolecular
vibrational mode coupling for these low-frequency, large-
amplitude motions.

Figure 2. Pump-probe spectra of TPE in cyclohexane up to 2 ps. In
all cases the excitation wavelength is 310 nm. The probe wavelengths
are 500, 550, 600 and 650 nm (from bottom to top). All transients are
largely solvent independent. Forλpr ) 500 nm, the results for both
parallel (solid line) and perpendicular (dashed line) pump and probe
polarization are shown.

Figure 3. Fits (solid lines) to the two type of oscillations observed in
the short-time pump-probe spectra of TPE (dots). In the upper panel
the result is shown for the 650 nm transient of TPE in cyclohexane
and in the lower panel that for the 600 nm transient of TPE in octanol.
The parameters of the fits at 650 nm can be found in Table 1 for the
different solvents. The parameters for the fits of the much weaker
oscillation at 600 nm were, within the experimental error margins,
identical for all solvents.

TABLE 1: Parameters of the Fits of the Wave Packet
Motion at 650 nma

solvent
lifetime
τ650 (ps)

freq
νosc (cm-1)

damping
τosc (fs)

ethanol 4.2 122 305
1-butanol 6.7 124 345
1-octanol 9.9 123 430
cyclohexane 11.8 126 406

a The overall damping of the pump-probe transient at this wave-
length (τ650), the frequency of the oscillation (νosc), and the damping
time of the oscillation (τosc) are listed for the various solvents.

M(t) ) A650exp(-t/τ650) + Boscexp(-t/τosc) ×
cos[2πνosct + Φ] (1)
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For a probe wavelength of 700 nm, the same 124 cm-1 motion
of the phenyl rings dominates the response. Surprisingly, again
a phase shiftΦ ) 0 is found. The presence of a very steep
higher excited-state potential in the probing process may be the
explanation for this probe wavelength-independent phase. This
interpretation implies that shifts should be observable much
further to the red of the current probe wavelengths. At the
moment, we have not been able to probe in that range, yet. At
the high-energy side (500-600 nm) the transients do not display
this phenyl ring motion, but instead a slight undulation at lower
frequency is observed. As shown in Figure 3 for the 600 nm
transient of TPE in octanol, this can be fitted with eq 1 as well,
yielding a mode of about 58 cm-1. This frequency is very close
to one observed in pump-probe spectra of rhodopsin. There,
a 60 cm-1 mode is assigned to a skeletal torsional mode,
associated with the isomerization reaction coordinate.2

4.2. Longer Time Scales.Figure 4 displays the pump-
probe transients for TPE in cyclohexane and ethanol on longer
time scales. All transients show a pronounced solvent depen-
dence, which relates to twisting around and charge separation
across the central carbon-carbon bond. The time scale of the
twisting motion is most apparent in the decay of the excited-
state absorption at 650 nm. In this spectral region the signals
do not depend very much on the relative orientation of the pump
and probe polarizations, but a marked dependence on solvent
viscosity is observed. Note that in cyclohexane after about 15
ps a plateau is reached. In alcohols the 650 nm transient shows
a faster decay, reaching a plateau within 10 ps. On a longer
time scale this “plateau” decays with a lifetime which strongly
depends on solvent polarity. Evidently, phenyl twisting in TPE
proceeds on a time scale of several picoseconds instead of a
few hundred femtoseconds as originally concluded.23 This is
about the same time scale as observed fortrans-stilbene but a
factor of 10 slower than forcis-stilbene. Replacement of an
ethylenic hydrogen atom in stilbene by a phenyl ring in TPE
decreases the electron pair repulsion due to some delocalization,
while increasing the solvent drag. The isomerization rate in
any of these alkenes is determined by a subtle balance between
electrostatic and steric factors, making it difficult to compare
these molecules.
The most dramatic solvent dependence on the picosecond

transients is observed in the 500-550 nm region. In this
spectral region the transients are not only sensitive to solvent
viscosity but also to solvent polarity. Figure 5 displays these
transients for three different alcohols and cyclohexane. This
figure clearly shows that the picosecond transients for ethanol
and cyclohexane are very different, even though their viscosities
are similar. For the longer alcohols the buildup and decay
become progressively slower, by the increase of viscosity and
the decrease of polarity. We further note that for alcohols a
direct relation is found for the decay of the 650 mn band and
the buildup time of the 500 nm absorption that follows after
the stimulated emission signal at this wavelength (Figures 4
and 5). These observations suggest that the 500 nm transient
is connected to a species, directly generated from the Franck-
Condon relaxed excited state. Because of the strong polarity
dependence of the rise and decay of the 500 nm transient, which
is strongest for perpendicular polarizations, we suggest this
species to be the zwitterionic state of TPE. Apparently, the
Franck-Condon relaxed excited state is converted into a
zwitterionic state by motion along the twist coordinate.
To characterize the dynamics, we performed a simple kinetic

analysis of all transients observed at the various wavelengths.
In this way the various time scales of the overall dynamics are

determined, which facilitates the construction of the quantum
mechanical picture presented in the next section.
We found that a two-state model excellently fits the pico-

second excited-state dynamics of TPE in alcohols and most
likely in all polar solvents. A satisfactory fit to each set of
transients was obtained, using a global fitting routine. Herein,
all transients for a given alcohol are fitted simultaneously, with
the same rate constants but different spectral amplitudes. In
this fitting procedure we included the 500, 550, 600 and 650
nm transients using a simple two-state consecutive reaction
scheme. Figure 6 displays the resulting fits for ethanol; the

Figure 4. Comparison between the picosecond pump-probe transients
of TPE in cyclohexane (solid line) and ethanol (dashed line). The probe
wavelengths are 500, 550, 600, and 650 nm (from bottom to top). For
all alcohols, the decay in the red part of the spectrum is related to the
rise of the signal in the green. For cyclohexane, no such relation is
found.
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quality of the fits for butanol and octanol is equally good. A
careful look at the 550 nm transient reveals a small discrepancy
between the data and the fit at a delay of∼4 ps. As will be
discussed below for the case of TPE in cyclohexane, this small
discrepancy is indicative of the presence of a third state in the
dynamics. However, since in polar solvents this state apparently
is hardly populated, the two-state model provides an adequate
fit to the data.
For cyclohexane, the decay of the 650 nm transient is not

directly related to the buildup of the 500 nm transient.
Consequently, the results can clearly not be fitted within a two-
state model, as shown in Figure 7. A three-state model, where
a dynamic equilibrium exists between two product states,
however, works well. The reaction scheme covering the
dynamics in both polar and nonpolar solvents therefore is the
following:

Excellent fits for the transients at all wavelengths are obtained
for TPE in alcohols and cyclohexane as well, when the
equilibrium with the third level is taken into account. In
principle, there could also be some direct transfer from A to C,
involving kAC as yet another kinetic parameter. Our data are
not accurate enough to either exclude or identify this reaction
path.
All parameters obtained from fitting the pump-probe tran-

sients to the two- and three-state models are given in Table 2.
For the alcohols no values can be given for the kinetic
parameters of the equilibrium Ba C, since C is not, or hardly,
populated (kBC , kCB). These data show that the reaction rate
out of state A is strongly influenced by the viscosity of the
solvent, while state B has a lifetime that is directly related to
the solvent polarity.
At this point we note that an interpretation of the transients,

just discussed, in terms of vibrational relaxation phenomena is
ruled out. Although the time scale for the observed effects is
right, the excellent correspondence between the rise and fall
times of these transients at very different wavelengths in
alcoholic solutions, but not for cyclohexane, is a very strong
point for the interpretation given. Of course, effects of
vibrational cooling should be present, for instance, in the spectral

width of the transients involved. This is outside the scope of
the present study.
When these results are considered in the light of the

qualitative discussion presented above, the identification of states
A, B, and C seems clear. We suggest A to be the vibrationally
relaxed planar S1 state, which is formed on a subpicosecond
time scale from the vertically excited state. This state pre-
dominantly absorbs in the red part of the spectrum, while at
500 nm stimulated emission to the ground state occurs. This
planar configuration subsequently decays on a picosecond time
scale through a twist around the central C-C bond, accompanied

Figure 5. Picosecond dynamics of TPE at 500 nm in ethanol (thin
solid line), 1-butanol (dotted line), 1-octanol (dashed line), and
cyclohexane (bold solid line). In this part of the spectrum, the pump-
probe transients are strongly dependent on the polarity and the viscosity
of the liquid, as discussed in the text.

A
kAB

B ground state
τ–1

kCB kBC

C

Figure 6. Fits (solid lines) of the 500, 550, 600, and 650 nm transients
(from bottom to top) of TPE in ethanol (dots). For simplicity, the solvent
independent ultrafast part of the response (<2 ps) was excluded from
the fitting. A two-state model suffices to explain the data at all
wavelengths with the same set of dynamic parameters. These are given
in Table 2.
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by charge separation across this bond. Hence, B is the
zwitterionic form of TPE, which has distinct polar character.
Its main spectral feature is the strong absorption at 500 nm.
This state subsequently decays to a twisted conformation on
the ground-state potential surface or establishes an equilibrium
with state C, the charge-resonance form of perpendicular
geometry, which weakly absorbes over a large frequency range.
In cyclohexane, both the charge-resonance state and the

zwitterionic form are populated appreciably. In alcohols, the
equilibrium is strongly shifted toward the zwitterionic state; in
fact, the charge-resonance form in these solvents is hardly
detected at all. The small discrepancy in the two-state fit of
the 550 nm transient of Figure 6 is due to the very limited and
short-lived population of this state. The stabilization of the
zwitterionic state in polar solvents is caused by the interaction
between the induced dipole of the zwitterion and the dipoles of
the solvent. As a result, the charge-resonance state is largely
bypassed and/or its lifetime in polar solvents is so short that its
transient population can hardly be detected at all. This analysis
is supported by the observation of a broader transient spectrum

in the 500-550 nm range in cyclohexane compared to the case
of alcohols, which suggest that the red flank of this transient
may be due to absorption of the charge-resonance excited state
of TPE. In fact, we observe a weak buildup of the signal at
550 nm, which is absent in the alcoholic solutions. This
absorption resembles the weak band at 520 nm in the diphe-
nylmethylradical,28making it plausible that the charge-resonance
form of TPE absorbs here.
This interpretation leads also to the conclusion that the

delayed fluorescence18 of TPE in alkanes around 560 nm must
be attributed to emission from the charge-resonance form of
TPE. Previously, this emission was assigned to the relaxed S1

state.17,19,20 The absence of this band in polar liquids is then
immediately explained as well. A further consequence of this
line of reasoning is that the so-called “prompt” fluorescence29

peaked near 500 nm, must be due to emission from the relaxed
S1 state, and not from the vertically excited state, as suggested
hereto.
Greene21 suggested in his picosecond pump-probe study of

TPE that transient absorption of the zwitterionic state is located
at 420 nm. Pump-probe measurements at the red flank of this
band (at 450 nm, dictated by available interference filters)
provide no support for this assignment. These data are shown
in Figure 8. Obviously, no dynamics occur other than a slow
decay similar to the 500 nm band. Since the absorption is
induced instantaneously, and only weakly responds to ethylenic
bond twisting, we assign this 420 nm band to an excitation
localized at the phenyl rings. Of course, when excitation pulses
of about 30 ps are being used for pump-probe measurements,
all dynamics occurring prior to population of the zwitterionic
state go unnoticed and this band can perfectly be used as a
marker for the lifetime of the zwitterionic state of TPE.22

5. Avoided Crossing and Charge Separation

Now that the states participating in the isomerization process
of TPE have been identifed, the question arises whether we can
generate a coherent picture of the isomerization and charge
separation dynamics. We suggest a model for this reaction
where the avoided crossing between theπ-π* and π*-π*
potential surfaces plays a crucial role.24 Figure 9 shows the
level scheme that explains all results. After initial relaxation
from the Franck-Condon excited state, the system proceeds
along the isomerization pathway toward the avoided crossing
region. While this is, most likely, a barrierless process for
isolated, gas-phase TPE molecules, in solvents considerable

Figure 7. Fits of the 650 nm (upper pannel) and 550 nm (bottom
pannel) transients of TPE in cyclohexane. The fits to the data (dots) of
the two-state model (solid lines) are clearly not as good as those of the
three-state model (dashed lines). In nonpolar solvents, the transients at
all wavelengths can only be simulated consistently, with the same
dynamic parameters, when (at least) three states are involved in the
dynamics. The parameters of the fits are given in Table 2.

TABLE 2: Kinetic Parameters for the Dynamics of Excited
State TPEa

solvent kAB (ps-1) kBC (ps-1) kCB (ps-1) τ (ps)

ethanol 0.32 60
1-butanol 0.15 350
1-octanol 0.07 ∼103
cyclohexane 0.46 0.042 0.082 .103

a A is the Franck-Condon relaxed planar configuration, B the
zwitterionic (dipolar) state, and C is the charge resonance twisted state
with an approximately symmetric charge distribution across the C-C
bond. Thek’s are the rate constants for the transitions, andτ is the
lifetime of the excited state.

Figure 8. Picosecond dynamics of TPE in ethanol for probing at 450
nm. Apart from a small rise, due to the wing of the 500 nm band, only
the overall decay of the excited-state population is observed. Twisting
and charge separation do not significantly influence this part of the
spectrum.

9834 J. Phys. Chem. A, Vol. 101, No. 51, 1997 Zijlstra et al.



friction occurs. This phenomenon is taken into account as
potential barrier along the twisting coordinate. The energy
levels in Figure 9 thus represent dressed potential energy
surfaces.
As discussed in the Introduction, near the avoided crossing

the surfaces interact strongly by, for instance, a combination of
vibronic coupling and solvation dynamics, and new adiabatic
states are formed. Landau and Zener have calculated the
transition probability for nonadiabatic crossing between two
surfaces at an avoided crossing, using a semiclassical descrip-
tion. Their result for the transition probabilityPLZ between two
states that are strongly coupled is30

where∆ is the smallest gap between the two states,θ is the
difference between the slopes of the unperturbed surfaces at
the crossing, andV is the classical velocity of the system at the
crossing point. It is very difficult to evaluate this expression
quantitatively, since the coupling involves dynamic rearrange-
ments of many solvent molecules. In addition, the energy levels
themselves depend on the speed of solvent rearrangement when
dressed potential energy surfaces are considered. However, it
is clear that when the gap at the avoided crossing is large, the
reaction proceeds adiabatically to the lower surface. In our case
this is the zwitterionic state, carrying a large induced dipole.

Nonadiabatic crossing leads to the charge-resonance state, which
subsequently relaxes to a state with a minimal induced dipole.
Our experiments show that in alcohols the zwitterionic state is
formed almost exclusively, with only a very small fraction
crossing to the upper potential curve. This implies that the
charge separation proceeds nearly completely adiabatically
through the twisting motion, which is the rate-limiting step in
this reaction as well. The zwitterionic state, thus formed, is
stabilized further by solvation. This increases the energy gap
with respect to the avoided crossing region so much that solvent-
induced recrossing becomes an improbable event. In addition,
radiationless decay to the ground state is a very efficient and
competing process. Therefore, in polar solvents the charge-
resonance state is not populated by a recrossing process, and
consequently delayed fluorescence from this state is not
observed.
In nonpolar solvents the reaction proceeds also adiabatically,

as can be concluded from the very low efficiency for prompt
emission at 560 nm, compared to the steady state quantum yield
for this process. However, in this case the zwitterionic state,
is only stabilized by induced dipoles of the apolar solvent, which
reduces the gap between the zwitterionic and charge-resonance
states such that solvent-induced recrossing to the upper potential
is an effective process. Furthermore, radiationless decay to the
ground state is slow. Therefore, in nonpolar solvents the charge-
resonance state is in thermal equilibrium with the zwitterionic
state and delayed fluorescence is observed with a lifetime
determined by the lifetime of the zwitterionic state.

6. Conclusions

From polarization-dependent femtosecond pump-probe stud-
ies we conclude that a four-state model provides an adequate
description for the excited-state dynamics of TPE. The four
states involved are the Franck-Condon excited state, the relaxed
excited state, the charge-resonance state, and the zwitterionic
state. The subpicosecond dynamics is attributed to vibrational
cooling of the central C-C stretching mode, by strong intramo-
lecular anharmonic mode coupling. The observed 12 000 cm-1

Stokes shift can be explained by a C-C bond lengthening of
about 0.3 Å. The vertically excited state also comprises a wave
packet along the phenyl torsion mode, possibly by coupling to
the C-C stretch mode of the ethylenic bond. Along the twist
coordinate charge separation occurs near the avoided crossing
region in an adiabatic electron-transfer process. Solvent drag
limits the speed of twisting, which is the rate-limiting step in
the reaction. In polar solvents the zwitterionic state, thus
formed, is stabilized such that solvent-induced nonadiabatic
crossing to the upper potential hardly occurs at all. In nonpolar
solvents the energy gap between the two states is less, leading
to a thermal equilibrium between the zwitterionic and charge-
resonance state. It is this latter state that is responsible for
delayed fluorescence.
Crucial in the identification of the various processes is a

transient absorption at about 500 nm, which is attributed to the
zwitterionic state of TPE. A transient at 450 nm is assigned to
a localπ-π* excitation on a C(Ph)2 fragment of the molecule.
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