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Fluorescence upconversion study of cis-stilbene isomerization 
David C. Todd, John M. Jean, Sandra J. Rosenthal, Anthony J. Ruggiero, Ding Yang, 
and Graham R. Fleming 
Department o/Chemistry, Department 0/ Physics and the James Franck Institute, The University 
o/Chicago, 5735 S. Ellis Ave., Chicago, Illinois 60637 

(Received 10 May 1990; accepted 4 September 1990) 

The isomerization dynamics of cis-stilbene in the first excited singlet state were studied by the 
technique of fluorescence upconversion. Lifetime measurements were made with 
subpicosecond resolution in 2-propanol, decanol, n-hexane, and tetradecane. The cis-stilbene 
fluorescence decay curves are single exponential in all solvents except for decanol, where 
they are adequately described by a double exponential. A weak viscosity dependence of the 
decay times is observed in both alcohols and alkanes. These results are discussed in 
terms of the Bagchi, Fleming, Oxtoby theory [J. Chem. Phys. 78, 7375 (1983)] for 
activationless electronic relaxation in solution, and the limitations of hydrodynamic models of 
microscopic friction. The fluorescence decay times of a,a' dideutero cis-stilbene 
(cis-stilbene-D2) in tetradecane are found to be approximately 20% greater than those of 
cis-stilbene. A picosecond component in the fluorescence anisotropy decay measurements 
made in 2-propanol suggest that we are directly measuring motion along the reaction 
coordinate. 

I. INTRODUCTION 

One of the most compelling reasons to study the 
isomerization of stilbene is to gain a quantitative under
standing of how solvent friction affects the rate and out
come of chemical reactions. I

-
3 The trans to cis isomeriza

tion of stilbene has been extensively studied in the past two 
decades4-7 and much has been learned about the effect of 
friction on activated barrier crossing. The theoretical de
scription of these processes is based on the Kramers equa
tion,8 and modifications including frequency dependent 
friction.9 

The study of the cis to trans reaction offers a new 
opportunity. After optical excitation cis-stilbene is believed 
to move from the Franck-Condon region of the SI surface 
to a twisted geometry along a potential surface with either 
no or a very small barrier (see Fig. I). In the twisted 
region nonradiative relaxation to the ground state is very 
rapid, yielding cis- or trans-stilbene. For reactions involv
ing little or no barrier and involving the motion of large 
molecular moieties, solvent friction is expected to present 
the only resistance to reaction. 

A fundamental difference between the mechanisms of 
trans-cis and cis-trans isomerization results from the pu
tative barrierless nature of the latter process. For the trans
cis reaction, the presence of a barrier on the torsional co
ordinate between the planar and twisted geometries leads 
to a separation of time scales between the relaxation and 
redistribution of vibrational energy and passage over the 
barrier. The rapidity of the fornier process allows one to 
make a steady state assumption about the population of 
molecules at the transition state configuration, which 
forms the basis of transition state theory. The experimental 
observable in the case of trans-stilbene is, therefore, the 
population remaining in the reactant well, which is pre
dicted and observed to decay exponentially. If there is no 
barrier between the Franck-Condon geometry of the cis 

isomer and the twisted configuration then the dynamics on 
the excited state surface may be much more complicated 
with the possibility that relaxation along the isomerization 
coordinate may be the crucial factor in determining the 
excited state lifetime. The temporal form of the population 
decay in this nonsteady state case may differ markedly 
from exponential behavior depending on both properties of 
the potential surfaces and the solvent. Whether deviations 
from exponential behavior are observed experimentally de
pends not only on the relative importance of solvent fric
tion and nonradiative coupling to So, but also on experi
mental parameters such as temporal resolution and signal 
to noise ratio. 

Barrierless isomerization has received considerable at
tention only in the past few years. II ,12 Ultrafast spectros
copy has made possible the experimental study of these 
intrinsically rapid processes. The majority of this work12-15 

has involved the study of triphenyl methane (TPM) dyes. 
The decay dynamics have been studied by ground state 
recovery, transient absorption and fluorescence, and have 
been observed to depend on the technique used to probe 
the system. Biologically interesting barrierless processes in
cluding the trans-cis isomerization of bacteriorhodopsin 
have also been studied. A recent experiment using transient 
absorption of a 6 fs continuum has revealed the dynamics 
of motion along the excited state potential and nonradia
tive relaxation to the ground state. 16 

The theoretical description of barrierless isomerization 
in solution is based on models of diffusion along a reaction 
coordinate toward a region of strong nonradiative coupling 
to the ground state potential surface. Models have been 
developed by Rapp,17 Forster and Hoffman,18 and Oster 
and Nishijima. 19 A more general theory, based on the 
Smoluchowski equation has been presented by Bagchi, 
Fleming, and Oxtobyl and will be discussed in Sec. IV C. 
A study of the limitations of diffusion based models has 
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FIG. 1. One dimensional representation of the ground and excited state 
surfaces for trans- and cis-stilbene. The barrier to isomerization on the 
ground state surface is 48 ± 1.6 kcallmol (Ref. 10). Isomerization of 
trans-stilbene in the excited state involves a barrier whereas cis-stilbene is 
thought to have little or no barrier to isomerization in the excited state. 

been carried out by Bagchi, Singer, and Oxtoby20 using a 
full phase space Fokker-Planck equation. A recent review 
has been given by Bagchi and Fleming. II 

The excited state dynamics of cis-stilbene are particu
larly interesting for a variety of reasons. Trans- and cis
stilbene are believed to decay to the ground state via a 
common twisted intermediate, called the "phantom state." 
Studies of cis-stilbene complement the well studied trans
cis reaction, and may reveal information on the elusive 
phantom state. An important feature of cis-stilbene is the 
large displacement between the initially excited state and 
the relaxed geometry along the reaction coordinate. This is 
in contrast to the case of TPM dyes and may yield quali
tatively different dynamics. Also the potential surface in 
the Franck-Condon region is very steep21 yielding a strong 
initial driving force toward isomerization. 

Excitation into the first excited singlet state of cis
stilbene is believed to be alB +- IA transition.22 Theoretical 
calculations23 suggest that it is the S2 (A symmetry) state 
which has a minimum in the perpendicular geometry, how
ever it is not known whether the motion along the isomer
ization coordinate should be thought of as adiabatic or 
nonadiabatic. Besides forming cis- and trans-stilbene, opti
cal excitation yields 4a, 4b-dihydrophenanthrene 
(DHP).24 The quantum yield of products following exci
tation into the first singlet state of cis-stilbene has been 
measured to be 0.35 trans-stilbene25 and 0.10 DHP.24 This 
gives a quantum yield of 0.55 for cis-stilbene. The quantum 

yields cited above have roughly 10% uncertainty and the 
value for DHP formation was measured at O· C. Although 
little information is available on the dynamics of DHP 
formation, the quantum yield values suggest that DHP 
formation plays a minor role in determining the fluores
cence decay of cis-stilbene . 

Recent experimental work on cis-stilbene has revealed 
a 320 fs lifetime in the gas phase.26 In n-hexane, decay 
times between 1.2 and 1.4 ps have been reported.27,28 Re
cently, extensive transient absorption and anisotropy stud
ies in alkane solvents have been reported by Hochstrasser 
and co-workers.29 Excited state lifetimes ranging from 1.0 
to 1.6 ps were obtained and it was concluded that the 
lifetime of the phantom state is less than 150 fs. These very 
short lifetimes, coupled with theoretical potential surface 
calculations23 support the belief that cis-stilbene isomerizes 
along a barrierless coordinate. Studies of trans-stilbene 
product formation rate in Ar and Kr clusters30 further 
support this conclusion. Recovery times as short as 1.7 ps 
are observed. Recent experiments by Petek et al. 31 suggest 
a very small barrier for isomerization which may be neg
ligible compared to kT at room temperature. Although a 
small number of transient absorption experiments have 
been performed on cis-stilbene, we know of no reported 
fluorescence decay studies in room temperature liquids. 
Only recently has an integrated room temperature fluores
cence spectrum become available.32 Previous spectra were 
taken in glasses33 or supersonic expansions.31 

In this paper we present new fluorescence decay infor
mation on cis-stilbene and cis-stilbene-D2 in alcohol and 
alkane solvents. 

II. EXPERIMENTAL 

A. Apparatus 

The fluorescence upconversion spectrometer has been 
described in detail elsewhere.34 In summary, a hybrid dye 
laser with prism chirp compensation was synchronously 
pumped by the second harmonic of a mode locked 
Quantronix ND:YAG laser. For the majority of our exper
iments the dye laser was not cavity dumped, but operated 
with a 10% transmission output coupler centered at 590 
nm. The dye laser output was amplified at either 6 or 12 
kHz to pulse energies between 2 and 6 pJ. The amplifier 
gain medium was a mixture of rhodamine 590 and 
rhodamine 610 and was pumped by an Oxford Lasers cop
per vapor laser. 

The second harmonic of the amplified dye laser was 
generated in a 1 mm BBO crystal and directed down a 
fixed delay before exciting the sample (see Fig. 2). Fluo
rescence was collected in a 180· geometry. The fundamen
tal traversed a variable delay before being combined with 
the fluorescence and focused into a second BBO crystal 
obtained from Metastat. The sum frequency was separated 
from the fundamental and second harmonic by a single 
quartz prism before being focused into an Instruments SA 
HR-320 monochromator. The sum frequency was detected 

J. Chern. Phys., Vol. 93, No. 12, 15 December 1990 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

128.32.208.2 On: Thu, 29 May 2014 17:54:29



8660 Todd et al.: Cis-stilbene isomerization 

ULTRAVIOLET flUORESCENCE UPCONVERSION SPECTROMETER 

FIG. 2. Optical arrangement for the ultraviolet fluorescence upconversion 
spectrometer. Legend: P barium borate (BBO), wave plates (A/2), pho
tomultiplier (PMT). 

by a solar blind PMT. Cross correlations, obtained by mix
ing the second harmonic and the fundamental, were be
tween 0.4 and 0.8 ps. 

The signal intensity was determined by single photon 
counting using an SR400 photon counter. The counting 
rate was kept below 5% of the amplified laser repetition 
rate (6 or 12 kHz) to avoid pile up error. The photon 
counter and the variable delay translation stage were con
trolled by an IBM PCAT. In a previous experiment,34 the 
signal integration time was normalized to integrated fluo
rescence intensity and amplified laser intensity. Since the 
fluorescence from cis-stilbene in low viscosity liquids is 
quite small this was not possible. The laser power, how
ever, was quite stable, varying only a few percent over the 
course of many scans. 

A typical data set (Fig. 3) is generated by counting for 
1 s at each delay setting. For the short time decays the step 
size was approximately 50 fs. Each data set took approxi
mately 6 min to collect and a sum of 8-15 data sets was 
summed in order to obtain a single lifetime measurement. 
Typically, three lifetime measurements were made in each 
solvent at 400 nm fluorescence. Only one measurement per 
solvent was taken at 430 nm. Because the lifetimes are very 
short, great care was taken to make sure the signal was not 
contaminated by scattered light, especially at the laser 
third harmonic. 

Most of the samples were flowed in a jet with a path 
length of roughly 0.5 mm. The hexane experiments were 
performed using a 1 mm flow cell because of its high vapor 
pressure. The flow rate was sufficient to replace the excited 
sample volume before the next laser pulse. A total sample 
volume of 50 ml was used with a cis-stilbene concentration 
of 10-15 mM. Sample temperature was controlled with a 
Nestlab circulator at 19± 1 ·C. A particular 50 ml sample 
was replaced after four scans for most experiments to avoid 
contamination caused by the creation of trans-stilbene. Af-
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FIG. 3. Fluorescence decays of cis-stilbene in proponal detected at 400 
± 5 nm (a) and 430 ± 5 nm (b). Solid lines are fits to double exponen
tial decays with the long component corresponding to trans-stilbene flu
orescence. Above each curve is shown the weighted residuals for the fitted 
decays. 

ter data collection most samples had a faint yellowish hue 
which we attribute to a small amount of DHP.24 The pro
duction of phenanthrene from DHP should have no effect 
on our experiment. Its fluorescence quantum yield is O. 13 
with a decay time of 57.5 ns. 35 No change in shape of the 
fluorescence decays is observed during the course of data 
collection for a given sample. 

Because of the very low signal intensity no polarizers 
were used in the fluorescence lifetime measurements. The 
polarization of the second harmonic used to excite the sam
ple was the same as the polarization selected by the phase 
matching requirements of the upconversion crystal. The 
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signal was, therefore, the parallel component of the anisot
ropy. The rotational reorientation times of cis-stilbene in 
the solvents studied is more than 1 order of magnitude 
greater than the measured lifetimes and should have a neg
ligible effect on our signal. The parallel and perpendicular 
component of the anisotropy decay are given by 

III (t) =tK(t)[ 1 + 2r(t)], 

/1 (t) =tK(t)[ 1 - r(t)], 

(la) 

(lb) 

where r(t) is the anisotropy decay and K(t) is the magic 
angle decay. If there are no fast components in r(t), III(t) 
will look just like K(t). The small component actually 
observed is found to have a negligible effect on the lifetime 
measurements. This will be discussed further in Sec. IV A. 
Anisotropy experiments were performed, as described in 
Ref. 34. 

B. Materials 

Cis-stilbene (97 %) was purchased from Aldrich 
Chemicals. It was purified by radial chromatography on a 
silica gel plate with pentane as the eluent. Sample purity 
was verified by spectrophotometric analysis and is believed 
to be better than 99.0%. Tetradecane (99%) and decanol 
(99 + %, gold label) were purchased from Aldrich and 
used without further purification. High purity hexane and 
2-propanol were obtained from Burdick and Jackson and 
also used without further purification. 

Cis-stilbene-02 was synthesized from diphenylacety
lene (Aldrich) according to the general procedure of cis 
reduction of acetylenes.36-38 The triple bond was reduced 
with O2 (Matheson c.p. grade) using palladium on barium 
sulfate with a trace of quinoline. The reduction slows 
abruptly after the addition of one equivalent of O2, The 
product was purified with column chromatograph to re
move a small quantity of the doubly reduced compound, 
followed by vacuum distillation at 72%.15 mm. The final 
product, CI4H IOD 2, was a colorless liquid which was veri
fied to be > 99% pure by NMR, HPLC, and mass spec
troscopy. Care was taken to minimize the exposure of both 
cis-stilbene and cis-stilbene-02 to room light. 

III. RESULTS 

Typical decay curves are shown in Fig. 3 for both 400 
and 430 nm emission. Much stronger fluorescence was ob
served at 430 nm, consistent with the spectrum of Saltiel et 
al. 32 The decays were fit to a sum of exponentials convo
luted with an instrument response function, plus a flat 
background. The instrument response was determined by 
the cross correlation of the fundamental with the second 
harmonic, when possible. Otherwise a simulated function, 
e.g., a Gaussian, was used, and its width adjusted to fit the 
rising edge.39 These two techniques gave nearly identical 
results. The tail that persists after 6 ps is believed to be due 
to trans-stilbene fluorescence. Long time scans of 25 or 100 
ps revealed the long lifetimes to be consistent with this 
interpretation. When fitting the 8 or 10 ps scans, the time 
constant for the longer component was fixed to the exper-

TABLE I. (a) Best single exponential fits to cis-stilbene fluorescence 
decay curves. T= 293 K. (b) Double exponential fits to cis-stilbene flu
orescence decay curves in decanol at T= 293 K. 

(a) 
Viscosity" 

Emission wavelength 

Solvent (cp) 400nm 430 nm 

h12 cis-stilbene 

2-propanol 2.35 0.76±0.1O ps 0.87±0.05 ps 
Decanol 15.51 1.27±0.1O ps 1.47±0.1O ps 

Hexane 0.32 1.03±0.15 ps 
Tetradecane 2.43 1.38±0.1O ps 1.52±0.05 ps 

d2 cis-stilbene 
Tetradecane 2.43 1.71±0.15ps 1.75±0.1O ps 

(b) 
Wavelength A.{%) 'T. (ps) A2 (%) 'T2 (ps) 

400nm 75± 15 0.8±0.2 25±15 3.3 + 2.5, - 0.4 
430 nm 4O±15 0.4±0.3 6O±15 1.65±0.3 

'Viscosities calculated from the empirical relation (Ref. 40) 
In{1]) = a + b(lOOOIT), where 1] is given in cp and Tin deg. Kelvin. 

imental value determined in the longer scans. The short 
lifetimes obtained were not sensitive to the exact value of 
the longer lifetimes used in the fitting procedure. 

The best single exponential fits to the cis-stilbene part 
of the decays are presented in Table I(a). The error bars, 
determined by statistical evaluation of a single data set 
agreed well with the variance in the independent lifetime 
measurements. The uncertainty added by using a simulated 
instrument response ( - 25 fs) is incorporated into the val
ues reported in Table I. The single exponential fits were 
satisfactory for all data sets except for the decanol experi
ments. In this case, a noticeable improvement in the re
duced X2 was observed in going from a single to a double 
exponential fit. The double exponential lifetimes and am
plitudes are given in Table I(b). 

The fluorescence decay time in hexane (1.03 ±0.15 ps) 
is in excellent agreement with the excited state absorption 
lifetime reported by Abrash et al. 29 (1.05 ± 0.05 ps for 650 
nm probe). The measured lifetimes are also in qualitative 
agreement with previous transient absorption experiments 
by Kim.40 For comparison, relevant decay times from Ref. 
40 have been reproduced in Table II. Although Kim was 
unable to detect a correlation of the lifetimes with viscos
ity, our data clearly reveal a weak correlation with viscos
ity. This is summarized in Fig. 4. Recently, Abrash et al. 29 

measured absorption decay times of cis-stilbene in alkane 
solvents which increased with solvent viscosity. 

TABLE II. Best fitted time constants from transient absorption experi
ments (Ref. 40). 

Solvent 

Hexane 
Tetradecane 
Propanol 

Temperature ee) 

28 
20 
21 

1] (cp) 

0.29 
2.3 
2.2 

'T (ps) 

1.2±0.2 
2.0±0.5 
1.3±0.2 
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FIG. 4. Single exponential lifetime values for cis-stilbene as a function of 
solvent viscosity. *: decays at 430±5 nm, 0: decays at 400±5 nm. 

There are a number of other interesting results evident 
in Table I that will be discussed in detail in the following 
sections. The influence of the microscopic properties of the 
solvent can be seen by comparing the decay times in tet
radecane and 2-propanol. Although they have nearly iden
tical viscosity the decay times differ by nearly a factor of 2. 
There also appears to be a small emission wavelength de
pendence of the lifetimes. Fluorescence decay times mea
sured at 400 ± 5 nm are systematically shorter than life
times measured at 430 ± 5 nm. The double exponential fits 
to the decanol data also show an interesting trend. The 
amplitude of the short component is larger at 400 nm 
(75%) than at 430 nm (40%). These data are consistent 
with a small shift in the emission spectrum to longer wave
lengths on the time scale of our measurements. Finally, we 
observe that deuteration in the two ethylenic positions in
creases the decay time by 20% in tetradecane. 

IV. DISCUSSION 

Before discussing our data in the context of models for 
the isomerization process, some discussion of what process 
is being measured in our experiments is necessary. The two 
processes that lead to the disappearance of the initially 
excited cis-stilbene population are DHP formation and 
isomerization. If ko and k; are, respectively, the rates for 
DHP formation and relaxation of cis-stilbene toward the 
twisted geometry, the overall rate will be ko + k;. The 
quantum yield values imply that k; is roughly nine times 
greater that ko. A factor of 2 increase in ko would change 
the overall rate by only 10%. It is reasonable to expect, 
however, that mechanical (or collisional) friction would 
have a much stronger influence on k; than on ko, since ring 
closure probably does not involve much large amplitude 
motion. The small change in polarity between hexane and 
tetradecane suggests that static changes in the potential 
surface(s) do not contribute significantly to the solvent 
dependence of the fluorescence decay rate in the alkanes. 
For trans-stilbene in alkanes it has been established that 

solvent dependent friction is the major contributor in de
termining the decay time.4

! It seems likely, therefore, that 
the effect of solvent mechanical friction on the isomeriza
tion rate is also the dominant factor in determining the 
decay time of cis-stilbene in alkanes. This assumption has 
been made recently by Abrash et 01.29 in their analysis of 
transient absorption data and we will use it in the remain
der of this paper. 

For isomerization, the rate limiting step in the decay of 
excited state population could be motion towards an effi
cient sink (the phantom state) or decay of the phantom 
state itself. The former process will be rate limiting if there 
is a significant barrier. In a very low or zero barrier case 
the situation is more complex and depends on the friction, 
the rate of phantom state decay, and the curvature of the 
potential surface. II An additional complication in this case 
is that fluorescence decay, excited state absorption, and 
ground state recovery measurements may have different 
time dependencies, and none may correspond directly to 
the decay of population on the excited state surface. For 
instance, our fluorescence decay curves may represent mo
tion out of the region with significant Franck-Condon fac
tors and it is conceivable that the large amplitude motion 
corresponding to isomerization occurs on a significantly 
longer time scale. One way to see if significant internal 
motion is occurring on the time scale of the fluorescence 
decay is to measure the fluorescence anisotropy decay fol
lowing excitation with a polarized pulse. 

A. Anisotropy 

A fluorescence anisotropy decay of cis-stilbene at 430 
nm in 2-propanol is shown in Fig. 5 (b). The anisotropy 
was generated from the sum of 16 parallel and perpendic
ular data sets, shown in Fig. 5 (a), with total peak counts of 
1300 for the parallel component. Normally, a tail matching 
procedure is used to determine the normalization of paral
lel and perpendicular components. Since K(t) decays 
much faster than r(t), this was not possible. Instead we 
used a normalization parameter obtained using a trans
stilbene standard with r(O) constrained to being 0.4. The 
parallel and perpendicular components of the anisotropy 
were fit to the functional forms of Eq. (I) convoluted with 
an instrument response.42 The magic angle decay time was 
determined to be 0.85 ps. This is in very good agreement 
with the lifetime reported in Table I, fitting just a parallel 
decay component, justifying the assumption made in Sec. 
II. We fit the data with both a single and a double expo
nential form for r(t). The lifetime in the single exponential 
fit and one of the components in the double exponential fit 
were fixed at the rotational reorientation time Tor of 25 ps. 
The inclusion of a second, 1.0 ps component in the anisot
ropy, when fitting the raw data, improves the reduced X2 

from 1.30 to 1.19. This improvement is modest, but con
sistent with results obtained from fitting simulated decay 
curves with 

r(t) =0.33 exp( - t/Tor ) + 0.07 exp( - t/1.0 ps) (2) 

and similar signal to noise ratio as our data. In Fig. 5 (b) 
the anisotropy data is compared with two simulations. The 
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FIG. 5. Fluorescence anisotropy of cis-stilbene in 2-proponal solution. (a) 
Experimental parallel and perpendicular decay curves. (b) Constructed 
anisotropy R(t) (Ref. 42). The upper (dashed) smooth curve is a sim, 
ulation using a single exponential anisotropy decay corresponding to over
all molecular tumbling. The lower (solid) smooth curve results from a 
simulation in which a rapid anisotropy decay component was used in 
addition to the overall molecular tumbling. The amplitude of the short 
component corresponds to a 2(1' rotation of the transition moment. Other 
parameters are given in the text. 

top curve has only the molecular rotation component of 
the anisotropy and the lower curve is calculated from Eq. 
(2). This illustration strongly suggests that the anisotropy 
has a fast decay component with a time constant similar to 
that of the magic angle decay. 

The implication of the anisotropy measurement shown 
in Fig. 5(a) is that we are directly measuring motion along 
the reaction coordinate. This is in contrast to the case of 

activated barrier crossing, where vibrational relaxation and 
reactive motion are distinct, leading to emission from a 
thermalized initial or final state. Since the fast component 
of r(t) and K(t) are similar, the fluorescence decay can be 
associated with motion along the reaction coordinate. The 
simplest interpretation is that as the molecule twists, the 
excited state population moves closer to the "sink," where 
the nonradiative coupling to the ground state is strong. An 
anisotropy component of 0.07 corresponds to a rotation in 
the transition dipole moment of 20·. We estimate the error 
in this angle to be ± 10·. The angle between cis, and trans, 
stilbene transition dipole moments in the laboratory frame 
depends on the exact nature of the molecular rearrange
ment. For motion leaving the ethylene bond orientation 
unchanged, e.g., symmetric twisting around the ethylene 
bond, an angle of approximately 60· would be expected. A 
relative angle of 20·, therefore, seems reasonable for motion 
toward the twisted state. There are other possible explana
tions for why K(t) should decay as the molecule twists, 
including a change in the radiative rate along the isomer
ization coordinate, and a temporally evolving emission 
spectrum. 

A number of other experimental observations are rel
evant here. By probing at 355 nm, Abrash et al.29 have 
been able to estimate that the trans-stilbene ground state 
absorption signal appears with a time constant indistin
guishable from the decay time of the excited state cis
stilbene absorption. Thus the decay of the phantom state 
does not appear to provide a bottleneck in the cis to trans 
isomerization process. This, combined with the identical 
values of the excited state absorption decay and our fluo
rescence lifetime in hexane solution, strongly suggests that 
both techniques are effectively measuring the decay of the 
excited state population and that this decay is dominated 
by the isomerization reaction pathway. The precise inter
pretation of the measurements depends on whether there is 
or is not a small barrier along the reaction coordinate. The 
interpretation is straightforward if a barrier exists. If there 
is no barrier, in view of the generally accepted notion of the 
reaction coordinate as involving rotation about the double 
bond, the lack of substantial spectral evolution in either 
excited state absorption29 or fluorescence spectra, and the 
exponential decays observed in alkane solvents is perhaps 
surprising. However, as has been discussed previously, 11 

exponential decay is not necessarily inconsistent with non
steady state dynamics for barrierless processes. 

It is apparent from the resonance Raman study of My
ers and Mathies21 that upon electronic excitation the cis
stilbene molecule undergoes a substantial geometry change 
along a number of coordinates. Their work suggests 12 
Franck-Condon active modes with significant displace
ments in the B state. We are currently carrying out calcu
lations of the cis-stilbene absorption and emission spectra 
using the matrix method developed by Friesner et al. 43 

with a 12 mode harmonic model. Preliminary studies have 
shown that if one neglects the torsional mode, takes the 
linear displacements of the 11 orthogonal degrees of free
dom, and calculates the Franck-Condon energy shift, it is 
found that a substantial portion (-75%) of the spectral 
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shift between the absorption and emission spectra can be 
accounted for with only these modes. In addition, the 
width and asymmetry of the cis-stilbene emission spectrum 
is reproduced quite accurately with a model that does not 
contain the ethylenic torsion. These results will be reported 
in a future publication. The above results suggest that the 
time scale of the spectral evolution will be governed for the 
most part, by the vibrational relaxation times of the bend
ing and stretching motions. For a molecule the size of 
stilbene in a condensed phase environment these times are 
typically much faster than Ips. 

It is important to note that the existence of many sub
stantially displaced vibrational modes and the lack of a 
substantial barrier along the torsional coordinate may give 
rise to a very complicated set of motions connecting the cis 
and twisted geometries. 

B_ Nature of the reaction coordinate 

In order to model the dynamics of the isomerization 
and the viscosity dependence of the decay times, we need 
to understand the nature of the reactive motion and the 
shape of the potential surface. The simplest picture for the 
reactive motion in cis-stilbene involves just the symmetric 
twisting of the phenyl groups around the ethylenic bond. 
However, more complicated scenarios can be conceived 
which involve motion of the ethylenic carbons and hydro
gens as well as twisting around the ethylene bond. Infor
mation about the relative contribution of particular molec
ular motions to the reaction mechanism can be obtained by 
looking at the effect of isotopic substitution. 

1. Effect of deuteration 

As mentioned in Sec. III, replacement of the ethylenic 
hydrogens with deuterium leads to a fluorescence lifetime 
that is measurably longer than that of the nondeuterated 
molecule, even though the change in the moment of inertia 
for twisting about the ethylene axis is very small (- 1% ). 
This suggests that the reaction coordinate may contain a 
substantial amount of ethylenic carbon-hydrogen motion. 
A similar conclusion has been reached by Myers and 
Mathies21 from a resonance Raman investigation. They 
compared their resonance Raman intensities of cis-stilbene 
to those calculated from wave packet dynamics and con
cluded that the short time dynamics is dominated by mo
tion of the ethylenic unit. These rapid geometric changes 
resulted in a 25° increase in the ethylenic torsion angle in 
20 fs with no appreciable motion of the phenyl groups. 
Deuteration of the ethylenic hydrogens would reduce the 
hydrogen out-of-plane wag frequency possibly explaining 
the substantial effect seen in our measurements. 

The effect of deuteration on cis-stilbene quantum yields 
in solution has seen recently studied by Saltiel et al. 32 The 
ratio of the quantum yields measured for cis-stilbene <I> JDO' 
and for cis-stilbene-D2 <l>jD' is <l>jD2/<I>jDO = 0.95±0.1. 
This can be compared with our measurements by calculat
ing the quantum yields from the lifetimes using the follow
ing equation: 

(3) 

where kr and knr are the radiative and nonradiative decay 
rates and 7' is the measured lifetime. Assuming a constant 
value of k r this gives <I> jD2/<I> JDO = 1.24 ± 0.14 at 400 nm 
and 1.14 ± 0.1 at 430 nm. These results appear to be in 
disagreement with those of Saltiel et al. However, our cal
culations involve some assumptions that may not be valid. 
For example, Eq. (3) is not correct for a mUltiexponential 
decay. If there is a small amplitude, long lifetime compo
nent in the cis-stilbene fluorescence decays, it could have a 
significant effect on the quantum yield, but it would be lost 
in the background of our measurements. In decanol the 
fluorescence decay is clearly nonexponential making this a 
reasonable explanation for the discrepancy. There is also 
the possibility that the radiative rate is slightly different for 
cis-stilbene and cis-stilbene-D2. 

Myers and Mathies21 calculated five normal modes for 
cis-stilbene that contain significant ethylenic torsion. One 
of these modes is the mostly hydrogen out-of-plane wag at 
963 cm - I. If the reactive motion involves substantial out
of-plane hydrogen motion in concert with the phenyl ring 
motion, deuteration can be expected to have a noticeable 
effect on the rate. Such a multidimensional reaction surface 
can also explain a weak viscosity dependence, as shown by 
recent calculations. II 

2. Influence of polar solvents 

The effect of the microscopic properties of the solvent 
is evident in Table I. Although tetradecane and 2-propanol 
have nearly identical viscosities, the cis-stilbene decay 
times differ by nearly a factor of 2. A similar trend is seen 
in trans-stilbene.44

,45 As discussed in detail elsewhere,44 
this effect can arise from both static and dynamic factors. 
As in trans-stilbene the polar solvent may lower the S2 
state relative to the SI state. This would increase the fre
quency of the reactive motion and if, as suggested by 
Abrash et al.,29 there is a small barrier to isomerization in 
alkane solvents, this will lower or remove this barrier. In
light of this comment it would be interesting to compare 
anisotropy measurements in alkane solvents with the data 
in Fig. 5. Such measurements are underway. 

Dynamic effects of the microscopic properties of the 
solvent may involve both viscous and dielectric friction. As 
discussed by Kim and Fleming,46the model of Dote et al. 47 

suggests that viscous friction in the alcohol solvents is re
duced as a result of their increased free volume relative to 
alkanes. Additionally, on the time scale of the cis-stilbene 
decay it is not likely that dielectric relaxation could be 
complete in the alcohol solvents. Thus in these solvents the 
90° geometry should be unrelaxed with respect to the sol
vent polarization. 

3. Viscosity dependence 

The weak viscosity dependence of the lifetime within a 
given solvent type suggests that the reaction coordinate 
may involve appreciable amounts of vibrational motions 
that are relatively insensitive to solvent frictional effects. 
Further evidence for this comes from comparing the vis
cosity dependence of the lifetime of the cis isomer with that 
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TABLE III. Lifetime ratios for cis- and trans-stilbene in alcohols and 
alkanes (Refs. 6 and 44). 

cis-stilbene trans-stilbene 

1'( tetradecane) 1.34 1.75 

1'(hexane) 

1'(decanol) 1.82 2.47 

1'( propanol) 

of the trans isomer. The reaction coordinate for isomeriza
tion of the latter is known to involve primarily large am
plitude twisting of the phenyl rings about the ethylenic 
axis. A comparison of the ratio of the lifetimes of cis and 
trans in a given solvent type is shown in Table III. The 
weaker viscosity dependence for cis-stilbene is consistent 
with a reaction coordinate that, at least in its initial stages, 
has a weaker friction dependence than that of trans
stilbene. 

The existence of five normal modes of cis-stilbene that 
contain significant ethylenic torsion including the mostly 
hydrogen out-of-plane wag suggests that the reactive mo
tion may be intrinsically multidimensional. This would not 
only give rise to a weak viscosity dependence of the rate II 
(assuming only the torsional component experiences fric
tion) but also to a reactive pathway that would depend on 
the viscosity itself. This has been discussed by Agmon and 
Kosloff.48 If, as suggested by the isotope effect, the hydro
gen wag is the most important non torsional coordinate in 
the isomerization process, then the contribution of this co
ordinate to the reaction path would increase with increas
ing viscosity, leading to a reduced sensitivity to friction. 
Both the deuterium effect and the weak viscosity depen
dence are consistent with a reaction coordinate that in
volves a substantial amount of nontorsional character. 

C. Theoretical modeling 

In this section we briefly review the theory of barrier
less processes as put forth by Bagchi, Fleming, and Ox
toby! (BFO) and compare the results from numerical sim
ulations with the experimental data. 

1. Theory 

The BFO paper describes diffusive motion of a solute 
particle in a potential well. Population decay occurs by 
nonradiative relaxation through a position dependent sink 

Solvent 

Hexane 
Tetradecane 

Propanol 
Decanol 

"Reference 52. 
bReference 51. 

0.529 
0.286 

0.88 
0.50 

0.40 
0.10 

and fluorescence decay. The model begins with a modified 
Smoluchowski equation for the probability P(x,t), of the 
solute being at a position x at a time t. For a harmonic 
potential surface the equation has the form 

ap(x,t) (fP(x,t) a 
A 2 + B-a xP(x,t) - krtS(x)P(x,t) 

at ax x 

- k,P(x,t) , (4) 

where A = kBT/~ and B = w2J.L/~. w is the radial frequency 
of the excited surface, J.L is the reduced mass of the reactive 
motion, ~ is the friction coefficient, and T is the tempera
ture in degrees Kelvin. For a torsional isomerization coor
dinate J.L will be the reduced moment of inertia I, and ~ the 
reduced friction49 for twisting. kr and ko are the radiative 
and nonradiative rates, respectively. S(x) is the sink func
tion which describes the position dependence of the non
radiative rate. Qualitatively, the nature of P(t), the spacial 
integral of P(x,t), depends on the competition between 
diffusive motion toward the bottom of the well and the 
removal of population from the sink region. 

One of the assumptions of the BFO model is that mo
tion in the potential well can be described by small step 
diffusion. The validity of this approach has been investi
gated20 in terms of a full phase space Fokker-Planck equa
tion and the dimensionless parameter {3lw = ~/Iw. The 
calculated value of (31 w for cis-stilbene in hexane, using 
hydrodynamic friction is 0.86, suggesting that we are in the 
Smoluchowski limit, but not far from where this limit 
breaks down. 

2. Numerical simulations 

For our initial attempts to compare BFO theory with 
our results we use "instantaneous death" models and a 
harmonic potential surface. In these models the sink has 
zero width and the nonradiative rate is infinite. Using this 
model assumes the sink region is narrow and the rate of 
diffusion toward the sink area is much slower than ko. In 
order to calculate the friction coefficient for the cis-stilbene 
BFO simulations we assumed a hydrodynamic relationship 
between friction and viscosity 

(5) 

Equation (5) is valid for slip boundary conditions. R is the 
hydrodynamic radius of the moving group and rg is the 
radius of gyration of this group. 1] is the shear viscosity. 

The initial distribution of population in the harmonic 
well (cis-stilbene S! surface) is assumed to be Gaussian. It 
is described by 

1 [-(X-XO)2] 
P(x,t=O) 0'0(21T)(i/2) exp 20i ' (6) 

where Xo is the relative displacement of the minima of the 
ground and the excited state surfaces along the reaction 
coordinate. 0'0' the width of the distribution in radians, is 
calculated using II 

O'o=kBTllw;. (7) 
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Wg is the radial frequency of the ground state and ko is 
Boltzmann's constant. 

Sample BFO simulations are shown in Fig 6. All four 
calculations assumed room temperature and used R = 2.6 
A and rg = 2.5 A. For the moment of inertia 10 of one 
phenyl group we calculated the value 9.5 X 10 - 38 g cm2, 

which is in good agreement with the value of 9.9 X 10- 38 

g cm2 used previously for trans-stilbene.5 The reduced mo
ment of inertia is half this value. The solid line decay curve 
was calculated for Xo, the initial displacement, equal to 
1.04 rad (60°). The ground and excited state frequencies 
W g and w, were 100 Col - 1 and 50 Col - I, respectively. 
There is some uncertainty as to what frequency to use for 
the torsional mode. Myers and Mathies21 observed five 
normal modes with substantial torsional character ranging 
from 165 to 963 Col - I. Their interpretation of these modes 
was based in part on calculations performed by Warshel50 

which gave three modes in the range 400 to 600 em - 1 with 
some ethylenic torsion, and one mode at 88 Col - 1 which 
was mostly ethylenic torsion. If we set the gas phase decay 
time of 320 fs26 equal to the period of one oscillation we 
calculate a frequency of 104 Col - I, close to the 88 Col - 1 

value. One could argue that the system moves from the 
initially excited geometry to the bottom of the potential 
well and then disappears. A more accurate use of the gas 
phase result would then be to set the decay equal to a 
fourth of a vibrational (torsional) period giving a fre
quency of 26 Col - I. We choose 100 Col - 1 for the ground 
state frequency in our first calculations. We have found 
that the results are insensitive to the exact value of the 
ground state frequency used in the calculation because 
even a 100 Col - 1 frequency gives a very narrow initial 
population distribution. The frequency of this mode in the 
excited state (especially near the well minimum) will be 
smaller than in the ground state because the 1T1T* transition 
delocalizes the electrons weakening the Ce-Ce bond. Unless 
the excited state potential surface is harmonic, the spectro
scopic value of the frequency is relevant to only a small 
portion of the reactive motion and may not by a good guide 
for determining the best value of the frequency to use in the 
model calculations. 

The decay calculated for these parameters [Fig. 6, 
curve (a)J shows a relatively long induction time. This 
behavior is characteristic of a large displacement, Xo and a 
sink region and initial distribution which are narrow. The 
initial distribution has a width Uo, of only 0.05 rad (2.9°). 
The induction period represents the time necessary for the 
population P(x,t) to move into the sink region. No char
acteristic of this type is seen in our data. 

The three other simulations were attempts to remove 
this induction period and to see how sensitive the predicted 
decays were to parameter values. Increasing the excited 
state frequency to 100 Col - 1 [curve (b)] reduces the flat 
region at early times, but also reduces the decay time. Al
though the population gets to the sink more quickly, the 
distribution has not had time to broaden out. By reducing 
the ground state frequency to 25 Col - 1 [curve (d)] there is 
more overlap of the population with the sink at early times. 
However, a frequency of 25 COl - 1 for the ground state 

0.8 

0.8 

~ 0.4 

0.2 

o 2 
TIME (ps) 

3 

FIG. 6. Simulations of population decay in a one dimensional barrierless 
harmonic potential with a pinhole sink (Ref. 11). The parameter values 
used are (a)-xo = 1.04, UJ = 50 em -I, UJg = 100 em -I; (b) _.
Xo = 1.04, UJ = 100 em - I, UJg = 100 em -I; (c) ... Xo = 0.2, UJ = 50 
em-I, UJg = 100 em-I; (d) --xo= 1.04, UJ= 15 em-I, UJg = 25 em-I. 

along the torsional coordinate seems unphysically low. Fi
nally, a calculation using a very small displacement 
Xo = 0.2 rad (lIS) gives a decay [curve (c)] that appears 
nearly exponential. Such a small displacement would be 
hard to justify for cis-stilbene if nonradiative decay occurs 
from a 90° geometry, the phantom state. However, for a 
potential surface of the form shown in Fig. 7 (c) (vide 
infra) a small displacement is quite reasonable. 

It is still possible, however, that our results can be 
explained within the framework of BFO theory, with or 
without a linear relationship between frequency and vis
cosity. The shape of the theoretically predicted decay 
curves will become more exponential for a sink with a 
nonzero width and a finite ko. The use of a finite decay rate 
ko, would also reduce the predicted friction dependence. If 
DHP formation occurs directly from the Franck-Condon 
region, Eq. (4) should contain a second position depen
dent sink term for the DHP process. We do not yet have a 
solution for this equation, but qualitatively the effect will 
also be to significantly reduce the induction period in the 
decays of Fig. 6. An anharmonic reaction coordinate as 
discussed in Sec. V or one involving more than one normal 
mode may also bring theory closer to our experimental 
results. In comparing simulations with the experiments a 
number of complicating factors must be borne in mind. In 
particular, the connections between viscosity, friction, and 
reaction rate can be quite complex in barrierless or low 
barrier reactions. First, the solvent may influence the shape 
of the potential surface. Second, as noted earlier, the fric
tion may not be simply proportional to the shear viscosity, 
for example because of free volume effects.46 Third, at the 
frequencies involved in the reactive motion it may be nec
essary to consider frequency dependent friction. 9

,51 Fourth, 
the dependence of the measured decay time on friction 
itself may differ significantly from a simple inverse relation
ship.u 

In order to estimate the effects of the solute size and 
frequency dependence of the friction on our results, we use 
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c 

FIG. 7. Proposed potential surfaces for cis-stilbene isomerization. The 
Franck-Condon region of the excited state, and the twisted configuration 
are separated by a small barrier along the isomerization reaction coordi
nate in (a), and no barrier in (b). The potential surface in (c) has a deep 
minimum at the twisted configuration, and no barrier along the reaction 
coordinate. 

the empirical relationship k = 1/r = AI;". A value of a 
= 1.0 is predicted for BFO theory in the high friction 

limit. The solute size effect on trans-stilbene isomerization 
was studied recently by Sun and Saltiel. 52 They generated 
correction factors relating the "microscopic viscosity" 1111' 
to the macroscopic viscosity using toluene diffusion times. 
Incorporating these correction factors makes the calcu
lated a's for the alcohols and alkanes closer to, but still far 
from 1.0. In order to consider the qualitative effects of 
frequency dependent friction we used calculations of Bag
chi and Oxtoby. 51 They calculated S «(0 ) I ~'(O) for a variety 
of viscosities. If the relevant frequency is assumed to be (1 
ps) - 1 = 1 X 1012 

S - 1, a value of aa1coho1 = 1.03 is obtained. 
Although this is a crude calculation it suggests that con
sidering the frequency dependence of the friction may be 
important in interpreting our results. 

V. POTENTIAL SURFACE MODELS 

If we wish to model the isomerization dynamics with a 
one dimensional reaction surface, there are a number of 
important questions to consider. Is there a barrier along 
the coordinate to isomerization? What is the size of the 
region of strong nonradiative decay to the ground state? 
What are the curvatures of the minima and possible max
ima of the potential surfaces? Three possible reaction co
ordinates are sketched in Fig. 7. 

The potential surface in Fig. 7(a) shows a small bar
rier between the Franck-Condon region and the twisted 
geometry in the excited state. The possibility of a small 

barrier was suggested by Petek et al. 31 to explain long life
time fluorescence decays of cis-stilbene in cluster environ
ments in supersonic expansions. A barrier may also explain 
the observed double exponential recovery times of trans
stilbene after optically exciting cis-stilbene.3o This picture 
of the reaction coordinate has the advantage of explaining 
in a simple way the nearly exponential nature of the decay 
curves, the lack of substantial spectral evolution, and the 
similarity of absorption and fluorescence decay times. 
However, it is difficult to explain our anisotropy decay 
results in propanol with this picture of the potential sur
face. 

The predicted decay curves for a barrierless surface, 
Fig. 7(b) can be exponential, depending on the curvature 
of the surface, the width of the region of nonradiative de
cay, and the nonradiative decay rate, among other param
eters. The anisotropy decay data can also be qualitatively 
explained with this model of the potential surface if fluo
rescence is observed throughout the twisting process. It is 
difficult, however, to reconcile the limited extent of spec
tral evolution on the time scale of 1 ps, without considering 
possible changes in the radiative rate along the reactive 
coordinate. In both model surfaces 7(a) and 7(b), the 
region of strong nonradiative coupling to the ground state 
would have to be narrow to explain the similarity of the 
branching probability toward trans- and cis-stilbene. 

Finally, a reaction coordinate with a very deep mini
mum is shown in Fig. 7(c). For this surface substantial 
fluorescence would be emitted only from the region pre
ceding the steep descent. Because of the larger sink region, 
or smaller Xo that would be used in BFO simulations, this 
version of the reaction coordinate would predict exponen
tial decays over a wider range of parameters than for sur
face 7(b). Limited spectral evolution and similar decay 
times from absorption and fluorescence experiments would 
also be predicted for this surface. It seems impossible to 
exclude any of these possible potential surfaces with the 
data available, especially if the consequences of motion 
along more than one vibrational dimension is to be consid
ered. Recently, Abrash et af. 29 considered a potential of the 
form 7(a). They found that it was at least a plausible 
model for explaining their anisotropic absorption data on 
cis-stilbene in alkanes with a barrier of less than 2.3 kT at 
room temperature. It is possible that there is a barrier in 
the alkanes, but not in the alcohols because of differing 
degrees of solvation of the twisted state in these two solvent 
types. In this paper we considered the dynamics predicted 
for cis-stilbene assuming a barrierless potential of the form 
in Fig. 7(b). BFO simulations for the reaction coordinate 
shown in Fig. 7 (c) are more complex and may yield good 
agreement with our data. 

VI. CONCLUDING REMARKS 

The time resolution of fluorescence upconversion and 
the sensitivity of photon counting has enabled us to mea
sure the spontaneous fluorescence decay of cis-stilbene in 
fluid solutions. A weak viscosity dependence of the decay 
times is observed in both alcohols and alkanes and is 
strongly affected by the nature of the solvent. The viscosity 
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dependence and the effect of deuteration in the a and a' 
positions can qualitatively be explained in terms of a reac
tive motion involving more degrees of freedom than the 
ethylenic torsion. In particular the involvement of the hy
drogen out-of-plane motion is consistent with our results 
and those of others.21 The similarity of our fluorescence 
lifetimes, recent absorption decay times29 and trans
stilbene recovery times29 in hexane support the conclusion 
that we are measuring the decay of the total population on 
the excited state surface. However, this does not resolve the 
issue of a possible barrier between the Franck-Condon re
gion and the twisted geometry. The fluorescence anisot
ropy decay of cis-stilbene in propanol reveals a fast com
ponent in the anisotropy with an amplitude of roughly 0.07 
and a time constant of approximately 1.0 ps. The similarity 
of the anisotropy and the magic angle decay times suggest 
that we are directly measuring motion along the reaction 
coordinate and hints that there is no barrier in propanol. 
Recent suggestions that there is a barrier in alkanes29 and 
in Ar and Kr clusters31 are not inconsistent with a barri
erless potential in alcohols because of possible static sol
vent effects on the potential surface. 

BFO theory with a harmonic potential and a pinhole 
sink does not reproduce the shape of the decay curves, nor 
does it reproduce the viscosity dependence, assuming hy
drodynamic friction. It appears that frequency dependent 
friction could bring our alcohol data in quantitative accord 
with the friction dependence predicted by the pinhole sink 
version of the BFO theory. This is not true for the alkane 
data. In order to further test the applicability of BFO the
ory in describing the cis-trans isomerization of stilbene, it 
will be useful to work with a finite decay rate model, with 
a nonzero width sink, and a more realistically shaped po
tential surface. It may also be fruitful and even necessary to 
use a two dimensional reaction surface in BFO simulations 
of cis-stilbene dynamics. Experimentally, it will be useful to 
study the fluorescence decay in different solvents, at other 
temperatures, and over a wider range of wavelengths. 
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