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Femtosecond laser studies of the cis-stilbene photoisomerization 
reactions 

Roseanne J. Sension,a) Stephen T. Repinec,b) Arpad Z. Szarka, and Robin M. 
Hochstrasser 
Department o/Chemistry, University 0/ Pennsylvania, Philadelphia, Pennsylvania, 19104 

(Received 13 November 1992; accepted 31 December 1992) 

Femtosecond laser studies have been performed on the photoisomerization reactions of cis
stilbene to obtain the most detailed understanding to date of a polyatomic 
isomerization reaction in a condensed phase environment. These experiments demonstrate 
that vibrationally hot product molecules are formed within a few hundred 
femtoseconds of the escape of the molecule from the cis* region of the potential energy sur
face. Although the cis to trans reaction may proceed via a twisted intermediate structure, this 
intermediate is not intercepted on the -150 fs time scale. The frictional effects on the cis to 
trans reaction coordinate are found to be important and account for the anisotropy of the 
trans product molecules. Specific experiments presented in detail are the absorption spectrum 
of electronically excited cis molecules (cis*); the anisotropy decays for cis* showing motion 
along the reaction coordinate; the detection of the trans-stilbene product using transient fluo
rescence and transient absorption, confirming that the reaction generates hot product states 
and that the Franck-Condon modes are largely spectators in the reaction; the anisotropy 
(alignment) of trans product molecules illustrating the effect of friction coupling overall 
motion to the reaction coordinate; and a theoretical treatment of three-pulse anisotropy 
experiments. 

I. INTRODUCTION 

Stilbene has proven to be extremely useful as a para
digm of photoisomerization. The photoreactions under
gone by stilbene, cis and trans, involve rearrangements of 
atoms either in a geometrical isomerization process (cis to 
trans/trans to cis) or in an electronic rearrangement pro
cess to generate 4a,4b-dihydrophenanthrene (cis to DHP). 
This system therefore provides an excellent opportunity to 
study solvent effects on the various reaction pathways. 

The photoinduced trans to cis reaction of trans-stilbene 
has been studied extensively in recent years. I-IS Excitation 
of trans-stilbene between 250 and 312 nm results in an 
excited state population (trans*) which flows over a small 
barrier of -3.5 kcallmol in alkanes4

,6,10 and in the isolated 
molecule l6,17 to yield ground state cis- and trans-stilbene in 
approximately equal amounts.3,5,18 This barrier crossing 
process, occurring on time scales of tens to hundreds of 
picoseconds, has been found to be friction dependent in a 
manner predicted approximately by Kramers theory for 
the escape of a harmonically bound particle over a poten
tial barrier.4,6,7.1O.13,15,19 

The isomerization reactions of electronically excited 
cis-stilbene (cis*), on the other hand, occur on time scales 
of 0.3-2 ps even in relatively high friction liquid environ
ments. 2

0-27 These results have been interpreted in terms of 
either unrestricted motion on a barrierless potential surface 
or motion over a very small barrier ( .;;;; 1.2 kcallmol). 22,23,26 

·)Present address: Department of Chemistry, Univ. of Michigan, Ann 
Arbor, MI 48109. 

b)Present address: Colgate-Palmolive Company, 909 River Rd., P.O. Box 
1343, Piscataway, NJ 08855. 

Additionally, the cis* popUlation is partitioned between 
two primary reaction pathways leading to trans-stilbene 
and DHP production, respectively. This is shown schemat
ically in Fig. 1. The fast isomerization reactions of cis
stilbene provide the opportunity to perform detailed stud
ies of isomerization reactions through investigations of the 
product molecules as well as through investigations of the 
excited state dynamics. Information on the reaction coor
dinate away from the excited state Franck-Condon region 
may be obtained through investigations of the rise of the 
product absorptions, the relative alignments of the reactant 
and product molecules, and the vibrational energy content 
of the isomerization products.22,24,25,28,29 

An energy/time flow chart of some of the processes 
that must be investigated to develop a complete under
standing of fast photochemical reactions in condensed 
phase environments is shown in Fig. 2. In general, the 
reaction begins with the precursor, in this case, cis-stilbene, 
at thermal equilibrium with the surroundings. The reaction 
is usually initiated at a time t=O by a photon. The absorp
tion of this photon leads to Franck-Condon excitation of 
the reactant molecule, which in this case is the cis* isomer. 
The nature of the Franck-Condon absorption and the ini
tial motion of the reactant on the excited state potential 
energy surface (PES) may be probed using standard reso
nance Raman or ultrafast pump-probe techniques. The 
Raman wave function will probe motion on the excited 
state PES that occurs on time scales less than or equal to 
the electronic dephasing time. If the excited electronic state 
is directly reactive, the Raman experiment will probe mo
tion along the reaction coordinate. If, on the other hand, 
the excited electronic state persists for a substantial length 
of time due to a flat surface or even a minimum in the PES 
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FIG. 1. A schematic drawing of the potential energy surfaces for the SI 
photochemical reactions of stilbene. Approximate branching ratios and 
quantum yields for the important processes are indicated. In this figure, 
the ground- and excited-state barrier heights are drawn to scale repre
senting the best available values, as are the relative energies of the ground 
states of cis, trans, and DHP. 

along the reaction coordinate, or if there is a nonadiabatic 
crossing involved in the reaction, the motion probed by the 
Raman wave function may not divulge key aspects of the 
reaction coordinate. 
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FIG. 2. An energy/time flow chart of some of the processes which must 
be investigated to develop a complete understanding of isomerization re
actions in solution. 

Initially, the system consists of electronically and vi
brationally excited reactant molecules, i.e., an ensemble of 
molecules possessing most or all of the excess energy 
placed there by the excitation photon. For cis-stilbene, this 
excited state persists for 0.3-2 ps, dependent on the sol
vent. As the molecule proceeds along the reaction path, 
this energy will be redistributed among the various internal 
and external degrees of freedom, vibrational, rotational, 
and translational. With small isolated molecule reactions, 
there are now many examples of direct measurements of 
energy partitioning of the exoergicity of a reaction into 
rotational, vibrational, and translational energy contribu
tions. Presumably in condensed phase reactions, the rota
tional and translational paths as well as nuclear rearrange
ments resulting in large geometry changes will lead 
initially to heating of the surroundings. This represents 
external friction on the reaction coordinate. The vibra
tional excitation of the reaction product is quite distinct 
from the external friction and can be examined experimen
tally for time scales less than the vibrational population 
relaxation times. In a polyatomic molecule having a suffi
ciently large number of modes, the internal excitation re
sulting from relaxation might generate a distribution of 
product molecules characterized by a single temperature. 
In this limit, the energy dissipation to internal modes may 
be usefully referred to as the internal friction. Therefore, 
for large molecules in the condensed phase, the specifica
tion of energy partitioning between internal and external 
energy pathways can be a useful analogy to the identifica
tion of state-to-state reaction paths in isolated molecules. 
The fast isomerization reactions of cis-stilbene provide an 
opportunity to attack this energy partitioning problem in a 
reasonably large molecule in condensed phase environ
ments. 

Following the isomerization of cis-stilbene to form 
product molecules •. the whole system will relax on a longer 
time scale to the final state of products at thermal equilib
rium with the surroundings. The distinction between 
"fast" and "slow" population relaxation of the vibration
ally excited molecule is made with respect to the time scale 
for thermal transport to the bulk. T) relaxation fast with 
respect to solvent relaxation will result in local solvent 
excitation, whereas T) relaxation slow with respect to sol
vent relaxation will not result in local solvent excitation. 

A recent study of the cis-stilbene to dihydrophenan
threne reaction24 indicates that ground electronic state 
DHP is formed very quickly (with a time constant of 1.7 
± 0.2 ps) from cis-stilbene in hexadecane excited at 312 
nm. These results are consistent with the existence of an 
intermediate having a lifetime of 300 ± 200 fs. There is no 
evidence for an intermediate state having a lifetime of more 
than a few hundred femtoseconds in the cis to DHP reac
tion. DHP appears to be formed vibrationally hot and 
cools on a time scale of approximately 35 ps. Anisotropy 
measurements of the cis to DHP reaction and the cis to 
trans reaction24,29 have produced an unexpectedly low 
value for the initial anisotropy of DHP and an unexpect
edly high value for the initial anisotropy of trans. These 
results indicate a forced reorientational motion of the tran-
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sition dipole occurring during the isomerization process. 
This paper presents the results of a femtosecond laser 

study of the cis to trans reaction of cis-stilbene. The exper
imental results presented in this paper are interpreted, 
along with the results of previous studies of the cis to DHP 
reaction24 and cis* dynamics20,22,23 to provide the most de
tailed picture to date of a photochemical isomerization re
action in the condensed phase. 

II. EXPERIMENT 

The subpicosecond transient absorption and anisot
ropy methods used here have been described in detail pre
viously,22,24,30 with the exception that the 312 nm pump 
pulse energy in the present experiments was 3-7 f.LJ. 
Briefly, the output of a 20 Hz Nd:Y AG laser amplified 
colliding pulse modelocked (CPM) dye laser was split into 
two beams. One beam was frequency doubled in a potas
sium dihydrogen phosphate (KDP) crystal to provide a 
312 nm excitation pulse. The polarization of this beam was 
rotated by a half-wave plate to obtain parallel and perpen
dicular pump-probe polarization geometries for anisotropy 
measurements, 

For some experiments, other pump wavelengths were 
used. These additional pump wavelengths were produced 
by generating continuum in a 1 cm cell of H20, amplifying 
a slice of the continuum at twice the desired wavelength 
and frequency doubling the amplified continuum pulses in 
a beta barium borate (BBO) or KDP crystal as described 
previously.24 By using this method, ~ 2-3 f.LJ pulses at 250 
and 332 nm were obtained. When pump wavelengths other 
than 312 nm were used, parallel and perpendicular pump
probe polarization geometries were obtained by using ei
ther a Soleil-Babinet compensator or a mica half-wave 
plate in the probe beam. 

The other amplified CPM beam was used to generate 
probe frequencies via continuum generation in H20. Nar
row band slices with a full width at half-maximum 
(FWHM) of 8-12 nm of the continuum were selected by 
using a set of interference filters. The probe beam could be 
amplified and frequency doubled in KDP to obtain probe 
wavelengths in the ultraviolet. 

The time delay was achieved by a computer controlled 
translation stage in one arm of the experiment. At each 
time delay, 15-50 laser shots were averaged for a single 
scan and many scans (typically eight to 48) were averaged 
until the signal to noise was adequate. When both the 
pump and the probe pulses were at 312 nm, the instrument 
response function, modeled as a Gaussian, was approxi
mately 0.3 ps FWHM. When a 312 nm pump pulse was 
used with other probe wavelengths, the response function 
was 0.4-0.6 ps FWHM. When a 250 or 332 nm pump pulse 
was used, the response function was 0.8-1.2 ps FWHM. 

Pump-probe experiments in which the fluorescence of 
the photochemically generated trans molecule was detected 
were carried out using two 312 nm pulses of approximately 
equal (4 pJ) energies. In this experiment, the first pulse 
excited cis-stilbene, which then isomerized to form ground 
electronic state trans-stilbene with a quantum yield of 
0.35.31 The second pulse excited the reaction product as 

well. The two 312 nm pulses were obtained by frequency 
doubling both of the amplified CPM beams in KDP. A 
half-wave plate in one arm of the experiment permitted 
control of the relative pump and probe polarizations. These 
pulses were overlapped in the sample at a very small angle 
and the fluorescence was detected in a direction perpendic
ular to the direction of propagation of the pump and probe 
beams by using a photomultiplier tube. An interference 
filter centered at 350 nm was placed in front of the photo
multiplier tube to select a slice of the fluorescence near the 
peak of trans-stilbene emission and to discriminate against 
both cis-stilbene fluorescence and scattered light at 312 nm. 
A photodiode was used to monitor the energy of one of the 
pulses and to discriminate against large amplitude fluctu
ations in laser power. Additional fluorescence detection 
experiments were performed as described above using two 
pulses of different wavelength (~2 f.LJ at 312 and 250 nm). 

The polarization of the beams in the fluorescence ex
periment must be considered in detail. Because both of the 
pulses were approximately equal in energy, the fluores
cence was at a minimum at time zero and grew in almost 
symmetrically on either side. When the beams were in the 
parallel geometry, they were propagating along the y axis, 
their electric field vectors were along the z axis, and the 
trans fluorescence was detected along the z axis. In this 
configuration, the signal is identical before and after time 
zero assuming equal pump energies. When the polarization 
geometry was perpendicular, one of the beams was polar
ized along the x axis. In this configuration, the fluorescence 
signal will not be symmetric because the pump and probe 
beams change polarization at time zero. The fluorescence 
signal is dependent on the polarization x or z of the probe 
pulse which excites the fluorescence, even for the longest 
possible delays between the pump and probe pulses. 

Time-resolved absorption spectra of the photoisomer
ization products of cis-stilbene were obtained by using a 
Spex 1681 spectrograph and an intensified dual diode array 
(Princeton Instruments, model DIDA-512). The experi
mental arrangement for obtaining time-resolved spectra 
has been described in detail previously.24,30,32 For the ex
periments described in this paper, UV continuum was ob
tained by frequency doubling a broad slice of the visible 
continuum in a 0.3 mm KDP crystal. A Schott BG 1 filter 
and a quartz polarization cube were placed after the KDP 
crystal to pass the doubled continuum and the vertically 
polarized blue portion of the undoubled continuum. This 
provided sufficient continuum intensity over the region 
from 375 to 315 nm. A quartz waveplate was used to rotate 
the polarization of the 312 nm pump pulse to magic angle 
(54.7°) with respect to the vertically polarized probe pulse. 
Spectra were obtained by averaging ten scans of 1500 laser 
shots at each delay time and repeating four times for a total 
of 40 scans at each delay time. 

The cis-stilbene (Aldrich) used in this study was pu
rified by column chromatography so that it contained less 
than 0.1 % trans-stilbene as detected by high pressure liq
uid chromatography (HPLC) (trans-stilbene was unde
tectable in the sample, the accuracy of the instrument sets 
an upper limit of 0.1 %). This is an improvement in the 
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FIG. 3. The magic angle absorption spectrum of electronically excited 
cis-stilbene produced with a 312 nm excitation pulse. The cis fluorescence 
spectrum on an arbitrary intensity scale is also indicated in the figure. 

purity of cis-stilbene over the previous study,22 allowing 
more accurate measurement of anisotropies in the visible 
and in the UV, and of the trans product absorption in the 
320-350 nm region. The samples were generally prepared 
as approximately 0.15 ml of cis-stilbene in 250 ml of the 
appropriate solvent. When a 332 nm pump pulse was used, 
the sample was somewhat more concentrated. For the 
transient absorption measurements, the sample was circu
lated through an Sl-UV quartz cell with a path length of 
0.5 or 1.0 mm. For the fluorescence experiments, the sam
ple was circulated through a 2 mm square quartz flow cell 
polished on four sides. 

III. RESULTS 

A. The cis* absorption spectrum 

The absorption spectrum of electronically excited cis
stilbene is shown in Fig. 3. The new results concern the 
region between 600 and 420 nm which complement spec
tral data reported previously.22 Two relatively strong ab
sorption peaks are observed at 15 400 and 32 000 cm - 1 
(650 and 312 nm). For both of these peaks, Emax=7ooo 
± 2000 1 mol-I em -I as derived from the reported molar 
extinction coefficient and quantum yield for the DHP 
product absorption observed at a 140 ps time delay in the 
420-540 nm region.24,31 The 650 nm peak is consistent 
with the recent 500 fs spectrum of Rice and Baronavski27 

when it is kept in mind that their spectrum was not ob
tained for wavelengths longer than 720 nm. Our measure
ments (current and previously published22 ) demonstrate 
that this peak extends much further into the near IR. A 
somewhat weaker absorption peak is observed in the region 
around 22 200 cm- I (450 nm). This region is distorted in 
the spectrum shown in Fig. 3 due to competing cis* gain 
and absorption signals. For comparison, the fluorescence 
spectrum of cis-stilbene in hexane23 on an arbitrary inten
sity scale is also shown in Fig. 3. The net absorption signal 
measured and reported in this figure is actually the sum of 
the (negative) gain signal and the (positive) cis* absorp
tion signal. Thus the pure absorption peak is somewhat 
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FIG. 4. Magic angle transient absorption and anisotropy of cis-stilbene in 
hexadecane excited at 312 nm and probed at 650 nm. The error bars 
represent the standard deviation of the mean. The dashed line is a fit of 
the data to an exponential decay of the anisotropy (see Table I). The 
dotted-dashed line is the calculated anisotropy for ro=0.36 and a decay 
of 82 ps. 

larger than indicated in the figure and the dip in the ab
sorption between the 450 and the 312 nm peaks, which 
coincides with the peak of the cis* fluorescence, is probably 
somewhat less pronounced in the pure absorption spec
trum. 

Representative anisotropy values for the cis* absorp
tion are also given in Fig. 3. As the measured anisotropy is 
always much larger than -0.2, all of the peaks observed 
may be attributed to transitions from the B state pumped 
at 312 nm to higher lying states of A symmetry. The an
isotropy values obtained at 920 and 650 nm indicate the 
presence of at least two distinct transitions in the red and 
near IR portions of the spectrum. Thus the pump-probe 
absorption spectrum of cis-stilbene excited at 312 nm dem
onstrates the presence of at least four electronic states of A 
symmetry lying in the region between 8000 and 40 000 
cm - 1 above the SIB state initially excited. 

B. Cis* population and anisotropy decay 

The strong cis* absorption at 650 nm is not compli
cated by isomerization product absorptions, cis ground 
state bleaching signals, or cis* fluorescence. Thus, this re
gion provides the best opportunity to determine the cis* 
lifetime and anisotropy decay. Figure 4 shows the "magic 
angle" [(III +211 )/3, where III and 11 are the signals 
obtained using parallel and perpendicular polarization ge
ometries, respectively] and anisotropy decays [ret) = (III 
-11 )/(III +211 )] obtained for cis* in hexadecane by us
ing a 312 nm pump pulse and a 650 nm probe pulse. Magic 
angle signals in isotropic media at low pump energies are 
independent of relative orientation in initially isotropic 
samples. The anisotropy ret) is equal to the dipole corre
lation function 0.4(P2[C(0) ·C'(t) I), where P2 is the sec
ond Legendre polynomial, C(O) is the transition dipole 
pumped by the excitation pulse, and C' (t) is the transition 
dipole probed at time t. Data were also obtained for cis* in 
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TABLE I. Decay times of dr-stilbene transient absorption probed at 650 
nm. 

Solvent' T,so (ps) T ro, (ps)b rob 

Hexane 0.99 ± 0.03 5.7 ± 2.0 0.39 ± om 
Hexane 
330 nm pump 1.02 ± 0.04 4 (+3,-1.5) 0.39 ± 0.03 

Hexadecane 1.42 ± 0.03 8.2 ± 1.6 0.37 ± om 
1.50 ± 0.03 

Hexadecane 
250 nm pump 1.22 ± 0.05 7 ± 3.0 0.33 ± 0.05 
Methanol 0.48 ± 0.02 ••• c 0.32 ± 0.04 

'The pump wavelength is 312 nm unless otherwise specified. 
bFit assuming that ret) =ro exp( -tITro,). This functional fonn does a 
reasonably good job of modeling the data (see Fig. 4). 

"The signal to noise of the data is too poor and the lifetime of cis* in 
methanol is too short to pennit a detennination of the anisotropy decay 
function for cis*. 

hexane and methanol following 312 nm excitation, cis· in 
hexane following 332 nm excitation, and cis* in hexade
cane following 250 nm excitation. The decay times deter
mined from a least squares fit to the data are summarized 
in Table I. The decay times obtained in hexane and hexa
decane are consistent with those reported previously.22,23 
The lifetime reported here for cis-stilbene in hexadecane is 
somewhat shorter than that reported previously for a 650 
nm probe wavelength, but consistent with that reported for 
a 350 nm probe wavelength; it is also consistent with Ref. 
26. The difference is probably attributable to trans impu
rity in the previous measurement. The difference between 
the two measurements reported in Table I is probably also 
due to the difficulty in accounting for the small trans im
purity signal which is still present. There is a small differ
ence (- 300 fs or 16%) between the decay time measured 
following excitation at 312 nm and that measured follow
ing excitation at 250 nm. The decay time in hexane is 
insensitive to an increase in the pump wavelength to 332 
nm. The decay of cis· in methanol is found to be 0.48 ps, 
much faster than that determined for cis-stilbene in alkanes 
of comparable viscosity22 and only a little slower than the 
0.32 ps decay of the isolated cis* molecule.2o In both of the 
alkane solvents, the cis· anisotropy decay is found to be 
much faster than the anisotropy decay of trans-stilbene in 
the same solvent [indicated in Fig. 4 (see also Table I)]. 
This is probably due to motion along the reaction coordi
nate rather than a large increase in the rotational diffusion 
of cis- over trans-stilbene and will be discussed in greater 
detail below. 

C. UV transient absorption kinetics of the cis to 
trans and cis to DHP Isomerization reactions 

Magic angle transient absorption decay curves for sam
ples consisting initially of cis-stilbene in hexadecane are 
shown in Fig. 5 for a pump wavelength of 312 nm and 
probe wavelengths of 312 and 330 nm. The anisotropy data 
are also shown in this figure. Similar results were obtained 
for cis in hexane and methanol. The 312 nm pump, 312 nm 
probe curves consist of a coherent spike at to on top of a net 
cis· absorption signal which is canceled in part by a bleach-
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FIG. 5. Magic angle transient absorption and anisotropy of cis-stilbene in 
hexadecane excited at 312 nm and probed at 312 and 330 nm. 

ing of the ground state cis absorption. The cis· absorption 
decays in -0.5-1.5 ps to a signal consisting of residual 
cis-stilbene bleaching, DHP absorption, and trans-stilbene 
absorption. This signal increases slightly between 2 and 10 
ps in all three solvents and decays slightly with a 30 ps time 
constant in hexane and hexadecane to a constant value at 
longer times. The transient absorption signal was obtained 
for time delays as long as 140 ps. 

The measured anisotropy starts high due to the high 
anisotropy of the coherent spike and decays very quickly to 
a low value corresponding to a weighted average of the cis· 
absorption and the ground state cis bleaching signals. The 
anisotropy then rises to a value which is a weighted aver
age of the DHP anisotropy, the trans anisotropy, and the 
residual cis bleaching anisotropy, and decays approxi
mately exponentially with a rotational correlation time 
characteristic of trans-stilbene in each solvent. 

For a probe wavelength of 330 nm, the cis bleaching 
signal is very small so the signals are somewhat simpler. 
The data obtained using 330 nm are shown on a logarith
mic time scale in Fig. 6. The cis· absorption signal decays 
with a characteristic time of 1.0 (hexane), 1.3 (hexade
cane), or 0.5 ps (methanol) to a longer-lived signal corre
sponding to absorption by trans-stilbene and DHP. The 
decay curves obtained in alkane solvents are modeled fairly 
well when the data are fit to the functional form 

let) =Ae.exp( -the) + [1-exp( -the)] 

X [LlA exp( -thv) +Aeq1, (1) 
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FIG. 6. Magic angle transient absorption of cis-stilbene in (a) hexade
cane; (b) hexane; and (c) methanol pumped at 312 nm and probed at 330 
nm. Note the logarithmic time scale. 
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FIG. 8. The 50 ps spectrum multiplied by a scaling factor and compared 
with the difference spectrum (- - - - ) calculated using the cis and trans 
absorption spectra measured in hexane and the DHP (- - - -) spectrum 
digitized from the data in Fig. 4 of Ref. 31. 

where 7c is the lifetime of cis*, Ac* is the absorbance of cis*, 
Aeq is the equilibrium photoproduct absorption, and tlA is 
the early time hot product absorbance. The product ab
sorption signal decays with a characteristic time of 7 v 

= 15.5 (hexane), 23.5 (hexadecane), or 17.5 ps (metha
nol) to a small but positive long term absorption. This 
longer time scale decay is attributed to the vibrational cool
ing of the product molecules. The data obtained in meth
anol exhibit a distinctly nonexponential decay and so are 
not modeled well by the functional form given in Eq. (1). 
There is no reason to suppose that the decays in alkane 
solvents are truly exponential either. 

The anisotropy obtained at 330 nm (Fig. 5) starts at 
0.11 ±0.01 and rises to a value which is a weighted average 
of the trans-stilbene and DHP anisotropies and decays ap
proximately exponentially with a time constant for rota
tional diffusion of trans-stilbene characteristic of the sol
vent. 

D. Time-resolved absorption spectra of the 
photoisomerization products of cis-stilbene 

Time-resolved absorption spectra of the photoisomer
ization products of cis-stilbene in hexane are shown in Fig. 
7 for time delays of 6, 15, and 50 ps following excitation by 
a 312 nm pulse. These spectra are consistent with the ki
netics measurements reported in the previous section and 
in Ref. 28, although the 6 ps spectrum shown in Fig. 12 
indicates a significantly larger absorbance change at longer 
wavelengths than was estimated based on measurements at 
320, 330, 335, and 345 nm. 

The expected equilibrium ground state photoproduct 
absorption is compared with the 50 ps spectrum of the cis 
photoproducts in Fig. 8. The ground state spectrum shown 
in this figure was calculated from eqUilibrium spectra of 
cis-stilbene and trans-stilbene obtained in hexane on a stan-
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dard UV -visible spectrophotometer and the spectrum of 
DHP digitized from Fig. 4 of Ref. 31. The change in ab
sorbance is given by 

/:"'OD(J..) a: tPcrtr(J..) +tPC#D(J..) - (tPcr+tPCD)€cCJ..), 
(2) 

where the tPep's are the quantum yields for production of 
trans-stilbene and DHP, respectively, and the e(J..)'s are 
the molar extinction coefficients for trans, DHP, and cis as 
a function of wavelength. 

In addition, the eqUilibrium spectrum of trans-stilbene 
was obtained using the femtosecond laser system used to 
obtain the cis photoproduct spectra. For this measurement, 
the pump pulse was blocked, the reference consisted of 
hexane in a 1 mm quartz cell, and the signal consisted of 
trans-stilbene dissolved in hexane in a 1 mm quartz cell. 
This measurement was used to calibrate the wavelength 
scale of the transient absorption spectrophotometer and to 
determine the zero baseline for this experimental appara
tus. 

These results demonstrate that vibrationally equili
brated (room temperature) trans, cis, and DHP product 
molecules are observed within 50 ps of the excitation of the 
cis molecule. The results shown in Fig. 8 are entirely con
sistent with the known extinction coefficients and reported 
quantum yields for the trans-stilbene and DHP photoprod
ucts. However, the analysis shown in Fig. 8 is not very 
sensitive to the photoproduct quantum yields. 

E. Fluorescence detected trans-stilbene population 
rise and anisotropy 

As discussed above, the UV absorption bands of cis
and trans-stilbene and DHP are strongly overlapping, 
making it difficult to perform a simple transient absorption 
study of the cis to trans isomerization reaction such as has 
been performed for the cis to DHP reaction.24 For each 
probe wavelength between 350 and 312 nm, differing 
amounts of trans absorption, DHP absorption, and cis 
bleaching must be taken into account. In order to avoid the 
interference of DHP absorption and cis bleaching, we have 
performed a fluorescence experiment as described above to 
detect the trans-stilbene isomerization product. A similar 
experiment was performed several years ago to study the 
cis to trans isomerization reaction in solution using 20 ps 
resolution,33 where no time evolution was observed. The 
300 fs time resolution of our instrument results in a signif
icant improvement over the previous measurement. More 
recently, fluorescence detection has been used to study the 
cis to trans isomerization reaction of stilbene in rare gas 
clusters.34 

The trans-stilbene fluorescence signal for a sample con
sisting initially of cis-stilbene in hexadecane is shown in 
Fig. 9 for the pump and probe polarization directions dis
cussed previously. The rise of the fluorescence signal 
shown here is much slower than our instrument response 
function of approximately 300 fs. The fluorescence rise 
curves for trans-stilbene produced from cis-stilbene in 
hexadecane and several other solvents are compared in Fig. 
10. The data in this figure are presented in the form of 
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-110 -55 0 55 110 

110 
>-.... 
'iii 
c 80 I ., ........ , 

.,./ .... 
.5 zz --. 
4) 

'-, /-- zz 
0 50 ........ - "" I' 
5i zx '",--. \. ..J ........ ~/ 
0 "" " / /./ III '-, XZ 
4) rio/' .. 20 \" /" 0 \ ::I 
u:: 

-10 
-11.0 -11.11 0 11.5 11.0 

Delay Time (ps) 

FIG. 9. Time-integrated trans fluorescence yield curves as a function of 
the delay time between pumping cis and pumping trans obtained from a 
sample of cis-stilbene pumped and probed at 312 nm. Negative times in 
this figure only indicate the change in the designation of the two nearly 
identical 312 nm pulses as pump and probe. The solid curves are plotted 
against the upper time scale, while the dashed curves are plotted against 
the lower time scale. The designations ZZ, ZX, and XZ indicate the 
polarizations of the pump and probe beams. 

"pseudomagic angle" curves obtained by adding the 
parallel curve to twice the perpendicular curve and divid
ing by three. This eliminates much but not all of the ori
entation dependence from the data. As seen in Fig. 10, the 
initial fluorescence rise time is not significantly dependent 
on whether the solvent is hexane, hexadecane, or isopro
panol. However, the rise time is significantly faster in 
methanol. 

The results shown in Figs. 9 and 10 may be fit quite 
well to a function of the form 

o 2 6 8 

Delay Time (pal 

o 20 40 60 80 

Delay Time (ps) 

FIG. 10. Pseudomagic angle fluorescence yield curves obtained in meth
anol (+ - + - + ), isopropanol ( ... ), and hexane (- - -) compared 
with the curves obtained in hexadecane (solid line). 
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Iabc(t) ={A I [1-exp( -tlr l )] 

+A2 [ l-exp( -tlr2) ]}Gabc(t) , (3) 

where Gabc(t) is a polarization dependent factor to be dis
cussed later. The values of'Tl and 'T2 which yield the best fit 
to the data are approximately 'TI =6±0.5 ps and 'T2 =20± 5 
ps in hexane, hexadecane, and isopropanol and 'TI = 1.4 ps 
and 'T2 = 11.5 ps in methanol. The data are not modeled 
well by a single exponential rise. 

The use of Eq. (3) to model this data amounts to 
assuming that the trans· nonradiative relaxation rate is 
independent of the delay time, the trans ground state ab
sorption coefficient at 312 nm is independent of the delay 
time, and the formation of the trans ground state popula
tion is biexponential. However, it is not reasonable to as
sume that the trans-stilbene coming either directly from 
cis-stilbene or from an intermediate bottleneck state is pro
duced vibrationally cold (see Fig. 7). The vibrational en
ergy content of the trans-stilbene product is important be
cause the trans· nonradiative relaxation rate is known to 
be strongly dependent on temperature.4,9,IO,18 A more real
istic model for the fluorescence rise time and a detailed 
discussion of the evidence for and against the presence of a 
bottleneck state in the cis to trans reaction pathway will be 
presented later in this paper. 

In addition to information on the appearance of trans
stilbene, the data shown in Fig. 9 also contain information 
on the average angle between the reactant cis (C) and 
product trans (T) transition dipole directions through its 
dependence on (P2(C·T». The value for this correlation 
function at time zero is not directly obtainable from the 
data, but requires a model for the fluorescence intensity as 
a function of delay time. Further discussion of the anisot
ropy measurements and the models used to interpret them 
are postponed until a later section. 

F. Excitation wavelength dependence of the time
resolved absorption and trans-stilbene 
fluorescence rise measurements 

The UV transient absorption and trans fluorescence 
results presented above indicate a significant amount of 
vibrational excitation in the trans product molecules pro
duced from cis-stilbene initially excited at 312 nm. In order 
to investigate further the partitioning of the excess energy 
of the cis· to trans reaction into internal and external path
ways, we have performed a series of measurements using 
250 and 332 nm excitation pulses. The use of a 250 nm 
pump pulse introduces an extra 8000 cm -I, or nearly 24% 
more excess energy, into the stilbene molecule. The 332 nm 
pump pulse introduces 2000 cm -I less energy into the sys
tem. Differences or similarities between the absorption and 
fluorescence rise measurements obtained with this range of 
excitation wavelengths may help distinguish between inter
nal and external pathways for energy disposal, and identify 
the relevant time scales for these processes. 

Transient absorption data were obtained for cis
stilbene in hexadecane using 250 nm pump and 650, 460, 
345, 330, and 312 nm probe pulses. The data obtained at 

-25 o 25 50 75 100 

Delay Time (ps) 

FIG. II. Pseudomagic angle fluorescence yield curves obtained with 312 
nm (dotted line) and 250 nm pump pulses (solid line). The probe pulse 
was 312 nm in each case. The inset contains the 312 nm pump, 250 nm 
probe signal fitted to a 1.5 ps exponential rise. 

650 nm were discussed above (see Table I). The data ob
tained at 460 nm, near the peak of the SO-,SI DHP prod
uct absorption, indicate that the quantum yield for DHP 
production at 250 nm is essentially the same as at 312 nm. 
A comparison of the relative cis· and DHP absorption 
intensities indicate that the DHP quantum yield has de
creased no more than 15% from its value at 312 nm. 

A direct comparison of the UV transient absorption 
data obtained by using 312 and 250 nm excitation wave
lengths indicate a slight change in the quantum yields for 
DHP and/or trans-stilbene formation, but no more than a 
~ 15% net decrease in photoproduct absorption. The long 
time behavior is remarkably similar for both pump wave
lengths. The only significant difference is in the short time 
dynamics. Whereas the data obtained by using a 312 nm 
pump pulse are well fit using the functional form of Eq. (1) 
and a cis· lifetime 'Tc close to the value obtained using a 650 
nm probe (1.3 ps at 330 nm vs 1.4-1.5 ps at 650 nm), this 
is not the case for the data obtained using a 250 nm pump 
pulse. When these data are fit using the functional form of 
Eq. (1), it is necessary to use a value for 'Tc that is much 
less than the value obtained using a 650 nm probe pulse. 
For the 330 nm probe data, the value of'Tc necessary to 
model the data using Eq. (1) is 0.74 ps compared with the 
value of 1.22 ps obtained from the 650 nm absorption ki
netics. A probable explanation for the differences observed 
using 312 and 250 nm excitation and the implications of 
these results on the understanding of energy disposal in the 
photochemical reactions of cis-stilbene will be discussed in 
a later section. 

The fluorescence detected trans-stilbene rise data ob
tained using a 250 nm pump pulse and a 312 nm probe 
pulse are shown in Fig. 11 and compared with the results 
obtained by using two identical 312 nm pulses. The data 
are not symmetric because much less trans fluorescence is 
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FIG. 12. Photoproduct absorption spectra obtained at 6 (dashed line) 
and 50 ps (solid line) following excitation of cis-stilbene at 332 nm. The 
dotted lines are the results obtained following excitation at 312 nm (see 
Fig. 7 and Ref. 56). The inset contains the 6 ps spectrum, corrected for 
the scattering of the 332 nm pump beam, and the calculated difference 
spectrum for a vibrational population distribution equivalent to a temper
ature of 725 K. 

excited by a 250 nm probe pulse than by a 312 nm probe 
pulse simply due to the relative extinction coefficients of 
the trans absorption at the two wavelengths. One impor
tant conclusion to be drawn from these data is that the 
kinetics of the rise of the fluorescent population of trans
stilbene product molecules excited by a 312 nm probe pulse 
is relatively insensitive to the wavelength used to excite the 
initial cis-stilbene reactant molecule. Note, however, that 
the rise of the trans-stilbene fluorescence excited by a 250 
nm pulse following the excitation of cis-stilbene by a 312 
nm pulse is weH modeled by a single exponential with a 1.5 
ps time constant. 

The hot product absorption has also been investigated 
using a 332 nm excitation pulse. Transient absorption data 
was obtained for cis-stilbene in hexane probed at 650 and 
335 nm. The 650 nm data were discussed above and sum
marized in Table I. The 335 nm probe data are weH mod
eled by Eq. (1) with Tc= 1.02 ps and Tv= 13 ps. There is no 
evidence for a delay between the decay of cis* and the 
appearance of the product absorption. The absorption 
spectrum of the product molecules obtained 6 and 50 ps 
foHowing excitation by a 332 nm pulse are shown in Fig. 
12, compared with the data obtained following excitation 
by a 312 nm pulse. The 6 ps spectrum appears to be much 
colder foHowing excitation at 332 nm. 

IV. DISCUSSION 

A. Evidence for and against the presence of an 
Intermediate in the cis to trans reaction excited at 312 
nm 

The presence of a kinetic intermediate in the cis++trans 
photo isomerization of stilbene and stilbene derivatives has 
long been postulated based on both experimental and the
oretical considerations.35.36 The nearly equal quantum 
yield for cis- and trans-stilbene following the excitation of 
either the cis or the trans isomer was the initial observation 

which led to the proposal that a common intermediate, 
called the phantom state, was reached in both the cis to 
trans and trans to cis reactions. 35 If the branching ratios 
listed in Fig. 1, and inferred from the measured product 
quantum yields, and the kinetic scheme implied by this 
diagram are approximately correct, it is difficult to envision 
a process not involving a common bottleneck state that 
would give rise to the observed cis and trans isomerization 
and recovery yields. 

Several theoretical calculations have been performed to 
characterize this postulated intermediate state in terms of 
its electronic character and nuclear geometry.36-41 The cal
culated intermediate state (p*) is identified with the min
imum in the S I potential energy surface between the cis 
and trans geometries at or near the perpendicular geometry 
as sketched in Fig. 1. The results of several ab initio and 
semiempirical calculations have variously assigned this in
termediate state as a minimum in the I B state initially 
excited39-41 or a minimum in a IA state reached following 
internal conversion from the 1 B state.36.37,40,41 This A state 
may be identified with either the doubly excited state that 
correlates with the ground state configuration of the other 
isomer, in which case, the minimum arises from the 
avoided crossing of the doubly excited A state with the 
ground state,36,37 or with another A state dominated by 
other electronic configurations.40,41 The many calculations 
are at variance with each other due to the sensitivity of the 
calculated potential energy surfaces and electronic energies 
to the details of the calculation, in particular, the amount 
of configuration interaction included and the degree of geo
metric relaxation permitted. 

A number of experimental studies have been per
formed to find concrete evidence for the existence of an 
intermediate state possessing a significant lifetime in the 
cis-trans isomerization reactions of stilbene.21 ,22,33,34 Al
though the existence of such an intermediate with a life
time of 10 ± 3 ps was indicated by using time-resolved spec
troscopic techniques for "stiff" stilbene (trans-I, 1 ' -
biindanylidene),42 there is no direct evidence for the 
presence of a kinetic intermediate state in the cis-trans 
isomerization of unsubstituted stilbene having a significant 
lifetime (1';d.5 pS).34 The only "delayed" signal seen in 
the evolution of the trans isomer is that measured by the 
slow fluorescence rise times. It is now considered whether 
this could result from the presence of a nonfluorescent 
intermediate structure distinct from both the cis and trans 
electronic structures, and whether such an interpretation is 
consistent with all of the experimental evidence available at 
this time. 

The cis* excited state absorption disappears in 0.5 ps in 
methanol and 0.7-1.5 ps in isopropanol, hexane, and hexa
decane. The biexponential fit to the observed trans fluores
cence rise signals gives fast components of 1.4 ps in meth
anol and - 6 ps in the other three solvents. An 
intermediate state could account for the slow fluorescence 
rises obtained in all four solvents, and for the nearly iden
tical rise times observed in hexane, hexadecane, and iso-
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propanol. The internal conversion from p* to p would be a 
function of the electronic properties of stilbene, and thus 
need not be strongly affected by the solvent or the solvent 
friction. However, a solvent effect on the intermediate state 
lifetime could arise due to solvent induced changes in the 
PES which increase or decrease the energy gap between p 
and p*. This could account for the faster rise time observed 
in methanol. If p* is identified electronically with a doubly 
excited state of A symmetry, the conversion from p* to p is 
"forbidden" and may be relatively slow. Orlandi and co
workers have estimated the time scales to be on the order 
of tens to hundreds of picoseconds.43

,44 If p* is identified 
electronically with a minimum on the singly excited B state 
surface, the internal conversion may be much faster, al
though the calculated energy gaps between p and p* of at 
least 6000 cm - I indicate a bottleneck on the excited state 
surface which should possess a significant lifetime.39

•
41 

However, all of the experimental data is not consistent 
with the presence of long lived intermediate, and the exist
ence of an intermediate is not necessary to explain the 
observed fluorescence results. The trans-stilbene fluores
cence excited by a 250 nm pulse rises on the same time 
scale as that found for the disappearance of the cis* pop
ulation. Thus any intermediate state must have the same 
fluorescence quantum yield as equilibrium trans-stilbene 
following excitation at 250 nm, but a substantially different 
quantum yield following excitation at 312 nm. This differ
ence may be accounted for if vibrationally hot ground state 
trans-stilbene formation is on the same time scale as cis* 
disappearance. The molecule must be formed hot, thus at 
early times a low yield is expected when excitation is into 
the S 1 state owing to its dependence on excited state barrier 
crossing. On the other hand, the excess energy remaining 
in the system following isomerization may be only a small 
addition to the excess energy introduced into the trans 
molecule by exciting it at 250 nm. Thus no additional time 
evolution is observed when cis is pumped at 312 nm and 
trans is probed at 250 nm. 

Additionally, the transient absorption measurements 
reported in this paper and in an earlier paper22 do not 
appear to be consistent with an intermediate state possess
ing a significant lifetime (7'>0.15 ps). An intermediate 
state is not necessary to fit any of the 312 nm pump tran
sient absorption kinetics probed between 345 and 312 nm. 
There is no measurable delay between the disappearance of 
cis* absorption and the appearance of product absorption. 
An assumption of vibrational cooling is sufficient to ac
count for the observed long time decay components. 

More conclusively, the anisotropy for the trans prod
uct deduced from the fluorescence measurement is the 
same within experimental error as the anisotropy deduced 
from the direct absorption measurements (see Ref. 28 and 
further discussion below). In addition, it is not necessary 
to include an intermediate state to fit the anisotropy kinet
ics observed in the transient absorption measurements per
formed at either 330 or 312 nm. The anisotropy obtained at 
312 nm in hexadecane is shown in Fig. 13. The solid line in 
this figure was obtained by assuming three components-a 
coherent feature at time equal to zero having an instrument 
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FIG. 13. Anisotropy measurement at 312 nm following excitation of 
cis-stilbene in hexadecane at 312 nm. The data is fit to the model discussed 
in the text. The error bars represent 95% confidence levels. 

limited width and an anisotropy of 0.4; an initial species A 
having an anisotropy of -0.05, which decays exponen
tially with a characteristic time of 1.3 ps to form species B, 
having an anisotropy of 0.10. Species A for the data shown 
in Fig. 13 is a weighted average of cis* absorption and cis 
bleaching and B is a weighted average of trans product 
absorption, DHP product absorption, and residual cis 
ground state bleaching. The overall orientational decay 
time used to fit the data shown in Fig. 13 was 80 ps, in 
good agreement with the literature value of 82 ± 7 ps ob
tained for trans-stilbene in hexadecane. 11 

If an intermediate state with a lifetime between 2 and 
10 ps is included in this analysis, it is found that the inter
mediate state absorption must have an anisotropy that is 
larger than the trans product absorption [rc/(312 nm) 
=rCT(312 nm) +0.06].45 However, the anisotropy data 
obtained at 330 nm also fits well to a model consisting of 
two kinetically related species, where the initially produced 
species decays exponentially with a characteristic time of 
1.3 ps to form the product species. If an intermediate state 
is included in the analysis of the 330 nm data, the anisot
ropy of the intermediate state absorption and the trans 
product absorption must be the same within ± 0.02. Thus, 
the anisotropy data obtained in the fluorescence experi
ment and the transient absorption experiments is consis
tent with the presence of an intermediate state as discussed 
above only if the 330 and 312 nm pulses probe slightly 
different intermediate state transition dipole directions or 
distributions and the transition dipole probed in the inter
mediate state makes essentially the same angle to the ini
tially pumped cis transition dipole direction as the SO-,SI 
transition dipole of trans-stilbene does. This would not be 
expected if the intermediate is to be identified with a per
pendicular conformation intermediate between the cis and 
trans geometries. Nor would such a structure have elec
tronic spectra similar to trans-stilbene. 

The conclusion most consistent with all of the avail-
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able information is that vibrationally excited trans-stilbene 
molecules are formed on the same time scale as observed 
for the decay of the cis· excited electronic state as sug
gested earlier.22,24,25.28,29 In this model, the only bottleneck 
yet observed in the isomerization reaction involves the de
cay of population away from the cis· nuclear conforma
tion. Once the population escapes from the cis· region of 
the excited state potential energy surface [defined as the 
region from which short-lived absorption (600-1000 nm) 
and fluorescence (340-540 nm) occur], the reaction pro
ceeds unimpeded resulting in the appearance of the ground 
state product absorption on a time scale experimentally 
indistinguishable (with pulses of width -150 fs) from that 
for the disappearance of the cis excited state. That is, elec
tronically identifiable, although distorted (possibly highly 
distorted) ground electronic state trans-stilbene is formed 
very quickly (in less than - 150 fs) following the escape 
from the cis· region of the excited state PES. The remain
der of the dynamics observed in the experiments presented 
in this paper is due to vibrational relaxation of the product 
molecules and solvent relaxation. 

B. Calculations to model the hot trans spectrum 

The vibrationally hot product spectrum measured 6 ps 
after the excitation of cis-stilbene (see Fig. 7) may be ex
trapolated to that at earliest times using single wavelength 
measurements such as those shown in Fig. 6. These mea
surements have been performed at 312, 320, 330, 335, 345, 
and 350 nm for cis-stilbene in hexane. This projection then 
represents the difference spectrum of the product mole
cules at the earliest times and is a measure of the vibra
tional energy of the product molecules. Proper interpreta
tion of this spectrum will provide an estimate of the energy 
partitioning between internal and external degrees of free
dom as discussed in connection with Fig. 2. 

In order to interpret this spectrum in terms of the 
vibrational energy content of the product molecules, it is 
necessary to calculate the spectrum expected for various 
relevant thermal and/or nonthermal ground state popula
tion distributions. The resonance Raman spectra of cis
and trans-stilbene have been analyzed and used in conjunc
tion with the UV absorption spectra to obtain values for 
the normal coordinate displacements responsible for most 
of the Franck-Condon activity.46,47 Room temperature 
spectra calculated using these parameters along with the 
digitized DHP spectrum provides reasonably good agree
ment with the 50 ps experimental spectrum (see Fig. 14). 
The failure of the calculated spectrum to predict the sharp 
red edge of the product absorption results from the failure 
of the model parameters to predict the sharp red edge of 
the trans spectrum.47 

The most straightforward place to begin to model the 
initial hot spectrum is to assume that during the reaction 
from cis to product, which in the case of the cis to trans 
reaction involves a large geometry change, all of the energy 
that remains in the internal (vibrational) degrees of free
dom becomes distributed throughout the molecule in a 
Boltzmann distribution characterized by a vibrational tem
perature. In this case, the maximum temperature, carre-
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FIG. 14. The calculated equilibrium difference spectrum compared with 
the 50 ps experimental spectrum. The inset contains a comparison of the 
calculated equilibrium cis and trans absorption spectra with the spectra 
measured in hexane. 

sponding to all of the available energy remaining in the 
internal degrees of freedom, is approximately 1350 K 
(1225 K following excitation at 332 nm), slightly higher 
for trans and slightly lower for cis due to the energy dif
ference between the cis and trans ground states.48 The max
imum temperature for the DHP product will be substan
tially lower (-1000 K). Thus, under the assumptions 
discussed here, the difference spectrum should correspond 
to the calculated spectrum for some T<1350 K. 

A calculation of the hot spectrum has been made as
suming harmonic PESs along with the displacements and 
frequency changes reported in Refs. 46 and 47. The calcu
lation was performed by computing an explicit sum over 
states for the Franck-Condon active vibrational modes 
above 600 cm - 1 and line shape functions for low frequency 
modes. All cis and trans states involved in Franck-Condon 
active transitions and having energies less than 5000 cm- 1 

were retained in the sum over states. Additional states were 
retained to calculate the 1350 K spectrum. In addition to 
the Franck-Condon modes discussed in Refs. 46 and 47, 
the 262 cm -I bu CCC deformation mode of trans-stilbene 
was also included in the calculation. In the current best 
assignment, the frequency of this vibrational mode drops 
from 262 to 99 cm- I in the SI excited state. 15

(c) Such a 
frequency change will result in increased intensity on the 
red edge of the absorption at elevated temperatures, and 
thus is important to consider when modeling the product 
spectra shown in Fig. 7. 

The calculated spectra for temperatures of 725 and 
1350 K are shown in Fig. 15. The hot spectra of both cis 
and trans have been calculated. As we have no information 
on the parameters necessary for estimating the hot DHP 
spectrum, this small contribution has been assumed to be 
room temperature in Fig. 15. The effect of "hot" DHP is 
also incorporated into this calculation by setting the hot 
DHP intensity at 2.5 times that of the room temperature 
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FIG. 15. Comparison of the calculated 725 (---) and 1350 K 
( ... ) spectra with the 6±2 and IS ps spectra of trans-stilbene; DHP 
(----) at 1350 K. 

DHP spectrum. This estimate seemed reasonable because 
the explored region from 375 to 315 nm lies between the 
strong UV absorption and the visible absorption of DHP 
(see Fig. 8). The spectrum calculated for T= 1350 K does 
not account for the shape of the observed spectrum. No 
equilibrium thermal distribution appears able to account 
for the sharp drop at - 325 nm and the hump at - 335 nm. 
In addition, no thermal distribution can account for the 
pump wavelength dependence of the 6 ps spectrum (see 
Fig. 12). On the other hand, the 15 ps spectrum obtained 
following 312 nm excitation is well represented by the cal
culation for T = 725 K. 

The shape of the initial photoproduct spectrum ob
tained following excitation at 312 nm suggests that the 
product molecules are created with significantly more ex
citation of modes in the range 900 to 1700 cm - 1 than 
would be predicted by a thermal distribution of the avail
able energy. Population of the V= 1 and v=2 levels of 
Franck-Condon modes in this range will allow hot band 
I:::.v= -1 transitions to generate a hump in the spectrum. 
These particular vibrational levels could become populated 
in the initial cis-stilbene excitation process or as a result of 
the cis-trans isomerization. The substantial red shift of the 
cis-stilbene fluorescence spectrum with respect to the ab
sorption spectrum,49 along with the displacements deduced 
from the resonance Raman spectrum46 indicates that exci
tation on the red edge of the absorption band (between 312 
and 300 nm) will result in a distribution of electronically 
excited molecules with substantial population in the 
Franck-Condon active C-C stretching modes, ring defor
mation modes, and hydrogen rocking modes. If most or all 
of these modes are not coupled to the reaction coordinate, 
the popUlation distribution placed in them by the act of 
photoexcitation may be largely retained in the product 
molecules. This model accounts for the difference between 
the 6 ps spectrum obtained following excitation at 312 nm 
and that obtained following excitation at 332 nm. The sub-
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FIG. 16. Vibrational energy distributions in the 900-1700 cm- I Franck
Condon active modes discussed in the text. 

sequent cooling of the modes would occur on their T I time 
scales, expected to be in the 10 ps range. I,51 

The effect of this type of a non thermal population dis
tribution on the hot photoproduct spectrum is readily cal
culated if the distribution is known. We have noted that 
there exists an approximate one-to-one correspondence be
tween the Franck-Condon active modes of cis-stilbene and 
those of trans-stilbene. The resonance Raman spectra of 
the cis and trans molecules are remarkably similar in the 
region between 900 and 1700 cm-I.46,47 This suggests that 
similar nuclear motions are responsible for most of the 
Franck-Condon activity in the cis and trans molecules. If 
the assumption is made that this correspondence holds for 
all points on the reaction path, the vibrational population 
distributions in the ground state product molecules may be 
estimated. 52 Population distributions calculated for excita
tion wavelengths of 330, 312, 307, and 302 nm are shown 
in Fig. 16. The primary point of interest is the relative 
population of the vibrational states containing one and two 
quanta of excitation with respect to the popUlation of the 
vibrational ground state. It is exactly this sort of nonther
mal distribution that is necessary to reproduce the hump 
observed in the experimental spectrum. 

Spectra calculated using these popUlation distributions 
are shown in Figs. 17 and 18. The introduction of broad
ening equivalent to a - 725 K thermal distribution in the 
low frequency modes in addition to the nonthermal popu
lation distribution in the 900-1700 cm - I vibrational modes 
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FIG. 17. A comparison of the calculated and experimental difference 
spectra. The calculation used the nonthermal 312 nm distribution dis
cussed in the text. The dotted line is calculated for 300 K. The dashed line 
includes an estimate for the effect of hot DHP. The dotted-<iotted-<iashed 
Jines are the same calculations, but using a 725 K distribution in the low 
frequency modes. 

does a good job of reproducing both the hump and the 
breadth of the 6 ps spectrum. The agreement between the 
calculated and experimental spectra is not very sensitive to 
the precise temperature of the low frequency modes. The 6 
ps spectrum obtained following excitation at 332 nm is in 
good agreement with the spectrum calculated for a 725 K 
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FIG. 18. A comparison of the calculated and experimental difference 
spectra for nonthermal distributions equivalent to 307 and 302 nm exci
tation. The dotted-<iashed and dashed lines were calculated for distribu
tions corresponding to 307 and 302 nm excitation. Because all of the 
displacements are estimates, this may be closer to the true distribution 
produced in the experiment following 312 nm excitation. The dotted line 
and dotted-<iotted-<iashed lines include a rough estimate for hot DHP. 
All of the calculations include a 725 K distribution in the low frequency 
modes. 

population distribution. This is what would be expected 
based on the population distributions (see Fig. 12) shown 
in Fig. 16. 

It should be noted that the hot DHP contribution can
not be entirely ignored. Without the inclusion of DHP in 
the analysis, it is not possible to reproduce the increase in 
the intensity of the zero-zero band at early times. The 
inclusion of a rough estimate for the hot DHP contribution 
accounts quite well for the initial intensity increase in the 
315-320 nm range. 

There are several conclusions that may be drawn from 
this analysis of the hot spectrum. 

(a) Complete intramolecular vibrational redistribution 
is not fast with respect to the time scale of the isomeriza
tion reaction. The product molecules are formed preferen
tially with one or two (or more) quanta of excitation in the 
900-1700 cm- I modes populated by the initial excitation 
process. The simulated spectra lead to the conclusion that 
the product molecules are formed with (Evib> = 1900 ± 500 
cm -I in these vibrational modes. Much of this energy is 
placed into these modes by the excitation pulse. The energy 
placed in these modes does not rapidly equilibrate with the 
low frequency vibrational modes and has only spectator 
status in the reaction. 

(b) The initially formed product molecules are also 
formed hot in the low temperature modes coupled to the 
reaction coordinate. If the energy remaining in these 
modes is thermally distributed, it corresponds to a temper
ature of ~600-800 K implying that (E1/> =5000-15 000 
cm- I . 

(c) The transfer of the vibrational energy in the 
Franck-Condon active modes to the solvent occurs on the 
time scale of 10-30 ps and is moderately sensitive to the 
solvent. 

These conclusions are consistent with two recent inde
pendent observations. A comparison of calculated and ex
perimental absorption and emission spectra of cis-stilbene 
was performed by Todd et al. 54 This study determined that 
it was not possible to model both the absorption spectrum 
and the room temperature emission spectrum of Saltiel 
et al. 49 using the same potential surface if vibrational re
laxation was assumed to be complete. They suggest that 
the room temperature emission originates from vibration
ally hot molecules where the vibrational relaxation of one 
or more of the modes is slow with respect to the isomer
ization time scale. Such effects are well known for mole
cules having short-lived excited state. 55 

In a somewhat more direct experiment, Myers and co
workers56 have measured the anti-Stokes resonance Raman 
spectrum of trans-stilbene produced following the excita
tion of cis-stilbene in cyclohexane at 295 nm as a function 
of delay between the pump and probe pulses. 57 The probe 
wavelength was 278 nm. At 5 ps, the earliest time mea
sured, they observe a very hot spectrum and tentatively 
conclude that the anti-Stokes intensity arises from the v=4 
or 5 levels of the C = C stretching modes (1500-1650 
cm - 1 ). At 10 ps, the intensity arises from the v = 3 levels. 
The C-H rocking region (1100-1200 em-I) and H wag-
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ging region (950-980 cm -1) also exhibit substantial anti
Stokes intensity. 

The present observations, taken in conjunction with 
our earlier results58 and the recent work cited above,54,57 
serve to strengthen the view58 that IVR is not rapid in this 
system. Rather, the amount of vibrational energy in the 
C=C stretching, C-H rocking, and H wagging modes of 
the photoproduct is directly related to the energy placed in 
them by the pulse used to excite cis-stilbene. This accounts 
completely for the insensitivity of the fluorescence detected 
trans appearance to the wavelength used to excite cis. The 
excess energy placed into the system using 250 nm excita
tion instead of 312 nm excitation is trapped in the Franck
Condon active modes which are decoupled from the reac
tion, and does not affect the energy content of the low 
frequency modes directly involved in the cis/trans reaction 
coordinate. The fluorescence experiment is sensitive to the 
energy content of the modes coupled to the reaction coor
dinate, not to the energy content of the Franck-Condon 
active modes. 

c. Anisotropy and intensity in the polarized 
fluorescence experiments 

In order to model the experiments involving the fluo
rescence detection of trans-stilbene presented above, it is 
necessary to develop the proper formalism for describing 
the dependence of the fluorescence signal on the polariza
tion, the growth of the ground state trans population, and 
the time dependent fluorescence of trans*. 

Equation (3) contains an anisotropy factor Gabc(t) 
which is dependent on the polarization a of the pump pul~e 
which creates cis*, the polarization b of the probe pulse 
which creates trans*, and the polarization c of the emitted 
photon. G is actually a function of both t and T, where t is 
the delay between the pump and probe pulses and T is the 
delay between the probe pulse and the emission of the 
detected photon. The pump pulse (x or z polarized) cre
ates a cosine-squared distribution of cis* molecules which 
generate trans molecules on a time scale which may be 
faster than the rotational diffusion time. In the cases under 
consideration here, it is faster. The generated anisotropic 
distribution of trans is then excited with polarized light, 
either x or z polarized corresponding to the parallel and 
perpendicular signals. The time-integrated (over T) fluo
rescence intensity polarized along both x and y is detected. 
The separation of the kinetic factors from the geometric 
factor Gabc in Eq. (3) arises from the following assump
tions: (1) The isotropic absorption coefficient of trans 
ground state molecules is not dependent on the orienta
tional coordinates. Changes in absorption, uncoupled from 
the orientational motion, resulting from changing vibra
tional energy content or its distribution can be considered 
separately as kinetic factors. (2) The trans transition di
poles responsible for absorption and subsequent emission 
processes by a molecule assume only one direction in the 
molecular frame, as if the system has only two states T and 
Ckinetically related by Eq. (1). In reality, we could expect 
the trans ground state molecules to be formed far enough 
from the eqUilibrium configuration that the trans (Bom-

Oppenheimer) dipole moment could, subsequently, change 
both its magnitude and direction. In that case, the analysis 
would require the conditional probability distribution 
characterizing motion along the reaction coordinate. How
ever, the experiments at the present time resolution are 
consistent with a two state kinetic scheme which will there
fore be adopted in the following analysis: A general treat
ment of the anisotropy including the molecular dynamics 
between these two states will be discussed in a future pub
lication. Under the assumptions given above, Gabc(t,T) is 
given by 

where ( ... > signifies an average over the distribution of 
orientations present at each time, and C and Tare 
molecule-frame fixed transition dipoles corresponding to 
cis and trans structures, respectively. By converting the 
cosines to second Legendre polynomials, P2(COS e) 
= [3 cos2 (e) - 1 ]/2, and using the orientational 
averages (P2(cos e) > =0, (Pi(cos en = liS, and 
(J1(cos e) > =2/3S, the required elements of Gabc (up to a 
multiplicative constant) are found to be59 

Gzzx+Gzzy= 1 +4/S(P2 [C(0) • T(t)]) 

-2/S(P2[T(t) ·T(T)]) 

-2/S(P2[C(0) ·T(T)]) 

-8/3S(P2[C(0) ·T(t)]P2[T(t) ·T(T)]), 

Gzxx+ Gzxy= l-2/S(P2[C(0) • T(t)]) 

+ lIS(P2[T(t) • T( T)] > 

-2/S(P2 [C(0) ·T(r)]) 

+4/3S(P2 [C(0) • T(t) ]P2[T(t) • T( T)]) 

Gxzx+Gxzy= 1-2/5(P2[C(0) ·T(t)] > 

-2/S(P2 [T(t) • T( T)]) 

+ lIS(P2[C(OY·T(T)] > 

(Sa) 

(Sb) 

+4/3S(P2 [C(0) • T(t) ]P2 [T(t) • T( r) J). 

(Sc) 

The correlation functions in Eqs. (S) are readily eval
uated by standard methods60 when only reorientation is 
involved. For simplicity, the assumption is made that both 
the cis and trans molecules rotate as spherical diffusers 
with the same diffusion coefficient D. The fixed angle be
tween C and T in a molecular frame is eCT• The required 
results are 

(6a) 

(6b) 
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(P2[C(O) • T(t) ]P2[T(t) • T( 1')]) = (P2 [ cos SeT ])e-6Dr• 

(6c) 

The average involving SeT is taken within a frame fixed in 
and rotating with the molecule and so involves the distri
bution of trans dipoles generated by the isomerization pro
cess relative to a fixed cis SO-+SI dipole. The assumption of 
the overall motion being described by a single diffusion 
constant is justified by the fact that the trans molecules are 
formed extremely rapidly compared with normal rota
tional diffusion times for such molecules. In addition, the 
population kinetics are consistent with a two state model 
( C -+ T), so that the rotation of any intermediate structures 
is justifiably omitted from this first analysis. These consid
erations would suggest that only the trans rotational diffu
sion need be considered. In these solvents, the rotational 
diffusion dynamics of trans-stilbene is adequately repre
sented by a single exponential decay.9,II,61 What is not yet 
considered is that the isomerization process may generate 
rotationally hot product states which may reorient faster 
than expected from diffusion; these will be considered in 
more detail below. However, the absorption anisotropy 
measured at 312 nm decays with a time constant consistent 
with those published for trans-stilbene, indicating that such 
an effect is small (see Fig. 13). 

For any population of excited trans molecules 
nr*(I,1'), the observed fluorescence signal is given by 

SabAt) =k, fo'''' n~(t,1')Gabc(t,1')d1'. (7) 

The excitation of cis molecules with a population ne(l') by 
the pump pulse [I (I') yields an excited state population 
n(;'4' (t') that decays to form a trans ground state population 
n T( t'). These molecules are excited by a second pulse 
[2 (I' + t) after some interval t to yield the potentially flu
orescent trans* population nr*(t' +t). Since we observe no 
coherences in the evolution of the signal induced by ~ 150 
fs pulses, the equations of motion for these populations on 
this experimental time scale are assumed to be given by the 
following kinetic relations: 

nc*(t') =O'e[(t')ne(t') -kdlc*(t'), (8a) 

(8b) 

(8c) 

where O'e and O'T(I') are the absorption cross sections for 
cis- and trans-stilbene, respectively, k(t') =k;(t') +k, is 
the decay rate of trans* due to isomerization (k;l and ra
diative decay (k,), kc is the decay rate of cis*, and kJ is the 
decay rate of any intermediate between cis* and trans. The 
absorption cross section for trans at any wavelength and 
the trans* isomerization rate may both be time dependent 
due to vibrational cooling of the trans product molecules 
(see Figs. 5-7). If there were no intermediate state influ
encing the kinetics of the reaction, Eq. (8b) could be omit
ted from the kinetic scheme and Eq. (8c) replaced by 

nT(t') =kdlct-(t'). The simple biexponential rise of the 
fluorescence signal would not be expected if an intermedi
ate were involved. 

In the small conversion limit, assuming for the mo
ment delta function pulses for [2(1' +t) and ['(t'), the 
excited state trans population is found to be 

nT*(t,1') = O'T(t,1')nT(t,1')exp [ - I: k(X+t)dX]. 

(9a) 

With no intermediate state, 

=kdlcO'cO'T(t,1')(I-e-kcl)exp [ - I: k(X+t)dX]. 

(9b) 

Using Eqs. (5), (7), and (9) equations for modeling the 
experimentally measured trans product fluorescence signal 
may be obtained 

SII (t) =Szzx(t) +Szzit) , 

Sl (I) =S=(t) + SzxyCt) , 

Sl (t) =S=(t) +SxzyCt)· 

(lOa) 

(lOb) 

(lOc) 

By analogy with transient absorption and ordinary time
resolved fluorescence experiments, a "pseudomagic angle" 
signal and an anisotropy function may be defined 

S~(t) = [SII (I) +2S1 (t) ]13, (1Ia) 

r'(t)=[SIi (t)-Sl (1')]I[SII (t)+2S1 (1')]. (lIb) 

However, ST(t) is not entirely independent of the angular 
reorientation and randomization of the initially anisotropic 
distribution of trans*, and r(t) is not independent of the 
population kinetics. 59 In the quantitative analysis of the 
present data, the fact that the excitation and probing pulses 
[I (t') and 12 (t') are not actually delta functions in time 
was incorporated. 

In order to calculate the fluorescence signals, let 

F(t) =k, Io"" exp [ - I: k;(X+t)dX-k,1']d1', (12a) 

H(t) =k, Io"" exp [ - I: k;(x+t)dx-k,1'-1'lrR ]dT, 

(l2b) 

where 1'R=6D- 1 is the time constant for rotational diffu
sion of trans. Then using Eqs. (6), (7), and (10)-(12), we 
have 

SII (t) =KO'T(t) (l_e- kcl ) [F(t) + 2roe- tI1'RF(t) 

-OAH(t) -roe- tI1'RH(t) -4/7roe-tITRH(t)], 

(l3a) 

Sl (t) =KO'T(t) (l_e- kcl ) [F(t) -roe- tI1'RF(t) +0.2H(t) 

-roe- tI1'RH(t) +2/7roe-tITRH(t)], (13b) 

S~ (t) =KO'T(t) (l_e- kcl ) [F(t) -roe-tITRF(t) -0.4H(t) 

+O.5roe-tITRH(t) +2/7roe-1/TRH(t) 1, (l3e) 
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and 

ST(t) =KUT(t) (l_e- kct ) [F(t) -roe-tITRH(t)], (14a) 

ST(t) =KUTCt) (l_e- kcl ) [F(t) -O.4H(t)], (14b) 

r(t) = [roe-tITR[F(t) -4/7H(t)] -0.2H(t)]I 

(15a) 

r' (t) = roe- tlTR [F(t) -11/14H(t) ]I[F(t) -2/5H(t)], 
(15b) 

where rO=rCT(O) =0.4(P2[COS aCT]) and K is a constant. 
The biexponential fit to the data given by Eq. (3) 

amounts to assuming that ki(t) is independent of time, that 
the rise of the trans-stilbene population in Eq. (9) is biex
ponential, and that the trans absorption cross section is 
time independent. 

D. Comparison of a model for the fluorescence with 
experiment 

A simple model for ki(t) has been used to analyze 
trans fluorescence yield measurements previously28 

ki(t) =Bs exp[ -Ea/kbT(t)], 

T(t) = (T m- T eq)exp( -t/Tv) + Teq. 

(16) 

(17) 

The Arrhenius form for ki(t) has been used extensively to 
model the isomerization for trans*4,6,\O,12,13 and has been 
found to be effective for alkanes, but not as reliable for 
alcohols. 5,8,12 The barrier height in alkanes is ~3.5-4 kcall 
mo1.4

,6,\O The pre-exponential factor Bs is determined from 
the decay of trans* fluorescence or transient absorption at 
constant temperature. Modeling the temperature decay as 
an exponential [Eq. (17)] while somewhat artificial, has a 
basis in Newtonian cooling where the heat flux through a 
surface is proportional to the temperature difference. For 
low frequency modes (v < kT eq) with a Boltzmann popu
lation distribution (E) =kT per mode, an exponential de
cay of the energy implies an exponential decay of the tem
perature. 

The comparison of this model with one measurement 
of the fluorescence yield in hexadecane resulted in best fit 
parameters of T m=725 K and Tv= 14 pS.28 In the present 
paper, we have performed two measurements each in hexa
decane and hexane, and one each in methanol and isopro
panol. In addition, a much better signal to noise ratio was 
obtained for the signal from trans in hexadecane. 

The initial set of calculations used a trans* barrier 
height of 3.5 kcallmol and values of Bs=2.16 and 4.74 
ps - 1 for hexadecane and hexane, respectively, with Teq 
= 293 K.IO Fits of this model to the data are shown in Figs. 
19 and 20. Only the "positive" time signal ST(t) has been 
considered, as these data are independent of the value of ro 
[Eq. 14(b)]. The trans absorption cross section UT(t) is 
assumed to be constant. This is a reasonable approxima
tion, although it is not exact [see Fig. 5(a)]. For hexane, 
the fitting parameters are T m = 600 ± 50 K and Tv = 11 
± 1.0 ps; for hexadecane, the parameters are T m = 675 ± 50 
K and Tv= 13.5 ± 1.0 ps. As shown in the figure, it is pos-

-1 3 5 7 

Delay Time (pa) 

-2 20 42 64 86 108 

Delay Time (ps) 

FIG. 19. Pseudomagic angle fluorescence yield curves Sr in hexane, com
pared with calculation performed using (T m=600 K, T~= II ps), 
(T m=625 K, Tv= 10.5 ps), and (T m=650 K, Tv= 10 ps). 

sible to find a value of Tv that fits the data for a range of 
values of T m' However, it is not possible to find a reason
able fit for all values of T m' For hexadecane and hexane, 
respectively, the temperature range over which reasonable 
fits may be found are approximately 600<T m<750 K and 
550< T m<700 K. Note in Fig. 20 that the data set repre
sented by the + 's defines a much sharper dependence of 
S~)(t) on t at very early time than the data set represented 
by the 0 's does. As a result of the improved determination 
of the early time behavior of S~)(t) in the present study, 
the calculation is found to represent the entire curve. The 
unexplained early time deviations discussed in Ref. 28 are 
not present. Given an estimate for ro, as discussed below, 

>--'0 
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-2 

o 

-1 3 15 7 
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FIG. 20. Pseudomagic angle fluorescence yield curves Sr in hexadecane, 
compared with a calculation performed using (T m=650 K, Tv= 14 ps), 
(T m=675 K, Tv= 13.5 ps), and (T m=700 K, Tv= 13 ps). 
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the parameters given above also do a reasonable job of 
modeling the behavior of the "negative" time data S r(t). 

The above calculations use a value for Ea of 3.5 kcall 
mol. This is supported by much of the previous work on 
trans isomerization in alkane solvents,4.6 although some
what larger values are sometimes proposed, especially for 
longer chain alkanes. The barrier height may be as large as 
4.1 ±0.3 kcallmol in hexadecane.1O The fluorescence yield 
as a function of time has been calculated using a barrier 
height of 4.0 kcallmol. The quality of the fit is found to be 
much more sensitive to the parameters (T m and 7 v) than 
when a barrier height of 3.5 kcallmol is used. The best fit 
is found for T m= 575 K, 7 v= 15 ps in hexadecane and 
T m=525 K, 7 v= 12.5 ps in hexane. The range for accept
able fits is ± 25 K. 

The data obtained in methanol and 2-propanol are 
more difficult to model. There is much discussion in the 
literature as to the barrier height in alcohol 
solvents.5.6.8.12,15(a) In general, it is found that isoviscosity 
plots in alcohols of varying chain lengths yield barrier 
heights that decrease with increasing chain length.8.12 

Based on these studies, we have estimated an effective bar
rier height of 2.7 kcallmol in 2-propanol to calculate the 
fluorescence yield as a function of time. The best fit param
eters are found to be T m=600 K and 7 v= 10 ps. These 
parameters are consistent with those obtained in alkane 
solvents, but must be viewed with a bit more skepticism 
due to the inability of equilibrium measurements to define 
a barrier height in alcohols. In the work of Kim, Courtney, 
and Fleming,12 the effective barrier height in C I-C2 alco
hols was found to be ~ 3.5 kcallmol. A fit of the methanol 
data using this barrier height yields T m = 525 ± 25 K and 
1'v=5.5±O.5 ps. It has also been postulated that the barrier 
height in alcohols is very small, less than ~ I kcall 
mol. S,6.8.IS(c) It is not possible to fit the alcohol data to the 
model discussed above with a barrier height < 1.5 kcall 
mol and T m< 1350 K. 

The conclusion that may be drawn from the above 
analysis is that the product molecules are formed vibra
tionally excited in modes connected to the cis/trans reac
tion coordinate. A vibrational temperature of ~ 650 K will 
adequately account for the fluorescence yield curves ob
tained in hexane and hexadecane. This is consistent with 
the temperature range deduced from the analysis of the hot 
absorption spectrum. 

E. Reactant to product anisotropy measurements 

Using the parameters determined above for the best fit 
to the ST(t) data, it is possible to extract a value of ro from 
a comparison of the experimental r' (t) and r(t) data with 
calculated curves. This is shown in Fig. 21. It is clear from 
these data that 0.10 < ro < 0.30, although the model does 
not fit the decay of the anisotropy particularly well in gen
eral. The best value from a compilation of all of the data is 
ro=O.20±0.05. This value is slightly less than but encom
passes that deduced from the first reported hexadecane 
measurements.29 

A quantitative analysis of the magic angle transient 
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~. ~ ····tP ... + 

>- -.J!..~. ~ j ~~~17~~~ ~ ;::;: -. 
~ 

0.00 ~ 0.00 .. 0 0 0 .. 
-0.20 -0.20 

0 '0 20 30 40 0 '0 20 30 40 

Delay TJme (ps) Delay T lfl"Ie (PS) 

Q.3O 

0.20 C d g >-
~ . ~ .. >- 0.'0 " j g 

~ 

-0.,0 -0.10 
0 2. 50 7' '00 0 2. 50 7. '00 

Delay Tome Ips) Delay Time (psI 

FIG. 21. Fluorescence anisotropy measurements: (a) r(t) in hexane; (b) 
r'(I) in hexane; (c) r(t) in hexadecane; and (d) r'(t) in hexadecane. 
From top to bottom, ro=0.30, 0.26, 0.20, 0.14, and 0.10. 

absorption data and the anisotropy data obtained at 312 
and 330 nm in hexadecane will also yield an estimate for 
ro=rcr(O). The data obtained in hexadecane are chosen 
for this analysis for two reasons: First, the data are more 
accurate (see Figs. 5 and 13), especially at 330 nm where 
the hot product spectrum persists longer than it does in 
hexane. Second, the longer overall reorientation times for 
stilbene and DHP in hexadecane result in relatively small 
errors due to projecting the observed data back to t=O 
under the assumption [only very approximately correct 
(see below)] that all species decay with the same overall 
reorientational decay time. 

As mentioned previously, the observed anisotropy at 
312 and 330 nm is a weighted average of the values for the 
cis* absorption, ground state cis bleaching, DHP absorp
tion, and trans absorption signals. The anisotropy of a mul
tiple component system such as this is given by 

r(t) 
III (t) -11 (t) 

Ir(t) 

=AI(t)rl(t) +A2(t)r2(t) +A3(t)r3(t) +"', (18) 

where III (t) and /1 (t) are the total measured signals for 
parallel and perpendicular polarization geometries, respec
tively, I r(t) =1

11 
(t) +2/1 (t), and An(t) =In(t)/I r(t), 

where In(t) is the total signal due to the nth component 
and rn(t) is the anisotropy due to the nth component. Un
der the assumption that all components have approxi
mately the same overall reorientation time 7R and that the 
decay of the anisotropy due to reorientation may be mod
eled as a single exponential, Eq. (18) reduces to the fol
lowing for the anisotropy curves shown in Figs. 5 and 13: 

(19) 

where Ac., Acb' A D> and AT are the fractional absorbance 
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signals due to cis*, cis bleaching, DHP, and trans, respec
tively, and r C*, reb> rCD> and rCT are the anisotropies of these 
signals. 

The curves in Fig. 5, were fit under the constraints 
obtained from the measured quantum yields and relative 
molar extinction coefficients for cis, trans, and DHP. The 
quantum yields of trans and DHP produced from cis
stilbene excited at 313 nm are 0.35 and 0.10, respectively.26 
The relative extinction coefficients are E D( 312 nm) 
::::::ET(312 nm), EC<312 nm) ::::::0.20ET(312 nm), ED(330 
nm) ::::::0.35ET(330 nm), and Ec(330 nm) ::::::0. 12ET(330 
nm). The relative extinction coefficients of cis and trans 
were obtained from their absorption spectra. The relative 
extinction coefficients of trans and DHP were estimated 
from the spectrum of DHP published in Ref. 31. As this 
spectrum was obtained in a mixed methyl-cyclohexane/ 
isohexane solvent, there may be a slight solvent shift in the 
hexadecane spectrum relative to the published spectrum. 
Such an effect would lower ED(312 nm) relative to ET(312 
nm) and may raise or lower ED(330 nm) relative to ET(330 
nm). Given the above quantities, for long delay times, after 
the vibrational cooling occurs, A D(312 nm) =0.29A T(312 
nm) and A eb(312 nm) = -0.26A T(312 nm). 

Additional constraints are obtained from the known 
value for reb(O) =0.40 and the calculated value of rCD(O) 
= -0.20. Calculations of the electronic structure of DHP 
predict that the SO-+S2 transition dipole lies along the C2 
axis of the molecule.62,63 Given a reaction coordinate that 
does not rotate the direction of the C2 axis in space, and the 
fact that the SO-+Sl transition dipole of cis-stilbene lies 
approximately parallel to the ethylene bond, perpendicular 
to the C2 axis,24,64 rCD(O) for ultraviolet probe wavelengths 
will certainly be negative and will probably fall very close 
to the limiting value of -0.20 expected for perpendicular 
transitions. 

This analysis of the anisotropy obtained at 312 nm 
yields a value of rCT(O) =0.23. If ED(312 nm) 
=0.50ET(312 nm), which would require a very large sol
vent shift for the DHP spectrum, then rCT(O) =0.20. The 
same analysis of the anisotropy obtained at 330 nm yields 
a value of rCT(O) between 0.18 and 0.24, the exact value 
being dependent on the magnitude of the vibrational cool
ing component assigned to the DHP signal. If it is assumed 
that there is no DHP contribution at all to the 330 nm 
data, r CT( 0) = O.I6-this is the minimum possible value. 

From the above analysis, we may conclude unequivo
cally that 0.16';;;rcT(0) .;;;0.24. The data shown in Fig. 5 are 
not consistent with values falling outside this range. This 
range is entirely consistent with the value deduced from 
the fluorescence measurements where there is no interfer
ence from other photoproducts. Thus we may safely con
clude that rCT(O) =0.20±0.04 and use this value in an 
analysis of alignment in the cis to trans reaction of elec
tronically excited cis-stilbene. 

F. The anisotropy of cis· and motion along the reac
tion coordinate 

Thus far in this discussion, the position has been taken 
that the cis to trans reaction may be considered a two state 

system kinetically related by Eqs. (8) without an interme
diate. The assumption that the time spent on the reaction 
path is short compared with the lifetime of cis* is implicit 
in such an analysis. This assumption is well supported by 
the experimental data as discussed at length in Sec. IV A 
above. However, it is clear, even in the absence of a distinct 
intermediate, that the time on the reaction pathway is not 
infinitesimally short. That is, trans is not produced instan
taneously from cis*. The only data from experiments at 
- 150 fs time resolution that signal the ultrafast motion 
along the reaction coordinate is the anisotropy of the cis· 
signal as probed at 650 nm. 

The anisotropy of cis· probed at 650 K was found to 
decay much faster than trans in the same solvents. This 
decay, especially in hexadecane, is much too fast to be 
attributed simply to the rotational diffusion of cis. For cis, 
trans, and DHP approximated as asymmetric ellipsoids, 
the rotational diffusion coefficients may be calculated in the 
two limits of slip and stick boundary conditions. The 
Sl +-So transitions of cis, trans, and DHP are polarized 
within a few degrees of the long axis of the molecule. 
Therefore, in the following we will assume they are polar
ized along the longest principal axis of the ellipsoid. Then 
the anisotropy decay is given by 

r(t) =0.3(2/3+G)exp[ - (6D-2A)t) +0.3(2/3-G) 

xexp[ - (6D+2A)t), (20a) 

where 

and 

G=(D1-D)/A. (20d) 

The rotational diffusion coefficients Di are given by 

(20e) 

where TJ is the viscosity in centipoise, Vis the volume of the 
ellipsoid (41Tabc/3), k is the Boltzmann constant, T is the 
temperature in degrees Kelvin, and Ai is a friction coeffi
cient. The friction coefficients may be considered in two 
limits. In the limit of slip boundary conditions, the friction 
coefficients have been tabulated by Youngren and Acrivos 
for a range of ellipsoid parameters.65

(a} The values in Ref. 
65(a) were calculated using a definition of Ai=Torque/ 
TJ1Ta3

0), where a is the longest semiaxis and must be 
corrected65

(b} for use in Eq. (20e), where the definition is 
Ai= Torque/TJ V 0). The values in Table II were obtained by 
interpolation using the published table of values in Ref. 65 
and applying the correction factor 3a2/4bc. 

In the limit of stick boundary conditions, the friction 
coefficients are given by the following:66 

(21a) 
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TABLE II. Parameters for the calculation of stick and slip rotational diffusion constants." 

..l.b A.-c 
A J TJd A2 T2d 

a,b,c (A) 
I I 

slip stick [Top (slip), bottom (stick boundary conditions)] 

5.85 0.530 5.850 0.0044 6.73 0.356 14.4 
DHP 4.2 2.419 8.055 

2.65 0.754 8.652 0.002 71.8 0.398 92.4 

5.7 0.138 5.212 0.001 2.36 0.399 10.9 
Cis 3.9 1.296 7.398 

3.25 0.665 7.685 0.0005 71.5 0.3995 92.9 

6.85 1.574 5.762 0.021 14.0 0.379 33.2 
Trans 3.5 8.475 13.787 

1.75 2.884 13.322 0.0001 51.4 0.3999 97.7 

6.7 0 5.124 0.4 15.3 
TWIST 4.2 0.918 7.465 

4.2 0.918 7.465 0.4 124 

·Calculation as described in the text, considering cis. trans, and DHP as asymmetric ellipsoids having the axes lengths listed above. The volume of the 
ellipsoid is (4/3) rrabc. 

"slip friction parameters interpolated from the numerical calculation of Youngren and Acrivos (Ref. 65) and corrected for the true volume of the 
ellipsoid. 

<Stick friction parameters calculated as described in the text. 
dRotational diffusion times in ps/cp at 298 K. 

A2=4(c2 +a2)/[ (c2R +a2P)abc], 

A3=4(a2+b2)/[ (a2p+ b2Q)abc] , 

where 

(21b) 

(21c) 
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FIG. 22. Rotational diffusion of DHP and stilbene. The open symbols are 
data obtained for trans-stilbene from the literature {(circles) alkane sol
vents [data from S. H. Courtney, S. K. Kim, S. Canonica and G. R. 
Fleming, J. Chern. Soc. Faraday Trans. 2 82, 2065 (1986)]); (triangles) 
alkane solvents (Ref. 11), and (squares) alcohols (Ref. 62). The solid 
symbols represent data obtained in the current investigations [(circles) 
DHP from Refs. 24 and 291 {the value used for hexadecane solvent is an 
average of those reported in Refs. 24 and 29 along with an additional 
measurement of 70 ps; the values vary so much because of the small 
magnitude of the DHP absorption [(triangles) cis data as reported in 
Table In. The solid lines are the major components calculated for slip and 
stick boundary conditions as discussed in the text and in Table II [(solid 
line) cis; (dashed line) DHP; (dotted-dashed line) trans]. The trans
stilbene data in alkane solvents is reasonably well approximated by slip 
boundary conditions, however, detailed studies have shown that the sol
vent dependence is not realIy this simple (Refs. 9 and II). Note that 
while DHP also falls close to the slip limit, cis is much faster than the slip 
calculation predicts. 

p= LX' (a2+s) -I [(a2+s)(b2+s)(c2+s)] IIZds, 

(22a) 

Q= L'o (b2+s) -I [(a2+s)(b2+s)(c2+s)] 112ds, 

(22b) 

R = lOO (c2+s) -I [(a2+s)(b2+s)(c2+s)] 112ds. 

(22c) 

The values of these friction coefficients for the ellipsoids 
used to approximate cis. trans, and DHP are given in Table 
II. 

The data and calculations are summarized in Fig. 22. 
Only the slow components of the calculated biexponential 
anisotropy decays are shown as these dominate the results. 
Trans and DHP in alkane solvents are in fairly good agree
ment with the values calculated for slip boundary condi
tions. The experimental value for cis* in hexadecane, on 
the other hand, is much faster than the slip calculation 
predicts. Clearly, the fast anisotropy decay of cis* in hexa
decane (and presumably in the other solvents) is related to 
motion on the reaction coordinate rather than to the rota
tional diffusion of cis. 

Two mechanisms for the fast anisotropy decay of cis· 
are considered. First, the decay may be due to very fast 
rotational diffusion of stilbene in a compact, more spheri
cal, intermediate structure. Second, the decay may be due 
to a reorientation of the transition dipole due to motion of 
the stilbene nuclei on the excited state potential energy 
surface. It is important to make a distinction between these 
two mechanisms because the first will result in a broad 
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distribution of product transition dipole directions, while 
the second will result in a much narrower distribution. 

The first mechanism would require an intermediate 
state with a much more spherical shape than expected for 
the cis isomer. For example, rotation of the phenyl rings 
from 43° towards a geometry where they are perpendicular 
to the ethylenic C-C bond will result in a much more 
compact and spherical structure where the slip diffusion 
times are very fast. However, such an intermediate is not 
consistent with the initial motion postulated on the basis of 
resonance Raman experiments46 or with an intermediate 
having a 90° twisted geometry. The initial dynamics pro
posed by Myers and Mathies involves motion of the ethyl
enic carbons and hydrogens and torsion of the phenyl rings 
toward a more planar DHP-like geometry. This type of a 
motion is also in agreement with the deductions of Petek 
et al. 67 This motion will result in a more asymmetric shape 
and a longer rotational diffusion time which approaches 
that calculated for DHP. A 90° twisted geometry results in 
a more elongated structure which, when approximated as a 
prolate ellipsoid (see Table II) and assuming long axis 
polarized transitions, also results in longer rather than 
shorter rotational diffusion times. In light of the above 
discussion, it appears that the fast anisotropy decay of cis· 
is due to motion on the excited state potential energy sur
face rather than rotational diffusion. 

The magnitude of the rotation of the transition dipole 
may be estimated under the approximation that the size 
and shape of the molecule is constant and that the decay of 
the anisotropy due to rotational diffusion is single expo
nential and independent of the orientation of the transition 
dipole. For stilbene, these conditions may be met by as
suming a prolate spheroid which rotates in space around 
one of the short axes under the influence of the excited 
state potential energy surface with the transition dipole 
direction and the long axis of the spheroid always coinci
dent. In this case, rCt) may be approximated by 

r(t) =ro(t)exp( -tl1'diffusion), (23) 

where roU) is the change in the anisotropy due only to the 
rotation of the spheroid and thus the probed transition 
dipole as a function of time on the reaction coordinate. 
Under these assumptions, the transition dipole rotates 8° or 
9° (1' diffusion = 36-82 ps) in hexadecane and 7° ± 3° (1' diffusion 

=7-16 ps) in hexane within the lie lifetime of the excited 
state. The uncertainty is greater in hexane because the ex
act value of the diffusional contribution is far more impor
tant. This is consistent with the rotation angle (10° if 
1'diffusion = 25 ps) estimated in the same manner from the 
data of Todd et al. for cis-stilbene in isopropano1.23 

G. Analysis of reactant to product alignment In the 
photoreactions of cis-stilbene 

In the above discussion, we have found an initial an
isotropy for trans-stilbene formed from cis-stilbene of 0.20 
± 0.04. Previous studies have determined that the initial 
anisotropy for DHP formed from cis-stilbene is 0.17 

±0.03.24
,29 These numbers provide information on the av

erage reactant to product alignment in the photoisomeriza
tion reactions of cis-stilbene 

reO) = (2/5) (P2(cos8». (24) 

If the products are formed in a narrow Gaussian-like dis
tribution of relative alignments, these anisotropy values 
may be converted to average angles in a straightforward 
manner. For the anisotropies given above, (e) CT= 35° ±4° 
and (e)cD=38°±3°. These angles provide a constraint 
which must be satisfied when considering the feasibility of 
proposed reaction coordinates. 

The most frequently proposed reaction coordinate for 
the cis to trans reaction involves torsion about the central 
double bond through a 90° twisted (or perpendicular) in
termediate. For the cis to DHP reaction, the most straight
forward reaction coordinate involves rotation of the phenyl 
rings to a more nearly planar geometry followed by elec
tronic rearrangement to form a bond between 4a and 4b 
positions on the phenyl rings. In an isolated molecule, such 
reaction coordinates must involve a rotation of the mole
cule about the C2 symmetry axis (in the following, this is 
defined as they axis) in order to conserve angular momen
tum. Linear momentum is conserved by requiring the cen
ter of mass to remain fixed. The rotation produced by the 
reaction coordinate may be estimated by assuming a piece
wise linear reaction coordinate. For a linear reaction coor
dinate, the conservation of angular momentum is guaran
teed ifi8 

(25) 

where the summation is over the i atoms with masses mi in 
the molecule. The coordinates R~r/p) are the Cartesian co
ordinates of the atoms of the reactants/products with the 
origin at the center of mass. Thus the conservation of an
gular momentum defines the precise orientation of the 
product molecule with respect to the reactant molecule. 
More complicated reaction coordinates may be approxi
mated by calculating the coordinates at specified intervals 
and assuming linear reaction coordinates connecting these 
intervals. This will be referred to as a piecewise linear re
action coordinate. Torque-free calculations of this sort 
were recently reported by Michl and co-workers.69 

Two model systems have been considered to calculate 
the rotation of the molecule about the symmetry axis. The 
first model consists of two phenyl rings in a planar cis 
configuration about a somewhat elongated central carbon
carbon bond. The y axis is defined as the C2 symmetry axis, 
The x axis is defined by the initial direction of the ethylenic 
double bond and the z axis is out of the plane of the mol
ecule. The hydrogen atoms are omitted from the calcula
tion. The rings are then rotated in 10° increments to the 
planar trans configuration and Eq. (25) is made to hold for 
each incremental step by rotating the direction of the eth
ylene bond in the xz plane. Figure 23(a) shows the rota
tion as a function of an ethylenic torsion angle and com
pares the result with that obtained for a reaction 
coordinate consisting of two linear steps and consisting of 
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FIG. 23. RQtatiQn 'Of the stilbene mQlecule arQund the Yaxis required tQ 
CQnserve angular mQmentum assuming piecewise linear reactiQn cQQrdi
nates. (a) Y-axis rQtatiQn produced by mQving from a planar cis structure 
tQ a planar trans structure. The circles are the values calculated for 10' 
incremental linear steps in the reactiQn coordinate. The squares are the 
values calculated in a tWQ linear reactiQn steps cis-9Cf twisted_trans. 
The + is calculated fQr a 'One step linear reactiQn coordinate. The trian
gles are the values calculated fQr a tWQ step cis tQ trans reactiQn using 
realistic coordinates. (b) Y-axis rQtatiQn produced by mQving frQm 45' 
phenyl tQrsiQn angles tQ a planar cis structure. The circles are calculated 
fQr 5' incremental linear steps in the reactiQn coordinate. The square was 
calculated fQr a 'One step linear reactiQn cQQrdinate. The triangle is the 
value 'Obtained fQr a single step cis tQ DHP reactien using realistic ceer
dinates. 

one linear step. The error introduced by assuming one or 
two steps is only a few degrees. The overall effect is a 
rotation of - 38.4° around the y axis. 

The other motion that must be considered is the rota
tion of the phenyl rings from between 30° and 50° to a more 
nearly planar geometry. A calculation performed by start
ing with a model cis molecule, where the phenyl rings are 
twisted by 45°, is shown in Fig. 23(b). The rings are ro
tated to a planar geometry in 5° increments. This results in 
an overall rotation around the y axis of - 5°. Using a one 
step linear reaction coordinate predicts a rotation of _4.6°. 

The predicted values for a two step reaction through a 
twisted intermediate to form trans stilbene and a one step 
reaction to form DHP are also shown in Fig. 23. These 

FIG. 24. A cQmparisen 'Of the experimentally determined angle between 
the pumped and probed transitiQn dipeles for the cis tQ trans reactien with 
these expected in the absence 'Of frictiQn and in the presence 'Of a very 
large frictien. In the absence 'Of any knew ledge 'Of the problem, the mea
sured anisQtropy prQvides infermatien 'Only 'On (ces2a CT}. HQwever, fer 
fast reactiQns such as these 'Of cis-stilbene, it is reasenable tQ assume a 
fairly narrow Gaussian-like distributien 'Of final preduct erientatiQns. In 
this case, the anisetropy measurement prevides ( I aCT I}. Additienal cen
straints may be feund in the physics 'Of the reactiQn. The reactien will 
censerve the directien 'Of the C2 axis in space because (at least fQr the 
reactien ceerdinates discussed) ne angular mementum weuld be gener
ated arQund the x 'Or z axes te ferce a rQtatiQn. The 'Only mechanism fer 
rQtatiQn is the slQW retatiQnal diffusiQn 'Of the mQlecule. Thus (I aCT I > 
defines net a cene, but an angle in the xz plane. In additiQn, it is unrea
senable te assume that the reactien frem cis te trans 'Occurs with the rings 
passing thrQugh each 'Other. The steric effects that cause cis-stilbene tQ 
have an g' ethylenic tersiQn and a 45' phenyl ring rQtatiQn at the grQund 
state equilibrium geometry will cause the tersien tQ 'Occur in a defined 
directiQn. This, cQmbined with a knQwledge 'Of the transitien dipQle di
rectiQns, prQduces the measured angle displayed in this figure. NQte hQW 
the rQtatien /)I/J allews the isemerism frQm cis* with its ethylene bend 
parallel tQ x tQ 'Occur by minimizing the vQlume 'Of sQlvent swept 'Out 
during the mQtiQn. 

points were calculated for more realistic coordinates for 
reactants and products. The cis and trans coordinates were 
obtained from gas electron diffraction data. 70

•
71 The 90° 

twisted structure was estimated using the optimized geom
etry calculated by Troe and Weitze1.41 The coordinates for 
DHP were obtained from calculations.63 Once again, the 
hydrogen atoms were omitted from the calculation. These 
calculations indicate a rotation of - 37° for the cis to trans 
reaction and a rotation of -4S for the cis to DHP reac
tion. 

The next step is to consider what happens when a 
surrounding solvent is introduced into the problem. Al
though there must still be a conservation of angular mo
mentum in the overall system, the system is no longer an 
isolated molecule. Intuitively it appears as if the solvent 
should decrease the overall rotation of the molecule since 
the friction causes energy transfer to the solvent motions 
resulting in a final angle somewhat smaller than given 
above. If the frictional torque due to rotation around the y 
axis is very large, the molecule will open up without any 
rotation; however, since the friction on the torsion and the 
friction on the rotation are related, the reaction will occur 
very slowly. Clearly another view of the reaction coordinate 
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is needed when the motion occurs in a frictional environ
ment. 

H. SOLUTION PHASE REACTION COORDINATES
INTERNAL AND OVERALL MOTION 

Barrier crossing and barrierless motions that result in 
conformational changes may involve complicated nuclear 
motions of the molecule when viewed in the laboratory 
frame even though the molecule frame based motion is 
relatively simple. Obviously such effects must be incorpo
rated in the interpretation of frictionally controlled pro
cesses even though the effects of motions derived from the 
internal potential on overall translations and rotations play 
little role in gas phase processes. In that case, the conser
vation laws for linear and angular momenta determine that 
the overall motions precisely compensate for any momen
tum changes that result from the internal forces. The sit
uation is quite different in condensed phase, where the re
action coordinate must be determined by both the internal 
and overall motions. 

The basic principles needed to understand the reaction 
coordinate appropriate to isomerization of stilbene are im
plicit in previous studies of rotational diffusion of flexible 
chains,72 atom transfer reaction in solution,73 and most 
specifically in recent work by Moro on the frictional cou
pling of internal and external motions. 74 The key point for 
the present discussion is that the overall motions that oc
cur in solution phase reactions are derived from diffusion 
equations and not from the conservation of angular mo
mentum. In effect, this conservation is accommodated by 
considering the reaction coordinates as pathways of mini
mum friction. As long as the angular momentum correla
tion function decays rapidly enough, say in comparison 
with the orientational correlation function, the diffusion 
approach will be adequate. Since the angular momentum 
correlations decay on the time scale of collisions and 
isomerization reactions are often slower than this, the 
present view should represent a useful starting point. In the 
cases where relatively large volumes are being moved un
der the influence of the internal potential, it is likely that a 
diffusive model is valid. 

The overall motions which are uncoupled to the po
tential based dynamics in a gas are coupled in a solution as 
a result of friction. For the case of isomerization, this is 
readily seen by considering the isomerization of an ABBA 
molecule about the B-B axis from a cis (e=O) to a trans 
(e=1T) configuration. The internal potential exerts a force 
on the A atoms tending to open the dihedral angle. As a 
consequence of there being a solvent present, these motions 
are opposed by a frictional force. The moments of these 
frictional forces about the center of mass are not conser
vative, so the whole system is caused to rotate about its y 
axis. This rotation of the whole system minimizes the fric
tion on the motion through the reaction coordinate and 
therefore must be taken into account as part of the reaction 
coordinate. The effect just described is not expected to be 
small when the internal and external motions involve hy
drodynamic volumes of comparable magnitudes. AI-

though, as pointed out by Moro,74 they would be negligible 
if rotation of a small group (say methyl) attached to a 
large group were being considered. 

As indicated above, the effect of frictional coupling of 
the internal and overall motion must be considered as part 
of the reaction coordinate in isomerism processes. This is 
because about the same volume of solvent is involved in 
both motions. The effect of overall motion is to reduce 
friction for motion across the potential surface. There ap
pear to be two obvious ways to deal with this problem. In 
the first, the friction associated with each atom in the mo
tion could be considered along with constraints from the 
internal potential and the relative positions of the atoms at 
each point in the motion. In the second, qualitative ap
proach, a Langevin equation for motion in the reactive 
coordinate can be coupled, by frictional forces, to the 
Langevin equation for overall motion. Thus for the internal 
motion on a surface Vee), the motion is governed by 

(26) 

where ~ represents the overall angular velocity, and Ii and 
f3i are the internal motion moment of inertia and angular 
friction. Since there is no potential associated with overall 
motion, the Langevin equation is approximately 

~= -f3/fo-yi), (27) 

where I e( ¢) is the overall moment of inertia implicit in /3", 
and Y is the angular frictional coupling between the mo
tions. That is, Y provides for a retarding force on the over
all motion proportional to how quickly the system is un
dergoing the internal motion. In general, the moment of 
inertia of the whole system changes as the internal motion 
proceeds. For the case that these changes are neglected and 
the overall motion is more overdamped than the internal 
motion, we may set 4>=0 and obtain the motion through 
the reactive coordinate as 

(28) 

In most cases of isomerism, this motion would also be 
overdamped with a 2 =YieYel/3f3e'ZYlf37. Thus it is seen 
that the friction on the reactive passage is reduced by the 
factor (1_a2

) is a result of the coupling to the overall 
motion. Equation (27) implies that a rotation of the over
all system by a D<I> should occur as a result of a reactive 
motion De. Such coupling should have profound effects on 
the anisotropy experiments that excite the cis structure and 
probe the trans. Indeed, in order to explain these observa
tions by this simple approximation, the factor a would 
require to have the value 

! [ (1 + 5r) 1/2] } a=(De)-1 eCT-cOS- 1 ± -3- =0.26, (29) 

where eCT is the angle between cis and trans transition 
dipoles when there is no overall motion and r is the mea
sured anisotropy extrapolated to earliest times. Thus the 
friction along the reaction path is reduced by 7% as a 
result of incorporating about 25° of overall motion, accord
ing to this analysis. As shown above, the overall motion is 
38° in the absence of friction due to the compensation of 
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the angular momentum along the reaction path, so the + 
sign in Eq. (29) must be the more correct one to use. 

In the context of this discussion, it is also interesting to 
consider the ~ 8° rotation of the cis* transition dipole di
rection deduced in the previous section during the lie life
time of the excited state. If, as predicted by theory, the 
transition dipole direction remains approximately parallel 
to the ethylenic double bond for small torsion angles, an 8° 
rotation may be brought about by a-22° ethylenic torsion, 
or the combination of a 45° rotation of the phenyl rings 
toward a more planar geometry and a ~ 12° ethylenic tor
sion. A somewhat smaller torsion angle will account for 
the observed anisotropy decay if the transition dipole fol
lows the longest axis of the molecule. Thus the fast decay 
of the cis* anisotropy is again seen to be consistent with 
motion occurring along the reaction coordinate, at least the 
cis to trans reaction coordinate, during the lifetime of the 
cis excited state. 

The 37" angle deduced for the cis to DHP reaction is 
much harder to account for. A reaction coordinate consist
ing of a simple rotation of the phenyl rings followed by an 
electronic realignment should result in a high degree of 
alignment between the reactant and product. For SO+-SI 
transition dipoles deduced from simple calculations, and 
the y-axis rotation deduced above (I SeD I > = 5° ± 5°. This 
range of angles results in a very high predicted anisotropy 
reD(O) =0.39±0.01. There are several possible explana
tions for the discrepancy between these two results. 

The visible absorption of DHP could consist of transi
tions to more than one electronic state, although this is 
contrary to the prediction of simple pi-orbital calculations. 
Calculations predict an x polarized transition at 24 000 
cm - 1 (- 2° in the xz plane), two y polarized transitions at 
35 000 cm -I, and an x polarized transition at 45 000 em-I 
( - 6° in the xz plane.63 The observed anisotropy could be 
accounted for if one of the y polarized transitions actually 
lies at a somewhat lower energy. This possibility needs to 
be explored experimentally and theoretically. Resonance 
Raman depolarization ratios of the totally symmetric vi
brational bands of DHP as a function of wavelength may 
expose the presence of overlapping transitions polarized in 
different directions. 75,76 In addition, more accurate mea
surements of reD(O) as a function of wavelength should 
uncover the presence of more than one state. 77 

Assuming, as appears likely, that the visible absorption 
consists of one electronic transition polarized in approxi
mately the direction predicted by pi-orbital calculations, 
the low experimental anisotropy indicates that the reaction 
coordinate for the cis to DHP reaction is more complicated 
than a phenyl ring rotation and an electronic rearrange
ment. Although a simple reaction coordinate is aestheti
cally pleasing, it may not be correct. In particular, there 
have been several theoretical calculations exploring the 
possible role of hydrogen migration coordinates in the 
isomerization reactions of polyenes.78 Isotopic substitution 
studies that are underway of both the reactants and the 
products at ultrafast time resolution will help to explore 
the reaction coordinate in more detail. 

VI. SUMMARY AND CONCLUSIONS 

The experimental results and discussion presented in 
this paper provide the most detailed picture to date of a 
photochemical isomerization reaction in the condensed 
phase. The cis to trans reaction proceeds very quickly, oc
curring in at most a few hundred femtoseconds following 
the decay of the cis excited state. The most likely form of 
the potential surface is a shallow slope toward opening the 
ethylenic torsion angle and rotating the phenyl rings fol
lowed by an ultrafast nonadiabatic transition to a PES with 
a much steeper slope for isomerization. The resonance Ra
man measurements and the cis* absorption and fluores
cence anistropy measurements probe motion along the ini
tial PES. 

The energy partitioning in this reaction can be esti
mated from the approximate energy content of the product 
molecules. Two experiments were performed to analyze the 
energy content of the trans product. The time-resolved ab
sorption experiments demonstrated that IVR is not ultra
fast in stilbene. The energy placed in the Franck-Condon 
active modes by the excitation pulse (332,312, or 250 nm) 
remains in those modes until long after the reaction is 
complete. These modes have only spectator status in the 
reaction, and thus, this energy plays no role. Following 
excitation at 312 nm, on average ~ 1900±500 cm- I re
mains trapped in the Franck-Condon active modes. 

The integrated fluorescence yield experiments demon
strated that the molecule was formed hot in the low fre
quency modes directly coupled to the cis/trans reaction 
coordinate, but not hot enough to account for all or even 
most of the excess energy placed into the molecule by the 
excitation photon. Assuming a Boltzmann distribution of 
the energy in these modes, the energy content corresponds 
to a temperature of ~ 600-800 K or (Elf> = 5000-15 000 
em -I. The large range in the average energy is due to the 
uncertainty in the temperature estimate and the uncer
tainty in how many modes this energy distribution is 
spread over. 

Excitation of cis* at 312 nm placed E/h=c/A+t1H/ 
h=32 050+ 1600 cm- I=33 650 em-I into the system. In 
the above analysis, we have found that - 7000-17 000 
em - 1 or 20%-50% of this amount can be accounted for as 
internal excitation of the vibrational degrees of freedom. Of 
this amount, 5000-15 000 em - 1 (15 %-45 % of the total) 
is probably distributed by the reaction as a result of the 
internal friction on the reaction coordinate. At least 50% 
of the initial energy is not accounted for and has likely been 
transferred to the surrounding solvent through external 
friction on the reaction coordinate. 

The importance of these frictional effects are high
lighted by our failure to observe a trans fluorescence signal 
following the excitation of cis-stilbene vapor.79 Because 
there is no external friction on the reaction coordinate in 
this case, all of the energy remains in internal degrees of 
freedom. The trans molecule is produced with much more 
energy in the low frequency modes and thus, when trans is 
excited to trans*, the molecules escape over the barrier 
very quickly, reducing the trans fluorescence quantum 
yield to near zero. 
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The anisotropy measurements again demonstrate that 
frictional effects are important. The conservation of angu
lar momentum is distributed over the stilbene molecule 
and the surroundings through the interaction of the stil
bene molecule with the surroundings during the reaction 
(the external friction on the reaction coordinate). This 
effect accounts quite well for the initial anisotropy found in 
the trans photoproduct absorption and illustrated in Fig. 
24. 

The DHP anisotropy is much harder to account for 
and must imply either the presence of two or more elec
tronic transitions in the visible absorption band or a much 
more complicated reaction coordinate than a simple phe
nyl ring torsion toward a more planar geometry followed 
by electronic rearrangement to form DHP. This conun
drum will require further efforts, both experimental and 
theoretical, before a reasonable solution is proposed. 
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