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Absorption and emission spectra are calculated by modeling cis-stilbene as a system of 12 
displaced harmonic oscillators. We are able to obtain good agreement with the peaks 
of both the room temperature absorption and low temperature emission spectra using 
parameters from resonance Raman experiments by adjusting the position of the 
zero-zero transition energy (Eo.o) and slightly adjusting the displacements along the normal 
modes. The best fit value for Eo.o is 29000 cm- I

. Using the displacements along the 12 de
grees of freedom, and a normal mode description based on semiempirical quantum force field 
calculations (QCFF/PI), we determine a "relaxed" excited state geometry which is twisted a 
maximum of approximately 37 deg along the ethylenic torsional coordinate relative to the 
relaxed ground state geometry. An extension of the spectral calculations is described which 
allows for one or more of the modes to be anharmonic and vibrationally unrelaxed. We apply 
this extension to show that cis-stilbene emission can not be originating from a geometry with 
a 90 deg twist along the ethylenic coordinate. Comparison of our results with a recently ob
tained room temperature solution phase emission spectrum suggest that this emission origi
nates from vibrationally unrelaxed molecules. 

INTRODUCTION 

The excited state isomerization of stilbene has long 
been studied as a model system for understanding the ef
fects of solvent-solute interactions on condensed phase 
chemical reactions. I The isomerization of trans-stilbene to 
cis-stilbene has been used extensively to study the role of 
friction in activated processes and as a testing ground for 
unimolecular reaction rate theories.2 Although the isomer
ization of cis-stilbene to trans-stilbene has historically re
ceived less attention, recent advances in ultrafast spectros
copy have given new life to the investigation of this rapid 
process. The lifetime of optically excited cis-stilbene at 
room temperature is approximately I ps in low viscosity 
liquids3•

4 and noble gas clustersS and even faster in the gas 
phase6 reflecting the (near) barrierless nature of the 
isomerization reaction. Although these short lifetimes 
make cis-stilbene an interesting system to study, they also 
make it difficult to obtain structural information on this 
transient species. Detailed knowledge of the excited state 
potential energy surface and the nuclear rearrangements 
that lead to isomerization, however, are required if at
tempts to quantitatively model the reaction dynamics are 
to be successful. 

Some of the most useful structural information ob
tained on this system has come from ground state reso
nance Raman studies.7 The relative intensities of the Ra
man active modes yield information on the shape of the 
excited state potential energy surface in the region directly 
above the relaxed ground state. Within certain assumptions 
this information can be used along with the absorption 
spectrum to calculate the displacements between ground 
and excited state minima along the normal mode vibra-

tional coordinates. Combining the resonance Raman stud
ies with the emission spectrum can help us learn about the 
nature of the fluorescing species. Recently, the first room 
temperature emission spectrum for cis-stilbene in a low 
viscosity environment has been obtained.8 The low quan
tum yield for cis-stilbene emission under these conditions8

•
9 

(~1O-4 ) and the complications of overlapping emission 
from trans-stilbene have limited most previous workers to 
studies in highly viscous media. 10.11 

The two striking features of the absorption and emis
sion spectra are the lack of structure and the large Stokes 
shift, even in low temperature and nonpolar environments. 
One issue we will investigate is the source of the large 
displacement between the absorption and emission spectra. 
Does this displacement result exclusively from relaxation 
in displaced vibrational modes, or are there additional re
laxation processes which contribute? We know from the 
ground state resonance Raman intensities 7 that there are 
large displacements in at least 12 normal modes. As a re
sult, when exciting near the peak of the absorption spec
trum the initially excited cis-stilbene molecules will contain 
a large amount of excess vibrational energy. How does this 
affect the emission spectrum and the reaction dynamics? It 
is well known that vibrational cooling of medium size poly
atomics in solution may occur on time scales as long as 
tens of pS.12 It is therefore quite reasonable to expect that 
during a lifetime of approximately 1 ps, cis-stilbene will 
remain vibrationally unrelaxed. We explore this possibility 
with a simple model in which one vibrational mode, with a 
large displacement, has a non thermal population distribu
tion determined simply by the ground state Franck
Condon factors. 

Cis-stilbene can undergo two reactions after optical ex-
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citation, the cis to trans isomerization, and ring closing to 
form 4a,4b-dihydrophenanthrene (DHP). The importance 
of the second reaction (with a roughly 30% branching 
ratiol3 ) for understanding the excited state dynamics, par
ticularly at early times, has recently been discussed. 14 We 
will be concerned, however, mainly with the first reaction 
since we do not expect the DHP product to contribute to 
emission in the region of cis-stilbene fluorescence. Because 
the energy difference between the cis-stilbene and DHP 
ground states is approximately 10 000 cm - I, 15 the DHP 
emission will be substantially redshifted from that of cis
stilbene. DHP is also believed to have a very short excited 
state lifetimel6 and therefore a low fluorescence quantum 
yield. 

Our understanding of the excited state potential energy 
surface of cis-stilbene is still quite limited. Examples of 
unanswered questions are What is the geometry and nature 
of the species observed in transient absorption and fluores
cence experiments? Is there a barrier along the cis to trans 
isomerization coordinate? If not, at what point do the ex
cited molecules move out of the observation window? Stud
ies of cis-stilbene in argon clusters formed in a supersonic 
expansion reveal a long lived state which fluoresces with a 
17.2 ns lifetime.5,17 This result suggests a small barrier 
along the direction of cis to trans isomerization. A recent 
investigation of the temperature dependence of the fluores
cence quantum yield in solution, however, indicates a neg
ative activation energy along this reaction coordinate of 
-1.1 kcal/mo1.9 Studies of the excited state lifetime as a 
function of pressurel8 and temperaturel9 in alkane and al
cohol solvents suggest that a barrier, if it exists, is small 
(,kT). Earlier studies20 of cis-stilbene showed that viscos
ity, rather than temperature, is the most important factor 
in determining the rate of cis to trans isomerization and the 
cis-stilbene fluorescence quantum yield. These studies also 
indicate the absence of a substantial barrier. 

The cis-stilbene excited state potential energy surface 
has also been the subject of a recent theoretical study.14 
This work focused on the potential as a function of two 
internal coordinates-the symmetric in-plane bend and the 
symmetric phenyl ring twist in the context of the cis
stilbene to DHP isomerization. This investigation predicts 
excited state barriers to ring closure to form DHP-type 
compounds in cis-stilbene and a variety of homologous 
molecules, which are in good agreement with earlier exper
imental results.21 From wave packet dynamics calcula
tions, this study also suggests that DHP formation plays an 
important role in the early time dynamics of excited cis
stilbene. However, the role of relaxation in other coordi
nates, especially the ethylenic torsion has not been thor
oughly investigated. 

In this study we calculate absorption and emission 
spectra for cis-stilbene using various models to learn about 
the nature of the fluorescing species. We use as a starting 
point the information obtained from resonance Raman in
tensities. We base our calculational technique on the ma
trix method of Friesner et aJ. 22 which allows the efficient 
calculation of spectra for large multimode systems. We 
incorporate a basis set calculation to allow the inclusion of 

a vibrational mode which is anharmonic or vibrationally 
unrelaxed. Specific details necessary for the calculation of 
emission spectra are presented. Comparing our calcula
tions with experimental spectra we are able to put con
straints on and obtain some specific information about the 
nuclear rearrangements occurring in the excited state of 
cis-stilbene. 

THEORY AND CALCULATIONS 

Absorption 

Absorption and emission spectra are calculated from 
the Fourier transform of the transition dipole autocorrela
tion function. The absorption line shape, as discussed by 
Gordon,23 is given by 

i(w) =~ J+ 00 dt e-ialt</L(O) '/L(t» 
21r - 00 

(1) 

where the brackets denote an ensemble average. This is 
related to the absorption coefficient a (w) defined by Beer's 
law, l(z) =10 exp[ -a(w)Cz] by the following equation: 

(2) 

The kernel in Eq. (1), </L (0) . /L (t) ), is calculated using the 
matrix method of Friesner et al. 22 which generates the ex
act thermal average of a product of exponentiated opera
tors of quadratic form. The frequency spectrum can then 
be generated via numerical Fourier transform. Equation 
( 1) does not include any contribution from inhomoge
neous broadening or lifetime broadening which are gener
ally incorporated into our calculations.24 For cis-stilbene 
we typically add an exponential damping term correspond
ing to roughly 50 cm -I width to the integrand in Eq. (1) 
to account for homogeneous broadening as well as for 
spectral congestion arising from low frequency modes 
which are not explicitly included in the Hamiltonian. This 
contribution is small in comparison to the total spectral 
width of approximately 6000 cm - I. The use of these tech
niques to calculate absorption spectra was discussed previ
ously.24 We will focus on the modifications necessary for 
calculating emission spectra and for the incorporation of a 
vibrational degree of freedom which is anharmonic or vi
brationally unrelaxed or both. 

The dipole autocorrelation function is given by 

</L (0) . /L (t) ) = L Pi(i I /L (0) . /L (t) I i) (3) 
i 

for vibronic states I i) with popUlation distributions, Pi' A 
subscript of zero is added to the dipole autocorrelation 
function (Le., < )0) when the Pi correspond to a Boltzmann 
distribution. We write the Hamiltonian as 

H=~lg)<gl +(~+Eo) le)(el, (4) 

where I e) and Ig) are the excited and ground electronic 
states and Hf, and ~ are the corresponding vibrational 
Hamiltonians. Eo is the zeroth order energy difference be
tween the ground and excited state surfaces. In the Condon 
approximation, Eqs. (1), (3), and (4) give, 
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x LPi(Xilexp(i.lf'Jlli)exp( -imtlli) IXi), (5) 
i 

where I Xi) labels vibrational states. Up to this point no 
assumptions have been made about the values of the Pi and 
the nature of the nuclear Hamiltonians. Following Friesner 
et al., 22 we adopt a harmonic model for the potentials. This 
allows the product of exponential operators appearing in 
Eq. (5) to be written in terms of a si!!Sle exponential op
erator with an effective Hamiltonian, H, which is also har
monic.22,25 The thermal average of the effective operator is 
evaluated using standard many-body phonon techniques.22 

Using the ground state normal coordinates as our rep
resentation, the vibrational Hamiltonians are 

and 

14= L (alai+ 1I2)Wi 
i 

Irv=m+ L [gi(ai+ a;) + Vi(ai+ a;)2], 
i 

(6) 

(7) 

where a; and ai are the boson creation and annihilation 
operators. For absorption, and when there is no mode mix
ing, the linear coupling parameter, g, and the quadratic 
coupling parameter, V, are given by 

and 

a} 
g=a.~ 

g 
(8) 

(9) 

where a is the dimensionless displacemene6 between 
ground and excited state minima along a particular normal 
mode. The ground and excited state normal mode frequen
cies, Wg and we> are given in cm -I. For emission, the roles 
of m and ~ are reversed. 

If we also assume that the vibrational Hamiltonian is 
completely separable (i.e., no Duschinsky rotation in the 
excited state) then the correlation function in Eq. (5) can 
be factored into a product of one mode correlation func
tions. The operator exp(iHtlli) can then be written as 

N 

II expUii;t/li) (10) 
i=1 

for an N mode system where 

exp(iH;tlli) =expUIf{"lIli)exp( -im}IIi). (11) 

Representing the vibrational wave vector <xii in second 
quantized notation as (nl,n2,n3, .. ,nNI we can write 

LP;(x;!expUiitlli) Ix;) 
; 

= L L'" LPn1n2'"nN(n"n2,''' 'nNI 
nl n2 nN 

N 

X II exp(iii;t/Ii) In"n2,"'nN)' 
;=1 

This can be rearranged to give, 

II L Pn(nil expUii;t/li) In). 
, I 
I ni 

The absorption line shape can now be written as 

(12) 

(13) 

i(w) =- J.L;e J dt'e-,wte'Eot n LPn/nil expUH;tlli) I ni) n L Pn/n;1 expUIf{"lIli ) 
1 + 00 ,,[ ( N-m _) ( m 

21T' - 00 1= 1 ni 1=' ni 

Xexp( -lm}lli) I ni) ) ]. 

Although we originally assumed that the Hamiltonian 
is completely separable, it is only necessary that the N-m 
modes in Eq. (14) are separable from the other m modes. 
We will present calculations in which m = 1 and the term 
involving the N - I modes is calculated using the tech
niques of Friesner et al. 22 The second product of sums in 
the integrand of Eq. (14) is evaluated using a harmonic 
basis set, and the two terms are multiplied at each time 
point prior to the Fourier transform. By writing the ab
sorption line shape in this way we can introduce anhar
monic terms into one, or a small subset of vibrational 
modes while retaining the advantages of the matrix method 
in calculating the kernel for the remaining modes. We can 

(14) 

also calculate spectra with nonthermal population distri
butions in the m modes in Eq. (14), whereas the matrix 
method is only valid for an equilibrium distribution. 

The second term in Eq. (14) is simply evaluated for 
the case where m = 1. By inserting a complete set of states 
between the two exponential operators we obtain, 

L Pn(n I exp UIf{,tlli)exp ( -imtlli) In) 
n 

=L LPnl(nlj)1 2 exp[i·(Ej -En)tlli]. (15) 
n j 

The states (n I are ground vibrational states and the states 
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(jl are vibrational wave functions in the excited electronic 
state and En and E j are the respective vibrational energies 
of these states. In our calculations we represent the poten
tial energy surfaces for this mode, in both the ground and 
excited states, as sums of polynomials. To calculate eigen
values and eigenstates for a surface with anharmonic terms 
we write, and diagonalize, the Hamiltonian in terms of a 
complete set of harmonic oscillator states, with frequency 
CUI' In this representation the appropriate dimensionless 
coordinate, Q, is defined as Q= (CUI/CUO) 112q, where CUo is 
the frequency of the normal mode which is being re
placed.26 The potential energy surface in this representa
tion has the form 

(16) 

Using polynomials simplifies the calculation of the Hamil
tonian matrix elements. Eigenvalues and eigenvectors are 
determined using standard matrix diagonalization rou
tines. 

Fluorescence 

The calculation of emission spectra requires only a few 
modifications of the previous treatment of absorption spec
tra. The most important change is that the roles of the 
ground and excited state vibrational Hamiltonians are re
versed. This requires a change in sign of the displacements 
and of cu in the integrand of the Fourier transform. The 
other significant change required for the fluorescence cal
culation involves the proper scaling of the intensities at 
different frequencies. The relative fluorescence intensity 
F(cu) is related to i(cu) by 

(17) 

where n(cu) is the frequency dependent refractive index. In 
our calculations we include the cu3 term, and ignore the 
frequency dependence of the index of refraction which will 
have only a small effect for cis-stilbene in alkane solvents. 
In cyclohexane, e.g., the variation of the index of refraction 
results only in a 4% change in n3 over the spectral region 
from 365 to 546 nmP 

Care is necessary when comparing fluorescence data 
with calculated spectra. The usual fluorescence measure
ment, performed with a grating monochromator deter
mines a spectrum with the units photons s - I area - I nm -I. 
Such a spectrum must be converted from a wavelength to 
an energy scale to compare it with our calculated spectra. 
This conversion involves both an abscissa and an ordinate 
change (i.e., the units of intensity are not the same for the 
two scales). As a result the value of the intensity must be 
multiplied by 11.2/constant before the abscissa is changed.28 

This conversion insures that the integrated area is con
served (i.e., the number of photons) and can alter both the 
width of the spectrum and the position of the peak. 

TABLE I. Experimental frequencies and displacements from resonance 
Raman experiments (Ref. 7) and frequency of corresponding mode from 
QCFF/PI calculations (Ref. 32). 

lU~xPt 
J 

A (t)QCFFIPI 

165 cm- 1 4.4 199 cm- 1 

403 1.73 427 
560 1.40" 541 
963 1.16 1002 

1001 0.67 1053 
1187 0.70 1179 
1233 0.40 1265 
1328 0.52 1370 
1490 0.38 1472 
1575 0.64 1580 
1600 1.05 1614 
1629 1.60 1659 

"Assuming this mode is harmonic in the excited state with a frequency of 
560 cm- 1 (see the text). 

RESULTS 

Harmonic modes 

In all our spectral calculations, cis-stilbene is modeled 
either as a system of 12 displaced harmonic oscillators, or 
11 displaced harmonic oscillators with the remaining mode 
being anharmonic. The 12 modes chosen for our calcula
tions are those indicated by the resonance Raman studies 
of Myers and Mathies 7 as having substantial displacements 
and are listed in Table I. It is these modes that make an 
important contribution to the shape and the position of the 
absorption and emission spectra. Dimensionless displace
ments were given in that work for 11 of the 12 modes 
under the assumption that there are no frequency shifts in 
these vibrations upon optical excitation. Since there is little 
information available about the excited state frequencies, 
we also assume the ground and excited state frequencies 
are the same for all modes treated as harmonic in our 
calculations. When the linear displacements are large, as in 
cis-stilbene, quadratic interactions such as frequency 
changes and Duschinsky effect have a minor role in deter
mining the shape and position of the absorption and emis
sion spectra. We note that in cis-hexatriene, Duschinsky 
mixing of the C-C motions with the low frequency skeletal 
bend was invoked to explain the difference in the absorp
tion spectra of the cis and trans isomers, however, the de
gree of mixing was small (corresponding to a normal mode 
rotation of approximately 4.6°) and the effects subtle.29 

The dimensionless displacement of the 560 cm - I mode was 
not given in the resonance Raman study, but the slope of 
this mode in the Franck-Condon region of the excited state 
was determined to be 785 cm- I

•
7 (The slope has units of 

energy, since it is the derivative of a potential with respect 
to a dimensionless displacement.) If we assume this mode 
is harmonic in the excited state, with a frequency of 560 
cm -I, we obtain a dimensionless displacement of a = 1.40. 

Following Myers and Mathies7 we use QCFFIPI cal
culations,30,31 provided to us by Myers32, to make rough 
assignments of the normal modes in terms of internal co-
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ordinates. The characterization of the four lowest fre
quency modes in the resonance Raman spectrum was pre
sented in Table I of Ref. 7. These four modes receive 
substantial contributions from many internal coordinates. 
The 165 cm -I mode, for instance, consists of phenyl twist, 
ethylenic torsion, ring distortions, and hydrogen wag mo
tion in roughly that order of importance. The 403 cm- I 

mode contains primarily ethylenic torsion, with contribu
tions from phenyl ring twist, hydrogen wag and ring dis
tortions. It is the 560 cm - 1 mode that receives the largest 
contribution from ethylenic torsion. However, this mode is 
also composed of hydrogen wag, phenyl twist, and out of 
plane ring distortions. The 963 cm -I mode is comprised 
mostly of hydrogen out of plane motion, particularly eth
ylenic hydrogen wag. However, this mode also consists of 
some ethylenic torsion and some phenyl twist motion. 
Since we also single out the 1629 cm -I mode in later dis
cussions, we note here that this mode is calculated to be a 
nearly pure ethylenic double bond stretch in the ground 
state. 

Calculated absorption and emission spectra, using the 
resonance Raman parameters, are displayed in Fig. 1. (The 
calculated absorption spectrum of Fig. I uses nearly iden
tical parameters to that in Fig. 2 of Ref. 7.) In these and all 
other calculations we assume the electronic origin, Eo,o, to 
be the same for absorption and emission, set kT=204 
cm - 1 and add a 50 cm - 1 homogeneous linewidth to 
smooth out the spectrum.7 For the results presented in Fig. 
t Eo,o was varied for the best fit to the absorption spec
trum 7,33 giving a value of 28 800 cm - I. Comparison of the 
experimental and calculated absorption spectra was limited 
to energies to the red of the first absorption peak because of 
the increasing contribution of a second electronic transi
tion to the experimental spectrum at higher energies. 

The calculated emission is compared with the low tem
perature spectrum of Stegemeyer et al. 10 obtained in a mix
ture of isopentane and methylcyclohexane at 77 K. A more 

>
l-

0.8 

Ui 0.6 
z 
w 
l-

~ 0.4 

0.2 

o 
15000 25000 35000 45000 

FIG. 1. Comparison of calculated and experimental absorption (Ref. 7) 
and emission {Ref. IO} spectra. Frequencies and displacements used for 
the calculations are those determined from resonance Raman intensities 
(Ref. 7) and listed in Table I and Eo.o=28 800 cm- I

. All spectra are 
normalized to 1.0. Experiment (-). Calculation (-). 

recently obtained experimental emission spectrum of cis 
stilbene in 3-methylpentane,34 also at liquid nitrogen tem
perature, has the same peak emission energy as the Stege
meyer spectrum (a value of 23200 cm- I ) and approxi
mately the same width. We have found that for our model, 
with all harmonic modes, there is no significant difference 
in the shape and position of the emission spectra calculated 
for room temperature or for liquid nitrogen temperatures. 
The agreement with the position of the fluorescence is very 
good considering that no adjustments were made to the 
parameters determined from the resonance Raman study 
and since this spectrum was obtained in a glassy medium 
where a slight blueshift might be expected. For example, 
limited relaxation in large amplitUde modes could result in 
the 200 cm -1 discrepancy in the peak positions. The 
source of the roughly 1000 cm -I difference in the widths of 
the calculated and experimental spectra will be discussed 
in the next section. 

Since there is obviously some uncertainty in the dimen
sionless displacements, it is useful to determine how large a 
change in those parameters is required to exactly repro
duce the Stokes shift between the absorption and emission 
spectra. Uncertainties in the ~'s arise both from experi
mental limitations as well as the assumptions of no fre
quency changes, no anharmonicities, and no mode mixing. 
We have found that with only slight adjusts in the displace
ments in one or more of the normal modes and small 
changes in Eo,o we can simultaneously fit the absorption 
and the peak of the emission spectra. For example, chang
ing the value of the displacement in the 165 cm - 1 mode 
from 4.4 to 4.196 (a 4.6% change) and setting Eo.o 
=29,000 cm- I we obtain the spectra shown in Fig. 2. 
Equally good agreement between the calculated and ob
served spectra can be obtained by adjusting the displace
ments in other modes. Reducing the displacement in the 
560 cm -I mode from 1.40 to 1.225 and setting Eo.o to 
28 960 cm - 1 gives results indistinguishable from those in 
Fig. 2. A displacement of 1.225 implies a slope of 687 cm - 1 

>
l-

O. 8 

Ui 0.6 
z 
w 
l-

~ 0.4 

O. 2 

o 
15000 25000 35000 45000 

FIG. 2. Calculated best fit to the absorption spectrum (Ref. 7) and the 
peak of the emission spectrum (Ref. IO). Displacement in 165 cm- I 

mode changed to 4.196 and Eo.o=29 000 cm- I
. Experiment (-). Cal

culation (-). 
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>
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0.8 

;n 0.6 
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l1J 
I-

~ 0.4 
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o 
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FIG. 3. Comparison of experimental room temperature spectrum of cis
stilbene in hexane (Refs. 8 and 35) and calculated emission spectrum 
from Fig. 2. Experiment (-). Calculation (-). 

for the 560 cm -I mode in the Franck-Condon region of 
the excited state. The magnitude of the changes in the a's 
required to reproduce the experimental Stokes shift is quite 
small, and well within the estimated uncertainties for these 
parameters.32 Changes of this magnitude do not strongly 
affect the width of the spectrum or the calculated excited 
state geometry (vide infra). 

A comparison of our calculated spectrum, or the low 
temperature emission spectrum, with the experimental 
spectrum of Saltiel et al. 8,35 taken in room temperature 
hexane reveals a large discrepancy as seen in Fig. 3. The 
cis-stilbene in hexane spectrum [excited at approximately 
270 nm (Ref. 8)] has a peak at 23 660 or 460 em-I to the 
blue of the experimental spectrum of Stegemeyer et al. The 
room temperature spectrum is also 1510 cm - 1 wider than 
our calculations (or 2740 em-I wider than the low tem
perature spectra). These discrepancies can not be resolved 
by slightly adjusting the parameters in the model, and al
though there is certainly some inhomogeneous broadening 
in this system, it probably cannot explain the 1510 cm - 1 

difference between our calculation and the room tempera
ture spectrum. In order to understand the width and posi
tion of this experimental spectrum, we propose that the 
short excited state lifetime of cis-stilbene in solution 
strongly enhances the contribution of unre1axed emission 
to this spectrum. 

Vibrationally unrelaxed emission 

In order to gain further insight into the room temper
ature emission spectrum of cis-stilbene in hexane, we have 
calculated spectra with a crude model of vibrationally un
relaxed cis-stilbene. Even if intramolecular vibrational re
laxation (IVR) were slow in cis-stilbene, excess vibrational 
energy would be distributed in a number of normal 
modes-in particular, those modes with large displace
ments. The emission spectrum under these circumstances 
is, unfortunately, too difficult to calculate with our 
method, so we shall assume all excess vibrational energy is 

in one normal mode. This was accomplished by replacing 
the Boltzmann distribution, for that mode, with a popula
tion distribution determined simply by the Franck
Condon overlaps with the thermally populated ground 
states. This distribution crudely approximates the t=O 
population distribution and is given, for mode j, by the 
following: 

(18) 

where Ej are the energies of the ground vibrational states 
and I Uul 2 are the Franck-Condon factors. [(Wj) is the 
spectrum of the excitation source which will be assumed 
for simplicity to be a constant, corresponding to a broad
band excitation source. This assumption tends to overesti
mate the degree of vibrational excitation in the unrelaxed 
mode. It is also assumed that this population distribution 
does not change during the approximately 1 ps lifetime of 
cis-stilbene in room temperature liquids. 

Two such calculations are compared with the experi
mental result in Figs. 4(a) and 4(b). These have unrelaxed 
emission from the 560 and 165 em - 1 modes, respectively. 
For Fig. 4(a) we use 60=1.225 for the 560 cm- I mode, 
and use the experimental frequencies and displacements 
listed in Table I for all the remaining modes and Eo,o 
= 28 960 cm -I. The parameters for the calculation in Fig. 
4(b) are the same as those used for the emission spectrum 
in Fig. 2. We choose to look at these modes because they 
both contain a large degree of ethylenic torsion according 
to QCFF /PI calculations 7,32 and the 165 cm - 1 mode in 
particular because it has a very large displacement. Leav
ing the 560 cm -I mode unrelaxed has very little effect on 
the emission spectrum. The calculation where the 165 
cm -I mode is unrelaxed, however, is significantly altered. 
The excellent agreement with experiment in Fig. 4(b) is 
probably somewhat fortuitous, but this result is indicative 
of the degree and the manner in which the spectrum can be 
altered by vibrationally unrelaxed emission. We also exam
ined the case in which the 1629 cm -I mode was unrelaxed. 
Since this mode is composed of mostly ethylenic stretch it 
is relatively isolated from the solvent and may remain un
relaxed on the time scale of isomerization. This yielded a 
spectrum slightly wider and with a longer tail on the red 
edge, than the spectrum illustrated in Fig. 4(b) (for 165 
em - 1 mode). These results strongly support the suggestion 
that vibrational excitation above the thermal distribution 
could explain the blueshift and the larger width of the 
room temperature spectrum in hexane solution. It should 
be noted that for calculations of emission spectra of cis
stilbene obtained under conditions of short pulse excita
tion, it may be necessary to include vibrational phase co
herences. 

Inclusion of an anharmonic mode 

Finally, we have also performed calculations to test the 
feasibility that fluorescence is originating from the so
called twisted intermediate. Although this would be un
likely in a low temperature glass because of sterie effects, it 
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FIG. 4. (a) Experimental room temperature emission (Refs. 8 and 35) 
and calculated emission with 560 cm -I mode vibrationally unrelaxed (see 
the text). Using 11 = 1.225 in the 560 cm -I mode, Eo.o= 28 960 cm -I, all 
other parameters the same as those of Fig.!. (Using these parameters to 
calculate vibrationally relaxed emission yields spectra indistinguishable 
from the calculations in Fig. 2.) Experiment (-'-). Calculation (-). (b) 
Experimental room temperature emission (Refs. 8 and 35) and calculated 
emission with 165 cm- 1 mode vibrationally unrelaxed. All other param
eters same as in Fig. 2. Experiment (-). Calculation (-). 

is certainly plausible in the case of room temperature emis
sion. For these calculations we replaced the harmonic 560 
cm - 1 mode with an anharmonic mode which crudely rep
resents the isomerization coordinate. While adding large 
anharmonicities to only one mode will be an approxima
tion, we believe in the context of the present work that it 
still allows us to capture the essence of the problem. 

The ground state potential energy surface along the 
anharmonic mode is given minima at the cis-stilbene and 
trans-stilbene geometries and a maximum at a torsional 
angle of 90·. The barrier height corresponds roughly to the 
ground state thermal barrier from the cis-stilbene side of 
42.8 kcal/mol. 36,37 The frequency of both wells approaches 
a 560 cm -1 harmonic oscillator at low energies. The ex
cited state potential surface has a minimum directly above 
the ground state maximum and a slope of 785 em -1 in the 
region directly above the ground state well for cis-stilbene. 
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FIG. 5. (a) Potential energy surfaces used to calculate emission in Fig. 
5(b). Excited state surface given by 21.58(!- !.53{f+59.15Q'. Ground 
state surface given by 14 000-7697(!+ 1480Q'-118.9{!+3.74<j". Q is 
the dimensionless coordinate using a 50 cm -I basis set for the calculation. 
A displacement of Q= 1.0 implies a change in ethylenic torsion of 25.3· 
according to QCFFIPI calculations on the ground state of cis-stilbene 
(Ref. 32). (b) Comparison of experimental spectrum of Saltiel et al. 
(Refs. 8 and 35) and calculated emission spectrum using surfaces in Fig. 
5(a). Experiment (-). Calculation (-). 

A surface which fulfills these criteria is shown in Fig. 5(a) 
along with the calculated emission spectrum in Fig. 5(b). 
The surfaces are described with Eq. (16) and the param
eters are given in the caption of Fig. 5 (a). The horizontal 
axis in Fig. 5(a) corresponds to the dimensionless coordi
nate of the basis set used in this calculation. A displace
ment of 1.0 along this coordinate corresponds to a 25.3· 
rotation around the ethylenic torsion as determined by 
QCFF /PI calculations.32 The rest of the 90· rotation 
around this bond is assumed to result from rearrangements 
in other modes. The parameters for the other modes are 
those determined by the resonance Raman studies 7 ( see 
Table 0. 

It is evident that there is no resemblance between the 
calculated and the experimental spectra in Fig. 5(b). We 
have tried a variety of other similarly shaped surfaces, but 
in all cases the agreement is very poor. Obviously these 
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calculations are oversimplifications given the limited 
knowledge available on the potential energy surface in the 
region of the twisted state. However, the features of a very 
large red shift and a width much larger than the experi
mental spectra seem to be a general result of the large 
increase in the ground state surface at the 90° geometry. It 
is therefore likely that emission is not emanating from an 
excited state geometry even close to that corresponding to 
the ground state maximum. 

DISCUSSION 

The position of the fluorescence spectrum can be re
produced without changing the zero-zero transition energy 
from absorption to emission, and with only a slight modi
fication of the displacements given by the resonance Ra
man intensities. This implies that the spectral shift of the 
emission can be simply explained as a result of the substan
tial displacements in a large number of vibrational modes. 
It is therefore unnecessary to invoke other relaxation 
sources. This result is also consistent with the lack of a rise 
time in any of the transient decays obtained for excited 
cis-stilbene.3,4 The parameters in our calculations can be 
used to determine the approximate geometry associated 
with the fluorescing species. 

Relaxed geometry 

The dimensionless displacements along normal modes 
which served to calculate the various spectra can be used to 
determine displacements along internal coordinates. The 
relationship between the two is given by the following: 38 

8;= 5.8065~.t4;fllT1/21:!./=~pij' (19) 

where the 8j are internal displacements, the I:!.j are the nor
mal mode dimensionless displacements and OJj are the nor
mal mode frequencies given in cm -I. The normal mode 
coefficients, Ai» are just the solutions to the Wilson FG 
matrix equation,39 

A(FG) -AA=O. (20) 

We obtain Au's for cis-stilbene from the results of ground 
state QCFF /PI calculations.32 

With Eq. (19) we have calculated the displacement 
along the ethylenic torsion for the parameters used in the 
absorption and emission spectra shown in Fig. 2. We as
sume that the QCFF /PI description of the normal modes 
is reasonable and that there is no Duschinsky effect and 
that there are no frequency changes in the excited state. 
The QCFF /PI model is believed to produce accurate force 
fields for polyenes, and to be applicable to relatively large 
systems.40 The I:!. values for the calculation and the 8;/s, 
which are given in radians for a torsion, are listed in Table 
II. It can clearly be seen that four normal modes make 
substantial contributions to this displacement. Unfortu
nately, the sign of the I:!.'s is not determined from the res
onance Raman experiments. If we assume that the sign of 
the four largest fJu's is such as to increase the value of the 
ethylenic torsional angle, we determine a displacement of 
35°. Increasing this torsional angle is consistent with the 
changes in bond order which result from excitation, and 

TABLE II. Contributions of normal mode displacements, Ai' to ethylenic 
torsion, (), calculated with Eq. (19). Displacements are those used for 
Fig. 2. 

CL)~xPt JA) Aij J.5ijJ () 
J 

165 cm- 1 4.196 -0.115 0.228 12.50 deg 
403 1.73 0.253 0.126 7.25 
560 1.40 0.540 0.185 10.63 
963 1.16 -0.361 0.078 4.49 

total 34.87 

1001 cm- 1 0.67 -0.001 0.0001 0.007 deg 
1187 0.70 0.008 0.0009 0.054 
1233 0.40 -0.022 0.0015 0.083 
1328 0.52 0.074 0.061 0.35 
1490 0.38 0.09 0.0051 0.295 
1575 0.64 -0.066 0.006 0.35 
1600 1.05 0.036 0.005 0.31 
1629 1.60 -0.084 0.019 1.11 

total 2.56 

allows for a reduction of the steric interaction between the 
phenyl groups. If we assume the displacements in all the 
modes contribute constructively to the torsional angle we 
obtain a maximum displacement of approximately 37°. 
However, we have less confidence that the higher fre
quency modes all add positively to the displacement of the 
ethylenic torsion. Given a predicted ground state geometry 
with a 9° twist along this coordinate,30 the geometry of the 
relaxed excited state (or at least the emitting species) has 
an approximately 44° twist in the ethylenic torsion. This is 
in reasonable agreement with the relaxed excited state ge
ometry predicted by Warshel30 with an ethylenic torsion of 
35°. We note that if the size of the barrier for cis to trans 
isomerization is determined by the geometry where the S 1 
and S2 electronic surfaces cross, this large torsional angle 
for the relaxed excited state could account for the lack of a 
substantial barrier for this process. 

Electronic origin and spectral width 

From the calculations shown in Fig. 2 we obtain our 
best estimate for Eo,o of 29 000 cm -I. The broad spectra of 
cis-stilbene in practically all environments have made an 
accurate experimental determination of this value difficult. 
In order to see any structure in the absorption band, Dyck 
and McClure41 were required to investigate cis-stilbene in 
diphenylmethane polycrystals at 20 K. Considering that 
little structure was present even under these extreme con
ditions their estimate41 of 29 720 cm -I must be considered 
a rough approximation. The wavelength of the zero-zero 
transition was also estimated to be greater than 343.5 nm 
by Petek et al. 13 for cis-stilbene in noble gas clusters 
formed in a supersonic expansion. This implies an Eo,o of 
less than 29 112 cm -I, in good agreement with the esti
mates from our calculations. If we assume that mirror im
age symmetry42 applies for the 90 K absorption41 and the 
77 K emission 10 spectra of cis-stilbene in alkane environ
ments, we determine a value of Eo 0 of 28 700 em - I, also in 
good agreement with the values used in Figs. 1 and 2. 
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Since we assume that the electronic origin does not 
shift between absorption and emission, we consider the 
possible effects of solvent relaxation and the comparison of 
our calculated emission spectrum with a low temperature 
emission spectrum. A significant shift of the zero-zero 
transition energy between absorption and emission result
ing from solvation of the excited state is unlikely because 
all the experimental spectra used for comparison with our 
calculations were obtained in short chain alkane solvents. 
There also seems to be no shift in Eo,o from absorption to 
emission for trans-stilbene in n-alkane solvents.43 We have 
investigated the effect of the temperature dependence of the 
index of refraction on our estimate of Eo o. We estimate 
(using the formula of Bayliss44) for cis-stilbene in alkanes 
a shift in Eo,o between room temperature and liquid nitro
gen temperature in the range of 60 to 140 cm -I. The esti
mate of Eo,o, from our spectral calculations would change 
by only half this value, or 30 to 70 cm -I, indicating this is 
not a substantial effect. 

There is an obvious discrepancy between the widths of 
our calculated emission spectra and the steady state spec
trum of Stegemeyer et af. 10 obtained in a low temperature 
glassy environment. Using a model with 12 harmonic 
modes, as in Fig. 1, we found that temperature alone could 
not account for this discrepancy. Dyck and McClure41 ob
served that the experimental absorption spectrum is much 
narrower and redshifted in glassy material at liquid nitro
gen temperatures than in room temperature solutions. A 
qualitative explanation for this effect was offered by 
Bromberg and Muszkat45 based on calculated anharmonic
ities in the phenyl twist mode arising from steric interac
tions. The degree to which this affects the emission spec
trum has not been extensively explored, but would be an 
obvious extension of the present work. We do not expect, 
however, a shift with temperature in the emission peak as 
large as that seen in absorption because this mode is prob
ably more nearly harmonic in the excited state. This would 
likely result from changes in the equilibrium geometry and 
a reduction of steric interactions. There is also some ques
tion as to whether Bromberg and Muszkat's treatment of 
this coordinate as a normal mode is reasonable. The sym
metric phenyl twist seems to be approximately a normal 
mode in the cis-stilbene homolog 1,2 diphenylcy
clobutene, \3,14 however, QCFF /PI calculations 1,28 suggest 
that this mode in cis-stilbene is highly mixed with other 
internal coordinates in a number of normal modes. 

Isomerization and vibrational cooling 

Our calculation involving a highly anharmonic mode 
indicates that emission is not originating from an excited 
state geometry close to that at the ground state maximum 
or what is usually referred to as the twisted intermediate. If 
emission does not arise from this species then an interest
ing question arises. From transient absorption experiments 
we know that the delay between the disappearance of ex
cited cis-stilbene and the appearance of ground state trans
stilbene is less than ca. 150 fs. 4 It does not seem likely that 
cis-stilbene could twist from a geometry which has an eth
ylenic torsion angle of approximately 44° to one with a 90° 

twist and then internally convert to the ground state man
ifold in such a short time. One possibility is that the so
called phantom state has a geometry quite different from 
the (rigid) 90° torsion which is usually imagined. 

A model for the excited state nuclear rearrangements 
associated with cis to trans isomerization which is consis
tent with our results and previous studies will be presented. 
The nuclear motions which follow excitation of cis-stilbene 
can be described roughly as a two step process. In the first 
step, a new geometry is established which results primarily 
from out of plane displacements of the ethylenic carbons 
and hydrogens. Although obtaining a relaxed geometry 
also involves twisting of the phenyl groups toward a more 
planar geometry, this motion may occur on a much slower 
time scale than that of the ethylenic hydrogen and carbon 
motion or even that of the excited state lifetime. Since there 
is little or no barrier for cis to trans isomerization, this new 
geometry can best be considered a quasiequilibrium state. 
The important point is that "paddle wheel" motion of the 
phenyl groups around the ethylene bond, is not required to 
attain a substantial increase in the ethylene torsional angle. 
If we define a plane, in a space fixed coordinate system, by 
the ground state axis of the ethylene bond and the C2 sym
metry axis, then in the paddle wheel motion the ethylene 
bond remains in this plane, and the phenyl groups sweep 
out a large volume as the ethylenic torsional angle in
creases. In the picture we are proposing there is very little 
phenyl group motion required for the initial increase of the 
ethylenic torsion to its equilibrium excited state value 
(probably around 45°). This picture is very similar to that 
discussed by Myers et al. 1 in the context of the early time 
dynamics predicted from resonance Raman intensities and 
a more recent proposal by Sension et af. 46 In the latter 
work they suggest that the initial geometry changes result 
in part from a tendency of the ethylenic carbons toward Sp3 

hybridization in the first excited singlet state.46 

The second step in our model involves motion toward 
the geometry which allows rapid internal conversion to the 
ground state. Since this process must be extremely fast,4 it 
also can not involve significant paddle wheel motion. In
stead, we propose that this process involves a significant 
increase in the out of plane displacements of the ethylenic 
carbons and hydrogens-at which point all double bond 
character of the "ethylenic" carbons will be destroyed. 
This motion will inevitably require some displacement of 
the phenyl groups, some of which is clearly required in 
order to change from cis- to trans-stilbene. However, we 
suggest that the motion is a slicing motion through the 
solvent along the direction of increasing the in-plane bend 
angle. After the establishment of a geometry similar to that 
at the ground state maximum, relaxation toward cis- or 
trans-stilbene is roughly equally likely in accordance with 
the expected branching ratio for this process. The motions 
just described would be very rapid and weakly coupled to 
the solvent since large displacements of solvent are never 
required. 

The suggestion that vibrational cooling in cis-stilbene 
occurs on a longer time scale than its excited state lifetime 
in a low viscosity solution is quite reasonable. As discussed 
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by Elsaesser and Kaiser,12 vibrational relaxation on the 
picosecond time scale is quite common for medium size 
polyatomics. Studies of anthracene and naphthalene in the 
ground electronic state and in solution revealed time scales 
for vibrational relaxation toward a Boltzmann distribution 
of 7 to 10 pS.12 Recent studies of the ground state relax
ation of vibrationally hot trans-stilbene from antistokes 
Raman intensities47 indicate decay times on the order of 10 
to 20 ps. This is consistent with earlier experiments in 
which ground state trans-stilbene is prepared by optically 
exciting cis-stilbene.48 This system initially contains a large 
excess of vibrational energy and was observed to coolon a 
14 ps time scale.48 These studies strongly support the idea 
that the room temperature emission spectrum of cis
stilbene in low viscosity solvents arises from a vibrationally 
unrelaxed state. 

Whether the excess vibrational energy is in modes that 
do, or do not participate directly in isomerization is not 
clear. In our calculations we made the simplistic assump
tion that only one mode was vibrationally unrelaxed. The 
actual distribution of energy between various modes is 
strongly dependent on the time scale of IVR and the 
strength of the coupling of each mode to the solvent bath. 
We also treat the various unrelaxed modes quantum 
mechanically-in terms of the population distribution of 
their eigenstates. Unrelaxed emission could also result 
from a mode (or set of modes) which is so strongly cou
pled to the solvent that its motion is overdamped and best 
treated in terms of classical diffusion. Unfortunately, our 
formalism does not allow us to treat such a situation quan
titatively. We expect that the inclusion of a slowly relaxing 
overdamped mode would result in changes in the emission 
spectrum similar to those calculated when we included a 
vibrational mode with a population distribution deter
mined by the ground state Franck-Condon factors, i.e., a 
broader spectrum, shifted to higher energies. 

A vibrational mode which may be overdamped and 
which also has a large displacement between the ground 
and excited state is the symmetric phenyl twist. The 165 
cm -I mode contains a substantial amount of phenyl twist 
character according to the QCFF/PI calculations.32 Using 
A=4.196 for this mode, and Eq. (19), we obtain a dis
placement of 14.5" for the phenyl twist mode between the 
ground and the excited state. This can be compared with 
the displacement determined directly from QCFF /PI cal
culations (without spectroscopic input) of 18°.30 Whether 
this mode should best be described as a nonthermal quan
tum oscillator or an overdamped classical oscillator in the 
context of the present work has not been established. The 
timescale of a similar phenyl twisting motion is believed to 
control the excited state lifetime of triphenyl-methane 
(TPM) dyes.49 The lifetime of the TPM dye crystal violet 
varies from 2.2 ps in methanol to 32 ps in decanol49 sug
gesting that the phenyl twist motion in cis-stilbene may be 
overdamped. 

We also note that if vibrational cooling is occurring on 
the same time scale as the popUlation decays we would 
predict a slightly faster decay time of the fluorescence at 
the edges of the spectrum, particularly the blue edge 

(shorter wavelengths). Yet there have been no conclusive 
observations of spectral evolution in the transient fluores
cence or absorption experiments. If, however, the vibra
tional cooling is occurring on a time scale longer than the 
lifetime of excited cis-stilbene, then there would be only 
minor changes in the lifetime across the transient absorp
tion or emission spectrum. 

The implication of these ideas and previous results 7 is 
that the validity of a one-dimensional stochastic model of 
isomerization must be carefully examined. Given the 
mixed nature of the normal modes in terms of the ethylenic 
torsion, phenyl twist and hydrogen wag motions it is rea
sonable to expect that multidimensionality may be impor
tant in the description of the cis to trans isomerization. The 
development of multidimensional theories of unimolecular 
rearrangementSO is relatively recent and considers modes 
which can be described in the classical limit. One predic
tion of these theories is that if there is an anisotropy in the 
effective friction experienced by the various reactive de
grees of freedom, the reaction coordinate may vary be
tween media of different viscosity. 50 The presence of non
thermal population distributions in reactive modes, or 
modes which do not participate in the isomerization(s), 
may also complicate the description. 

Finally, we should comment on the limitations of our 
spectral calculations. There are a few obvious approxima
tions in the potential surfaces used in our modelling. We 
assumed there were no frequency changes and no Duschin
sky rotation in the excited state for the calculated spectra 
not involving an anharmonic mode. These assumptions 
were not imposed by the theoretical method, but were ne
cessitated by the limited experimental information avail
able on the excited state vibrations. Although inclusion of 
these refinements should improve the agreement of our 
calculations with experiment, we do not expect their omis
sion to affect the general nature of our conclusions. We 
also assume that QCFF /PI calculations of the ground state 
of cis-stilbene give a reasonable representation of the nor
mal modes of the excited state in terms of the internal 
degrees of freedom. This approximation should not quali
tatively alter our conclusions about the excited state geom
etry. We also assume that the transition dipole moment 
does not depend on the vibrational coordinate. At some 
point along the motion from the relaxed geometry to a 
more twisted state, however, there is very likely a change in 
the electronic nature of the excited species such that the 
radiative rate decreases markedly. In the context of our 
model for the isomerization dynamics, this would be the 
point at which the initially excited molecules leave the win
dow of observation of transient fluorescence measure
ments. 

CONCLUDING REMARKS 

We have described calculations which show that, using 
experimental values for the displacements of 12 Franck
Condon active vibrational modes, it is possible to repro
duce both the absorption spectrum and the Stokes shift of 
the fluorescence spectrum of Cis-stilbene. These results sug
gest the existence of an excited state having a displacement 
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in the ethylenic torsion substantially less than 90·. Calcu
lated spectra with an unrelaxed mode strongly suggest that 
the room temperature fluorescence spectrum of Saltie1 and 
co-workerss contains contributions from one or more vi
brationally unrelaxed modes, and therefore that vibrational 
relaxation of at least certain degrees of freedom is slow 
compared to the isomerization time scale. The spectro
scopic parameters enable us to suggest an approximate ge
ometry for the relaxed excited state and propose a model 
for the cis to trans isomerization process. This model im
plies a relatively weak dependence of the isomerization rate 
on the solvent viscosity, when viscosity is changed by 
changing solvent, since it involves motion of smaller mo
lecular groups. This is consistent with the weak viscosity 
dependence observed in a series of alkane solvents.3

,4 A 
strong correlation of the isomerization rate with viscosity 
is observed when viscosity is changed in a single solvent by 
changing pressure:s The connection between these two 
points is discussed in detail in Ref. 19. If we fit the ob
served decay times3,4,19 for cis-stilbene in n-alkanes to a 
form k=AlllQ+koHP, and assume the reaction rate for 
DHP formation is equal to 2.7X lOll S-I (Refs. 18, 51) 
and independent of alkane solvent, we determine a value of 
a =0.25. The value of a determined for trans-stilbene in 
n-alkanes is 0.32, I and values as large as 0.39 have been 
suggested. 52 This suggests that the initial motion for trans 
to cis isomerization may displace more volume and inter
act more strongly with the solvent environment than the 
reactive motion for cis to trans isomerization. Although 
one might naively think these motions should be similar, 
the initial relaxation and the reactive motion from the cis
stilbene side is probably strongly influenced by the large 
steric interactions which are not present in trans-stilbene. 
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