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Raman experiments s). All of the data a t  hand are 
consonant with a m-semiquinone structure having C, symmetry 
with, however, rapid interchange of unpaired spin and charge 
densities between the two oxygen atoms. The theoretical and ESR 
results indicate that the barrier for this interchange cannot be 
greater than a few kilocalories per mole and it seems likely that 
the transition state is the C, structure, corresponding to a wave 
function of 2A2 symmetry. The resonance Raman data show that, 
in fact, the two CO groups are strongly coupled. The theoretical 
work indicates that this coupling is possible by direct .rr 
through-bond interaction via the C1-C2-C3 system. One con- 
cludes, therefore, that while the lowest electronic state very likely 
has a C, structure, the symmetrical C,, structure may, as com- 
mented on above, contribute significantly to the dynamics of the 
system and play an important role in determining what is manifest 
experimentally. Since the energy difference between these two 
structural forms is clearly very low, this system provides a par- 
ticularly important example with which to test the effects of 
symmetry on the dynamics. 

m-Semiquinone provides a very interesting example of a radical 
with two possible sites for the unpaired electron. Allyl radical 

and the p-semiquinone radical ion are examples of cases with 
strong coupling between two structures such that the proper de- 
scription is truly symmetric about the midplane. The anion radical 
derived from l,2-dinitroethane is an opposite extreme with weak 
interaction so that the electron is localized at  one nitro 
The present example of the m-semiquinone seems to represent 
an intermediate case where the ESR results show symmetry but 
the structure indicated by Raman spectroscopy and a b  initio 
calculations displays a degree of asymmetry between the two C-0 
bonds. If other examples of this intermediate type of behavior 
can be found, considerable insight may be obtained into just what 
factors determined whether symmetry breaking and localization 
will occur. 
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The effect of few-body (e.g., binary) collisions on photochemical trans-cis-stilbene isomerization was studied by measuring 
the transient fluorescence decay from isolated-molecule conditions up to 5 atm of methane gas pressure at room temperature. 
Simple statistical considerations were found to account for the thermal isolated-molecule decay using as a basis the ener- 
gy-dependent rates k(Ex) measured in supersonic jet experiments. The isomerization rate was found to increase with methane 
pressure throughout the 0-5-atm range. In statistical theories of barrier crossing the transition-state rate at temperature 
T, kmT(T), represents an upper limit for the reaction rate and is expected to be equal to k( T), the thermal average of k(Ex). 
However, contrary to expectation, for pressures greater than about 2 atm the isomerization rate was found to exceed k(n 
by over a factor of 2 at 5 atrn and by as much as a factor of 10 at pressures up to 100 atm. Relations between the various 
types of experimentally observed rate constants are explored, including a method for the direct measurement of k(T). Possible 
origins for the nonstatistical behavior of the stilbene-methane collision dynamics are also discussed. 

I. Introduction 
The dependence of chemical reaction dynamics on the sur- 

rounding solvent medium is a topic of much current interest.14 
As we have discussed in more detail elsewhere' the photochemical 
isomerization of stilbene and diphenylbutadiene provide excellent 
model systems for such studies. By combining the techniques of 
ultrafast spectroscopy with supersonic jet spectroscopy it has been 
possible to study the isomerization process progressively from 
isolated molecules prepared with a well-defined initial energy, 
through thermal but still isolated (on the isomerization time scale) 
molecules, to collisional gas-phase conditions, and finally into the 
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liquid phase. The solvent friction is varied over about 6 orders 
of magnitude in these studies, which therefore can provide stringent 
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tests of current theories of activated barrier crossing. 
In the present paper we explore the relationships between the 

various types of experimentally observed rate constants, using as 
a basis for our comparisons the experimentally determined k(E,),  
the isomerization rate for the microcanonical ensemble as a 
function of initial energy. The determination of k(E,) is briefly 
discussed in section 11. Straightforward statistical considerations 
suffice for a calculation of the thermal isolated-molecule decay 
function and this topic is taken up in section 111. We find that 
the thermal decay curve can be calculated with high accuracy over 
4 decades of decay from a knowledge of k(E,) and the rovibra- 
tional density of states. Under certain very reasonable approx- 
imations the initial slope of the thermal isolated decay (measured 
following excitation of the 0; transition) provides us with a direct 
measure of k( T), the thermal average of k(E,) a t  temperature 
T. If the measured k(E,) is in fact the rate for an equilibrium 
microcanonical ensemble, then it is possible to show (section 111) 
that k( T )  = kmT( T),  where kTST(T) is the transition-state rate. 
In statistical theories of barrier crossing kTST( T )  represents an 
upper limit for the reaction rate. The transition-state expression 
can be obtained by, for example, taking the thermal average of 
the RRKM expression45 or by taking the zero-friction limit of 
Kramers e q ~ a t i o n . * ~ - ~ * , ~  The transition-state rate represents an 
upper limit since it assumes reaction is certain for all molecules 
with sufficient energy to surmount the barrier. If collisions with 
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an inert buffer gas simply redistribute vibrational energy in a 
statistical fashion, then on moving from the isolated to the col- 
lisional regime rates exceeding k(T) [and hence k , T ( T ) ]  should 
not be observed. The thermally averaged rate k(T) is calculated 
on the basis of several assumptions: (a) the reactant molecules 
are in thermal equilibrium with the molecules in the transition 
state; (b) internal equilibrium prevails for both the reactant and 
transition-state molecules; (c) the jet rates k(E,) are microca- 
nonical rates; (d) the initial distribution created in the excited 
electronic state is truely the equilibrium distribution over the 
rovibrational levels in the excited state. If any of these assumptions 
should fail experimentally, then k( T )  [and possibly knT( T) ]  may 
no longer be an upper limit for the observed rates. In section IV 
we describe experimental studies in low- to medium-pressure buffer 
gas and discuss the results in terms of the statistical model of Freed 
and Heller.47 We find that, contrary to expectation, rates ex- 
ceeding k(T) by as much as 10 times are observed. The break- 
down of the statistical assumptions in the calculation of k( T )  and 
in the interpretation of the jet rates that lead to this apparent 
inconsistency with theoretical prediction are discussed in section 
V. We also discuss the relevance of this finding to studies of 
barrier crossing in dense gases and liquids. 

11. Supersonic Jet Rates 
This topic has been discussed extensively by Zewail and co- 

w0rkers,4~-~O Jortner et al.,51 and Troe et al.:~~ and therefore here 
we describe only those aspects of these experiments relevant to 
the discussion in sections I11 and IV. 

In (supersonic) jet experiments the energy-level distribution 
before laser excitation is quite and the rates measured 
in these experiments should be approximately those of a micro- 
canonical ensemble. These rates provide the basis for calculation 
of rates in canonical ensembles in which temperature and pressure 
are varied. The time-resolved total fluorescence exhibits single- 
exponential decay48 with rate constant k(E,),  where E,  is the 
rovibrational energy in excess of the zero point to zero point (0;) 
electronic transition energy that is supplied by the excitation laser 
pulse. A plot of k(E,)  exhibits a threshold at  energy E g .  For 
E, < Eg, k(Ex)  is essentially independent of energy. Near Eg, 
k(E,) begins to increase significantly, becoming nearly a linear 
function of energy for E, > E g  over a range of a t  least several 
thousand w a v e n ~ m b e r s . ~ ~  This behavior is interpreted in the 
following way. 

The intersystem-crossing rate is too slow to compete with 
fluorescence and isomerization.51 This implies that the observed 
threshold in k(E,)  is due to the isomerization barrier, and the 
threshold energy Eg is assumed equal to the isomerization barrier 
height Eo.48 Then for E, < Eg, k(E,) is just the radiative rate, 
k,, which is independent of energy (below Eg).51 The quantum 
yield and supersonic jet studies of Jortner et al.51952 show that k ,  
is approximately constant for energies in excess of EB as well. 
Thus, for all values of E ,  

( 1 )  

The magnitude of k,,(E,) is determined in part by the fraction 
of the total vibrational energy that resides in the reactive modes, 
Le., those modes which contribute significantly to motion along 
the reaction coordinate. If the energy is distributed randomly 
among all modes, then it should be possible in principle to calculate 
k,,(E,) via statistical methods such as RRKM theory. In other 
words, the application of statistical methods to calculate k,,(E,) 
generally supposes that the intramolecular vibrational energy 
redistribution (IVR) of the absorbed energy must be much faster 
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than k,,(E,) and fairly complete (above EB).  That this is likely 
the case in stilbene is supported by recent single vibronic level 
(SVL) dispersed f luore~cence,~~ time-resolved fluorescence,4* and 
multiphoton i o n i ~ a t i o n ~ ~  studies. Using frequency and time-re- 
solved fluorescence techniques and analysis of quantum beat 
patterns in the Zewail et ai? have found that the IVR 
in stilbene may be classified into three types corresponding to low-, 
intermediate-, and high-energy regimes. At low energies (<760 
cm-I) no apparent vibrational evolution of the initially prepared 
states occurs within the fluorescence lifetime; Le., IVR is absent, 
At intermediate energies (-760-1 170 cm-’) the IVR is restrictive; 
i.e., the fluorescence decays display phase-shifted quantum beat 
modulation. At higher energies, approximately above the barrier 
energy, IVR becomes dissipative. In the vicinity of EB the 
characteristic time scale for dissipative IVR is 20-50 ps, whereas 
the time scale of restrictive IVR at  intermediate energies is of the 
order of hundreds of  picosecond^.^^ With the assumption that 
klVR is proportional to the vibrational density of states &b, the 
IVR time scale will be about 1 ps for E,  = 2000 cm-’.I This is 
substantially shorter than the isomerization time scale. For ex- 
ample, k-’(E,=2000 cm-I) is 640 ps for  tilb bene.^ Consequently, 
one would expect IVR to be completed before a significant fraction 
of the molecules in each energy level isomerize. 

From the above discussion one is led to the conclusion that 
RRKM theory should probably be able to reproduce k,,(E,) for 
jet-cooled stilbene. RRKM calculations of k,,(E,) for stilbene 
have been carried out by Troe4 and Zewail et Troe’s RRKM 
rates fit the experimental jet rates excellently for both stilbene 
and diphenylbutadiene. The good agreement was obtained by an 
optimization procedure in which the transition-state frequencies 
and EB were treated as fitting  parameter^.^ The RRKM rates 
calculated by Zewail et al. were, however, almost an order of 
magnitude larger than the experimental rates. Zewail’s RRKM 
calculation differs from Troe’s by the assumption of identical 
reactant and activated complex f r e q ~ e n c i e s ~ ~  and in the use of 
a 400-cm-’ rather than a 88-cm-’ reaction coordinate frequency. 
The faster-than-experimental rates calculated by Zewail and 
co-workers has led them to propose that the isomerization process 
is nonadiabatic in the isolated molecule.48 Since the multidi- 
mensional potential surface is not yet known along the reaction 
coordinate, it is difficult to decide whether the nonadiabatic 
mechanism or the changes in transition-state frequencies proposed 
by Troe provide the physical origin behind the slower experimental 
rates than those calculated by using identical reactant and tran- 
sition-state vibrational frequencies. In the following we avoid this 
issue and simply use Troe’s optimized RRKM fits to interpolate 
and extrapolate the measured jet rates for our calculations of the 
decay behavior observed under other conditions. 

III. Rates under Isolated Thermal Gas-Phase Conditions 
Isomerization rates may be measured for thermal gas-phase 

systems in which the pressure is low enough so that there will be 
no collisions during the excited-state lifetime. This is easily 
achieved, for example, in the case of stilbene, which has a vapor 
pressure of less than one mTorr a t  room t e m p e r a t ~ r e . ~ ~  Ideal 
gas collision theory may be used to crudely estimate the collision 
time, which, for stilbene vapor, is of the order of 1 ps5’ Therefore, 
the observed fluorescence originates from an ensemble of isolated 
molecules as in the jet experiment. The difference lies in the 
conditioning of the samples before laser excitation. In the jet, 
supersonic expansion produces a narrow rovibrational distribution 
in So before excitation, whereas this distribution is quite broad 
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Figure 1. Collision-free fluorescence decay of the thermalized stilbene 
vapor. T = 296 K, E, = 0. The experimental decay curve (dots) is 
shown together with the model decay curve (-) calculated according to 
eq 3 and 4. (A) pe is the vibrational density of states, and (B) p8 !s the 
vibration and rotational density of states (eq 5).  The insets show the 
experimental and calculated curves on a logarithmic scale. The inset in 
(A) also contains the instrument function. 

(at room temperature) in the thermal gas. 
In contrast to the single-exponential decays observed in the jet 

experiments, nonexponential decay is observed in the thermal 
isolated-molecule experiments (for example, see Figure 1 ), which 
makes the definition of rate problematic. It is important to 
understand the origin of this nonexponential decay in order to 
perform the appropriate thermal average necessary to compare 
the supersonic jet data with data obtained under collisional 
gas-phase and liquid solution conditions. We next describe a 
simple model for the thermal isolated-molecule fluorescence that 
explains the origin of the nonexponential decay and suggests that 
the rotational contribution to the density of states should probably 
be used in performing the thermal average in the gas phase. 

We assume that each rovibronic level in the excited-singlet-state 
SI undergoes singleexponential decay as suggested by the outcome 
of the jet experiments. In other words, the jet experiments show 
that the fluorescence from thefih level in SI, which is an average 
over all the degenerate states of energy E composing thefih level, 
decays as a single exponential. The vafue of  the corresponding 
rate constant changes with the energy level according to the jet 
experiments. This leads us to postulate that the total collisionless 
fluorescence intensity for the (initially) thermalized sample is 
obtained by summing the exponential decays for each energy level 
in Sl weighted by their initial relative populations (i.e., the ro- 
vibronic distribution established in S, by the picosecond-pulse 
excitation) 

= WEf) exp[-W$I (2) 



3978 The Journal of Physical Chemistry, Vol. 90, No. 17 ,  1986 Balk and Fleming 

where k(Ef) is given by eq 1 with E, replaced by E,, and D(Ef)  
is the preisomerization distribution over the rovibronic energy levels 
in SI created by the excitation pulse. Implicit in eq 2 is the 
assumption that the excitation step is very much faster than the 
rate of loss of population from SI. This is the case for stilbene 
isomerization if picosecond excitation pulses are used (see Figure 
1). D(Ef) is determined by the Boltzmann distribution in So prior 
to excitation, the Franck-Condon factors which determine the 
allowed state-to-state transitions from So to SI and their relative 
intensities, and the spectrum of the excitation pulse. 
In an expriment in which the fluorescence is frequency resolved 

as well as time resolved, an additional factor A ( E p F )  must be 
included in eq 2 which depends upon both EJand the frequency 
uF at  which the fluorescence is measured. This factor accounts 
for the fact that in general one may expect the radiative rates for 
SI(,!?,) -+ SO(El-fi+) transitions to be different from those of 
Sl(E,) - So(E,,,-hw~) transitions. (Consistency with the mea- 
surement of the total fluorescence intensity requires that the 
integral of A(E,,wF) over wF be a constant independent of EY) We 
will discuss the nature of the fluorescence decay curve obtained 
in this type of experiment in more detail in a future publication. 
Throughout the remainder of this paper we will discuss only 
experiments in which the total fluorescence is measured. 

It is shown in Appendix A that rF(t) may be approximated by 
the following equation: 

E x ) / k ~ T l  expk[knr(E) + krltl (3) 

where kB is Boltzmann's constant, Q( T)  is the partition function 
and pa@) is the density of states in So. The quantity [1/ 
Q(T)]pg(E-Ex) exp[-(E - E , ) / k B q  is the initial Boltzmann 
distribution in So shifted by E, in SI.  

We have recently measured the fluorescence decay curve for 
stilbene under thermal isolated-molecule conditions' using the 
time-correlated single-photon-counting techniquej8 with a time 
resolution of about 20 ps. Once GF(t,E,) has been calculated 
according to eq 3, comparison with the experimental data is made 
possible by convoluting GF(t,Ex) with the experimentally deter- 
mined instrument function, g(t) 

GFc(t&,) = J'g(t-7) GF(~&,)  dT (4) 

In order to assess the possible importance of rotational motion 
to the observed fluorescence of stilbene, we have calculated 
GFc(t,E,) with and without the rotational contribution to the 
density of states. For the vibrational contribution to p g ,  the density 
of states in So, we used the direct c o ~ n t - m e t h o d ~ ~  and the nor- 
mal-mode frequencies calculated by Warshel.60 The density of 
states was calculated this way from 0 to 10000 cm-I in 1 cm-l 
increments. This range is more than adequate for the room 
temperature studies considered here. The RRKM rates calculated 
by Troe4 (his model C) were used for k,(E), and k;' = 2.67 ns.48 

The experimental decay curve for T = 296 K, E, = 0 is shown 
in Figure 1A along with GFc(t,O) calculated from eq 3 and 4 by 
using only the vibrational density of states. The relatively narrow 
instrument function is also shown. The experimental and cal- 
culated curves were rescaled to a maximum height of 10000 
counts. 

The calculated fluorescence decay qualitatively reproduces the 
nonexponential shape of the experimental curve in Figure lA,  
suggesting that the nonexponential decay observed experimentally 
is the result of the initial broad Boltzmann distribution in So, as 
first suggested by Doany et aL61 However, the calculated 
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fluorescence decays slower than experiment. Since the fluorescence 
decay rate is strongly dependent upon the shape of the density 
of states curve (see eq 3), a possible explanation is that the vi- 
brational density of states does not increase rapidly enough with 
energy above the barrier. If the rotational states are included in 
pg, then one might expect that a p a / a v  would be larger than that 
for just the vibrational states, thereby increasing the decay rate 
of GFc(t,O). The question then is whether the rotational motion 
alone is sufficient to bring the calculated GFC(t,O) into agreement 
with experiment. 

In order to begin to address this question, we have added the 
rotational contribution to p g  in an approximate fashion by using 
a classical rigid-rotor treatment.' We have also tacitly assumed 
that the energy-level-dependent rates depend only upon the total 
energy and not upon the J quantum number, as in the more general 

That this is a reasonable assumption can be seen by noting 
how well the calculated fluorescence decay agrees with the ex- 
perimental data in Figure lA,  where rotational motion is com- 
pletely neglected in the calculation. The rigid-rotor model results 
in the following simple relationship5ga between the rovibrational 
density of states in the ground electronic state, pg, and the vi- 
brational density of states pgiv: 

GFC(trO) calculated from eq 3-5 is shown in Figure lB, which now 
follows the experimental curve almost exactly. It is important 
to note that this is not a fit to the data; there are no adjustable 
parameters in the calculation aside from the absolute height of 
the curve. 

We also carried out a calculation for the case T = 3 18 K, E, 
= 603 cm-I for stilbene. In this case the agreement of the cal- 
culated and measured curves is less than perfect, (Le., better than 
that in Figure 1A but not quite as good as in Figure 1B as expected 
on the basis of the assumptions leading to eq 3; Le., the model 
holds best for Ex = 0 (see Appendix A). However, the calculation 
does reproduce the shape of the experimental decay curve rather 
well. 

The success of this simple thermal averaging model permits 
us to use the model to address the problem of defining rates for 
the thermal isolated-molecule fluorescence decay and to establish 
connections between these rates and those of the jet experiments. 

The isolated-molecule fluorescence decay may be analyzed by 
first using the cumulant expansion63 to rigorously rewrite eq 3 
in the following form: 

In this equation, a( t )  is the sum over the second and higher order 
cumulant averages of kn,(E) 

GF(~,E,) = expHk(T,E,) + kr - 4t ) l t l  (6) 

(7) 

where ( kz(E))c is the mth cumulant of k,(E). k(T,E,) is defined 
by 

k ( t , ~ , )  = -&? pg(E-Ex) exp[-(E - Ex)/kBqknr(E) 
1 

e< T )  
(8) 

The instantaneous rate of decay of GF(~)  = GF(t,E,=O) is given 
by 

k(t;T) = -a In GF(t)/at = k ( T )  + kr - a(t) - tu(?) (9) 

lim k( t ;T)  = k ( T )  + kr (10) 
For very small values of t ,  a(t) - 0 so that 

1-0 

which means that GF(t) initially decays as a single exponential 
with a rate constant equal to the thermally averaged rate k(T) 

(61) Doany, F. E.; Greene, B. I.; Liang, Y.;  Negus, D. K.; Hochstrasser, 

(62) Troe, J. J .  Phys. Chem. 1984, 88, 4375. 
(63) Kubo, R. J .  Phys. SOC. Jpn. 1962, 17, 1100. 

R. M. Picosecond Phenomena N; Springer: New York, 1980. 
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Figure 2. Comparison of jet rates (0, ref 48) with the inverse l /e  times 
I,-' of the thermal isolated-stilbene-molecule fluorescence decay calcu- 
lated via eq 3. The solid curve was obtained by plotting fF1, calculated 
for T = 296 K as a function of E,, vs. the thermally averaged vibrational 
energy. The uniform dashed curve (---) was obtained by plotting the 
same t,-l values vs. the average rovibrational energy (see text). The 
second dashed curve (- - - -) was obtained by plotting f;', calculated for 
E, = 0 as a function of T (300-425 K), vs. the average rovibrational 
energy. The inset shows the Boltzmann distribution with (---) and 
without (-) the rotational contribution to the density of states (eq 5).  

plus the radiative rate k,. As time progresses, a( t )  increases from 
zero and CF( t )  becoma nonexponential. What happens physically 
is that isomerization distorts the initial Boltzmann distribution 
by removing papulation from levels above EB with rates depending 
upon the energy level, Le., k,,(E). The effect of this distortion 
is accounted for in eq 6 by a(t) ,  which can be seen from eq 7. If 
k,,(E) were independent of E so that the isomerization rate were 
the same for each energy level, then the isomerization would not 
distort the shape of the distribution but merely lower the popu- 
lation of each level proportionately. However, since the second 
and higher order cumulant averages of a constant are zero, a( t )  
would be identically zero and GF(t) would decay exponentially, 
as expected.@ This physical picture is qualitatively the same for 
E, > 0 as well. 

It has been suggested5* that a useful way to compare the thermal 
gas rates with the jet rates is to plot them vs. an energy e, defined 
to be the excitation energy minus the 0; transition energy for the 
jet experiment, and the thermally averaged vibrational energy at  
fixed excess energy E,, ( Evib)Ex, in excess of the S1 zero-point 
energy for the thermal gas experiment. We have calculated the 
inverse l / e  time t;' for GF(t,E,) (eq 3 and 5) as a function of 
E, for fixed T = 296 K. Figure 2 shows t;' as a function of excess 
vibrational energy along with the jet rates. The difference between 

vs. (Evib)€ and k(E) vs. E is not very large, which prompted 
us to consider the relationship between t;' and k(E)  in terms of 
the statistical properties of our model for GF(t,E,). 

First, the relationship between t ,  and the thermally averaged 
rate k(T,E,) is, according to eq 6 

te-l = k(T,E,) + k ,  - a(t,) (11) 
The thermally averaged rate k( T,E,) can be related to the jet rate 
at the average thermal energy, k( (E)€ , ) ,  by expanding the jet rate 
k(E)  in a Taylor series about ( E ) E ,  and then taking the thermal 
average of each term 
k( T,E,) + k, = 

Thus, if the curvature of the k ( E )  curve in the vicinity of the 
average thermal energy is small, then the thermally averaged rate 

(64) Lin, S. H. J .  Chem. Phys. 1972, 56,4155, 
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Figure 3. Comparison of the thermally averaged stilbene isomerization 
rates k(T,Eh (X, eq 8) at T = 296 K with the jet isomerization rates (0, 
ref 48) as functiorls of the excess energy E,. 

is approximately equal to the jet rate corresponding to an excitation 
energy equal to the average thermal energy 

k(T,Ex) + kr ~ ( ( E ) E )  (13) 

We find, in agreement with Tree: that this approximation holds 
within about 30% for stilbene when the excitation energy equals 
the 0; transition energy (E, = 0). Since the first region of major 
curvature in the jet isomerization rate k,,(E) occurs a t  E equal 
to the barrier energy EB, the thermally averaged rate should 
approach more closely the value of the jet rate for E corresponding 
to the average thermal energy as the excitation ener y supplied 

energy i.e., as E, increases from zero (see Figure 3). For example, 
when E, = 570 cm-', the difference between the thermally av- 
eraged rate and the jet rate a t  the average thermal energy is only 
about 13%. With approximation eq 13, eq 1 1  becomes 

(14) 

Thus, if a(&) is not too large, we would expect the inverse l / e  
times obtained from the thermal isolated-molecule experiments 
and plotted vs. the average thermal energy to produce a curve 
similar in shape and magnitude to that obtained by plotting the 
jet rates vs. the excitation energy in excess of the 0; transition 
energy. Analysis of the short- and long-time limits of GF(t ,Ex)  
shows that in fact 

(15) 
where k(T,E,) is the limit of a(t) as t - -. 

The suggestion that the isolated-molecule rates be plotted vs. 
the excess vibrational energy is, however, not consistent with the 
definition of the thermal average in eq 3. The thermal average 
is not just an average over the vibrational degrees of freedom but 
is also an average over the rotational degrees of freedom as well. 
While we may always suppress the rotational contribution in a 
calculation, this cannot be done in experiments performed on 
thermal gases. When the rotational contribution to p g  is included, 
the peak of the Boltzmann distribution shifts upward in energy 
relative to that obtained with just the vibrational density of states 
alone (for example, see inset in Figure 2). The average energy 
is therefore larger. Consequently, t;' should be plotted vs. the 
average rovibrational energy. For the case of stilbene at  room 
temperature (and within our classical treatment of rotation), the 
average rovibrational energy exceeds the average vibrational 
energy by about 315 cm-I 

We have calculated t;' with the model described above as a 
function of E, for fmed T = 296 K. When these inverse l / e  times 
are plotted vs. their corresponding average rovibrational energies, 
the dashed curve in Figure 2 results. This is just the solid curve 
shifted up in energy by 315 cm-l, where the solid curve was 
obtained by plotting the rates vs. their corresponding average 
vibrational energies, Rather than varying the excitation energy, 

in the thermal gas experiment begins to exceed the Oo % transition 

re-' = k ( ( E ) E X )  - a(t,) 

0 < a(t,) < k(T,E,) 

1 .5k~T (E,  = 0). 
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Figure 4. Fraction of stilbene molecules with energy above the barrier 
after excitation to SI but before isomerization begins. Both curves were 
calculated by assuming a shifted Boltzmann distribution in SI (rovibra- 
tional density of states used, eq 5 ) .  The solid curve was obtained by fixing 
T = 296 K and varying the excess energy E,, whereas the dashed curve 
corresponds to fixing E, = 0 and varying T (300-425 K). 

one may also perform experiments in which T is varied and E, 
is fmed. Calculated inverse l /e times for this case are also plotted 
in Figure 2 for E, = 0 and T in the range 300-425 K. While the 
curves in Figure 2 corresponding to E, or T variation are similar 
in magnitude and shape, it is clear that tL1 increases more slowly 
with average rovibrational energy when Tis varied and E, is fmed 
than when E, is varied and T i s  fixed. This can be readily un- 
derstood by plotting the fraction of molecules in S1 just after 
excitation (no isomerization yet) that have energies above the 
barrier energy vs. the average rovibrational energy as shown in 
Figure 4. The solid curve corresponds to the case in which E, 
is varied from 0 to 2555 cm-l and T i s  fixed a t  296 K, while the 
dashed curve corresponds to fixing E, at  zero and varying T from 
300 to 425 K. As E, increases from zero, eventually all the 
population is shifted above the barrier and, hence, the solid curve 
exhibits a plateau at  unity. When E, is fixed at  zero, increasing 
Twill broaden the initial Boltzmann distribution in SI so that more 
of the population lies above the barrier, but there will always be 
some molecules with energy less than the barrier, which makes 
the rate (&-I) change more slowly with T variation than with E, 
variation as a function of the average energy. 

The thermal isolated-molecule fluorescence decay for the case 
E, = 0 is particularly important because, as shown above, this 
experiment provides a means to measure the thermally averaged 
rate k( 0. By adding a buffer gas at  low pressure, we can observe 
whether the initial rate is still k( T)  + k, in the presence of few- 
body (e.g., binary) collisions and therefore whether the effect of 
the collisions is purely a statistical redistribution of energy. This 
also has important implications for the interpretation of the rates 
measured under high-pressure gas-phase and liquid solution 
conditions, since the theories used to analyze these rates use only 
statistical descriptions of the collision dynamics. For these reasons 
we have measured the transient fluorescence of stilbene under 
low-pressure gas-phase conditions with E, = 0. The results of 
these experiments are presented in the following section and are 
discussed in terms of a stochastic model that accounts only for 
the statistical effects of the collisions. 

IV. Rates under Low-Pressure Collisional Thermal Gas-Phase 
Conditions 

The effect of few-body collisions on thermal gas-phase stilbene 
isomerization has been studied from low to medium pressures in 
the presence of methane gas. Total fluorescence decay curves were 
measured with the single-photon-counting technique for methane 
pressures ranging from 0 to 5 atm at  room temperature (296 K). 
Results of experiments up to 100 atm are described elsewhere.' 
The excitation laser frequency was tuned to the 0; transition4* 
in order to produce an initial distribution over the rovibrational 

TABLE I: Exponential Fitting Parameters" for Stilbene Transient 
Fluorescence 

total 
pressure,b 

atm A I  A2 A3 71 73 Xr2 
vapor 27.20 34.51 38.29 874.0 2218.2 192.4 0.94 
1 85.65 14.35 0 350.5 787.7 1.02 
2 98.87 1.13 0 288.4 2296.3 1.26 
3 99.31 0.69 0 223.4 2190.0 1.26 
4 99.18 0.82 0 184.4 2523.9 1.23 
5 99.27 0.73 0 161.5 2215.6 1.01 

"Fits are at most three exponentials. The A, are preexponential 
factors in percentage units, and the 7, are the time constants in pico- 
seconds. X: is the usual weighted sum of the squares of the residuals.6s 
Pressure is increased from the vapor pressure of pure stilbene solid by 

the addition of methane gas at 296 K. 
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Figure 5. Transient fluorescence decay curves of stilbene under thermal 
collisional gas-phase conditions at T = 296 K. (A) Deconvoluted fits (see 
text) to the experimental decays of stilbentmethane mixtures from 1 to 
5 atm. (B) Decay curves calculated with the stochastic Freed-Heller 
model (eq 18-22). Curves a-d correspond approximately (see Appendix 
B) to pressures of 1, 2, and 4 atm, respectively. The dashed line in 
both (A) and (B) corresponds to a single-exponential decay with a time 
constant equal to [k(T)  + k,]-'. The horizontal line marks the l / e  
intensity in both (A) and (B). The fit to the experimental pure vapor 
decay obtained under isolated-molecule conditions (curve labeled v) is 
included for comparison in both (A) and (B). 

energy levels in the excited electronic state approximately equal 
to the initial Boltzmann distribution in So (see section 111). The 
instrument function' was deconvoluted from the measured decay 
curves using the method of nonlinear least squares with iterative 
reconvol~t ion.~~ The fitting function used was the sum of either 

(65)  Cross, A. J.; Fleming, G.  R. Biophys. J .  1984,46,45. OConnor, D. 
V.: Ware, W. R.; Andre, J. C. J. Phys. Chem. 1979, 83, 1333. 
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two or three exponentials. The deconvoluted fits are shown in 
Figure 5A, and the exponential parameters are listed in Table I. 

The decay during the first l / e  time is nearly single exponential 
for pressures above about 1 atm. The partial “leveling off“ at much 
longer times, in the 4- and 5-atm curves, may be significant but 
may also result from a small amount of scattering in the cell. The 
dashed line in Figure 5A corresponds to a singleexponential decay 
with a time constant equal to [ k ( T )  + kr]-’ ,  where k ( T )  is the 
thermally averaged rate (eq 8). 

Transition-state theory and related theories of barrier-crossing 
dynamics under collisional conditions assume complete random- 
ization of the internal rovibrational energy among all the modes 
of the molecule. The only function of the collisions is statistical; 
Le., the collisions attempt to establish or maintain a Boltzmann 
distribution in S1, while the rate corresponding to each rovibra- 
tional energy level, k(E) ,  is the same as in the isolated molecule. 
In order to illustrate qualitatively how the fluorescence decay curve 
depends upon the collision rate when the collision dynamics are 
purely statistical, we have calculated decay curves for pressures 
within the 0-5-atm range for an effective oscillator of degeneracy 
D using the stochastic model of Freed and Heller!7 The frequency 
of the effective oscillator, wcff, is approximately proportional to 
the average energy transferred upon collision with a methane 
molecule. The vibrational relaxation dynamics of the effective 
oscillator is described by the step ladder model of Montroll and 
Shuler,66 in which collisions with the “inert” (methane) collision 
partners can only change the oscillator’s quantum number by unity. 
The upward and downward rates for the vibrational transitions 
satisfy detailed balance conditions and are proportional to the gas 
pressure. The upward and downward rates are also linearly 
proportional to the final and initial quantum number, respectively. 
Thus, for the degenerate oscillator 

(16)  

k-(n+n+l) = (n+l)v  exp[hweff/kBTl (17)  

k’(n-n-1) = (n + D - l ) ~  

where n is the total quantum number (sum of the quantum 
numbers for the individual D oscillators) and v is the rate of 0 - 1 transitions and is proportional to the total collision rate 
(pressure). An alternate description of the collision dynamics 
based upon the energy diffusion e q ~ a t i o n ~ 4 ~ ~  may be used for those 
cases in which it is known that the energy transferred upon collision 
is small compared to kBT (Le., the weak collision limit). 

The normalized fluorescence intensity is 

G d t )  = e P , ( ( t )  (18)  
n=O 

where P,(t) is the probability of finding the effective oscillator 
in the nth energy level. The FH model yields the following 
equation of motion for P,(t): 
P,(t) = - [ D  + k ,  + n({ + l)v]P,(t) + 

[ n  + D - lIvPn-l(t) + [n + 11~v‘vP,+,(t) (19)  

kn 1 kr + knr(nkwed (20)  

{ = exP[hweff/kBg (21)  

where 

and 

The numerical method employed to solve eq 18 and 19 is discussed 
briefly in Appendix B. The choice of initial conditions are given 
by 

p n ( t = ~ )  = Jmdw d[u-(*)/+en~ ~[(n+)/+efrul Deff(u) 

(22)  

(66) Montroll, E. W.; Shuler, K. E. J .  Chem. Phys. 1957, 26, 454; Adu. 
Chem. Phys. 1958, 1, 361. 

(67) Borkovec, M.; Berne, B. J. J .  Chem. Phys. 1985,82, 794. Troe, J. 
J.  Chem. Phys. 1977,66,4145. Keck, J. C.; Camer, G. J.  Chem. Phys. 1964, 
43, 2284. Troe, J. J .  Chem. Phys. 1982, 77, 3485. Grote, R. F.; Hynes, J. 
T. J.  Chem. Phys. 1982, 77, 3736. 
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where O(x) is the Heaviside step function and Dedw) is the initial 
Boltzmann distribution over the energy levels of the effective 
oscillator. Deff(w) is determined by the values of D and weff In 
order to facilitate the comparison to stilbene isomerization D and 
weff were chosen so that keff( T) ,  the thermally averaged 
“isomerization” rate of the effective oscillator, is approximately 
equal to k ( T )  [ D  = 14, wcff/27rc = 120 cm-’1. Deff(w) was then 
calculated with the direct-count method as discussed in section 
111. ‘ 

Equations 18 and 19 were solved for several values of v (see 
Appendix B) corresponding to the pressure range 0-5 atm at  296 
K. The results are shown in Figure 5B. First, the thermally 
averaged rate, k ( T )  + k,, is the maximum initial decay rate and 
is also the upper limit of the inverse l / e  time. Second, as the 
pressure increases the decay tends toward a single exponential 
with a time constant equal to [k(T)  + k,]-l. This behavior can 
be understood qualitatively as follows. Collisions attempt to 
maintain the initially prepared Boltzmann distribution as radiative 
loss and isomerization proceed. However, a t  the lower pressures, 
the collision rate is not fast enough relative to the isomerization 
to maintain the Boltzmann distribution over the higher energy 
levels. The result is that after a time the rate of fluorescence decay 
slows down due to a drop in the relative population of the higher 
levels, and a steady-state distorted Boltzmann distribution is 
subsequently maintained. The decay then tends toward a single 
exponential with a time constant greater than [k(T)  + kr]-’. As 
the pressure increases, the collisions compete more favorably with 
isomerization, and the distortion of the Boltzmann distribution 
due to isomerization of the hot molecules begins to vanish; Le., 
collisions begin to replace molecules in the higher levels a t  the 
same rate that they are removed by isomerization. The decay 
then becomes single exponential with a time constant equal to 
[k(  T )  + k,]-l, in agreement with earlier work by L i r ~ . ~ ~  Further 
increases in pressure have no effect, since the rate of fluorescence 
decay is now limited by the thermally averaged rate, k(T) + k,. 
In other words, the steady-state distribution is the Boltzmann 
distribution for all higher pressures. 

It is reasonable to expect that k( T) ,  the thermally average rate, 
should be equal to k T S T ( T ) ,  the transition-state rate, if the initial 
distribution created in S, is the equilibrium distribution. The 
condition of equilibrium is essential, since the reactant population 
(excited trans-stilbene) must be at thermal equilibrium in order 
for transition-state theory to apply. Then in this case it is easy 
to verify that k( T) is equal to kTST( T )  by taking the thermal 
average of the RRKM expression45 for kn,(E) 

which yields the usual expression for the transition-state rate 

In eq 23, p* is the transition-state density of states and p is the 
reactant density of states. The transition-state partition function 
is denoted by Qf in eq 24. 

If k(T)  may be equated with k T S T ( T )  as above, then an im- 
mediate consequence is that the initial isomerization rate (Figure 
5A) would exceed k s T (  T)  for P 1 2 atm, in disagreement with 
all statistical theories of barrier-crossing dynamics. In the fol- 
lowing section we consider several possible origins for the apparent 
nonstatistical behavior of the collision dynamics. 

V. Discussion 
The success of the simulations (section 111) of the thermal 

isolated-molecule behavior from the energy-level-dependent rates 
(k(E,)  measured in supersonic jets) argues for a simple model 
of the stilbene isomerization in which only the energy of a state 
determines its isomerization rate. This might be combined with 
the success of Troe’s fit of the k(E,) data to the RRKM model4 
to lead to the conclusion that a purely statistical description of 
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the direct bimolecular rate kb = 9.1 X lo8 atm-I s-l (2.2 X 1Olo 
M-’ s-l, assuming ideal-gas behavior). This value of kb implies 
that the methane directly promotes isomerization with an efficiency 
of about 4% of the ideal-gas collision rate.70 The corresponding 
yield a ( P )  = k,P/t;l(P) is about 0.35 at  1 atm, increasing to 
0.74 at 5 atm. 

3. The intramolecular potential surface is substantially per- 
turbed during collision. The So-Sl absorption spectrum of stilbene 
red-shifts by over 1000 cm-’ on going from the isolated molecule 
to s o l u t i ~ n . ~  Since the isomerization barrier is formed by the 
avoided (or possibly diabatic) crossing of the ‘B, and IA, excited 

the red-shift (So - ‘B, transitions) may signify that the 
bamer height decreases with increasing pressure, if ‘B, shifts more 
with pressure than ‘A,, as is commonly believed to be the case. 
However, according to Figure 6 of ref 5 ,  the observed red-shift 
(with ethane as the buffer gas) is negligible up to about 10 bar, 
which means that the substantial increase in the initial rate with 
pressure for the decays shown in Figure 5A cannot be due to shifts 
in the potential surface. On the other hand, remarkably similar 
barrier heights are obtained from the RRKM fits to the jet data 
(EB = 3.4 kcal lm01~~) and isoviscosity plots in liquid ethane (EB 
= 3.5 kcal/mo11*2). The possibility of substantial perturbation 
of the potential surface by such an “inert” solvent as methane has 
serious implications for barrier-crossing theories in solution. If 
large changes in barrier height or shape occur during collision, 
it may be incorrect to treat the problem in solution as stochastic 
motion on a fixed potential. In other words, it may be necessary 
to allow, for example, the barrier height to fluctuate stochastically 
in addition to the momenta. 

Maneke et al.5 have attempted to model the collisional per- 
turbation (P > 10 bar) as a decrease in EB during van der Waals 
interaction. Direct attempts to measure EB as a function of gas 
pressure are needed to test their proposed mechanism. 

4. The equilibrium distribution Ds, over the rovibrational levels 
in SI differs significantly from the initial distribution D, created 
in SI by laser excitation of population from So. In the absence 
of collisions Ds, cannot relax toward Ds,.  Hence, the use of Ds, 
in eq 3 is the correct choice for the calculation of the isolated- 
molecule fluorescence decay, which is supported by the remarkably 
good agreement with experiment (Figure 1B). However, when 
collisions are turned on, they would tend to cause Ds, to relax 
toward Dsl.  If the barrier in SI is adiabatic, Le., formed by the 
interaction of two electronic states (lB, and {A,), then it is possible 
that the density of states near EB and above in S1 differs from 
p, in So in the same energy range above the zero-point level. If 
ps,  should rise more sharply with energy in this region than pB 
(since the barrier height in S1 is much less than that in So), then 
the shape of Ds, would be such that more population would exist 
above the barrier (where k,,(E) is large) than in D . This would 
result in k( T;Ds,) > k( T;Ds,) [k(  T;D,) is k( T )  2 the previous 
sections]. Since kTsT(T) must be calculated with Os,, one would 
then expect kTsT( r )  > k( T;Ds,). However, since the nature of 
Ds, is presently unknown it is also not known how much kTsT( r )  
would exceed k( T;D,,). 

The above discussion implies that under certain conditions it 
might be possible to observe rates k that exceed kTST. The un- 
derlying reason is that the inequality k I knT holds only if certain 
criteria are satisfied: (a) the reactant molecules are in equilibrium 
with the molecules in the transition state; (b) internal equilibrium 
prevails for both the reactant and transition-state molecules; Le., 
IVR is complete (the energy is randomized over all the vibrational 
and rotational degrees of freedom). The thermally averaged rate, 
k( T), given by eq 3 is expected to be equal to kmT( T )  as discussed 
above (see eq 23 and 24). But this equality also has its own set 
of conditions: (c) the jet rates used for k ( E )  must be the mi- 
crocanonical rates; Le., IVR must be complete; (d) the initial 
distribution created in Sl by the laser excitation step must be the 
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Figure 6. Stern-Volmer plot of the inverse l / e  times (X) of the stilbene 
transient fluorescence decays shown in Figure 5A. The solid line is a 
linear least-squares fit. 

the isomerization process is capable of rationalizing the available 
experimental data. However, when the experiments with an inert 
buffer gas are confronted (section IV), this conclusion no longer 
appears tenable. With increasing buffer gas pressure, collisions 
increase the decay rate beyond k( T),  the thermally averaged rate, 
which seems to imply that the role of the collisions is more than 
to simply maintain equilibrium between the rovibrational degrees 
of freedom of the reacting molecules. There are a number of 
possible explanations for this behavior and in this section we give 
a brief discussion of some of the possibilities. 

1. The isomerization is nonadiabatic in the isolated molecule 
but becomes more adiabatic as the collision rate increases.6 This 
proposal, while remaining an important possibility in dense gases 
or liquids, seems to be ruled out by time-scale considerations as 
an explanation of the 0-5-atm data. In order for collisions to 
influence the adiabaticity of the reaction, they must occur on a 
time scale comparable to the time the molecule spends in the 
curve-crossing region. For stilbene Felker and Zewai16 estimate 
this latter quantity to be approximately 10 fs, whereas the 
hard-sphere stilbene-methane collision rate a t  1 atm is about (40 

2. Intramolecular vibrational redistribution is incomplete in 
the isolated molecule and energy flow from nonreactive to reactive 
modes is enhanced by collisions. In addition, “propensity” rules 
for population of particular modes during collisions are expected.68 
An extreme version of this hypothesis would be that collisions 
directly excite (and deexcite) torsional motion and that for a 
fraction of the molecules with energy greater than about E, - kBT 
reaction occurs before vibrational randomization. Of course, this 
type of effect is forbidden within the RRKM formalism. The 
spectroscopic studies of Zewail and c o - ~ o r k e r s ~ ~  show that the 
redistribution from the initially populated level for E, > EB is 
rapid. However, their measurements do not directly reveal the 
extent of the redistribution, i.e., whether all states of a given energy 
are accessible. Note that if IVR is not complete in the isolated 
molecule, then the rates k,,(E) measured in the jet experiments 
are not truely those of the microcanonical ensemble. This means 
that k( T )  calculated from k,,(E) is not equal to kmT( T).  In the 
context of inaccessible states we should also mention the calcu- 
lation of Berne,69 who discussed isomerization in a system whose 
phase space could be partitioned into two regions. We are not 
aware of any discussion of the influence of collisions on such a 
system. 

If a single collision with buffer gas directly promotes isomer- 
ization, then a simple Stern-Volmer type analysis is possible. A 
plot of t;l vs. pressure (Figure 6) is linear from 1 to 5 atm, 
suggesting that only binary collisions are important within this 
pressure range. The slope of this plot yields what one might call 

ps)-1. 

(70) The diameter of methane, 2.2 A, was estimated from a CPK model. 
The collision frequency between methane and a single stilbene molecule (13.2 
A, see ref 57) was then calculated with the well-known hard-sphere collision 
formula. 

(68) McDonald, D. B.; Rice, S .  A. J .  Chem. Phys. 1981, 74,  4907. Par- 

(69) Berne, B. J. Chem. Phys. Leu. 1984, 107, 131 
menter, C. S.;  Tang, K. Y .  Chem. Phys. 1978, 27, 127. 
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equilibrium distribution over the rovibrational levels in SI. If these 
two conditions are not satisfied, then it is quite possible that 
knT( T )  2 k( T). This does not imply, however, that rates mea- 
sured under collisional conditions cannot exceed k n T (  7). If the 
collisions result in the violation of any of these four (a-d) statistical 
conditions (e.g., one or more of the four (1-4) possible mechanisms 
suggested above), then the measured rates may exceed k(T) and 
possibly knT(T). The major point of this paper is that by as- 
suming that the above conditions hold in the calculation of k( T), 
we obserue rates faster than k(T) above 2 atm. The apparent 
inconsistency must therefore be due to the breakdown of one or 
more of the above conditions (a-d), and our current state of 
knowledge is insufficient to determine which. 
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Appendix A. A Simple Model for the Fluorescence Decay of 
Stilbene under Isolated-Molecule Conditions 

The time-scale separation between the excitation a7d;ea'ction 
steps enables the initial distribution in SI, D(Er), created by the 
radiation absorption step, to be calculated via the golden rule 

In this expression, Xs,s, is the electronic transition dipole matrix 
element for So - S1 transitions, ni is the set of vibrational quantum 
numbers for a state with energy Ei in So (nrand Erare sirniidrly 
defined for states in Sl), Pn,(Ei) is the probability of finding a 
molecule in a state of energy Ei with vibrational quantum numbers 
n, in So prior to excitation, ofl is the transition frequency, o is the 
laser frequency, and I ( n,Ejni&) I* are the Franck-Condon factors. 
The prime on the second summation sign in eq A.l  denotes that 
the sums over ni and nr are only over values of the vibrational 
quantum numbers consistent with the energies E, and Er, re- 
spectively. No explicit reference to rotational states appears in 
this equation since the rotational motion is treated classically (see 
section 111). 

Substituting eq A.l  into eq 2 yields a formula for IF(?) that 
can be greatly simplified if only A: transitions'l are allowed for 
each vibrational mode A, or if there is only one mode B for which 
BF transitions are also allowed (n # m). Stilbene falls into the 
latter category since (a) recent spectroscopic studies of jet-cooled 
stilbenes3 show that only one vibrational mode, vzs (ca. 204 cm-' 
in So, Ce-Ce-(p symmetric in plane bend"), forms a long pro- 
gression in both emission and absorption spectra and (b) the 72 
normal mode frequencies in So are fairly similar to the corre- 
sponding frequencies in S1.53960 These properties suggest that all 
the modes except v2s undergo relatively little distortion upon 
excitation to S1.72 Except for vzs, this means that the strongest 
So - S1 transitions are those for which the vibrational quantum 
numbers do not change and thus have Franck-Condon factors 
close to unity. Consequently, D(Ef) for stilbene should be de- 
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termined primarily by the initial Boltzmann distribution in So, 
if the effects of the progression in vZs on D(Ef) can be neglected. 

In order to assess the effect of the vzs progression on the 
fluorescence decay, we consider the case where the excess vi- 
brational energy E, is zero. In this case only 25: transitions 
maintain energy conservation (assuming that the rotational energy 
does not change upon e ~ c i t a t i o n ~ ~ ) ,  since we have assumed that 
the vibrational quantum numbers of the other modes do not 
change. Since the Franck-Condon factors of all the modes except 
~ 2 5  are approximately equal to unity for these transitions, we need 
only consider the effects of Fnn, the Franck-Condon factors for 
25:. Consequently, the sum over Franck-Condon factors in D(Ef) 
for the ith level in So reduces approximately to the form C(E,) 
g(E,), where 

gn(Ei) 
n g(Ei) Fnn C(E,) = E'- ('4.2) 

and gn(Ei) is the number of states with energy Ei in which mode 
25 contains n quanta and g(Ei) is the total degeneracy of the ith 
level in So. If all the F,,,, were equal to the same constant b, then 
C(Ei) = b, which would simply scale D(E,). by a factor b without 
altering its shape relative to that obtained with C(Ei) = 1. Hence, 
C(E,) corrects g(Ei) for the variation in F,,,, with n. As discussed 
elsewhere,' C(Ei) is expected to be a slowly varying function of 
Ei for stilbene. If this assumption, which should hold best when 
E, = 0, is extended to all values of E,, then eq 3 is obtained after 
converting sums to integrals. 

Appendix B. Numerical Solution of Eq 19, the FH Model 
We briefly describe here the method used to solve eq 19 for 

P,(t) and the relationship between the parameter v and pressure. 
Equation 19 represents an infinite set of coupled differential 

equations. However, the coupled equations are readily truncated 
at  n > nmax, where nmax is chosen so that Pb,(t) << 1 for all t .  
We then set Pd(t) = 0 for n'> nmax and for all t .  The resulting 
truncated set of coupled equations is solved numerically by the 
Hamming's predictor-corrector method with a fourth-order 
Runge-Kutta starter. A listing of the FORTRAN code for this 
algorithm may be found in ref 74. 

The FH model has an analytic solution when k, = f + nl, where 
f and 1 are constants.47 The numerical method was found to 
reproduce the analytic solution with neglibile error. 

Pressure enters the FH model only indirectly through the value 
of v. By a comparison of calculated and experimental l / e  times, 
we found that Y = 0.01 ps-I corresponds to a pressure of about 
1 atm. Assuming a linear relationship between v and pressure 
(see section IV), we could then approximately determine the 
pressures corresponding to other values of Y. Fluorescence decay 
curves were then calculated by the methods described here for 
v corresponding to pressures in the range 0-5 atm, keeping D and 
oerr fixed (see section IV) and nmx weff/2nc = lo4 cm-'. The 
integration time step was 0.1 ps for P I 1.5 atm, 0.05 ps for 1.5 
atm < P 5 2.5 atm and 0.025 ps for 2.5 atm < P < 5 atm. 

Registry No. trans-Stilbene, 103-30-0. 

(71) The symbol A: denotes that upon excitation from So to SI the vi- 
brational quantum number of mode A changes from n to m. 

(72) Herzberg, G. Molecular Spectra and Molecular Structure III .  
Electronic Spectra and Electronic Structure of Polyatomic Molecules; van 
Nostrand: New York, 1966; pp 149-150. 

(73) A similar approximation was made recently in the study of the effect 
of molecular rotations on IVR: Felker, P. M.; Zewail, A. H. J.  Chem. Phys. 
1985, 82, 2994. 

(74) Carnahan, B.; Luther, H. A.; Wilkes, J. 0. Applied Numerical 
Methods; Wiley: New York, 1969; pp 374-375,401-402. 


