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UNIMOLECULAR REACTIONS OF ISOLATED, COLLISIONAL GAS PHASE AND 
SOLVATED MOLECULES: CONNECTIONS BETWEEN STILBENE ISOMERIZATION 

RATES UNDER SUPERSONIC JET AND THERMAL GAS PHASE CONDITIONS 

M.W. Balk, S.H. Courtney and G.R. Fleming 
Dept. of Chemistry, The University of Chicago, Chicago, IL 60637 

ABSTRACT 

Photochemical isomerization provides a practical testing ground 
for activated barrier crossing theories. Stilbene is a prototype, 
because (I) reaction may be initiated by a short optical pulse and 
the decay of the excited trans isomer followed optically, and (2) the 
isomerization rate is slow compared to vibrational or solvent relax- 
ation processes in solution. The goal is to understand the effects 
of the medium upon the reaction kinetics proceeding from the isolated 
molecule to the low and high pressure gas, and liquid solution. 
Towards this end time correlated single photon counting experiments 
of stilbene isomerization are discussed from isolated molecule con- 
ditions up to 90 atm of methane gas. In statistical theories of 
barrier crossing the transition state rate at temperature T, kTST(T), 
represents an upper limit for the reaction rate. However, contrary 
to expectation, for pressures greater than about 2 atm the isomeri- 
zation rate was found to exceed kTST(T) by over a factor of 2 at 5 
atm, and by as much as I0 times at 90 atm. Connections between the 
various types of experimentally observed rates will be discussed, 
taking into account their different statistical properties. 

INTRODUCTION 

The dependence of chemical reaction dynamics on the surrounding 
solvent medium is a topic of much current interest. As discussed 
elsewherel, the photochemical isomerization of stilbene is an excel- 
lent model system 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 iso- 
lated molecules prepared with a well defined initial energy, through 
thermal but still isolated (on the isomerization time scale) mole- 
cules, to collisional gas phase conditions and finally into the li- 
quid phase. The solvent friction is varied over about 6 orders of 
magnitude in these studies, which can therefore provide stringent 
tests of current theories of activated barrier crossing. 

In this paper we discuss the relationships between the various 
types of experimentally observed rate constants, using as a basis for 
our comparisons the isomerization rates k(E), measured in the jet 
experimentsl, 2, for the microcannonical ensemble as a function of 
rovibrational energy. Since it is well-established from extensive 
liquid state studies that no process other than radiative loss from 
S] competes with isomerization, the isomerization rate may be deter- 
m~ned by measuring the total rate of fluorescence decay. I-3 
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RATES UNDER ISOLATED THERMAL GAS PHASE CONDITIONS 

The vapor pressure of stilbene at room temperature is less than 
1 mTorr. Thus, no collisions occur during the fluorescence life- 
time. However, in contrast to the single exponential decays observed 
in jet cooled stilbene 2, non-exponential decay is observed in the 
thermal isolated molecule experiments (Fig. I). This may be 
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attributed to the initial 
Boltzmann distribution 
over rovibrational levels 
in the ground electronic 
state. A simple model of 
the non-exponential decay 
assumes that the initial 
Boltzmann distribution is 
taken up into the first 
excited singlet (a good 
approximation for stil- 
benel), and that the 
fluorescence decay out of 
each level is a single 
exponential as suggested 
by the jet experiments. 
The normalized transient 
fluorescence is given 
byl, 3 Fig. I. Observed ('..) thermal isolated 

molecule fluorescence of stilbene at 
296K, and model decay ( ) (Eq. I). 

GF(t) = I/Q(T) ]o-dEp(E) exp[-E/kBT] exp[-kF(E) t] (I) 

where'(E) is the rovibrational density of states I and kF(E) is the 
fluorescence rate measured in the jet experiments. The decay curve 
calculated via Eq.(1) (and convoluted with the experimental instru- 
ment function) is also shown in Fig. I. It is important to note that 
this is not a fit to the data; there are no adjustable parameters. 

As shown elsewhere 3, GF(t) decays initially as a single exponen- 
tial with rate kTS T. This is expected since the reactant population 
is initially at thermal equilibrium and kTS T is the rate of decay of 
an equilibrium distribution. 

LOW PRESSURE COLLISIONAL THERMAL GAS PHASE RATES 

When buffer gas is added the isomerization rate initially in- 
creases, since collisions try to maintain the Boltzmann distribution 
in the upper levels [larger k(E)]. As the collision rate is in- 
creased further, so is the friction exerted on the stilbene molecules 
by the buffer gas. Eventually the friction becomes large enough so 
that the isomerization rate begins to decrease as the collision rate 
is increased still further. This turnover in the rate with friction 
is predicted by Kramers' barrier crossing theory 4 as well as more 
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modern treatments. 5 These theories also predict that the observed 
rates will be less than kTST(T). While the turnover has apparently 
been observed, 1,6 the rates are not bounded by kTST(T). 

The deconvoluted decays 3 for 0 to 5 arm of added methane are 
shown in Fig. 2. 
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Fig. 2. Deconvoluted experimental decays of stilbene-methane mixtures 
from pure vapor (v) to 5 arm methane at 296K. Dashed curve is 
exp[-kTsTt]. The horizontal line marks the I/e points. 

The inverse I/e time of the decay exceeds kTS T at about 2 atm~ and is 
about 2kTs T at 5 atm. The low, high pressure and liquid state rates 
are plotted in Fig. 3 versus the inverse diffusion coefficient (a 
convenient friction scalel,7). While Fig. 3 seems to indicate that 

the turnover exists in the gas phase at about 90 arm, the rate at 
this pressure exceeds kTS T by about a factor of I0. All the liquid 
state rates shown also exceed kTS T. Possible explanations for this 
behavior include: 

(I) The isomerization is non-adiabatic in the isolated molecule, 
but becomes more adiabatic as the collision rate increases. 8 

(2) Intramolecular vibrational redistribution is incomplete in 
the isolated molecule and energy flow from non-reactive to reactive 
modes is enhanced by collisions. 

(3) The intramolecular potential surface is substantially per- 
turbed during collision, lowering the barrier height. 

Our current state of knowledge does not permit us to confirm or 
rule out any of the above mechanisms. However, they should provide 
a guide for future work on this problem since we believe that our 
data clearly demonstrate that purely statistical models of barrier 
crossing dynamics cannot fully describe stilbene isomerization. 
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Fig. 3. Stilbene isomerization rates I (296K) versus inverse diffusion 
coefficients (see text), o, in gaseous methane varying the pressure; 
+, in liquid ethane; x, in liquid propane; 0, in higher alkanes 9. 
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