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Experimental data for the photoisomerizationti@ginsstilbene () in thermal bath gases at pressures up to

20 bar obtained previously by Meyer, Schroeder, and Tdo®lys. Chem. A999 103 10528-10539) are
modeled by using a full collisional-reaction master equation that includes non-RRKMARam@sperger
Kasset-Marcus) effects due to slow intramolecular vibrational energy redistribution (IVR). The slow IVR
effects are modeled by incorporating the theoretical results obtained recently by Leitned ePhlg. Chem.

A 2003 107, 10706-10716), who used the local random matrix theory. The present results show that the
experimental rate constants of Meyer et al. are described to within about a factor of 2 over much of the
experimental pressure range. However, a number of assumptions and areas of disagreement will require further
investigation. These include a discrepancy between the calculated and experimental thermal rate constants
near zero pressure, a leveling off of the experimental rate constants that is not predicted by theory and which
depends on the identity of the collider gas, the need to use rate constants for collision-induced IVR that are
larger than the estimated total collision rate constants, and the choice of barrier-crossing frequency. Despite
these unsettled issues, the theory of Leitner et al. shows great promise for accounting for possible non-
RRKM effects in an important class of reactions.

Introduction (3) Electronic effects of the high-pressure medium. It has been
The isomerization ofransstilbene to the cis form takes place ~ Suggested that the reaction critical energies are affected (low-
in the S state, photoinitiated by a transition from thegsound ered) in the high-pressure environment.

state at~310 nm. This reaction has provided a fertile field for Syage et al. investigated the state-selective dynamics of
testing theories of unimolecular reaction rates, collisional energy stilbene isomerization, using single vibronic level picosecond
transfer, potential energy surfaces, and so for#lhe reaction excitation in a supersonic jétDetails of IVR rates and yields
has been studied under collision-free conditions in a supersonicwere determined for individual vibronic levels, and in addition,
jet*® with added gases up to pressures beyond the critical rates of fluorescence decay as a function of vibrational energy
point~7 and in liquid solutions. The collision-free reaction  were measured. An abrupt increase in the nonradiative rate at
would appear to be an ideal test for the Ri¢@amsperger energies above 1200 cnT! was attributed to isomerization with
Kasset-Marcus (RRKM) unimolecular reaction rate theory, as a threshold at this energy. RRKM calculations which differed
the § state can be optically prepared with varying amounts of in detail from the earlier work of Khundkar et &hgain led to
internal energy. However, early attempts to apply conventional predicted rate constants that were an order of magnitude larger
RRKM theory gave calculated rate constants that were almostthan experimental values. The authors suggest that this is the

an order of magnitude larger than experimental vafuisree result of a diabatic surface crossing involving the initially excited
general sources of this discrepancy have been considered:  trans B, state and the perpendiculag, Atate.

(1) The use of an incorrect mode| for the potential energy Tro€’ used a reaction coordinate with a frequency of 88tm

surface (PES) for the myual and transition states usgd in the and an adjustable barrier height in RRKM calculations that gave
RRKM calculations. Unlike most unimolecular reactions that . )
values for microcanonical rate constarkszkm(E), that were

take place from the ground electronic state, where fairly accuratein 0od agreement with results from supersonic beam experi-
PES calculations can be made using ab initio methods, stilbene g ; g ¢ . tsin | P | '|3 A

isomerization takes place in an excited electronic state and apMents and from experiments in low-pressure gases. n later
initio calculations are typically less accurate. work, Schroeder et al. calculated rate constants for the isomer-

(2) Deviations from the statistical assumptions required for 'Zation of stilbenet, -0, o, and ¢, using frequencies for
the validity of the RRKM model. In particular, it has been the § state obtained from ab initio calculations as input to

. . . . . i 10 i i i
suggested that intramolecular vibrational redistribution (IvR) RRKM calculations? In these calculations, the barrier height
is slow enough to limit the validity of normal RRKM theory as Was treated as an adjustable parameter and threshold energies

applied to the isomerization of stilbene in the supersonic jet or Of 1155+ 10 cnm* were used for all isotopomers but stilbene-

in gases at low pressures. dao, for which a barrier of 1060 cmt was found. RRKM rate

constantkgrkm(E) were in good agreement with experimental

* To whom correspondence should be addressed. E-mail: weston@bnl.govy,g)yes for energies of 1668000 cnT. However, it is surprising

(R'TEE;YX;(Z;(E;T;:"N’;Eg‘{,'g?rggg}'ggfy‘?“ (ORE.). that the trend of barrier height with isotopic substitution is not
* University of Michigan. monotonic.
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Conventional RRKM calculations made by Gershinsky and “stable states picture” of chemical reactidés.
Pollak® were found to be in good agreement with experimental

results when they also invoked FrameRondon cooling. k(E) = k(E)krrkm(E) (3a)

However, the molecular frequency distribution used in their

calculations differs significantly from that found in more recent kyvr(E)

ab initio calculationd? K(E)=r—57— (3b)
kyvr(E) +vg

More recently Meyer, Schroeder, and Troe (MST) have
studied stilbene photoisomerization in rare gases, carbon dioxide,
methane, ethane, and propane at a temperature of 323 e
observed fluorescence decays are nonexponential in character ) ) .
because the initial energy distribution is relaxed by collisions N these e'xpre.ssmnkﬁVR(E) is the collision-free rate constant
to a steady-state distribution which does exhibit exponential (™) for vibrational energy flow calculated with the LRMT
decay. At lower pressures, the rate constant increases withmethod,vr is the barrier-crossing frequency , Ky is the
increasing gas pressure and with increasing molecular complex-bimolecular rate constant (énmolecule s™) for collision-
ity of the bath gas. At higher pressures, the rate constant forinduced IVR, and [M] is the concentration (molecule cnof
some gases levels off at apparent high-pressure limits thatcollider gas.
depend on the identity of the bath gas. MST use a master A second key assumption made by LLQM¥ thatvg can
equation approach in which bath gas effects are included by Pe identified with the imaginary frequency of the reaction
assuming a reaction critical energy that depends on pressuré:oordinate. This eliminates arbitrariness, since the imaginary
and gas identity. This ad hoc assumption leads to reasonabldrequency is determined from the frequency analysis of the

kr(E) = KUr(E) + kyr[M] (3¢)

agreement with their experimental results. transition state in the usual way. Thus, its magnitude is
A recent paper by Leitner et &.(LLQMW) expands upon determined objectively and its variation with isotopic substitution
a model introduced earlier by Leitner and Woly&ashich is emerges in a completely natural way. With this formulation,

based on an approximate version of the local random matrix LLQMW succeeded in calculating rate constants in good
theory (LRMT) of Logan and Wolyné$ and Leitner and agreement with experiment for isotopomers of stilbene contain-
Wolynes!s According to the LeitnerWolynes theory, the ing from 0 to 12 deuterium atoni8.For collisions between

vibrational energy flow rate is given by the expression stilbene and methane collider gas, they fougig ~ 8.3 x
107° cm?® s~ 1. We show in the present work that this very large
=(1h 2 (E 1 value is nearly equal to the quantum total collision rate constant
Ke = (L) g NolTeolE) @) estimated with the method of Durant and Kaufni&kve also

show that with this choice of the imaginary frequency fgr
where Q indicates a distance in vibrational quantum number the rate constants for collision-induced IVR exceed the total
space[IVo|?0is the mean square coupling to states a distance collision rate constant for larger collider gases.
Q away, andp(Q) is the density of such states. The matrix ~ The purpose of this paper is to determine whether the
elements coupling statésandi’ are given by?2 approach used by LLQMW gives a good description of the
extensive experimental results of MST, who measured the time-
at Ng, dependent fluorescence decayt@nsstilbene in the $state
Vi 2 [1]— @o7)™ (2)  at 323K and bath gas pressures ranging from 0.1 to 283ar.
o b These conditions are much more like those used in most studies
of unimolecular reactions than are molecular beam conditions.
where the various terms and symbols are defined by LLQMW.  The spectacular success of the Leitner et al. theory in explaining
Of importance to the present paper are the two empirical the stilbene molecular beam experiments suggests that it may
constants andb, which were obtained from a least-squares fit prove to be a useful general method for estimating non-RRKM
of potential energy surfaces for a collection of organic mol- effects in other unimolecular reactions under ordinary conditions.
ecules’® Typically, a~ 3000 and ~ 200-300 when the matrix ~ There is considerable current interest in non-RRKM unimo-
elements are expressed inchunits. The uncertainties inthese  |ecular reactiond-32 Thus, the motivation of the present work
parameters produce a factor of2 uncertainty in the magnitude s to use the data set from MST in evaluating the performance
of K\ r(E), the collisionless IVR rate as a function of energy of the theory of LLQMW when applied to unimolecular reaction
(David M. Leitner, personal communicatioh)?141718|n a in bath gases.
number of casedy = 270 seems to work welf-17for stilbene, MST preparedtransstilbene in the $ excited state by
LLOMW used b = 23012 This approach enabled them to pumping the origin of the S-S transition with 2 ps pulses at
calculateki,z(E) for stilbene in the $state. Also critical to 310.23 nm. Since the isomerizationtcdins-stilbene competes
their calculations was their new ab initio calculation of the PES, with the natural fluorescence rate (which is independent of
which led to vibrational frequencies of thg &d S molecules vibrational energl?), the measured fluorescence decay is
and for the transition state. The barrier to isomerization was affected by the isomerization reaction. Prior to the laser pulse,
found to be 750 cm! after zero-point energy correction, transstilbene in the $ground state reaches thermal equilibrium
considerably lower than the apparent energy threshold measuredvith the collider gas at the bath temperature (323 K). Following
in molecular beam experiments. In addition, the imaginary the laser pulse, the nascent distribution of excited stilbene in

frequency for reaction on this surface was found ta/g&29c the S state is the Boltzmann distribution established in the S
= 607 cnr? (where c is the speed of light), which differs  state, which differs only slightly from the equilibrium thermal
significantly from values used in other calculatidfg?®2° distribution in the $ state. The initial isomerization reaction

To account for IVR, LLQMW assumé&dhat the microca- rate therefore corresponds closely to a thermal distribution of
nonical RRKM rate constant is modified by the inclusion of a excited molecules: the high-pressure limi.) of a thermal
transmission coefficient(E), as outlined by Nordholr This unimolecular reaction. As the reaction proceeds, the population
assumption can be justifiétby invoking Northrup and Hynes’  at higher energies becomes depleted because the more highly
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excited molecules react at faster rates and the measured rate of Initial Energy Distribution. The initial energy distribution
decay is subsequently reduced. Eventually a steady-state energwas taken to be theeans-stilbene thermal distribution in theyS

distribution is established where collisional activation is balanced
by chemical isomerization. This steady-state distribution is the
falloff distribution familiar from unimolecular reactiorig:3¢

During the evolution of the energy distribution, the fluorescence

state, calculated from they Sibrational frequencie® At 323
K, the calculated average thermal energy of thet&te based
on this distribution function is 2320 cm, which is only a little
lower than the calculated average thermal energy of thete®e

decays are nonexponential, but the initial thermal rate and the (2367 cnt?). Since the high-pressure limit in a unimolecular

final steady-state rate are well-defined and were reported by
MST.
In the following, our specific goals are to determine whether

reaction corresponds to the equilibrium thermal energy distribu-
tion, MST referred to the initial rate constant ds," 13 We
refer to it as the initial rate constant. In our simulations, we

the model fits the measured pressure dependence of the stilbenbave used the thermal 8nergy distribution, which results in

isomerization and to what extent collision-induced IVR is
important for the collider gases investigated by M&and
whethervg in eq 3b is independent of the collider bath gas as
expected and can be identified with the absolute value of the
imaginary frequency calculated by LLQMW (607 cH.12 We
show that the LLQMW theory can be fitted to the experimental
data within about a factor of 2 over the pressure range from the
free molecule limit to>100 bar, but it does not predict the

initial rate constants for isomerization in the Sate that are
not exactly equal td. for the § state, although they are very
similar.

Intermolecular Energy Transfer. Energy transfer was
represented by an empirical expression derived from measure-
ments carried out using kinetically controlled selective ionization
(KCSI). This technique, developed by Luther and co-workers,
is probably the most accurate method currently available for

leveling off of the rate constant at high pressures measured forcollisional energy transfer measurements involving large mol-
some of the bath gases. Close inspection of the fitted parametergcules'® The empirical expression for the energy transfer step
reveals some additional problems in interpretation and helps tosize distribution is

identify areas of concern. In particular, we show that usisig
= 607 cn1! produces fitted collision-induced IVR rate constants

that are significantly larger than the estimated total rate constant
for collisions between stilbene and polyatomic bath gases. Other

choices forvg that are proportional to the imaginary frequency

1

P(E,E’) = @ 0

®)

o -

(E -F) Ll
W]V} for (E E) =

can reduce this problem to some extent, but some rate constantwhereP(E,E) is the probability density for energy transfer from

are still unrealistically large.

Theory and Calculation Methods

Microcanonical Rate Constants.The microcanonical rate
of isomerization of stilbene was calculated using RRKM theory,
modified to take into account IVR that affects the unimolecular
reaction rate. Our calculations utilize the critical enerBy €
750 cntl) and vibrational frequencies (for they &ind S
molecules and the transition state) obtained by LLQMW in their
ab initio calculations for stilben®.The calculations were made
using the Multiwell suite of programs (version 1.5.26)3%in
which a stochastic method is used to solve the collision-reaction
master equation.

Reaction rate constants are calculated according to RRKM
theory33-36.40 modified by the IVR transmission coefficient
from eq 3b. According to RRKM theory, the energy-dependent
specific unimolecular rate constak(E) is given by

£ %
Keri(E) = m’ Jex] Ge 1 G(E ~ &) )

Ri mot | g.h o
whereni* and m are the number of optical isomers,, and

Oext @re the symmetry numbers, agf@iandge are the electronic

vibrational energ\E' to energyE in a deactivation step\(E')

is a normalization factory is an empirical parameter, and the
energy transfer parameteE’), which is almost identical to
the average energy transferred in deactivating collisions (i.e.,
[AElown), is a linear function of internal energy. This expression
reduces to the conventional exponential model whiess 1.

For single-channel reactions, it makes little quantitative differ-
ence in reaction simulations whethe(E') is treated as a
constant or as a function of energy.

In Multiwell, the normalization factoN(E') in eq 5 is
calculated by first estimating its value and then following an
iterative proceduré’-3°High on the energy ladder, the density
of states function is relatively smooth and this procedure is
efficient and stable, as is the single-pass normalization method
of Gaynor et aB>47 Low on the energy ladder, however, the
density of states function is erratic and ill-behaved. This behavior
and the form of the normalization function itself can result in
numerical instabilities at low energies. The instabilities lead to
errors in the normalization factors and to distortions in the
calculated thermal energy distribution function at low energy.
For most unimolecular rate constant calculations, this is not an
issue, because the calculated rate constant is not very sensitive
to energy transfer at energies far below the reaction threshold.
For stilbene at 323 K, however, the reaction threshold energy

state degeneracies of the transition state and reactant, respedalls below the average thermal energy2@60 cnt?) and thus

tively; h is Planck’s constantG*(E — E) is the sum of states

of the transition statek, is the reaction threshold energy, and
p(E) is the density of states of the reactant molecule. The internal
energyE is measured relative to the zero-point energy of the
reactant molecule, and the reaction threshold energy (critical

the unimolecular rate constants are affected by errors in the
thermal energy distribution function. The errors in the thermal
energy distribution function depend on the magnitude of the
energy transfer step sizgE').

To estimate the magnitude of the errors, we carried tests out

energy) is the difference between the zero-point energies of theusing the conventional exponential model (edv5+ 1) with

reactant and transition state. In eq 4, the quantity in square

different assumed values for the energy transfer paranceter

brackets is the reaction path degeneracy, which is assumed tdindependent of energy) to calculate the stilbene trans-to-cis

equal unity for this isomerization reaction. No centrifugal

isomerization rate constant at a simulated pressure bbao

corrections were made. Vibrational assignments and molecularof methane bath gas. At this extreme pressure, the simulated

structures fottrans-stilbene in the $and S states were taken
from LLQMW.12

rate constant should be essentially equaktoFor Multiwell
version 1.5.1p, which was used for all of the results reported in
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this paper, we found that the relative error in the calculated TABLE 1: Reaction Barrier-Crossing Frequencies

rate constant varies from4% wheno. = 100 cn! to —27% isotopomer  vRMYR  pRREMID  ratio = ygRRKM/pmag
whena = 2000 cnT?. The relative percent errors are described -

b - o - _ 6,42 stilbened, 607 219 0.361

y an empirical function: %Error —0.2600 — 5.8 x ~10 %o stilbened, 475 170 0.358
for Multiwell (version 1.5.1p). In the most recent version of  sijlbened, 606 220 0.363
Multiwell (version 2.01), some improvements were made in  stilbeneé, 473 171 0.362

the normalization subroutine, resulting in somewhat smaller aFrom Table 2 of LLOMW (units of cnrd). ® From eq 9 and

errors: —2% wheno = 100 cni* to —20% whena. = 2000 frequencies from the Sugporting( Information i)n LLQMVI\(Snits of

cm™1. By comparing results from simulations using the two cm).

versions of Multiwell, we found that the differences are

relatively small at low pressure (2.9% at 0.1 bar) and higher at  The IVR transmission coefficient requires the rate of barrier

higher pressures (9.7% at 64 bar). At lower pressures, thecrossing, vs. Since he was using RRK theory, Nordholm

differences are reduced because the steady-state (“falloff”) identified the barrier-crossing frequency with the analogous

energy distributions are attenuated at higher energies. The actuaparameter in RRK theord% The classical RRK rate constant

errors must be larger than the differences between the twotakes the form

versions of MultiWell. The errors in our reported results

(obtained using Multiwell version 1.5.1p) are difficult to KE) = v [

estimate but for large values of are probably~5% at low R

pressure and up te-20% at the highest pressures that we

simulated. These errors are not large enough to affect any ofwhere the parametes is the number of classical harmonic

the conclusions reached in this paper. oscillators in the reactant molecule; the other quantities have
In most of the present calculations, we assumed Yhat1 the same meanings as before.

anda(E') was treated as a constant, which was adjusted to fit ~Other choices are also possible fag, however. LLQMW

the experimental data. This approach was taken because littleused the imaginary frequencyd™#9c = 607 cnr?) obtained

is known about intermolecular energy transfer involving stilbene from the potential energy surfaég.This choice has the

and it is not warranted to use a more elaborate model. KCSI advantage that its value is a clearly defined function of the

experiments on energy transfer between vibrationally excited potential energy surface and atomic masses. It is not necessary

stilbene (9) and three bath gases (argon, carbon dioxide, and for one to make a difficult (and arbitrary) selection from among

n-heptane) were reported very recently by Frerichs &% &he a collection of normal modes that are very similar to each other.

vibrational energy range over which they were measur&D00 A third possible choice for this quantity is the RRKM

cm~! to 40 000 cm?) is generally higher than the range of frequency for barrier crossing. By substituting the expressions

energies relevant to the MST experiments and the uncertaintiesfor the sum of states and the density of states of collections of

at the low-energy portion are relatively large. At vibrational classical harmonic oscillators into RRKM theory, classical

energies below 10 000 cry a(E') varies by<11% for all three RRKM theory takes the following form

of the gases investigated by Frerichs et al., supporting our

pragmatic assumption thed E') is approximately independent

E — EO s—1
T] @)

of energy for all of the bath gases. 1 hw; E—EJs!

Collision frequencies were based on the Lennard-Jones K(E) = - - (8)
intermolecular potential with parameters taken from MST. hs1 E

Effects of IVR. To explain the anomalous behavior of hyi*

stilbene isomerization, Nordholm argued that slow IVR intro- =
duces a bottleneck to reactiéhHe used RRK theory to make

his arguments concrete and showed that the usual microcanoniwherey; andv;* are the normal-mode frequencies of the reactant
cal k(E) is modified by a transmission coefficient, as in eq 3. molecule and the transition state, respectively. This expression
He argued that there are collisional and collision-free contribu- has the same functional form as RRK theory with the RRKM
tions tokyr(E) and that the threshold for fast collision-free IVR ~ frequency of barrier crossing given by

should be at a higher energy than the reaction critical energy.
Both of these predictions are consistent with the results obtained

later by LLQMW. I_l Vi
The collision-free IVR rate as a function of energy faans JRRKM _ = 9)
stilbene (%) is represented by a quadratic expression we R s—1
obtained by fitting data taken from Figure 6 of Leitner etZl. I_' vi*
i=

(E) =—-1.28x 10" + 1.00 x 108(E— E,) +3.44x ) ) ) ) o )
VR 0.
Like the imaginary frequency, this quantity is easily calculated,

2 0
10°E - E)?, forE= Eyg° (6) free from arbitrariness, and varies with isotopic substitution in
] ] - a natural way. A drawback of using the RRKM frequency is
whereEy = 750 cnt? is the reaction critical energy arighr° that it is implicitly based on assuming that non-RRKM effects

= 1250 cmit is the energy threshold for the onset of fast IVR  are unimportant. Although in this work we are concerned just
(E andky are expressed in crhand s units, respectively).  with stilbened, the frequencies for four stilbene isotopomers

This rate constant is used in the expression for the IVR are compared in Table 1, where it is clear that the RRKM

transmission coefficient (eq 3b). As explained above, the barrier-crossing frequency is essentially directly proportional

magnitude ofk,; is uncertain by a factor of -2381214.17.18 to the imaginary frequency.

Thus, in some of the calculations given belddj,; is multi- In their calculations on the isomerization rate constant as a
plied by a constant factor. function of methane pressure, LLQMW usk{s = 0.2 ps't
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atn! (= 0.89 x 108 cm? s71) for the bimolecular rate constant 35 — —— .
for collision-induced IVR. This is close to the total quantum ° He
mechanical collisional rate constakt,, ~ 1.29 x 10°8 cm® 30 - v Ar .
s lat 323 K, estimated according to the method of Durant and S T Ehane.
Kaufman?? In the calculations reported below, we tré&t, as ] * :c'°pi_‘"§4 .
adjustable, since the various collider gases may be more or less S ey PP AL
efficient in collisionally inducing IVR. PR S S PN e 8T
Simulations. The simulations were carried out using the ~ yy U T P v
Multiwell Program Suite (versions 1.5.1p and 2.0%1)3° All £ 5 A Y /,’/ kc'v"=1° 1
of the functionality in version 1.5.1p is included in version 2.01, Sy /./;/Q L Kin = 20
which has been improved in a number of ways. For example, 10 —Y" ;/s” v " 1
the high-pressure limiting rate constant calculated in version o7 o 5T -
1.5.1p is about 1% higher than that calculated by version 2.01, 5 W i
which is more accurate because of an improvement in the
algorithm for calculating densities of states. These small 0, s m i 2 P 30

differences are insignificant in the present work. Sums and
densities of states were calculated by exact counts using an
ﬁg?r;ggn?é‘ag]glfﬁeo;ig{g; \?vl;\s”ibr:(‘?;lltgzjnes(jv::rr%c?tisghn;emdc:;)egjle function of pressure. Experimental values at 323 'K from Figur_e_14 of
e . MST .23 The solid lines show the results of calculations with collisional

and the transition state. The lower-energy portion of the double |y rate constantskf,, in units of 10¢ cn® molecule® s%) as
arrays in MultiWell extended up to 1500 ¢y and the upper-  gpown. These calculations are made with= 1200 cnr? andkd - (E)
energy portion extended up to 20 000 ¢iywhere the thermal given by eq 6.
population is negligible at 323 K. Centrifugal corrections and
tunne”ng were not used in Ca|cu|ati[kgRKM(E)_ TABLE 2: Collision-induced IVR Rate Constants? and

The simulations were carried out at discrete pressures (e.g.,Eg?égya;r ?ngifr Parameters from Initial and Steady-state
0.1, 0.3, 0.5, ... bar). For display in the figures, the discrete

P/bar
Figure 1. Initial rate constantsko, for stilbene isomerization as a

points are connected by smooth interpolations. In all of the species Kyg (initial) ki (steady-state) o Kota”
simulations, the adjustments kj,; and a(E) were made by Reaction Frequencyr/c = 1200 cnrl
trial-and-error and judged by inspection. Since the pressure He 04 04 100  0.86
dependence of the experimental data is not exactly reproduced Ere gg 8'8783
by the model simulations, we attempted to obtain reasonably CH, 30 3.0 1000 1.29
good _fits over the entire_ pressure range for each coIIid_er gas, C,H, 10 20 1000 1.35
but with special emphasis on the lower pressure data, since we CgHg 20 30 1000 1.42
felt that the higher pressure data may be more subject to Reaction FrequencyrRRM/c = 219 cnrl©
experimental uncertainties. Furthermore, as discussed above, He 0.07 0.07 100 0.86
limitations in the treatment of intermolecular energy transfer  Ne 0.15 0.15 200 0.73
introduce errors that depend on pressure and on step size. As a Ar 0.5 3-8 150 005'3858
resylt, tlhe fitted simulations are representative but not necessarily co, 50 1000 107
optimal. 8.0 d 1.03
CH, 0.50 0.50 1000 1.29
Results CoHs 2.0 2.0 2000 1.35

iti i ined initi H 4. 1 2 1.42
Initial Reaction Rate Constants. MST determined initial CaHe 0 0 000

rate constants for the stilbene isomerization over a wide pressure *Bimolecular rate constant units: 10cm® s™%; energy transfer

range with several bath gas8sWe have fitted the data from units: cntl, P Total rate constants estimated using the Durant and

Figure 14 of their paper by using the model described above. Kaufman method? ©Using ki (E) that is scaled by 0.18 times that

Initial rates were obtained from MultiWell calculations with an of e?4§ - Energy transfer and Lennard-Jones parameters from Frerichs
T o N et al’

upper limit of 1 ps for the reaction time, so that the initial rate

constants could be obtained easily. From Figure 14 of MST, it specific choice of, for each gas (Table 2). At still higher

can be seen that the intercept of the rate constat=a0 is in pressures, some of the experimental initial rate constants appear
the range of 47 ns'! for all the gases. For a givekf -(E), to level off around 26-30 ns'1, depending on the specific bath
this intercept is determined principally by the valuergfwhile gas, while the calculations predict that the theoretical high-

the dependence on bath gas pressure is primarily related topressure.limit (based on the RRKM parqmeters and vibrational
K,z Our calculations based on the RRKM model gave frequencies for thegtate from LLQMW) iskyir(e0) = 76 ns'™.

reasonable agreement with these intercepts wigm= 1200 The values ofky that give good fits to the lower pressure
cm1, which is about twice as large as thgMa9c = 607 cn'? data increase monotonically from helium to propane and are
used by LLQMW!2 In other words, the theory of LLQMW fits ~ much larger thark,, for the larger hydrocarbons.
experiments aP = 0 within about a factor of 2 over the To use the RRKM frequency of barrier crossingXR<M/c
temperature range fromr10 K (molecular beams) to 323 K = 219 cm, it is necessary to reduce the value kif; to
(thermal bath gases); however, even better fits can be obtainedobtain comparable values of the zero-pressure intercept, which
by modifying vg. depends on the ratiok},r/vr. Figure 2 shows the pressure
Calculations withk, ranging from 4x 109to 2 x 1077 dependence of initial rate constants obtained with calculations

cm® s 1 are shown in Figure 1, where it is seen that reasonable in whichkyr has been multiplied by the ratio 219/12600.18.
agreement with the initial slopes of the pressure dependenceThis factor roughly corresponds to using the upper limit of
found by MST can be obtained withg/c = 1200 cnT! and a parameterb that appears in the expression for the matrix
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Figure 2. Results obtained withre/c = 219 cnmt® and ki (E) equal Figure 3. S_teady-state rate consta_lnts as a function of pressure t_JeIow
to 0.18 times that of eq 6; see Figure 1. 1 bar of various bath gases. Experimental values at 323 K from Figure

12 of MSTZ The lines show the results of calculations witiic =

. L 219 cn1t and a collision-free rate constant that is equal to 0.18 times
elements of LRMT, eq 2, and is thus within the range of that of eq 6. The values af andky; are given in Table 2 for each

uncertainty ofklr. The agreement of these calculations with path gas.
the experiments is comparable to that described in the preceding
paragraph, as shown in Figure 2. The use/gf?kM has the
added advantage, however, of requiring rate constants for
collision-induced IVR that are significantly smaller than when
larger values forkl,; and vg are used. The resulting fitted
values fork{,z are given in Table 2. In general, smaller 10y
assumed values fdkl,, and vg will result in smaller fitted
values fork;s. This is important because, even with using "
vRRKM_ the fitted value fok,; for propane collider gas is still -
10 times the magnitude d&f,,,.

Steady-state Reaction Rate Constant§teady-state, single-
exponential rate constants were measured over a wide range of
methane pressures by MST at 3233Kand by Balk and ‘
Fleming® at 296 K. Similar results were obtained by MST for 10" 10° 10' 102
ethane at 323 K and by Lee et al. at 350 K the calculation Plbar
of these rate constants using MultiWell, the rate constant was * '
obtained from the linear part of a semilog plot of stilbene S Eihane bath gzs
concentration against time. Additional information about col-
lisional energy transfer is required for these calculations: a
specific model for the energy transfer probabilB(E,E), and 10 |-
for the collisional rate constant. As mentioned above, the
collisional rate constant was assumed to obey the Lennard-Jones
formulation, while P(E,E) was taken to obey the simple
exponential model, in most of the calculations. The value of
the exponential model energy transfer parameteras assumed
to be independent of energy and was varied to provide the best
fit to the experimental data. The experimental results for
methane could best be fit witlh = 1000 cn1?, while a value ‘ .
of 2000 cn7! was required for ethane; these values aret 3 10° 10° 10' 10°
times as large as those used by MST in fitting their data. The Phar

results are shown in Figure 3 for pressures below one bar andFigure 4. (a) Steady-state rate constants for methane as a bath gas.
in Figure 4 for higher pressures Experimental values from Fleming et affrom Figure 6 of MST, and

from Figure 12 of MST? The simulation (Table 2ysRR¥M/c = 219

We also made calculations &fs for Ar and CQ using the cm™Y) is shown as the solid line. (b) Steady-state rate constants for
KCSI collisional energy transfer results of Frerichs et al. and ethane as a bath gas. Experimental values from Lee &fraim Figure
eq 5, with discouraging results. Use of the value&(gf that & ;’;K’:A"/ST_* and from '.:'g“hre 12 of E"Sﬁ I'Tdhtla' simulation (Table 2,
fit the experimental data and the energy transfer probability VR ¢ =219 cn) is shown as the solid line.
given by eq 5, the calculated valueskafwere much too low;
a large increase in the value K was required to obtain a  unsatisfactory performance of the simulations using the KCSI
reasonable fit to the experimental data. The results with the results may be due to a combination of deficiencies in the overall
Frerichs parameters corresponded roughly to what we would model and because the KCSI results are quite uncertain at the
have obtained with a fixed value of about 150 ¢rfor a.. The very low threshold for fast IVR+1200 cn1?) in stilbene.

Methane bath gas

(ns™)

O MST (Fig. 6)
A  MST (Fig. 12)
4 Fleming et al. 1986

1001 —— Simulation 1

(ns™)

k
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Discussion tried to fit the experimental data at high pressures by varying
kixr @s shown in Figure 1. The initial slopes can be fitted

. o reasonably well, but at pressures above about 5 bar, the
aptproa_ch used _by L'{?MW I?'Vefs l\";llsqroold ?ﬁs?'ﬁt'on of the experimental unimolecular rate constants fall considerably below
extensive experimental results o > 1. N the Tollowing, We o high-pressure limiting rate constant calculated using the
describe the parameters needed to simulate the MST data angs 5\ parameters obtained from LLOMW:k.(323 K) = 76
discuss how different choices affect the results. Molecular 1 tpic\alue is much larger than the observed high-pressure

_prope{tlets_(v![lr)]ratFlonE:\;reqlue?c:;_es and rgct)m_entls(;)f |tr;]ert|?f) ar';e rate constants for ethane and propane collider gases, which tend
important in the calculations, and to include the effect "o ol off around 20 to 30 s,

of “slow” IVR, it is also necessary to have a functional form of . . .
Y The reason for this leveling off at values well beldw is

q -
th\g{(rEe)s’ljllqtg E,a[;teaﬁg?tg;tEErQ(;?\I/I\I/ngI?ﬁ: !s\c/)E'rcYeyiohra':ﬁsuls:sc: not cI_ear. Becauge of the d_ifficulties as;ociated w_ith quantum
quantity chemical calculations of excited electronic sta%fé@;flet seems
o ossible to us that errors in the calculatedpBtential energy

Depending on the pressure and nature of the bath gas thereg tace oftrans-stilbene can result in errors of a factor of this
are up to f.our parameters thgt are important in qletermln'lng the magnitude in the high-pressure rate constant. If this is the case,
isomerization rateEy, the barrier he|_ghh';R, the barrier crossing, | . /eg ofk,, needed to fit the experimental data will have to
or reaction frequencykg, the collisional IVR rate constant; o eyen larger, even though it is already difficult to rationalize
ando, the energy transfer parame.ter. The |n_tercept of the initial the very large values d€,, found in the present analysis. It
rate at zero pressure (Fclgure 1) is determinediby(E) and also seems possible that IVRtimns-stilbene has multiple time
the values of, andr; kyr and energy transfer parameter  constants, instead of the single time constant derived from the
are not important, since no collisions are occurring. approximate version of LRMT used by LLQMV. The full

In the limit of “fast” IVR, that is, normal RRKM calculations,  LRMT predicts nonexponential behavibrlf that is the case,
the initial rate constant is 74 ns'!, essentially the same as the  then it is possible that the rate constant is approaching a false
steady-state rate constant at the high-pressure limit. We havenigh-pressure limit, as is sometimes observed when multiple
used the barrier height obtained by LLQMW from their potential time constants exigdt,21.29.53.54
energy surface, but as described above, we have either used There are still more possible reasons for the leveling off of
vr/lc = 1200 cni* with the originalkir(E) or have used the  the unimolecular isomerization rate constant at high pressure.
RRKM value of 219 cm* with a scaled expression féf,  (E) In liquid solutions, there is an inverse dependence of the
to fit the low-pressure intercepts for the initial rate constant isomerization rate coefficient on the viscosity of the solu-
determined in the experiments of MST. Inclusion of only tion549%5This decrease in the rate coefficient has been attributed
collision-free IVR leads to a zero-pressure intercept of 47 ns  to multiple crossings of the reaction barrier due to interactions

Our objective in this work is to determine whether the

for both choices ofvg (and appropriately scalekf,z(E)), in with solvent molecules. However, the viscosity of gases is an
good agreement with the experimental values. order of magnitude below that of liquids, so this explanation of
The original theory of LLQMW withvg/c = 607 cn1? gives the observed leveling off in isomerization rate at high gas

good fits to molecular beam data but predicts a zero-pressurepressures does not appear tenable. Since little is known about
intercept about twice as large as that measured by MST. Thiscollision-induced IVR, it is possible that cluster formation at
implies that the actual IVR transmission coefficient is reduced high gas pressures has some effect on the initial rate constants.
by a factor of approximately 2 in going from molecular beams This would be consistent with the fact that the leveling off at
to thermal bath gases. The origin of this discrepancy is not clear. high pressures for specific bath gases seems to increase with
In the limit of zero pressure, the data of MST should not be increasing values of the Lennard-Jones well degtlt,is also
affected by collisions, clustering, or other effects associated with possible that interactions in the high-pressure gas may induce
the bath gas. However, the temperature (323 K) is substantiallychanges in the reaction critical energy as argued by Troe and
higher than that in molecular beamsX0 K), and it is possible ~ co-workers’113MST postulate a pressure-dependent barrier
that thermal rotations are playing a role. Bolton and Nordholm height that initially decreases rapidly with increasing pressure
found that the IVR rate increases with increasing angular and then levels off at higher pressures. This would lead to the
momentun®? but there is no evidence that angular momentum observed initial increase in the isomerization rate with increasing
should have any effect on the barrier-crossing frequency. pressure, followed by an approach to a limiting value. In any
Angular momentum does not appear in the theory of LLQWAW.  event, the leveling off, which seems to depend on the identity
IVR rates can also increase with temperature because as thef the bath gas, is not predicted by the theory of LLQMW.
average vibrational energy increases the anharmonic couplingWhether the leveling off is an experimental artifact or whether
is enhance@! but this effect is already included implicitly in  the theory is failing at high pressures should be investigated
% =(E). If the IVR rate constant increases because of angular further in future work.
momentum andvg does not, then the IVR transmission As noted abovek; values for ethane and propane are
coefficient will be larger than that predicted by LLQMW at larger than corresponding valueskif,, The paucity of other
higher temperature, contrary to what was measured by MST. data for systems in which collisional IVR is believed to be
Within the context of the theory of LLQMW, the factor of 2 important makes it difficult to decide if the values used to fit
reduction in the transmission coefficient must come about as the initial rate constant data of MST are at all reasonable. The
the result of a larger relative increase in the barrier-crossing classical trajectory investigation of collision-induced IVR in
frequency than in the IVR rate. It is surprising to us that the stilbene by Bolton and Nordhof indicates that the rate
barrier-crossing frequency should be so sensitive to increasedconstant for collision-induced IVR is large but does not indicate

rotation. This point should be investigated in future work. whether it is as large &, Malinovsky and co-workeP§5°
The slope of the pressure dependence of the initial rate have determined collisional IVR rates for several bath gases,
constants is dependent &f), as well as orp andvg but not using time-resolved Raman spectroscopy to measure the rate

on o or other collisional properties of the bath gas. We have of relaxation of initially excited €&H stretching vibrations in
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methane, halogenated methanes, and 3-chloro-1-propyne. Inthe  10? :
case of CHECI self-quenching, they found a collision-induced Methane bath gas
IVR rate constant of Ix 10°° cm® s71, which we estimate is XX
about 20% ok, If ke is lower than predicted by LLQMW2 -~

then theky,r values will have to be increased even more to fit
the experiments. o<

10" | -
One possible solution to the problem tidf is unrealisti-
cally large is to reduce the magnitudeskdf; andvg, while . -
keeping their ratio constant, as described above. This will result * P
in fitted values ofky that are smaller. The choice of the
imaginary frequency for the barrier-crossing rate is arbitrary,

although it leads to unambiguous and systematic predictions of

(ns™)
\
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O MST (Fig. 6)
A MST (Fig. 12)
A Fleming etal. 1986 | -

Simulation
the isotope effects observed in molecular beams. We showed 22 — % -k(fast)
above that the RRKM frequency does just as well. In fact, any . . k(coll-free)
choice ofvg will be suitable as long as the magnitudéqpf is 10 10° 10’ 102

scaled accordingly. Isotopic effects can be accommodated as Ploar

long as the isotopic values ofr are proportional to the  Figure 5. Steady-state rate constants for methane as a bath gas.
corresponding imaginary (or RRKM) frequency. Of course, too Experimental values from Lee et &ffrom Figure 6 of MST, and from
large a scaling oki,; will make it unphysical. Figure 12 of MST® The upper dashed line shows the result of RRKM
e one - . calculations with “fast” IVR. The lower dashed line shows the result
The fact that the ratigly /ki IS greater than unity for most ¢ ging only collision-free IVR withvelc = 219 cnt? andkl . (E)
of the gases listed in Table 2 may point to a deficiency in the yhat is equal to 0.18 times that of eq 6. The solid line, showing the

model or a need for scaling the magnitudeskf, and vg. inclusion of collisional IVR, is from Figure 4a.
However, it is important to note th&f,, was calculated using
the approximate method of Durant and Kaufmanmyhich is transfer parameteo.. We have treatedr as an adjustable

based on an~ central potential. The central potential may be parameter and varied it to obtain the best fit to the experimental
a poor approximation to the actual interaction potentials data. We were able to obtain reasonable agreement using the
involving the near-planar extended structure of stilbene. In same values ok,; that were used to fit the initial rates,
estimatingk{ ., from Lennard-Jones parameters, it must first except for ethane and propane at pressures below one bar, where
be assumed that interactions between stilbene and a collideragreement could only be obtained with larger values. The origin
gas are described by the Lennard-Jones central potéhtial. of this inconsistency is not apparent. In general, the increase in
Stilbene is strikingly nonspherical, as, to a lesser extent, are a. with increasing size and complexity of bath gas molecule is
ethane and propane. Thus, the assumption of the central potentialypical for thermal unimolecular reactions, although the actual

is a likely source of error. Furthermore, any errors in the values are considerably larger than those usually observed. The
Lennard-Jones parameters will affét,. In the present work,  large magnitude is qualitatively consistent with the recent KCSI
the Lennard-Jones parameters were taken from MSWho measurement¥.

cited Reid et af® as their source. The Lennard-Jones parameters

tabulated by Reid et al. are derived from viscosities, and errors Conclusions

are not stated. The Lennard-Jones parameters for stilbere (
7.8 A, elk = 651 K)3 are already large. Since the collision
diameter is already of the order of the longest dimension in
stilbene (10 A), it may be difficult to rationalize increasing it

In this paper, we have used the theoretical results obtained
by LLQMW?? together with RRKM calculations based on
properties of an ab initio potential energy surface obtained by
; . them. In particular, we have attempted to use this approach to
much more. However, an increase in the Lennard-Jones well . . .

. . . . explain the extensive experimental results of MST, who
depth. will result in an |_ncreasd§tma|. Whethe_r or not the measured the time-dependent fluorescence decayrao
magnitude of these possible errors can explain the_lbf(gzé stilbene in the $state at 323 K and bath gas pressures ranging
Kora ratios will require calculating an accurate potential energy from 0.1 to 20 baf? Conventional RRKM calculations of the
surface and then determining the quantum scattering Crossyate give values for the steady state that are significantly larger
sections, but these tasks are beyond the scope of the presenhan experimental values. The inclusion of both collision-free
work. and collisional IVR processes has been shown to give results

The significance of including “slow” IVR is illustrated for  that are in agreement with both initial and steady-state rates
methane as bath gas in Figure 5. Standard RRKM calculationswithin factors of~2.

(i.e., with “fast” IVR) for methane give steady-state rate  All told, the theory of LLQMW is remarkably successful in
constants that are larger than measured values by factorsiof 2 describing the isomerization of stilbene, but our calculations
with a limiting high-pressure value of 76 Ts This is the have revealed a number of assumptions and some areas of
problem that was addressed in previous RRKM calcula- disagreement that require further investigation. For convenience,
tions87.1011Calculations that include only collision-free IVR,  we list them here:

with velc = 219 cm' and the scaled value dfl, give (1) As shown by LLQMW, their theory gives a very good
reasonable agreement at low pressures but deviate fromdescription of the rate data obtained in molecular beams.
experimental results as the pressure increases. As Figure SHowever, we show in the present work that the theory is in
illustrates, collisional IVR becomes important even at pressureserror by about a factor of 2 in the limit of low pressure when
around 1 bar. describing the data obtained by MST in thermal bath gases.

In addition to the parameters that determine the initial rate, We surmise that this difference is due to the effect of increased
the steady-state isomerization rate coefficient also depends onangular momentum in the thermal experiments. Angular mo-
collisional properties of the bath gas, particularly the energy mentum was not considered by LLQMW.
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(2) Calculated initial rate constants for ethane and propane  (9) Syage, J. A.; Felker, P. M.; Zewail, A. H. Chem. Phys1984
; : ; 81, 4706-4723.
bath gases at hlgh_ pressures seriously overestimate the experf (10) Schroeder, J.: Steinel, T.: Troe,d.Phys. Chem. /2002 106
mental values, which seem to reach a limiting value far below gg10-55146.
the calculated high-pressure RRKM limit. This may be due to  (11) Gershinsky, G.; Pollak, El. Chem. Phys1997, 107, 812-824.
inaccuracies in the potential energy surface used to calculate (12) Leitner, D. M.; Levine, B.; Quenneville, J.; Martinez, T. J.;

: e : Wolynes, P. GJ. Phys. Chem. 2003 107, 10706-10716.
the RRKM rate constants or some unidentified physical effect. (13) Meyer, A Schroeder. J.. Troe, . Phys. Chem. A999 103

(3) If the RRKM barrier-crossing frequency (or some other 10528-10539.
frequency) is used instead of the imaginary frequency from the  (14) Logan, D. E.; Wolynes, P. G. Chem. Phys199Q 93, 4994.
PES obtained by LLQMW, then it is necessary to scale the __ (15) Leitner, D.M.;Wolynes, P. Gl. Chem. Phys1996 105 11226~

. . 11236.
collisionless IVR rate constankys, by the ratio of frequen- (16) Bigwood, R.; Gruebele, M.; Leitner, D. M.; Wolynes, P.®3oc.

cies to maintain agreement with the experimental data. The Natl. Acad. Sci. U.S.AL998 95, 5960-5964.

idi i q ; (17) Leitner, D. M.Adv. Chem. Phys2005 130 (Part B), 205.
Yﬁé'g;;yszfotaﬁ Lisglrt(')nbggdm in terms of local random matrix (18) Leitner, D. M.; Wolynes, P. GACH—Models Chem1997, 134,

663-673.
(4) For rare gases and methane, calculated initial and steady- (19) Felker, P. M.; Zewail, A. HJ. Phys. Chem1985 89, 5402.

state rate constants that agree with experiment can be obtained (20) Courtney, S. H.; Balk, M. W.; Phillips, L. A.; Webb, S. P.; Yang,
. T D.; Levy, D. H.; Fleming, G. RJ. Chem. Phys1988 89, 6697.
with rate constants for collision-induced IVR{z) that do not (21) Nordholm, SChem. Phys1989 137, 109-120.
exceed the total collisional rate constank§,(). For larger (22) Northrup, S. H.; Hynes, J. Tl. Chem. Phys198Q 73, 2700~
. 714.

molecules, hovyever, the fittekf, g value; are as much as an (23) Durant, J. L.: Kaufman, FChem. Phys. Let1987 142, 246
order of magnitude larger thakf,,,. This unphysical result 251,
may be due to a deficiency in the wi,, is estimated, or it (24) Kappel, C.; Luther, K,; Troe, Phys. Chem. Chem. Phy2002 4,

. - . . 4392-4398.
may signal a deficiency in the theory of LLQMW. The increase (25) Klippenstein, S. J.; Harding, L. B. Phys. Chem. A999 103

in Ky with increasing molecular size parallels the trend in the 9388-9398.
total collisional rate constant. Unfortunately, few other examples _ (26) Barker, J. R.; Stimac, P. J.; King, K. D.; Leitner, D. M.Phys.

; : o ; ; ; ; Chem. A2006 110, 2944-2954.
involving co_II|S|onaI IVR in unimolecular reactions are available (27) Kiefer, J. H.. Katapodis, C.. Santhanam, S.: Srinivasan, N. K.:
for comparison.

| )  Tranter, R. SJ. Phys. Chem. 2004 108 2443-2450.
Despite these areas of uncertainty, the theory of LLQMW is  (28) Stimac, P. J.; Barker, J. B. Phys. Chem. 2006 ASAP article,

quite successful in describing the thermal rate data of MST. As PO!: 10.1021/jp0568024.
shown in Figure 5, results calculated when the LLQMW theory 225(,25?) Nordholm, S.; Back, APhys. Chem. Chem. Phya001, 3, 2289~

is omitted are in error by a factor of 10 at low pressure and a  (30) Liu, Y.; Lohr, L. L.; Barker, J. RJ. Phys. Chem. 2006 110
factor of 2 at 100 bar. The theory is applicable when an IVR 1267-1277. _
bottleneck exists between the reaction coordinate and the other,,(31) Liu, Y- Lohr, L. L; Barker, J. RJ. Phys. Chem. 2005 109

. . 8304-8309.
degrees of freedom. This type of slow IVR probably applies to (32) Kiefer, J. H.; Santhanam, S.; Srinivasan, N. K.; Tranter, R. S.;

a large number of reactions. However, other approaches will Klippenstein, S. J.; Oehlschlaeger, M. Rroc. Combust. Inst2005 30,
be needed when reactants are excited in such a way that onlyt129-1135.

. . . LT . (33) Forst, W.Theory of Unimolecular Reactiondcademic Press: New
a limited portion of phase space is occupied initially or multiple v 1973,
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