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The experimental shock tube data recently reported by Kiefer ef.aPHys. Chem. 2004 108 2443~

2450] for the title reaction at temperatures between 1600 and 2400 K have been compared to master equation
simulations using three models: (a) standard RRKM theory, (b) RRKM theory modified by local random
matrix theory, which introduces dynamical corrections arising from slow intramolecular vibrational energy
randomization, and (c) an ad hoc empirical non-RRKM model. Only the third model provides a good fit of
the Kiefer et al. unimolecular reaction rate data. In separate simulations, all three models accurately reproduce
the experimental 300 K chemical activation data of Marcoux and SetsEhfys. Cheml978 82, 97—108]

when the energy transfer parameters are freely varied to fit the data. When experimental energy transfer
parameters for a geometrical isomer (1,1,2-trifluoroethane) are used, the standard RRKM model fits the chemical
activation data better than the other models, but if energy transfer in the 1,1,1-trifluoroethane is significantly
reduced in comparison to the 1,1,2 isomer, then the empirical ad hoc non-RRKM model also gives a good fit.
While the ad hoc empirical non-RRKM model can be made to fit the data, it is not based on theory, and we
argue that it is physically unrealistic. We also show that the master equation simulations can mimic the
Kiefer et al. vibrational relaxation data, which was the first shock tube observation of double-exponential
relaxation. We conclude that, until more data on the trifluoroethanes become available, the current evidence
is insufficient to decide with confidence whether non-RRKM effects are important in this reaction, or whether
the Kiefer et al. data can be explained in some other way.

I. Introduction 108
. . Py CH,CF, -> CH,CF, + HF
Recently, Kiefer et al.(KKSST) reported schlieren shock LD I ol G
tube experiments in which they measured vibrational relaxation, > «  Heretal (00 da
incubation, and unimolecular rate constants for the title reaction g . Standard Model (This Waork)

as functions of temperature and pressure (see Figure 1). They—~
analyzed their data set by attempting to fit it using the
conventional modified strong collision version of RRKM
theory2=¢ They found that, while the RRKM model predicts
that the rate constants should continue to increase with pressure©
their data at the two highest pressures (350 and 550 Torr) fall g
essentially on the same line as their 100 Torr data. KKSST also =
noted that their vibrational relaxation data could be modeled 10*
by a double exponential decay. To explain these observations,
they invoked a breakdown of RRKM theory due to slow
intramolecular vibrational energy redistribution (IVR), probably
associated with the internal rotor in 1,1,1-trifluoroethane (TFE). 0.40 0.45 0.50 0.55 0.60 0.65
(See Appendix Il for a critique of their model.) 1000/ T

Breakdowns of RRKM theory are relatively rare for thermal Figure 1. Unimolecular rate constants from the KKSST experiments
activation reactions with high barrie¥8.RRKM theory as it (points) and calculated using the standard (fast-IVR) model (lines). To
stands today is the culmination of about 80 years of develop- obtain the lines, unimolecular rate constants were calculated for a
ment, in particular by O. K. Rice, H. C. Ramsperger, L. S. number of temperatures and the data points connected by straight line

K | dR A M dl b h K segments. Fluctuations in the lines are caused by stochastic uncertain-
assel, an - A. Marcus, and later by many other WOrKers jed2 que to the finite number of stochastic trials carried out to calculate

each rate constant datum.
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TABLE 1: Arrhenius Parameters for Thermal HF Elimination from TFE

As (579 E., (kcal moi) temp. range (K) pressure range (bar) ref
1.4 x 10% 61.40 843-923 1.01 Sianesi et al. (1968)
6.3 x 1013 73.73 1596-1680 1.071.20 (in Ar) Cadman et al. (1971)
1.0x 10 68.76 1086-1310 3.26-4.53 (in Ar) Tschuikow-Roux and Quiring (1971)
8.0 x 10 69.5 Tsang(1973)
4.0x 10 72.53 1006-1800 Rodgers and For1973)
7.0x 104 74.12 1056-1200 2.53 (in Ar) Tsang and Lifsht£1998)
3.5x 10 71+3 Martell, Beaton, and Holm&$2002)
1.58x 10% 75.033 1606-2400 15-550 Torr (in Kr) KKSST (2004)

2 Reanalysis of the data of Cadman etbdReanalysis of the data of Sianesi et al., Cadman et al., and Tschuikow-Roux and GURRIgM
extrapolation to the high-pressure linfitBased ork, = 1.44 1.0 x 107° s * at 800 K and averagg., = 71 + 3 kcal mol* from the shock-tube
results of Tsang and Lifshitz, Tschuikow-Roux and Quiring, and Sianesi @0ditained from an Arrhenius plot &, calculated from G3/TST.

constants from basic principles. Since there is so much relianceand considered to be too low by several hundred degrees.
on the accuracy of RRKM theory, it is important to determine Tsang?reanalyzed the data of Cadman et al. and recommended
whether the theory has failed for the title reaction, or whether Arrhenius parameters as shown in Table 1. The original kinetic
some other explanation of the KKSST data must be sought. data of all the above four studies were analyzed by Rodgers
What is the reason for the discrepancy between the KKSST and Ford? and their recommended Arrhenius parameters are
data set and RRKM theory? In the present paper, we addressalso shown in Table 1.
this question by determining to what extent the KKSST data  Martell, Beaton, and Holmé$ (MBH) examined the four
are consistent with a full RRKM/master equation treatniént, studies mentioned above in terms of the Arrhenius parameters
with the IVR theory described by Leitner and Wolyries! with and by comparing the high-pressure rate constardt 800 K.
a strictly empirical non-RRKM adjustment &fE), and with They adopted.. = (1.4+ 1.0) x 1075 s 1 at 800 K (average
other extant data on trifluroroethane(s). Our approach is to of the shock tube results of Tsang and LifsiftZschuikow-
simulate the KKSST shock experiments with the Multiwell Roux and Quiring* and Sianesi et &%) and combined it with
master equation codé3We also simulate some of the many an average activation energy of 213 kcal mol? from the
experiments in the literature on TFE thermal activétfol and shock tube results to yield., = 3.5 x 10* s,
chemical activatiort® HF elimination from chemically activated TFE has been
As discussed below, we find that the KKSST data at the two studied by Pettijohn, Mutch, and R&dtn a hot atom experi-
highest pressures are not consistent with either RRKM theory ment involving 8F atoms. They concluded that the reaction
(“standard” model) or the theoretical modification to include system does not agree with RRKM theory, but their conclusion
slow IVR (“slow-IVR” model)./~11 We show that it is possible  is weakened because of the poorly defined energy distributions
to fit the KKSST data by empirically modifying(E) and that produced with this technique. Neely and CarmicFfaaked
the same model (“truncated” model) will also fit the chemical CHsz; + CF; recombination as the preparation method, as did
activation data of Marcoux and Set¥ewhen no constraints  Setser and co-workéf®?” who used the same preparation
are placed on empirical parameters for energy transfer. However,method but took appropriate steps to avoid the complications
when the energy transfer parameters are estimated from a proxycaused by subsequent removal of LOH, (product from HF
(the 1,1,2-TFE isomer), the chemical activation data are more elimination) by reaction with C§ Indeed, Ferguson et #l.
consistent with standard RRKM theory than with the empirical consider the Marcoux and Setser data'%sé&d be the best
“truncated” model that describes the KKSST data. While the available from chemical activation experiments. The Marcoux
“truncated” model fits the KKSST data, it is not based on theory, and Setser data set is modeled in the calculations described
and we argue that it is physically unrealistic. Additionally, we below.
show that a conventional master equation that obeys RRKM In the chemical activation experiments, excited TFE was
theory can produce vibrational relaxation with two (or more) produced at 300 K with~101 kcal mot? of vibrational
time constants. In the end, however, it is still not possible to excitatior?*28in the exothermic recombination reaction of CF
determine whether there has been a breakdown of RRKM with CHjs, followed by HF elimination in competition with
theory, or whether the KKSST data can be explained in some collisional stabilization
other way. Classical trajectory calculations are being performed

in our lab to provide further information about IVR in this CF; + CH; — CF,CHy* 1)
system??
CR,CH;* — CE,CH, + HF Decomposition (D) (2)
Il. Background
A. Thermal and Chemical Activation Experiments. A CFCH;* + M — CF,CH; + M Stabilization (S) (3)

number of thermal studies of TFE kinetics were carried out prior

to the work of KKSST, but all were at lower temperatures and  Experiments were conducted at 300 K with 17 bath gases
at relatively high pressures, where falloff is less important. and at 195 K with 5 bath gases. The high-pressure chemical
Thermal decomposition studies were conducted by Sianesi etactivation rate constant can be expressekhaswD/Sor k, =

al.2* who used a heated flow tube reactor, and by Cadman etPD/S wherew is the collision frequencyP is the pressure,
al..*> Tschuikow-Roux and Quiringft and Tsang and Lifshit% and theD/Sratio is the fraction of excited TFE that decomposes
all of whom used shock tubes. The Arrhenius parameters fromto that which is stabilized in collisions. At sufficiently high
all four studies are shown in Table 1. The parameters obtainedpressuresky” is independent of pressure. By estimating the
by Sianesi et al. are unusually low in comparison with the other Lennard-Jones collision frequency and carrying out a theoretical
studies. The estimated temperatures in the shock tube studyanalysis, Marcoux and Set$gfoundks® = (3.2 % 0.3) x 18
carried out by Cadman et al. have been questioned by otherss™.
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B. Vibrational Relaxation Experiments. KKSST measure- collisional energy transfer. For tight transition states, as in the
ments of vibrational relaxation in the TFE system are the first title reaction, angular momentum effects are small. In the present
to have observed dual vibrational relaxation processes using awork, centrifugal corrections are applied by using the pseudo-
shock tube. Kiefer and co-workers previously measured “non- diatomic approximatiohand by assuming that the energy in
linear” relaxation in a number of moleculésVery recently, the “K-rotor” (nonconserved rotational degree of freedom) mixes
the Kiefer group reported dual vibrational relaxation times and freely with energy that resides in the other active degrees of
successful RRKM modeling of the ethane decomposition rate freedom and is limited only by the total active energy. The
constang® They apparently did not attempt to model the Multiwell software packag@134%was used for all of the
vibrational relaxation. calculations.

In general, one might always expect to observe multiple time  According to RRKM theory;*6the energy-dependent specific
scales for vibrational relaxation, because each internal modeunimolecular rate constak(E) is given by
would be expected to relax at its own characteristic rate.

However, only rate-limiting steps are observed experimentally,

and in most systems, only a single time constant is observed. k(E) =
This time constant is for the slow transfer of translational energy

to the lowest vibrational mode of the molecule; subsequent o +
transfer of energy to other modes is much faster (not rate- wherem* andm are the number of optical isomers;, and
limiting) and is not observed. For systems that display dual extare the external rotation symmetry numbers, ghendge
relaxation time constants, the faster process is associated withare the electronic state degeneracies of the transition state and
relaxation of energy in the lowest-frequency mode, and the reactant, respectivelygis Planck’s constanG*(E — E) is the
slower process results from a bottleneck in transferring the sum of states of the transition stak®,is the reaction threshold
energy to the molecule’s higher-frequency vibrational maé&es. energy, ang(E) is the density of states of the reactant molecule.

If sufficient information is available, vibrational relaxation ~The internal energf is measured relative to the zero-point
can be modeled accurately using a state-to-state kineticsenergy of the reactant molecule, and the reaction threshold
model31:34In principle, SSH theor-3or much more accurate ~ €Nergy (critical energy) is the dl_fference between_ the zero-point
infinite-order sudden approximation theofie¥ can calculate ~ €nergies of reactant and transition state. Equation 1 is written
the rate constants, but ab initio approaches are very expensivéVith the assumption that the rotationekternal symmetry
for molecules with more than a few vibrational modes. numbers, electronic degeneracies, and numbers of optical

As discussed below, an empirical master equation approachiSOmers weraotused in calculating the sums and densities of
is used in the present work simply to confirm that the States, but thenternal rotor symmetry numbers are used
observation of multiple time scales of energy transfer low on €xplicitly and hence do not appear in eq 3. Note that the quantity
the energy ladder does not necessarily imply a breakdown of S€t off in square brackets is the reaction path degeneracy, which
RRKM theory at the much higher vibrational energies needed S €qual to 3 for reaction 2. See Appendix | for a discussion of

moijoeh kB @

for reaction. how the reaction path degeneracy was determined for this
system.
Ill. Computational Models Specific rate constants for reaction 2 are calculated using

RRKM theory?4-¢ which requires calculation of the densities

A. Previous Models.An important test of the models is that  of internal states for the potential well and the sum of states for
they should simultaneously simulate both thermal and chemical transition state for reaction 2. Normal-mode vibrational frequen-
activation experimental data. However, a major drawback is that cies and moments of inertia for TFE and the transition state
because of the large differences in temperature between shockyere taken from KKSST, with the following small changes:
tube and chemical activation experiments the temperature (a) The TFE frequency at 249 cthis treated (approximatet)
dependence of the energy transfer is a significant unknown as a threefold hindered internal rotation with barrier height equal
factor. to 1137 cn; (b) the imaginary frequency (2027 c?) of the

KKSST used Pople’s G3 meth#do calculate the properties  transition state for reaction 2 is from Martell et?4lAll of the
of the TFE molecule and transition state, which were then used sums and densities of states are calculated (program DERSum
in RRKM calculations. The Cklitorsion was treated as a by “exact counts”, using the BeyeBwinehart algorith#? as
harmonic vibration, because with a calculated barrier to internal adapted by Stein and RabinovitthilTests showed that an energy
rotation of 1137 cm*, hindered rotor calculations were ap- grain size of<10 cnT? gives accurate results for steady-state
proximately the same as those for a vibration, especially at the unimolecular rate constants, but a smaller grain siz&¢m )
high temperatures of the shock tube experiments. Their calcu-is necessary for converged calculations of the vibrational energy
lated rate constants are in excellent agreement with previousrelaxation following the shock.
shock tube data obtained at higher pressures and lower tem- |n recombination reactions, such as reaction 1, the two
peratures. reactants come together to form a highly excited adduct, which

Transition state theory (TST) models used to interpret can redissociate, be collisionally deactivated, and react via
chemical activation data on TFE were used by Chang, Craig, reaction 2. The chemical activation energy distribuién
and Setset! Marcoux and Setséf, MBH,?4 and Ferguson et  (implemented in Multiwel) describes the nascent energy
al 2 Chang, Craig, and Setser used traditional four-centered TSTdistribution in the highly excited adduct. In the present work,
models for HX elimination from haloalkanes. MBH tested a the rate constant for €C bond fission (reaction-{1)) was
range of ab initio and density functional theory (DFT) calcula- approximated using the inverse Laplace transform (ILT) method
tions and found that all calculations yielded quite similar results of Forst?3 The Arrhenius parameters for reactionl() (needed
for molecular vibrational frequencies and moments of inertia, for the ILT method) were obtained from the equilibrium constant
in agreement with experimental data. and the measured recombination rate constant.

B. Master Equation. Rate constants for dissociation depend In the present work, collision frequencies are calculated by
on both vibrational energy and angular momentum, as doesusing Lennard-Jones parametefsr krypton @y, = 4.959,
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Figure 2. The functional form ofx(E), as defined by eqs 6a and b, is
shown as a dotted line. The transition between two distinct energy
regimes is at 525 cmt (parameteib; in eq 6b), and the width of the
transition is 25 cm! (parameteb;, in eq 6b). The other parameters of
eq 6 used in the Multiwell simulations are as follons; = 12 cnm'?,

¢12 = 0.025,¢,1 = 90 cnT?, andcy, = 0.04. The two traces represent
the fraction of molecules per 50 crhenergy bin at the beginning of
the simulation (black trace) and after 26 collisions (red trace).

EKr/K = 387 K) and TFE ‘(7TFE = 3.61 A, GTFE/K =190 K)
with the usual combining rules and formuf@S he conventional
exponential-down model for the collision step size distribution

is assumed
exr{

where P(E, E) is the probability density for energy transfer
from vibrational energyE' to energyE in a deactivation step,
N(E') is a normalization factor, and the energy transfer parameter
o(E") is a function of internal energy and temperature. The
temperature dependence @fE') is not known. As discussed
below, this lack of knowledge is a significant impediment to

—(E-E

1 ) e
() ] for(E—E)=0 (5)

N(E)

P(E, E) =

J. Phys. Chem. A, Vol. 110, No. 9, 2008947

C. Vibrational Energy Flow and Non-RRKM Kinetics.
An inherent assumption embodied in RRKM theory is that
energy is rapidly redistributed among all vibrational modes of
the molecule, at least as fast as the barrier-crossing frequency.
For this assumption to hold, the population of molecules that
are in an activated complex and poised to react must rapidly
reequilibrate following reaction. Reequilibration can occur by
IVR or through collisions. These processes must thus occur on
a time scale faster than the barrier crossing frequency. If the
barrier energy is high, energy flow may indeed be sufficiently
rapid. If the barrier energy is not so high, such as a barrier to
conformational change, energy flow may be limited or suf-
ficiently slow to influence the reaction raté:10:4752

If kyr is the IVR rate, including effects of collisions, then
the microcanonical raté(E), is’-2:4°

k(E) = k(E)kzrkm(E) (7a)

_ kKyr(E)
B ® + ® i)
kvr(E) = KUr(E) + kyr[M] (7¢)

wherevg is the barrier-crossing frequency an(E) is the IVR
transmission coefficient. The rateyr, has contributions from
both collision-free IVR,ki,r (calculated quantum mechani-
cally below), and collision-inducé®IVR, k,z[M], wherek;g

is an effective collision rate constant and [M] is the concentration
of collider gas.

To compute dynamical corrections to RRKM theory, we must
first compute the extent and rate of IVR. To locate the IVR
threshold, beyond which vibrational energy flows freely over
the energy shell, we turn to local random matrix theory
(LRMT),53 which has been developed to describe quantum
mechanical energy flow and localization in many nonlinear
oscillator system&3-55 such as the vibrations of a modest-sized
molecule. Local random matrix theory reveals that the IVR
threshold does not directly depend on the total density of states
of the molecule, but on a local density of resonantly coupled
state354

determining whether the high-temperature shock tube data are 11,4 VR transition lies at the energy where the local density

consistent with the low-temperature chemical activation data.
The energy dependence ofE') is critically important in
simulating vibrational relaxation following a shotk*> To
simulate a dual relaxation somewhat like that measured by
KKSST, it is necessary to introduce a bottleneck to energy
transfer at low vibrational energies. In the present work, this is
accomplished with the following function fax(E'):

a(E) =[1 - SE){cy; + c B} + SE)c, +cE} (6a)

]

In these expressions, the coefficiemisand by are empirical

whereS(E') is a switching function

E—-b
b,

SE) = %[1 - tanr( (6b)

of states coupled anharmonically to states on the energy shell
times the strength of the anharmonic coupling is of the order 1.
More specifically, IVR is unrestricted wheh

2
T(E) = \/;ZD]VdeZ 1

whereQ is the distance in vibrational quantum number space
between two states coupled by the matrix elenvegniWe obtain

the local density of statespg, coupled by all orders of
anharmonicity to any given state on the energy shell by direct
count using the vibrational frequencies.

We obtain the anharmonic matrix elements following the
scaling relations determined by Gruebele éPat® We estimate
the anharmonic matrix elementg;, coupling state$iCand |
using the formula$—58

(8)

parameters. The central energy at which the switch takes place

is defined by parametdn, and the energy range over which it
takes place is controlled with parameter The net effect of
these expressions is to switch between two simple linear
functions of energy, as shown in Figure 2. Recent “direct”
experiments on collisional vibrational energy transfer are
consistent with a linear energy dependence at vibrational
energies greater than5000 cnt1.46

Vi = I_l R,™ (9a)
R, ~ i/Q(waw”z (9b)
(9¢)

Q=Yn,
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where n, is the occupation number difference between two ‘ T
normal modesq' anda, for basis states, = Y |vy — v4|; and

aandb are constants. ¥ is expressed in reciprocal centime-

ters, thema ~ 3000 andb &~ 200—300. We use = 3050 and

b = 270 in our calculations. We also compute IVR rates,
t=(E), at energies above the threshold. At energies well

above the threshold energy, we can estimate this k3feg(E),

10°

d<E > /dt
as vib 108
o 2 2
|<|q\}R(E) = z Z|VQ| PQ(E) (10)
Just above the IVR threshold, the IVR rate must go smoothly
from 0, at the threshold, to the value given by eq 6. We model 107 )

. . . 55 S S S T S S S S S H ST S S
this behavior with the forf# 0 5 10° 110° 510% 210°
oo — Time (s)

Kir =KiRV1-TE) " TE) =1 (11)

Figure 3. Vibrational relaxation for 958 K and 9 Torr of krypton.

. The points are obtained from MultiWell, and the solid line is a nonlinear
whereT(E), defined by eq 8, must be1 for energy to flow least-squares fit to the data using eq 12. The dashed lines emphasize

freely over the energy shell. the dual relaxation times.
LRMT has been applied to predict the ergodicity threshold,

the dilution factor below the threshold, and energy flow rates
above it for dozens of modest-sized organic molecules, generally
comparing well with experimental resuf$6 It has been

TABLE 2: Vibrational Relaxation Times as a Function of
Temperature for Px, = 9 Torr

applied extensively to conformational isomerization reactions, temperature (K) 71 (ns atm) 72 (s atm)
explaining why rates are often observed to be orders of 958 26.9 86.2
magnitude slower than predicted by RRKM the6f#4"For 1200 30.7 88.4
example, calculations based on LRMT correctly describe the 1400 30.4 911
variation of the rate of cyclohexane ring inversion with pressure, 1288 g?:g ﬂg:g
which RRKM theory does not, and provide a good estimate for 2000 34.8 140.9

the rate! The rates oftransstilbene photoisomerization in

molecular beam and in bulb experiments, which again RRKM L . . .
theory fails to predict, have also been well-described by beginning of the simulation and the energy distribution after
LRMT.9.10 26 collisions have taken place.

The LRMT was developed to predict the ergodicity threshold N Schlieren shock tube measurements, the signal is propor-
and K, at low to moderate energies above the threshold tional to the axial density gradient, which is in turn proportional
where it has had considerable success. At higher energies, ittﬁ the rate of er_1bergy trarsfé%?oln Fhe EAUIt'We”f'TUIaJ'O”S’
predicts IVR rates that increase steadily with energy, resulting the average vibrationa energiin(t)Iwas calculated as a
in the expected approach to unity by the IVR transmission functhn of time, and. the rate of energy transfer was obtgmed
coefficient (eq 7b). At very high energies, the LRMT predicts t.’y taking the numerical time derivative (.)f the average vibra-
IVR rates that are too fast to be physically reasonable. Energy?'orllal eneégy. @Ein(Ut. An example simulation is shown
flow cannot be arbitrarily fast, since the vibrational time scale " Mlgur:e i the KKSST _ N .
of the oscillators, roughly half a vibrational period, limits the ; ufc as I':r.‘ the 3 h.blfxperldmelnts,lt etlrate Aot ﬁ.nehrgy
time for energy to travel in the molecule. Thus, an upper limit ranster in rigure 5 exnibits a dual relaxation. \gher
of 2@0is placed orkl,-(E) in the present calculations, where temperatures, _the S|mulate_d rate O.f energy tra_nsfer often exhibits
@lis the average vi%?ational frequency ' an initial transient. Following the initial transient[B};,(t)Adt

' is accurately described by a sum of two exponentials

IV. Results

d

A. Vibrational Relaxation. Input parameters for the Multi- a[Evib(t)D: —a exp(-at) —azexp-at)  (12)
Well calculations are described in Appendix Il. For the
Multiwell double arrays? 1500 array elements were used for wheret is time, and parametess (i = 1, ..., 4) are obtained by
the low-energy regime, 500 array elements were used for thenonlinear least-squares analysis. Vibrational relaxation times (the
high-energy regime, and the energy ceiling was set at 50 000inverse of thea, anda, parameters) were obtained by nonlinear
cmL, least-squares analysis for the time period following the initial

Parameters,; andc,, in eq 6a were obtained by simulating transient. Long simulations (4« 10° stochastic trials) are
the KKSST rate constant data at 100 Torr. This pressure wasnecessary to reduce the statistical scatter in the time derivative
chosen because it is the central pressure in their data set; weso that reliable vibrational relaxation times can be determined.
note that Kiefer has stated (private communication) that the The relative errors in the fit parametexsanda, are generally
experimental setup was optimal for this pressure. The remainingless than~5%.
parameters in eq 6 were chosen to reproduce the KKSST Vibrational relaxation times calculated for a pressure of 9
vibrational relaxation times for 9 Torr and 958 K (Figure 6 in  Torr and select temperatures between 958 and 2000 K are given
KKSST). The functional form of eq 6 and the energy transfer in Table 2. Overall, the calculated vibrational relaxation times
function a(E) are given in Figure 2. Also shown in Figure 2 are in good agreement with those measured by KKSST. Despite
are the 300 K thermal vibrational energy distribution at the the small quantitative differences, it is clear that dual vibrational
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relaxation times can be obtained for TFE if a suitable energy 50 510
transfer function is used. In the present empirical approach, the
energy transfer parameters are not unique and do not have 40 - 1 410®
specific physical interpretations. s

It is worth noting that the reaction incubation times resulting so i /S | 310m
from this energy transfer model agree within a factor~&t T(E) K, ()
with the experimental data in Figure 9 of KKSST. The 50 | P
experimental incubation time data are reported in “laboratory
time”, because they were deemed too uncertain for reliable 10l Reaction 10
transformation to “molecule time” (J. H. Kiefer, private com- Threshold
munication). ‘ ‘ i ‘

B. RRKM/Master Equation Models. Fast IVR and the 00 5000 10000 15000 20000 25000 3000%

KKSST Data SetUnimolecular rate constants were obtained
from the neQatlve. of the slope c.)f the last 20% of plots of Figure 4. The computed transition parametdf(E), and rate of
In[TFEJ/TFE]o VS time or from the_lnstar_ltaneous average raFes vibrational energy flow in the absence of collisiok (E) in units of
reported by Multiwell. Long-time simulations were run to obtain  reciprocal seconds. The IVR threshold energy correspond@é=p=
accurate estimates of the steady-state rates. Steady state i§; ki, (E) is finite whenT(E) > 1. Both quantities are calculated to an
reached after about ¥20% of the TFE has reacted; at the end energy of 10 000 cr (points) and extrapolated (thin solid line) to
of a simulation, about 10% of the initial TFE still remains. The higher energies. The physical upper limitdh (E) is ~2@0= 3.2 x
pressure-dependent rate constants determined from the simulal0™ s™ (horizontal dashed line).

tions using the “standard” model with fast IVR are shown in
Figure 1.

It is important to carefully examine the experimental data
obtained by KKSST, and it is useful to do so in comparison
with the standard model, which gives results that are very similar
to the simple modified strong-collider RRKM model reported
by KKSST. The data at 35 and 100 Torr are in very good
agreement with the simulations (which were fitted to the 100 ~_ 0%}
Torr data set). The data sets at 15, 350, and 550 Torr are all in~"
disagreement. At 15 Torr, the data show significantly stronger
temperature dependence than the standard model, and the
centroid of the data set is at a significantly higher rate constant
than the standard model. This strong temperature dependence
is also at odds with the data obtained at the other pressures. 100 L2 ‘ ‘ ‘
These systematic discrepancies may be due to the possible 10° 10' 10° 10°
susceptibility of this lowest-pressure data set to unidentified Py (Tom)
systematic experimental errdr§he data sets at 350 and 550 Figure 5. Simulations and experimental data estimated from
Torr essentially fall on top of the data at 100 Torr, while the KKSST: “Standard” is RRKM theory, “slow-IVR” assumes the LRMT
standard model predicts that both should have significantly larger'VR theory, and “truncated” assumes the standard RRKM model, but
ate constant. This was one of the major poits rased by 7. UEper it o he micocaroncklEy <1510 <L Al
KKSST and ascribed to the effect of slow IVR. KKSST did  getajls).
not provide objective error estimates that would enable an
assessment of the significance of these discrepancies, but statevell-approximated by a quadratic function of the energy, which
that the scatter of the data provides the best estimate offacilitates extrapolation of the IVR rate to higher energy
experimental errors.

Whether or not steady state is achieved in the KKSST KVr(E — Egfs t=1.1x 10"+ 1.0x 10'%E — Ey) +
experiments is an important issue when considering the accuracy 2.4 x 10°E — Ey)* (13)
of the KKSST data set. At high pressure, steady state is reached
very quickly, but at low pressure, long times (much longer than \yhereE, the vibrational energy, anHo, the reaction critical
those studied in the KKSST eXperimentS) are. needed to achi-ev%nergy (24 299 Crnl)’ are expressed in reciprocal centimeter
steady state. Since the KKSST data set is unusual at highynits According to this functionkd,(Eo) ~ 1014 s* at the
pressure, we compared the 550 Torr rate constants calculatedeaction threshold and is increasing rapidly with energy. As
using data between 2 andi8 (roughly the experimental time  noted above, however, energy flow cannot be arbitrarily fast,
window accessible by KKSST in their experiments) to those pyt is limited to roughly half a vibrational period. Thus, an upper
calculated using data for much longer tlme_s. We _found that the |imit of 2@ 0is placed onkl(E) in the calculations, where
rate constants changed by less than 10%, indicating the KKSST— 32 « 103 s (corresponding to 1079 cr) is the
rate data at high pressure were at steady state. average vibrational frequency in TFE.

Slow IVR.Using the LRMT criterion for quantum energy The results of three sets of simulations are shown in Figure
flow, eq 8, we find the IVR threshold for TFE to lie around 5. The data points shown in the figure are from interpolations
3500 cntl, nearly 60 kcal mol! below the reaction critical and short extrapolations of the KKSST data to 2100 K (see
energy (Figure 4). Above the IVR threshold, we compute the Figure 1). For the present purposes, we have assumed that all
IVR rate with egs 9 and 10. With the exception of values close of the relative errors are-20%, although the systematic error
to the transition energy, the IVR rate above the threshold is in the 15 Torr data set is probably larger. The curve labeled

Energy

10°

—— Standard

— -Slow-IVR

— —-Truncated (<1.5e+7)
® KKSST (2100 K)




2950 J. Phys. Chem. A, Vol. 110, No. 9, 2006

“standard” is the standard RRKivmaster equation simulation
with fast IVR (described above). The discrepancies between
the standard simulation and the KKSST data illustrate the failure
of conventional RRKM theory to describe the data at the two
highest pressures. The curve labeled “slow-IVR” incorporates
the LRMT but assumes that collision-induced IVR is negligible
(Kyg = 0). Since the slow-IVR simulations do not show the
sharp rollover toward a high-pressure limit seen in the KKSST
data, we conclude that the KKSST data are not consistent with
the LRMT-modified RRKM rate.

We note that by neglecting collision-induced IVR, the slow-
IVR simulation represents thrmaximundeviation from RRKM
theory that is possible according to the LRMT. For the case of
trans-stilbene isomerization in Citollider gas, LRMT predicts
that the collision-induced IVR rate constant is on the order of
the total collision rate constant estimated by the Durant
Kaufmann method. If we sét,; for TFE equal to the total
rate constant for TFEKTr collisions (7.6x 107°cm®s™), IVR
is very rapid, and the resulting simulation is indistinguishable
from the standard model. On the basis oftifams-stilbene work
and previous studies, we feel that this model, which neglects
collision-induced IVR, is unphysical.

Also shown in Figure 5 is a simulation labeled “truncated”.
This simulation uses standard RRKM theory, but with the
additional arbitrary assumption that the microcanonical uni-
molecular rate consta(E) cannot exceed 1.5 107 st in
the Multiwell simulations. The only justification for this
arbitrary assumption is that the resulting simulations are in
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Figure 6. Chemical activation data (300 K) of Marcoux and Sétser
with simulations according to three models with energy transfer
parametent assumed to be independent of energy.

: (Torr)

+10%). The present result for the standard model agrees with
the result (350t 70 cnm?!) found by Marcoux and Setser, who
used essentially the same method, although they assumed
slightly different transition-state and Lennard-Jones parameters.
(The present choice of Lennard-Jones parameters produces a
collision rate constant at 300 K that is about 8% larger than
that used by Marcoux and Setser.)

Although the standard and slow-IVR simulations tend to fit
the data slightly better, all three of the chemical activation

reasonable agreement with the KKSST pressure-dependent datasimulations are in good agreement with the experimental data.

It implies that IVR requires a very long period of time§7

ns) even at high energies and despite collision-induced IVR.
This model has no physical basis, and we feel that it is not
realistic, although it fits the KKSST data.

It should be mentioned that all of the simulations at 2100 K
(i.e., for the conditions of the KKSST experiments) predict
possibly measurable amounts of-C bond fission according
to reaction {1). For example, at 550 Torr the standard and
truncated models predict0.1% and ~1% vyields of free

In each case, the analysis of the Marcoux and Setser data set
relies on the specific assumptions about the unimolecular
reaction. Unless a constraint on the energy transfer parameters
can be found, the chemical activation experiments do not provide
an independent test for the possible effects of slow IVR.
1,1,2-TrifluoroethaneTo the best of our knowledge, all of

the extant energy transfer data on highly excited 1,1,1-TFE were
obtained by analyzing chemical and thermal activation data and
hence are dependent on implicit assumptions about the influence

radicals, respectively. Free radical reactions were neglected byof |VR. In the absence of independent data on 1,1,1-TFE, we

KKSST, and we do not know whether these free radical yields
can affect the interpretation of the laser schlieren experiments.
Chemical Actiation. We also simulated the chemical activa-

tion experiments of Marcoux and Set&gin which excited TFE
was produced at 300 K with-101 kcal mof? of vibrational
excitation?+28|n our master equation simulations, we employed
the chemical activation distribution function at 300 K for the
initial energy distribution and calculated the fraction of TFE
stabilized in collisions with krypton collider gas.

turn to the 1,1,2-TFE isomer, which may be useful as a proxy.
Energy transfer between argon and the 1,1,2-TFE isomer has
been investigated by using a physical “direct” method that does
not depend on any assumptions about unimolecular reaction rate
constant§1-63 Infrared multiphoton excitation of the €F
stretching modes was used to prepare highly vibrationally
excited populations, which subsequently underwent energy
transfer in an argon bath. The vibrational energy transfer was
monitored by measuring the intensity of spontaneous infrared

For comparisons between the KKSST shock tube data at 2100fluorescence (IRF) from the €H stretching modes in the

K and the Marcoux and Setser chemical activation data at 300

excited molecules. The experiments were analyzed with a full

K, it is convenient to assume an energy-independent value of collisional master equation approach (similar to Multiwell) to

o.. For a single-channel unimolecular reaction, it is well-knbwn
that a simple energy-independenproduces excellent results,
corresponding approximately to the value afEp, T) at the
reaction critical energy.

Standard and truncated simulations using the energy-
independent exponential-down model give good agreement with
the KKSST experimental results at 100 Torr whe{2100 K)
= 1275 + 100 cm! (independent of energy). Slow-IVR
simulations for the same conditions gia€2100 K)= 1700+
100 cnt! (independent of energy). These values may be
compared with the values shown in Figure 6 for corresponding
simulations of the Marcoux and Setser chemical activation
results: 350 cm! and 225 cm! (estimated uncertainties of

determinea(T, E) for energy transfer between 1,1,2-TFE and
argon. It was found thad(T, E) is essentially independent of
temperature from~400 K to~1000 K and is given by 1AT,
E) = (200+ 20) + (0.005+ 0.002) x E, whereE anda(T, E)
are expressed in units of reciprocal centimetérs.

1,1,2-TFE is an attractive proxy, because it is a geometrical
isomer, and hence, most of its vibrational frequencies are similar
to those in 1,1,1-TFE. However, it differs from the 1,1,1-TFE
isomer in that the torsional mode, which is a symmetric rotor
in 1,1,1-TFE, is asymmetric in 1,1,2-TFE. Perhaps more
important, the torsion is the lowest vibrational frequency in both
molecules, but the frequencies differ: 249¢nn 1,1,1-TFE:24
and~117 cntlin 1,1,2-TFE®*55Since the lowest vibrational
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v does not reproduce the sharp leveling-off of the falloff exhibited
""""""""""""""" by the KKSST data set, even when collision-induced IVR is
neglected. The neglect of collision-induced IVR is probably
unphysical, since it appears to be a necessary feature in
- . successfully describing other syste#i87 When collision-
% o induced IVR is included in simulating TFE, the result is
& ’ Chemical Activation (300 K) indistinguishable from the standard RRKM model, which does
5 o =200 + 0.005xE not describe the KKSST data very well.
b (from Zellweger et al. 1986) i i . o
e , It is, however, possible to simulate the KKSST data if it is
7 4 Marcoux & Setser 1978 arbitrarily assumed that(E) cannot exceed 1.5 10’ st in
4 igf‘"’”"fv’; the MultiWell simulations (truncated model). The sharp break
_____ e in the KKSST falloff is reproduced fairly accurately, which is
102 our only justification for truncatind(E) in this way.

20 40 60 80 100 300 500 700

Previous shock tube experiments were carried out at lower
temperatures and over a range of pressures near the high-
pressure limit. Thus, they are not helpful in assessing the KKSST
falloff data, although they provide strong support for the
transition-state model calculated by KKSST. We have shown
that the chemical activation experiments on excited TFE can
be successfully fitted with all three of our models, as long as
no constraints are placed on assumptions about collisional
deactivation of excited TFE. Thus, the existing data on TFE
are insufficient to establish whether the KKSST data set is an
anomaly.

In an attempt to reach a conclusion, we have used a proxy
method to place at least some constraints on the energy transfer
parameters in the chemical activation experiments. For this

transfer propertie® Marcoux and Setstrfound the same value ~ PUrPose, we have used the geometrical isomer, 1,1,2-TFE, in
of a(T, E) for both collider gases in collisions with 1,1,1-TFE. collisions with argon as a proxy for 1,1,1-TFE in collisions with
Although the masses and assumed Lennard-Jones parametefdYPton. Essentially the same agreement between the standard
for the various collider pairs vary somewhat, the collision rate Model and the chemical activation data is fortuitous, considering
constants are all very similar. The collision rate constants the approximations associated with the use of the proxy and
calculated for Kr+ 1,1,1-TFE from the slightly different the uncertainties in the measured AT, E). However, it is clear
Lennard-Jones parameters in Marcoux and Setser and in the¢hat agreement with the other two models is poor. In both cases,
present work are 3.14&« 1020 and 3.39x 10720 cm?® 571, the simulations show much more stabilized product than was
respectively. A similar comparison for rate constants forHAr measured. To bring the simulations into agreement with the data,
TFE from Zellweger et & and from the present work gives — 0u11(T, E) for 1,1,1-TFE would have to be1/3.3 times as large
3.84 x 10710 and 3.53x 10710 cn® s7%, respectively. Thus,  as auAT, E) for 1,1,2-TFE for the truncated model. In
the parameters for krypton and argon differ by only-P0%. comparing values odt for pairs of molecules at high energies,

In light of this discussion, it seems justified to use the#Ar ~ We find ctoluendOtbenzene™ 2.2 atE = 30 000 cn* from infrared
1,1,2-TFE energy transfer system as a proxy for the-Klr,1,1- fluorescence “direct” experiment8,acerdacers ~ 2 atE =
TFE system, but with the expectation that (T, E) may turn 24000 cm! from trajectory calculation® and ooiuend
out to be smaller thamuyiT, E). Thus, we assumed that  Oc-heptariene™ 1—2 atE = 40 000 cn1?! from “direct” ultraviolet
a111(T, E) = a1AT, E) in simulations of the Marcoux and Setser absorption experiment8:"* The ratioau1AT, E)/ou14(T, E) ~
chemical activation experiments on theKrl,1,1-TFE system. 3.3 is at the extreme end of the range of this small collection of
The results for the standard, slow-IVR, and truncated rate examples. Because of the scarcity of energy transfer information,
constant models are presented in Figure 7, where the agreemerit is not possible to ascertain with certainty whether this ratio
between the standard model and the data is (fortuitously) almostis realistic for two such geometrical isomers. Despite the
exact. uncertainty associated with using a proxy, we conclude that the
standard model is significantly more consistent with the
Marcoux and Setser chemical activation data set than are the

In agreement with KKSST, we have shown that their WO Non-RRKM models.
unimolecular reaction rate data do not agree well with RRKM  In the preceding sections, we have examined the KKSST data
theory (standard model). Although the experimental detection Set closely and confirmed that it is not well described by RRKM
of dual relaxation times is suggestive that slow IVR is the theory (standard model). Unfortunately, the present model
explanation for the discrepancy between their data set andcalculations can neither confirm nor rule out the possibility that
RRKM theory, we have shown that the dual relaxation most this is a non-RRKM reaction: the evidence on both sides is
likely originates from energy transfer at energies far below the weak. Many reasons can be given why TFE should be well-

P (Torr)

Figure 7. Simulations of the Marcoux and SetSeshemical activation
data with three rate constant models and assunoing(E, T) =

o11AE, T). The latter quantity was obtained in measurenfént$

Ar + 1,1,2-TFE energy transfer. See text for details.

frequency is often a dominant factor in determining the
state-to-state energy transfer rate constafitwe expect that
a11AT, E) for 1,1,2-TFE is unlikely to be smaller than
oua11(T, E) for 1,1,1-TFE. Since both torsional frequencies are
on the order okT at 300 K,a(T, E) may be about the same for
both molecules under the conditions of the chemical activation
experiments.

Argon and krypton are similar in their collisional energy

V. Summary and Concluding Remarks

reaction threshold. In agreement with Kiefer efailye conclude

described by RRKM theory, but arguments can also be made

that observation of dual relaxation behavior does not necessarilyin support of the non-RRKM interpretation. In Appendix I,

have much to do with the unimolecular reaction.
By implementing the LRMT in the MultiWell master equation
code (“slow-IVR” model), we have shown that this IVR theory

we outline arguments by Kiefer and KKSST that support TFE
as a non-RRKM system. We also provide counter arguments
to challenge their interpretation.
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Finally, although it is not possible to determine with
confidence whether non-RRKM effects are important or whether
the KKSST data are in error, the KKSST data set clearly has
unexplained systematic errors at the lowest pressure. It is
possible that the rate constants at the highest two pressures ar
also affected by unknown systematic errors. Additional work

(computational and experimental) is needed to resolve this issue.

Nonetheless, RRKM theory has a long history of success on
many systems. Until stronger evidence of a breakdown of the
theory is available for this type of reaction, we feel that RRKM
theory is still the method of choice.
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Appendix I. Reaction Path Degeneracy

Barker et al.

TABLE Al: RRKM Model 2 for CF3CH3; — CF,CH, + HF

vibrational frequencies (cnd) and degeneracies (molecule):
3330(2), 3246(1), 1627(2), 1600(1), 1429(1), 1414(2), 1094(2),
907(1), 645(1), 584(2), 391(2), 249¢1)
e vibrational frequencies (cm) and degeneracies (transition state):
3428(1), 3332(1), 1875(1), 1710(1), 1617(1), 1552(1), 1452(1),
1128(1), 1023(1), 971(1), 796(1), 656(1), 524(1), 507(1), 428(1),
298(1), 260(1)
moments of inertia (amih?2)
molecular (2D) adiabatic: 331.38
transition state (2D) adiabatic: 389.98
molecular active (1D): 310.53
transition state active (1D): 309.82
reaction path degeneracy: 3
E, (kcal/mol): 69.45
AH¢(0 K) (kcal/mol): 31.8
Kr: ok = 3.61 A; e,/K = 190
TFE: OTFE — 3.47 A; GTFE/K =114
molecular masses (g M3): Mg, = 83.80;Mre = 84.04

2 Most model parameters are taken from KKS8Vibration treated
as a hindered rotoro(= 3) with a barrier to rotation of 1137 crh
¢ External rotor treated as a quantum rotation (qro) within Multiwell.

subset of vibrational modes is preferentially excited by collisions
following the shock. This subset of modes sequesters vibrational
energy, which flows only very slowly to the reaction coordinate.
Thus, when TFE has energy greater than the reaction critical
energy, it reacts at a rate controlled by slowl(® s™1) IVR

There is some confusion in the literature about the reaction petween the sequestering modes and the others. KKSST also
path degeneracy for HF elimination from TFE. In summary, assume collision-enhanced IVR, and collisional excitation of
(a) KKSST used 9, (b) in their earlier papers, Setser and co-the modes that are coupled to the reaction coordinate is

workerd®2”and Holmes and co-workéfshoth used 6, and (c)

in a recent paper, Ferguson e£alsed 9. Explanations given
were that the reaction path degeneracy should be 9 if there is
free rotation about the €C bond, but if the rotor is treated as

a vibration, then it must be 3.

However, if one follows the arguments outlined in Gilbert
and Smittt; then there are 9 transition states and 3 equivalent
potential wells (due to the threefold internal rotor symmetry).
Six transition states are accessed from each potential well via
an internal rotation oft+27/6 and choosing any one of the
resulting HF pairings. Half of the initial population in each well
goes to each of the transition states. SiAgeof the initial
population is in each well, the path degeneracy Yis) (x
(12) x (3 wells) x (6 paths/well)= 3 paths. (The only way to
arrive at a path degeneracy of 6 is to neglect the threefold
internal rotor symmetry so that there is only 1 well with 6
accessible transition states.)

Appendix Il. RRKM Model Parameters

Except for minor revisions, the RRKM model for HF
elimination from TFE was taken from KKSST. Their model is
very similar to the models described by Holmes and co-
workers?428 See the text for further discussion of the model.

For the chemical activation reaction of € CH; — TFE,
the inverse Laplace transform (ILT) metidd?was used, which
only requires specification of the Arrheniua-factor and
activation energy, which can be identified approximately with
the critical energy:A = 1 x 10 s71 and Ep = 101.0 kcal
mol1,

insignificant. Kiefer envisions rapid collisional energy transfer
mostly to the torsion, which remains only weakly coupled to
the other modes at high energies due to high symmetry.
Furthermore, when the torsion is excited, the distortion o CH
and CF rotors needed to achieve the geometry of the transition
state introduces @20 kcal mof? increase in the energy
requirement for reaction. This conclusion is based on a

__calculation carried out by L. Harding in which the two distorted

rotors were “frozen” in the transition state geometry and forced
to rotate around the €C axis (L. Harding and J. H. Kiefer,
private communication). This added energy effectively raises
the critical energy for reaction when the torsion is excited,
resulting in the non-RRKM effect. Thus, excitation of the
isolated torsion both sequesters energy, making it unavailable
for reaction, and increases the reaction critical energy, further
slowing the reaction. KKSST also suggest that chemically
activated TFE formed by recombination of £F CHjz results
in little excitation of the torsion. Thus, the chemical activation
experiments result in RRKM behavior, while collisional activa-
tion, which preferentially excites the torsion, results in non-
RRKM behavior

There are a number of points in this qualitative model where,
in our opinion, one can reach different conclusions. The torsion
barrier in TFE is~1137 cnt?, and the harmonic frequency is
~249 cnTl. Below this torsion barrier, the torsional states are
nearly equally spaced (like harmonic oscillator states), and
collisional activation from one torsion state to the next will
proceed with roughly the same rate constant, scaled by the

For the sake of completeness, the principal model parametersvibrational quantum numbé?.Above the barrier, however, the

are summarized in Table Al.

Appendix Ill. A Critique of the KKSST Non-RRKM
Model

KKSST! and Kiefer (private communication) suggest that
their data can be explained by a non-RRKM model in which a

torsion states become more like free internal rotations where
the state energy gaps become larger at higher energies. At a
torsional energy of-20 kcal mot, for example, the hindered
rotor states in TFE are about 400 chapart. As the energy
gaps increase, collisional excitation from one state to the next
will become slower, because of the Boltzmann factor. Thus,
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