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A previously described implementation of Rice-Ramsberger-Kassel-Marcus (RRKM) theory
for unimolecular dissociation processes involving a highly flexible transition state is applied to
the dissociation of CH,CO into CH, and CO. Results of theoretical calculations for the energy

and angular momentum resolved rate constants are presented. Using an added dynamical
approximation, the product vibrational-rotational distributions are also calculated. The
calculated rate constants are compared with the corresponding experimentally determined
quantities where possible. Comparison is also made with phase space theory (PST). The
RRKM-based calculations are in good agreement with both the experimentally determined
rate constants of Zewail and co-workers and the experimentally determined photofragment
excitation spectra of Moore and co-workers. The results on rates are in contrast to the
corresponding results from PST calculations. The RRKM-based theory for the product
vibrational-rotational distributions predicts a moderately greater probability for vibrational
excitations than does PST (particularly for excess energies just above the threshold for
excitation of a particular vibrational mode of the products). In other respects the RRKM-
based predictions of the ro-vibrational product state distributions are quite similar to those of

PST.

I. INTRODUCTION

Energy and partially angular momentum resolved rate
constants and/or vibrational-rotational product state distri-
butions have recently been obtained for a variety of unimole-
cular dissociations. These include the dissociations of
NCNO,"? H,0,,>* CH,CO,>® and C4H,".° Such increas-
ingly detailed experimental studies provide important exam-
ples for determining the validity of statistical theories and
their implementation.

The dissociation of ketene into singlet methylene and
carbon monoxide (CH,CO—- !CH, + CO) provides a nice
example of the detailed experimental information that may
now be obtained for unimolecular dissociation reactions.
Zewail and co-workers’ have used picosecond photofrag-
ment spectroscopy to determine the microcanonical unimo-
lecular dissociation rate constants for a rotationally cold
(=3 K) distribution of CH,CO molecules for excess ener-
gies ranging from 1100 to 5600 cm~'. Moore and co-
workers have used photofragment excitation spectroscopy
to study the nascent product state distributions for excess
energies ranging from 0 to 350 cm ~ ' > and subsequently for
excess energies ranging from 1300 to 3000 cm™ .2 In addi-
tion, Moore et al.'>'! have also used vacuum UV laser in-
duced fluorescence experiments to determine the product
state distributions resulting from the photodissociation of
room temperature distributions of ketene molecules (excess
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energy above the singlet threshold of 2365 cm ™! plus ther-
mal energy).

Moore and co-workers>® have compared their experi-
mental data on product state distributions for low excess
energies (i.e., excess energies not exceeding any vibrational
excitation thresholds) with phase space theory (PST)'? and
found that PST yields good agreement for the rotational
state distribution. However, PST has been found to give, for
other systems, less successful descriptions of either the disso-
ciation rate constant or the vibrational-rotational distribu-
tion at higher excess energies. *'>-!7 Any hindered rotational
motion of the two fragments at the transition state is omitted
in PST and this omission can result in the prediction of too
large a rate constant.'>~'® Moore and co-workers>® have also
compared their experimental results for these low excess en-
ergy product state distributions with the adiabatic channel
model?® (ACM), which includes the hindered rotational
motion using some exponential interpolation formulas. In
this comparison they found that, for the usual values of the
universal interpolation parameter used for the ACM, the
agreement of the calculated product state distributions with
experiment was not as good as that for PST.

In the present article a previously described'®'® method
for implementing Rice—-Ramsberger—Kassel-Marcus
(RRKM) theory will be applied to the theoretical study of
the CH,CO dissociation. This method'*'®!° treats the hin-
dered rotational motions of the two separating fragments
using classical phase space integrals for motion on a given
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potential energy surface. In contrast, PST treats these mo-
tions as free rotors. In the method'*'®'% a Monte Carlo inte-
gration of the phase space integral for the number of states at
the transition state is written as a convolution of a quantum
number of states for the “conserved” modes and a classical
density of states for the “transitional” modes, subject to a
given energy E and total angular momentum quantum num-
ber J.

The theory used here has been described'®'® and ap-
plied'®'” previously and so will not be discussed further. The
relative contributions of the singlet and triplet states of
CH,CO to the dissociation dynamics is considered briefly in
Sec. II. The functional form of the model potential surface
used is similar to that of Ref. 16 and is described briefly in
Sec. II1. The results of both the variational RRKM calcula-
tions and the PST calculations for the rate constants are
presented and discussed in Sec. IV. A comparison with the
experimental results of Zewail and co-workers’ for the rate
constants is also given there. Predictions of the overall vibra-
tional-rotational product state distributions from both the
RRKM-based theory of Ref. 21 and from PST are given in
Sec. V for a variety of energies. Also given there is a compari-
son of RRKM-based and PST calculations of the room tem-
perature thermally averaged CO vibrational excitation prob-
ability with the experimentally determined quantity of
Nesbitt ez al.'® Also, in Sec. VI results on the experimental
photofragment excitation spectra in Refs. 5 and 6 are dis-
cussed in terms of the RRKM-based theory and PST. In an
additional calculation presented in Sec. VI, the triplet rate
constant determined indirectly by Moore and co-workers>®
is considered. Concluding remarks are made in Sec. VIL.

Il. SINGLET/TRIPLET CONTRIBUTIONS

A schematic diagram of the low-lying electronic states
for ketene is given in Fig. 1. (This figure has been taken from
Ref. 5 and is based on the results of the ab initio calculations
of Allen and Schaefer.’?) The ketene photofragmentation
occurs through first a photoexcitation to the S, state fol-
lowed by either an internal conversion to the S, state or an
intersystem crossing to the 7', state. Dissociation then oc-
curs in either the S, or T, state. The T, triplet state in Fig. 1
correlates to a product state *CH, + CO which is about 3150
cm ™! below the product state 'CH, + CO to which the sing-
let state correlates.”® The ketene triplet state has a barrier,
with experiments suggesting® that this barrier is less than
about 1500 cm ™",

At low enough excess energies (i.e., at and below the
threshold for the singlet products) the dissociation must of
course occur only on the triplet potential energy surface. At
energies slightly above the threshold for production of the
singlet products competing dissociations occur in both the
Soand T, states. In the photofragment excitation spectrosco-

. py experiment of Ref. 5, Moore and co-workers found that
the singlet/triplet branching ratio increases from 0 to 2 in the
first 125 cm ™! above the singlet threshold. At a higher ex-
cess energy of 2365 cm ™! above the singlet threshold, no
triplet product was observed in either the molecular beam
study of Hayden et al.>* or the vacuum UV laser induced
fluorescence study of Nesbitt et al.'® Thus, on the basis of

2281

30

N
w»
T

E (x10°em™)

n
o
T

b7 1
(s

s

Dissociotion Coordinote

FIG. 1. Schematic potential energy diagram for the dissociation of CH,CO
into CH, and CO (taken from Ref. 5).

estimates of experimental detection sensitivity, the singlet-
triplet branching ratio is at least 10>'°?* for this higher ex-
cess energy.

The above experimental results indicate that the disso-
ciation process changes fairly rapidly (within at least the
first 2500 cm ™' above the singlet threshold) from being
dominated by the triplet surface to being dominated by the
singlet surface as the excess energy rises above the threshold

* for dissociation to singlet products. This fairly rapidly rising

dominance of the singlet level suggests that a treatment
which considers only the singlet state should be valid over a
broad energy range. (For example, as indicated above, for
energies over 125 cm ™' the singlet triplet branching ratios
indicate that a treatment of only the singlet state should not
introduce an error of more than 35% in the total rate con-
stant, while for energies over 2500 cm ™! they indicate this
error should not be greater than 10%.>'%*) In the present
article the results in Secs. IV and V are for the rate constants
and product state distributions resulting from dissociation
on only the singlet level. Additionally, all future values of
excess energies in this article will be given relative to the
threshold energy for production of singlet CH, in its lowest
vibrational-rotational state. For the photofragment excita-
tion spectra discussed in Sec. VI, again only the singlet state
distributions are considered. However, the effect that the
triplet state has on reducing the singlet quantum yields is
also considered there.

lll. POTENTIAL ENERGY SURFACES

A detailed potential energy surface for the transition
state region is not available, and a model surface similar to
those used previously in Refs. 13, and 16-18 is employed
instead. (Eventually it is hoped that a detailed ab initio sur-
face will become available. The present calculations can help
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determine the particularly relevant ranges of coordinates for
such a study. In particular, R ' the center-of-mass to center-
of-mass separation distance at the transition state was found
to vary from about 2.6 to 3.4 A in the present calculation.)
The model potential surface for the transitional modes is
taken to be the sum of a bonding potential for the dissociat-
ing C=—=C bond and a nonbonding potential for the remain-
ing interfragment interactions. The intrafragment vibration-
al interactions correspond to the conserved modes and are
represented by interpolation formulas rather than by a de-
tailed potential energy surface.

The bonding potential is approximated by an effective
Varshni potential multiplied by an orientation factor which
accounts for the loss of bonding which occurs when the two
fragments are improperly oriented. The orientation factor is
chosen to be 08> (88 cco [ €08? (80ucc, )

+ cos?(86ucc, ) ]/2 when all three of [86cco | |66ucc, |,
and |66y, | are less than 7/2 and zero otherwise.?® Here,
60cco s 06yucc,, and 80y, denote the deviations of the CCO
and the two HCC bending angles from their corresponding
equilibrium values. The equilibrium values for these and
other coordinates together with certain other spectroscopic
parameters used here may be found in Table L

An effective Varshni potential®' is given by the standard
form
’ﬂ,eﬂ' 2
V=D& [1 —( = )exp [-B& (rec —r’é&““)]}
Tec
— D& (n

The quantities D, and r&T correspond to the effective
C—C dissociation energy and separation distance, respec-

TABLE I. Spectroscopic parameters for CH,CO - 'CH, + CO.

Reactants*  Products®
Parameter value value
Frequencies CH asym stretch 3166 2864
(cm™Y) CH sym stretch 3070 2806
CO stretch 2152 2143
CH, scissor 1388 1352
CC stretch 1118
CH, rock 977
CH, wag 591
CCO bend 525
CCO bend 438
Rotational Acu,corcn, 9.41 20.14
constants By cosen, 0.344 11.20
(em™") Cercorch, 0.331 7.07
B, 1.93
Coordinates R, 2.054 A
Focn 1.077 A  1L11A
Foco L161 A 1128 &
Oficn 122.0° 102.0°
0ico 180°

tively, while, here 8 &I is related to the C—C force constant
and to the other interactions, as is D £ : The parameters for
this surface, given in Table II, were determined through a fit
of the total potential energy (including the nonbonding in-
teractions) to the set of assumed Varshni parameters, B,
Dee, and r¢.. These assumed Varshni parameters in turn
were obtained from a consideration of the spectroscopically
determined force constant,?’ dissociation energy,® and sepa-
ration distance.”” This fit of the potential surface was per-
formed for a center-of-mass to center-of-mass separation R
in the interval of 2.8-3.0 A3

The nonbonding potential was taken as the sum of the
van der Waals interactions between the nonbonded atoms,
with the van der Waals interactions represented by Lennard-
Jones 6-12 potentials,

3 2 . 12 o 6
N s
=1 j=1 ry ry

where i and j label the atoms in the CH, and CO fragments,
respectively, and the prime indicates that the C—C bond is
not included in the sum. The parameters o;; and €, denote
the usual Lennard-Jones parameters for the interaction
between atoms i/ and j while 7; is the separation distance
between atoms / and j. The Lennard-Jones parameters used
here were taken from Ref. 33 and are given in Table III.

In the current absence of a detailed potential energy sur-
face the conserved modes were treated as quantum oscilla-
tors using an exponential interpolation'*?° between the pa-
rameters describing the reactants and the products, given by

A(R) =47+ (A]—-AD)g(R), (3)

whereg(R) = exp[ — a(R — R °)]."**Thequantity A de-
notes a frequency v, equilibrium bond separation distance 7*,
and equilibrium bending angle 6°, for the given atoms, and i
denotes CH, CO, or HCH. The r and p superscripts denote
the reactant (CH,CO) and products ('CH, + CO), respec-
tively. The harmonic parameters for the conserved modes
are given, together with the other spectroscopic parameters,
in Table I. Apart from the calculation of the density states,
the CO stretch and CH, scissor were treated as Morse oscil-
lators, with the two Morse parameters determined via a fit to
the fundamental and first overtone frequencies of the prod-
ucts. This was necessary in order to obtain the correct term
values for the product v = 2 states of these oscillators. The
anharmonicities were then assumed to be the same for both
the reactants and the products. The ratio of the statistical
factor for the reactants to that for the transition state is uni-

ty.

TABLE II. Varshni potential parameters for CH,CO.

Parameter Assumed potential® Effective potential
F.cc 1.316 A 1.15A
Bec 0.73 -2 0.7765 A—2
D¢ 32304 cm™! 61500 cm™"

*The parameters for the reactants have been obtained from Refs. 26 and 27.
*The parameters for the products have been obtained from Refs. 28-30.

*The parameter B was obtained by setting d >V, ., /dric = k, where k is
the force constant for the central CC stretch given in Ref. 27.
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TABLE II1. Lennard-Jones potential parameters for CH,CO.

Parameter Value® Units
Oco 3.36 A
Ocn 3.40 A
Oon 3.00 A
€co 56. cm™!
€cH 11. cm™!
€on 13. cm™!

# All values have been obtained from Ref. 33, by making use of the combina-
tion rules €;; = (&,€,)"/* and 0,; = }(0;, + 0;,).

The value of the exponential interpolation parameter o
used here was 1.8 A~ '. Calculations were also performed
with values of 1.2 and 1.0 A~! for a. It was found that the
results for the latter two values of a were very similar to
those obtained with the present value of 1.8 A~". The only
differences were (i) a decrease in the total number of states
by a factor of about 20% for the lower a values, and (ii)
decreased vibrational excitation probabilities for energies
very near the excitation threshold. Otherwise, the results
were nearly independent of this variation in a. The need for a
value of a larger than 1.0 A~ can be understood when one
considers that the value for « is often assumed to be given by
about 0.5 times the Morse 8 parameter.?° In that case the
estimated a value would be 1.8 A~".

The density of states for the reactant at a given energy
and total angular momentum was obtained from the Whit-
ten—Rabinovitch formula using the harmonic frequencies
given in Table I. The contribution of anharmonicities and
mode-mode coupling to the density of states is assumed for
the present to be small (i.e., less than a factor of about 1.5**)
and nearly constant over the energy range to be considered.
Additionally, the correction factor is the same for both the
variational RRKM and the PST calculations to be present-
ed.

The Monte Carlo error bars for all of the variational
RRKM calculations presented here are on the order of
+ 5% to 10%. A brief description of the present quantum
PST calculations is given in the Appendix, together with
specific details pertaining to the present CH,CO dissociation
reaction.

IV. RATE CONSTANTS
A. Results

The expression for the RRKM rate constant at a given
energy E and total angular momentum quantum number J is
given by

N1
hpe,
where N1, is the number of states at the transition state of

given J, with an energy equal to or less than E, and p, is the
density of states for the reactant with given EandJ. The N},
is determined variationally.

N, =min Ng;(R) (R,<R<»), (5)
where R, is some minimum R considered and is taken here to

be 2.4 A. In the expression in Eq. (4) energy and angular
momentum are taken to be the only conserved quantities.
The effect of conservation of nuclear spin and parity with
respect to inversion is considered in the Appendix. In the
present section various expressions for N, will be consid-
ered and the resultant rate constants compared with the ex-
perimentally determined rate constants of Zewail and co-
workers.”

First, we consider the distribution of initial total angular
momentum J of the ketene molecules. The experimental rate
constants have been obtained through photoexcitation of a
molecular beam of rotationally cold ketene molecules with
J<2.” We found, in calculations of k, for J = 1 and 3, that
the quantum PST results were nearly identical for these two
J’s, while the variational RRKM results were typically 209
higher for J = 3 than for J = 1. The fact that a slightly lower
(=20%) kg, is obtained for J =1 than for /=3 in the
RRKM calculations is probably due to a classical treatment
of the rotational modes in the present RRKM method. (The
difference between the k,’s determined for /= 1and J =3
by a PST calculation in which the rotational modes were
treated classically was nearly identical to the difference ob-
served for the / = 1 and J = 3 RRKM theory calculations. )
Since the present results for k., are nearly independent of J
in this range of J the calculation for a single value of J rather
than for a thermal average (with a temperature of ~3 K)
over the initial distribution of J for ketene can be expected to
give acceptable results. In summary, the results presented
below are for a total angular momentum J = 3.

In Fig. 2 results from both the variational RRKM and
the quantum PST calculations are given for &, for dissocia-
tion on the S, surface, with the energies ranging from 100 to
6000 cm ~ ! above the singlet threshold. Also given there are
the experimental results of Zewail and co-workers’ for the
rate constant for dissociation on the S, plus T, surfaces. The
application of PST involves a choice of a C, potential param-
eter to describe the strength of the long range attractive po-

12
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nr / 1]
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E(cM™ 1)

FIG. 2. Plot of calculated rate constant log k., vs energy. The pluses denote
the experimental results, the open circles the variational RRKM calcula-
tion, the filled boxes the quantum PST calculation, and the asterisks the
classical PST calculation.
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tential acting between the dissociating fragments. Moore
and co-workers™® found in their PST calculations that a very
strongly attractive potential gave the best agreement with
their experimentally determined photofragment excitation
spectra and, thereby, that the C; parameter was constrained
to be greater than 5 10* cm ™! AS. A C, = oo value corre-
sponds to having the phase space transition state at R = o
[the phase space transition state occurs where there is a max-
imum in the sum of the attractive potential — Cs/R ®and the
repulsive centrifugal potential /(/ + 1)#?/2uR *]. For the
PST results calculations were performed for Cg values of
both 5x 10% and 10?° cm~' A®. The PST calculations with
these two different values for the C; parameter were within
6% of each other throughout the entire energy range consid-
ered here. For the PST results presented in Fig. 2 the latter
value of the C parameter was used.

It is also of interest to consider a PST calculation in
which the rotational modes are treated classically rather
than quantum mechanically, since this type of calculation is
more immediately comparable with the present variational
RRKM calculations. The use of Cs = oo in this type of PST
calculation gives a number of states that is identical to the
number of states at infinite separation, N, ( « ), determined
from the present Monte Carlo phase space integral method.
The results of calculations based on N, (o0 ) are also given
in Fig. 2. As is evident there, the k,’s thus determined are
typically 10%-20% smaller than those determined from
quantum PST with the same Cj,.

B. Discussion

From the results given in Fig. 2 it is seen that the
RRKM £k,,’s are in considerably better agreement with the
experimental results than those of PST. Furthermore, the
deviation between the variational RRKM k,’s and the PST
k,’s rapidly increases with increasing energy: the ratio of
the PST kj, result (in particular the RRKM result at R
= o0 ) to the variational RRKM £k, increases from 1.3 to

8.0 as the excess energy E increases from 100 to 6000 cm ™"
It is interesting to note that this deviation of the varia-

tionally determined RRKM kg ,’s from the classical PST
rates is considerably larger than that observed in the pre-
vious applications of this method to other mole-
cules.'>141617 One reason for this behavior can be seen by
comparing the Varshni B parameter for the assumed poten-
tial for CH,CO with that for the previous applications. For
NCNO, C,H,, CH,, and H,0, the B parameter is 0.48, 0.37,
0.47, and 0.61 A 2, respectively, whereas for CH,CO the B
parameter is 0.73 A-2( [ is obtained, it will be recalled, by
setting the quantity d 2V, /dr* equal to the force constant
for the stretching motion along 7, with r being the bond sepa-
ration distance for the bond which is being broken.) For
H,0, the B parameter of 0.61 is also quite large. However,
other factors such as the relatively small van der Waals radii
for H-H and O-H interactions may have served to reduce
the deviation of the PST results from the variational RRKM
results. In addition, the results for the H,O, dissociation do
have a larger deviation from PST than do those for the disso-
ciation of NCNO and C,Hq.!” This larger value of 8 for
ketene may reflect, in part, the fact that now the rupture of a
double bond is involved, whereas, in the other molecules

S. J. Klippenstein and R. A. Marcus: The dissociation of CH,CO

only a single bond was dissociating. One result of the large
value of Bis that the fragments come in closer contact before
sensing the strong bonding attraction, thereby allowing the
atom—atom repulsions between them (i.e., the van der Waals
repulsions and the orbital angular momentum centrifugal
repulsion) to be of larger magnitude. This effect leads to a
hindered rotation and thereby to a smaller value for the
number of states (phase space integral) N, at the transition
state, and hence a smaller kg, for the variational RRKM
rate constant.

Another contributing factor to this quite large differ-
ence from PST is the asymmetry in the interaction potential
as CH, rotates about its center of mass. When CH, rotates
about its center of mass, the H atoms sweep out a relatively
large volume. As a result strongly repulsive van der Waals
interactions with the CO fragment occur for some phases of
the rotation (hindered rotation), thereby, reducing the
phase space integral.

One final point of interest concerns the possible effect of
there being two minima in the plot of the number of states
versus reaction coordinate. This effect was previously con-
sidered by the present authors for the dissociation of NCNO
in Refs. 16 and 19. In the present case when considering the
rate constants the inner minimum of N, rapidly (i.e., with-
in the first few hundred cm—!) becomes the dominant mini-
mum. Thus, the effect of the two minima will only be non-
negligible at energies very near the singlet threshold. The
energies of interest experimentally are typically much higher
(i.e., they range from about 1000 to about 6000 cm™~'). For
these reasons a consideration of the effect of the two minima
on the rate constants has not been given here. However, in a
later publication it will be seen that the qualitative effect of
the two minima on an RRKM-based calculation of photo-
fragmentation spectra for vibrationally excited products can
be nonnegligible.

V. PRODUCT STATE DISTRIBUTIONS
A. Results

RRKM theory was originally developed for the calcula-
tion of rate constants rather than for product state distribu-
tions. Because of the frequently strong interactions in the
vicinity of the transition state, various dynamical effects may
occur after the system leaves the transition state in RRKM
theory, and some dynamical assumption is needed to apply
an RRKM treatment to the product state distributions. In-
stead, product state distributions have frequently been cal-
culated by experimentalists using PST. However, it has been
found that although PST has been successfully used at sub-
vibrational excitations of the products, the vibrational state
distributions of the products predicted by PST theory have
been lower than those observed experimentally.'-'° Further,
particularly at higher energies, PST gives too large a
ky, 1315

In Ref. 21 one explanation for this success of PST for
calculating rotational distributions at subvibrational excita-
tion energies but for being inaccurate for the k,’s'*"'* was
suggested: It was assumed in Ref. 21 that the motions of the
conserved vibrations (i.e., those vibrational modes which
retain their vibrational character in both the product and
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reactant states), are largely adiabatic after passing through
the variationally determined RRKM transition state, but
the motions of the transitional degrees of freedom are not
adiabatic. In this case only the vibrational distribution is
postulated to be statistically determined by the number of
states at R |, which is the RRKM transition state (minimum
in the number of states) for the given vibrational state /. This
vibrational motion is assumed to be adiabatic after that
point. The transitional modes on the other hand (i.e., those
modes which are rotational in nature in the product state)
are assumed to continue their free interchange of energy
after passing through R = R ], subject to total angular mo-
mentum conservation, until an R = R,, the site of the orbi-
tal-angular momentum dependent barriers of PST, is
reached. The subsequent motion involves no further internal
interactions of the fragment. The rotational distributions are
then given by the statistical quantum PST'? distribution for

the vibrational distribution determined from the given R I’s. -

The probability of obtaining a particular product vibration-
al-rotational state is now given by the product of the statisti-
cal RRKM probability for occupation of the vibrational
state and the conditional quantum PST probability for occu-
pation of the rotational state given that the vibrational state
is already occupied.?! The results reduce, in effect, to PST at
energies below the threshold for product vibrational excita-
tion.

Further details on this method for determining the vi-
brational-rotational distributions (including specific for-
mulas for the above described probabilities) are given in Ref.
21. Calculations based on this method have been presented
in Ref. 16 for the dissociation of NCNO into NC and NO.
The procedure in the present calculations is the same as that
described there with three further remarks:

First, two methods were available for determining the
vibrational distribution,'®?! one based on the calculation of
the vibrational distribution at an overall R ', and the other
based on using individual R ’s. In the overall total number
of states N, has its minimum at R = R ' and thus varies
little with R for R near R *. However, the number of states
for the particular vibrational state of interest N, may in-
stead be far from its minimum at R = R ' and then is rapidly
varying with R in the neighborhood of R ™. In this case, a
small error in R T can yield an appreciable error in N, and
hence in the vibrational distribution, given by the ratio N,/
Ng; at R*. For this reason, only the R | method has been
used in the calculations given in the present article for the
product state distribution.

Second, in calculating the distributions one should also
consider both the initial distribution of reactant states and
the distribution of excited states resulting from the laser pho-
toexcitation process. The procedure for doing this is analo-
gous to that considered by Moore and co-workers® in their
determination of theoretical photofragment excitation spec-
tra. For completeness, a brief description of the procedure
used here is given in the Appendix.

Last, the question of the effect of there being two mini-
ma in the plot of the number of states versus reaction coordi-
nate again arises. As discussed in Refs. 16 and 19, one simple
method for approximately accounting for this effect (when

considering the rate constants) is to assume that these two
minima correspond to two transition states acting in series.
An assumption of statistical probabilities for crossing back
and forth between the two “transition states” results in an
effective number of states for the transition state which de-
pends on the number of states at the two minima and at the
maximum separating these two minima.3*-3¢
NLNE

T NL+NE - NGNENT
Typically, this effective number of states is used in the
expression for the rate constant.'s'%3537 The Hirschfelder
resultin Ref. 35(b) gives the probability of reaction in terms
of two transmission probabilities, one at each of the two tran-
sition states. If we now focus on a particular state 7 of the
conserved modes and assume adiabaticity for the motion of
that state in the region between the two minima, we need
consider no transition between two different states of the
conserved modes. In this case, the statistical reflection pro-
babilities in Ref. 35(b), p, and p,, now for the flux of this
stateibecome N ,,/N 55 and N, , /N 535, where N L, , and
NZ,, represent the number of states at the two minima in the
flux and N 27} represents the maximum in the number of
states in between these two minima. One then obtains

NIEJ = N IZEI,:‘N E,i ]

© OND A+ NE - NENB/NE
Equation (7) is used below to determine the product vibra-
tional distribution.

We note that we are considering the product state distri-
butions resulting from dissociation on the singlet surface
only. (The product state distributions resulting from *CH,
may not be determined by the present methods, since they
involve larger exit channel effects, due to the subsequent
drop of the potential energy in the exit channel, cf. Fig. 1.)
At energies below the threshold for vibrational excitation
the predicted distributions for 'CH, are just those of
PST.'®*! However, at higher excess energies the present vi-
brational-rotational distributions can differ quite consider-
ably from those of PST, since the vibrational distribution is
determined at R s which are, typically, different from the
loose transition state R |.

In Table IV results of calculations for the vibrational
distribution are given for five different excess energies in the
range 1500-3500 cm ™. The present calculations were per-
formed for a total angular momentum quantum number J of
1 and for a J of 3. The calculated vibrational distributions for
J =3 were within the Monte Carlo error bars of those for
J = 1at the same excess energy in all cases. Thus, once again
the use of results for a single value of J, rather than for a
thermal average over the initial distribution of ketene states
at 3 K suffices. The product distributions presented in Table
IV are for J = 3.

+
EJ

(6)

(D

B. Discussion

It is seen in Table IV that the largest relative differences
between the RRKM and PST calculations of the product
state distributions arise for the calculated probability of exci-
tation for excess energies which only slightly exceed the

J. Chem. Phys., Vol. 91, No. 4, 15 August 1989

Downloaded 02 Apr 2007 to 131.215.21.81. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



2286

TABLE IV. Vibrational distributions for CH,CO at different excess ener-

S. J. Klippenstein and R. A. Marcus: The dissociation of CH,CO

gies.
Vibrational level Vibrational distribution
Excess energy
Vo Vs VUL {em™") RRKM® PST
0,0,0,0 1500 0.97(0.98) 0.99
0,1,0,0 1500 0.030(0.025) 0.0089
0,0,0,0 2000 0.86 0.91
0,1,0,0 2000 0.14 0.090
0,0,0,0 2500 0.74 0.82
0,1,0,0 2500 0.22 0.17
1,0,0,0 2500 0.037(0.035) 0.016
0,0,0,0 3000 0.65 0.72
0,1,0,0 3000 0.23 0.21
1,0,0,0 3000 0.091 0.058
0,2,0,0 3000 0.018 0.0081
0,0,1,0 3000 0.0074(0.0068) 0.0029
0,0,0,1 3000 0.0044(0.0037) 0.0014
0,0,0,0 3500 0.51 0.61
0,1,0,0 3500 0.25 0.22
1,0,0,0 3500 0.12 0.091
0,2,0,0 3500 0.054 0.033
0,0,1,0 3500 0.039 0.024
0,0,0,1 3500 0.031 0.020

*The numbers in parentheses have been determined via Eq. (7) which con-
siders the effect of the two minima and have been given only where they
differ from the result obtained using the absolute minimum of the two
minima. Where only one figure is given there was effectively only one mini-
mum.

threshold for vibrational excitation of a particular mode.
The results in Table IV also indicate a slightly larger proba-
bility for population of excited vibrational states of other
vibrational modes for RRKM theory as compared with
PST. It should be cautioned that the calculated vibrational
product distributions may be sensitive to the potential ener-
gy surface and that the present surface is only an approxi-
mate model. The development of an ab initio surface would
be particularly desirable.

In Ref. 10 the experimental results showed that the CO
vibrational distribution resulting from the dissociation of a
room temperature thermal distribution was higher than that
predicted by PST: In the initial thermal distribution of the
ketene molecules the population of excited vibrational states
is greater than 20% (e.g., as in Fig. 4 of Ref. 10). For these
excited vibrational states the vibrational distribution calcu-
lated here is typically a factor of two or more larger than that
for the ground vibrational state. This relatively larger popu-
lation of excited vibrational states suggests that for a quanti-
tative comparison of the present results with those of Ref. 10,
the calculated product vibrational distribution must be aver-
aged over the 300 K thermal vibrational-rotational distribu-
tion of ketene molecules. (Details of the thermal averaging
procedure used are given in the Appendix.) The laser wave-
length used in Ref. 10 corresponds to an excess energy of
2365 cm ™. The results of this thermal averaging procedure
for the excitation energy corresponding to this laser wave-
length are given as follows.

The experimental result'® for the ratio of populations in
Voo = 1 10 veo = 0 was 0.09 + 0.05 at an excess energy of
2365 cm ™. Taking into account the initial thermal distribu-

tion of the ketene molecules, the PST value'® was 0.013.
Here, we calculate the PST value to be 0.026 and the vari-
ational RRKM result to be 0.043. This variational RRKM
result is at the edge of the error bars given for the experimen-
tal value. The difference between the present and previous
PST calculations may be due to a neglect previously'® of the
triangle inequality in J, &, and /, where k is the magnitude of
the vector sum of the two fragment angular momenta, and to
a possible emission in Ref. 10 of the correlation between the
thermal energy and the total angular momentum. The kg,’s
calculated from the present version of PST are, however, in
agreement with those plotted in Fig. 8 of Ref. 6, taken from
the same laboratory.

It is also of interest to consider the full vibrational-rota-
tional distribution for excess energies exceeding the thresh-
old for vibrational excitation and to note where the PST and
RRKM results differ significantly. Such conditions would
be useful for testing experimentally the cases where the pre-
dictions for the vibrational distributions are quite different
in the two treatments, and so serve as a test of the assump-
tions therein, including those for the behavior in the exit
channel. Again, there is the initial distribution of angular
momentum for the reactant ketene molecules to be consid-
ered. Moore and co-workers™® found that the rotational
temperature of their cold beam of ketene molecules was
2.6 + 0.8 K. The rotational distributions calculated below
are based on a temperature of 3 K although the results were
found not to depend too strongly on this temperature. A
discussion of the thermal averaging procedure is given, as
already noted, in the Appendix.

In Figs. 3-11 the vibrational-rotational distributions
determined from the present variational RRKM-based cal-
culations are compared with corresponding purely PST cal-
culations. These distributions are given for three excess ener-
gies in the interval 1500-3500 cm ™", (The small even—odd
oscillations seen in the distributions presented in Figs. 3~11
are due to systematic fluctuations in the quantum PST num-
ber of states, perhaps because of angular momentum conser-
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FIG. 3. Plot of CO rotational distribution for vo, = 0, predicted by PST

(pluses) and variational RRKM theory (circles) for an excess energy of
1500 cm™".
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cles) for an excess energy of 3500 cm ™.

vation rules, and have no relation to the Monte Carlo error
bars of the vibrational part of the calculation.) Even for the
highest excess energy considered it appears that the RRKM
and PST rotational distributions are quite similar. However,
once again, in the RRKM-based treatment there is a predict-
ed substantially increased vibrational excitation for all vibra-
tional modes at excess energies slightly exceeding the thresh-
old for their excitation. Other than these increased
vibrational excitations, the only visible difference is in the
rotational distributions for the v = 0 levels of both the CH,
and CO fragments, where it is seen that in the RRKM-based
calculations a slight shift of the distribution towards lower j
states is predicted.
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FIG. 11. Plot of CH, rotational distribution for vy =1, VT =0,
vEY® = 0, predicted by PST (pluses) and variational RRKM theory (cir-

cles) for an excess energy of 2500 cm™".
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Vi. PHOTOFRAGMENT EXCITATION SPECTRA
A. Results

In the photofragment excitation spectra of Moore and
co-workers>®® the dependence on energy of a particular vi-
brational-rotational state of the CH, fragment is probed.
The determination of theoretical photofragment excitation
spectra has been described in Refs. 5 and 6, where it is noted
that the calculation involves (1) the determination of the
distribution of initial ketene vibrational-rotational states,
(2) the determination of the rotational line strengths for the
ketene photoexcitation process, and (3) the determination
of the dissociation quantum yield for the rotational state of
interest. The photofragment excitation experiments of
Moore and co-workers in Refs. 5 and 6 were performed at
excess energies well below the vibrational threshold. Thus, if
the present RRKM-based method for determining the disso-
ciation quantum yield is used to describe the photofragment
excitation spectra of Refs. 5 and 6 at these energies the
RRKM-based results are exactly the quantum PST results,
which were described in Refs. 5 and 6, aside from the consi-
deration of the singlet triplet branching ratio, discussed be-
low. The results at higher excess energies where vibrational
excitation of the products occurs will be discussed elsewhere.

B. Triplet rate constant

One further calculation involves an estimate of the trip-
let rate constant k,, as follows. This calculation is based on a
consideration of the quantum yield for a particular singlet
state and its dependence on k,. This quantum yield itself can
be regarded as the product of two factors: (i) the probability
for obtaining singlet states, P(s), and (ii) the conditional
probability for obtaining a particular nuclear spin vibration-
al-rotational n singlet state, given that the product is in the
singlet state, P(n|s). The first factor P(s) is given by the
ratio of the singlet rate constant to the sum of the singlet and
triplet rate constants. In Ref. 5, PST was used to calculate
the singlet rate constant and the quantity P(n|s). As dis-
cussed in Ref. 5, a calculated photofragment excitation spec-
trum could then be determined by assuming some given val-
ue for the triplet rate constant. By comparing the calculated
photofragmentation spectra for various values of the triplet
rate constant with the experimentally determined spectrum,
Moore and co-workers® were able to “determine” the triplet
rate constant. They found that the triplet rate constant
which they determined increased more rapidly with excess
energy than one would expect when considering that the
total excess energy relative to the triplet barrier exceeds 1625
cm™ . This &, can, instead, be estimated from RRKM theo-
ry using a calculation based on a tight transition state for the
3CH,CO dissociation, as was also done in Ref. 5, or (not
given here) could be estimated using a variational RRKM
calculation.

As noted in Ref. 6, in the present case where PST does
not give a good description of the singlet rate constant it may
be preferable to use an improved calculation of the singlet
rate constant in the expression P(s) and then use the PST
expression for P(n|s). [The experimental energies consid-
ered in Ref. 5 were all below the threshold for vibrational

J. Chem. Phys., Vol. 81, No. 4, 15 August 1989

Downloaded 02 Apr 2007 to 131.215.21.81. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



S. J. Klippenstein and R. A. Marcus: The dissociation of CH,CO 2289

excitation of the singlet products and so the RRKM-based
theory and PST yield the same expression for the quantity
P(n|s).] Perhaps, the failure of PST theory to describe the
singlet rate constant accounts for the fact that the values
determined for the effective number of triplet states W, in
the fitting procedure increased more rapidly than expected
with increasing excess energy. As seen in the results present-
ed in the earlier parts of this article, the present variational
RRKM theory gives a good description of the singlet rate
constant k, and thus may be used to give an alternative “de-
termination” of the triplet rate constants, with an additional
assumption that the ratio k R**M/k PST 5 nearly constant
over the entire energy range of a single photofragment exci-
tation spectra. (Here, we take it to be that calculated at the
threshold energy for the given CH, state.*®) The results of
this calculation are given in Table V, where it is seen that the
RRKM-based method provides a k | which does not vary as
rapidly over the entire energy range. However, there are still
quite large fluctuations in the magnitude of this “experimen-
tally determined” triplet number of states for J = 0.

VIl. CONCLUDING REMARKS

The CH,CO dissociation process is seen to present a
good example of a dissociation process where the hindered
rotor nature of a loose transition state causes a large differ-
ence between PST and RRKM theory. The present imple-
mentation of RRKM theory predicts a decrease by a factor
of about 8 from the PST result for the singlet state rate con-
stant at an excess energy of 6000 cm~!, and the RRKM
results for the rate constant are in good agreement with the
experimental ones. In the present implementation an in-
creased CO vibrational excitation is predicted relative to
PST, in somewhat better agreement with experimental
data.'® Further experiments reducing the error bars and the
degree of thermal averaging would be useful. A substantially
increased vibrational excitation is predicted for the CH,
fragment, this increase being particularly evident for each
mode at energies just above the threshold for vibrational ex-
citation of that particular mode. In addition, the same good

TABLE V. The triplet rate constants determined from RRKM and PST
based fits of the experimental photofragment excitation spectra.

'CH, state k, (PST)® k! (RRKM)®
Ux, k) (x10%s™ 1 (X108s~")
Ovo 1.6(0.2) 1.6(0.2)
1o 2.4(0.3) 2.4(0.3)
1y 1.4(0.4) 1.4(0.4)
Lo 1.8(0.3) 1.8(0.3)
252 1.8(0.3) 1.8(0.3)
2,5 1.8(0.6) 1.8(0.6)
2, 2.4(0.3) 2.4(0.3)
303 3.1(0.6) 2.2(0.4)
3, 7.0(1.2) 3.7(0.6)
4, 2.9(0.9) 1.1(0.3)
513 2.3(0.3) 0.8(0.1)
5.4 6.3(1.7) 1.8(0.5)
616 17.(6.) 4.5(1.5)

*The numbers in parentheses indicate estimated experimental uncertainties
taken from Ref. 5.

agreement that was previously found between experimental
photofragment excitation spectra at subvibrational®® excita-
tion energies and PST is shown to exist for the RRKM-based
theory. In a subsequent work a comparison of these theories
with the photofragment excitation spectra at energies ex-
ceeding the vibrational excitation of the products will be
made.

The agreement between the present variational RRKM
calculations on the rate constants and the experimental re-
sults may, of course, be partly fortuitous, because of the
model nature of the potential energy surfaces. There is a real
need for accurate potential energy surfaces in the transition
state region (center-of-mass to center-of-mass separation
distances of 2.6-3.4 A between CH, and CO). The present
variational RRKM method, in combination with the as-
sumption of adiabatic vibrational and statistical rotational
motions, appears to give an improved description of unimo-
lecular dissociation rate constants and product state distri-
butions, but the extent of agreement for the CO stretching
vibrational excitation probabilities is still an open question,
in virtue of the uncertainty in both the experimental data and
the potential energy surface.
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APPENDIX

We consider (i) an elaboration of the PST expression
for the number of states, for use in determining rate con-
stants and product state distributions, when additional prop-
erties such as nuclear spin and parity with respect to inver-
sion are conserved, and in section (ii) the effect of the initial
thermal distribution of ketene and on the calculated rate
constants and product state distributions.

1. PST expression for N, and its use in determining
ke,’s
The starting point for the quantum PST calculations is

the number of states for a given energy E and total angular
momentum J:

N =@+ ¥

Jen,Joohk Kon,

NV(E- EI - Erot)A(J’k)l)

X A(Kyjcn,dco ) (A1)

where jcy,, and jco, are the angular momentum quantum
numbers for the CH, and CO fragments, respectively, k is
the angular momentum quantum number for the vector sum
of these two fragment angular momenta, N, (E) is the num-
ber of vibrational states with energy less than or equal to E,

. E, is the energy of the orbital angular momentum /-depen-

dent effective barrier for the centrifugal plus attractive po-
tential, E,,, is the rotational energy of the two fragments, A
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denotes a triangle inequality (A = 1 if the inequality is ful-
filled and A = 0 otherwise), and Ky, is a quantum number
which together with j;;_ describes the rotational state of the
CH, fragment.*® The rotational energies for the CH, frag-
ment were determined by diagonalization of the Hamilto-
nian for the asymmetric top® using the rotational constants
given in Refs. 29 and 30. The rotational constant for the CO
fragment was obtained from Ref. 28.

Equation (A1) is the correct expression to use when the
only conserved quantities are E and J. However, Moore and
co-workers®>® have shown through consideration of the
threshold energies observed in their photofragment excita-
tion spectra that nuclear spin is conserved*® in the present
case of the dissociation of ketene. Thus, in the present case
two separate numbers of states should be considered, and
two separate densities of reactant states, corresponding to
the ortho and para nuclear-spin states of the reaction process
should be calculated

Ng*=@I+1) ¥ [N(E-E—Ey)
Jendeorh kK 2y,
X ALK A(Kjcn,dco) ] (A2)
NE =@+ ¥ [N(E-E—E)
Jen ool kK &u,
XAWED A (Kjer, Jeo ) |- (A3)

The number of allowed ortho product states at a given
energy and angular momentum is found to be nearly identi-
cal to the number of allowed para product states (within
about 1%). However, for low J the densities of reactant
states for the ortho and para states are not as close and their
ratio also depends on the value of J. Thus, for each initial /a
different rate constant is predicted for each nuclear spin. The
experimentally observed survival probability Q(¢), should
then be given by

Q) =3 P, exp( — k1), (A4)
where P,, is the thermal probability of occupying a given
total angular momentum and nuclear-spin state [e.g., see
Eq. (A7) below],*! and k,,, is the rate constant for that state.
The fit of Q(#) to a single exponential is then given by the
mean reaction time rate constant kg **

1 5 P,
kMRT m km
We have found that PST results for this rate constant
kygr vary from 0.77 to 0.98 times that determined from a
PST calculation in which the nuclear spin is ignored, when
the rotational temperature was varied from 1 to 5 K. Similar
arguments apply also to RRKM theory, although in the
present implementation of RRKM theory the classical treat-
ment of the rotational motions make it impossible to deter-
mine the ratio of the number of ortho to para states at the
RRKM transition state. However, it is expected that when J
is not too small these numbers of ortho and para states would
be nearly identical, as was the case for PST. In the results
plotted in Fig. 2 the above correction factor (which takes
into account the distribution of rate constants due to the

(A5)
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distribution for ortho—para ketene) is not included because
of its small size and its dependence on temperature.

A measure of the nonexponentiality of the actual decay
is given by the ratiou> | /pu_, ** whereu _ | = 1/kygy is the
lowest order long-time moment of Q(¢) [Eq. (A5)*?] and
U, is the second lowest order long-time moment. The lat-
ter*? u_,= (g dt(dQ /dt)t?/2 is given by

Pm
;Z . (A6)
For the present case this ratio u* ,/u_, is about 0.92, indi-
cating that a single-exponential fit should be quite good.
[Alternatively, a fit to a stretched exponential [i.e.,
exp( — k,t ) with an a of 0.92 could give a slightly im-
proved fit to the survival probability Q(#).*]

It has also been suggested™® that parity with respect to
inversion may also be conserved. In the present case test
calculations indicated that conservation of this quantity had
a negligible effect on the calculated rate constants. Thus, for
simplicity, the restriction due to the conservation of parity
was omitted in all of the calculations presented in Sec. I'V.

Ho2=

2. Thermal average over initial distribution of ketene
states

The product state distributions presented in Sec. IV for
comparison with the experimental results of Ref. 10 involve
a thermal average over the initial states of ketene, as do the
predicted product rovibrational distributions presented in
Figs. 3-11. The thermal averaging first requires considera-
tion of the distribution of initial ketene states. Moore and co-
workers™® found that the supersonic jet expansion of the
ketene molecules did not substantially change the distribu-
tion of the ketene spin states. Thus, the initial distribution of
the ketene spin states retained the room temperature value of
3:1 ortho to para. The initial distribution of rotational and
spin states can therefore be written as

PUK?) =i (2J + Dexp( —PE,,..) ’

4 EJ_K,,(ZJ—f- Dexp( —BE,,.)
PUK? _1 (2J + Dexp( — BE ,) ’
4 3, .,(2+ Dexp(—BE,,,)
where K ° and K ? are quantum numbers which specify the
rotational state of ketene for a given J with ortho and para
spin, respectively. E,_ . (s = o,p) is the rotational energy of a
given J,K * state and B is 1/k, T where kg is Boltzmann’s
constant and T is the rotational temperature of the molecu-
lar beam.

The predicted product state distribution is then deter-
mined through a summation over the initial rotational states
of a product of two factors:

(A7)

(A8)

Pp(it) = Y P(JLK*)Pg(it|JK"), (A9)
FAY o

where P(J,K*) is the probability of having an initial state

(J,K*) of ketene [Eqs. (A7)-(A8)], and P (it |[J,K*) is

the conditional probability of occupying vibrational state i

and rotational state 7 of the products, when the ketene is in

the state (J,K %), and is given by
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t NPST
R E(JK5J'i E(J,K%),J"it
P (it |J,K?) <
£ 3, Nt s, N¥T
i EWJ,K5J'i 4 E(JK),J it

Xo(J',K* —JK5hv). (A10)

Here, the N}, may be determined from either PST or
RRKM theory to give either “PST” distributions or
“RRKM?” distributions, and o(J',K ¥ ~JK 5hv) is the di-
pole transition probability. The use of the PST number of
states in the second term on the right-hand side of Eq. (A10)
arises from the assumption (in the RRKM-based theory of
Ref. 21) that for a given vibrational state i of the fragments
the rotational distribution is given by the statistical PST dis-
tribution. The dipole transition probability is approximated
here via symmetric top Hotil-London factors as in Ref. 5.

Equation (A10) was used directly in the determination
of the PST vibrational-rotational distributions presented in
Figs. 3-11 (with the additional constraint of parity conser-
vation as described in Ref. 5). However, one simplification
was employed in the determination of the RRKM vibration-
al-rotational distributions: This simplification involved the
determination of the N L,.;’s only for (J,K) = (3,0) rather
than for each individual (J,K). This simplification was in-
troduced since the + 5% to 10% error bars of the present
Monte Carlo calculations are greater than any possible dif-
ference which would arise from the small range of (J,K)
values in a 3 K thermal distribution.

Equation (A10) was also used for the calculation of the
CO vibrational excitation probability resulting from the
photodissociation of the ketene molecules with a room tem-
perature distribution. In this case however the conservation
of nuclear spin was not important, because of the large distri-
bution of initial J’s, K ’s and vibrational states present. Also,
the dipole transition factor was not considered in these cal-
culations. This large distribution also necessitated the use of
approximate summation/integration techniques in perform-
ing the summation over the initial distribution of ketene
states. The J summation was thus approximated as an inte-
gral. Gauss-Laguerre integration was then applied to the J
integral, and gridded sums with interpolation formulas were
used for the K and vibrational states sums.**
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