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State-of-the-art ab initio quantum chemical techniques have been employed in the determination of 
the reaction path and attendant energetics for the singlet dissociation of CH,CO. Variational RRKM 
calculations implementing these results provide first principles predictions for the dissociation 
kinetics which are in quantitative agreement with the corresponding experimental data. 

Rice-Ramsperger-Kassel-Marcus (RRKM) theory has 
been and continues to be widely used in the chemical kinet- 
ics community as a means of interpolating and extrapolating 
the temperature and/or pressure dependence of unimolecular 
reactions.’ Accordingly, it is of fundamental importance to 
understand its limits of validity and to enhance the accuracy 
of its implementations. The singlet dissociation of ketene 
provides an excellent opportunity for a quantitative assess- 
ment of the validity of RRKM theory, or more precisely of 
its form which constitutes variationa transition state theory.2 
Recent groundbreaking energy-resolved experimental studies 
of the product state distributions3-9 and of the rate constants 
in real time” have provided data which are among the most 
detailed, accurate, and wide ranging for any dissociation, 
thereby placing stringent limits on any RRKM modeling. 
Furthermore, the relatively small size of ketene facilitates 
accurate quantum chemical determinations of the reaction 
energetics. Finally, the singlet dissociation of ketene is ex- 
emplary of the class of unimolecular reactions for which 
there is no reverse barrier. For such reactions quantitative, 
nonempirical tests of the validity of RRKM theory have been 
very limited.” 

An earlier theoretical study12 has demonstrated that 
RRKM models can simultaneously provide a quantitative de- 
scription of the energy dependence of the rate constants and 
the product rovibrational distributions for the singlet disso- 
ciation of ketene. However, this investigation employed a 
simple model potential energy surface and thus, as in most 
RRKM studies, could not be taken as definitive evidence for 
the quantitative validity of the theory. Furthermore, subse- 
quent variational RRKM calculations implementing a poten- 
tial based on second-order MQller-Plesset perturbation 
theory (MP2)13 with a 6-31G* basis set14 yielded rate con- 
stants which were in error by as much as a factor of 4.15 Such 
discrepancies in the rate constant suggest corresponding er- 
rors in the product state distributions, which were not explic- 
itly calculated, however. 

This communication describes a definitive, first prin- 
ciples RRKM calculation of the dissociation kinetics for the 
CH2C04’CH,+C0 reaction. Within RRKM theory, the mi- 
crocanonical rate constant, k,, for dissociation at energy E 
and total angular momentum J, is given by’ 

GJ k,J=- 
hPEJ . 

In this study, the evaluation of the reactant density of states, 
pEJ, is based on a high-level ab initio quartic force field,16 
while the enumeration of the number of accessible states 
(Nil) at the transition state is based on a bond-length reac- 
tion coordinate variational RRKM formalism directly imple- 
menting high-level ab initio predictions for the CH2**C0 
interaction potential.17 

The scheme employed in the determination of the quartic 
force field for the reactants is described in more detail in a 
forthcoming publication.‘6 The quadratic force field was de- 
termined at the coupled-cluster singles and doubles 
(CCSD)‘* level of theory with a basis set nominally of 
quadruple-zeta quality including 2 sets of correlation- 
optimized polarization functions on all atoms. This basis set, 
which is denoted QZ(2d, 2~) here, was also augmented for 
various applications by higher-order polarization manifolds 
on all atoms to give a QZ(2d lf, 2p 1 d) set.” The reference 
geometry employed in these CCSD/QZ(2d, 2p) computa- 
tions was obtained from structural optimizations at the 
CCSD(T)/QZ(2d lf, 2pld) level, which includes a pertur- 
bative contribution from connected triple excitations.20 The 
cubic and quartic force constants were then determined via 
finite differences of analytic MP2lQZ(2d, 2p) second deriv- 
atives21 around the CCSD(T)IQZ(2dlf, 2p 1 d) optimized 
geometry. The resulting reference quartic force field was then 
employed in the computation of anharmonic fundamental vi- 
brational frequencies by means of standard spectroscopic 
perturbation theory.z2 A fitting procedure involving very mi- 
nor adjustments to the reference geometry (i.e., coordinate 
shifts of less than 0.007 A and 0.11”) and to the quadratic 
part of the force field (variations typically less than 1%) then 
yielded agreement to within 3 cm-’ between the calculated 
and experimental fundamentals of the isotopomers of ketene. 

The reactant number of available states was obtained 
through the direct summation over each of the vibrational 
quantum numbers of a step function in the total energy minus 
the state-dependent vibrational energy, i.e., 

Ni,, 

NPib,reactants (E)= 2 W+Ei,,...,i,)~ 
Ll,..&J 

(2) 
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TABLE I. Transitional mode force constantsg 

9199 

ijb R,=2.2 Rm=2.5 R,=2.8 R-,,=3.1 

55 0.1437(0.14) 0.0676(0.061) 0.0375(0.035) _0,0233(0.023) 
65 0.1451(0.14) 0~0801(0.080) 0.0437(0.045) 0.0251(0.026) 
66 0.5704(0.60) 0.3604(0.37) 0.2019(0.20) 0.1075(0.11) 
88 0.432qO.44) 0.2345(0.24) 0.1113(0.11) 0.0499(0.051) 
98 -0.0194(-0.019) -O.OOSS(-0.0085) -‘0.0036(-0.0034) -0.0017(-0.0017) 
99 0.0058(0.0078) 0.0024(0.0039) 0.0012(0.0019) 0.00069(0.00091) 

‘Force constants in units of mdyn brad*. 
bModes 5, 6, 8, and 9 correspond to the CC0 bending angle, the symmetric and antisymmetric HCC bending 
angles, and the symmetric HCCO torsional angle, respectively. The complementary conserved mode coordi- 
nates employed in these force constant evaluations are the symmeJric CH stretch, the CO stretch, the HCH 
bend, the fixed CC stretch, and the antisymmetric CH stretch. 

PThe principal entries are CCSDIQZ(2d. 2p) values, and those in parentheses are MPU6-31G* results. 

witi Ei,.....i9 determined via perturbation theory” from the 
aforementioned adjusted anharmonic force field. The density 
of states was then obtained by analytic differentiation of a 
functional form which smoothly fits Nvib,reactants.17 At high 
vibrational energies, some uncertainty exists regarding the 
contribution to the off-diagonal anharmonicities arising from 
Coriolis interactions and a particular Fermi resonance. The 
present calculations of the rate constants employ the state 
density which we consider to be most accurate, viz., that 
entailing the neglect of Coriolis contributions to the anhar- 
monicities. Interestingly, at the threshold for the triplet dis- 
sociation this density is 1.34X lo4 states per cm-‘, in com- 
parison with an estimate by Moore and co-workers of 
4.5 X lo4 states per cm-1.23 However, the explicit determina- 
tion of this density of states from the triplet rate constant data 
is highly uncertain and warrants further investigation. 

The first step in evaluating NJJ involves the determina- 
tion of the minimum energies along the reaction path. Here, 
the CC bond length (Rc,-J is assumed to provide an accurate 
parametrization of the reaction path in the neighborhood of 
the variational transition states. The present calculations have 
focused on the determination of the minimum energies and 
geometries for the four specific, fixed CC bond lengths of 
2.2, 2.5, 2.8, and 3.1 A, covering the range of transition state 
locations determined in our prior study.15 First, fully opti- 
mized structures and energies at each R,, were obtained at 
the CCSD(T)/QZ(2d lf, 2p 1 d) level of theory. To these en- 
ergies, Rcc-dependent cmorrection factors were appended to 
account for the incompleteness of the basis set and higher- 
order electron correlation terms. The basis set correction fac- 
tor was obtained as the difference between MP2/QZ(2dlf, 
2p 1 d) interaction energies and corresponding predictions 
with an extended (13s8p6d4f, 8s6p4d) set.% The correc- 
tion factor for higher-order electron correlation effects was 
obtained with the aid of Brueckner doubles calculations in- 
cluding perturbative corrections for connected triple and 
quadruple excitations [BD(TQ)],25 as given by the standard 
6-31G* basis set.r4 Finally, an exponentially decaying bond 
additivity correction (BAC)‘7*26 was incorporated to bring 
the asymptotes of the potential curve into exact coincidence 
with the precisely known experimental dissociation energy.4 
At the four R,, values of 3.1, 2.8, 2.5, and 2.2 A, this BAC 
takes on the values - 1, - 17, -57, and - 156 cm-‘, yielding 

final estimates for the optimized interaction energy of -861, 
- 1409, -2454, and -4818 cm-‘, respectively. 

The next step in the present evaluation of Ni, involved 
the determination of CCSD/QZ(2d, 2p) force fields at the 
same values of R,-,. Corresponding vibrational frequencies 
were then obtained via a standard FG matrix analysis27 in 
which the CC stretching motion was projected out.28 In in- 
terpreting these force constants and/or vibrational frequen- 
cies it is useful to introduce an approximate separation of 
modes which provides the basis for the variational RRKM 
calculations presented here. In particular, the vibrational 
modes are partitioned into the internal CH, and CO modes, 
which exhibit little change in character during the reaction 
process and are thus termed conserved modes, and the re- 
maining relative CH,**CO motions, which transform from 
vibrations to free rotations and are thus termed transitional 
modes. The motion in the conserved modes is expected to be 
nearly adiabatic from the transition state region on to prod- 
ucts, and thus an important indication of its effect is provided 
by the total conserved-mode zero-point energy, which is 
found to be 4737, 4744, 4746, 4746, and 4738 cm-’ at 
R,,=2.2, 2.5, 2.8, 3.1 A, and infinite separation, respec- 
tively. In contrast, the transitional modes vary quite substan- 
tially, as indicated in Table I, wherein the transitional mode 
frequencies are given for both the CCSD/QZ(2d, 2p) and 
MP2/6-3lG* levels of theory at the four R,, distances. Im- 
portantly, the MP2/6-31G” force constants are all within 
10% of their CCSD/QZ(2d, 2p) counterparts for each R, 
value, except for the diagonal symmetric HCCO torsion ele- 
ment, which differs by roughly a factor of 1.5 for each dis- 
tance. 

The number of available states at the transition state is 
evaluated using the variational RRKM formalism described 
in Ref. 29 with one important modification. In particular, 
instead of employing an analytic potential in the evaluation 
of the phase space integral for the transitional modes, the 
configuration-dependent interaction energies are evaluated 
directly from additional ab initio calculations at the 
MP2/6-31G* level. In doing so, the MP2/6-31G” energies 
are used solely to determine the CH,. *CO orientational de- 
pendence, with the reference E(R,-,) interaction energies for 
the optimum. geometry taken from the more extensive ab 
initio analyses described above. In this “direct” Monte Carlo 
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evaluation of the phase space integral, 1000 configurations 
were sampled over for each R,c. Furthermore, as a means to 
improve the accuracy, the momentum portion of the integral 
was sampled separately with 500 Monte Carlo points for 
each individual configuration. Efficiency was also enhanced 
by analyzing preliminary sets of ab initio conformational 
data, which made it possible to establish a ptiori when an 
interaction energy exceeds the maximum available energy 
according to whether the smallest interfragment separation of 
the configuration lies below a certain cutoff. Such configu- 
rations make no contribution to the phase space integral and 
thus can be rejected prior to any explicit energetic determi- 
nation. A more detailed description of the motivation, valid- 
ity, and procedural aspects of this direct statistics approach 
will be provided in Refs. 17 and 30. This procedure then 
provides an estimate for NLJ via a quadratic fitting of the 
number of states determined at each R, value and each E. 
The specific calculations reported here were for J=O and had 
estimated Monte Carlo uncertainties between 10 and 20%, 
with uncertainties from the quadratic fit for N,, also being at 
most about 10%. Finally, the estimates for NIJ were cor- 
rected for the difference in force constants evaluated at the 
CCSD/QZ(2d, 2~) and MP2/6-3 lG* levels via calculations 
of the ratio of the number of available states for the two force 
fields when implementing potentials similar to those of Ref. 
15, but based on the new minimum energies. These correc- 
tions result in a 0 to 20% increase in NIJ for the E and J 
values considered here. 

In addition to the inner transition state determined in 
these variational RRKM calculations, a minimum in the re- 
active flux also arises at much larger separations (greater 
than 10 A). For these large separations simple evaluations of 
the number of states based on quantum mechanical expres- 
sions for free rotational energy levels have been imple- 
mented. At low energies (i.e., below 100 cm-‘) this outer 
transition state determined by “phase space theory” (PST)31 
provides more of a bottleneck to the reactive flux than does 
the inner transition state. A first estimate for NLJ is then 
given by the minimum of these two separate evaluations for 
the inner and outer transition states. 

The final theoretical rate constants are plotted in Fig. 1, 
together with the real time experimental measurements of 
Potter, Gruebele, Khundkar, and Zewail” for excess energies 
ranging from 450 to 5600 cm-’ as well as those estimated 
for the lower energies by Kim, Choi, Pibel, Zheng, and 
Moore’ on the basis of interpolations of experimentally ob- 
served triplet rate constants and singlet-triplet branching ra- 
tios. The experiments of Ref. 10 observed the total dissocia- 
tion rate constant, so these results have been adjusted here by 
the singlet/triplet branching ratio measured in Ref. 5, assum- 
ing an estimated value of 0.75 for energies above 2500 cm-‘. 
An expanded view of the threshold region is given in Fig. 2. 
The experiments were performed with cold molecular beams 
(T-3-4 K). Thus, for completeness here an appropriate 
thermal averaging over the rate constants has been performed 
for the PST calculations. Meanwhile, such an averaging is 
expected to have little to no effect on the inner transition 
state calculations due to the diminished energy dependence 
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CH,CO --> ‘CH, + CO 

x EXPT-A 

- VRRKM-min 
------ VRRKM-eff 

0 1000 2000 3000 4000 5000 6000 

Excess E (cm-‘) 

FIG. I. Plot of the logarithm of the rate constant versus energy for the 
singlet dissociation of ketene. The solid line denotes the present variational 
RRKM results while the crosses and squares represent the experimental data 
of Potter et al. (Ref. 10) and of Kim et al. (Ref. 5), respectively. 

arising from the substantially greater available energy in the 
transitional modes. 

The solid line in Figs. 1 and 2 is seen to be in excellent 
agreement with the experimental results, with the maximum 
discrepancy being only about 35%, thereby verifying the 
quantitative validity of variational RRKM theory for this re- 
action. This level of agreement is well within the limits of 
accuracy of the present calculations, particularly since there 
has been no optimization of the form of the reaction 
coordinate29 and since the present estimate of the density of 
states might well be expected to gradually degrade in accu- 
racy as the energy increases. 

Finally, it is interesting to consider the expanded view 
given in Fig. 2. At an energy of about 110 cm-‘, there is seen 
to be an abrupt change in the slope of the rate versus energy 
plot, indicating a change from a transition state at essentially 
infinite separation to the inner transition state between 2.2 
and 3.1 A. At energies near this transition, there are really 

CH,CO --> ‘CH, + CO 

0 100 200 300 460 560 660 

Excess E (cm-‘) 

FIG. 2. An expanded view of the plot given in Fig. 1. 
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two transition states2(b)*‘2 acting in series, and a rough esti- 
mate of the maximum effect that this combination of transi- 
tion states might have is provided by an effective number of 
states Neff given by’2T32 

1 1 1 

Neff = G+ Neuter ’ 
(3) 

The dotted line in Figs. 1 and 2 corresponds to the rate con- 
stants evaluated from this effective number of states; it not 
only smooths out the transition but also provides an expla- 
nation for the minor overestimate in the 100 cm-’ region. 
The fact that this transition from the outer to the inner tran- 
sition state occurs at about 110 cm-’ suggests that the prod- 
uct vibrational distributions and vibrational PHOFEX 
spectra6v7 would be very accurately modeled by the present 
variational RRKM theory calculations, as in Ref. 12, thus 
providing further verification for the quantitative validity of 
variational RRKM theory for this system. 
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