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The tightening of the transition state as energy increases above the dissociation threshold is studied for the
dissociation of singlet ketene. Rate constants and quantum yields have been determined for the photodis-
sociation of ketene to produce CH2(ã1A1)(0,0,0)+ CO(X̃ 1Σ+)(V)1). At 57, 110, 200, 357, and 490 cm-1

above this threshold, vibrational branching ratios for the singlet products were measured and compared to
theory. Above 100 cm-1, the experimental values are consistent with the separate statistical ensembles (SSE)
and variational RRKM models. CO(V)1,J) photofragment excitation (PHOFEX) spectra were observed up
to 300 cm-1 over the threshold for production of CO(V)1) and used to calculate the total yield of the state
probed. TheJ dependence of these yields is statistical, consistent with the observed1CH2 rotational
distributions. Thus, the total CO(V)1) singlet yield and rate constant are determined as a continuous function
of energy up to 300 cm-1. Rate constants are given accurately by phase space theory (PST) up to 35( 5
cm-1. Theab initio rate constants of Klippenstein, East, and Allen match the experimental rate constants
from 10 to 6000 cm-1 well within experimental uncertainty without any adjustment of parameters for the
unified statistical model of Miller. Thus the rate appears to be controlled by an inner transition state near 3
Å and the outer PST transition state acting in series with the outer transition state dominating for energies
below 50 cm-1 and the inner for energies above a few hundred cm-1. From the measured rate constants, an
experimental density of states is calculated to be 0.94 times the anharmonicab initio density of states. This
allows the degeneracygt of the coupled triplet channels to be determined from the rates at the triplet threshold,
gt ) 1.0( 0.1. The vibrational branching ratios and product yields for the vibrationally excited triplet products
were also estimated and found to be nearly constant over this energy region. These values are about 17% of
those predicted for vibrationally adiabatic dynamics in the exit valley after passage through the triplet transition
state.

I. Introduction

For unimolecular reactions controlled by a transition state at
the top of a barrier between reactant and products, Rice-
Ramsperger-Kassel-Marcus (RRKM) theory can provide
quantitative predictions of the rate.1-5 In the absence of a barrier
to recombination of product fragments, it is more difficult to
define and locate a transition state on the potential energy surface
(PES) for the reaction and there has been considerable theoretical
work on models for such reactions.1,5-23

At the energetic threshold for unimolecular reactions without
a barrier to recombination on the surface for zero point
vibrational energy, the rate is limited only by the number of
available product states, the phase space theory (PST) limit.7,24,25

The sum of states or open reaction channels,WPST(E,J), is easily
calculated from the energy levels of the products. This sum
may then be used in the statistical transition state theory
expression for the rate constant1,5

whereE is the total energy andJ is the total angular momentum
quantum number of the reactant molecule. The density of states,
F(E,J), is estimated from the spectroscopy of the stable molecule
or directly measured spectroscopically.3,5,25,26 Exactly at thresh-
old, there is only one energetically accessible channel, and PST
must, by definition, provide the correct statistical rate constant.
The product energy state distributions for NCNO27,28 and

CH2CO,24,29-32 and indirect measurements of rate constants for
CH2CO33 and NO2,25,26are consistent with PST predictions near
the energetic threshold. Well above threshold, PST seriously
overestimates rate constants.5

As the fragments approach each other along the reaction
coordinate, a bond begins to form, rotations become hindered,
and energy level spacings increase. The number of open
channelsW(E,J,R) varies along the reaction coordinate,R
(Figure 1). In variational RRKM (var. RRKM) theory,8-14 the
minimum value ofW(E,J,R) atRq(E,J) definesW(E,J) and the
location of the transition state along the reaction coordinate. In
the statistical adiabatic channel model (SACM),15,16the energy
states are correlated to define adiabatic channel potentials along
R. A channel is counted inW(E,J) if its maximum is belowE
for the given value ofJ. In both var. RRKM and SACM, the
transition state moves inward along the reaction coordinate with
increasing energy. These two models are identical to PST at
threshold and give rate constants which increase less rapidly
with energy than do PST rate constants. Additionally, while
SACM and var. RRKM are based on different hypotheses, they
give identical rate constants when used with identical sets of
noncrossing adiabatic channel curves.3

W(E,J,R) may not vary monotonically withR. Ab initio
calculations by Katagiri and Kato for NO2 show that channel
maxima move in from the PST limit directly to an NO distance
of 3.2 Å within 5 cm-1 of threshold.17 Calculations on CH2CO
exhibit this same sudden tightening to 3.2 Å at about 140 cm-1.13

Thus, there are two minima inW(E,J,R),WPST(E,J) andWinner-
(E,J), with a maximumWmax(E, J) at an intermediate value of
R. The smaller of the two minima is used in eq 1 in
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standard var. RRKM. Miller’s unified statistical model18,19

shows that if energy randomizes between these two bottlenecks
(i.e., dynamics are completely non-adiabatic and all channels
open at this intermediate value ofR are randomly sampled),
they may both act as transition states. This provides a physical
model corresponding to the multiple reflections of reactive flux
proposed by Hirschfelder and Wigner.34 In its simplest form
this gives19

Klippenstein and Marcus,11 Klippenstein, East, and Allen,13

and Klippenstein and Allen14 have gotten better agreement
between theory and many aspects of singlet ketene experiments
with eq 2 than with the standard var. RRKM model. Near the
reaction threshold a strongly attractive, isotropic long range
potential can ensure thatWmax is much larger thanWinner and
WPST; thusWmax can be neglected in eq 2. But even for this
case,Wmax/WPST must approach unity as the energy increases
well above threshold as shown for NCNO in Figures 5 and 6
of ref 14.
Product vibrational degrees of freedom have been shown to

evolve adiabatically from transition state to products for ketene
as well as for NO2 and NCNO.3-5,10,11,30,31,33 For ketene,ab
initio calculations show that the CO stretching frequency along
the reaction coordinate is nearly equal to that for free CO.13

Thus, for keteneW(E,J) is the same function of energy above
the threshold for each vibrationally excited product as for the
ground state. These dynamics are incorporated into var.
RRKM10,11as well as SACM15,16 calculations. Product vibra-
tional distributions can be understood quantitatively in terms
of a model in which the transition state is defined separately
for each vibrationally adiabatic potential leading to each
combination of vibrational states of the fragments. Vibrational
branching ratios are seriously underestimated by PST since at
a given total energy the transition state for the vibrational ground
state products is much tighter than that for vibrationally excited
products. Var. RRKM calculations10 predict the experimental
branching ratios quantitatively with this vibrationally adiabatic
model for both1CH2

31 and CO33 produced by photodissociation
of ketene.

The photodissociation of ketene provides a good test case
for unimolecular reaction models. Ketene is excited by a UV
pulse using a transition whose oscillator strength is derived from
electronic excitation to the first excited state, S1. Internal
conversion to S0 and intersystem crossing to T1 provide strong
coupling to these two potential energy surfaces from which
dissociation occurs. Dissociation along the S0 surface produces
CH2(ã 1A1) + CO(X̃1Σ+) (1CH2 + CO). There is no barrier to
dissociation along this surface and there is only one electronic
potential surface leading to these singlet products.3 Indirect
measurements33 and var. RRKM calculations12,13of the singlet
channel rate constant have suggested that the transition state is
loose (PST) up to about 100 cm-1 over threshold. At higher
energy, the experimental rate constant rises less rapidly than
predicted by PST, which indicates that the transition state is
tightening, consistent with var. RRKM and SACM.9,35 How-
ever, the energy at which the transition state begins to tighten
was not clearly established.
The primary goal of the present work is to observe the

tightening of the transition state. Measurements of vibrational
branching ratios and PHOFEX spectra for CO(V)1) are
combined with the previously determined singlet yield32 and
total rate constant data35 for ketene photodissociation in order
to determine the rate constant for singlet ketene dissociation to
CO(V)1) as a function of energy from 10 to 500 cm-1. These
rate data, the direct measurements from 450 to 6000 cm-1, the
vibrational branching ratios, and the PHOFEX spectra allow a
clear choice among available models.

II. Experimental Section

Ketene was seeded in helium carrier gas, cooled by supersonic
expansion into a vacuum chamber, and photolyzed with a pulse
of tunable UV light (305-310 nm). The resulting CO was
detected by laser-induced fluorescence (LIF) in the vacuum
ultraviolet (VUV). Tunable VUV was generated either by
frequency tripling in Xe or by resonant 2+1 sum-frequency
generation in Mg/Kr, which is 20 times more efficient than
nonresonant tripling. The VUV fluorescence was detected with
a solar blind photomultiplier. The apparatus is as described in
ref 32.
In a first set of experiments, vibrational branching ratios were

measured at several energies up to 500 cm-1 over the threshold
for production of CO(V)1) by scanning the probe laser to collect
spectra of the CO Ar X (3 r 0) and (5r 1) bands at a fixed
photolysis laser frequency. To minimize the effects of beam
pointing instability resulting from scanning the dye laser, only
a small portion of each CO(V)0) and CO(V)1) spectrum was
collected. This portion of the spectrum contained at least 5
rotational lines, except at the lowest energies where there are
fewer unoverlapped lines in the CO(V)1) spectra in which case
all resolved rotational lines were used. The experimental signal
intensities are divided by the Franck-Condon and Ho¨nl-
London factors for the CO transition to obtain “reduced”
intensitiesS(VCO,JCO,hν). VCO andJCO are the vibrational and
rotational quantum numbers of the CO photofragments, andhν
is the photon energy. The signal intensityS(VCO,hν) for each
vibrational state was then calculated as the measured line
intensityS(VCO,JCO,hν) divided by the experimentally determined
fractional intensity for that rotational state taken from ref 32.
S(VCO,hν) was multiplied by the previously determined singlet
yield to giveSs(VCO,hν). The singlet channel vibrational branch-
ing ratio is then calculated as in ref 33. Each spectrum was
recorded several times and checked for experimental drifts.
In the second series of experiments, the photolysis laser was

scanned in steps of 0.5 cm-1 while the probe laser was set to a

Figure 1. Schematic diagram for dissociation on a vibrationally
adiabatic potential energy surface. As the chemical bond tightens, the
level spacings increase. For var. RRKM, the transition state occurs at
the product fragment separation for which the number of states is at
its minimum. This causes the transition state to move in along the
reaction coordinate as energy increases. Similarly, for SACM, each
final state (e.g., CO(V)0,J)5) + 1CH2(JKaKc)414)) is correlated along
the reaction coordinate to give rovibrational adiabatic channels with
barriers that move in along the reaction coordinate. For both SACM
and var. RRKM,W(E,J) becomes smaller at this tight transition state
than at the free-rotor asymptote considered in PST as energy increases
above threshold.

1
Weff(E,J)

) 1
Winner(E,J)

+ 1
WPST(E,J)

- 1
Wmax(E,J)

(2)
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single rovibrational transition of CO in order to collect photo-
fragment excitation (PHOFEX) spectra. PHOFEX spectra were
collected for the Q(3) and Q(7) lines for the first 300 cm-1

over the threshold for production of CO(V)1). PHOFEX
spectra are reproducible to better than 10%.

III. Results

In a fully state-resolved experiment it would be possible to
obtain completely state-resolved, microscopic rate constants
ks(VCO,JCO,hν + Ei,J) andkt(VCO,JCO,hν + Ei,J) for the singlet
and triplet channel, respectively, whereJ is the total angular
momentum of the excited ketene molecule andEi is the
rotational energy of the ground state ketene prior to photoex-
citation. The quantum yield for a particular rovibrational level
of CO formed through the singlet channel is

The analogous quantity for the triplet channel is defined by
interchange of the s and t subscripts.
The experimental PHOFEX signalS(VCO,JCO,hν) is not fully

state-resolved. It is obtained by summing the product of the
quantum yield and the absorption cross sectionσ(hν,Ei)P(J,Ji)
over the initial ketene thermal populationP(Tbeam,Ji) at a
temperature ofTbeam ) 4 K, and over all allowed optical
transitions. Ji signifies thei-th rotational level of the jet-cooled
ground state ketene (corresponding to an energy ofEi) and
P(J,Ji) is the probability for a transition fromJi to J which is
proportional to the Ho¨nl-London factor. The signal can then
be expressed by

where theσ(hν,Ei) has been replaced byσ(hν) based on the
assumption that it is independent of the initial state of ketene.
Ji specifies the ketene ground state angular momentumJ, its
molecular projections,Ka andKc, andKa in turn specifies the
nuclear spin (orthoor para). The expression forS(VCO,JCO,hν)
implicitly includes a summation overKa and the appropriate
∆Ka selection rules for the perpendicular optical transition.24

Throughout the paper, a bar denotes an average as defined by
eq 4.

The total quantum yield is the sum of the quantum yields for
CO produced through the singlet and triplet channels, and eq 4
can be rewritten as

The experiment does not distinguish between CO produced
through the singlet or triplet channel, so thatS(VCO,JCO,hν) is
the measured quantity. Clearly,S(1,JCO,hν) ) St(1,JCO,hν)
below the singlet threshold for the production of CO(V)1).
Using the averaged quantum yields an experimental rotational

distribution probability for a givenVCO in the singlet channel
can be defined as

The fraction of CO formed in vibrational stateVCO is

and the singlet yield is

Since all excited ketene molecules dissociate, the denominator
in eq 8 is equal to one. These conditional probabilities3 are
obtained directly from the experimental data,32,33 so that the
averaged quantum yield is

A. Vibrational Branching Ratios. For photon energies of
57, 110, 200, 357, and 490 cm-1 over the CO(V)1) threshold
(2200, 2253, 2343, 2500, and 2633 cm-1 over the singlet
threshold), vibrational branching ratios

were measured (Table 1, Figure 2). These are the ratios of the

TABLE 1: Vibrational Branching Ratios

Pe(1|s)/Pe(0|s) Pe(1|t)/Pe(0|t)excess energy
(cm-1)a experimentalb PST PST*c SSE var. RRKMd prev exp experimentalb

57 0.0041( 0.0006 0.00066 0.0052 0.0034 0.0042
110 0.0082( 0.0010 0.0021 0.016 0.0086 0.0095 0.074( 0.016
200 0.022( 0.004 0.0063 0.048 0.020 0.021 0.050( 0.006
357 0.044( 0.008 0.017 0.125 0.041 0.043 0.037( 0.010e

490 0.070( 0.017 0.029 0.208 0.061 0.057
570 0.044( 0.022

a Photon energy over the threshold (32 259.4 cm-1) for production of CO(V)1) by the singlet channel.b 95% confidence intervals are given.
c PST* uses the PST rate for CO(V)1) and the experimental data35 for the total rate.d From ref 14.eFrom ref 33, multiplied by the singlet yield
(ref 31).

Φs(VCO,JCO,hν + Ei,J) )
ks(VCO,JCO,hν + Ei,J)

∑
VCO,JCO

ks(VCO,JCO,hν + Ei,J) + ∑
VCO,JCO

kt(VCO,JCO,hν + Ei,J)

(3)

S(VCO,JCO,hν) ∝

∑
i

∑
J)Ji-1

Ji+1

σ(hν,Ei)P(J,Ji)P(Tbeam,Ji)Φ(VCO,JCO,hν + Ei,J)

(4)

≈σ(hν)Φh (VCO,JCO,hν)

S(VCO,JCO,hν) ) Ss(VCO,JCO,hν) + St(VCO,JCO,hν)

∝ σ(hν)[Φh s(VCO,JCO,hν) + Φh t(VCO,JCO,hν)] (5)

Pe(JCO|s,VCO) )
Φh s(VCO,JCO,hν)

∑
J′CO

Φh s(VCO,J′CO,hν)
)

Ss(VCO,JCO,hν)

∑
J′CO

Ss(VCO,J′CO,hν)

(6)

Pe(VCO|s))

∑
J′CO

Φh s(VCO,J′CO,hν)

∑
V′CO,J′CO

Φh s(V′CO,J′CO,hν)
(7)

Pe(s))

∑
V′CO,J′CO

Φh s(V′CO,J′CO,hν)

∑
V′CO,J′CO

(Φh s(V′CO,J′CO,hν) + Φh t(V′CO,J′CO,hν))
(8)

Φh s(VCO,JCO,hν) ) Pe(s)Pe(VCO|s)Pe(JCO|s,VCO) (9)

Pe(1|s)
Pe(0|s)

≡ Ss(νCO)1,hν)

Ss(νCO)0,hν)
(10)
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averages over the thermally (4 K) populated states of ketene as
experimentally measured.
A vibrational branching ratio can also be obtained for the

triplet channel in this energy region:

Here the bracketed ratios are the deconvoluted ratio of triplet
signal intensity to singlet signal intensity in the rotational
distributions measured in ref 32, in Table 2 and section III of
that work. Values ofPe(1|t)/Pe(0|t) are given in Table 1.
With Pe(s) andPe(JCO|s,V) taken from ref 32 andPe(VCO|s)

obtained from the vibrational branching ratios discussed above,
the singlet quantum yields listed in Table 2 have been calculated.
Using the triplet analog of eq 9, triplet quantum yields have
also been calculated, withPe(t) ) 1 - Pe(s), Pe(VCO|t) from
Table 1 andPe(JCO|t,VCO) set equal to the rotational distribution
of CO slightly below the singlet channel threshold from ref 33.
Φh t(VCO,JCO,hν) is nearly constant throughout the energy range
studied (Table 2).
B. PHOFEX Spectra. Two series of PHOFEX spectra were

measured on the CO Ar X (5 r 1) Q branch, one forJCO )
3 and one forJCO ) 7 (Figure 3). The PHOFEX curves rise
sharply from the energy threshold for the production of the CO
state being probed, then decline at higher energies as other CO
rotational states become energetically accessible.24 More
product channels open as additional1CH2 states become
energetically accessible in combination with the observed CO
state, giving rise to the observed steps in the PHOFEX spectra.
These steps match the energies of the1CH2 term values to within
the experimental uncertainty of(0.5 cm-1.
The absorption cross sectionσ(hν) of jet-cooled ketene has

been assumed24,29,30to be independent of the photolysis energy.
This assumption was tested by Garcia-Morenoet al.,31 who
found the cross section to be constant within 5% for the first

500 cm-1 over the singlet channel threshold, and within 10%
up to 1000 cm-1 over the singlet channel threshold. At the
much higher energies of this work,E > 2150 cm-1 over the
singlet channel threshold, this assumption was tested in the same
way. From eqs 4 and 5,

SinceΦh t(VCO,JCO,hν) is rather small and does not vary strongly
with energy,St(VCO,JCO,hν) can be set equal to its value just
below the CO(V)1) singlet threshold channel. From the
experimental values ofS(VCO,JCO,hν), σ(hν) was calculated and
normalized to its valueσ200 at 200 cm-1 for each PHOFEX
curve. As shown in Table 2,σ(hν)/σ200 is constant to within
(0.05, except for CO(V)1,J)7) at 110 cm-1, where it deviates
by 0.08. Given the near constancy ofσ(hν), the PHOFEX

Figure 2. Singlet vibrational branching ratios. The solid circles are
the experimental data. The error bars indicate 95% confidence intervals.
The open circles represent the effective var. RRKM calculation.14 The
dashed line is PST. The solid line combines the PST rate for CO(V)1)
with the measured rate for CO(V)0). The dotted line is the SSE
prediction, eq 13.

TABLE 2: Test for Dependence of PHOFEX on Triplet Quantum Yield and Dependence of Optical Cross Section onhν

triplet quantum yield (%) singlet quantum yield (%) σ(hν)/σ200
b

excess
energya CO(V)1,JCO)3) CO(V)1,JCO)7) CO(V)1, JCO)3) CO(V)1,JCO)7) CO (V)1,JCO)3) CO (V)1,JCO)7)

110 0.074( 0.017 0.19( 0.04 0.14( 0.02 0.009( 0.002 1.04 1.08
200 0.050( 0.011 0.13( 0.03 0.29( 0.04 0.18( 0.03 1.00 1.00
357 0.044( 0.023 0.11( 0.06 0.40( 0.06 0.38( 0.06 0.96 0.99

a As in Table 1.b See text.

Figure 3. PHOFEX spectra for CO(V)1,J)3) and CO(V)1,J)7). The
experimental PHOFEX spectra are placed on an absolute scale using
the population distributions at 200 cm-1. The calculated curves are on
the same absolute scale, showing the quantum yield as a percentage of
total yield. The dashed theoretical line is the yield whenPe(JCO|V,s) is
given by PST constrained by the experimental1CH2 distributions
(CPST), andPe(V|s) is given by SSE. The dash-dotted line is the yield
whenPe(JCO|V,s) is given by PST andPe(V|s) is calculated by assuming
that CO(V)1) follows PST while CO(V)0) follows experiment (PST*).
The inset for CO(V)1,J)3) is given to show the first steps more clearly.

σ(hν) ∝
S(VCO,JCO,hν) - St(VCO,JCO,hν)

Φh s(VCO,JCO,hν)
(12)

Pe(1|t)
Pe(0|t)

≡ Pe(1|s)
Pe(0|s){St(hν,VCO)1)

Ss(hν,VCO)1)}{Ss(hν,VCO)0)
St(hν,VCO)0)} (11)
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spectra can be converted to absolute quantum yields using eq
12, with the absolute quantum yield from Table 2 at 200 cm-1

as the calibration point for each curve.

IV. Discussion

A. Singlet Channel Vibrational Branching Ratios. The
experimental vibrational branching ratios are compared with the
PST, separate statistical ensembles (SSE), and var. RRKM
models in Table 1. PST severely underestimates the extent of
vibrational excitation. Since PST is known to overestimate the
singlet rate constant near 2500 cm-1,10,33a second approach is
used in which the CO(V)1) rate constant is calculated from
PST and the experimental CO(V)0) rate is used. This model
(PST*) is appropriate for vibrationally adiabatic dynamics with
a tightened transition state for the CO(V)0) surface and a
completely loose transition state for CO(V)1). PST* should
be exact at threshold; it overestimates the experimental branch-
ing ratio by a factor increasing from 25% at 57 cm-1 to a factor
of 3 at 490 cm-1. This indicates a modestly tightened transition
state for energies as low as 57 cm-1.
SSE, developed by Wittig and co-workers,28 assumes PST

rotational state distributions within each vibrational state, and
assumes thatPe(VCO|s) is proportional to the density of states
of an ensemble of the disappearing oscillators. For ketene in
the energy range considered here (2200-2633 cm-1 over the
singlet threshold),

whereVCO gives the CO product vibrational state of interest
andV′ represents all possible combinations of product vibrational
states for both products, which for this energy range are CO-
(V)0), CO(V)1), 1CH2 (0,0,0), and1CH2 (0,1,0). For higher
energies, a sum over accessible1CH2 states for eachVCOappears
in the numerator. Although SSE contains no adjustable
parameters, it predicts the vibrational distributions of1CH2

31

and the single vibrational branching ratio for CO determined at
357 cm-1 by Kim et al.33 as accurately as does the more
complex var. RRKM. SSE describes the vibrational branching
ratio for CO(V)1)/CO(V)0) accurately for 110 cm-1 e E e
490 cm-1 (Table 1, Figure 2). At 57 cm-1, it underestimates
the branching ratio by∼20%. SSE does not account for the
influence of the opening of individual rotational channels on
the vibrational yields close to threshold.31 Klippenstein and
Allen have calculated the vibrational branching ratios from their
ab initio-based var. RRKM14 using eq 2. Figure 2 shows that
both var. RRKM and SSE compare very well with experiment,
thus confirming previous results10,11,30,31and indicating that the
dynamics from transition state to fragments are vibrationally
adiabatic for the CO stretch.
B. PHOFEX Spectra. The absolute quantum yields of

CO(V)1,J)3,7) determined from the PHOFEX spectra are
compared with two theoretical models in Figure 3. For the dash-
dotted line, the yield is calculated using PST* as described
above. For the dashed line,Pe(VCO|s) is assumed to follow SSE,
andPe(JCO|s,VCO) is calculated using PST constrained by the
experimental1CH2 rotational distributions (CPST).31,32 CPST
predicts the rotational distributions of the CO(V)1) fragments
well up toE e 500 cm-1.32

This CPST/SSE model underestimates the yield at low energy,
Ee 70 cm-1, but otherwise matches the experiment very well.
Since SSE does not deal with the individual rotational channels

of the loose transition state, it cannot be accurate at energies
for which Pe(VCO|s) exhibits stepwise increases.31

The PST* model for CO(V)1) production gives the energetic
position of the steps accurately but does not describe the
amplitude well at all forEg 40 cm-1. This necessarily follows
from the overestimate of thePe(VCO)1|s) values in Figure 2
for Eg 57 cm-1. For the CO(V)1,J)3) PHOFEX, this model
does predict the first two steps,E<40 cm-1, better than the
CPST/SSE, which suggests that PST is accurate for 0e E e
40 cm-1.
C. Singlet Rate Constant.Rate constants may be obtained

from the observed product quantum yields. Equation 3 defines
the state-specific quantum yield for a particular rovibrational
level of CO as proportional to the rate constant for production
of that state. Equation 9 shows how the averaged singlet
quantum yield can be obtained from experimental measure-
ments. This averaged quantum yield is given in terms of rate
constants by averaging both sides of eq 3:

The average of the ratio of rate constants on the right side of
eq 3 can be approximated as the ratio of averaged rate constants
becausektot(hν + Ei,J) does not vary significantly over the range
of Ei or J. PST calculations at 2200 cm-1 over threshold give
rate constants forJ ) 0 and for a ground state 4 K thermal
average that differ by less than 1%.
Potter et al. have measured total rate constants for the

dissociation of ketene from 450 to 6000 cm-1 over the singlet
threshold.35 These are used, along with the previously deter-
mined singlet yield,32 to determine the singlet rate constants in
this energy range. Rearranging eq 14, summing over all possible
singlet product states, and combining that with eq 8 gives

wherekhs(hν) andkhtot(hν) are the averaged singlet and total rate
constants, respectively, andPe(s) is the singlet yield taken from
ref 32. These rate constants are given in Table 3.
Below 450 cm-1, there is no measured total rate constant,

and khs(hν) cannot be calculated by eq 15. However, the
vibrational branching ratios and singlet rate constants just above
the 1CH2 + CO(V)1) threshold can be combined to give a
singlet rate constant for production of CO(V)1), khs(VCO)1,hν).
In the initial 500 cm-1 above the CO(V)1) threshold, the singlet
rate constant is only available at a single energy, 2521 cm-1,
and a linear interpolation of logkhs(hν) is used for 2143-2643
cm-1 over threshold. The least-squares fit gives slope, 3.66×
10-4 1/cm-1, and intercept, 9.01. The interpolated singlet rate
constants and the vibrational branching ratios are then used to
calculate a singlet rate constant for CO(V)1)

The total rovibrational density of states,F(hν + Ei,J), can be
written as the vibrational density of states summed over the
degenerate rotational states of the electronically excited ketene

Over the range of energies represented byEi andE(J,K), FV[hν
+ Ei - E(J,K)] is nearly constant and can be approximated by
FV(hν), while the sum overK reduces to 2J + 1. During the
fragmentation of ketene, the nuclear spin state of the hydrogens,
ortho or para, is conserved.24 Thus, the statistical transition

PSSE(VCO) )
(E- EVCO

)3/2

∑
V′
(E- EV′)

3/2

(13)

Φh s(VCO,JCO,hν) ) khs(VCO,JCO,hν)/khtot(hν) (14)

khs(hν) ) Pe(s)khtot(hν) (15)

khs(VCO ) 1,hν) ) Pe(1|s)khs(hν) (16)

F(hν + Ei,J) ) ∑
K)-J

K)J

FV[hν + Ei - E(J,K)] (17)
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state theory of eq 1 must include only states of a single nuclear
spin symmetry inW(E, J) andF(E, J). In the energy range for
dissociation, the densities ofortho andpara vibrational states
by direct count are equal to within 0.5%, and

The +/- symmetry of ketene is also a conserved property,7

but not one which can be resolved experimentally; thus, both
W(E, J) andF(E, J) are summed over these two classes of states.
The averaged singlet rate constant for nuclear spin staten can
then be given by

where

The total singlet rate constant defined by averaging eq 3 as per
eq 4 gives

since the statistical weights forortho to para are 3 to 1.
Since the dissociation of ketene is vibrationally adiabatic, the

CO frequency is nearly constant along the reaction coordinate13

and the rotational constant of CO changes very little withVCO,
Ws,n(VCO,JCO,hν+Ei) is a function of excess energy, so that

Nonetheless, the rate constants forVCO ) 1 andVCO ) 0 at a
given energy above their respective thresholds are expected to
differ because the total rovibrational density of states is a

function of the absolute energy. To calculatekhs(VCO)0,hν), the
density of states is assumed to be proportional to the anharmonic
direct count density of states,FDC, reported by Eastet al.20 for
a completeab initio anharmonic vibrational analysis of ketene
(model 3 of ref 13). Therefore, the rate constants forVCO ) 1
andVCO ) 0 can be related using eqs 19 and 22,

This direct count gives a vibrational density of states of 1.99×
104 1/cm-1 at 30 000 cm-1 and 3.12× 104 1/cm-1 at 32 000
cm-1, about 6% and 8% larger than the corresponding Whitten-
Rabinovich values of 1.89× 104 1/cm-1 at 30 000 cm-1 and
2.88× 104 1/cm-1 at 32 000 cm-1.6 A harmonic direct count
density of states yields values that are 5% and 3% lower than
the Whitten-Rabinovich values, giving 1.80× 104 1/cm-1 at
30 000 cm-1 and 2.77× 104 1/cm-1 at 32 000 cm-1. Using
the anharmonicFDC, khs(VCO)0,hν) is therefore expected to be
54% larger thankhs(VCO)1,hν+2143.2 cm-1), near their respec-
tive thresholds. The singlet rate constants,khs(VCO)1,hν) and
khs(VCO)0,hν), for E e 500 cm-1, are given in Table 3.
khs(VCO)0,hν) for 57 cm-1 e Ee 6000 cm-1 is shown in Figure
4. Below 2143 cm-1, of course,khs(VCO)0,hν) is identical to
khs(hν), since no CO(V)1) can be produced. At 490 cm-1, the
singlet rate constantkhs(VCO)0,hν) can be calculated directly
from the total rate constant and singlet yield32 or from theVCO)1
data. The two values of logkhs(VCO)0,hν), 8.89(0.07) and
8.98(0.09), agree quite closely and confirm the validity of eqs
16 and 23.
PHOFEX spectra can be used to calculate the rate as a

continuous function of energy (eqs 6-8, 14, 15 and 16).

TABLE 3: Rate Constantsa

log khs(V)0)

var. RRKM
excess
energyb singlet yieldd log khtote log khs(VCO)1)e expt Af expt Bf PSTg KEA 1h,i KEA 2h,i

56 0.15 (0.03) 7.42 (0.11) 7.60 (0.11) 7.75 7.76 7.64
110 0.34 (0.03) 7.74 (0.10) 7.92 (0.10) 8.28 8.29 8.03
200 8.21 (0.09) 8.39 (0.09) 8.78 8.61 8.40
325 0.63 (0.04) 8.55 (0.09) 8.73 (0.09) 9.17 8.82 8.67
450c 0.71 (0.08) 9.04 (0.03) 8.80 (0.09) 8.89 (0.06) 8.98 (0.09) 9.45 8.97 8.83
1107 0.80 (0.05) 9.38 (0.07) 9.28 (0.08) 10.16 9.44 9.37
1435 0.86 (0.02) 9.59 (0.04) 9.52 (0.05) 10.4 9.58 9.52
1720 0.88 (0.02) 9.70 (0.10) 9.64 (0.10) 10.5 9.71 9.65
2521 0.92 (0.04) 10.00 (0.10) 9.96 (0.10) 10.8 9.99 9.93
2942 0.92 (0.04) 10.14 (0.08) 10.11 (0.09) 10.9 10.12 10.06
3217 0.92 (0.05) 10.18 (0.11) 10.14 (0.12) 11.0 10.21 10.15
3538 0.93 (0.05) 10.28 (0.04) 10.25 (0.06) 11.1 10.29 10.24
3763 0.91 (0.06) 10.25 (0.33) 10.21 (0.34) 11.1 10.35 10.30
4367 0.94 (0.05) 10.54 (0.07) 10.51 (0.09) 11.3 10.50 10.44
4870 0.94 (0.05) 10.66 (0.36) 10.63 (0.37) 11.5 10.60 10.55
4920 0.94 (0.05) 10.68 (0.28) 10.65 (0.29) 11.5 10.61 10.56
5598 0.92 (0.07) 10.75 (0.22) 10.71 (0.24) 11.7 10.74 10.69

aNumbers in parentheses give the 95% confidence intervals.b As in Table 1.c At this energy, the singlet yield was calculated at 490 cm-1 while
the total rate constant was calculated at 450 cm-1. d Singlet yieldPe(s) defined in eq 8; the numbers and uncertainties are taken from ref 32.eTotal
rate constants taken from ref 35.f Expt A is calculated from the singlet yield and the total rate constant at the appropriate energy. logkhs(VCO)1)
is calculated from the singlet rate constant and the vibrational branching ratio at the appropriate energy. See the text for details. Expt B is
calculated from logkhs(VCO)1), adjusted for the correct density of states at 30 000 cm-1. g From ref 10, using a total density of states ofFtot )
0.94FDC. h From refs 13, 14, and 37 using a total density of states ofFtot ) 0.94FDC. i Calculated forJ′ ) 0. The experimental and PST values are
for a thermally populated ketene ground state atT ) 4 K.

Fortho(hν) ) Fpara(hν) ) FV(hν)/2 (18)

khs,n(hν) ) ∑
V′CO,J′CO

Wh s,n(V′CO,J′CO,hν)/hFV(hν)/2 (19)

Wh s,n(V′CO,J′CO,hν) )

∑
i

∑
J)Ji-1

J)Ji+1

P(J,Ji)P(Tbeam,Ji)
Ws,n(V′CO,J′CO,hν + Ei,J)

2J+ 1
(20)

khs(hν) ) (3/4)khs,ortho(hν) + (1/4)khs,para(hν) (21)

Ws,n(VCO ) 0, JCO, hν + Ei, J) )

Ws,n(VCO ) 1, JCO, hν + Ei + 2143.2 cm-1, J) (22)

khs(VCO ) 1,hν + 2143.2 cm-1) )

khs(VCO ) 0,hν)
FDC(hν)

FDC(hν + 2143.2 cm-1)
(23)

khs(VCO)1,hν) )
Φh s(VCO)1,JCO,hν)khtot(hν)

Pe(JCO|s,VCO)1)
∝
Ss(VCO)1,JCO,hν)khtot(hν)

Pe(JCO|s,VCO)1)
(24)
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Ss(hν,VCO)1,JCO) is measured every 0.5 cm-1. The smooth
interpolation above forkhs(hν) is used forkhtot(hν). The experi-
mentally determined rotational distributions are described well
by PST up to 200 cm-1 and by CPST up to 500 cm-1 over the
singlet channel CO(V)1) threshold;32 the detailed structure in
Pe(JCO|s,VCO)1) is given by these calculations.32 Rate constants
were calculated from the Q(3) and Q(7) spectra, as well as from
a previously reported PHOFEX spectrum for1CH2 (0,1,0)101.31

The latter was used only up to 200 cm-1, the highest energy at
which the rotational distribution is given accurately by PST.
The proportionality constant, eq 24, for all three PHOFEX
spectra was set to match the experimental rate at 200 cm-1,
and the results were averaged to give the experimental rate in
Figure 5. Below 30 cm-1, only the1CH2 data is used, and the
overall rate constant is then solely given bykhs,ortho(hν).
D. Models for the Singlet Rate Constant. The PST, var.

RRKM,10,13and SACM15,16models mentioned in the introduc-
tion are used to calculateW in eqs 19-20 for comparison to
experiment. In all models the rate constant must approach the
PST limit at threshold. There are no adjustable parameters in
the calculation ofWPSTshown in Figure 5. The corresponding
PST rate constant, Figures 4 and 5, increases much more rapidly
with energy than the experimental values ofks(VCO)1,hν). The
transition state begins to tighten at 35( 5 cm-1. However,
for E < 30 cm-1 above theV ) 1 threshold,WPSTparallels the
observed rate in all of its details including the steps at 15 and
21 cm-1. This allows an “experimental” density of states to
be derived from eq 19. The result of (3.35( 0.33)× 104

1/cm-1 at 32 259 cm-1 is 1.01( 0.11 times theab initio direct
count of Klippenstein, Allen, and East,13 1.16( 0.13 times the
harmonic direct count, and 1.10( 0.12 times the Whitten-
Rabinovich estimate, all well within the experimental and
computational uncertainties.
RRKM fits of the rate constant for the dissociation of ketene

along the triplet channel determined the density of states for
ketene near 28,250 cm-1 to be 1.07gt times theab initio density
of states (1.11gt times the Whitten-Rabinovich density), where

gt is the number of strongly coupled triplet levels.36 The
experimental density of states above implies thatgt ) 1.0 (
0.1.
Var. RRKM calculations ofWinner (Figure 5) by Klippenstein,

Allen, and co-workers13,37 are based on high-levelab initio
calculations of the potential energy surface and reaction
coordinate for singlet ketene. Although some significant choices
of calculational method were necessary, it is important to note
they were made before our near-threshold rate data were
available and that there are no adjustable parameters in the
calculation. The values are an unweighted sum ofWinner for
ortho andparawith J ) 0. In the range of 80-300 cm-1, the
difference inWPST betweenortho andpara is less than 20%
and decreases with increasing energy.Winner should exhibit
much smaller differences. Likewise, the impact of usingJ )
0 should affect the calculated rate constants by less than 5%.
Above 1000 cm-1, the rate constant calculated fromWinner

Figure 4. Singlet rate constants. The open circles are the points for
the singlet rate constant calculated from the singlet yield (ref 32) and
the total rate constant. The solid squares are from the experimental
values of the rate constants for CO(V)1) production, the vibrational
branching ratio atE, and the ratio of the direct count density of states
near 32 500 and 30 000 cm-1 (see text). The dot-dashed line is the
PST rate constant. The dashed line is the KEA1 var. RRKM calculation,
and the solid line is the KEA2 var. RRKM calculation, ref 13. See the
text for a description of these calculations. The inset shows an expanded
version of this figure, up to 500 cm-1.

Figure 5. (a) Number of open channels for tight and loose transition
states. The dot-dashed line isWh PST(hν), for a PST transition state under
the conditions of the experimental data shown in (b). The dashed line
isWh inner(hν), taken from refs 13, 14, and 37, for a tight transition state
with a C-C bond between 2.1 and 3.1 Å. The dotted line isWh eff(hν),
as described in eq 2 in the text. The lower solid line isWh exp(hν), the
experimental number of open channels, and the upper solid line is an
experimental value ofWh inner(hν), calculated by treatingWh exp(hν) as the
effective number of open channels in eq 2 and usingFv(hν) ) 0.94FDC
as density of states. (b) Singlet channel rate constant from PHOFEX
data at low energy. The solid line is the continuous experimental rate
constant from the PHOFEX data. The solid circles are the experimental
rate constants derived from the singlet rate at∼2500 cm-1 and the
vibrational branching ratios. The dot-dashed line is the PST rate
constant. The double-dashed line is an SACM rate constant, calculated
with R/â ) 0.6, the dashed line is the KEA1 var. RRKM calculation,
and the dotted line (nearly coincident with the experimental rate) is
the KEA2 var. RRKM calculation. The inset shows more clearly the
region where PST begins to fail. Only PST, KEA2, and the experimental
lines are shown.
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coincides well with experiment (Figure 4). For the standard
var. RRKM (KEA1),W(hν) in eq 1 is the minimum number of
available states, at any point along the reaction coordinate.WPST

) Winner at 130 cm-1. This is the switching point between
control by the outer and inner transition states. The calculated
rate constant is larger than experiment between 40 and about
1000 cm-1, but close on either end of this range. The unified
statistical model of eq 2 (KEA2) fits the data to within 25%
over the entire 6000 cm-1 range whenWmax is assumed to be
large enough to be negligible. The density of states which gives
the best fit between experiment and KEA2 isFV(hν) ) 0.94FDC,
identical to theab initio value to well within the experimental
and computational uncertainties. This excellent agreement
between experiment and KEA2 is also evident in the number
of open channels shown in Figure 5. In addition toWh eff and
Wh PST, the figure also shows an “experimental” valueWh exp,
calculated from the continuous rate constant between 10 and
300 cm-1 using eq 19 withFv(hν) ) 0.94FDC. Clearly,
Wh inner(hν) is much larger thanWh exp(hν) over this energy region,
whileWh eff(hν) is within a few percent ofWh exp(hν). Additionally,
an “experimental” valueWh exp,inner(hν) of the number of channels
at the inner transition state is calculated for 40 cm-1 < E <
300 cm-1,

Wh exp,inner(hν) is also shown in Figure 5 and is nearly equal to
the value ofWh inner(hν) calculated by Klippensteinet al.13 This
is a truly remarkable agreement between a completelyab initio
theory and an experimental rate constant and provides strong
support for the validity of the unified statistical model.18

A key assumption in the unified statistical model is that
energy is randomized between the inner and PST transition
states. A molecule coming through the inner transition state
on a particular adiabatic channel must undergo a sufficient
number of nonadiabatic transitions between curves so that all
Wmax channels are statistically represented before the molecule
approaches the PST transition state. In the range 40< E <
200 cm-1, the observed rate constant is clearly less than the
PST value whereas the product energy state distributions are
given accurately by PST.31,32 This indicates that full random-
ization of energy occurs between transition states. The fact that
the dipolar attraction at long range orients the methylene carbon
away from the carbonyl carbon to which it bonds13 may be
important in this energy redistribution and may limit the
applicability of these results to other systems. ForE > 200
cm-1, CH2 rotational distributions become colder than statisti-
cal31 and the energy randomization hypothesis must begin to
break down. At 300 cm-1, whereWPST is 3 times larger than
Winner, the observed rotational populations deviate from PST
by some 35% on average. It is also expected thatWmax/WPST

approaches unity and that both become much larger thanWinner

as the total energy becomes large compared to the dipolar and
dispersion energies of attraction.
For a truly completeab initio test of the unified statistical

model against the ketene data,Wmax needs to be calculated. It
may also be necessary to calculateWinner near threshold for
somewhat larger values of the reaction coordinate. The explicit
inclusion ofWmaxwould causeWeff to approachWinnersomewhat
more quickly as energy increases. This in turn would give a
slightly larger density of states, closer to the (1.01( 0.11)FDC
determined from the first two steps in the rate constant.
However, these additional refinements seem unlikely to produce
changes of more than 10-20% inWeff in the 50-300 cm-1

energy range of key interest.

Rate constants were calculated using the most approximate
form of SACM introduced by Troe15,16 for a simple Morse
attractive potential with a dependence on fragment rotational
angle. For this model, the parameterR/â controls the angular
anisotropy of the potential and consequently how rapidly the
energy level spacings increase as the chemical bond forms. For
R/â ) 1, SACM and PST are identical; forR/â ) 0, SACM is
equivalent to RRKM for a rigid transition state. Much thermal
data for reactions without barriers can be fit withR/â ≈ 0.5.16

The potential uses the same angular dependence for loose
transition states as for the tight transition state important in the
thermal data. Since angles are likely to be much more tightly
defined where bonds are nearly formed than at long range, this
is a poor form of potential for treating the energy region through
which transition state tightening occurs. However, this is the
only SACMmodel for which quantitative calculations have been
possible. Consequently, this model should not be expected to,
and does not, fit the ketene data near threshold (Figure 5). If
smaller values ofR/â are chosen to fit the rate at higher energy,
the rate near threshold is calculated to be much smaller than
observed. The form of the model potential cannot reproduce
the data. For noncrossing adiabatic channels and strictly
adiabatic dynamics, SACM must give the same rate constant
as does the standard var. RRKM for the identical potential. Of
course, for the adiabaticity assumed in this simplest SACM,
the energy randomization required between the inner and PST
transition states in the unified statistical model is not possible.
Thus, a strictly adiabatic SACM with theab initio potential
produces the curve KEA1 and not the fit of KEA2. Maergoiz,
Nikitin, and Troe21,22 have shown the importance of narrowly
avoided crossings between adiabatic curves and added this to
the SACM. This provides a framework for a dynamical theory
which could give both rate constants and product energy
distributions. Such a detailed approach may be necessary for
rates and especially product energy state distributions in
situations which are between the complete energy randomization
hypothesis of the unified statistical model and completely
adiabatic models for dynamics between the inner transition state
and the separated fragments.
E. Triplet Vibrational Branching Ratio. For the triplet

channel, unlike the singlet channel, there is no quantitative
theoretical model for calculation of the vibrational branching
ratio determined in section III.A and given in Table 1. If the
dynamics are assumed to be vibrationally adiabatic in the
repulsive exit valley of the triplet surface, the triplet rate
constants determined in ref 33 may be used to estimate a
branching ratio using the triplet analogs of eqs 7, 14, and 23:

Hereν2 is the frequency of the CO stretch at the transition state.
This equation is valid only if the triplet channel dynamics are
vibrationally adiabatic. For the triplet transition state,ν2 is taken
from Allen and Schaefer;38 it is 1878 cm-1 for the CsI transition
state and 1841 cm-1 for the CsII transition state. At energies
just over the singlet threshold for production of CO(V)1), log
kht(hν) is 8.83( 0.10, as interpolated from Table 3. At 1850
cm-1 below that energy, logkht(hν) is 8.5( 0.1. This gives a
value of 0.47( 0.09 for Pe(1|t)/Pe(0|t) if the dynamics are
adiabatic in the CO stretch. This is about 8 times larger than
the measured value. Ifν2 is taken to be 2143.2 cm-1, the
vibrational frequency of free CO, logkht(hν) is 8.4( 0.1, and
the predicted vibrational branching ratio is 0.37( 0.07. If the
triplet channel were vibrationally adiabatic, then the triplet yield

1
Wh exp,inner(hν)

) 1
Wh exp(hν)

- 1
Wh PST(hν)

(25)

Pe(1|t)
Pe(0|t)

)
kht(hν - hν2)

kht(hν)

FV(hν - hν2)

FV(hν)
(26)
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of CO(V)1) would have been comparable to, rather than much
less than, the singlet yield. These results indicate that CO
vibrational excitation at the transition state relaxes in the exit
channel of the triplet PES.

V. Conclusions

The major result of this paper is the quantitative agreement
between the experimental dissociation rate constant for ketene
and that calculated completelyab initio for the unified statistical
model of eq 2. The rate is studied with half-wavenumber
resolution near threshold and measured up to a total energy of
6000 cm-1. The results constitute striking support for this model
of dissociation on the S0 potential energy surface without a
barrier to recombination. The observed rate exhibits no knee
that would suggest sudden switching from an outer to an inner
transition state. For energies between 40 and at least several
hundred cm-1, the reactive flux must be controlled by an inner
transition state near 3 Å and a completely loose transition state
acting in series. The unified statistical model assumption of
energy randomization between the two transition states is
experimentally verified up to 200 cm-1 but begins to break down
at higher energies. The van der Waals and dipolar attractive
forces between CH2 and CO are sufficient at long range to
produce a significant increase in density of states inside the PST
transition state. It seems likely that this is a general feature of
all dissociations without a barrier to recombination. The
reaction is vibrationally adiabatic with respect to product
vibrations with transition states defined separately for each
vibrationally adiabatic potential energy surface. The results are
a striking demonstration of the power ofab initio quantum
chemistry and transition state theory.
The ab initio full anharmonic direct count density of states

is within a few percent of the harmonic direct count, the
Whitten-Rabinovitch approximation, and the density which
gives the best fit of eq 2 to the observed rates. This stands in
contrast to the spectroscopically measured densities of states at
the dissociation limits of H2CO, HCCH, and HFCO which all
exhibit densities of states roughly 5 times those calculated.3,25

Can we generally expect that larger molecules with less average
excitation per oscillator will exhibit densities of states in line
with expectations?
The observed density of states shows that for the triplet state

dissociation reaction only one of the three triplet spin sublevels
of ketene is active in the reaction process. In contrast to the
singlet reaction channel, vibrational excitation of CO is found
to relax as it moves from the transition state through the
repulsive exit valley on the triplet potential energy surface.
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