
Transition state vibrational level thresholds for the dissociation
of triplet ketene

Sang Kyu Kim,a) Edward R. Lovejoy,b) and C. Bradley Moore
Department of Chemistry, University of California at Berkeley
and Chemical Sciences Division of the Lawrence Berkeley Laboratory, Berkeley, California 94720

~Received 13 September 1994; accepted 14 November 1994!

Rate constants for the unimolecular dissociation of ketene~CH2CO! and deuterated ketene~CD2CO!
have been measured at the threshold for the production of CH2 (X̃

3B1) or CD2 (X̃
3B1) and CO

(X̃ 1S1) by photofragmentation in a cold jet. The rate constant increases in a stepwise manner as
energy increases. This is in accord with the long-standing premise that the rate of a unimolecular
reaction is controlled by flux through quantized transition-state thresholds at each energy level for
vibrational motion orthogonal to the reaction coordinate. The first step in rate constant and/or
photofragment excitation~PHOFEX! spectrum gives accurate values for the barrier to dissociation
above the zero-point energy of the products, 1281615 cm21 for CH2CO and 1071640 cm21 for
CD2CO. The measured rate constants are fit by Rice–Ramsperger–Kassel–Marcus~RRKM! theory.
The vibrational frequencies at the transition state obtained from the fits are compared withab initio
results. Vibrational motions at the transition state orthogonal to the reaction coordinate are also
revealed in CO product rotational distributions. Calculations using an impulsive model which
includes vibrational motions at the transition state reproduce the experimental dependence of the
PHOFEX spectra on the COJ state quite well. The small dependence of rate constant on jet
temperature~4–30 K! indicates that theKa quantum number for rotation about its symmetry axis is
conserved in the energized ketene molecule. ©1995 American Institute of Physics.
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I. INTRODUCTION

Transition-state theory~TST! was developed in the
1930’s1 and has been widely used in describing chemic
reaction rates. TST is a statistical theory based on the fun
mental assumptions that there is a local equilibrium betwe
reactants and molecules crossing the transition state tow
products along the reaction coordinate and that the molec
crossing through the transition state proceeds to produ
without recrossing. Even though TST has been enormou
successful, the validity of these fundamental assumptions
been debated for decades. Rate constants may be calcu
rigorously, given an exact potential energy surface~PES!, by
solving the Schro¨dinger’s equation for the full quantum
state-resolved scattering matrix, calculating the cumulat
reaction probability~CRP! as a function of total energy and
angular momentum, and averaging over the distributions
initial energy and quantum state.2,3 Miller has derived a rig-
orous quantum mechanical formulation which allows t
CRP to be calculated directly from computations on a grid
the region of the transition state without explicitly calcula
ing the scattering matrix, a ‘‘transition-state theory’’ withou
approximations.4–7 Truhlar and co-workers3 and Miller and
co-workers6 reported steplike structures in such rigorous
calculated CRP’s for the H1H2 reaction; this shows that the
CRP is controlled by quantized vibrational thresholds at t
transition state as in the not so rigorous TST. Similar stru
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tures have also been calculated for H1O2 by Leforestier and
Miller8 and in a more approximate way for O1H2 ~Ref. 9!
and H1H2 ~Ref. 10! by Bowman. In experimental rate stud-
ies, since the initial conditions for bimolecular reactions ar
averaged over total angular momentum~impact parameter!
and usually over thermal distributions of initial energy and
quantum state, these structures are predicted to be co
pletely smoothed out.11 However, for unimolecular reactions,
much of this averaging may be eliminated experimentall
and the possibility exists to observe these quantized thres
olds at the transition state.

The Rice–Ramsperger–Kassel–Marcus~RRKM! theory
is a microcanonical ensemble version of transition stat
theory for treating unimolecular reaction rates.12 RRKM
theory is based on the additional assumptions that all vibra
tional states in the excited molecule are equally probable an
that the vibrational energy flows freely among the differen
degrees of freedom at a rate much faster than the reacti
rate. In RRKM theory, the rate constant for total energyE
and total angular momentumJ is given by

k~E,J!5
W~E,J!

hr~E,J!
, ~1!

whereW(E,J) is the number of energetically accessible
states for vibration orthogonal to the reaction coordinate a
the transition state,r(E,J) is the density of vibrational states
of the reactant, andh is Planck’s constant. The rate constan
increases stepwise as the energy increases through each
brational level or threshold at the transition state. This ste
structure fromW(E,J) is apparently not an artifact of treat-
ing motion along the reaction coordinate classically since th
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3203Kim, Lovejoy, and Moore: Dissociation of triplet ketene
quantum treatments of CRP2–10 exhibit quite similar struc-
tures. RRKM theory presumes that motion along the react
coordinate is decoupled from the bound vibrational motio
at the transition state. The passage through the transi
state is then vibrationally adiabatic, and the vibrational lev
are defined over a sufficiently broad region near the tran
tion state to give well-defined reaction thresholds or qua
tized channels connecting reactant to products.

The RRKM theory has been used widely for many d
cades, and yet because of the lack of knowledge about
tential energy surfaces~PES! in the vicinity of the transition
state, vibrational frequencies at the transition state have b
guessed or simply fit to explain thermally averaged expe
mental results. Due to the difficulty of resolving spectra
highly vibrationally excited reactant states, the density
reactant states in Eq.~1! has usually been estimated from
data at much lower energies rather than measured dire
Recent spectroscopic studies have shown that the actual
sity of states for a number of small molecules@HCCH ~Ref.
13!, HFCO~Ref. 14!, D2CO ~Ref. 15!, CH3O ~Ref. 16!, NO2

~Refs. 17 and 18!# is three to ten times higher than predicte
by estimates based on levels at significantly lower energ

With the recent development of molecular beams a
lasers, it is now possible to measure rate constants for re
tants with well-defined initial conditions. A pulsed jet expa
sion is used to minimize the internal thermal energy a
angular momentum of the molecule in its ground state, wh
high-resolution lasers are used to excite the molecule to w
defined reactant states and probe the fragments w
quantum-state resolution. In addition, recent high-level qu
tum mechanical calculations now provide quantitative p
dictions for the properties of transition states of sm
molecules.19 Therefore, unimolecular reaction rate theori
are being subjected to more stringent tests. Using a variet
spectroscopic techniques such as overtone excitation, ph
excitation followed by internal conversion, and stimulate
emission pumping~SEP!, kinetic studies of molecules pre
pared in well-defined quantum states have been carried
for several unimolecular reactions.20–22

RRKM theory, Eq.~1!, predicts that the rate constan
increases by steps with an amplitude equal to 1/[hr(E,J)]
as the energy is increased through each vibrational leve
the transition state. Recently, steplike structures in a rate c
stant have been reported for the unimolecular dissociation
ketene on its triplet surface.23 Since there is a small barrie
for this reaction, the transition state is well defined at t
saddle point of the PES along the reaction coordinate,
the steps in rate constants have been attributed to vibratio
level thresholds of the transition state. Structures in rate c
stants have also been reported for some barrierless uni
lecular reactions. Zewail and co-workers have noted n
monotonic features in rate constants for NCN
dissociation.24Wittig and co-workers reported steplike struc
tures in rate constants for NO2 dissociation and ascribed
those steps to vibrational levels of a variational transiti
state which tightens as energy increases just 100 cm21 above
the reaction threshold.18,25 For the same reaction, Tsuchiy
and co-workers report that the rate constant increases s
wise when a new rotational product channel opens jus
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cm21 above threshold.17,26 Thus the transition state must
move from loose to tight within a few tens of cm21.

The three lowest electronic states of ketene are th
ground singlet state (S0), the first excited singlet state (S1),
and the first triplet state (T1). The ketene molecule in its
ground state is UV laser excited (S1←S0), internally con-
verts and/or intersystem crosses, and dissociates into me
ylene and CO products, Fig. 1.22 The ketene molecule disso-
ciates into singlet methylene and CO fragments~singlet
channel! on the barrierless ground singlet potential energ
surface with a threshold energy of 30 116 cm21,27–29while it
dissociates into triplet methylene~3CH2! and CO fragments
on the triplet surface which has a small barrier about 130
cm21 above the triplet products and 2000 cm21 below the
singlet products.30,31 Recently, unimolecular reaction of
ketene on singlet and/or triplet channels has been stud
extensively and provided a good example for testing a va
ety of statistical theories.22,27–34

In this work, the rate constants for dissociation of rota
tionally cold ~4 K! ketene to3CH21CO are measured as a
continuous function of energy. The quantized transition sta
vibrational thresholds are revealed in clear steplike structur
observed in the unimolecular dissociation rate constan
This is consistent with the fundamental postulates of trans
tion state~RRKM! theory and provides a quantitative test o
unimolecular reaction rate theory.

II. EXPERIMENT

Ketene~CH2CO! was prepared by passing acetic anhy
dride through a red-hot quartz tube, trapped at 77 K, an
distilled from 179 to 77 K twice before use. Deuterated
ketene~CD2CO! was prepared by the same method from

FIG. 1. The three lowest potential energy surfaces of ketene along t
reaction coordinate. The ketene molecule is excited by a UV laser pulse
the first excited singlet state (S1), undergoes internal conversion toS0 and
intersystem crossing toT1 , and dissociates into

1CH2 (ã
1A1)1CO ~singlet

channel! or 3CH2 (X̃
3B1)1CO ~triplet channel! fragments.
No. 8, 22 February 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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3204 Kim, Lovejoy, and Moore: Dissociation of triplet ketene
deuterated acetic anhydride~Sigma,.99.0% assay!. Ketene
was stored at 77 K. During experiments, the ketene va
pressure was kept at 50 Torr by a hexanes slush bath~179 K!.
Helium carrier gas was bubbled through the sample and
gas mixture was expanded through the 0.5 mm diameter
fice of a pulsed nozzle into the vacuum chamber. The ba
ing pressure of the carrier gas was 1.5 atm and the ba
ground pressure in the vacuum chamber was maintaine
1024 Torr when the nozzle was on. Ketene was rotationa
cooled by the supersonic expansion and the rotational te
perature of ketene in the experiment was estimated to
about 4 K.27 In some experiments the backing pressure of t
carrier gas was varied from 260 Torr to 2.2 atm to vary t
rotational temperature of ketene in the supersonic jet. A m
ture of 100 ppm of CO in He was expanded and fluoresce
excitation spectroscopy used to estimate the temperatur
the molecular beam.

The photolysis laser was a frequency-doubled dye la
~Lambda Physik FL2002E; 0.2 cm21 linewidth! pumped by
the second harmonic output of a Q-switched Nd:YAG las
~Spectra-Physics DCR-4!. DCM, LDS698, and mixtures of
those dyes in methanol were used in the dye laser to gene
30–50 mJ/pulse of energy in the 680–720 nm range. The
energy was 6–10 mJ/pulse in the 340–360 nm region, wit
0.4 cm21 linewidth and a 7 nsduration. The frequency of the
dye laser output was calibrated with an accuracy of60.5
cm21 using the optogalvanic spectrum of Ne gas. Duri
scans the direction and intensity of the UV laser output we
actively maintained and maximized, respectively, by an Inr
Autotracker II with a KDP crystal. The UV laser output wa
almost completely separated from the fundamental visi
laser pulse~99.9% attenuated! through three reflections from
UV dichroic mirrors before it entered the vacuum chambe

Tunable vacuum UV~VUV ! was generated for the laser
induced fluorescence~LIF! probing of CO fragment in the
(Ã 1P–X̃ 1S1) (v8532v950) band. The output of a dye
laser~Lambda Physik FL3002E; linewidth'0.2 cm21, pulse
length '7 ns; 15–20 mJ/pulse in the 430–450 nm ran
with coumarin-440 dye in methanol! pumped by the third
harmonic output of another Q-switched Nd:YAG laser~Con-
tinuum YG682-10! was frequency tripled in Xe gas to gen
erate VUV in the 143–150 nm range. The efficiency of t
pling is about 1026.35 The fundamental dye laser output wa
focused by a fused silica lens~f.l.57 cm! into the center of a
10 cm long tripling cell filled with 20–40 Torr of Xe gas
The VUV was collimated by a CaF2 lens~f.l.58 cm! located
at the exit of the tripling cell.

The photolysis and probe lasers propagated colinea
from opposite ends of the vacuum chamber and crossed
molecular beam pulse at 90°. The interaction region, defin
by the overlap of the lasers, was centered 3–4 cm from
nozzle orifice. The polarizations of both laser pulses we
parallel to the jet axis and perpendicular to the fluoresce
detection axis~vide infra!. A small portion of the photolysis
laser intensity was reflected from the entrance window of
vacuum chamber, detected by a fast-response photodi
and used to normalize for photolysis laser intensity fluctu
tions. The VUV probe laser passed through the molecu
beam, was partially reflected from the exit window inside t
J. Chem. Phys., Vol. 102Downloaded¬03¬Sep¬2003¬to¬143.248.34.202.¬Redistribution¬subje
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vacuum chamber, scattered from a LiF diffuser, struck a sol
blind VUV PMT ~EMR 542G-08-19, LiF window!, and pro-
duced a signal to normalize for VUV intensity fluctuations
The linearity of normalization was carefully checked.32

The nozzle valve driver~Newport BV100! and two
Nd:YAG lasers were triggered by an SRS DG535 pulse ge
erator at a 10 Hz repetition rate. Scattered photolysis las
light detected by a fast photodiode was used to trigger
boxcar ~SR250 from SRS!. The gate output of the boxcar
was delayed by the desired amount with respect to the trigg
signal, amplified, and used to trigger the Q switch of th
other Nd:YAG laser. The molecular beam pulse was synchr
nized with the laser pulses by the internal delay function o
the nozzle valve driver.

LIF of the CO product was detected by a solar-blind
VUV photomultiplier tube ~PMT! ~EMR 542G-09-19, 50
mm diam MgF2 window! 5 cm away from the interaction
region~vide supra!. A cultured quartz window in front of the
VUV PMT absorbed scattered VUV laser light. PMT signals
were preamplified by 50 times~Hewlett-Packard, 8447D
OPT 001!, sampled and integrated by a boxcar~SR250!,
digitized by an A/D converter~DASH-8 Metrabyte!, and
stored in a microcomputer~IBM PC/XT!.36 Both photolysis
and probe laser frequencies were controlled by the sam
computer.

Rate constants for photodissociation of ketene were d
termined by measuring the appearance rates of CO fra
ments. The VUV probe laser frequency was fixed at a sp
cific rovibronic transition of the CO product and the CO LIF
signal was monitored while scanning the delay time betwee
pump and probe lasers at a fixed pump laser frequency. T
delay time was scanned using SR265 software to control t
delay between trigger signal and gate output of the boxc
via an SR245 computer interface. Data acquisition was co
trolled by the same software.

CO product rise curves were obtained at photolysis e
ergies for which rate constants were in the 106–53107 s21

range. Proper alignment of photolysis and probe lasers
critical for accurate rate measurements. The alignment w
validated by recording the CO product rise curve at a ph
tolysis energy for which the CO rise is,50 ns. For a 20
mm2 UV laser beam cross section, the signal remained at
maximum until 1.0ms when the UV-excited sample began to
move beyond the probing zone defined by the cross secti
of the VUV probe laser beam~7–12 mm2!. For the measure-
ment of rates,53106 s21, the cross section of the pump
laser beam was expanded by about four times to give un
form detection out to 2.0ms, Fig. 2. Because of the decrease
in the photolysis laser energy density, the signal-to-nois
~S/N! ratio decreased and yielded larger uncertainties. Ra
constants as small as 1.03106 s21 were measured without
any correction to the raw experimental data.

Each CO product rise curve was averaged over 15–
scans and measured three times at each photolysis ene
Rate constant measurements were carried out as a function
photolysis energy at 2–4 cm21 intervals. To check the repro-
ducibility of the data, the three different measurements
each photolysis energy were carried out on different da
with a new alignment of laser beams.
, No. 8, 22 February 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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3205Kim, Lovejoy, and Moore: Dissociation of triplet ketene
Photofragment excitation~PHOFEX! spectra were ob-
tained by monitoring the LIF signal for a single CO(v,J)
state while the photolysis laser frequency was scanned. T
delay time between the photolysis and probe lasers was fix
with a time jitter of less than 5 ns. PHOFEX curves wer
obtained with 0.5–1 cm21 steps of the photolysis laser fre-
quency. Each data point was averaged for 10–20 laser sh
and PHOFEX curves were averaged for 3–5 scans.

III. RESULTS

A. CO product rotational distributions

CO product rotational distributions, obtained from rovi
brationally resolved VUV LIF spectra for CO product by the
same method as described in Ref. 30, are shown for CH2CO
and CD2CO at photolysis energies of 28 250 cm21 and
28 410 cm21 in Fig. 3. The rotational distributions are ap
proximately Gaussian-shaped and peak nearJ512 for
CH2CO andJ511 for CD2CO. The CO fragment acquires
angular momentum from the forces exerted as it pass
through the exit valley of the potential energy surface. A
impulsive force along the C–C bond at the geometry of th
transition state combined with the vibrational momenta at t
transition state model the observed distributions quite well30

B. Rate constants, k (E)

CO product rise curves are shown in Figs. 4 and 5. A
previously,31 the rate constants measured for differentJ
states of CO such as 13 and 6 are the same as those
J512 within experimental error. Since theQ(12) transition
is one of the well isolated peaks in the LIF spectrum an
probes the most populated level of CO, it has been used
all rate constant measurements.

When the CO fragment is probed at a long delay tim
after UV excitation, collisional rotation-to-translation energ

FIG. 2. Cross section of the VUV LIF detection geometry in the molecula
beam chamber. A cultured quartz window~C.Q.! is used in front of the VUV
PMT to reduce the scattered probe laser light. For measurements of
constants less than 53106 s21, the expanded photolysis laser is overlappe
with the VUV probe laser in the downstream portion of the molecular je
The distances of the PMT and the orifice of the nozzle from the interacti
region are about 5 and 3 cm, respectively. The diameters of UV pump a
VUV probe lasers are about 10 and 4 mm, respectively.
J. Chem. Phys., Vol. 102, NDownloaded¬03¬Sep¬2003¬to¬143.248.34.202.¬Redistribution¬subjec
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transfer may occur. Figure 4 compares the CO rise curves
J56 and 12. Relaxation from high to lowJ is clearly ob-
served beginning at 2.5ms delay, significantly after the vol-
ume of excited gas begins to move beyond the probe la
beam.

The CO product rise curves are least-squares fit by
single exponential. The pulse widths of pump and probe
sers~7 ns! are convoluted in the fitting for rates faster tha
53107 s21 as in Ref. 31. The standard deviation for the lea

r

ate

t.
n
nd
FIG. 3. CO product rotational distributions from the dissociation of keten
The solid lines are calculated fromab initio data as in Ref. 30:~a! CH2CO
at 28 250 cm21, 1 ms; ~b! CD2CO at 28 410 cm21, 1 ms.

FIG. 4. CO (v50) product rise curves for CD2CO dissociation at 28 900
cm21 ~k'33107 s21!. ~a! J56; ~b! J512; ~c! ratio of the COJ56 and
J512 signals. The LIF intensity forJ56 is about 5 times less than that fo
J512. The delay time at which rotational relaxation starts is marked by
arrow on~c!. The UV beam cross section was;80 mm2.
o. 8, 22 February 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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3206 Kim, Lovejoy, and Moore: Dissociation of triplet ketene
squares fit to an individual CO rise curve is much less th
the deviations between measurements made on each of th
different days and their mean. For CD2CO, the rate constants
within 40 cm21 of threshold are too small to measure accu
rately.

Rate constants as a function of the photolysis energ
k(E), are plotted as open circles in Figs. 6 and 7 for CH2CO
and CD2CO, respectively. Error bars shown on selected da
points are two times the estimated standard deviation of t
mean of the three measurements from the true value. Disti
steps ink(E) associated with the first few transition stat

FIG. 5. J512 CO product rise curves with single exponential fits.~a!
CH2CO at 28 423 cm21, and~b! CD2CO at 28 500 cm21.

FIG. 6. Rate constant for CH2CO dissociation as a function of the photolysis
energy. The error bars on selected data points represent twice the stan
deviation from three independent rate constant measurements. The solid
is a RRKM fit using parameters in Table V, but without tunneling.
J. Chem. Phys., Vol. 102, NDownloaded¬03¬Sep¬2003¬to¬143.248.34.202.¬Redistribution¬subjec
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vibrational level thresholds are observed in the first 200–30
cm21 region above the reaction thresholds for each isotope

C. Photofragment excitation spectra

PHOFEX spectra probing theQ(12) transition of CO
from CH2CO at 50 ns and from CD2CO at 200 ns delay
times are shown by curve~a! in Figs. 8 and 9. The PHOFEX
signal can be expressed as

ard
line

FIG. 7. Rate constant for CD2CO dissociation as a function of the photolysis
energy. The CO~v50, J512! PHOFEX curve~Dt51.7 ms! is shown in
the reaction threshold region; its intensity is arbitrarily scaled. The solid lin
is a RRKM fit using the parameters in Table V.

FIG. 8. PHOFEX curves.~a! CO(J512), Dt550 ns;~b! $12exp[2k(E)
3Dt] % scaled for comparison to~a!; ~c! CO(J52), Dt550 ns. The actual
ratio of the yields of CO~v50, J512! to CO~v50, J52! is about 20:1 at
28 500 cm21.
o. 8, 22 February 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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3207Kim, Lovejoy, and Moore: Dissociation of triplet ketene
S~E,v,JCO!}s~E!P~E,v,JCO!$12exp@2k~E!3Dt#%, ~2!

where S is the LIF intensity when probing the CO(v,J)
product,s(E) is the absorption cross section of the pare
molecule for photon energyE, P(E,v,JCO! is the probability
for the CO fragment to be formed in the~v,JCO! quantum
state,k(E) is the ketene decay rate constant averaged ov
the ensemble of initial excited states of ketene, andDt is the
time delay between the pump and probe lasers.

The absorption spectrum of CH2CO at room temperature
is a diffuse structureless band for theS1 ←S0 transition.

37

Presumably, this is the result of fast internal conversion a
intersystem crossing. The analysis of singlet CH2 PHOFEX
spectra shows thats(E) in the pulsed jet is nearly constan
over ranges of several hundred cm21 in photolysis
energy.27,34 Curves b in Figs. 8 and 9 show$12exp[2k(E)
3Dt] % using directly measuredk(E) and theDt of the
PHOFEX spectrum. Ifs(E) andP(E,v,JCO! are constant,
then curves~a! and ~b! should have the same shape. In th
first 200–300 cm21 above the reaction threshold, the pos
tions and amplitudes of steps in curves~a! and ~b! are the
same. This confirms the structures observed ink(E) and
shows thats(E)3P(E,v,JCO! is nearly constant over this
small range of energy just above threshold. At higher ph
tolysis energy, over 28 500 cm21 for CH2CO, $12exp[k(E)
3Dt] % is still increasing with increasing energy while the
experimental curve starts to level off. This deviation ind
cates a decrease ins(E)3P(E,v,JCO!. A more striking dif-
ference in shape is exhibited by PHOFEX curve~c! in Fig. 8
for CO~v50, J52! which has a sharp peak near 28 50
cm21 where the CO~v50, J512! PHOFEX curve starts to
level off. This peak and leveling off are consistent with
significant broadening of the product rotational distributio
at this energy. The width of the CO rotational distribution i

FIG. 9. PHOFEX curves.~a! CO(J512),Dt5200 ns;~b! $12exp[2k(E)
3Dt] % scaled for comparison to~a!; ~c! CO(J52),Dt5150 ns. The actual
ratio of the yields of CO~v50, J512! to CO~v50, J52! is about 20:1 at
28 500 cm21.
J. Chem. Phys., Vol. 102, NDownloaded¬03¬Sep¬2003¬to¬143.248.34.202.¬Redistribution¬subjec
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determined by the vibrational motion at the transition state.30

Therefore, the comparison of PHOFEX curves for CO prod-
uct with differentJCO’s gives a dynamically biased way to
observe thresholds for transition-state vibrations which
strongly influence CO rotation. The PHOFEX spectrum for
CO~v50, J52! from CD2CO, Fig. 9, shows steps and peaks
at higher photolysis energies where the structures in both
k(E) and the CO~v50, J512! PHOFEX curve become
washed out, thus revealing additional vibrational thresholds
at the transition state.

CO~v50, J512! PHOFEX curves taken at 4.060.5 K
and 3063 K ~2.2 atm and 260 Torr backing pressure, respec-
tively! are almost identical, Fig. 10. Although the actual ro-
tational temperature of ketene in the molecular beam may b
different from that of the CO used for calibration, it is clear
that there is no dramatic effect of ketene rotational tempera
ture on the rate constant in this range.

IV. ANALYSIS AND DISCUSSION

The observation of structures ink(E) is consistent with
the fundamental ideas of transition-state theory and RRKM
theory. The application of the RRKM model to ketene is
developed in the following sequence:~A! Coupling among
the three lowest electronic states (S1 ,S0 ,T1) for E.28 000
cm21; ~B! Symmetry selection rules for the UV excitation
and nonradiative transitions;~C! Ab initio transition-state ge-
ometry and vibrational frequencies;38 ~D! RRKM equations;
and ~E! RRKM fits.

A. Coupling of electronic states

Three electronic states of ketene are involved in the re
action dynamics,S1 , T1 , andS0 , Fig. 1. Theab initio cal-
culations of Allen and Schaefer38 give the zero-point levels
of S1 andT1 at 21 195 and 19 150 cm21 above that forS0

FIG. 10. The CO~v50, J512! PHOFEX curves taken at 50 ns delay time
at ~a! solid line: at 2.2 atm~Trot54 K! and~b! squares: at 260 Torr~Trot530
K! backing pressure of carrier gas.
o. 8, 22 February 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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3208 Kim, Lovejoy, and Moore: Dissociation of triplet ketene
with an estimated uncertainty of 700 cm21. The two excited
electronic states have nearly identical equilibriu
geometries38 with the CCO frame bent in plane at an angle
129 deg. The ground state is very different with a linear CC
frame that has considerably shorter bond lengths. At
28 250 cm21 energy of the barrier to formation of triple
products, the densities of vibrational states calculated us
the Whitten–Rabinovitch approximation arer(S1)'4,
r(T1)'26, andr(S0)'1.43104/cm21.31 The sum of the
densities of states,rtotal, is thus dominated byr(S0).

There are no direct measurements of rate constants
matrix elements for couplings among these three electro
states. However it is most likely that with respect to nan
second time scale phenomena all three are strongly cou
together.27 For this to be so, it suffices for two of the thre
couplings among the three states to be strong. TheS1 ← S0
spectrum39 shows some possible vibrational structure wi
linewidths of about 200 cm21 suggesting an upper limit of
431013 s21 for theS1 decay rate. There is no rotational fin
structure orQ-branch feature observable; the latter wou
surely be seen unless the linewidth were at least 5 cm21.
ThusS1 must decay with a rate of at least 1012 s21. There-
fore, the sum of the rates for internal conversion toS0 and
intersystem crossing toT1 must lie in the range
431013.kic1kisc.1012 s21. At least one coupling, rate of
transfer between electronic states, is large. Could the o
two both be small?

If only kisc were larger than 1012 s21, then the triplet
could be populated directly fromS1 and decay without in-
volving S0 at a rate of at least 1/hr(T1)5109 s21 at thresh-
old. Since the observed dissociation rate of the triplet
threshold is less than 43106 s21, T1 andS0 must be coupled
directly bykisc8 or indirectly bykic at greater than 10

9 s21 so
that the rate of dissociation on the triplet surface at thresh
is controlled by the total density of vibronic levels, 1/hr total.
Thus if onlykisc is larger than 10

12 s21, one or both ofkic and
kisc8 must also be larger than 109 s21.

If only kic were larger than 1012 s21, then T1 would
equilibrate with the two singlets at a rate given approx
mately by@r(S1)/gtr(T1)#kisc 1 kisc8 wheregt is the num-
ber of triplet spin states strongly coupled. If the rate of d
sociation of a pure triplet state is faster than this equilibrati
rate, then the rate of dissociation of ketene would be limit
by the intersystem crossing rate. The kinetic scheme, Fig
gives a rate constant ofkt 5 @(gtr(T1)/r(S0)#kisc8
1 @(r(S1)/r(S0)#kisc for this case. The observed dissociatio
rate, Fig. 6, increases strongly with energy from 43106 s21

near the threshold for triplet dissociation, to 23107 s21 just
250 cm21 higher in energy, to 33108 s21 1866 cm21 higher29

at the singlet threshold. SinceS1 andT1 have similar geom-
etries and origins, the Franck–Condon factors forkisc and
thereforekisc itself cannot depend strongly on energy. Th
second term in the expression forkt cannot be responsible
for the data in Fig. 6. SinceT1 andS0 have very different
geometries, a strong dependence ofkisc8 on energy is likely.
However, at the high levels of vibrational excitation in the
two states, it is very unlikely indeed that the regular stepp
increases in rate in Fig. 6 result from vibronic structure
kisc8 .
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It appears far more likely that intersystem crossing
faster than dissociation, especially in the threshold region
this case the wave functions for individual molecular eige
states are a statistical mixture ofS1 , T1 , andS0 basis states
given by

uCn&5(
i

aniuS1i&1(
j

bn juS0 j&1(
k

gnkuT1k&, ~3!

where the coefficientsani , bn j , and gnk of the individual
basis functions of each electronic state are related to the
bronic level densities by

(
i

uaniu2'
r~S1!

r total
,

~4!

(
j

ubn ju2'
r~S0!

r total
, (

k

ugnku2'
gtr~T1!

r total
.

The eigenstates with the mostS1 character are preferentially
excited by the UV laser pulse, since onlyS1 states carry
significant oscillator strength. The photolysis pulses~0.4
cm21 linewidth; 7 ns duration! excite a set of about 6000
eigenstates with phase coherence among theS1 coefficients
extending only over about ten adjacent states. Thus statis
fluctuations40 of the rate constants from eigenstate to eige
state should be completely averaged out. The dissocia
rate of ketene on the triplet surface is then given by the us
transition state theory expression, Eq.~1!, with
r(E,J)5rtotal.

B. Symmetry selection rules
1. Conserved quantities

In the absence of external fields, total energyEtot and
total angular momentum (F,MF) are conserved throughou
the dissociation. Since the weak interaction is quite neg
gible on the microsecond time scale, parity with respect
inversion~P! is also conserved. On the time scale of phot
dissociation, the nuclear spin (I ,MI) and nuclear spin sym-
metry ~Gns! are known to be conserved.27 Therefore, the
RRKM rate constant in Eq.~1! is more rigorously written as

k~Etot ,J,I ,P,Gns!5
W~Etot ,J,I ,P,Gns!

hr~Etot ,J,I ,P,Gns!
, ~5!

whereF5I1J, Etot5E1Ethermal ~the sum of the UV photon
and thermal excitation in the jet!, P and Gns are for the
ketene molecule following UV excitation.

2. Angular momentum selection rules
The photodissociation of ketene on the triplet surfa

involves UV optical excitation (S1←S0), internal conversion
(S0↔S1), and intersystem crossing (T1↔S0 ,S1) as well as
dissociation. The symmetry species for ketene in any el
tronic state are classified in theC2v molecular symmetry
~MS! group which is isomorphic with theG4 CNPI group.
This is a sensible approach even for the strongly be
transition-state geometry since its torsional barrier is
low38 that operationally the overall symmetry of the tota
Hamiltonian isC2v. Ketene is a slightly asymmetric prolat
top. The magnitude of the projection of rotational angul
No. 8, 22 February 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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3209Kim, Lovejoy, and Moore: Dissociation of triplet ketene
momentumN on the ‘‘a’’ axis, uKu, can be a nearly good
quantum number and thus selection or propensity rules foK
are given. The selection rules for angular momentum qu
tum numbers and wave function symmetries for each proc
follow.

(i) UV excitation(S1←S0)
The optical transition fromS0(

1A1) to S1(
1A2) is elec-

tronically forbidden but vibronically allowed for electric di
pole radiation. FromA1 vibronic symmetry in theS0 ground
state,A-type, parallel transition gives rise toa2 vibrational
states inS1 . B-type andC-type perpendicular transitions ex
cite b1 andb2 vibrational states, respectively. The selectio
rules for total angular momentum and parity are

DF50~FÞ0!,61; 1↔2.

With nuclear spin conserved, the selection rules become

DJ50~JÞ0!,61; DI50; 1↔2. ~6!

The selection rules for theK quantum number in the sym
metric top limit are

DK5K82K950 ~A-type, parallel!;
~7!

DK5K82K9561 ~B-, C-types, perpendicular!.

(ii) Nonradiative transitions
The symmetry of the wave function and the conserv

quantities in Sec. IV B 1 are unchanged in nonradiative tra
sitions. Thus internal conversion fromA1 , B2 , andB1 vi-
bronic symmetries inS1 gives rise toa1 , b2 , andb1 vibra-
tional states inS0 with the selection rules

DS50; DJ50; DI50;
~8!

DK5K2K850; 1↔1,2↔2.

In the highly vibrationally excitedS0 states of ketene
resulting from internal conversion, strong anharmonic a
Coriolis couplings are expected. In the case of stro
vibration–rotation coupling,K is not a good or nearly good
quantum number. In the extreme case,K may be completely
mixed thus giving molecular states with equal contributio
from basis states withK from 2J to J. This is the limit
usually assumed in applications of RRKM theory. The exte
of K mixing has not previously been established experime
tally for ketene; it will be seen below thatK appears to be a
good, or nearly good, quantum number.

The three electron-spin wave functions forT1 each have
a different symmetry,Ges: A2 , B1 , andB2 . When first order
spin–orbit coupling is the dominant mechanism in intersy
tem crossing, the angular momentum selection rules
given by, using the notation in Hund’s case~b!, by

DS561; DJ50; DN50,61;
~9!

DK5K2K850; 1↔1,2↔2.

This case is possible forS0↔T1(Ges5A2) only. It is likely
that second or higher order intersystem crossing throu
spin–orbit vibronic coupling or spin–orbit rotational cou
pling is important. Here all three triplet spin functions ma
be allowed and the corresponding selection rules are gi
by41
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DS561; DJ50; DN50,61;
~10!

DK5K2K850,61,62; 1↔1,2↔2.

These selection rules and corresponding symmetries a
ply equally for motion through the transition state. Since th
coupling mechanism~s! for intersystem crossing is not
known, the number of spin statesgt paired with each vibra-
tional level at the transition state is not known~gt51, 2, or
3!.

3. Nuclear spin statistics

Nuclear spin statistics have important experimental co
sequences for ketene. In CH2CO, hydrogen atoms have a
nuclear spin of 1/2. Four nuclear spin wave functions gene
ate the representation,Gns53A1%B2 in C2v, where the three
A1 states correspond toI51 ~ortho! nuclear spin states and
theB2 state is theI50 ~para! state. Since hydrogen nuclei
are fermions, symmetry operations which exchange them
must change the sign of the wave function. Thus the symm
try class of the total wave function for the eigenstate,G, must
be eitherB1 or B2 . Therefore, since the vibronic symmetry
of CH2CO in the ground state isA1 , only b1 ~Ka9 5 odd,
Kc9 5 odd! or b2 ~Ka9 5 odd, Kc9 5 even! rotational states
can combine with ortho (I51) states while a1 ~Ka9
5 even,Kc9 5 even! or a2 ~Ka9 5 even,Kc9 5 odd! rota-
tional states combine withpara (I50) state.

For the case of CD2CO, deuterons have a spin of 1 and
each deuteron can have three different nuclear spin wa
functions. Hence nine nuclear spin wave functions are ge
erated for CD2CO and give the representation,
Gns56A1%3B2 , where fiveA1 states correspond to the quin-
tet (I52) functions, oneA1 state is the singlet (I50) func-
tion, and threeB2 states are the triplet (I51) functions.
Since deuterons arebosons, G must beA1 or A2 . Therefore,
in the ground state CD2CO ~A1 vibronic symmetry!, only a1
~Ka9 5 even,Kc9 5 even! or a2 ~Ka9 5 even,Kc9 5 odd!
rotational states combine withortho (I52,0) states, while
b1 ~Ka9 5 odd, Kc9 5 odd! or b2 ~Ka9 5 odd,
Kc9 5 even! rotational states can combine withpara (I51)
states. For CD2CO, theortho (I50,2) states combine with
Ka95even and thepara (I51) states combine withKa95odd,
opposite to the case for CH2CO. Nuclear spin statistical
weights for CH2CO are 3 forortho and 1 forpara, while for
CD2CO they are 6 forortho and 3 forpara.

It should be noted that the nuclear spin wave functio
and statistical weight are unchanged by UV excitation and/
radiationless transition. Thus for states reached by perpe
dicular dipole (b1 ,b2) transitions from the ground vibronic
state,Ka even and odd are reversed~e.g., for CH2CO S1Ka

even corresponds toortho!. This is especially important near
the thresholds for rovibrational energy levels at the transitio
state. Nuclear spin is not cooled in the jet expansion and
the degeneracies, relative populations at room temperatu
control the weights ofortho andpara species.

As the molecule passes through the transition state
products, the symmetry of the wave function and the oth
conserved quantities established during excitation are u
No. 8, 22 February 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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3210 Kim, Lovejoy, and Moore: Dissociation of triplet ketene
changed. Furthermore, some quantities not rigorously co
served may be approximate constants of the motion or nea
good quantum numbers.

C. Ab initio transition state structure

1. Structure and vibrational frequencies

An ab initio calculation has been performed by Allen
and Schaefer, III38 for the (Cs

II) in-plane bent 3A9
CH2CO→CH2 (

3B1)1CO ~1S1! and the (Cs
I ) out-of-plane

bent3A8 CH2CO→CH2 (
3B1)1CO ~1S1! dissociation paths.

TheCs
II stationary point for3A9 ketene dissociation has been

found to be a true transition state. TheCs
I stationary point for

3A8 ketene dissociation is the potential energy maximu
along the torsional or internal rotational coordinate of th
Cs
II transition state. The barrier to internal rotation is calcu

lated to be 384 cm21 and is expected to be significantly
less.38

The ab initio ~DZP CISD, double-zeta basis with
polarization–configuration interaction with singles an
doubles! values for transition-state vibrational frequencies
which have been scaled in Ref. 38 by multiplying by th
ratio of experimental toab initio values for ground state
ketene vibrational frequencies, are listed in Table I. Vibra
tional frequencies for theCs

II transition state of CD2CO are
calculated by normal-mode analysis using theab initio force
constants of CH2CO, scaled as for CH2CO, and listed in
Table I. The corresponding zero-point energies are given
Table II. The scaled harmonic vibrational frequencies o
tained from quadratic force constants are 154 cm21 for

TABLE I. The scaledab initio vibrational frequencies for theCs
II transition

states of CH2CO and CD2CO.

CH2CO
a CD2CO

b

n1
‡(a8) asym C–H~D! stretch 3178 2380~2573!

n2
‡(a8) sym C–H~D! stretch 2997 2150~2314!

n3
‡(a8) C–O stretch 2029 2029~2153!

n4
‡(a8) CH~D!2 scissor 1183 874 ~930!

n5
‡(a8) CH~D!2 rock 472 383 ~406!

n6
‡(a8) C–C stretch 523i 514i (550i )

n7
‡(a8) C–C–Obend 252 224 ~232!

n8
‡(a9) CH~D!2 wag 366 276 ~283!

n9
‡(a9) H~D!–C–C–Otorsion 154 126 ~127!

aTaken from Ref. 38.
bFrequencies in parentheses are unscaled vibrational frequencies calcu
by normal-mode analysis usingab initio force constants of CH2CO. The
same scale factors as used for CH2CO are multiplied to give the values
without parentheses.

TABLE II. The zero-point vibrational energies of ketene and methylene.a

CH2CO CD2CO

S0(
1A1)

b 6712 5556
TSc 5295 4204
3CH~D!2 fragment

d 3495 2609

aThe unit is cm21.
bCalculated from the values in Ref. 51.
cCalculated from the scaledab initio vibrational frequencies forn 1

‡2n 8
‡; n 9

‡

is from Table IV.
dCalculated from the values in Ref. 56.
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H–C–C–Otorsion, 252 cm21 for C–C–Obending, and 366
cm21 for CH2 wagging for the CH2CO transition state. The
distinct steps ink(E) are observed in the first 200–300 cm21

above threshold, and are most likely to be associated w
these low-frequency vibrational modes.

2. Hindered internal rotation

The torsional degree of freedom cannot be treated as
isolated harmonic vibration because the top of the barrier
internal rotation about the C–C bond is of the same order
the energy range of interest. Theab initio values for the
barrier to internal rotation are 436~CISD level! or 384
with Davidson correction cm21.38 Furthermore, the internal
rotation and the solid body rotation about the same axis a
significantly coupled. Thus the Schro¨dinger’s equation for at
least these two coupled degrees of freedom must be trea
in detail.

The potential energy for the internal rotation is approxi
mated as a cosine series42

V~u!5~V0 /2!@12cos~2u!#1~V1 /2!@12cos~4u!#1••,
~11!

whereV0 is the barrier height,V1 changes the shape of the
potential function, andu is the dihedral angle between the
CH2 and CCO planes. Theab initio Cs

II transition-state struc-
ture is used for the evaluation of moments of inertia for bot
CH2CO and CD2CO. The moment of inertia of the CH2
‘‘top’’ about the C–C bond,I top, is 1.88 amu Å

2 while that of
the CO ‘‘frame’’, I frame, is 16.9 amu Å

2 for CH2CO. For this
case, whereI frame.I top, it is convenient to use the principal
axes of the whole molecule as the coordinate system.43 For
an asymmetric top with a single twofold internal rotor, the
Hamiltonian can be written as44,45

H5H rot1F~p2P!21V~u!. ~12!

Here,H rot is the standard rigid-rotor asymmetric-top rota
tional Hamiltonian andF is the effective rotational constant
for the internal rotation of the top about its symmetry axis

F5
h2

8p2rI top
; r512(

g

lgI top
I g

, g5~a,b,c!. ~13!

Here,I top is the moment of inertia of the top about the sym
metry axis, (I a ,I b ,I c) are the principal moments of inertia of
the whole molecule, and (la ,lb ,lc) are the direction co-
sines of the symmetry axis of the top to the principal axe
Since there is a plane of symmetry,lc vanishes. The mo-
mentaP andp are defined as

P5(
i

Pi î ; Pi5
]T

]v i

, ~ i5a,b,c!; p5
]T

]u̇
, ~14!

whereT5(H2V) andv i is the angular velocity about axis
i . In the second term in Eq.~12!, (p2P) represents the
relative angular momentum of the top and the frame. Th
Hamiltonian in Eq.~12! can be rewritten as

H5A‡8Pa
21B‡8Pb

21C‡Pc
222F~aPap1bPbp!

1Fab~PaPb1PbPa!1Fp21V~u!, ~15!

ated
o. 8, 22 February 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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3211Kim, Lovejoy, and Moore: Dissociation of triplet ketene
where

A‡85A‡1Fa2, B‡85B‡1Fb2,
~16!

a5
laI top
I a

, b5
lbI top
I b

and‡ denotes the transition-state geometry.
The Hamiltonian matrix can be set up using th

symmetric-prolate-top, free-rotor basis set. The nonvanish
elements of the Hamiltonian matrix are given in Ref. 45. T
matrix elements off-diagonal inK‡ are very small for the
nearly symmetric-top ketene molecule at its transition st
~b'0.0092, (B‡8 2 C‡) ' 0.026 cm21 for CH2CO!, and
K‡ splitting is not expected to be observed with the reso
tion of features in this work. Thus the matrix elements o
diagonal inK‡ are neglected in the calculation. The matr
elements in the free-rotor basis se
um&5(2p)21/2 exp(2 imu) are thus

^muHum&5Fm222FaK‡m1~V0 /2!1~V1 /2!, ~17!

^muHum62&52V0 /4, ~18!

^muHum64&52V1 /4. ~19!

Here, the diagonal matrix element term of (22FaK‡m)
arises from the coupling of internal rotation and overall r
tation. The effective rotational constants about the princi
axes have been modified due to the effect of internal rotati
The energy levels for hindered internal rotation for ea
value ofK‡ are calculated by diagonalizing the above Ham
tonian matrix. The rovibrational energy levels are calculat
by adding the symmetric top approximation for the rotation
energies using (A‡8,B‡8,C‡) as rotational constants. A
40340 Hamiltonian matrix is diagonalized to give the eige
values. All parameters used in the calculation are listed
Table III.

Energy levels are calculated numerically for a wid
range ofV0 andV1 for comparison to the thresholds in th
measured rate constants. Table IV shows energy levels w
nuclear spin statistical weights for hindered rotor states
K‡50, 1, 2 for CH2CO and CD2CO transition states with

TABLE III. Molecular parameters used in the calculation of hindered inte
nal rotation energy levels of the transition state.

Parametersa CH2CO CD2CO

I a 6.74 8.59
I b 62.9 71.0
I c 69.6 79.6
la 0.95 0.95
lb 0.31 0.31
F 12.1 7.56
I top 1.88 3.76

A‡8 3.35 3.26

B‡8 0.268 0.237

C‡ 0.242 0.212

aThe units are amu Å2 for I x ~x5a,b,c, top! and cm21 for F, A‡, B‡, andC‡

~see Sec. IV C 2 for definitions!. The ab initio ~DZP CISD level calcula-
tion! Cs

II transition-state structure is used for both CH2CO and CD2CO ~Ref.
38!.
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V05240 cm21 and V1520 cm21. The hindered rotor en-
ergy levels coupled to eachK‡ are listed with respect to the
zero-point energy atK‡50. The shift of the zero-point ener-
gies with increasingK‡ due to the coupling of the hindered
internal rotation to the overall rotation is less than 4 cm21, as
shown in Table IV.

D. RRKM theory

The RRKM rate constant for unimolecular reaction of
ketene for the case of completeK mixing ~K52J to J! in
the highly excited molecule can be calculated as follows:46

k@E,J←~J9,K9!,Gns#

5
gt(K‡52N‡

N‡
(n P~E1Ethermal2«n,N,K‡,Gns

‡
!

(K52J
J hr~E1Ethermal2WJ,K,Gns

!
, ~20!

«n,N‡,K‡,Gns
‡

5Eth1WN‡,K‡
‡

1(
i51

s21

hn i
‡S ni1 1

2D , ~21!

WN‡,K‡
‡

5 1
2~B

‡1C‡!@N‡~N‡11!2K‡2#1A‡K‡2, ~22!

WJ,K5 1
2~B1C!@J~J11!2K2#1AK2, ~23!

Ethermal5
1
2~B1C!@J9~J911!2K92#1AK92. ~24!

Here rotational energies are approximated by those of a sym
metric top withK replacingKa for ketene. Since even and
odd parity states are almost equally populated in reactant
and transition states,34 states with both parities are counted in
both the numerator and denominator of Eq.~5!. In Eq. ~20!,
rovibronic states which are symmetry allowed with a nuclear
spin state represented byGns are counted in both numerator
and denominator of Eq.~5!. E is the photolysis photon en-
ergy andEthermalis the thermal rotational energy of the parent
molecule in the pulsed molecular jet for the (J9,K9) level. J

r- TABLE IV. The energy and nuclear spin of hindered internal rotor states for
differentK‡ for the CH2CO and CD2CO transition states.a

CH2CO CD2CO

m K‡50 K‡51 K‡52 K‡50 K‡51 K‡52

0 0 ~21! 22 ~0! 21 ~23!
21 ~0! 21 ~22! 0 ~21! 23
11 ~99! 99 ~99! 84 ~83! 81
22 103 ~102! 99 ~84! 83 ~81!
12 164 ~166! 170 ~149! 150 ~146!
23 ~189! 181 ~172! 155 ~151! 151
13 ~209! 218 ~231! 190 ~195! 188
24 276 ~253! 236 ~216! 201 ~209!
14 278 ~301! 321 ~225! 244 ~228!
25 ~383! 351 ~327! 283 ~254! 268
15 ~383! 414 ~439! 284 ~313! 292
26 514 ~476! 447 ~363! 327 ~345!
16 514 ~552! 583 ~363! 400 ~375!

aThe energy levels are in cm21 for V05240,V1520 cm21 for both CH2CO
and CD2CO. The energy values in parentheses areortho states and those
without parentheses arepara states. The symmetric rotor energy term val-
ues for (N,K‡) states are not included. The energy values listed in each
column are those with respect to the corresponding zero-point energy leve
for K‡50, 57 and 46 cm21 for CH2CO and CD2CO, respectively.
No. 8, 22 February 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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3212 Kim, Lovejoy, and Moore: Dissociation of triplet ketene
is the angular momentum of the excited state of ketene a
WJ,K its rotational energy.N‡ is the rotational angular mo-
mentum of ketene at the transition state on theT1 surface
andWN‡,K‡

‡ the rotational energy.Eth is the reaction thresh-
old, the difference between zero-point energies of the grou
state reactant (S0) and transition state on theT1 surface. The
number of vibrational degrees of freedom of the stable mo
ecule,s, is 9 for ketene andn represents the set of eight
vibrational quantum numbers for the transition state. Th
electron spin multiplicity is approximated by multiplying the
number of vibrational states of the transition state bygt . This
approximation is made by settingN‡5J‡ rather than sum-
ming N‡ over J‡21, J‡, and J‡11. In the case where all
three electron spin states are strongly coupledgt53.

Ketene in the ground state is a near-prolate asymmet
top ~k520.997!.47 The symmetric top approximation is used
for the calculation of rotational energy levels for both reac
tants and transition state. TheK andK‡ in the symmetric top
approximation are the projections of the rotational angul
momentum,N ~J5N1S!, on the molecule-fixeda axis for
the molecule in the excited reactant state and the transit
state, respectively. The rotational constants of UV-excite
ketene molecules are assumed to be the same as th
(A,B,C) in the ground state.A‡, B‡, andC‡ are the rota-
tional constants for the transition state as calculated from t
ab initio structure, Table V.38 These rotational constants for
the transition state are modified due to the strong coupling
the hindered internal rotation to the overall rotation of th
molecule~See Sec. IV C 2!.

P(E1) is the transmission probability for each quantize
reaction threshold of the transition state. Classically, th
transmission probability is the step function,h(E1)

h~E1!50, E1,0,
~25!

51, E1.0.

TABLE V. The parameters used in the RRKM fits to experimental resultsa

CH2CO CD2CO

A‡ 2.50 cm21 1.96 cm21

B‡ 0.268 cm21 0.237 cm21

C‡ 0.242 cm21 0.212 cm21

Trot 4 K 4 K
Eth 28 250~10! cm21 28 310~15! cm21

nim
b 100 (40)i cm21 •••

f /gt
c 1.11 ~0.11! 1.19 ~0.07!

V0 240 ~30! cm21 240 ~30! cm21

V1 20 ~20! cm21 20 ~20! cm21

n7
‡ ~C–C–Obend! 250 ~15! cm21 d185 ~20! cm21

n8
‡ ~CH~D!2 wag! 290 ~15! cm21 d240 ~20! cm21

aThe values in parentheses are uncertainties obtained from the fits.
bThe imaginary frequency~nim! is used only for the fit to the first step in
k(E) for CH2CO dissociation.
cr(E)5rWR(E)3 f ; r(E) is used for the RRKM fits. TherWR(E) is the
density of vibrational states of the reactant calculated from the Whitten
Rabinovitch approximation;rWR(E)51.363104~/cm21! for CH2CO(S0)
and 4.783104~/cm21! for CD2CO(S0) at E528 500 cm21.
dAssignments are tentative~see the text!.
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Quantum mechanically,P(E1) can be calculated for one-
dimensional tunneling through the reaction barrier along the
reaction coordinate. Formulas forP(E1) ~Ref. 46! for in-
verted parabolic or Eckart barriers48,49 give about the same
results.31 The inverted parabolic function is used here.

The density of reactant states,r(E)5 frWR(E), is taken
to be a constantf multiplied by the harmonic oscillator den-
sity calculated using the Whitten–Rabinovitch~WR!
approximation50

rWR~E,J50!5
~E1Ezp!

s21

~s21!!P i51
s n i

. ~26!

HereEzp is the zero-point energy of the ketene molecule and
n i is the i th fundamental vibrational frequency ofS0 ketene
taken from Ref. 51. The contributions ofr(S1) andr(T1) to
rtotal are less than 1% and are neglected. In Eq.~20!, the
density of vibrational states for each nuclear spin state
r~E,Gns!, is approximated as half of the total vibrational
states,r~E,Gns!5[r(E)/2] ~Refs. 27 and 52! and the sum
overK is made over all 2J11 values.

An experimental CO (v,J) product rise curve is the sum
of CO product rise curves for different initial quantum states
of ground state ketene and the different optical transitions fo
each. The measured rate constant,kobs, is obtained from a
single exponential fit to the experimental CO product rise
curve which is in reality a multiexponential one. This is
equivalent to the mean reaction time rate constant,31 and has
been found to give an accurate value for the true average ra
constant.53,54

The population of a (J,K8) level in theS1 state is deter-
mined by the product of the Ho¨nl–London factor and the
initial population of (J9,K9) states of ketene in the ground
state prepared in the supersonic jet. Nuclear spin is found no
to be cooled down in the molecular jet.27 Initial (J9,K9)
states of ketene are otherwise populated according to a Bol
zmann distribution for a rotational temperature of 4 K. When
K is assumed to be completely mixed for highly vibra-
tionally excitedS0 , as Eq.~20! implies, the population ofK
states is determined byJ. WhenK is assumed to be con-
served, its value at the transition state depends on whic
couplings are responsible for intersystem crossing. Since th
coupling strengths are not known, calculations were done fo
one of the least restrictive possibilities,K‡5K8, K862, and
K864 whereK8 is taken asK961. Calculations made with
more restrictive selection rules were not sensibly different.

The angular momentum (J) distribution of the excited
reactant states from parallel~A-type! or perpendicular~B-,
C-type! transitions are identical within one unit of angular
momentum, and therefore RRKM fits are not sensitive to the
type of transition. The line strengths for a perpendicular tran-
sition are used. The rate constants are calculated for eac
angular momentum (J), and averaged over the distribution
of J5J9, J961 in the reactant states. The rate constants fo
each nuclear spin state, thermally populatedJ9,K9 state, and
allowed value ofJ are calculated separately and averaged
using the proper nuclear spin statistical weights as follows:

.

–
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3213Kim, Lovejoy, and Moore: Dissociation of triplet ketene
k~E!5(
Gns

P~Gns! (
J9,K9

N~J9,K9,Gns!

3(
J

P@J←~J9,K9!,Gns#k@E,J←~J9,K9!,Gns#.

~27!

Here P~Gns! is the statistical weight forGns normalized to
unity, N(J9,K9,Gns! is the thermal rotational distribution of
ketene for Gns ~zero for either even or oddK9!, and
P[J←(J9,K9),Gns# is the probability for a transition toJ
from an initial state (J9,K9) for eachGns state.

E. RRKM fits

The RRKM formalism above may be used to extrac
information on transition-state energy levels and structu
and on the density of reactant states from the steplike str
tures in the rate constants and PHOFEX spectra. Since th
are many more distinguishable features in the data than
ting parameters, the comparison also tests the validity of t
model.

1. Reaction threshold

For CH2CO dissociation, the first sharp step ink(E)
accurately defines the reaction threshold energy. It is rep
duced well by RRKM calculations for a threshold energ
Eth528 250610 cm21 and an imaginary frequency,
nim5~100640!i cm21, Fig. 11. The singlet-triplet splitting of
CH2, DST, has been measured to be 314765 cm21.55 The
singlet threshold energy for CH2CO dissociation has been
accurately measured from1CH2 PHOFEX spectra,

FIG. 11. Rate constants~filled circles! and CO~v50, J512! PHOFEX
curve taken at 50 ns delay time are shown with RRKM fits for CH2CO
dissociation in the reaction threshold region. The solid line is the RRKM
when the threshold energy is 28 250 cm21 andnim5100i cm21. The RRKM
fits for nim560i cm21 ~long dashes! andnim5140i cm21 ~short dashes! are
shown for the same threshold energy. The PHOFEX intensity is arbitrar
scaled for comparison with the rate constants.
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Eth~singlet!530 116.260.4 cm21.27 Therefore, the reaction
barrier relative to the products,Eb is determined by

Eb5@DST2$Eth~singlet!

2Eth~triplet!%#51281615 cm21 ~28!

or 3.6660.05 kcal/mol. This is about 40% less than theab
initio calculation of 5.8 kcal/mol.38

For CD2CO dissociation,k(E) could not be measured in
the reaction threshold region~vide supra!; however, the first
distinct step in the PHOFEX spectrum for CO~v50, J512!,
Fig. 12, gives the reaction threshold energy as 28 310615
cm21. The solid line in Fig. 12 is the RRKM rate constan
calculated without tunneling. The zero-point energies of th
normal and deuterated ketene and triplet methylene mo
ecules are calculated using the spectroscopic and theoret
results, respectively, and listed in Table II.51,56 The barrier
height relative to products,Eb8 , is given by

Eb85Eb1ZPE~3CH2–
3CD2)

2@Eth1ZPE~CH2CO–CD2CO!2Eth8 #

51071640 cm21. ~29!

Here ZPE~3CH2–
3CD2! is the difference of zero-point ener-

gies between3CH2 and 3CD2 fragments, 886 cm21,56 and
ZPE~CH2CO–CD2CO! is the difference of zero-point ener-
gies between the ground states of CH2CO and CD2CO, 1156
cm21.51 The reaction barrier is thus 1071640 cm21 ~3.06
60.10 kcal/mol!. The difference in ZPE’s between CH2CO
and CD2CO at their T1 transition states is @Eth

2 Eth8 1ZPE~CH2CO–CD2CO)%] 5 10966 20 cm21, Fig.

t

y

FIG. 12. The CO~v50, J512! PHOFEX curve taken at 1.7ms reaction
time is shown with RRKM fits for the CD2CO dissociation in the reaction
threshold region. The solid line is the RRKM fit when the threshold energ
is 28 310 cm21 without tunneling correction. The dashed line is the RRKM
fit when nim560i cm21.
o. 8, 22 February 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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3214 Kim, Lovejoy, and Moore: Dissociation of triplet ketene
13. Theab initio difference using Table IV for torsion and
harmonic, scaled values from Table I for the remaining sev
frequencies is 1091 cm21.

2. Hindered internal rotor levels at the transition state

The step structures in the measuredk(E) and JCO512
PHOFEX spectra exhibit the same shapes in the first 2
cm21 above threshold. Theab initio predictions of vibra-
tional frequencies, Table I, indicate that the torsion or inte
nal rotation degree of freedom is responsible for the vibr
tional structure closest to threshold. The barrier heightV0 of
the potential, as defined in Eq.~11! and shown in Fig. 14, is
chosen to fit the first energy spacing in CH2CO. The level

FIG. 13. Energy diagram for the dissociation of CH2CO and CD2CO on the
triplet surface. The energy differences~cm21! among the zero-point energy
levels are shown~uncertainties in text!.

FIG. 14. The model potential function for the hindered internal roto
V(u)5(1/2)V0~12cos 2u!1(1/2)V1~12cos 4u!, where V05240 cm21

and V150 ~solid line! and 620 cm21. The ab initio Cs
II transition-state

geometry is drawn. ForCs
IO is out of the plane with the CCO plane bisect-

ing the HCH angle. The calculated energy levels listed in Table IV a
shown forK50.
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positions were not strongly sensitive toV1 in the range
20620 cm21 and no improved fit could be found for values
outside of this range. The fit to the position and amplitude of
higher levels, Fig. 6, indicates that the basic form of the
potential and the symmetries and degeneracies of the levels
are correct. Some caution must be exercised since the fea
tures observed at 28 390 and 28 450 cm21 correspond to en-
ergy levels calculated form512 and23 at 28 407 and
28 432 cm21. The splitting between these states just at the
top of the barrier to internal rotation should be particularly
sensitive to the barrier shape and may therefore be incor-
rectly predicted. Since the nuclear spin state symmetry is
conserved, the threshold photon energies forpara states of
CH2CO at the transition state are those shown in Table IV
and forortho states are lower by'9.7 cm21. For CD2CO,
sinceortho states (K950) lie belowpara states (K951) in
the ground state, threshold energies forpara rovibrational
states should be'5.0 cm21 ~energy difference between 110
and 000 states! lower than the energy term values listed in
Table IV, while those forortho states are as listed. The ex-
cellent fit to CD2CO, Fig. 7, using the potential for CH2CO
indicates that the vibration is correctly identified and that the
reduced mass of the motion is correctly formulated.

3. Bending vibrations of the transition state

Theab initio frequencies of the three bending vibrations
which become free rotations in the products make them all
candidates for influencingk(E) in the range 200–400 cm21

above threshold. Unfortunately, the features ink(E) are
much less distinct in this energy range than closer to thresh-
old. Fortunately, PHOFEX spectroscopy provides a means to
search for molecules coming through the transition state with
specific vibrations excited. This is because the product en-
ergy state distribution is determined by the positions and
momenta of each atom as it passes through the transition
state as well as by the potential in the exit valley.30 That
P(E,v50,JCO! peaks atJCO512 near threshold has con-
firmed theab initio CCO angle of 116°.30,38 The ab initio
values for the geometry and vibrational frequencies at the
transition state reproduce the Gaussian shape of the observe
distributions quite well, Fig. 3 and Ref. 30. TheC–C–O
bending mode is the largest contributor to the width of the
CO rotational distribution.30 The scaledab initio frequency
for C–C–Obending is 252 cm21, and a noticeable change of
CO rotational distribution is expected to occur when the first
quantum ofC–C–Obending is energetically accessible at
the transition state. In the harmonic oscillator approximation,
the momentum distribution resulting from the node in the
first excited state of theC–C–Obend is a bimodal Gaussian
function. The distribution of CO angular momentum trans-
ferred fromC–C–Obending motion forv51 is given by

P1~J'!5
2

Ap~DJ'1!
3 J'

2 expF2
~J'!2

~DJ'1!
2G , ~30!

whereJ' is the CO angular momentum along thec axis and
DJ'1 is the width of the distribution calculated from the
classically allowed maximum linear momenta of C and O
atoms forv51. TheP1(J') is convoluted with the CO an-

,

e
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3215Kim, Lovejoy, and Moore: Dissociation of triplet ketene
gular momentum transferred from the motions of other v
brations to give the spread in CO angular momentum f
dissociation via an individual vibrational level at the trans
tion state. A distinct widening of the CO rotational distribu
tion about the peak atJCO512 imposed by the forces in the
exit valley is expected when the molecule passes through
first excitedC–C–O bending level of the transition state.
The peaks in Fig. 8, curve~c! and the change in slope of
curve ~a! are a clear illustration.

The overall CO rotational distribution for a given photon
energy,E, is calculated by summing the distributions fo
each vibrational level at the transition state multiplied by th
corresponding statistical weight for each vibrational stat
All energetically accessible vibrational levels of the trans
tion state are assumed to be equally probable. Table IV
used for the vibrational frequencies of hindered internal r
tation. The yields of CO~v50, J52!, P(E,v50,JCO52!,
and of CO~v50, J512!, P(E,v50,JCO512!, are calcu-
lated as a function of the available energy and their rati
compared to the PHOFEX data from Sec. III C in Fig. 15.

The overall shape of the ratio as a function of energy
well matched by the calculation, and the sharp peaks
around 28 500 and 28 600 cm21 in curve~a! are reproduced
well by the calculation, curve~b!, when the vibrational fre-
quency of theC–C–Obend is 250 cm21. The first sharp
peak at 28 500 cm21 is assigned as the first excitedC–C–O
bending level and the peak at 28 600 cm21 as the combina-
tion with one quantum of hindered rotation. This agrees ve
well with the scaled value of 252 cm21 for the C–C–Obend-
ing mode.

The rate constant curve for CH2CO requires a level to be

FIG. 15. Ratio of the populations of CO~v50, J52! to CO~v50, J512!,
P(E,v50,JCO52!/P(E,v50,JCO512! for CH2CO. ~a! From the ratio of
the J52 andJ512 PHOFEX curves in Fig. 8.~b! The calculated ratio of
the yields of CO(J52) to CO(J512) products using the model described
in Sec. IV E 3 for aC–C–Obending frequency of 250 cm21. The ratio of
the maximum and minimum points on curves~a! and~b! are 1.80 and 1.90,
respectively.
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added at 290 cm21, most likely the CH2 wag calculatedab
initio at 366 cm21. For CD2CO theab initio CCO bending,
n7
‡ , frequency is 224 cm21.38 Theab initio isotope ratio for
the CH2 wag, n8

‡(CH2CO!/n8
‡~CD2CO) 5 1.33, combined

with n8
‡(CH2CO) 5 290 cm21 gives an estimated

n8
‡(CD2CO) 5 219 cm21. This accidental resonance be-
tweenn7

‡ and n8
‡ and the opportunity for coupling through

internal and overall rotation about the molecular axis sug
gests the possibility of substantial perturbations. Inspectio
of Fig. 7 shows that the flattest region in thek(E) curve
above 28 450 cm21 is 28 520–28 545 cm21, 210–235 cm21

above threshold. Clearly neithern7
‡ nor n8

‡ can be in this
predicted range.

For CD2CO the ratio of CO~v50, J52, Dt5150 ns!
and CO~v50, J512, Dt5200 ns! PHOFEX curves,
Fig. 16, is the product of @P(E,v50,JCO52!/
P(E,v50,JCO512!# and @$12exp(2k(E)31.531027)%/
$12exp(2k(E)32.031027)%#. The variation of the latter
with E is small and the structures in the curve are mainly du
to the change of relative CO(v,J) yields. A sharp peak is
observed at around 28 495 cm21. As for CH2CO, this sug-
gests that the vibrational frequency forC–C–Obending of
CD2CO at the transition state is'~28 495–28 3105185
cm21!, about 16% lower than theab initio value. The peak is
smaller than calculated as would be expected if the fr
quency were pushed down by interaction with other mode

The rate constant curve, Fig. 7, requires an energy lev
to be added at 240 cm21, 21 cm21 above the 219 cm21

estimated from isotope ratios. The minimum in Fig. 16 a
exactly this frequency does not suggest that there is mu
CCO bend character associated with the 240 cm21 energy
level. The data do not provide a convincing assignment fo
the 185 and 240 cm21 levels.

FIG. 16. The ratio of theJ52 andJ512 CD2CO PHOFEX curves in Fig.
9. Curves as in Fig. 15 with the ratios for curves~a! and~b! being 2.13~or
1.62 if 28 700 cm21 is used! and 2.22, respectively.
No. 8, 22 February 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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3216 Kim, Lovejoy, and Moore: Dissociation of triplet ketene
4. Density of reactant states, r(E)

The density of vibrational states of the reactant is
justed to fit the step sizes in thek(E) data of Figs. 6 and 7 to
the RRKM rate with f /gt51.11 for CH2CO and 1.19 for
CD2CO, respectively, wherer(E)5 f3rWR(E), as listed in
Table V. The Whitten–Rabinovitch approximation predicts
10% increase of the density of states as the energy incre
from 28 250 to 28 700 cm21. This is consistent with the ex
periment as shown in the RRKM fits. The WR approxim
tion gives a density of states 3.5 times higher for CD2CO
than for CH2CO compared to 3.760.5 to fit the rate data. Fo
gt53, the densities of states derived for 28 250 cm21 are
4.63104 ~/cm21! and 1.73105 ~/cm21! for CH2CO and
CD2CO, respectively. This result presumes that all three t
let spin states are fully active in the reaction. If only one
two are coupled to theS0 levels, then the above densitie
must be multiplied by 1/3 or 2/3, respectively.

5. Tunneling

A much lower imaginary frequency~100640i cm21!
than predicted byab initio calculation~523i cm21! is nec-
essary to fit the first step ink(E) for CH2CO dissociation. In
order to reproduce the sharp steps ink(E) which are associ-
ated with vibrationally excited states of ketene at the tran
tion state, the classical step function had to be employ
Figures 17 and 18 show that even a frequency as low asi
smooths out the steps to a greater extent than observed
rate and PHOFEX data actually show significant peaks
rate versus energy~e.g., 28 360 and 28 410 cm21 in CH2CO
and 28 365 cm21 in CD2CO!. Thus neither the classical trea

FIG. 17. The RRKM fit to CH2CO dissociation rate constants. The op
circles are measured rate constants. The dotted line is the RRKM fit us
step function for the transmission probability as shown in Fig. 6. The s
line is the RRKM fit including the one-dimensional tunneling with an ima
nary frequency of 40i cm21. The parameters listed in Table V are used f
the RRKM fits.
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ment nor the simple one-dimensional tunneling treatment
the reaction coordinate is satisfactory at this level of deta
for these experiments.

Recently, sharp structures with pronounced peaks
k(E) have been observed for intramolecular carbon ato
exchange in ketene.33 These are attributed to quantum me
chanical resonances for motion along a reaction coordina
with a dip at the top of the barrier, a reaction coordinat
which also involves changing contributions from at least tw
vibrational coordinates.33A quantitative understanding of the
detailed step shapes must await rotationally resolved expe
ments, a detailedab initio reinvestigation of the potential
energy surface in the region of the transition state and
thorough, multidimensional quantum mechanica
treatment2–7 of the dynamics of passage through the trans
tion state.

6. Temperature dependence of rate constants

The temperature of the jet affects the rate constan
through the thermal distribution of rotational quantum num
bers. At 4 K the amount of rotational energy in the ground
state~2 or 3 cm21! is negligible compared to the;10 cm21

resolution of features ink(E). J9 values are limited to about
3 andK9 to 0 for para and 1 fororthoCH2CO. In the upper
state the combination of selection rules permits higherJ val-
ues andK values. Since theA rotational constant is an order
of magnitude larger thanB or C, molecules passing through
the transition state withK‡5J must carry tens of wave num-
bers of energy as rotation, energy which is inaccessible to t
reaction coordinate. At 4 K the calculated difference between
the RRKM rate with and withoutK mixing is too small to be
experimentally measurable. However, at 30 K whereJ9 val-

n
ng a
lid
i-
or

FIG. 18. The RRKM fit to rate constants of the CD2CO dissociation. The
open circles are measured rate constants. The dotted line is the RRKM
using a step function for the transmission probability as shown in Fig. 7. Th
solid line is the RRKM fit including the one-dimensional tunneling with an
imaginary frequency of 40i cm21. The parameters listed in Table V are used
for the RRKM fits.
, No. 8, 22 February 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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3217Kim, Lovejoy, and Moore: Dissociation of triplet ketene
ues up to 9 are significant, the rate calculated forK mixing is
much slower than that without. Figure 19 shows that withK
conserved there is only a small difference between RRK
rates calculated at 4 and 30 K; while in Fig. 20 forK mixed
the rate is much slower. The CO~v50, J512! PHOFEX
curves taken at 4 and 30 K are almost identical, Fig. 10. Th
is consistent with the RRKM calculations in Fig. 19, which
implies thatK quantum number is conserved in the photo
dissociation of ketene. A similar conclusion has been draw
from the observed density of states as a function ofJ for

FIG. 19. RRKM calculations for CH2CO dissociation rate constants forK
conserved,Trot54 K ~solid line! andTrot530 K ~dashed line!.

FIG. 20. RRKM calculations for CH2CO dissociation rate constants forK
mixed,Trot54 K ~solid line! andTrot530 K ~dashed line!. The steps in the
4 K rate rise somewhat less sharply than forK conserved in Fig. 19 but are
otherwise nearly identical. The 30 K rate is markedly smaller forK mixed
than forK conserved.
J. Chem. Phys., Vol. 102, NDownloaded¬03¬Sep¬2003¬to¬143.248.34.202.¬Redistribution¬subjec
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vibrationally excited D2CO.
15 A stronger test ofK mixing

will be possible with complete resolution of initial angular
momentum states.

V. CONCLUSION

The stepwise increase of rate constants with increasin
energy observed in ketene dissociation gives direct expe
mental evidence for the utility of the fundamental tenets o
the RRKM theory that~1! the rate of reaction is controlled
by flux through quantized transition-state thresholds,~2! the
vibrational energy in the excited molecule is distributed sta
tistically among all the vibrational degrees of freedom, an
~3! the intramolecular vibrational redistribution~IVR! rate is
much faster than the reaction rate. Further, and in contrast
the usual assumption in applying RRKM theory,K is seen to
be a good quantum number forJ<6. The experimental ob-
servation of the quantized transition-state thresholds as d
tinct steps in rate constants confirms the original concept o
transition-state theory that passage through the transitio
state is ‘‘vibrationally adiabatic’’ in the sense that energy is
tied up in vibrational modes orthogonal to the reaction coor
dinate during the brief passage through the transition sta
region. The comparison of RRKM calculations to the experi
ment also supports the basic tenet of transition state theo
that systems cross the transition state directly from reactan
and proceed to products without recrossing. The relative ste
heights are quite well reproduced by RRKM calculations
when unity is used for the transmission coefficient for eac
quantized transition state. In principle a value significantly
less than unity is also possible in the unlikely circumstanc
that it is identical for every transition-state vibrational level
threshold.

However, straightforward application of RRKM theory,
even with one-dimensional tunneling along the reaction co
ordinate, does not reproduce the detailed shape of each st
Several steps exhibit small peaks that are clearly inconsiste
with the monotonically increasing function of Eq.~20!. The
threshold step for the zero-point vibrational level exhibits a
less rapid rise than those for excited vibrational levels. Th
latter rise more rapidly than could be consistent with one
dimensional tunneling for any reasonable value for th
imaginary frequency for a barrier of the height observed. A
this level of detail a quantum mechanical treatment of th
reaction coordinate coupled to at least one other coordina
appears to be needed. Ultimately, it will be valuable to com
pare such a theory with rates for fully resolved initial rota-
tional states.

The ab initio calculations for the geometry and vibra-
tional frequencies of ketene at the transition state38 have
proven to be extremely useful in the interpretation of experi
mental results. The impulsive model calculation based on th
ab initio transition-state geometry predicted the CO produc
rotational distribution quantitatively30 thus confirming theab
initio CCO angle of 116°. The scaledab initio value for the
C–C–Obend of the CH2CO transition state, 252 cm21, is in
excellent agreement with the value of 250615 cm21 found
here. The theoretical frequency derives further support from
the observed30 width of the CO rotational distribution. The
CH2 wagging frequency at the CH2CO transition state ap-
o. 8, 22 February 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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3218 Kim, Lovejoy, and Moore: Dissociation of triplet ketene
pears to be 20% lower than calculated. The barrier for t
hindered internal rotation of ketene at the transition state
found to be 240 cm21 when a sinusoidal potential function as
in Eq. ~11! is assumed. This is 35% lower than the bestab
initio value of 384 cm21.38 Similarly, the barrier height for
the reaction itself, 3.06 kcal/mol, is a kcal or so less than t
best theoretical estimate.38 Thus the actual transition state is
found to be somewhat looser than predicted by theab initio
calculations.

The density of vibrational states of the excited reacta
and the number of strongly coupled triplet levels,gt , control
the step height in the RRKM fits to measured rate constan
The Whitten–Rabinovitch approximation gives a good es
mation for the ratio of the densities of CH2CO and CD2CO
reactant states. The absolute values for the density of sta
for CH2CO and CD2CO are found to be1.11gt and 1.19gt
times higher than predicted by the Whitten–Rabinovitch a
proximation for energies between 28 200 and 28 700 cm21.
Recentab initio work onS0 ketene gives densities of state
in the range of 1–1.5 times the harmonic density.57 This
would suggest thatgt is closer to 1 than to 3. Agt value of 3
would imply a density of states some 3.3 times larger tha
harmonic. Those few molecules for which experimental da
exist,13–18 exhibit even greater excesses in density of state
five to ten times harmonic. Thus there is no firm basis o
which to select values forgt andr(E).

It is clear from comparison of the experimental data wit
RRKM theory that there is significantly more to be learne
about the dynamics of passage through the transition state
quantum mechanical treatment of the dynamics includin
coupling of the reaction coordinate to the coupled rovibr
tional degrees of freedom orthogonal to it will be necessa
For this treatment to be meaningfully compared with expe
ment, theab initio potential energy surface must be mappe
out through the full spread of energetically accessible bo
angles near the transition state. In order to interpret expe
ments in which the initial rotational and nuclear spin state
are fully selected,ab initio results are needed for the direc
tion of the transition dipole moment vector for the UV exci
tation and for the magnitudes of the intersystem crossi
matrix elements. Ultimately, the shapes of steps, their depe
dence onJ and K, and the symmetries of transition-state
vibrational levels along with accurate dynamical calculation
will provide a clear picture of molecular dynamics in the
region of the transition state.
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