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The rotational energy release in the dissociation of ketene along its singlet potential energy surface is observed

and compared with various statistical and dynamical theories. Rotational distributions for'lC(¥=1)
are measured from the threshold for production ob@HA;)(0,0,0)+ CO(X 1=*)(v=1) to 1720 cm* above.

At low energies £200 cnt?), phase space theory (PST) matches the observed distributions. At 357 and 490
cm 1, PST, constrained by the measured state distributions of the methylene fragment, provides a good fit.
ForE = 1107 cnt?, the constrained PST matches the average rotational energy observed but gives distributions

which are broader than observed. This contrasts witA@he fragment rotations which become progressively
colder than PST as energy increases from 200'@hove the threshold. The CG¢1) rotational distributions

for E = 357 cn? contain no measurable product from triplet channel fragmentation. They can be compared
with the previously determined C@€0) rotational distributions in order to partition the yield between singlet
and triplet channels and recalculate the singlet yield. This yield is found to be at the upper limit of the range

previously reported.

I. Introduction

Statistical rate theories such as RidgamspergerKasset-
Marcus (RRKM) are providing a qualitatively and quantitatively
satisfactory model for the dynamics of unimolecular reactions

distributions near the threshold are generally consistent with
PST but also exhibit the statistical fluctuations about PST
expected when single molecular eigenstates are res#lved.
However, well above threshold, NO rotational distributions

which pass through a saddle point and therefore a well-defined €xhibit an oscillatory behavior which is modeled by Franck

transition staté=* When there is no barrier for recombination,

Condon overlap of the bending wave functions of a tightened

however, the definition of the transition state and the dynamics transition state with the free rotor wave functions of RfGror

of energy flow for a dissociation reaction are much more

complex. Several models, including phase space theory (PST),

the statistical adiabatic channel model (SACNS, separate
statistical ensembles (SSE)and variational RRKM (var.
RRKM),10-12 have proven to be quantitatively useful for the
prediction of rate constants and vibrational excitation of
productst™ Models for the dynamics of rotational energy
release have very limited predictive value and are often
qualitatively unsatisfactory. The first detailed rotational dis-
tribution data were for NO from NCNO fragmentati&h These
data matched the purely statistical distributions of PST from
threshold to at least 1800 cthabove threshold. CO rotational
distributions from ketene fragmentation were subsequently fit
to a PST distribution for the singlet [Gk& 'A;) + CO] part of

the fragmentation yield plus a dynamically controlled Gaussian
distribution for the triplet [CH(X 3B;) + CO] part4 These
results for NCNO and CHCO gave a comfortable qualitative
and quantitative picture of strong rotatietranslation coupling

HOOH— 20H, the rotational distributions produced by exciting
overtones of the OH stretch are significantly colder than PST
but could be fit by SACM When a combination band that
included the torsional motion as well as the OH stretch was
excited, however, the rotational distribution was not statistical,
possibly because the initial torsional motion caused additional
angular momentum constrairis.

Ketene experiments are complicated by its simultaneous
fragmentation to both singlet and triplet @H The lowest
electronic states of ketene are illustrated in Figure 1. Upon
excitation to the $state, the molecule undergoes rapid internal
conversion and/or intersystem crossing to the lower electronic
statess Measurements ofCH, from ketene dissociation give
statistical (PST) distributions for rotational excitation from
threshold to 200 crmt above. However, at higher energies the
rotational distributions become progressively colder than statisti-
cal, reaching a factor of 5 colder at 2900 thabove threshold.
The CHy(Jk k) rotational distributions-18 suggest that CO

after passage through the transition state and statistical releaseotational distributions should be reexamined for departures from

of energy to product rotations.
Rotational distributions for the photodissociation of HOOH
and NQ complicated this picture. For NDthe NO rotational

statistical behavior at energies well above threshold. An
approach is suggested by the finding of Katal. that for CO-
(v=1) produced at 357 cnt over its threshold there is no
contribution from the triplet channét. Recently, Wodtke and
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Yions for CO¢=1; Jco=4,6,8) at 308 nm, 208 cnt above the

CO(v=1) production threshol#¥ While some triplet channel

contribution was observed, the relative signal due to the triplet
channel was much smaller than would be expected for CO-
(v=0) at the same energy over its threshold. Thus, CO-
(v=1Jc0) distributions are measured as a function of excitation
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'CHa4 CO(v=1) the photolysis laser (rhodamine 640, sulfarhodamine 640, and
32+ - Kiton red 620), while the 355 nm is used to pump the probe
ICH, + CO(v=0) laser (coumarin 440). This method restricts the delay between
pump and probe t&50 ns. For lower energies, the amount of
CO(v=1) produced is very small, so the resultant signal-to-
noise ratio is poor. Resonant four-wave mixing in Mg vapor
is used to increase the amount of vacuum-UV produced and to
improve the signal-to-noise by a factor #20. A concentric
heat pipe oven with Mg vapor as the nonlinear medium, and
Kr as the phase-matching gas was uSedhis method requires
two pump lasers with similar beam profiles. In these experi-
ments, the second and third harmonics of a Spectra-Physics
41 DCR-4 are separated. The 532 nm wavelength is used to pump
the photolysis laser, a Spectra-Physics PDL-3 (rhodamine 640).
s The 355 nm wavelength pumps one of the probe lasers, a
ol CH,CO Lambda-Physik FL2002 (coumarin 440), which is held fixed
at the 431.01 nm wavelength of the two-photon Mg transition.

Figure 1. Three lowest potential energy surfaces of ketene along the The other probe laser, used to tune the vacuum-UV output, is
reaction coordinate. The ketene molecule is excited by a UV laser pulsea Lambda-Physik ScanMate 2E, pumped by the 355 nm output

to the first excited singlet state {Sundergoes internal conversion to  Of @ Quantel YG-682 Nd:YAG laser. . S
S and intersystem crossing ta,Tand dissociates into G 1A;) + The spectra collected are converted to rotational distributions,

CO(X =*) (singlet channel) or CKHX 3B;) + CO(X =*) (triplet as described in ref 14. The photolysis energy was calibrated
channel) fragments, which have thresholds at 30136022 and 28250 using a T-Ne optogalvanic tube, which calibrated each energy
£ 10 cm, respectively. Also shown is the threshold for the \ithin 0.5-1 cnrl. The population of each rotational state,
vibrationally excited singlet channel, G 'A;) + CO(X =+,0=1). P(v,Jco), is calculated from the observed intensity, Jco.d co),
using the formula given in Greene and Zare, for the case where
rotational alignment is neglectéd,

N)
=
T

Energy (103 cnrl)
[
N
I

Reaction Coordinate

energy in this work in order to determine the dynamics of energy
release to CO for dissociation on the singlet surface.

The singlet reaction channel dominates from a few hundred 0
cm above its reaction threshol#t2° Haydenet al found that 1(v.Jcod co) U P(:dco) Sdcod'co) Ao Bllcod'co) (1)
the singlet yield at 308 nm, 2351 chabove the singlet channel
threshold, is at least 08. Kim et al. calculated the singlet
yield assuming that the singlet channel CO rotational distribu-
tions are given accurately by PST. Accurate determinations
near threshold were possible, but only an estimate of &75
0.2 could be derived at 2521 cth'4 Recent measurements of
correlated-product-state distributions for CO at 308 nm by
Wodtke and co-workers show that the yield is at the upper limit
of this range.

whereSJco,J co) is given by the Hal—London factor A/ is

the monopole moment which is equal to unity for photofrag-
mentation, andB(Jco,J co) is the excitation-detection configu-
ration factor given by Greene and Zare for the mutually
orthogonal geometry. Alignment is neglected in this analysis
because several searches have failed to reveal any alignment
effects in methylen&2% or in CO19 fragments from ketene
dissociation.

Il. Experimental Section
[ll. Results

Ketene is seeded in helium carrier gas and cooled by - ional distributi d
supersonic expansion into a vacuum chamber. The cold ketene, COW@=1) rotational state distributions are measured at 57,

is photolyzed with a pulse of tunable UV light (28810 nm), 110, 200, 357, 490’. 1107, 1460, and 1720"Erover the
and the CO is excited by a vacuum-UV pulse (+4%3 nm). threshold for production of CQE1) (2200, 2253, 2343, 2500,

Two CO electronic transitions are used:'X"(v=0Jco) — A 2633, 3250, 3603, and 3863 cin respectively, over the
T (=3, co) and X=H(v=1,Jco) — A 1T (v$=5.J'§c3). The th_res_hold for production QWCHZ(O,O,O) and CQ_(ZO)). _These _
vacuum-UV fluorescence is detected with a solar blind photo- distributions are shown in Figure 2, along with their best fits

multiplier tube (PMT). The apparatus is generally as described Which will be described more completely in section IV. At
in ref 14, except for the following changes. 57, 110, and 200 cmt over the CO¢=1) production threshold,

For short wavelengthd, < 300 nm 1000 cnr above the there is.a bimodal distribution. The shgrp_pegk atlbiss_/dl_Je
CHy(a A1) (ICH,) + CO(=1) threshold), delay times of up to the smglet.channel, and thgz broaq distribution at highier
to 200 ns between the photolysis and the probe lasers aredué to the triplet. The fractional yield of CO¢1) for the
required, as the solar blind PMT is sensitive to scattered singlet channel, assuming that the yield for the singlet and triplet
photolysis light. The second harmonic of a Spectra-Physics

channels totals unity, is measured as£.9.1, 0.5+ 0.1, and
DCR-4 is used to pump the photolysis laser, Lambda-Physik 0-80= 0.05 for 57, 110, and 200 cri respectively. At higher

FL2002 (rhodamine 610 and rhodamine 590). This output is energies, there is no mea;urable triplet ch_annel contribution
doubled in a KDP crystal to provide the photolysis pulse. A o_bserved, and the distributions can be assigned purely to the
second Nd:YAG, a Quantel YG-682, is used to pump the probe singlet channel.

laser, a Spectra-Physics PDL-3 (coumarin 440) whose output
is tripled in Xe to provide vacuum-UV.

At energies 2081000 cnt! above thelCH, + CO(@=1) These COf=1) distributions may be compared to a variety
threshold, the solar blind PMT is not sensitive to the photolysis of limiting dynamical models for energy release to the reaction
light, A > 300 nm. A single Spectra-Physics DCR-4 is used to products. The completely statistical limit, in which energy is
pump both photolysis and probe dye lasers. The second andcoupled rapidly among all degrees of freedom as the fragments
third harmonics are separated, and the 532 nm is used to pumpseparate, is PST. In PST, the transition state is assumed to be

IV. Modeling Rotational Distributions
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Figure 2. (Bottom distribution, labelee-10 cnm!) CO(=0) rotational
distribution at 10 cm! below the singlet channel threshold, taken from

Wade et al.
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Figure 3. Comparison of two CPST predictions at 1720 érbased
on different models of th&CH; distributions. The closed circles are
the experimental points. Sample &rror bars are given. The solid line
is the resultant distribution when tH€H, rotational population is
approximated by the Boltzmann distribution which best fits the #ata.
The population is cut to zero for afCH, state whose term value is
greater than the available energy. The dotted line is the resultant
distribution when that Boltzmann distribution is truncated at 80% of
the available energy.

0

The rotational distribution of methylene has been measdred

ref 14. The solid line is the best fit using two Gaussians. The dashed gnd is known to be significantly colder than PST for energies

line is the Gaussian centeredJat 18 with a width of 11.4 used to fit
the CO@=0) distributions for calculation of the singlet yield. The
remaining distributions are rotational distributions of @8{) from
ketene dissociation at energ§ above the singlet threshold for
production of CO¢=1) and fits as described in section IV.

well above the reaction threshold. Thus, it makes sense to
calculate the most random distribution of G&{1,Jco) con-
sistent with the observedCH, rotational distribution. The
energy available for the CO fragment is assumed to randomize
freely subject to the constraint of the observed methylene

at infinite separation, and the number of open reaction channelsdistributions:” In this constrained PST (CPST), a PST distribu-
at a given energy is simply the total number of accessible states:tion for the CO¢=1) fragment is calculated for each energeti-

Il =Jkxteo |=g+jj

Wdeod KBV = 5 Y ;
kake 1=k Icol =Tl

O(E + E (3" K") = Dy — Eco — Egy) (2)

whereW(v,Jco,J' ,J" Kd",E) is the number of accessible states
at that energy for a given state of C@,Jc0); Jk.x. denotes the
rovibrational states of methylenBg, andEco are the internal
energy of methylene and CO, respectivelys the vibrational
state of CO;J' andJ" are the rotational quantum numbers of
excited state and ground state ketene, respectively, suclil that
=J"orJ' £+ 1;Ky" is theK, quantum number for ground state
ketene, which is treated as a prolate symmetric tois; the
orbital angular momentum quantum numbkg:. is the initial
rotational energy of the parent ketene moleculg; is the
threshold energy for singlet dissociation; af{x) is the
Heaviside function. To determine a rotational distribution,
P(v,JcoJ' " K" E) is calculated for eaclo state and averaged
overJ =J' £ 1, J', andKy" for a Boltzmann rotational
distribution at 4 K

P(v.deod J' K, E) =
W(U,JCO,J',J”,Ka",E)/JZW(U,J'CO,J',J”,Ka”,E) 3)
co

P(v,JcoE) = ; PJ,J" K" P(v,dcod 3" K E) (4)
I IR,

whereP(J',J",Ky") is the product of the Boltzmann rotational
distribution for the ground state and thé mleLondon factor
for the transition. The resulting distributions are shown in
Figures 2-4.

cally accessibléCH; rovibrational state.

i=dieHco |=3+jj

W(U,JCO,JKaKC,J' JKYLE) = z g
[i=13 keIl 1=[T=jjl
O(E+E (I K.") = Do — Eco — ECH) (5)

These distributions are then weighted by the experimental
population of thatCH, rovibrational staté’ Pexy(E,Jkx.), and
summed together. ThBexE,Jkx.) for 1ICH, + CO@=1) is
assumed to be the same as that'fok, + CO(=0), whereE

is referenced to the respective product vibronic channel thresh-
olds. Dynamics beyond the transition state appear to be
vibronically adiabatié and there is no reason to expect a
substantial difference in rotatietiranslation couplings and
dynamics to result from the small difference in bond length or
dipole moment between C@€0) and CO¢=1).

P(v.dcodk . d " Ky E) =
W(oJeodk kT " K, E) /ZW(U,J’CO,JKaKC,J’ J' K. E)
co

U i n J— (6)
P(v,Jcod' " K, E) =
P(0.Jcodk kI " K" E) Py x E) (1)

KaKc

When the experimental population ¥8H, matches PST, PST
and CPST are identical.

Since the previously measuré@H, rotational distributions
did not include all accessible rovibrational state)e distribu-
tions are approximated by calculating a Boltzmann distribution
at the appropriate temperature for the energy of interest,
estimated by a linear fit to the Boltzmann temperatures
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0.07 . . . . . TABLE 1: Rotational “Temperatures”
0.06 . 1460 cm* E.o Trot(K) Erot/Eexc (%)
0.05 ; (cm™) exp PST  CPST exp CPST
' gy T ] 57 34+ 6 41 41 3243 317
0.04 200 88+ 9 83 83 27+ 2 27.1
357 167+ 17 135 162 26.&¢ 0.7 27.0
0.03 490 227+ 23 198 224 26.@:0.7 27.0
1107 602+ 60 407 b 26.0+ 0.7 26.8
0.02¢ 1460 730+ 73 521 b 26.6+ 0.7 26.2
0.01F 1720 817+ 82 589 b 25.9+ 0.9 25.0
H . 2 Egyc iS EXCESS energyg — Do. P At these energies, CPST cannot
0o s 5 15 55 25 be fit to a Boltzmann plot. See Figure 5.
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008L & {\'.. ] Figure 5. Boltzmann plots at 1460 cm. The solid circles are the
/ ‘e experimental distribution and the open squares are the CPST distribu-
0.06f 4 N e ] tion. The solid line is the Boltzmann fit to the experimental distribution.
{ N e While the downward curve at high energy is typical of a PST-like
0.04 -_,-;’ N . distribution, which does not continue out to infinite energy, the initial
) AR curve is not. For the CPST, this initial curve makes it impossible to
0.02¢ ] determine a meaningful slope and temperature.
N
% 5 10 =I5 is the sum of the Boltzmann rotational distribution for each
CO Rotational Quantum Number vibrational state weighted by its vibrational yield. Like PST,

Figure 4. Comparison of experiment, PST, and CPST for GeX) C_PS_T contains no adjustable f|tt|ng parameters. Calculated
rotational distributions. The solid circles are the experimental points, distributions are compared to experiment in Figuregt2

and the sample error bars are.IThe curves are as follows: PST Neither PST nor CPST adequately describes all of the
(dashed lines), CPST (dotted lines), Gaussian (solid lines), and Boltzmandistributions. PST fits the lowest energy distributions, at 57,
(dotted-dashed lines). 110, and 200 cmt in Figure 2, just as it describes tA€H,

) ) o distributions and PHOFEX spectra f& < 200 cntl17 At
determined in ref 17. The Boltzmann distributions are cut to 357 and 490 cmt. CPST gives a significantly better fit than
zero population at the maximum available energy. Itis possible pgT Figure 4. FOE > 1107 cnl, PST overestimates the
that CPST overestimates lofo states in the COE=1) population of the lowdco states and underestimates the popula-
rotational distributions (see Figure 4) becatGkl, distributions tion of higherJeo states, and CPST matches the center and
are likely to fall more rapidly than the thermal distributions as  gyerestimates the width of the distributions. Several functional
the maximum energy is approached. CPST calculations with {5rms for the COg=1) rotational distributions were tested for
the high-energy tail of thel«, distributions cutoff at the £ > 490 cnil. The best fits were provided by Gaussian (two
maximum and at 80% of the maximum energy are shown in fitting parameters) and Boltzmann (one fitting parameter)
Figure 3. The difference between the resulting CO distributions gistributions, Figure 4. In Figure 2, the solid lines are given
is smaller than the experimental uncertainties in population by PST at 57, 110, and 200 c# by CPST at 357 and 490
measurements and not a concern. The yield of vibrationally ¢m-1 and by the best Gaussian fit at 1107, 1460, and 1720

excited 'CH(0,1,0), above its threshold at 1352.5 thwas cm-1. The best fit Boltzmann rotational temperatures are given
calculated using SSE, in Table 1 along with temperatures derived for the PST and
CPST distributions. These temperatures are simply fitting
(E- EU)S/2 parameters and have no fundamental significance as the
P)=—— (8) distributions are not thermal; in fact, for CPST at energies above
Z(E — EU')S/Z 1000 cnT?! a rotational temperature completely misrepresents
> the distribution, Figure 5. Table 1 also compares the average
fraction of the total available energy released as CO rotation
This expression fits the measured branching reldg24 Pexy for these different distributions. The measured value isE26
(Edkx,) for 1CHx(0,1,0) is approximated by a Boltzmann 1% for the entire range 1728 E > 357 cnr™.
rotational distribution withT,o(E,XCH»(0,1,0)) = T,ot(E — Doppler-resolved spectra €H, fragments give the trans-

(1352.5 cml), 1CH, (0,0,0))1# The totalPexy(E,Jkk.) for eq 7 lational energy release distribution. The CO rovibrational



736 J. Phys. Chem. A, Vol. 101, No. 4, 1997 Wade et al.

distribution paired to an individudiCH, state is then derived strict adiabatic limit. Nevertheless, SACM suggests that repul-
by energy conservation. Chaegal. report measurements on  sive energy release may play a significant role in the dynamics.
the 44 rotational level for photodissociation of room temperature ~ The simplest impulsive model predicts that the rotational
ketene at 308 nm, or 2351 crhover the singlet channel distribution should be a Gaussian centered around an average
thresholc®> They were able to fit these Doppler profiles by rotational energy
assuming that the rotational distribution of CO follows PST, or
equivalently CPST since only a single rotational statéGifl,
is considered, with a population of C@¢1) twice the average
given by SSE®> Measurements of the vibrational branching
ratio summed over all product rotational states give values wheremp andmc are the masses of O and C, respectivEly,
identical to those from SSE.1824 However, théCH, fragments is the energy available for rotation of CO and translation, and
coincident with CO¢=1) are in relatively lowd states compared  J is the angle of the CCO bend at the transition state and
to those for COf=0). Near 308 nm, direct measurements of beyond?® If the bending angle is not a strong function of the
populations indicate that the rotational distributions of CO, excess energy, then the average rotational energy is a constant
described here, anfCH,"-18 are far from PST. Furthermore, fraction of the available energy. At 1460 cin 26% of the
CO time-of-flight data, Figures-68 of ref 19, suggest that for ~ available energy is converted into CO rotation. This corresponds
low 1CH, rotational energies thé-o distribution is skewed to ~ to 0 ~ 11 if no energy is reserved fdCH; rotation. Recent
values much higher than those for PST. The consequence isab initio calculations predict the CCO angle at the transition
smaller velocities than those for PST. It might also be possible state for the singlet channel to be nearly linear]70°.23
that some of the fast movingCH, product collides and is  Allowing for the energy in rotational excitation ofCH,,
thermalized during the 100 ns observation time. The reported impulsive models clearly predict rotational excitation of CO
fits do not seem to be sufficiently sensitive to thg distribution much lower than that observed.
to distiguish between PST and the distributions reported here. Even at energies over a few hundred ¢mwhere the

PST calculations may be carried out by including a variety ransition state has tightened, the observed CO roational
of dynamical constraints. One approach is to restrict the rar]gedlstrlbutlon is not so far from the CPST statistical limit and is

of impact parameterd,. This in turn limits the orbital angular gramat'ically; (;l]iffesrercl;[ from tge adiabat'ifchlimit.hThehbasic
momentum guantum numbkefor a given kinetic energy release, ynamics of the A M_may e correct if hops through some
Erane narrowly avoided crossings are permitted. Such hopping will

tend to preserve the rovibrational wave function of the molecule
2 12 as it proceeds from transition state to products. Thus, a Franck
b= ((I(1 + h")/2uEyan9 ©) Condon model might be appropriate. This limiting model is at
the opposite extreme from PST which assumes strong coupling
Garcia-Morencet al. found that methylene rotational distribu- among rotational and translational degrees of freedom beyond
tions could be fit better by setting a maximum impact parameter, the transition state. In this limit, the rotational distribution is
bmax, constrained to a fraction of an angstrémHowever, the given by the overlap integral between the bound and free wave
PHOFEX spectra for such impact parameter constraints werefunctions?8:2
displaced to higher energy from PST and completely inconsistent
with experiment’26 This method has recently been used by PUco) = 1MW, ound Pred T (11)
Wodtke and co-workers, who refer to it as RPST, to fit their
correlated product state distributiols For 5 < Jco < 20, most where Jco is the rotational quantum number of the product
of the distribution, their data requitiax — bmin ~ 0.3 A with species. This method has been used successfully to calculate
bmaxincreasing from 0.6 to 1.2 A akoincreases from 5to 20 rotational distributions by Houston and co-workers for HEO
for 1CH,(0,0,0)+ CO@=0).1° These impact parameter ranges and by Reisler and co-workers for N& For a triatomic, the
are not only inconsistent with PHOFEX data but are also bending and stretching vibrations of the parent are assumed to
unrealistically small compared to the 2:2.1 A range for the be uncoupled, and the free wave functions are given by the
C—C bond length for the variational transition st&teThe data spherical harmonics. If parent rotation is not considered and
on rate constantCH, rotational distributions, and CO time of  the bending vibration is approximated as a harmonic osciffétor,
flight show that the photodissociation of ketene is clearly
dynamically constrained. However, a simple limitation on the Pn(Jco) O Sinf[(Jegt 1) + (—1)"(7/4)] x
range of impact parameters does not describe that constraint. an[a'( Jeo +1/2)] exp[—(a’)z( Jeg +1/2)2] (12)

SACM is a statistical model based on a physically different

set of dynamical constraints. SACM, like variational RRKM, wheren is the number of quanta in the bending motig]x]
considers the increase in energy level spacing which occurs asgre the Hermite polynomials, is the equilibrium bend angle,

the chemical bond forms betwen the approaching fragn#énts. anda! is a function of the molecular geometry and the bending
In SACM, adiabatic channel curves are defined by connecting frequency?82° This model has been applied to ketene, treating
the transition state energy levels smoothly and without crossingsCH, as an atom and considering only the CCO bend at the
to the asymptotic levels of the freely rotating produtcts. The transition state, taken from a receab initio analysis by
reaction rate is defined by the number of channels with energy Klippenstein, et a¥* The distributions were averaged over the
maxima less than the total available energy. If the dynamics possible vibrational states of the bending vibration at the
beyond the maxima were strictly adiabatic repulsion for each transition state, using the variational RRKM sum of states for
channel, only the lowest energy product channels would be the 3N — 7 modes at the transition state of ref 23. Since the
observed and each channel would open at an energy well aboveCCO angle is close to 180those vibrational distributions were

its asymptotic threshold. Such is not the case for CO or for calculated in two ways, treating the CCO bend as a degenerate
1CH,171824 and indicates that the dissociation dynamics of or nondegenerate bend. When the bend was assumed to be
ketene from transition state to products are clearly not in this degenerate, the population at that vibration was multiplied by

E(CO)= chmomo(sinz %) % (10)
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at 1720 cmi! above the singlet threshold for production of G&(). CO Rotational Quantum Number

The solid circles are the experimental points, and the solid line is the Figure 7. CO(=0) and CO¢=1) rotational distributions, at 425 and

distribution produced by FranelCondon mapping. 490 cnt? over the respective thresholds, used to calculate the upper
and lower limits on the singlet yield. The solid circles are the CO-

the degeneracy factor of+ 1 and both degenerate bends are (v=0) experimental distribution. The dashed line is the upper limit,

considered. Since these assumptions only affected the weightingven by the CO¢=1) distribution times a scaling factor of 0.78. The

of the vibrations and not the overall shape of each vibration's >°d line is the lower limit, which is the weighted sum of the CO-

. S P L (v=1) distribution and a Gaussian centered at 18 with a width of
rotational dlstrlbytlon, the two dlstrlbu_tlons were quite similar. 11 4 which is used to approximate the CO from the triplet channel.
The results of this calculation, assuming a nondegenerate bendyhis gives a singlet yield of 0.63.
are compared with experiment in Figure 6. This model predicts
large oscillations in population withzo such as those that have
been observed in HC®and NQ2° but are not present in ketene
distributions. Inclusion of thelCH, degrees of freedom,
averaging over initial ketene states, and other refinements will
reduce or possibly even eliminate these oscillations. The
smoothed result is qualitatively similar to the data.

The release of energy to rotation in singlet channel ketene

calculated in two ways, neither of which perfectly fits the ground
state rotational distributions.

First, the singlet yield was calculated by matching the height
of the CO¢=1) distribution to the peak of the singlet part of
the CO@=0) distribution. This gives an upper limit, since the
contribution of the triplet channel to the population of the
fragmentation is completely statistical for energies up to 200 at the. peak of the slnglet ghannel d'Str'.bUt'on is ignored. To
cm ! above threshold. As energy increases above 200cm try to |ncorpolr4ate this contribution, the triplet was_mode!ed, as
ICH, departs from the strongly coupled limit and receives by Kc;rE e; ill 4a§_ﬁ_smglg Cﬁ:uss%n ceﬁter:_ed@i— 1|8 W'th
progressively less than its statistical share of energy as totalaw; or:L.a. | ISI mdo N eﬁcn ?Slt eb ity popu ations, h
energy increases. CO continues to be statistically distributed V'C" are comp etely due to t e trip et,. ut overestlmates.t €
among its rotational states to energies 500 tand possibly triplet Wh‘?fe. it overlaps _the smglet. This approach thus gives
approaching 1000 cm above threshold. That CO should a Ipwer Iw_mt _for the slnglet yield.  An examp_le of th_ese
remain statistical to higher energies thédH, may be under- estimates Is given in Flgurg 7. It was not poss!ble to flt.the
stood in terms of the smaller energy level spacings for CO and CO(U:.O) rotat|ona_1l dlstr_lbutlor_] perfectly by varying the sin-
the consequently smaller rotatiotranslation couplings required glet—_tnplet t_Jra_nchl_ng ratio. This is pr(_)bably becaqse th_e triplet
for energy randomization. Above this energy, the average rotational dlstrlbgtlon is not rea_lly a single Gaussmn, Figure 2.
rotational energy and averageoJare still predicted correctly E)?r\:qvegf ;h;hg]ee'rs igg iglr']dsi22f'esdf%refgoo'§:nflg_;ng£ \?V(;r;plex
by CPST, Table 1, but the distributions are narrower than necessarv o incc?r orate another Gaus;sian centeded at 7
statistical. Hence, the dynamics for CO are close to the strongly h 'c)i/th 10 P der t tfor | ’ lati
coupled statistical limit but modestly constrained to populate a with a width of 10, in order to account for O\B.to popuration
narrower range of quantum states while the dynamic$Gét, due to CO ass?ugted with erIa tlona1|[ly .exgll;f&dHé. From
are far from statistical. None of the simple dynamical models t3h5a?nt(()) 111%1(?? t’ ;tigé)%%; ?/\I;]her()eV\ltiréergit:ferl berO{go 'In']t?i;e
discussed to date provide a satisfactory quantitative picture of large dliff,erenc: is due to the difference);n energ))// 0\}er 'Ehreshold,
the dynamics from threshold to a few thousand-¢rabove 425 and 490 cmi, at which the COg=0) and CO(=1)

threshold. distributions, respectively, were measured. While the &€
V. Singlet Yield distributions were not all collected at exactly the same energies
’ 9 as the CO=0) distributions, the energy difference was typically

As the CO{=1) rotational distributions for excess energies no more than 10%. (See Table 2).
>357 cnT? contain no discernible contribution from the triplet At 1460 and 1720 cmt, there is no clear difference between
channel, they can be used to partition the previously determinedthe observed C@E0) and CO¢=1) rotational distributions (see
CO(v=0) rotational distribution’$ into singlet and triplet Figure 8), so a singlet yield of unity is consistent with the data.
contributions. Below 200 cri, where PST adequately models  While some highlco points are observed in C@€0) that were
both the CO¢=0) and the CQf=1) rotational distributions, not detected for COE1), if it is assumed that these higho
the singlet yield is calculated accurately by Kehall* The states contain all of the triplet population at that energy, the
singlet part of the distribution is modeled by PST, while the resultant triplet yield is so low that the corresponding triplet
triplet part is approximated by a single Gaussian. Above 200 rate constant decreases with increasing energy, which seems
cm™1, the experimental C@EL) distributions are assumed, in  unlikely. Thus, for higher energies, two limiting models are
the present calculation, to be identical to the singlet part of the used to extrapolate the triplet rate constant to 6000cfsee
CO(v=0) distributions taken from ref 14. The singlet yield is Figure 9) and calculate the singlet yields implied.
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TABLE 2: Singlet Yields

singlet yield

Eexd(cm™) ref 140 lower upper
57 (56¥ 0.15+ 0.03 0.12 0.18
110 (110§ 0.34+ 0.03 0.31 0.37
357 (325) 0.60+ 0.06 0.60 0.67
490 (425) 0.62+ 0.06 0.63 0.78
1107 (1107) 0.65: 0.10 0.75 0.85
1435 0.70+ 0.08 0.85 0.88
1720 0.80+ 0.10 0.86 0.90
2521 0.75+ 0.20 0.88 0.95
2942 0.88 0.96
3217 0.87 0.97
3538 0.88 0.97
3763 0.85 0.97
4367 0.89 0.99
4870 0.88 0.99
4920 0.88 0.99
5598 0.85 0.99

6.5

6
28000

Wade et al.

-

36000

~732000
Energy (cm™)

349000

38000

Figure 9. Triplet rate constant as a function of energy. The solid circles
below the singlet threshold at 30116.2 ¢rare the data of ref 32. The

aThe values in parentheses are the excess endigyfér the
CO(v=0) distribution taken from ref 14, while the other value is for
the COg=1) distribution. Above 1107 cni, the singlet yield is
approximated from the total rate constants given in ref 31 and the
extrapolated triplet rate constants (Figure 9); the energy is that at which
the total rate constant was measureNo singlet yield was calculated
above 2500 cmt. ¢ At 57 and 110 cm?, the distribution is described
by PST, so the yield is calculated as in ref 14.
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Figure 8. CO(y=0) and CO¢=1) rotational distributions, at 1435 and

1460 cm! over the respective thresholds. The open squares are the

CO(y=0) distribution, and the solid circles are the @S() distribution.
There is essentially no difference between the distributions.

In the lower limit case, the triplet rate constant is assumed
to be constant above 1107 chso that

k(E>1107)= k(1107) (13)

solid circles above the singlet threshold are calculated from the total
rate constait and the singlet yield. The open circles and open squares
are the approximated upper and lower limit triplet rate constants
described in the text.
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Figure 10. Singlet yield as a function of excess energy. The upper
and lower limits calculated here are given by the triangles at either
end of the error bars. The solid line is a smooth interpolation given to
guide the eye. The solid circles are the earlier estimates ofefiah'*

The “plus” is the lower limit at 308 nm determined by Haydstral.2°

The diamond is the value measured from the correlated-product-state
distributions at 308 nm by Wodtke and co-workéts.

1107 cn1! (450 and 1107 cmt in ref 31),
k(E) = (1 — ¢4(E))kio (E)

whereg¢d(E) is the singlet yield at that energy. The two triplet
rate constants closest in energy below the singlet threshold and
the first two above were least-squares fit to a linearkdogs E
function. Since the slope of the data actually decreases as
energy increases, the linear extrapolation overestimates the true
rate constants and underestimates the singlet yield. The

(15)

Since the total rate constants in this energy region have beenextrapolated triplet rate constants are shown in Figure 9.

determined by Zewail and co-worke¥sthis approximated
triplet rate constant allows for the calculation of a singlet rate
constant,

k(E>1107)= k, (E>1107)— k(1107) (14)

The singlet yield is shown in Figure 10 and compared to that
calculated by Kinet al* The upper and lower limits are given
in Table 2. The singlet yield rises more quickly, and to a higher
value than previously predicted. The upper limit of the current
and previous results is supported by the more direct determi-
nation of 0.94+ 0.02 for 308 nm photolysis obtained by Wodtke

As this method underestimates the triplet and so overestimatesand co-workerd® The singlet yields will be used in a later

the singlet, another method was used to give a lower limit for
the singlet yield.
The upper limit fork; was calculated by extrapolating from

publication to determine the singlet rate consf4nt.
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