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Abstract

Unimolecular Photodissociation Dynamics of Ketene (CH,CO):
the Singlet/Triplet Branching Ratio and Experimental
Observation of the Vibrational Level Thresholds of the
Transition-State

_ o

- Sang Kyu Kim

Doctor of Philosophy in Chemistry
University of California at Berkeley

Professor C. Bradley Moore, Chair

The rotational distributions of CO products from the
dissociation of keteﬁé at photolysis energies 10 cm' below,
56, 110, 200, 325, 425, 1107, 1435, 1720, and 2500 cm’! above
the singlet threshold (30 116.2 cm!), are measured iﬁ a
supersonic free jet of keterne. The CO(v"=O)' rotational
distributions at 56, 110, 200, 325, and 425 cm’' are bimodél.,
The peaks ét low J’s, which are due to CO from the singlet
channel, show that the product rotationél distribution of COC
product from ketene dissociation on the singlet surface 1is.
well described by éhase space theory (PST}. For CO(v"=0)
rotational distributioﬁs at higher excess energies (1107,
1435, 1720, and 2500 cm!), the singlet and triplet

contributions are not clearly resolved, and the



singlet/triplet.branching ratios are estimated by assuming
that PST accurately predicﬁs the CO rotational distribution
from the singlet channel and that the distribution from the
triplet channel changes little from that at 10 cm! below the
singlet threshold. The singlet yield shows a rapid increase
in the low excess energy region (0 - 300 cm!), and a slower
increase above. The singlet and triplet rate constants are
dérived from the directly measured total rate constants using
ﬁhe.singlet yvields. The triplet rate constant increases
monotonically with inéreasing photolysis energy through the
singlet threshold region.: The singlet rate constant is
accurétely established in the threshold reéion and found to
increase much less rapidly than predicted by phase space
theory. At 2500 cm’! excess energy,'tbe CO(v"=1l) rotational
distribution is obtained, and the ratio of CO{v"'=l) to
CO(v"=0) products for the singlet'channél is measured to be
0.045 = 0.017. This ratio is close to the variationél RRKM
calculation, 0.038, and the separate statistical ensembles
(SSE) prediction, 0.041, But much gréater tﬁan the PST

prediction, 0.016.

Rate constants for the dissociation of ketene (CH,CO) and
deuterated ketene (CD,CO) have been measured at the threshold
for the production of the CH(D), (°B;) and CO (!X*). The rate
constant iinéreases in a stepWise manner with increasing

energy, consistent with the long-standing premise that the



rate of a unimolecular reaction is controlled by flﬁx through
quantized transition—statel thresholds. Sharp steps in r:at;e
constants observed in the reaction threshold region give
accurate values for reaction barriers ‘relative to produc‘tsv,
1281 + 15 cm! for CH,CO and 1071 + 40 cm* for CD,CO
dissociation. The CO ‘rotati_onall distributions from the
dissociation of ketene are determined by the impulsive envergy
and the vibrétionél structure of the molecule -at its
transi'tionv state. Sharp peaké observed 1in photofragment
excitation‘ (PHOFEX) spectra probing CO (v:O,J'=2)A product are
identified with the C-C-O bending mode of the transition-
state. RRKM calculations are cérried out fOr( two limiting
cases for the dynamics of K-mixing in highly vibrationally
excited reactant states. The .éteplike' structures in rate
constants are quantitatively well reproduced 'by the RRKM
calculations, while the detailed fine structures in measured
rate constants could not be explained by the conventional
RRKM theory. The RRKM fiﬁs to experimental results give the
low vibrational frequencies of ketene at transition state.
Densities of vibrational states'of‘ the reactant are found to
be. 1.4-1.7 or 1.8-2.1 times highér than predicted by Whitten-
Rabinovit'ch approximation in the 28,200-28,700 cm' energy

range for CH,CO or CD,CO, respectively.



Part I

‘Determination of the Singlet/Triplet B_ranchirig Ratio in the

Photodissociation of Ketene



I. INTRODUCTION

Unimolecular diésociations have 1long been of great
interest because of .their fundamental significance for
understanding chemical bond-breaking dynamics and reaction
rates, as well as_for their practical importance in mahy
chemical processes. Theoretical models for describing these
reactions for ground eleCtronic states have been subjects of
controversy for many years. This is especially so for.
reactions without barriers to - recombination of product
.frégments. Several models have been proposed including the
Priorl,~ phase space theory (PST)?%3, sﬁatis;ical adiabatic
channel model (SACM)%, SACM-PST®, and separate statistical
ensembles (SSE)G, the . classic Rice—Raméberger—Kassel—Marcus
(RRKM) theory”®, as well as recent modifications Ehereof.9

The combined application of iaser and molecular beam
methods makes it.possible to study unimoleculaf reactions
with the initial state of the reactant fully defined and the
final quantum states of the products fully resolved. Such
experiments can.provide significant qUaliFative understanding -
of the dyﬁamicS' of unimolecular processes as well aé
discriminating quantitati&e tests of alternative dynamical
theories.

The photodissociatioﬂ of ketene has been studied for
decades because of the imbortancebof methylene as a model for

singlet-triplet interactions and because of the recently



3
resolved controversy over the size of the singlet—triplét
energy gap.3® Kétene also provides a good test césé for
unimolecular reaction models. Ketene is exited in the UV
using a transition whose oscillator streﬁgth is derived from
electronic excitétion to S;. internal conversion td Sé and -
intersystem crossing to T, provide coupling to tﬁése two
potential energy surfaces from which dissociatioh,occurs.
The T, triplet state correlates to *CH, (°B,;) + CO products 3147
+ 5 cm;1 below the 'CH,('a;) + CO products which correlate with
the ground singlet state; The ketene‘ﬁriplet state has a
barrier to dissociation which is less than 1330 cm! above the

11,12

products. The singlet state has no enefgy-barrier above

its asymptote.!* !

The PST model, which is based on the assumption that
every product quantum state allowed by the'éonservatidn laws
1s equally likely to be populated, has been_successful in
predicting the product rotational state distribution fof a
system which dissociates without a.barrier, but unsuccessful
-ih_predicting the vibrational state disfributions and the
‘rate constants .16 Recently, the variational RRKM theory for
unimolecular dissociation processes involving a highly
fléxibie transition state has been developed and applied to
the diséociétion of ketene by Klippenstein and Marcus, and
~the energy and angular momentum resolved rate constants for

ketene dissociation on the singlet surface have been

“calculated.? In variational RRKM theory, the transition
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state moves in along the reaction coordinate and tightens as
energy increases. Direct rate constant measurements for
ketene dissociation have been made by Potter and coworkers
using picosecond laser spectroscopy.'® Theory and experiment
are 1in good agreement. However, this comparison_has been
made assuming that the singlet vield increases very rapidly‘
with increasing excess energy above the singlet threshold;
In order to test the theoretical <calculation more
quantitatively, measurement of the singlet/triplet branching
‘ratio as a function of the phqtolysis'energy is necessary.

There has been an indirect measurement of the
singlet/triplet branching ratio through the photofragment
excitation(PHOFEX) studies in the singlet threshold
region.¥ In the PHOFEX specnrum, the vyield of one
particular product dquantum state is ‘measured as the
photolysis energy is scanned. All of nhe PHOFEX spectra
probing !CH, quantum states. show a rise from‘thréshold as the
.probed channels open, and then a decline at high photolysis
energies as many additional singlet methylene states become
enefgetical}y accessiblé and can compete with .the specific
rotational state being probed. PHOFEX spectra are reproduced
very well by phase space theory(PST)'for the singlet state by
using the t:iplet rate constant as a parameter in the
fitting. The triplet rate was assumed to be conétant over
-vthe scan range of one éHOFEX curve and the‘singlet/triplet

branching ratio obtained as a function of the photolysis
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13,1419 However, the

energy in the singlet threshold regién.
uncertainties of these indirectly measured branching ratios
are quite large, the assumpt;ons open to question and the’
data restricted 'to low excess enefgy abbve the singlet
threshold. 1In this work, the singlet/triplet branching rétio
Cis measured from CO rotational distributions at several
photolysis energies ébove the singlet threshold.

On the singlet surface; which has no énergy barr;er, the
peruct state distribution is expected to be in some sense
"statistical*, since there are no strong forces favoring any
particular motions of the prbaucts, On the other hand, for
the triplet surface, which' has an energy barrier, the
position of the transition state is well-defined at the top
- of the barrier:\ The product state distribution is expected
to be determined primarily by the repulsive forces between
the fragments as they separate from the transition stqte{
There .is experimental evidence for 'both cases. The' co
rotational ‘distribution, from room temperature ketene
photolyzed at 308 nm, where diséociation occurs mostly to
singlet product, égreeS'well with phase space theory.?® The
CO rotational distributions from rotationally cooled ketene
at photoiysis energies below the singlet thréshold have also
been measured, they show Gaussian-shaped distributions, and
have been explained”usingva simple .impulsive modei.12 The CO
lrotationalldistribution at photolysis energies where boﬁh

I

channels are open should be' the sum \of the rotational.
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distribution from the singlet and triplet channels. When
these distributions are" sufficiently different, the
"singlet/tripiet branching ratio can be determined. When

combined with theAraté measured for the sum of the singlet
and triplet channels, the absolute rates for each channel'may

be determined.



II. EXPERIMENTAL

Ketene is prepared by passiné acetic anhydride thrbﬁgh
a red-hot. quartz tube, is trapped at 77 K and distilled twice
from 196 to 77 K. Prior to use, the ketene is transferred to
a bubbler maintained at 179 K, hexanes (A. C. S. Regent
Grade) slushh whére its vapor pressure 1is Sd torr. Two
;atmospheres of He carrier gas are flowed into the pulsed
nozzle after bubbling through the ketene sample. The ketehe
is - cooled in a supersonic free jeﬁ and the rotational
temperature of ketene in the jet is'estimated>to be
4.0 £ 0.5 K.* v

The output of a Lambda-Physik FL2002 dye laser‘(0.2 cm™?
bandwidth) pumped by a Quanta Ray DCR-1A Nd:YAG'laser is
frequency doubled with a KDP crystal to produce the
photolysis pulses. Mixtures of DCM and LD 698, DCM, and
Sulforhodamin 6G dyes in methanol are used torproduce the
resultant UV pﬁlses froml306 to 332 nm with 5-8 mJ/puise.
The wavelength of the photolysis laser is calibrated in the
;ed‘to + 0.6 cm'! by'sharp Ne transitions usiﬁg a i&/Ne
optogalvénic lamp (Hamamatsu) . | |

Another d&e laser (Spectra Physics PDL-3) pumped by a
secﬁnd.‘Nd:YAG laser (Spectra Physics DCR—4)' is used to
generate the pulses around 435 nm (40 mJ/7 ns bulse) using

Coumarin 440 in methanol. The beam is focused by a 7.5 cm

f.1. quartz lens into a 10 cm long tripling cell filled with
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Xe. at 20 - 40 torr. The conversion efficiency of the
frequeﬁcy-tripliﬁg process is about 10°°. The output CaF,
collimating lens (8 cm £.1.) is about 5 cm from the center of
the molecular beam. |
The &ertically polarized photolysis Dbeam and the
horizontally polérized probe beam are counter-propagating and
perpendiculér to the Jjet. The time delay between the
photolysis laser b;am and the probe laser beam is fixed at
around 50 ns. The laser induced fluorescence (LIF) of CO
product from the dissociatidn of ketene is detected by a VUV
PMT (EMﬁ 542G-09-19, Mgfgbwindow) mounted at right angles to
 the laser beams and the jet about 5 cm frbm the interaction
region. A 2.2 cm-diameter CaF, f/1 lens and a 2.5 mm thick,
cultured quartz window (Aéton, CQ-1D 50% transmission at 150
nm) are'placed before the VUV PMT té iﬁcrease the collection
efficiency and filter out the scattered light. A portion of
VUV, ‘which is not absorbed by CO, i1is detected by’ using
another VUV PMT (EMR 542G-08-19 LiF window) to normalize.for
vuv intenéity fluctuations.
| The amplified signals from the PMTs are sent into gated
integratofs (SRS 250), digitized by an A/D interface board,
and stored in a Fountain XT microcomputer. This computer is
also used to trigger the lasers, scan the dye laser
wavelength, and normalize-the signal shot-to-shot.
The transitions from X'T*(v"=0, J") to ATl (v’=3, J’) and

those from XZX*(v"=1l, J") to Al (v’'=5, Ij’) are used to
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determine the ' rotational distributions of CO(v"=0) and
CO(v*=1). product from ketene, respeqtively. The CO LIF
spectra show a linewidth of approximately 0.5 cm!, which is
the result of a convolutién of the VUV line width»(0.35-cm*)
and the spread of the ketene velocity vectors for the free
jet . |

The relative population of CO rotational states'afe
calculated ffom the_LIF intensity by using the following

formula given by Greene and Zare.?

I(J", J') = C(J") S(I*, J') A, B(JI", J’)
Here the J", J’ dependence.of the oscillator strength, S, is
‘given by'the Hénl—Londoﬁ factors, and A% is ﬁhe monopole
‘moment whiéh is equal to unity for photofragmentation.' B(J",
-J’) is the excitation-detection configuratidn factor given by
Gréene and.Zare for the mutually,orthogoﬁal geoﬁetry.21 Any
alignment factor from the photofragmentation ;s neglected‘in'
the population calculaﬁiont The populations from P, Q, and
R branches for the saﬁe‘J" state of CO show Qoodlagreemént_
among themselves within + lSv— 20%, and those are randomly
distributed,_which means that the negléct of any:aiignmenﬁ
factor 1s a good approximation. Each data point is averaged

for P, Q, and R branches over three scans.
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)

IiI. RESULTS

The rotational state distribution of fragment CO(v"=0)
from ketene dissociation 10 cm! below the singlet threshéld
enerqgy éf 30 116.2 = 0.4 cm!, is shown in Fig. 1 (a). The
error bars are the standard deviation for a single scan and
give an upper limit on all sources of random and systematic
error. Since the ketene is cooled in a'subersonic free jet
{(4K), ketene dissociation may occur ‘only on the triplet
~surface at this photolysis energy. The solid curve is a best
fit to the sum of two Gaussian functions. In earlier work,
the CO rotational distributions at phbtolysis energies below
the singlet threshold wére measuredvand ;he nearly'Gaussianf
observed distributions ‘matched a .simple impulsive model
including zero-point vibratioqal nmtioﬂratvthe‘transitidn
state.!? However, the fit was not good for tﬁe CO rotational
distributiOn at 29 412 cm!. This is high ehough tb excite
the 4-th vibrationally excited level of the C-C-O bending
mode at the ab initio transition state, which.contributes
most of the width to the CO rotation.'? At this l.evel it is
probably neceésary to introduce anharmonicity in the C-C-O
bend and it is thﬁs not unreasonable to add a second Gaussian
to the fit. 'Somé contribution from 3CH, bending excited -
states must.also be expected.

The CO(V":O) rotational distribution 56 cm' above the

singlet threshold is bimodal, Figs. 1 (b) and 2. Since both
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the singlet and triplet channels are open at this photolysis
energy, the CO rotational distribution is considered as the
sum of the distributions from the singlet and triplet
‘chanﬁels. Only low rotational guantum numbers are
energetically accessible for CO product in the singlet
channel at this low excess energy. Therefore, the peak at
low J’s in Fig. 2 is clearly assigned to CO product £from
ketene dissociation in the singlet channel and the broad peak
at high J’s corresponds to CO from dissociation in the
triplet channel. The ratio of these two peak areas gives the
singlet/triplet brénching ratio at this photolysis energy.
The singlet peak is fit to the phase space theory (PST) CO
rotational distribution calculated as in Ref. 20 without any
adjustable parameters. The curve which fits the experimental
result at 30 106 cm' is wused for the CO rotational
‘distribution from the triplet channel. The solid curves in
'Figs. 1 (b) and 2 are the sum of these two diétributions for
a singlet vyield of 0.15 and a triplet yield of 0.85. The
singlet yield at this energy is thus estimated to be 0.15 =
0.02.

The CO(v“:O) rotational distributions at 30 226 cm’?,
30 441 cm!, and 30 541‘cm*; ekCess energies above the singlet
threshold of 110 cm!, 325 cm’?, and 425 cm!, respectively, are
shown in Figs. 1 (c), (d), and (e). The solid curves are
fits as in Fig. 2 and give singlet yields of 0.34 + 0.02,

0.60 1.0.06, and 0.62 + 0.06, respectively.
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Fig. 1 (f) shows the CO{(v"=0) rotational distribution at
1107 cm”'above the singlet threshold. At this excéss eﬁergy,
the high J states of CO from the singlet channél overlap the
triplet channel distribution. The PST calculation for the CO
rotational distribution from the singleé channel is presumed
to be good even at' this high excess energy and the CO
.vrotétional distribution from the triplet channel is assumed
to be the séme as that for 10 cm! below the singlet
threshold. With thése assumptions, the solid curve in Fig.
1 (f) fits the experimental data well for a singlet yield of
0.65 + 0.07. Under the same assumptions, the singlet yields
at 1435 cm!, 1720 cm?, and . 2500 c! above the singlet
threshold are estimated to be 0.70 * 0.07, 0.80 O.b8, and
O.7O + 0.15, respectively (Figs. 1 (g)-(1)). Especially, at
2500 cm! the bverlap of the singlet and triplet distributions
makes it impossible to determine an accurate triplet vield.
The branching ratios are derived £from the déta by
assuming ‘ghat PST accurately gives the CO rotational
distribution from the singlet channel and that the .CO
rotational distribution from the triplet channel changes
little with incfeasing photolysis energy. At low excess
- energies (56 - 425 Cm*),.CO rotational disﬁributions show
easily resolved bimodal distributions (Figs. 1 (b)-(e)).
PST calculations for CO rotational distributions from the
singlet channel at these low excess energies show excellent

agreement with the experimental results and CO rotational -
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distributions from the triplet'channel appear to be little:
changed from thét at 10 cmv‘1 belbw the singlet threshold. At
low excess energies this simple treatment works well.

But at higher excess. energies, CO rotatibnal
distributions from singlet and triplet overlap, and the data .
do not provide enough informatioh to simuitaneously test the
model assumptions and extract a singlet/triplet yield ratio.
At high enough excess energy for the vibrationally excited
product to be populéted, the vield of. the vibrationally
vexcited produét has been found to be larger than predicted by
PSTv‘calculation and 'ciose to the variational RR@W

prediction.!®17:20

Klippenstein and Marcus have calculated CO
rotational distributions for the singlet channel‘at séveral
- photolysis energies using both PST and their vérsion of
variational RRKM theory.!” The only difference between the
distributions is that the variational RRKM calculation mbves
population fromvhigh J’'s of v"=0 to the vf:l‘éhannel. This
difference is small and nd attempt has been made to fit the
experimental- resuits with models other than PST for the
singlet channel.

On the other hand, CO rotational‘distributions for thé
triplet channel are éertainly expected to shift to higher J
aﬁd to broaden as total energy increases.l This.has been
observed!?, but there is no reliable theory‘to predict the

.CO(J) distribution from the triplet channel above the singlet

threshold. The ratio of the average CO rotational energy to
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the total available energy (the photolysis energy minus D(CHZ-
CO)) 1is 22.4% for photolysis energies below 29 412 cmt.t?
But, at 30 106 cm!, 10 cm! below the singlet threshold, the
ratio decreases to 21.0%. From a stfaight—line extrapolation
to h;gher energieé, the ratio of CO rotational energy to the
total available energy for the triplet channel can be
estimated to be 20%, 18%, and 16% at 425, 1435, and 2500 cmt
excess energies above the singlet threshold, respectively.
The’corresponding Gaussian-shaped CO rotational distributions
which peak at 18, 19, and 20 with AJ (the full widths in J) =
18, 191' and ‘20, réépectively; can be predicted forv the
triplet CO rotational distributions. These Gaussian—éhaped
CO rotational distributions give yields which are within the
error limits of the branching rétios in Table I. For data at
2500 cm’!, Gaussian shaped distributions peaked at J = 19, 20,
and 21 with AJ = 19, 20, and 21, respectively, give singlet
vields of Q.7S, 0.80, and 0.85. The best overall fit to the
data 'is obtained with a singlet yield of 0.80 as shown in
Fig. 3. ) '

For all.photolygis energies in this work, vibrationally
excited CO(V":l)_ from the dissociation of ketene on the
triplet channel is eﬁergetically possible.! No significant
laser.induced fludrescence (LIF) signal < 0.5% of v"=0, from
 CO(v"=1) up to 1720 cm? above the singlet threshold was

detected, which means that CO(v"=1) from the triplet channel'

introduces a correction of less than 0.5% to the branching
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ratios measured from the CO(v"=0) rotational distributions.
At 2500 cm! above the singlet thfeshold, where the singlet
yield,is not much different from that at 1720 cm™' (Table I),
vibrationally excited CO(v"=1l) products from both channels
are energetiéally accessible and CO(v"'=1l), which is mainly
from the singlet channel, is readily détected.

The rotaticnal distribution for the vibrationally
excited CO at 2500 cm! excess energy is'shown in Fig. 4 with
the PST calculation.for the singlet éhannel. The overall
shape of the distribution shows qualitatively good agreement
with that of the PST calculation, though there is an.excess
population observed at relativel; high> J’'s. This extra
population might be due to CO from diésociation of
vibrati6nally hot keteneiin the supersonic jef. The ratio of
the CO(v"=1l) population to the CO(v"=0) populaﬁion is
estimated to be 0.034 = 0.009 after -cbrreéting for the
difference in Franck;Condon ﬁactors of 0.18 for (3-0) and
0.13 for (5-1) bands? and summing all rotétional populations
.of éach vibrational state. The rptational dependence of
Franck-Condon factors is small and neglected. The detection
sensitivity of the PMT for LIF'signals from the two bands is
-assumed to be the same for the distribution of fluorescence

from v’=3 and v/=5.
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IV. DISCUSSION .

The singlet yvield versus excess energy above the singlet
threshold shows a rapid increase in the 0 - 300 cm! excess
energy region and'a slower increase above, Fig. 5. The total .
rate constant for ketene dissociation, the sum of the rate
constants for singlet.and triplet channels,vhas been directly
measured as a.function of eﬁergy by Potter et'al..w' Those
measurements show that PSTonerestimates the.singlet rate
constant even for excess'energies as low as 500 cm' above the
singlet'threshold and that a variatiénal RRKM calculation for
the singlet rate constant. shows good agreement with the
observed total rate constants over a wide energy range (450 -

5000 cﬁ*). The triplet rate'constants at several photolysis
énergies below ﬁhé singlet threshold have been determined by
measufement of CO appearaﬁce rates.!! An RRKM calculation
gives an accurate fit to the data near threshold but predicts
a much faster increase with increasing photolysis energy than
the experimental results. A good fit to the experimental
resuits was obtained by treating the triplet rate as limited
by a coﬂstant intersystem crossing rate..l'1 The dashed line in
Fig. 6, which fits the triplet rate conétants at photolysis
energies below the singlet threshold has been obtained for an
intersystem crossing rate of 2.8 x 10% s7*t.

From the singlet/triplet branching ratios measured in
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this work, it 1is nowlpossible to extract the triplet and
singlet rate constants from the measured total rate
‘constants. .xAtv excéss energies of 450 to 2500 cnr%‘ the
triplet and singlet rate constants are obtained from the
experimentally measured total rate constants and branching
ratios (Fig. 7). Thé singlet rate constaht obtained agrees
‘well with variational RRKM. The experimental results from
~"Ref. 11 and this work define a smooth curve for the triplet
rate as shown by the dash—dotvline in Figs. 6 and 7.

This monotonic increase with photolysis energy can be
explained either b& treating the triblet rate as being
limited by an intersystem crossing rate which.increaseé with
energy, or by introducing of variational RRKM theory for thei
tripleﬁ channel. At the singlet threshold the energy for ﬁhe
triplet channel is a factor of two greater than the barfier
height. it is thps reasonable to propose, as in vériational
RRKM theory, that the transition state for the triplet
channel may move in along the reaction coordinate with
increasing excess'energy. This would give a slower increase
of the triplet rate constant -than for standard RRKM theory.

For energies less than 400 cm' above the singlet
threshold, the totéi rate vconstant ﬁeasurements are not
available. However, the variétional RRKM and PST predictioné
for the singlet rate constant can be used with the branchiﬁgv
ratios to estimate triplet rate ‘constants. In PST, the

number of open singlet channels is directly counted for the
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specific angular momentum, parity, and nuciear spin state of-
the excited kétene as avfunction of the excess energy above
the singlet threshold. Thé density of reactant states 1is
calculated by ﬁsing the Whitten-Rabinovich formula??,
multiplied by (2J'+1)rwhich is a degeneracy factor for K, and
divided by four because there are four symmetry classes in
the CNPI group for ketene.!® The mean reaction time. rate
constant after thermal averaging for 4K is calculated
according to the method in Refs. 11 and 17. The results ére
shown in Table I.

At 56 cm’? exceés energy, variational RRKM and PST give
the same singlet rate constant. If the theoretical singlet
rate constant at 56 cm’ is.cémbined Wiﬁh‘the_experimental_
branching ratio to calculate the triplet raté constant, the
point falls exactly on the experimentally defined cur?e for
the triplet, Figs. 6 and 7. Variational RRKM starts to
deviate from PST near 70 cm® excess energy.?* At 110 cm‘1 and
325 cm?, PST predicts a .rate faster than predicted by
variational RRKM by factors of 1.7 énd 4;O,Irespectively. If
variational RRKM singlet raté constants aﬁ these low excess
energies (110 - 325 cm!) are usetho calculate the triplet
rate constants ffom the branching ratio measurements,‘thej
resultant triplet rate constants fail about 20% below the
experimentally defined curve for k.. - They do show
quantitatively good agreement with the fit to the low energy

data obtained in Ref. 11 by assuming an intersystem crossing
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rate of 2.8 x 10°® s'!. But the triplet rate constant, which
V‘is obtained from the variational RRKM singlet rate constant
"and the branching ratio at 110 cm*, is about 25% smaller than °
for 56 cm! excess enetgy (Fig. 6). This suggests that the
variational RRKM rates in the 100 - 525 cm? region”aré about
20% smaller than the true singlet rate.constants. |

“If the singlet rate‘constants at low excess energies
(110 - 325 cm'!) are assuﬁed to be correctly given by PST, the
resultant triplet rate constants, which are calculated from
the branching ratios, show a rgpid<increase withiincreasing
excess energy and the triplet rate constant at 325 cm? is 2.4
times larger than that obtained from experimental data at 450
cm*.v The-PSTvratés are clearly too large. AThe singlet rate
-tonstant at 110 ch'can be calculated using the branching
ratio measurements and the triplet curve(-.-) in Figs. 6 and
7. The logarithm is 8.14, whith is between the variational
RﬁKM calculation of 8.00 and the PST value of 8.25. At 325
cm! excess energy, Log k.= 8.68 is estiﬁated compafed to the
PST and variational RRKM’ valﬁes of 9.19 and 8.60,
respectively. 'Théreforé, the singlet rate in thé low excess
energy region (56 -325 cm'), seems to increase'with'a‘slope
between that of variational RRKM and PST.

Recently, Klippenstein and Marcus have calculated the
vitrational aﬁd rotational product state distributions for
_keteneb dissociation on the Singlet surface at several

‘photolysis energies by using PST and their version of
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variationai RRKM theory, which assumes adiabaticity for the
conserved vibrational mode after the tranéition state 1is
passed, but allows nonadiabaticity for the rotational dégrees
of freedonul7 As mentionedlearlier, the product rqtational
distributions calculated f?om both theories are neérly the
same up to 2500 c_m‘1 excess energy above the singlet
threshold. But the vibrational distributions from PST and
the variatibnal RRKM _theory are different. Results for
singlet methylene vibrational excitation are given in Ref.
16. For the CO product, the ratio of CO(v"=1l) to CO(v"=0) at
"2500 cm! ‘excess energy above the singlet threshold is
calculated to be 0.038 from variational RRKM theory. The
separate statistical ensembles (SSE) model of Wittig and
coworkers yields 0.041, using Eg. (4) of the following paper.
PST gives 0.016.! The experimental result in this work is
(0.034 * 0.009)/®,. The singlet yield at 2500 cm excess
energy is estimated to be 0.80 i 0.10 from‘Fig. 5, and the
cofresponding-ratiopof CO(v"=1) to CO(v"=0) is 0.045 £ 0.017.
This value is,mucp closer to the variational RRKM and SSE

"models than to PST.
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Table I. Rate constants for dissociation of ketene vs.

Energy.
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log k.°

log k.

"E* &®F log(k.+k,) Expt. var-RRKM PST Expt. var-RRKM PST

0.15
(0.02)

110 0.34
©(0.02)
325 0.60
(0.05)

450 0.62°
(0.05)
1107 0.65
(0.08)
1435 0.70
~(0.07)
1720 0.80
(0.08)
2521 0.70¢

(0.20)

9.04
(0.

(
9
(0

(

10.
(0.

9.
0.07)

9.
0

38

.59
.04)

70
.10)

0
10)

03)

8.43
(0.07)

8.45
(0.07)

8.50
(0.05)

8.62
(0.08)

8.92
(0.08)

9.06
(0.14)

9.00
(0.30)

9.33
(0.37)

- 8.43 8.43 7.68

(0.07)

8.30 8.54 8.14
e (0.07)

' 8.42 9.01 - 8.68

(0.05)

-- C - 8.83.
(0.08)

-- -- 9.19
(0.09)

9.43
(0.15)

- - 9.60
(0.32)

- - '9.88
(0.39)

7.

10.

68

.00
.60
.80
40
.60

.75

7.68
7.68
9.19
9.40
10.1

10.4

10.5 .

.10.8

a. The excess energy in cm'' above the singlet threshold of

30,116.2 cm’.

b. The values are calculated from the var—RRKM~singlet rate

constants and the PST values of k..

c. Errors in parentheses are estimated from the fits in

Figure 1.

d. The singlet yields measured at 425 and 2500 cm' are used

for the rate constants at 450 and 2521 cm'!, respectively.



24

Figure ‘1. The rotational distributions pvaO(v“=O)-products
from ketene dissociations at photolysis energies below and
above the singlet threshold energy (30 116.2 cm™). (a): The

CO rotational diéﬁribution and the fit using two Gaussians at
‘lO cm! below the singlet threshold. .The followings afe the
excess energies above the singlet threshold of_the photolysis
energies and the singlet vyields corresponding to the best
fits for (b)-(1). ,

(b):v56’cm4; 0?15, (c): 110 cm’; 0;34, (d): 325 cm™; 0.60,
(e): 425 cnt?; 0.62, (£): 1107 cm''; 0.65; (g): 1435 cm®; 0.70,

(h): 1720 cm?*; 0.80, (i): 2500 cm’!; 0.75.

Figure 1-{(a)
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Figure 2. CO(v"=0) rotational distribution at 56 cm’

above the singlet threshold is best fit with a singlet yield
of 0.15. The curve (---) is the singlet contribution with a

shape calculated from PST and the‘curvev(...) is the triplét

contribution: . -



43

Normalized Population

o
o .
o

5 10 15 20

co mo.m:o:m__. Quantum

H T T T 1 T T
L
- -
. T
_ H X J o
e ' X ) ..
0.04 | /I/\ | -
\w L T®
7\ ® |
.‘f\ —, o\® :
| — T e 1
I\®
1 L] .
LA L
1.
/.....
- R -
\ N
e
\
\ | - | i
N N i 1 1 1 1
25 30 35



44

Figure 3. CO(v"=0) rotétionai diétribution.at 2500 cm*-
above the singlet threshoid”and a fit where the singlet vield
is 0.80. A Gauséiah curve {(...) which peaksvat 20 (AJ = 20)
is uséd fo: the contribution of CO from the triplet ¢hannel.

The curve (---) 1is the PST calculated singleﬁ contribution.
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Figure 4. CO(v"=1l) rotational distribution'at 2500 ‘cm™?
“above the'éiﬂglet threshold (filled circles), compared to the
" PST distribution (filled triangles). Both populations are

normalized to unity for the comparison.
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Figure 5. The singlet yield as a function of the excess
energy above the singlet threshold. The curve (---) is a

smooth interpclation which is drawn just to help the eyes.
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Figure 6. The‘energy dependent triplet dissociation rate
constant of ketene. The filled cifcles are the directly
~ determined rate constants.!! The filled triangles and squares
are the triplet rate constants calculated from . PST and
_ variational RRKM singlet rate constants,.reSpectively. At 56
'cn_i“1 above the singlet threshold, both calculations give the
same result. The solid curve is a RRKM calculation in Ref.
12. The curve (—;?) is the fit obtained for an intersystem

-1, The curve (-.-) is

crossing rate constant of 2.8 x 10° s
the ,smoqth _curvé for- the triplet rate constantsr which
interpolates all experimental data as in Fig. 7. (+) point
is’ the triplet rate constant extraéted from the analysis of

PHOFEX spectra of CH,(04) .!* The singlet threshold energy is

marked with an arrow.
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Figure 7. Energy dependence of the dissociation rate
constants. The filled diamonds are the tbtal rate constants
measured in Ref. 18. The filled circles are the triplet rate
constants calculated from ﬁhe measured rates and branching
ratios. The filled sqguare 1is the'triplet rate constant -
calculated from the PST or variational RRKM singlet rate
constant at 56 cm! where both give the same result. Opeﬂ
triangles are singlet rate cbnstants from the measured total
rates and branéhing ratios. The curve (---) 1is tﬁe

extrapolation of the triplet rate fit obtained for an k;..= 2.8

x 10%s!. The curve (-.—5 interpolates between the data of
Fig. 6 (Ref. 11) and the data points(filled circles). .The
curve (...) is the PST singlet rate constant'*®, and the

solid curve repreéents variational RRKM calculation for the

singlet rate constant.!’-1®
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Part IIX

EXPERIMENTAL OBSERVATION OF VIBRATIONAL LEVEL THRESHOLDS OF
THE QUANTIZED TRANSITION STATE IN THE PHOTODISSOCIATION OF

KETENE
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I. INTRODUCTION

The Rice, Ramspérger, Kassel(,and Marcﬁs (RRKM5 theory,
since its development in 1950’slby R.A. Marcus, hés been
greatly suCcéssful in explaining the rates of a wide vériety
of chémical reactions such as‘ t%ermal »deéomposition,
Collision—induced isomerization, and photoexcited reactions.!
The RRKM theory is the quantum mechanical Vérsion_df the
standard classical transition state theory - (TST) and
developed for thg rate of the uﬁimolecular reaction,' The
RRKM theory is a Statistical>theory and based on assumptions
that (i) the vibrationéi energy in the exéited molecule ié
diétributed statistically among the all vibrational degrees
»of>freedom, (ii) the vibrational energy flows freely among

. /

the different degrees of freedom at a fate much faster than
the 'reaétion rate, and (iii) ‘the . rate of reaction 1is
controlled .by passage through the dynamical ‘bottleneck
separatiﬁg_the reactant from products on the potential energy
surface (PES) for the.reaction.

In thé RRKM theory, the raté constant at ﬁotal energy
(E) and the total angular momentum (J) is given by

N*(E,J) o e

k_(E"n - hp (E, ) '

where N'(E,J) is the number  of . energetically accessible

vibrational states of transition state with energy less than

E, Pp(E,J) '1s the density of wvibrational states of the
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Zreactant, and h is Planck’s constant.

Even though the RRKM theory has been nearly universally
accepted for many decades, because of the lack of the
kﬁowledge about the.potential energy Surface in the vicinity
of the transition state, the Qibrational structure éf the
molecule at transition state ﬁas been estimated of simply fit
to explain the experimental results. and also, due to thé
complicated nature of highly vibrationally excited reactant
states, - the density of reactant states in Eqg. (1) haé been
estimated from data at much lower energies rather than
measured directly. In this sense, the definitive test of
RRKM theory has been difficult.

With the recent development .of molecular beams and
lasers, it 1is now possible to measure the rate constants for
the reactants with. well defined initial conditions. A
molecular beam is used to minimize the internal thermal
energy of the molecule in the ground state. The  high-
resolution iasers excite the molecule to well-defined
reactant states and probe the guantum-state-resolved
fragments. In addition, recent high level guantum mechanical
calculations now provide quantitative predictiohs for the
properties of transition states of small molecules.?
4Therefore, the RRKM theory has béen subjécted to more
stringent tests. Using a variety'of spectroscopic technigues
such-as overtone excitation, photon excitation followed by

internal conversion, and stimulated excitation‘pumping (SEP),
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kinetic studies for well-defined reactant states have been
carried out for many unimolecular reéctions.3

Recent measurements of state-specific rate constants
have shown that the rate of unimolecular reaction is strongly
dependent on the quantum mechanical character of initially.

prepared reactant state.®®

For unimolecular reactions without -
a reaction barrier, there hés bgen recently a remarkable
progress in boﬁh theories and 'experimeﬁts. For the
barrierless reaction, the transition state 1is not well
defined on the PES along the reaction coordinate, and many
statistical theories such as prior theory, phase space theory
(PST)’, statistical adiabatic channel model (SACM)S; separate
statistical ensemble (SSE) model®, and variational RRKM (var-
RRKM) theory!® have been developed tb\explain the kinetics and
dynamiés of barrierless unimolecular‘reactions. Among these
theoriés, the var-RRKM theory is mainly developed for the
rate of the reaction. The var-RRKM théory implements the
concept of variationalvTST, and determines the lécation of
thé transition state by finding the minimum entropy on Ehe
PES along the reaction coordinate. The rate constants for
the dissociation'of NCNO'and.CHJXD have been measured and
quite well explained by var-RRKM theory.''!® But since the
transition state for the barrierless reactions 1is quite‘
loose, the reéction rate increases rapidly with inéreésing
energy, and only the overall behavior of rate constants as a

function of the energy'céuld be compared with theory.
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The transition state is defined on the potential energy
surface along the reaction coofdinate, -and the bound
vibrational motions of the molecule at the tfansitibn sﬁate
vare assumed to be decoupled from the reaction coordinate.
The passage through the transition state 1is then
vibratiohally adiabatic, and the vibratiohél levels of the
" molecule at transition state représent reaction thresholds,
that 1is,; quantized channels connecting the reactant to
products. The RRKM theory, as implicated in Eq.(l),'predicts
that the rate constant increases by steps with an amplitude
equal to 1/[hp(E,J)] as the energy is increased through each
vibrational state of the transitibn state. In this work, the
steplike structures in rate constant have been Obsérvéd for
the first time in the unimolecular reaction of ketene. This
is consistent with the fundamental idea of the transition
state (RRKM) theory, and provides a strong testv of vthe
unimolecular reaction rate theory.
The three lowest electronic étates of keténe are the
" ground singlet staﬁe (S,), the first excited singlet stéte
(S;), and the first triplet state (T,). The ketene molecule
in thé'ground state is UV laser.excited (Sle—So), ingernally
converts and/or intersystem crosses, and dissociates into .
- methylene and Colproducts (Figure 1). The ketene molecule
dissociates into singlet ﬁethylene and CO fragments through
~the barrierless singiet potential energy éurface with a

1

threshold energy ‘of 30,116 cm (Figure 1).% The
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photodissociation dynamics of CH,CO on the singlet surface
(singlet channel) ‘has been recently extensively étudied and
the quantitative tests of various statistical theories have
been éarried out .17 The thréshold energy for the
dissociation of - ketene into triplet methylene and CO
fragments (triplet channel) is lower than the: threshold
eﬁergy‘for the singiet channel, and there is a small barrier
on the»PES along the reaction coordinate. The measurements
of CO frégment rotational d;stribuﬁions from triplet channel
héve shown ﬁhat the release of the available energy into
fragments 1is dynamicallyv controlled by the vibrational
" structure of the molecule at-the well—defined transition
state.’ In this work, the reaction rates for the triplet
channel of kétene molecules which are initially prepared in
the supersonic molecular jét are ﬁeasured as a continuous
function of the energy. The quantized transition state
wibrational threshoids are revealed in clear steplike

structures observed in rate constants.
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II. EXPERIMENTAL METHODS

Ketene (CH,CO) was prepared by passing 5cetic anhydfide
through a red-hot quartz tube, trapped at 77 K, and distilled
from 179 I{"to 77 K twice béfore use. Deuterated ketene
(CD,CO) was prepared by the same method from deuterated acetic
ahhydride (Sigma,;99;0 % assay) . ‘The sample was stored at 77
K when it was not in use. For the experiment, ketene was
kept at hexanes slusﬁ (179 K) where the vapdr pressure of -
ketene 1is SO torr.. Helium carrier gas was bubbled throﬁgh
the éample and the gas mixture was>expanded through the 0.5
mm diameter orifice of a pulsed nozzle into the vacuum
chamber. The backing pressure of the carrier .gas was 1.5
atmosphere and the background pressure in the vacuum chamber
was maintained at 10 torr wheh the nozzle was on. Ketene
was rotationally cooled by the supersonic expansion and the
rotationai temperature of Kketene 1in the experiment was
estimated to be about 3-5 K.

A tunabie UV laser source for the dissqciation of ketene
was obtained by frequency-doubling of the dye laser output
(Lambda Physik FL2002E; 0.2 cm' linewidth) pumped by the.
second harmonic output of.Q-switched'Nd:YAG laser (Spectra-
Physics DCR¥4). DCM, LDS698, énd mixtures of those dyes in
Methanol were used fdr the .dye laser to generate-v30450
_ mJ/pulse of énergy in the 680 nm - 720 nm range. The UV

laser output was 6-10 mJ/pulse in the 360 nm - 340 nm region.
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The laser pulse had 0.4 cm! of linewidth and 7 ns of time
duration. The absolute frequency of the dye laser output was

! using the

calibrated with an accuracy of =+ 0.5 cm
optogalvanic spectrum of Ne gas. Direction and intensity of
the UV laser output from KDP crystal were actively maintained
and maximized, resbectiyely,. using Inrad Autotracker II
during the scan of dye laser. The UV laser output was almost
completely separateémfrom the fundamental visible laser pulse
through three reflections on UV dichroic mirrors before it
entered the vacuum.chamber.

A tunable vacuum UV (VUV) laser source was generated for’
the laser-induced fluorescence (LIF)»detection of CO fragment
using its rovibronic transitions in the (A1 - XQ?) (v’'=3 =~
v"=0) band. . The output of ﬁhe dye laser (Lambda Physik
FL3002E; linewidth = 0.2 cm* ; pulse length = 7 né;,15-20
mJ/pulse in the 430 nm - 450 nm rahge with_Coumarin—44O dye
in Methanol) pumped by third harmonic output of another Q-
switched Nd:YAG laser (Contihuunl ¥YG682-10) was frequency
tripled throdgh a Xe gas tripling cell to generate the VUV
laser in the range of 143 nm - 150 nm. The efficiency of
tripling is about 107°.'* The fundamental dye laser output was
focused inﬁo the.center of 10 cm-long tripling cell filled
with 20-40 torr of Xe gas by using a fused siliCa‘léns (f.1.
= 7 cm). The generated VUV laser was collimated into the
vacUum.chamber by the CaF, lens (focal length = 8 cm) located .

at the exit of the tripling cell.
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Pump and probe lasers were aligned to propagate
colinearly from opposite ends of the vacuum chamber and cross
the molecular beam puise at 90°. The distance of the center
of interéction region, which is defined by the overlap of
lasers, from the nozzle orifice was 3-4 cm.. The polarization
of both laser pulsés "were parallel to the axis of vjet
expansion and pefpendicular to the axis of fluorescence
detection (vide infra). A small pbrtién of the pump laser
intensity was reflected from entrance window of the wvacuum
chamber before it crossed the molecular beam, detected by
fast-response photodiode, and used for the normalization for
pump laser intensity fluctuation. VUV probe laser paséed the
molecﬁlar beam, reflected from the exit window inside the
vacuum chamber, attenuated by LiF diffuser, detected by solar
blind VUV PMT (EMR 542G-08-19, LiF window) located at the
perpendicular position to ﬁhe direction of the laser beéms;
and used for normalization of VUV intensity fluctuation. The
linearity of normalization was carefully. checked.

The nozzle valve driver (Newport BV100) and two Nd:YAG
lasers were triggered by the DG535 (SRS) pulse generator with
10 Hz repetition rate. The Nd:YAG laser for the photolysis
laser was internally Q-switched. Scattered photolysis laser
light was detected by the fast-response photodiode and the
signal was used to trigger the boxcar (SR250 from SRS).  The
gate output of.the boxcar which was delayed with respect to

the trigger sigﬁal, amplified, and used to trigger the Q-
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-switch of the other Nd:YAG‘laser'for generating delayed'probe
laser pulse. The delay between pump and probe lasers was
varied by the delay function of the boxcar. Synchronization
of the_molecular beam pulse and the laser pulses wasvobtained
by the internai delay function'of the nozzie valve driver.
LIF of CO product was detected by a solér—blind VUV PMT
(EMR 542G-09-19, Mgfg window) . It Was placed so that the axis
of fluorescence déteétion was perpendicular to the direction
of the molecular beam expansion ahd the window of PMT was
about 5 cm away from the inﬁefaction,region (vide supra). A
Cultured guartz window.(Actoh,'Z"_diameter)‘waé used in front
of the'VUVvPMT to reduce scattered VUV laser‘light; PMT -
signals were preamplified by 50 "times using .the dual
amplifier (Hewlett-Packard, 8447D. OPT 001), sambled and
integrated by boxcar (SR250), digitized by A/D édn&erter
using DASH-8 (Metrabyte) board, and stored in the
microcoﬁputer’(IBM PC/XT) using the data taking program.?
Both pump and probe laser frequencies were cohtrolled by Ehe
same computef.
Photofragment excitation (PHOFEX) spectra were obtained
- by monitoring the peak height of a specific rovibrational
transition of the CO fragment while the photolysis laser
frequency was scanned. The VUV probe laser frequency was
fixed on a specific rovibrational.transition of CO. The
delay time between the pump and probe lasers was fixed with

a time jitter less than 5 ns.  PHOFEX curves were obtained
\ . )
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with 0.5-1 cm® resolution of the pump laser frequency. Each
data point was averaged for 10-20 laser shots and PHOFEX
curves were avefaged for 3-5 scans.

Rate constants for photodissociation of ketene have been
determined by measuring the appearance rates of Cco fragment.
The VUV probe laser freQuency was fixed at a. specific
.rovibrational transition of CO product and the CO LIF signal
was monitored while scanning the delay time between pump and
prebe lasers at e fixed pump laser’frequency. The delay time
was _5canned by SR265 software, which controls the delay
between trigger signal and gate output of the boxcar via
SR245 computer interface. Data acquisition wes made by using
the same software.

The CO product rise curves Qere ebtained at photolysie
energies where rate constants were in the 10° - 5x10" s
range. Proper alignment of pump and probe lasers is the key
for-accurete measurement of rate constants. Befdre taking
the CO rise cur&e at each photolysis_energy, the validity of
alignment was tested by taking the CO product rise curve at
high photolysis energy where the lifetime of excited state 1is
shorter than 50 ns. Flatness‘of CO LIF siénal over long
period of delay time after it reached the asymptotie level
was evaluated and used to judge the proper set-up of
experiment; Flatness up to 1.0 us of delay time could be
obtained with 20 mm® for the UV laser beam cross section. At

the longer delay time, the UV excited ketene molecules start
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to move out of the probing zone which is defined by the cross
section of VUQ probe laser beam (7-12 »mm%. For the
measurement of slow reaction rates ( k(E) < 5 x 10° s7%), Ehe
cross section of the pump laser beam was expanded by about
;four times using a telescepe in order to compensate for the.
movemenr of the excited ketene molecule. Flatness'up to 2.0
Wws could be obtained; The diameter of expanded pump laser
was about 1 cm in the interaction region, while that of the
probe laser was 3-4 mm wheh it is assumed that diameter Qf
blue visible fundamental laser is same as thet of VUV leser
beam. The probe laser was carefully aligned so that it
overlapped with the portion of pump laser on the downstream
side of the molecular beam pulse as shown in Figure 2.
Because of the decrease in the pump laser energy density, . the
signal-to-noise' (S/N) ratio went down and gave relatively
large uncertainties for rate.constants of slow reactions.
Bate constant measurements down to 1.0 x 106 gt were possible
without any correction to the raw experimental data.

Each CO product rise curve was averaged over 15-20 scans
and_measured three times aﬁ each photolysis energy. Rate
eonstant measﬁrements were earried. out  as 5- function of
photoiysis energY'with»2—4 cm! resolution. . For checking
repreducibility of data, each of three different measurements
at the same photolysis energy was carried out in é different

day with a new alignment of laser beams.
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III. RESULTS

Similar types of experiments have been done for CH,CO —
CH, (°B;) + CO(’T*) and CDzéO — CD, (°B;) v+ CO('Z*) reactions.
Resulﬁs are. categorized into three different sections. In
each section,v results for both CH,CO and CD,CO will be
presented. For convenience, "ketene" is used to refer both

CH,CO and CD,CO.
A. CO PRODUCT ROTATIONAL DISTRIBUTIONS

The CO product rotational distributions have been
obtained from rovibrationally resolved VUV LIF-spectra for CO
product by the same method as described in Ref. 18. The CO
product rotational distributions from CH,CO and CD,CO obtained
at the photolysis'energies of ‘28,250-cm‘1 and‘28,410 cm! are
éhown in Figure 3'(a) and (b), respectively. The rotational
distributions are Gaussian-shaped and peak at around J=12 for
CH,CO and J=11 for CD,CO. The CO. fragment. acquires 1its
angular momentﬁm from the forces exerted as it passes through
the exit wvalley of the potential energy surface. -An
impulsive forée along the C—C\bond at.the transition state
defined at the Atop of the réaction barrier' models the
observed distribution quite well.!'® The equilibrium structure
and vibrational motions at the transition state are

. responsible for the peak position and width of the
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distribution, reepectively. This impulsive model using the
" ab initio transition state structure has been used for the
calculation of CO product rotational distributions frem the
.dissociation of CH,CO and quiﬁe successful in explaining the
distribution at photolysis energies near the reaction
threshold region.!® The solid lines in Figure 3 (a) and (b)
ere calculated CO retational distributioﬁs using the same
model as deseribed in Ref. 18. The deteils of the impulsive

model and calculation are_diecussed later.
'B. RATE CONSTANTS (k(E))

The CO product rise curve is least-squares fit_byva
single exponential function.? The pulse widths of pump and
probe lasers (7ns)iare conveluted in the fitting fer reaction
faster than 5x10’ s! by the same meEhod described in Ref. 21.
For the meaedrements of ratelbohstants less than 107 s7!, the
effect of the convolution of laser pulse widths is negligible
compared to experimental error and has been negleeted in the
fitting process.?*  The standard deviation for the least-
'squafes fi; to an individual CO rise curve is much less than
the differenee between each of the three data points. These
latter are used to estimate the uncertainty of measured rate
eonstantsﬂ

- When the CO fragment is probed at a long delay time

‘after UV excitation, rotational to transnational 'energyv
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trapsfer might occur due to collisions because of the kinetic
energies of the Cb_fragments. The collisional relaxation of
CO product in the molecular beam has been tested by comparing
the CO rise curves for low-J and high-J CO products. The CO
rise curves for the Q(é)'and Q(12) transitions from the CD,CO
dissociation at 28,900 cm! (k = 3 x 10’ s!') are shown in
Figure 4 (a) and (b), respectively. The curve ;ﬁ Figure 4
(c) is the ratio of thé Cco population rise curve probing the
Q(6) transition to that probing _the Q(1l2) transition.
Collisional relaxation from high J’s to low J’s has been
clearly observed at around 2.5 us delay time for the
detection geometry employed in this work. This'makes it
‘impossible to measure lifetimes ionger than 1.5 us.

The CO product rise curves obtained‘by monitoring the
LIF signal of the Q(12) transition of CO fragments from the
CH,CO and CD,CO dissociations at photolysis energies of 28,423
and 28,500 cm*‘ are shown 1in Figure 5 (a) and (b),
respectively. The single exponential fits are shown as solid
lines and give the.rate constants of 1.0 x 10’ s! and 3.6 x
10° s! for the CH,CO and CD,CO dissociations, respectively.
The rate constants have been measured for LIF transitions
probing different J states of CO such as Q(lB) and Q(6)
transitions and rate constants are found to be the same as
those obtained by wusing the VQ(12) transition within
experimental error as demonstrated earlier by Chén andv

‘Moore.?* In the threshold region of the photolysis energy,
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the most probable angular momentum of~COlproduct is around

J=12 and the Q(l12) transition is one of the well isolated

. peaks 1in LIF spectrum. Therefore, the Q(12) transition has

been used for all rate constant measurements.

Rate constants as a function of the photolysis energy,
k(E), are plotted in Figure 6 and'Figure 7 for CH,CO and
Crbco[ respectively. Each data point fepresents.the average
of ;hree differently measured rate constants and error bars
on selected data points are tw@ times the eStimated standard
deviation bf the mean of the three points from the true
value, [Z°_;((x;-X)?%/6)]1%. The threshold energy for the
dissociation of CD,CO is found to be about 55 cm*.higher than
that for CEQCC due to the zero point energy difference (vide
infra). Rate constants for the dissociation of CD,CO are
roughly four times smaller than thosé for CH,CO, and rate
constant measurement in the thresﬁold regibn for CD,CO
dissociation turns out to be impbssible with our apparatus
for the reasons mentioned earlier. Distinct steps in k(E)
associated with the first few transiﬁion state vibrational

level thresholds are observed in the first 200-300 cm! region

-above the reaction thresholds for both 1isotopes. The

structure becomes washed out rapidly at higher photolysis

energy due to both the uncertainties of data and the increase

in number of accessible transition state vibrational levels.
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C. PHOTOFRAGMENT EXCITATION (PHOFEX) SPECTRA

Photofragment Excitation (PHOFEX) spectra probing the
Q(12) transition of CO'product from CH,CO at 50 ns delay time
and from CD,CO at 200 ns delay time are shown in Figure 8 (a)
and Figure 9 (a), respeqtively. The . PHOFEX signal can be
expressed as ‘ | | |

i

S(E,v,J,AL) = G(E) * P(E,v,J) * [1 - exp(-k(E)*At)]  (2)

where S 1is .the intensity of LIF,signal _prQbihg CO(v,J)
product( ‘G(E) is the absorption cross section of parent
molecule, P(E,v,J) is the probability Qf CO fragment to be
populated in the (v,J) quantum state, k(E) 1is the rate
constant, and At.is the reaction time which corresponds to’
the delay time between the pump and probé lasers.v For a
short -delay time;v the pulse widths of lasers are to be
considered.

The absorption spectrum of CH,CC at_;oom temperatﬁre is
a diffuse structureiess band fof the $i<— S, transition.?®
Presumably this ‘is the result ofvfast internal conversion.
_The énalysis of singlet CH, PHOFEX spectra showé that G6(E) is
nearly qohstant over 100 cm’! fanges Qf'photolysis energy.'*
The simulated PHOFEX curves using directly measured k(E)_datav
in Eg. (2) for a constant 6(E) and P(E,V,J) are compared with

the experimental PHOFEX curves in Figure 8 (b) and Figure 9

'
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(b) foer}gCO and CD,CO, respectively. Great similarity has
been found for both isotopes in the first 200 - 300 cmt
region above the reaction thresholds. Positions and
amplitudes of steps in PHOFEX curves are dJuite well
reproduced by [l-exp(-k(E)*At)]. This confirms that the
structures'observed in k(E) are real and implies that it is
a good approximaticn that the G6(E)*P(E,v,J) term is nearly -
constant over this small range of ehergy. just above
threshold. Highly resolved fine structures in PHOFEX curves
are therefore most likely to 'be associated with the
structures in k(E).

At higher pbotolysis energy, over 28,500 cm' for CH,CO,
the simulated PHCOFEX signal 1s still increasing with
increasing energy while the experimental curve starts to
level off. This deviation comes from the neglect of the
G(E)*P(E,V,J) term in ehe calculation of simulated PHOFEX
cufve. A more striking deviation is observed in the PHO?EX
curve for the Q(2) transition probing CO (v=O,J=2) product
from CH,CO, which is shown in Figure 8 (c). The overall shape
of the cur&e is quite different from that for CO (v=0,J=12)
pfeduct while the reaction times are the same for both PHOFEX
curves. In the CO(v=0,J=2) PHOFEX curve a sharp peak is
observed atlareund 28,500 cm! of photolysis energy, where the
CO(v%O,J=12) PHOFEX curve starts to level off} It meane that
a noticeable change in product rotational distribution occurs

at around 28,500 cm? of photolysis energy. The width of the
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Co rotational  distribution ié determined by  the
characteristic vibrationél motion of a molecule at the
transition sﬁate.18 Therefore, the. comparison of PHOFEX
curves for CO product with different J's gives another unique
Way to observe vibratiénal thresholds of ﬁransition state.
The PHOFEX spectrunlprobing CO(v=0,J=2) from the diséociation
of CD,CO is given in Figure 9 (c). Iﬁ shéws morevsteps and
peaks at even high_photolysié'energies where the structures
in both k(E) and the CO(v=0, J=12) PHOFEX curve become washed
out, revealing more vibrational thresholds of the transitidh_
state. Thé quantitative analysis of PHOFEX iﬁ terms of the
change of CO product rotational distribution as a function of
‘the . totél available energy will bé .made»,based on the

impulsive model in the following.
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IV. ANALYSIS and- DISCUSSION

The observation of structures in k(E) is consistent with
one of the fundamental ideas of transition state theory (RRKM
theory), that the reaction probability is controlled by flux
through quantized’ thresholdé of the _transition state.
Therefore, the obvious first step in analysis is to carry out
RRKM.calculations for cdmparison to thévexperimental results.

This séction will be presented by the following order.
(1) Coupling of three lowest electronic states (Sl,Swﬁn) in
the UV excited ketene will be considered for the observed
rate cénstant expression. (2)‘General equations for RRKM
calculation including rotational leveis aﬁd one-dimensional
tunneiing will be introduced. (3) Symmetry selection rules
involved in the phbtodisSociation of ketene will be discussed
under differentvassumptioﬁs fqr rotation—vibration coupling
in highly vibrationally excited reactant . (4) Model
calculation -  for hindered rotor ehefgy levelé of ketene at
‘ transition state will be carried out based on ab intio
trahsition—state- structure.? (5) Reaction barrier and
imaginary_frequency related to the width of barrier will be

cadlculated by RRKM fits for- k(E) data in 'the reéction
threshold region. (6) Assignment for C-C-0 bending mode of
ketene at transition state will be tried through the analysis»r
of PHOFEX curves for different J's of CO fragment; - (7)

Based on the_arguments in (1)-(6), RRKM calculations will be
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compared with experimental results.
A. Coupling of Electronic States

UV photolysis pulses (0.4 cm' linewidth; 7 ns pulse

width) excite a set of eigenstates of the form
¥, ) = Z:'“ni S5 + anj |So5 } + XK:'Ynk | To ? (3)
i J

Eigenstates with the most S; icharacter are preferentially
excited by th_e laser pulse, since only Slv states carry‘
significant oscillator strength. .Ketene undergoes internal
conversion (S, « S;) and/ior intersystem crossing (T, ¢« S,,Sy)
on a time scal'elshorter than the UV pu\lse and the time for
unimolecular dissociation on S, or T, surface, Figure 1.
Nonradiative decay rates of S, states are un'certaihvat p‘.resent
time and roughly estimated to be in the wide range of 2.5‘ x
10° - 4 x 10% g'.*2%2 The internal conversion rate constvant
f‘ér CH,CO is shown to be greater than 10° s! at the singlet
threshold (30,116.2 + 0.4 cm'?) .Y This'rat;e is not expected
to change much as photolysis energy decreases to 28,200l—
29}000 cmt. The measured rate. constants in this work are
much less than 10° s}, and it is a good assurhpﬁion that th.e
dissociation of.ketene on the triplet surface occurs through

the strong coupling of T: states to the statistical mixture



75
of Sl'ana S, states. . Photolysis'energies used in the present
work are much below the singlet threshold and .only
dissociation on the triplet surface is‘possible. With the
approximatioﬁ that any pure T, state within a narrow energy
range would.have'a.decay rate, Xk;, the diseociation rate
constant for a particular ketene eigenstate can be expressed

by

Tk, =k Y P , (4)
S

(1) For-the~case of strong coupling of all three electronie
‘states, both the internel conversion and intersystem crossing'
are much faster than the decay raﬁe of the Tj states'(kﬂ.
Thus the excited state is the statistical mixture of S., So, .
and T, States, and the statistical weights are proportional
.EO' the densityv-of vibrational states of each electronic

. state. That is,

P total P total P total

Y ez = 25y 2o RISy e R
F] . 7 : k

where Q(Sl), p(S,), and p(T,) are densities of states on the
S, Sy, and T, states, respectively. The'sumvef the densities
of states, Pioears is dominaﬁed,by pP(Sy) . The rate of formation
of CO fragment. for the triplet channel of ketene

dissociation, k;, from Eq. (1), can be expressed by
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k, =k, 240 (6)

ptotal .
where kTV= N*/[hp(Ty)} (N* is the number of energetically
accessible states of transition state). Therefore, the

dissociation rate of ketene on the triplet surface, k., which
is equivalent to the appearance rate of the fragment is given

by

N* ' ‘
k, = — . (7)
‘ hp total '

(ii) For &he case of weak coupling of Ty.states to Sl.aﬁd S,
statee whichv are strongly coupled to each other, the
initially excited state can be described as a_statisticai-
mixture of S, and S, states and it has_mostiy So character
because of the dominant density of states of S, over that of.

S,. .The following kinetic scheme is very Lllseful._'21

kisc k . .' l

o= U CH(B) +CO | (8)
kisc v

N* is the initial state of ketene which has mostly S,
character. Solution of rate equations set by the above
kinetic scheme gives the rate of the product formation as

follows:?!
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[P] =2 [1-exp(-k,)] , (%)
ki ok .
k = __iscT , 10)
g (kisc’ + kT) ( )
From the Golden rule, kisc'/ki;c = p(S,)/p(Ty) and ky =

N’(E)/[hp(Ti)], thus the observed rate conétant can be

rewritten by

N#
k, = .
* . , (11)
hp (S,) + N
. kisc
Taking the reverse, it becomes
1 _1,_1 - | (12)
kt ko kisc '
Where hQ:_N*/[hp(Sw]. Therefore, the observed rate constant

is equivalent to k, when km:? ko, and the rate of.the product
formation will be limited by the intersystem crossing rate
wﬁen ko » kmcﬁ

Rate constants for the dissociation of CH,CO on the
triplet surface have been measured in the 28,289 - 29,412 cm™*
Ifaﬁge of the photolysis enérgy by.Chen and Moore.? The RRKM
calculation for koluSing.ab initio values for vibrational
freqﬁencies of-transitionvstates predicts 3-5 times higher

»rate constants than experimental ‘results at photolysis

energies higher than 29,000 cm!. The fit to the experimental
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rate constants  using Eg. (12) gives.the lower bound for

[t

intersystem crossing rate, k. = 2 x 10° s at

30,000 cm!.?? But this deviation of the experiment from the
RRKM calculation could result from the movement of - the
transition state along the reaction coordinate as energy
inqreases. That is, as energy increases abové thevadiabatic
vibrational thresholds, the transition étate moves in along |
the reaction coordinate, and therefore the transition state
gets tighter to give the slower reaction at high energy.
Direct ‘measurement of rate constants and singlet/triplet
branching ratios at photolysis energies abové the singlet
threshold has allowed the direct measurement of ki at even
higher energies ﬁhan the singlet ﬁhreshold.”'16 It has been
found that the dissociation rate of CH;X) on the triplet
‘~surface, ke, is 4.0 (£ 0.7) x 10°® s at 30,566 cm* of the
photolysis energy and increases siowly witﬂ increasing
' The measured rate constants_in the present work can
be expressed by k,. This is specially true in the first 500
cm! range above the reaction threshold, where the rate of the
reaction is slow (k < 3 x 107 s™).

For both strong and weak coupling caées, the rate
consﬁant for the formation of product on the triplet surface
in the threshold region, where k., is lower than 5 x 107 s7!, is
eXpected to be predicted by Eg. (7). For deuterated ketene

this is more true because the rate of product formation, k.,

is slower while the internal conversion or intersystem
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crossing rate are expected to be faster due to the increase

of the density of vibrational states in S, and T; states.
B. General Equations for RRKM calculation

The  RRKM calculation for rate constant of unimolecular
'reéction of ketene considering rotational energy levels and
one-dimensional tunneling along the reaction coofdinate can
be expressed by ;he_ following formula for the case of

complete K-mixing (K = -J to J) .2

k(E,g) = K‘=-NJ _
Y hp(E = Wy )
K=-J
S-l. 1
e:JNK" Vo * W;K- + hvi(ni+_) (14)
LN, Wy, 2 >
C e = = (B | 2 2 (15)
Phv. ke = 2 (B*+C”) [N(N+1) -K*] + A'K*®
Yo = %(B*C) [J(J+1) -K?] + AK? (16)

E is the total energy which is the sum of the photolysis
energy and thermal energy Qf the parent molecule in the
pulsed molecular jet. J. is the angular momentum of the

excited state of ketene. N is the rotational angular
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momentum of ketene at the transition state on the T, surface.
V, 1s the reaction barrier relative to reactants, which is the
difference between zero-point energies of reactant in the
ground state (S,) and transition state 1in Tg.state. The
number of vibrational degrees of freedom ofr‘the stable
molecule, s, is 9 for ketene and n represents the set of
vibrational quantum numbers for the transition state. Ketene
in the ground state i1s near-prolate asymmetric top
(K= -0.997).% The symmetric top approximation is used for
‘the calculation of rotational energy levels fo; both
réactaﬁts and transition state. .The K-and K' in the symmetric
top approkimation (K, and K.} in the astmetric top exﬁressidn)
are the projections of the rbtational angular momentum,

N (J = N + S in Hund’s case (b) for triplet state), on the
leecule—fixed a axis for the molecule in the excited
reac£ant state and the transition state, respectively.
Nuclear spin conservation may restrict acceésible K and
K* guantum numbers for different initial nuclear spin states,
of ketene molecule in the ground state. Rotational constants
of UV excited ketene molecules are assumed to be same as
those (A,B,C) 1in .the ground state. .ZV, B*, and C‘ are
rotational constants of ketene at transition state and
calculated from ab initio transition state structure,”vgiving
A* = 2.50 cm!, B‘-: 0.268 em?, and C* = 0.242 cm*.fof CH,CO.
In the RRKM calculation, rotationél constants for ﬁrahsition

‘state are modified due to the strong coupling of the
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torsional mode and the overall rotation of the molecule (vide
infra}. | | |

P(E;) 1is the_transmission probability for each quantized
reaétion threshold of the transition étate calculated for
‘oneedimensiona} tunneling along the reaction coordinate.
When the inverted parabolic function is assumed for the shape

of the exit barrier along the reaction coordinate, P(E;) 1is

given by
et | |
1 + e€ . :
2nE,
= , (18)
€ hv.

1

where Vv, is the imaginary freguency related to the width of

the exit barrier.?”-?®

The generalized Eckart pdtential function has known to
provide a more accurate representation of the barrier.?®?

When Eckart potential function is used for the shape of the

exit barrier, P(E,) is expressed by?®

P(E,) = sinh(a) sinh (b) ,

sinh? (&2 2 ) + coshz(c)

where

,/T—Y \/W , (20
V% + Vi B



82

A 1 | - (22)

Vo, is, as before, the barrief height relative to reactants and
V, is the barrier height relative to products. RRKM
calculations using either Egq. (17) or Eg. (19) as the
transmission probability produce about the saﬁe results.?
Only the Eg. (19) 1s used for the RRKM calculétion.

The density of reactant states, p(E), has been‘often
estimated by harmonic state count which can be accurately 
calculaﬁed by Whitteh—Rabinovitch (WR) approximation_._30 The

density of reactant states by WR approximation, puw(E,J=0), is

given by

: (E +E, ) ° '
Puz(E,J=0) = = , (23) -

(s-1)! Mv,
i=1

where E,, 1s the zero—point.energy of ketene molecule and v,
is the i-th fundamental vibrational freguency of ketene.
Fundamental vibrational frequenciés obtained from IR
spectroscopic study of ketene are used.'! 'Because of the
anharmonicity of vibrational frequencies, actual p(ﬁ,J) is -

expected to be higher than the WR approximation. Recent
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épectroscopic sﬁudies have shown that the actual density of
states for a number of molecules is significantly higher than
predicted by harmonic co'unts.5'6'32't33 For ekample, direct count
of states from the stimulated emission pumping (SEP)
spectroscbpy of HFCO has shown that the actual density of
states for vibrationally excited state of HFCO at 16,000 cm’’
is aboﬁt four times higher than calculated by‘énharmonicv
direct counting.® Stark lével—crossing spéctroscdpic study
of D,CO by Polik et al. has demonstrated that the
experimentally measﬁred density of states for vibratiohally
excited state of D,CO in S, state at the energy of 30,000 cm™
is about lO:orv6 times‘higher than harmonic or énharmonicu
state counts, respectively.?®

The experimentally obtained CO (v,J) produét rise curve
is the sum of CO prbduct rise curves for different initial
quantum étates of ground staté ketene. With the
'approximation that individual CO.rise curve follows a single
exponential ‘behavior, the experimentally observed CO prodﬁct

.

‘rise curve can be expressed by
M(t) =AY P, (1-e™) =a@ -, (21
m : ’
that is,

e** =y pea | - (25)
m

where M(t) i1s the population of the product as a function of
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the reaction time, A is an' arbitrary constant, Xk, 1is the
measured rate constant detefmined from a single exponential
fit to experimental CO product rise curve; m répresents
initial quantum state, P, 1s the normalized relative
population of molecﬁle in m state, and k, is thé rate constant
for initial m state. ° If both sides of Eq. (25) are
integrated over the time from 0 to e, Eg. (25) becomes

IR .(26)
k. 2:k,,,; ;

m

The observed rate constant, k., is the mean reaction time
rate constant, and this has been found to give the accurate

value for true averaged rate constant.!3 3

L

C. Symmetry Selection Rules

In the absence of external.fields, there are certain
guantities that are conserved throughout the dissociation.
-For example, total energy (E) and the'toﬁal angular momentum
(F, M) are conserved. - Neglecting the extremely weak
interactioﬁ, parity with respect to inversion'(nf is also
conserved. Another important factor to be conserved in the
dissociation 1is the symmetry of the total eigenfunétibn.
Therefore, the RRKM ratevconstant in Eg. (1) can be rewritten

as



85

=N$(EIFIIIII‘) (27)
KB FILD) = S558ies

where -F represents the symmetry c¢lass "of the total
wavefunction for the eigenstate. The importance of including
symmetry factors in rate constant calculatioh has been
emphasized for a number of years.>® The strong dependence of
rate constant on the vibrational symmetry in  the
photodissdciation of formaldehyde has been predicted by
Miller.3® Recent state-specific rate constant measurements
using the SEP technique for HFCO dissociation has shown that
dissociation rate§ can be strongly dependent on vibrational
symmetry of reactant states in the tunneling region.®

On the short time scale of photodiésociétion, the
nuclear spin quantﬁm‘number‘(I,Mﬂ is also expected to be
conserved. The conservation of nuclear spin guantum number
in the photodissociation of ketene has been demonstrated in
recent studies of PHOFEX spectfa for 'CH, (Jiws) fragment in
the singleﬁ thrésholdvregion‘by Green, Chen, and Moore.*
They found that threshold energies for 'CH, fragments in ortho
stétes (I=1; K{HQ'= odd) are = 9.7 cm! lower than the sum of
the singlet threshold energy (30,116.2 * 0.4 cm*) and the
rotational energy tefm values of probed 'CH, fragments, while
those for !CH, fragments in para state (I=0; K,+K_ = even) are
exactly the same as the sum ¢of the singlet.threshold energy
and their rotational energies. The ortho states of ketene

(I=1; K,=1) in the ground state lie about 9.7 cm' higher than
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the para states (I=O} K,=0). This means that 'CH, fragments
in vorﬁho (péra) states originate exclusively from ortho
(para) states of ketene. Ah upper limit fbr the.nuclear
spin conversion in the singlet photodissociation has been éet

at 1.7 $.4

[4%

The photodissociation of ketene on the triplet surface
involveé uv optical'éxcitation (S, ¢« S;), internal con&ersion
(S & S;), and interSystem crossing (Tlé» &”Slf processes.
Seléction rules for angular momentum gquantum numbers and
symmetries for many degrees of freedom in each process are
different, and need to be considered for each casé.

Ketené molecule in both ground and excited states is a
slightly asymmetric prolate top.v'The mélecular a;b,c axes
aré chosén; to be vz,y,x axes 1in body fixed coordinates,
réspectively, according to I' representation, Figure 10. The

projection of rotational angular momentum on "a" axis, lK|;

is a nearly good guantum number for ketene. Selection rules .

for a nearly good gquantum number,.K,'will be conSidered in
the following sections. Photodissbciatiqn of ketene on the
triplet surface may occur in c. ! (in-plane bent) or C.! (out-
of-plane bent) transition states. The C./'transition state is
a supertransition state for 'ﬁhe interconversion of two
equivalent CsII transition states. Distinct steps'in k(E) are
observed in thé ‘reaction threshold region whefé only C./U
transition state is energetically accessible. Symmetry

selection rules for only the C.,”! transition state will be
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considered. Symmetry species of all degrees of freedom for
ketene molecule in all electronic states will be classified
 in Coo mdlécular symmetry (MS) groub which is isomorphic with
the appropriate CNPI group. This is a reasonable assumption
at the photolysis energy used in this work considering the
torsional motion and/br tunneling of strongly bent ketene
molchles in excited states over the bending potentiél
barrier at highly vibrationally excited states (Evm =~ 10% cﬁ*
for S, and T, states).?® At the‘ transitiord state, two
equivalent bent 'moleculés- interéohvert by the torsionél
motion with a small barrier (1.25 kcal/mol CISD calculatioh)
and C,, symmetry classes are applied. When it is the case
that C,, (MS) .group is reduced to Cg (MS) group, the
corfelation.of symmetry classes between two MS groups needsA
to be done. Symmetry selection rules for the dissociation of
CH,CO will be presented. The extension to CD,CO is straight
forward. Different nuclear spin statistics for CH,CO ahd

CD,CO will be described.
(1) UV excitation (S; « S,)

The optical transition from S,(!A;) to S,('aA,) state 1is
electronically forbidden and vibronically allowed for
electric dipole radiation. From A, vibronic symmetry in the

S, ground state, A-type, parallel transition giVes rise to a,

. vibrational states in S,. B-type and C-type, perpendicular’



88
transitions excite b; and b, vibrational states, respectively.

The selection rules for total angular momentum and parity are
AF = 0 (F#0), #1; +e - . L (28)

The nuclear spin quantum number is conserved and the

selection rules become

1
O
+
I
]
e
Ve

AJ 0 (J#0), 1; AI

The selection rules for the K guantum number in the symmetric

vtop approximation are

AK = 0 (A—type,parallei);

_AK

+1 (B-,C-types,perpendicular). . (30)

The population of (J’,K’) in S, state is determined by the
. product of Héni—London factor and the initial population of
(J,K) states of ketene molecule in the ground state prepared
iﬁ the supersonic Jjet. Nuclear spin is found noﬁ to be
cooied down in the molecular jet. Initial (J,K) sﬁates of
ketene are othrewise popuiated‘ according to a Boltzman

distribution for a rotational temperature of 3 - 5 K.

(ii) Internal Conversion (S, < S;)
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Internal conversion from 4,, B,, and B, vibronic

symmetries in S, state gives rise to a,, b,, and b; vibrational

states in S, state with the selection rules,
AT = 0; AI = 0; AK =0; + &+, - - . (31)

The S, state 1is highly. vibrationally excited and strong
anharmonic coupling should be expected. Also, stfong
.Cdriolis coupling may mix the vibrational states with
different symmetry classes. in thé strong vibration-rotation
coupling case, K is potfexpected to be a nearly good guantum
number any more. In the extreme cése, K may be completely
mixed and havé values from -J to J. Stark level-crossing
spectroséopié study for deuteratéd fofmaldehyde has shown
that K in highly vibrationally excited states in the S, state
of D,CO may be conserved at the low J’s accessed in the
molecular jet . Due to the lack of spedtroscopic
information for highly vibrationally excited states of
ketene, the extent of the coupling is not certain at the
preéent time. Since only K'= b;l states are significantly
populated in the ketene mblecule in the supersonic jet while
J 1is pbpulated up to 7, the exﬁent of K-mixing in highly
vibrationally excited states is very important in assignment
of révibra;ional thresholds of transition states. Two
limiting cases for.K—mixing will be discussed later in this

paper.
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(111) Intersystem crossing (T, < S,, S;)

When the electron spin—ofbit coupling is strong, the
triplet electronic state is split into three different
electronic electron-spin states. Two electron spins in
triplet state give the symmetry classes, Ipin = A, © B, ® B,
in C,, group. This combines with the symmetry of electronic
wavefunction, I, = A, in T, state, to give.the symmetries  of
electronic electfon—spin states, ‘fes = A, ®B, ®B,. In this
cése, the symmetry selection rules for intersystem crossing
might be determined by the symmetry of the product of the
| electron—spin. and electronic wavefunctions, I',,. When this is
the case, the spin;orbit matrix element for the coupling
between ‘A, (S;) and °A, (Tl) states vanishes, and only second-
order or  higher-order singlet-triplet interaction is
possible.3® On the other hand, first-order spin-orbit
coupling is allowed between A, (S,) and °A, (T,). Hence
intersystem crossing might be favorable between S, and T,
states. If the vibronic couplings of the electronic states
are not strong, the direct intersystem spin-orbit coupling
could be allowed: only through one of the three electronic
electron-spin states of T, states. In this case, only a,;, b,,
and b; vibrational states in T, are strongly accessible, since
a, vibrational states are symmetry forbidden in S, state (vide
supra) . ,This'means that a, vibrational states are 'only weakly

accessible in T, state. In this case, the selection rules are
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obtained by the conservation of the rovibrational symmetries
of the two electronicv statés) ~and given by, using the
noﬁation in Hund’s case (bj,

AJ t o+, - (32)

1§
()
il
O
H
'_.\
>
=
1t
(e)

In ithe case. of 'strbng vibronic cbuplinQJ symmetry
selection rules are loosehéd, and vib?ationallstates with all
symmetry classes in T, state are allowed. ' In this case, the
intersystem crossing through the spinéorbit vibronic coupling
or the sbin-orbit rotational coupling is possible, and the

selection rules become 3¢
.AJ = 0; AN = 0, x1; AR = 0, #2, or AK = 1. {33)
(iv) Nuclear Spin Statistics

Nuclear spin statistical Weights for ketene are

determined by the symmetry‘of the nuclear spin wavefunctions.

j

In CH,CO, hydrogen atoms have a nuclear spin of %. Four °

nuclear spin wavefunctions generate the representation, I

nsv=
3, ® B, in C,, (MS) group, where three A; states correspond to
I=1 (ortho) nuclear spin states and one B, state is I=0 (pafa)
state.  Since hydrogen nuclei  are fermions, the total

symmetry, I,.,, should be either B, or B,. Therefore, since

the vibroni¢ symmetry of CH,CO in the ground state is A,, only
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b, (K,=odd, K.=even) or b, (K,=odd, K.=odd) rotational states
éan combine with ortho (I=1) states while a, (K,=even, K.=even)
or a, (K,=even, K.=odd) rotational states combine with para
(I=0) state. |
For the case of CD,CO, deuterons have a spin of 1 and
each ~deuteron can have three different nuclear spin
wavefunctions. Hence nine nuclear spin wavefunctions ére

S

generated for CD,CO and give the representation, I, = 63, @

3B;, where five A, states correspond to the quintet (I=2)
functions, one A, state is the singlet (I=0) function, and
thrée- B, states are the tripiet (I=1) functions. Since
deuterons are bo.sons, the total symmetry should be A, or A,.
Therefore, in the ground state CD,CO (A vibrqn_ic symmetry),
only a; (K,=even, K.=even) or a; (K,=even, K.=odd) rotational
states combine with ortho (I=2,0) states, while b, (K,=odd,
K.=odd) or b, (K,=odd, K.=even) rotational statés can combine
with para (I=1) states. Interestingly, for CD,CO, the -ortho
(I=0,2) states cohbine with K=zeven and thé para (I=1l) states
combine with K=odd, which is opposite to the case for CH,CO
where K=odd is ortho (I=1) states and K:eveﬁ 1s para (I=0)
state. Nuclear spin statistical weights' for CH,CO molecule
are "3" for ortho and "1" for para, while for CD,CO they are
~"6" for ortho and "3" for para.

It should be noted that the- nuclear spin statistical
weights for rotational stétesv are dependent on the symmetry

of wvibronic state. < This 1is specially important for the
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molecule at the transition state, where the thresholds for
rovibrational energy levels of transition state can be

observable.

D. Hindered Internal Rotation of ketene at the Transition

state

Distinct steps in k(E).for the dissociation of ketene
are observed in the first 200 - 300 cm! region above the
reaction threshold. The.ab initio (DZP CISD) values for
vibraﬁional frequencies of C./M' transition. state have been
scaled by multiplying the rétio'of the experimental values to
the ab initio values for 'vibfationa%' ffequencies of the
ground state ketene. ‘The scaled ab 'iniﬁio vibrational
fréquenciés are 154 cm! for H-C-C-0O torsion,
252>cm*-for C-C-0 bending, and 366 cm! for CszﬂaQ, as-listed
in Table I.?* The spacings in the energies between the first
two distinct steps in k(E) are around 100 cm! for CH,CO and
éround 80 cm! for CD,CO (Figure 6 and 7), and these Steps are
most likely to be associated with the-lowést vibrational
frequency mode, H(D)—C—C—O torsion, of ketene at the
~ transition state.

The observed vibrational frequency for the H-C-C-O
torsional ﬁéde seems to be about 50 % less than scaled ab
initio values for(ﬂgcd transition state. This méans that the

actual transition state is looser in the torsional motion
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than predicted by ab initio calculation. The H(D)—C—Céo
torsional motion  of the molecule can be treated as the
hindered intefnal rotation with a small barrier. The ab
initio values for the barrier to internal rotation are 1.25
(CISD) or 1.10 (CIDVD) kcal/mol.?* In order to explain
experimental results, model calculations for hindered
internal rotation of ketené at transition state are carried
out. The ab initio C/'' transition state struéture is used for
the evaluation of moments of inertia for both CH,CO and CD,CO
(Figure 10). The ab initio C¢ transition state structure
gives about the same wvalues for moments of inertia. The
barrier té internal rotation'is varied to give the reasonabie
values close to the observed vibrational energies of ketene
at transition state.

The tdrsional motion can be described as the reiative
interhal ~rotation of CH, (CD,) and CO groups about the
symmetrié axis. For convenience, the methylene group which
has a symmetry axis is called the "top", and the CO group
which does not have a symmetry is cailed the "frame". The
origin of the potential barrier’for the hindéred internal
rotation is not clearly unde?stood, and a perioéic sinusoidal
potential function has been often used.xr The potential
energy for the two-fold symmetry can be expanded in a cosine
series as
Vo

V() = - (1 - cos(20)) + %% (1 - cos(40)) + e e (34)
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where V, is the barrier height, Vl'changes the shape of the'
potential function, and 6 is the relative angle between the
two parts of the mqlecule, The effect of the parameter V, on
the shape of the potential fﬁncﬁioh is shown in‘Figure 11.
.vThe moment of inertia of the symmetric top about‘thé‘C—C

bond} I

tops 1S 1.88 amu*A® while that of the frame, Iim., 1S

16.9 amu*A’. In this case, when I;.,. > I.,, the principal
axes method (PAM), which uses the sét éf principal axes of
the whole molecule as the éoordinate system ié useful.*

‘For an asymmetric top with a single two-fold internal

rotor, the Hamiltonian can be written as!'*?

H=H_ +F (p-P)2+ V() . (35)

Here, H,, is the standard rigid-rotor asymmetric rotational
Hamiitonian and F is the effective rotational constant for
the internal motions of ‘the top about its Symmetric axis,
which is calculated aé follows: o |
F=—Ji—q}r=1-2i£,g=(anc); Q&
T g _

— |
8nrI, ., : g

Here, I is the moment of inertia of the top about the

top
symmetric axis, (I,,I,,I.) are the principal moments of inertia
of the whole molecule, and (A,, A, A.) are the direction cosines

of the symmetric axis of the top to the principal axes.
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Since there is a plane of symmetry, A, vanishes. The momenta

P and p are defined as

Pr= Pl H P = ’ (l=albl c) ’ p = oy ’ (37)
2; 1 T dw 30

where T = (H-V) and ®; is the angular velocityvabout 1 axis.
In the second term in Eq. (35), (p-P) represents the
relative angular momentum of the top and the frame. The

Hamiltonian in Eqg. (35) can be rewritten as

H=Aa"P2+BYP,+C*P.-2F(aP,p+ PP, p) ~ (38)
+Faf (PP, + P,P,) + Fp2 + v(B) , |

where

/

A* = A* + Fa? , B*

The Hamiltonian matrix element can be set up using the
symmetric prolate top - free rotor basis set. Nonvanishing

elements of the Hamiltonian matrix are
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(JKMm1H|JKMm)= g
(40

| / | v, V
AYK? + %(B*'+C*) [J(J+1) -K?] - 2FaKm + Fm? + -2 + =L
(JKMm|H| Tkl Mm) =
1 - o1 (41)
m[EGQMﬂ)-M[ﬂJd)—KWﬂH? :
(JKkMm|H|JTKke2 Mm) =
1 ' 1 : 1 (42)
7 (BT-CT) [T(I+1) - K(Ke1)] 2 [J(I+1) - (K1) (Kx2)] °
v, -
(JKMm|H}JKMmﬂ)=—z- (43)
. _ v
(JKMm|H|JKMmﬂ)=—z- (44)
The effect of internal rotation is guite noteworthy. The
diagonal matrix element term of (—ZFaKm) arises from the

coupling of internal rotation and the overall rotation. The.
effective rdtational constants about the principal axés have
been mbdified due to the éffect of internal rotétion.

| The offfdiagonal matrix elements for K are very small
for the neafly symmetri; top.keténe molecule at transition
state (ﬁ =~ 0.0092, (B*'-C') = 0.026 cm' for CH,CO), and K-
splitting . is not . expected to be observed with the
experimental resolution of 1 cm iﬁ this work. Thus the

matrix elements off-diagonal in K are neglected in the
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calculation. In this case, Hamiltonian matrix elements at a
specific K gquantum number can be set using the free-rotor

basis set as follows:

_ (45)
(m}H]m)=Fm2—2FaKm+—‘;°-+—gl—

(m | H | me2)

INESIIN RS

(m | H | mea )

The energy levels of hindered internal rotor at each .K
quantum number are calculated by diagecnalizing the abo&e
Hamiltonian matrix, and the rovibrational energy levels are
calculated by adding the symmetric top approximated
rotational energies using (A*’,B*’,C*) as rotational constants.
The 40 x 40 Hamiltonian matrix is diagonalized to give the
eigenvalues. Thé corresponding eigenfunctions are ﬁhe linear’
combinations of thé free rotor wavefunctions with different
m quantum numbers. All parameters used in the calculation
are listed in Table II.

Because the coupling between K and m is significant,*
_tHe symmetry for the rovibrational state, TI,,, is determined -

for each (m,K) rovibrational state. As mentioned earlier,
nuclear spin statistical weights of the rovibrational states
are determined by considering the total symmetry. The

nuclear spin statistical weights for (m,K) rovibrational

states are determined in Hund’s case ({(b), since the



99
rotational spin-orbit coupling is. not expected to be larger
than the rotational energy. In Table III and IV, energy
levels with nuclear spin statistical weights for hindered
rotor states coupled to K quantum numbers are listed for(ﬂQCO
and CD,CO transition states, respectively, when V, = 330 cm’!
and V; = -20 cm'. 1In Table III and IV, the hindered rotor
energy levels coﬁpled to éach K aré listed with respect to
the corrésﬁonding zero-point energies. The splitting of the
zero-point energiés due: to the coupling of the hindered.
internal rotation and the overall rotation is less than = 2
cm? and neglected in the RRKM calculation. For the
rovibrational energies of (N,K,m) rovibrational states, the
rotational energiés using the symmetfic—top approximation are
added.

Since ﬁhe nuclear spin quantum number (I,M;) is expected
tolbe consérved,-the threshold énergies for ortho states of
CH,CO at the trénsition state should be = 9.7 cm lower than
the energy term values listed in Tables III, while the
threshold énergies for para states remain the_same (vide
supra). For CD,CO, since.ortho states‘(K=O) lie below para
states (K=15 in the ground state, phreshold energies for para
rqvibratidnal states should be = 5.0 cm' (energy difference
between 1,, and 0y, stateé) lower than the energy term values
listed in Tablés IV, while those for ortho states remain
-unchanged. | |

'Since the extent of K-mixing in highly vibrationally
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excited states of ketene is not known at the present time,
the accessible K quantum number of kétene at transition state
is not certain. If K is strictly conserved throughout the
dissociation, according to selection rules for K 1in Egs .
(30)-(31), only Ikl = 0 - 2 states will be significantly
accessible. For the case of complete K-mixing, |K| =0 - J;
stateé‘are accessible, where J’ can be populated up to 5 (=5%
at J=5). .Two limiting'caseé will be cdnsidéfed in RRKM

calculations in section G.
E. Reaction Barrier and ?unneling : .

The reaction barrier reiative to thé products, E,, and the
imaginary frequency, Vw‘along the reaction coordinate for the
triplet channel of ketene hHave been determined by fitting the
rate constant data in ;he threshold ‘region using RRKM

calculations as described in Egs. (13) -, (22) and the
rotational terﬁ values of ketene at the transition staté.- K
is assumed to be strictly conserved‘in RRKM calculations
(vide infra).

For the(ﬂhco.dissociation, since the shérp step in k(E)
is observed in the short range of the photolysis energy
(28,200 - 28,300 cm-1), the uncertainty in thé threshold
energy has been greatly reduced. The firsﬁ rise in k(E) in

the 28,250-28,300 cm® region of photolysis energy is well

reproduced by-RRKM calculation when E, (triplet) = 28,250 = 10
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cm! and v; = (100 * 40) 1 cm?® in Figure 12 (a). - If K is
assumed to be completély mixed in RRKM calculationé, the
lowér imaginary»frequency (= 80 1 cm!) and higher density of
reactant states (= 1.2 times) should be used to fit rate
consténts in the threshold'region (vide infra). Thréshold
energy 1is the difference"between zero-point energy (ZPE)
levels of ground state of parent_molecﬁle and transition
state.: The singlet-triplet splitting of CHZ,'AM, has been
measured to be 3147 .5 cmt. The.singlet thresh?ld energy
for CH,CO dissociation has been accurately measured by théICH2
PHOFEX 'spectré, E.,(singlet) = 30,116.2 + 0.4 cmt'.*
THerefore,-the reaction barrier relative to the produéts, E.,

is determined by

E, = | Am - { B, (singlet) - E.,(triplet) } ] (48)

to give E; = 1281 + 15 cm' (3.66 =+ 0.05 kcal/mol) . This is
about 40 .% less than the ab initio calcﬁlatidn of ;5.8
'kcal/moleculé.”

For the dissociation of CD,CO, k(E) measurement in the
reaction threshold region was not possible,experimehtally
(vide»supraf; and the first distinct step in PHOFEX spectrum

' fér CO (v=0,J=12) product taken at a’i;7 Ls reaction time has
been used forvthé”calculation of the threshbld eneréy. In
the PHOFEXvspectrum, there is smali background signal giving

a long tail below’ the threshold energyfdue to the existence
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ofACH2COF as a 1impurity (<=2%) and vibratiohally hot (CD,CO
(<=10%) . This Dbackground tail makes it impossible to
evaluate the imaginaiy frequency for the ZPE level of the
transition state. The first distinct step in the Q(l‘2)
PHOFEX curve is observed in the 28,280 -28,330 cm' region of
ghotolysis energy and give. the reaction threshold eﬁergy of
28,310 + 15 cm? (E.,’), Figure 12 (b). The solid line in .
Figure 12 (b) is the RRKM rate constant calcuiated without
the tuﬁneling correction. The zero-point ene‘rgies of parent
CH(D),CO molecules and *CH(D), fragments are calculated using
the spectfoscopic and theoretical results, respectively, and
listecﬁ in Table V.34 The barrier height relative to
products, E,’, is given by |

E,’ = E, + ZPE(’CH,-°CD,) - [E.+ZPE(CH,CO-CD,CO) - E. ‘1, (49)

where ZPE(’CH,-3CD,) is the difference of zero-point energies
between >CH, and °CD, fragments, 886 cm’!, and ZPE (CH,CO-CD,CO)
is the difference of zero-point energies between the ground

states of CH,CO and CD,CO, 1156 cm!. The estimated reaction

barrier 1is found to be 1071 + 40 cm?* ( 3.06 == 0.10
kcal/molecule). The difference in ZPE’s between CH,CO and
CD,CO at transition s-tates can be estimated by [E,, - E.’' +

ZPE (CH,CO-CD,CO)} ] to give 1096 * 20 cm'. The vibrational
frequencies of CD,CO transition state are calculated by

normal-mode analysis using the ab initio (DZP CISD level
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calculation) values for force »eonstants and geometry
parameters of <3@CO transition .Stete (Table I). -~ The
difference between ab initio values for ZPE’svof CH,CO and
CD,CO transition states is calculated to be 1095 cm*; If the
'torsional frequencies listed in Tables IIT aﬁd IV are used
for the calculatioﬁ of the zero—poiﬁt energies,»it becomes
1Q91 cmt. These agree very well with the exﬁerimentally
estimated value of‘1096 cmt. The energetic diagram for the
triplet channels of the(jgco and CD,CO dissociations is shown
in Figure 13. |

A much lower imaginary frequency than predicted by ab.
initio calculation (523 i cm'!) had to be used to explain thev
first step in k(E) for CH,CO dissociation.‘ The imaginary
frequency has been estimated by the ealculation of one—.
dimensional vtunneling probability asegming ‘the Eckart
potential function for .the exit vailey of the potential
'energy surface along the reaction-coordinate.’ Therefore, the
imaginary frequency obtained here has a meening only if this
simpie one-dimensional bicture is wvalid. In_thie picture,
the low iﬁaginary'frequency_implies the existence of a very
broad barrier along‘ the reaction coordinate.b Other
approaches to explain the observed sharp step in k(E) are
possible. For exemple, if a small»potehtial minimum exists
"on the PES along the reaction coordinate atvthe transitien
' state, the transmiesion probabilities associated with ﬁhe

quantized transition states would have "resonance-like"



104
features giving sharp - resonances right at the threshold
energies of the transition state.®® Since the single step in
k(E) 1is associated wiﬁh many rotational threshold energy
»levels of the transition state, it is nontrivial to. extract
the tunneling probability associated with‘a single quantum>
state of the‘molecule,at transition state. Hence a complete
test of this model for the detailed step shapes in the
dissociation rate of ketene is not possible ‘at the present
time.  The angular momentum resolved rate constant

measurement would be very useful for this purpose.
F. The C-C-0 bending mode of ketene at transition state

The partitioning of the available energy into the
degrees of freedom bf the products in the'aissoéiation of
ketene on the_triplet surface is dynamically qontrolled due
to the existence of a small barrier on the potential surface
along the reactioﬁ coordinate. The fast energy release from.
the transition state occurs through ﬁhe repulsive exit valley
on the. potential energy su;face. The CO fragment angular
momentum distribution is determined by_thé repulsive energy
and the characteristic Vibrational structure of the
transition state through which ketene dissociates. The
angular momentum released to the CO fragment for. each
Qibrational state of ketene at transition state is unique,

and information about the vibrational structure of the
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transition state could be obtained from the change of CO
_ product. rotational distribution as a .function of. the
available energy. | |

The CO fragment‘rdtational distributions from the.gHJX)
dissociation at photolysis energies near the reaction
threshold have been ‘measured by Chen aﬁd Moore.!® . The
impulsive model considering the effect of zero-point motions
of ketene at the transition state -reproduces the
experimental, Gaussian-shaped distribution quite well, as
shown in Figure 3. The impulsive model assumes that the
fepulsive energy, the total available'energy for products, is
oriented entirely along the dissociative C-C boﬁd as an
impulse. In this case, the available enefgy, E,.1, is released
as the kinetic energies of repulsive carbon,atoms; Since
recoiling caibon atoms have the same mass, half of the
avalilable energy is released into each fragﬁent. From the
conservation of linear momentum, the translational energy of
CO fragment is given by

mé 1 '
=M 1 0
E.(CO) o phen | (50)

where m; is the mass of atom X. The torque generated by the
impulse gives the angular momentum for CO fragment, and the

rotational energy of CO fragment is given by



Bt (CO) = %’ Sin’d = Ea R
where 0 1is the angle of C-C-0O.-

The impﬁlsiveAmodel is physiéally not very feasonable
because it predicts the partitioning of the available energy
into vibrational degrees of freedom oflfragments even when
the available energy is not enough'to excite the‘vibration of
frégments. The modified impulsive model is a more reasonable -
one to use. In the modified impulsive model, vibration of
- fragment is treéted. adiabatically (i.e. infinitely stiff
bonds for the fragments) and the-.enefgyf which goes into
vibration in the impulsive model partitions between fragment
rotation and translation. The available energy for rotation
and:translation of fragmehts fOr each.vibratioﬁal level, E..’,

- 1s given by
R
Eavi = Eyy; ~Eyip (Ve 1 Vo) + ' (52)

where vgy, and v, are vibrational quantum'numbers for CH, and
CO fragments, respectively.u The rotational energy for CO

fragment is given by

m, sin?%§ 1
Bror (CO) = — — — SEai - (53).
(m+my) (1 - ° __cos?8) '

2 (mg+my)

The modified impulsive model calculation using ab initio

Q.

transition state structure (Cg ', CISD) predicts that 22.6

oY
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of the available energy goes into the rotational energy of co
fragment when it is assumed that 10 % of 3CH, fragment is
vibrationally excitedvat the photolysis energieé near the

reaction threshold of CH,CO dissociation.®” This agrées very

18

(%

well with the experimental data of 22.4
The impulsive model predicts only the average rotational
energy, and the corresponding angular momentum of CO fragmént

is determined by

A , 1 '
I = [Bcvo+4Erot(CO)]'i_l ) (54) -
where B, 1s the rotational constant of Coffragment. The

'width of rqtational distribution originates primarily from
the zero-point vibrational motion of ketene at the transition
state.!’®*® The effect of the overall rotation of the parent
molecule is negligible, since only low J’s of the reactant is
significanlty populated in the supersonic beam.'®* ‘The
detailed model for the caldulaﬁion of the width of the co
_.rotatiohal distribution from the zero-point vibrational
'.motionsAhas been described in Refs. 18, 48, aﬁd 49. Briefly,
the Cartesian coordinates of linear momentum of five atoms of
ketene at transition state are calculated at classical
turning pdints for-each ndrmal mode, and the corresponding CO
fragment ahgular‘ momentum is classically calculated at a
fixed equilibrium geometry of ketene at transition state.
The calculated CO angular momenta transferred from sik in-

plane normal modes are perpendicular to the molecular plane,

-
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and convoluted in the manner appropriate for a Gaussian
function to give the classically allowed CO angular moméntum
uncertainty along‘the ¢ axis, AJ,. The zero-point motions of
two out-of-plane normal modes give the uncertainty of CO
angular momentum along the C-C bond, AJ;. The most probable
J of CC fragment calculated from the'impuisive model, Ji,,, 1s
perpendicular to the molecular plané. The Gaussian-shaped CO
rotational distribution is calculated by the convolutibn of
the distribution of the angular moméntum perpendicular to the
molecular plane, Pohﬂ), and that along the C-C bond, P,(Jy),

as follows:

zf” exD [~ (J,~Tup) */ (87,) % - P/ (agp?1dp | (55)

P(J) =
() nad ad;

o]

whefe J is the magnitude of total angular momentum, J, =
Jcos¢p, and J; = Jsing. The integral‘over ¢ is numericaily
evaluated and con&erted to the guantum state distribution by
binning into the nearest rotational gquantum number.

The zero-point motion from the C-C-0 bending mode gives
the largest contribution to the width_for the CO rotational
distribution (AJ, = 5).' The scaled ab initio freguency for
C-C-0 .bend is 252 cm!, and a noticeable change of CO
rotational distribution is expected to occur when the first
gquantum of C-C-0 bending mode of ketene at the transition

state 1s energetically accessible.. In the harmonic
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oscillatof'approxiﬁation,‘the momentum distribution for the
first éuantum of C-C-0 bend is a bimodal Gaussian'function.
The CO angular momentum transferred from the first quantuﬁ of
c-C-0 bénd would .refleét vthe bimodal linear momentum -
distribution.‘ The distribution of -'CO angular momentﬁm
transferred from C-C-0 bending motion at (v=1) C-C-O Dbend,
Pl(JL), is determined by the bimodai Gaussian-shaped linear °
momentum distributioh, and given by

(J,)2
[-—
Vi (ad,,)? P (ad,,)?

P (J) = —2— J%ex 1. (56)

where AJ, ; is the CO angular momentum uncertainty along the
¢ axis calculated from the classically allowed maximum linear
momenta_of atoms atl(v=l) C-C—O bending mode. Now; the
diStributibn of »angular momentum perpehdicular to  the
molecular blane only from the C-C-0 bending motion, élhx), is
convoluted with -that from the other in-plane zero-point
Vibra;ional motions. This gives: the diSﬁribution of thé CO
‘anguiar,moﬁéntum pefpendicular tovthe‘moleéular plane from
(v=1) C<C-0 bend state, P’(J)).  The -CO rotational
distribution from (v=1) .C—C—O bend 'is calculated by the
coﬁvolution of. P’(J;—ng) with Pohﬁn. The effect from
vibrationally excited H-C-C-0 torsional mode is also included
by the same wayvasiébové. But this tiﬁe, the vibrational
motion of the torsional mode contribute to thé distribution

of angulaf momentum which is along the C-C bond, J;.

The CO rotational distribution at an available energy’
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can be calculated by summing the distributions from each
vibrational state-of ketene at transition state multiplied by
the corrésponding statistical weight of each vibrational
state. - The vibrational.frequencies for hindered interhal
rotation listed in Table III are used to determine the
populétion of each vibrational state. .The yields of the CO
fragment in (v=0,J=2) state, P(E,v=0,J=2), and in (v=0,J=12)
state} P(E,v=0,J=12), are calculated as a function of the
availéble enerqgy.

In Figure 14 (a), the PHOFEX curve probing the Q(2)
transition of CO taken at a 50 ns reaction time is divided by
the PHOFEX curve probing the Q(12) transition bf CO.taken at
SO‘ns of the reaction time. from Eg. (2), the o(E)*[l-exp(-
kK (E)*At)] terms for these PHOFEX curves are‘canceledrouﬁ, and
the ratio of these PHOFEX curves gives the ratio of the yield
of the CO fragment in (v=0,J=2) state to that in (v=0,J0=12)
state. The calculated P(E,v=0,J=2)/P(E,v=0,J=12) is shown in
Figure 14 (b). The overail shape of the ratio ;s a function
of the energy is weil explained by the calculation; and the
sharp peaks at argund 28,500 and 28,600 cm* in the curve in
Figure 14 (a) are well reproduced by the calculation, Figure
144(b), when the vibrational freguency of é—C—O bend is 250
+ 10 cm!. This agrees very well with the scaled ab initio
values of 252 cmd; For CD,CO, the vibrational frequencies for
torsional mode of the molecule at transition state is about

20 % lowered by the isotopic shift, and the effect of C-C-0O
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bending mode on the CO rotational distributionv is less
pronounced than that for CH,CO as shown in. Figure 9 (c¢).
Since much more vibrational states of the transition state
are involved in ;he-small rénge of tHe.photolysis energy
compared to CH,CO, the quantitativé calculation for the
‘ CO(v=0,J=2) PHOFEX curve from the dissociation of CDJXD is
complicated and has not been tried at the preseht timé. The
distinct Stepsvobserved in the Q(2) PHOFEX in Figure 9 (c)
are alsovlikely to be associated with the C-C-0 behding modes
by the same reason as above, and the energies associated with
these steps could be very helpful for the assignment of the

C-C-0 bending mode.
~G. The RRRM Calculations

The RRKM calculations are carried out using Egs. (13)-
(16). | The angular momentum distribution of the excited
reactant states from parallel (A-type) or'perpendicular.(B-
;C—types) transitidns are identical within one unit of the
.angular ‘momentum; the linestrengths of tﬁe perpendicular
‘transition are used for the RRKM fits presentéd here. The
rate constants are calculated for each angular momentum (J'),
~and averaged over the distribution of J’ in the reactant
states. The seléction rules of N for the intersystem

crossing (AN =vO} +1) are applied, and the distribution of

rotational angular momentum (N) at the transition state is
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thus extended one more unit. The rate conétants for each'
nuclear spin state are calculated séparately and averaged
with the proper nuclear spin statistical weights.

For the energy levels of the H(D)—C—C—O torsional modes
of transition states, the hindered internal rotor energy
levels 'are calculated by the method described in section D
with varying V, and V,. The rotatioﬁal energies corresponding
td (N,K) states of ketene at transition states are added to
the calculated hindered rotational energies at eaéh K state.
Since the nuclear spin gquantum number is conserved, the
enefgy levels of (m,X) states with ortho or para states are
used for the rate constants for ortho or para states of the
reactant, respedtively. The vibrational frequencies for C-C-.
O bend (v,'), CH(D), wag (Vv,'), and CH(D), rock (vi') of
transition states are important factors in the RRKM fits to
the experimental results, and these are varied from the
scaled ab initio values to fit the experimental fesults. The
vibrational frequency for C-C-0O bend of CH,CO at transition
staté is found to be around = 250 cm! from the analysis of
the Q(2) PHOFEX spectrum in sectiocn F, and varied within + 10
cm* for the RRKM calculations. .The density of vibrational
states of the reactant, P(E), 1is wvaried to fit the
experimental results by multiplying p,(E) by the scale
factor,f, where p(E) = £ * pw(E).

The most distinct steps observed in k(E) forvboth CH,CO

and CD,CO dissociations are associated with the torsional"
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modes of the molecules at transition state which have been
treated . as hindered intérnal, rotation approximation in
section D. The hindered internal rotatioh is strongly
éoupled to the K guantum number of the molecule at the
transition state. ~ Each K state coupled to each hindered
rotor enérgy level of”transition state has its own threshold
energy'for.the_dissociation. Therefore, the most ;ensitive
factor in carrying out the RRKM calculation is the population
of the accessible K states ofathe molecule at transition
state. . The - selection ruies for K guantum number, -as
discussed earlier,'depénd on the mechanism of the intergystem
crossing, and the extent of K—mixing in highly vibrationally
excited states. Since thése are uncertain at the present
time, the categorization into three cases for K states of
ketene at transition state would be very meaningful.

The RRKM calculations can be carried out for the
following three cases:
(A) K is totally mixed in the highly vibrationally excited
states of the reactant, and the'population of K states are
determined by‘the“poﬁulation of the J’ étates. |
(B) K is nearly conserved in the highly vibrationally excited
states of the reactant and K=0-4 are accessible at
tfansition state due to the second-order intersystem spin-
orbit coupling (vide supra) . |
(C) K 1is conserved throughout the internal conversion,

intersystem crossing, and the dissociation, and dnly K=0-2
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' are accessible at transition state.

Since thevground state ketene‘molecule is supersonically
cooled to the rotational temperature of 3-5 K, only low J’
states’are significantly populated in the reectant statesi
Therefore, eVen in the ease of (&), the case of the complete
K-mixing, only K=0-4 states are signifieantly populated, and,
the RRKM.calculations for the cases of (A) and (B) give the
nearly séme reéults. Thus RRKM calculations are carried out

for the cases of (A) and (C).

The Spin—ofbit coupling of ketene at tfansition state is
not expected to be larger than the.rotational energy, and
Hund’s case (b) is applied invdetermining'the symmetries of
rovibrational states of ketene at transition state. Thus the
electron spin multiplicity of 3 is'muitiplied by the number
of the vibrational states of the transition state. 1In the
case (C), the relative linestrengths for.the parallel and
perpendicular transitions could be important in determining
the relative populations of K states_due to the different
selection rules of K'fof‘two tfansitionsL as discussed in
vsection C. But in the case (C), since K is restricted to K=
0—2; the threshold energies for different K states at a
vibrational state of transition state are within a narrow
energy range of = 12 cm?, and it was found that the RRKM fits
are insensitive to the type of ehe optieal transitions. The
RRKM fits assuming the same linestrengths for two transitions

are presented.
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In order to reproduce the shérp steps observed in k(E)
by the RRKM calculations, -the number of vibfationalrstates of
the transition state, N'(E), is calculated Awithout one-
dimensional tunneling except for the first step iﬁ k(E) for
the'CHJXD dissociation, which is associated with zero-point
energy level of transition state. That is, instead of P(X)
-in Eqg.(13), the normal step function, h(x),.is ﬁsed. The
step'funCtion.is*defined as follows.

hix) =0, x<0
1,_x>0

(1) The case of K-mixed
(1)-(1) The RRKM fits to k(E) of the CH,CO dissociation

The RRKM rate constants for the CH;K)'dissociétibn are
caltulated'for the case (A), using the parametérs listéd in
Table VI, and compared with the experiment in Figure 15 (a).
The step function, Eg. (57), is used.for the RRKM fit as the
.transmission probability to give the solid line iﬁ Figure 15
ka). - The experimeﬂtal rate constants and the RRlirate
constants are overall in a godd agreement. _The positions and
amplitudes of the observed steps.in k(E) are quantitatively
Very well reprsduced by the RRKM calculation in the 28,350 -

28,500 cm™* range of the photolysis energy.
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Fof convenience, the first'four distinct steps 1n the
measured rate constants are marked with arrows and assigned
to steps (I);, (II), (ITI), and (IV) in Figure 15 (a).
According to the'RRKM calculation fer the case of K-mixed,
beach step can be assigned to:
(1) - the zero—point energy level of the transition state,
(IT) - the first excited hindered rotor states with K=0 for
a nuclear spin state, _
(ITI) - K=3 state at the (II) vibrational state,
(IV) - the second excited hindered rotor states with K=0.

For the step (I), the RRKM fit using'the step functien
does not reproduce the experiment in terms of the slope of
the step. The RRKM fit with one-dimensional tunneling
correction ueing~Eqs. (19)-(22) with the imaginary frequeﬁcy
of 100 i cm? is shown‘és the broken line, and still does not
explain the experimental results in the reaction threshold
fegion.A'For the‘best fit to the experiment, the density of
states'of the reactant needs to be. 1.2 times higher than that
used in the RRKM fit shown as the solid line in Figure 15
(a). - This is inconsistent With the good agreement between
the RRKM fit and the experiment.at higher photolysis energies
above the reaction threshold. Therefore, this could be the
negative evidence against this ' model. But since_ the
uncertainties of the measured rate constants in the reaction
threshold region are relatively large, this 1is not

conclusive.
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For the steps (II) and (IV), the RRKM fit using the step
function as the‘transmiésion,probability gives the excellent
agreement in terms of both the positions‘and amplitudes of
steps 1n k(E).>‘ The RRKM calculations considering the
tunneling through the barrier with a imaginary frequency
higher than 30-40 1 cm! do not predict the observed sharp
steps. In Figure 15 (b), the RRKM fit including the
punneling through the barrier with the imaginary frequency of
40 1 cm? is shown with the expériment.' The sharp slope of
the steps in measured k(E) could not be reproduced. |
The step (III) which might be associated with the K=3
staté is not perfectly matched with the RRKM fit in terms of
the amplitude of the step. The RRKM fit predicts a small
amplitude in k(E) at K=3, while the experiment shows a rather
sharp step at the same pbsition of the energy. The relative
amplitudes of the steps associated with K rdtational states
are related to the relative populations of Kvstates of the
reactant. The relative distfibution of K quantum numbers in -
the reactant results from UV excitation, internal convgrsion,
K-mixing, and the more complicéted intersystem crossing.
Even though the population of K states in S; staté can be
calculated for each type of the traﬁsition, there are still
many uncertain factors to be considered such as the relative
magnitude of the spin-orbit coupling matrix element for
‘different (J,K) states and the extent of K-mixing in highly

vibrationally excited reactant states. The measurement of
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the angular momentum resolved rate constants would be
extremely useful for the explanation of the fine structures

of observed rate constants.
- (1)-(2) The RRKM fits to k(E) of the CD,CO dissociation

The RRKM calculation for k(E) of the CE&CO‘dissoéiation
. 1s carried out fdr case (A), the case of complete K-mixing,
in Figure 16. The step function is used for the transmission
probability. The paraméters used in the RRKM fit are listed
in Table VI.- The'same values for V, and V, as used for CH,CO
rate constants are used for CD,CO. The RRKM calculations with
the tunﬁeling turned out to givé the same conclusion as
described above for the CH,CO dissociation, and this is not
shown.

The first two steps above the reaction threshold,,the
steps (II) and (III) in Figure 16, are associated with the’
first and second excited hindered rotor energy levels of the
transition state, and the RRKM fit is in good agreement in
terms of both the amplitudes and positions. vBut for the step
(III), the RRKM fit is about 5-10 cm! blué shifted compared
to the experiment, and there are some déviations for the rate
" constants at photolysis energies higher than 28,550'cm*f
These deviations could(reSult from vibrational anharmonicity
and/or strbhg coupling of rovibrational states at ‘the

transition state.
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The most striking featufe in k(E) for the CD,CO
.dissociation is the resonance-like structure observed in the
step (II} in 'Figure 16. The RRKM calculation ‘does not
predict the sharp peak in rate constants. The similar type
of the structure in k(E) is also observed for the CH,CO
dissociation, Figure 15 (a), though it is less pronounced
than that for CD,CO. Thése resonance-like features in rate
constants could result from the existence of energy minimum
for the transitibn state on the potential energy surface
along'the reaction coordinate.!® The reaction coordinate-
might not be completely decoupled from the othef vibrational
motions of thefmolecule at the transition state, and one may
need to ¢onsider'the complicated multi-dimensional potential
energy surface in the viciniﬁy of the transition state and

~the dynamics . of recrossing.
(ii) The case of K-conserved
(ii)-(1) The RRKM fits to k(E) of the CH,CO dissociation

The RRKM rate conStantsl for CH,CO dissociation are
calculated for case (C), using the parameters listed in Table
VII, and compared with the experiment in Figure 17.  The step
function, Eq. (57), is again used. for the RRKM fit as the

~ transmission probability to give the solid line in Figure 17.

This fit also gives' overall good agreement with the
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experiment. For the case of K-conserved, case (C), only the
states with K=0-2 are accessible in the transition state, and
the RRKM calculations generate much sharper steps than those
for the case of K-mixed. Therefore, the RRKM parameters for
the case (C) need to be significantly changed from those used
for the casé (A). The parameters for the hindered internal
rotation, V, and V,, "are changed to 240 and 20 cm’?,
respectively. Thé energy levels of the hindered rotor states
are calculated in the same way as‘described in section D, and
the energy levels are listed in Table VIII. The vibrational
freguencies fof the C-C-0 bend and CHzmmg.are changed withiﬁ
+ 20 _cm‘1 from the values used in the RRKM fit for the case
(A) . And also the density of reactant states, p(E), 1is
changed. The best fit is obtained when f = 1.67 +* 0.17, and
this 1is about 1.2 times\higher than that obtained from the
RRKM fit for the case (A).

The RRKM fit shown as the éoiid line in Figure 17 1is
overall»in good agreement with experiment. The positions and
.amplitudes of tﬁe first two‘steps in k(E) are:quantitatively
very well reproduced by the RRKM calculation. The first four
distinct steps in the measured rate constaﬁts are marked with
arrows and assigned.to steps (I), (II), (III), and (IV) in
Figure 17. According to the RRKM calculation for the case of
K-conserved, each step can be assigned to:

(I) - the zero—pbint energy level of the transition state,

(II) - the first excited hindered rotor states,
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(III) - the split second or third excited hindered rotor
states, -
(IV) - the third or fourth excited hindered rotor states.

For the step (I), as in the case (A), the RRKM fit using
the step fuhction does not reproduce the expérimeht in terms
of the slope'of the step. But differently from the case (A),
the RRKM fit for the case (C) with one-dimensional tunneling
cbrrection using Egs. (19)-(22) with the imaginary frequency
of 100 i cm! gives the excellent agreemént with the
experiment in the reactién threshold, as shown in Fig 17 (the
dashed line). This could be positive evidence for the case
(C),-which'assumes-that K 1is strictly conserved throughdut
the dissociation. |

" For the steps (II), the RRKM fit usiﬁg the step function
as the transmissibn probability gives excellent agreement in
terms of both the positions and amplitudes of stéps in k(E).
The RRKM calculations considering the tunneling through the
~barrier with a imaginary freqﬁenéy higher than 40 i cm! do
not predict the observed sharp steps, as demonstrated before
in Figure 15 (b).

The step (III) which could be'associatéd with split
hindered rotor states is not matched with the RRKM fit in
terms ofvthe amplitudes and positions of the steps. The RRKM
fit reproduces the step in measured k(E) observed at aroundi
28,340 cm! of the photolysis energy, but it predicts

additional steps in k{(E) at the region of the_energy between
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the steps (III) and (IV). And also the step (IV) observed in
measured k(E) is not réproduced by the RRKM fit. This is not
explainable with the current simple treatment of the

vibrational modes of the molecule at transition state.

(ii)-(2) The RRKM fits to k(E) of the CD,CO dissociation

The RRKM calculation for k(E) of the CD,CO dissociation
is.carried out for case (C), the case of K-conserved, 1in
Figure 18. The step function is used for the transmission
probability. The pérameters used in the RRKM fit are listed
in Table VII. Assuming that the bare barrier heights for the
internal rotation, the barriers with respecﬁ to. the zero-
point energies of the other seven vibrational ffequencies,
are same for the CH,CO and CD,CO transition states, the
parémeters of Vv, = 230 cm?! and V, = 20 cm! are used for the
calculation of hindered rotor energy levels of CD,CO
transition state (Table VIII). The parameters used in the
RRKM fit are listed in Table VII. The RRKM calculations with
the tunneling turned out to give the same conclusion as
described above for CH,CO dissociation, and this is not shown.

The first two steps above the reaction threshold, steps

(II) and (III) in Figure 18, are associated with the first
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and second excited hindered rotor energy levels of the
transition s.tate, and the RRKM ‘.'fit is in excellent agreement
in terms of both the amplitudes and positions. Actually,, in
“the entire,r‘ange of dphoto’lysis energies where the rate
consvtants of CD2CO disSociation are measnred, the RRKM fit

reproduces the experiment beautifully.-

(iii) Density of reactant states, p(E)

Since clear steps'associated with v‘ibratidna_l states of
the ketene molecule at its. transition state are observed, it
is now possible to measure the density of vibrational states
of the reactant directly. The RRKM fits to k(E) of the CH,CO
and CD,CO dissociations for the case (A) or- (C) give tne scale
factors of f =vl.40 or 1.67 for CH2COVand 1.88 or 2.14 for
CD,CO, 'respective:ly, where p(E) = f * pr(E), as listed in
Tables VIV and VII. The WR approximation gives the = 3.5
times higher density of reactant ’state_s for CD,CO than that
for CHECO‘. This combines with the ratio of‘v f numbers
(1.88/1.401) [= (2.14/1.67)] to give the actual ratio of
den_s‘ity df states of CD,CO to that of CH,CO in the exci‘ted
reactants, [p(E;CD,CO) / P(E;CH,CO)] = 4.7 + 0.8. The WR
approximatidn is found out to be very useful in predicting
the relative density of states .fer the reactants. At the

photolysis energy of 28,500 cm!, the actual densities of
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vibrational states of reactant are found to be = 1.9 (2.3) x
10% (/cm*) and = 9.0 (10) x 10° (/cm') for CH,CO and CD,CO,
respectively, where the values in parentheses are those from

the RRKM fits for the case of K-conserved (vide supra).
(iv) The transition state vibrational frequencies

The ab initio calculations for the geometry and
vibratienal frequencies of ketene at its transition state by
Allen and Schaefer were extremely useful in the
interpretation of experinental results in this work. The
impnlsive model calcnlation based on the geometry of the ab
'initio transition state‘structure predicts the CO product
rotational distribution quantitatively. The scaled ab initio
value for the C—C—O bend of C&gCO transtion state, 252 cm’,
is in excellent agreement with the experimentally estimated
_vaine of 250 cm!. For the RRKM fits to the experiment, the -
scaled ab initio vibrational frequencies for some modes had
to be about 80 = 10 % red-shifted (See Table VI). Thus the
actual transition state is somewhat looser than prédicted by
the ab initio calculations. The barrier of the\internal
rotation of ketene at transition state is found to be around.
0.94 + 0.10 kcal/mol or 0.66 + 0.10 kcal/mol, which is 80 -
60 % of the ab initio values of 1.10 (CIDVD calculation) or

1.25 (CISD'calculation) kcal/mol.
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V. SUMMARY and CONCLUSION

Stéplike structures are obserVéd in the unimolecular
reaction rate constants of ketene on the triplet surface.
The sharp steps observed in the reaction threshold provide
accurate values of 1281 * 15 cm! and 1071 + 40 cm® for the
reaction bérriers felative_the prdducts for the CHQCO and
- CD,CO dissociations, respectively. The measured rate
constants are quantitatively well reproduced by the RRKM
calculations. The distinct steps observed in thekfirst 200
cm! region above the reactibn threshold are associated with
the hihdered internal rotor enefgy levels. The bérrier of
thevinternal.rotation is-found to be 0;94 £ 0.10 or
0.66 = 0.10 kéal/mol for both the CH,CO and CD,CO tfansition
states depending on the model used for the RRKM calculations.
The scaled ab initio vibrationél frequencies had to be 80 =
10 ¢ red-shifted to fit the experiment. |

The CO product rotational distributionvis dynamically
controlled by the Shape of the exit valley of the potential
“energy surface and vibrational StruCture of the molecule at
its transition state. The relative probability of low J’'s of
CO product is most sensitive the C-C-O bending motions of the
molecule at transition state and the Vibrational frequéncy of
C-C-0O bend has been extracted from the CO (v=0,J=2) PHOFEX
curvé. | | |

.The RRKM calculations are sensitive to the dynamics of
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K—mi#ing involved in the photodissociation.z The RRKM
calculations are carried out forﬁtwo limiting éases, where K
is'compleﬁely mixed or K is strictly conserved. Most of the
stepiike structures in k(E) are'quite weil reproduced with
ﬁhe RRKM fits. But the RRKM fits for neither cases afe
, perfectly métched with the fine structures observed in
vmeasured k (E) for both tﬁe(ﬂgco and(ﬂ%CO dissbciations. The
steplike structures 1in k(E)} at énérgies abovefthé reaction
threshbld are beét reproduced by the RRKM fits when a step
funétion is used for the transmission probability of each
quantized channel. For the reaction threshold regionbfor the
CH,CO . dissociation,,'the_ RRKM fit ﬁsing one-dimensional
tunneling with an imaginary frequency of (100 = 40) i cm
gives a good agreément with the experiment. The experiment
suggests that the reaction thresholds might have resonénce—
like features in iate constants. The detailed theoretical
approach for deaiing with the possible coupling of bound
vibrational motions of the molecule at the transition state
to the reaction coordinate would be desirable. -

The density of vibrationél states of the excited
réactant is directly calculated from the RRKM fits to
measured rate constants. The Whitten-Rabinovitch
approximation gives a good estimation for the ratiorof the
densities of CH,CO and CD,CO reactant states. The absolute
valﬁe for the density of-states are found to be 1.4 - 1.7 or

1.8 - 2.1 times higher than predicted by the WR approximation
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in the 28,200 - 28,700 cm? range of the energy for CH,CO or
CD,CO, respectively.

In this work, RRKM theory has been tested for the first
time with quantum-mechanically resolved experiment and the
" RRKM theory was found to be excellent in predicting th? rate
‘qonstants of the unimolecuiar reaction of ketene. Both the
numbef of the vibratioral states of the transition state and
the density of states of the reactant are well defined in the
steplike structured rate constants. But the detailed fine
structures in k(E) couldlnot_be explained by the conveﬁtional
RRKM theory.  The dynamics of K—mixing in highly
vibrationally V excited reactant \ states’ still remains
1 uncertain. For a better understanding of the reaction
@Ynamics associated with quantized reaction thresholds of the
transition state, detailed calculations for the potential
energy surface in the vicinity of the tradsition state will
be necessary. Experimentally, the measurement of the angular
momentum resolvéd'rate constants, k(E,J), woﬁld be especially
helpful in understanding the dynamics of K-mixing in.the_

highly vibrationally excited state of the reactant.
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Table I. The scaled ab initio vibrational frequencies for the

C:'! transition states of CH,CO and CD,CO."

CH,CO0? CD,COP
v;(a’) asym C-H(D) stretch 13178 | 2380
: . _ (2573)
V,(a’) sym C-H(D) stretch| 2997 2150
| S | | (2314)
vy(a’) C-0 stretch 2029 2029
: ' (2153)
v,(a’) CH(D), scissor 1183 874
_ v o . - (930)
~ vi(a’) CH(D), rock _ 472 .. 383
(406)
ve¢(a’) C-C stretch - 5231 5141
‘ ‘ - . - (5501)
v,(a’) C-C-O bend | 252 224
: _ ' - (232)
Vg{(a") CH(D), wag B 366 276
’ : _ ’ (283)
Ve (a") H(D)-C-C-0 torsion 154 126
. ' ' (127)

a. Taken from Ref. 23.

b. Frequencies in»parentheséé are unscaied vibrational
frequencies calculated by normal-mode analysis using abf
initio force conétants of CH,CO. The same scale factors.
as used for CH,CO are‘multiplied to give the va;ues.without

parentheses.
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Table II. Molecular parameters used in the calculation of
hindered internal rotation energy levels of the

_transition state.

Parametersa' CH,CO - CD,CO
I, 6.74 ~8.59
Ts ©62.9 71.0
I. ' 69.6 ' 79.6
A 0.95 . 0.95
A 0.31 0.31
F 12.1 7.56
Teop . 1.88 3.76

A © 3.35 3.26
B*/ ' - 0.268 0.237
¢ | 0.242 0.212

a. The units are amu*A’ for I, (x=a,b,c,top) and cm? for F,
A*’, B'’,and C'. The ab initio (DZP CISD level calculation)
¢! transition state structure is used for both CH,CO and

CD,CO.
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Table III. The enérgyvlevels and nuclear spin statistical
weights of hindered ‘internal rotor states coupled

to different K quantum numbers for the CH,CO

- transition state.®

m K=0 K=1 K=2 K=3 K=4

0 0 ( 0) 0 0 ) 0
-1 (0) 0 (0 ) 0 ( 0)
+1 | (105) 105 (105) 105 (105)
2 106 (106) 105 (105) | 106
+2 196 (197) 200 (197) 196
-3 (206) 204 (200) 205 (206)
3 (263) 267 (276) 265 (263)
-4 305 (292) 280 (296) 304
+4 325 (341) 360 (336) 327 -
-5 (415) 387 (366) 393 (410)
45 (418) 448 (474) 441 (434)
-6 546 (509) 482 (517) 538
+6 546 | (584) 616 (576) 554

~a. The'énergy levels are in cm! and calculated when V, = 330
cm? and V;, = -20 cm! in Egs. (46)-(47). The energy values
in parentheses are ortho states (I=1) and those without
' parentheses are para states (I=0). The rotational energy
term values for'(J,K) states are not included. The listed

energy values in each column are those with respect to the

- corresponding zero-point energy levels.
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Table IV. The energy levels and nuclear spin statistical
weights of hindered internal rotor states coupled
to different K guantum numbers for the CD,CO

transition state.®

m | K=0 K=1 | R=2 " K=3 K=4

0 ( 0 ) 0 ( 0 ) 0 ( 0 )
-1 0 (0 ) 0 (0 ) 0
+1 84 ( 84 )| 84 ( 84 )| . 84
-2 | ( 85 ) 85 ( 84 ) 85 ( 85)
+2 [ ( 164 ) 164 (164 ) 164 ( 164 )
-3 165 ( 164 ) 165 | ( 165 ) | 165
+3 231 ((234-) [ 231 | ( 232) 233
-4 ( 240 ) 237 ( 239 ) 239 | ( 238 )
+4 ( 281 ) 290 (282 ) 284 ( 287 )
-5 315 ( 297 ) 310 ( 306 ) 301
+5 329 ( 352 ) 335 (340 ) 346
-6 (397 )| 364 (384 )| 1378 ( 370 )
6 | (399) | 435 ( 413 )| 420 (428 )

a. The energy le&els are in cm! and calculated when V, = 330
cm? and Vv, = —20(~cm‘l in Egs. (46)-(47). The energy values
in parentheses are ortho states (I=2,0) and those without
parentheses are para states (I=1). The rotational4energy
term values for (J,K) states afe not included. The listed

energy values in each column are those with respect to the

corresponding zero-point energy levels.
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Table V. The zero-point vibrational energies of ketene and

‘methylene in the ground‘states.a

3CH(D), fragment?®

_ CH,CO CD,CO
So(*A)P 6712 5556
TSC 5316 4221
3495 2609

a. The unit is cm™t.

frequenéies (See Table I.)

"Calculated from the values in Ref.

Calculated from the values in Ref. 45.

Calculated from the scaled ab initio vibrational
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Table VI. The parameters used in the RRKM calculation for
the fits to experimental results

-(the case of K-mixed).

CH,CO . CD,CO
Toor 4 K 4 K
E., : 28,250 cm? 28,305 cm™t
v, 100 1 cm? -—-
£° 1.40 1.88
v, 330 cm! 330 cm
\'A -20 cm!? ~20 cmt
vs' (CH(D), rock) v 472 ct © 340 cm?
v,* (C-C-0 bend) 240 cmt 190 cm
vt (CH(D), wag)- 326 cm! 200 cm!

a. The imaginary fregquency (v;) is used only for the fit to
the first step in k(E) for CH,CO dissociation.

b. p(E) = pwr(E) * £ ; p(E) is used for thevRRKM fits. The
Pwr (E) 1s the ‘density of vibrational states ofvreactantv

( -

calculated froanhitten—RabinQvitch approximation; pPu(E)
= 1.36 x iO4 (/cm™) for CH,CO (Sg) and 4.78 x 10* (/cm!)
for CD,CO (S,) at E = 28,500 cm. |

c. The scaled ab initio vibrational frequency for vy is
listed. This is not important in RRKM calculation for

measured rate constants in the 28,250 - 28,650 cm! region

of the photolysis energy.
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Table VII. The parameters used in the RRKM calculation for

the fits to experimental results

(the case of K-conserved)d

a.

CH,CO CD,CO
T, 4K 4 K
E., | 28,250 cm® 28,315 cm?
ve o 100 i cm’! —-- |
£ | 1.67 2.14
v, o 240 cmt 230 cm’
v, - 20 cmt 20 cm’?
v (CH_(D)2 rock) 472 et 340 cmt
Vv, . (C-C-0 bend) 250 cm 180 cm™?
Vgt (CH(D), wag) 306 cmt 230 cm!

The imaginary frequency (Vv;) is used‘dnlyffor the fit to

the first step in k(E)'for<ngO dissociation.

P(E) = pw(E) * £ ; p(E) is used for the RRKM fits. The

- pwr (E) 1s the density of vibrational states of reactant

calculated from Whitten-Rabinovitch approximation; pu(E)

= 1.36 x 10° (/cm!) for CH,CO (S,) and 4.78 x 10° (/cm')

for CD,CO (S;) at E =-28,500 cm™*.

The scaled ab initio vibrational frequency for v, is

listed} ~This is not important in RRKM calculation for

measured rate constants in the 28,250 - 28,650 cm! region

-of the photolysis energy.
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Table VIII. The energy levels and nuclear spin statistical
| weights of hindered internal rotor states coupled
to different K gquantum numbers for the CH,CO and

CD,CO transition states.?

CH,CO CD,CO

m K=0 K=1 K=2 K=0 K=1 K=2

0 0 ( 0) 0 | (0) 0 ( 0)
-1 (0) 0 ( 0) 0 (0) 0
+1 (199) | 100 (101) 82 ( 82) 82
2 | 103 (103) | 101 | ( 83) 82 ( 83)
+2 164 (167) 172 | (145) 147 (145)
-3 (189) 182 (174) | 151 (148) 150
+3 (209) 219 (233) | 183 (190) 185 -
-4 276 (254) 238 | (212) 196 (206)
+4 278 (302) 323 | (220) 240 (226)
-5 (383) 352 (329) | 278 | (250) 266
+5 (383) 415 (441) | 278 (309) 291
-6 514 (477) 449 | (358) 323 (344)
+6 514 (553) 585 | (358) 396 (374)

a. The energy levels are in cm' and calculated when (V, = 240,
V, = 20 cm!) for CH,CO; (Vo = 230, V, = 20 cm’!) for CD,CO.
The energy values in parentheses are ortho states and
those without parentheses are para states. The rotational

. energy term values for (J,K) states are not included. The

listed energy values in each column are those with respect

to the corresponding zero-point energy levels.



139

. Figure 1.. The three lIOWest p‘otentia'l energy surfaces -of
ketene along the reaction coordinaﬁe. Thé ketene molecule is
-excited by a UV laser pulse to the first excii:ed singlet
state (S;), undergoes the internal éonversién to. S, or:
intersystem crossing to T;, and dissoéiates intov ICH, ‘+ Cco

(Singlet Channél) or *CH, + CO (Triplet Channel) fragments..
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Figure 2. Cross section oflthe vuv LIF detection geometry, in
the molecular beam chambef. The cultufed quartz (C.Q.)
window - 1s used riﬁ front of the VUV ?MT to reauce the
scattered light. der,the rate constant measurements for the
siow reactions, the ekpanded pump laser 1is overlapped with
the VUV probe laser in the downstream of the molecular: jet.
.Tﬁg distances ofIPMT énd the orifice of the nozzle from the
interaction region'are about 5 cﬁ and 3 cm, respectively.

The diameters of UV pump and VUV probe lasers are about 1 cm

and 4 mm, respectively.
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Figure 3.~vThe CcO pfdduct rotational distributioné from the:
d&ssociationS' of ketené. The solid lines are the fits
calculated by the same method descr%bed in Ref. 18: (a) from
~the C}bco‘disséciationvat 2é}450 cmt, 1us; (b) frém the CD,CO

‘dissociation at 28,410 cm*,vlus.'
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- Figure 4. The CO product rise  cufves from the CD,CO
dissociation at 28,906 cm' (k = 3 x 107 s7'). (a) the CO rise
curve for the Q(6) tfahsition; (b) the CO rise curve for the
Q(12) transition; (c) the ratio of the CO rise curves for the
Q(6f transition to that for the Q(lZ)_transition. The VUV
LIF'inﬁensity of the Q(6) transition ig about S.Cimes léss
than that of the Q(12) transition. iThe delay time where the

rotational relaxation starts is marked as an arrow in. {(c).
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Figure 5. The CO product rise curves for the Q(12) transition
of CO prqducts from CH,CO and CD,CO dissociations. The single
exponential fits are. shown as solid lines. (a) \CHZCO at
28,423 cm?, k = 1.1 x 107 s7*; (b) CD,CO at 28,500 cm!, k = 3.6

X 106_ s™t.
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Figure ‘6. The rate constants for CHZCO-_dissociétion as a
function of the photolysis energy.  The. .error bars on
selectedvdata pdints represent "two times of the Standard
deviation calculated from three differéntly measured rate

constants at each photolysis energy .
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|

Figure 7. The rate constants of the CD,CO dissociation as a

function of the photolysis energy.
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.Figure:8. PHbFEX curves for the Q(12) and Q(2)'transitions
.and the simulated PHOFEX curve from .the measured rate’
.constants for the CH,CO dissociation. (a) The PHOFEX’curve
for the Q(12) trgnsition Qf CO,’taken at 50 ﬁs; (5) The
simulated PHOFEX curve usiﬁg the measﬁred rate conStan;s, [(1-
'exp(—k(E)fAt)], where At = 50 ns; (c) The PHOFEX cur?e‘for
the Q(2) transition of‘CO, taken at 50 ns. The actual ratio
of the yieids of CO(V:O,J:l?) to.CO(v=O,q=2)~is about 20:1 at
28,500 cm’. The simulated PHOFEX curve in (b) is scaled to

compére the Q(12) PHOFEX curve in (a)}
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Figure 9. PHOFEX cur&es for the Q(12) énd Q(2) transitioﬁs'
and the simulated PHOFEX  curve from the measured rate
constants for the CD,CO dissociation. (a)‘The PHOFEX curve
for the Q(12) transition of CO, ‘taken at’2OO ns; (b) The
simuiated PHOFEX curve using thé measured rate constants, [1-

exp(-k(E) *At)], where At = 200 ns; (c) The PHOFEX curve for

the Q(2) transition of CO, taken at 150 ns. See the caption

for Figure 8.
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Figure 10. The geometries of ketene at reactant state,
transition state, and product states. For the ab initio
structures for the CJ! or C.! transition states of ketene (DZP

CISD level calculation), see Ref. 23.
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Figure 11. The model potential function for the hindered
internal rotor, 'V = (1/2)*V0*(1—cos.26) + (1/2)*V1*(l4cos46),
“where V, = 330 cm' and V, = + 20 cm'. The éf‘fect of the

parameter V; is shown.
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Figure 12 (a). The RRKM fit for CHﬁxl dissociation in the-
reaction threshold region. The solid line is the>RRKM fit
when the threshold energy is 28,250 cm'! and v; =

100 1 cm?. The RRKM fits for the‘ differeﬂt .iméginary_'
frequéncies are shown as the dashed line (v; = 6C‘cm4) and the
dotted line (v, = 140 cm!) at the same threshold eneréy.

The CO(v=0,J=12; 50ns) PHOFEX curve is shown as gpen circles.
Intensity of the PHOFEX curve is scaled for the comparison

with rate constants.
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Figure i? (b). The RRKM fit for the CI&CQ dissociation in the
reaction threshold region. The data points of the Q(12)
PHOFEX curve taken at 1.7 Us reaction time are shown as.open
circles. The solid line is the RRKM fit when the threshoid
energy is 28,310 cm!. The dashed line is the RRKM fit When

~

Vi =‘ 60 l Cm_l.
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]

Fiéure 13. fhe énefgetic diagram for the dissociation of
CH,CO and CD,CO on the triplet surfaces. The energy
differences among the zero-point energyvlévels are shown.
The enefgies'are in cml. See the text for the uhqertainties

of the energy values.
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Figure 14. {a) The ratio of the Q(2) PHOFEX curve’to t:he
Q(12) PHOFEX cﬁrve. Both PHOFEX curves aré taken at 50 ns of
“the reaction times.. (b) The calculated ratio of the yields
of CO(J=2) to'_ ole) (J:lz) products using the model de_scrib’ed in
the text when ’thev’vibrational frequency for the C-C-0 bend is

1250 cmt.
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Figure 15 (a). The RRRM fit to rate constants of the CH,CO
’ dissociation for the case of the complete K—mixing’. The open
.circle‘s are measured rate c.:onstant:s. The solid line 1is thé
RRKM fit wusing a . step fﬁnction .fo_r the trarismission.
pr’obability. The dashed 'l.ine isvthe'RRKM fitc including the
vo.ne—dimensional tunneling with an imagiﬂary frequéncy of

100 i cm’!. The parameters listed in Table VI are used’f|or

the RRKM fit.
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Figure 15 (b). The RRKM fit to rate constants of the CH,CO
dissociation for‘the case of the complete K-mixing. The open
circles afé measured rate constants. The solid line is the
RRRM - fit includihg the one-dimensioﬁal tﬁnneling with an
:imagina;y frequency of 40 i cm!. The RRKM parameters are

listed in Table VI. The dotted line is the RRKM fit using a

step function.
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Figure 16. The RRKM fit to the rate cé_nstants of the CD,CO
dissociation for the case of the complete K—mixing; - The step
function is_used as.the transmission probability. The open
circles are measured rate constants and the solid line is the

RRKM fit. The RRKM parameters listed in Table VI are used.
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"Figure 17. "The RRKM fit to rate constants of the CH,CO
dissociation for the case of K-conserved.. The step function
is used as the transmiSSion probability. The RRKM parameters

are listed in Table VII.
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Figure 18. Thev RRKM fi't' to rate constants of the CD2CO'
dissociation for the case of K—.conserved. The step functién.
is used as thé 'tranv_smission probability. The RRKM paramétefs
ére listed 1n Table - VII. The dotted line’ is the'
CO(V:O,J=12;200 ns) PHOFEX curve. The intensity of the

PHOFEX curve is scaled for the comparison with the RRKM fit.
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'Appéndix 1. - rate constants for the CH,CO and CD,CO

dissociation.

CH,CO : CD,CO

E-28,000 cm?! k(10° s')  E-28,000 cm® k(10° s!)

313.98 . 670.

606.3 8 115.50
604.3 291.27 666.4 113.20
602.2 309.31 662.1 108.00
600.2 292.01 657.8 107.20
598.1 296.01 649.2 108.30
596.1 283.99 . 644.9 102.10
594.1 288.27 640.6 94.40
1592.0 ©281.00 636.3 93.40
590.0 287.67 . 632.0 1 94.60
587.9 277.27 627.7 88.80
585.9 281.32 | 623 .4 81.30
583.8 280.67 619.1 82.60
581.8 270.02 614.8 . 82.40
579.8 264.73 610.5 83..50
577.7 274.73 606.2 81.00
575.7 252.29 601.9 83.30
573.6 252.00 597.6 84.40
571.6 260.98 593.3 78.50
569.6 254.68 589.0 75.70
567.5 252.29 584.7 73.70
565.5 240.33 o 580 .4 71.30
563.4 252.00 576.1 68.00
561.4 256.68 571.8 65.25
559.4 245.30 - 567.6 63.70
557.3 242.72 563 .3 60.30 .
555.3 ©233.29 559.0 63.60
553 .2 247.51 554.7 ' 55.60
551.2 252.70 550.4 . 51.50
549.2 257.99 546.1 51.70
547.1 246 .32 541.9 - 53.40
545.1 240.99 537.6 51.00
543.0 235.29 533.3 51.10
541.0 235.29 . 529.0 49.20
539.0 235.29 -  524.8 49.40
536.9 219.28 520.5 47.90
534.9 217.32 516.2 46.60
532.9 205.02 512.0 46.80
8 211.30 | 507.7 42.10

530.



528.
526.
524 .
522.
520.
518.
516.
514.
512.
510.
508.
506.
504 .
502.
500.
498.
496.
494 .
492.
490.
488.
486.
484.
482.
480.
478.
476.
474.
471.
469.
467.
465.
463.
461.
459.
457.
455,
453,
451.
449,
447.
445,
443,
441.
439,
437.
435.
433.
431.
429.
427.
425.

202.
.28
.70
.31
.30
.31

203
195
208
195
205

199.
199.
193.
192.
.32
.72
186.
190.
179.
169

189
180

177
164

161.
164.
153
152.
146.
.31

150

151.
.71
.99

144

142
136.
" 14e6.
133.
.71
.29
134.
129.
128.
123.
.70
.71
116.
106.
104.
103.
103.
.70
104.

97.
103.
.21
.51
.20
.79

141
133

119
114

100
100

98
101

100.

02

02
30
02
71

68
89
02

.32
.30
.70

70
29

.71

69

29

71
69

31
99
29
00

01
00
91
71
20

69

90
99

69

503.
501.
499.
497.
494.
492.
490.
486.
484.
482.
477.
475.
473.
471.
469.
467.
465.
463.
460.
456.
448.
443 .
439.
435.
431.
426.
422.
418.
414.
409.
405.
401.
397.
393.

.388.

384.
380.

376.

371.

- 367.

363.
355.
346.

N2 0oWUN 1O PR OOREEREAWRWOAORFROOORNWUIGTOOWOWR WENJWONWI

42
39

38
35
30

30
29
29
27

24
22

21
20
20

17
17
18

20
20

14
10
12

l.__\
oo

.50
50
37.

90

.40
.50
.50
31.
30.
30.

00
50
00

.70
.70
.30
.70
27.
26.
.10
.00
22.
21.

60
00

10
60

.00
.10
.10
18.
18.

00
10

.40
.20
.20
17.

60

.70
.60
17.
16.

60
50

.70
.50
.30
12.
.00
.80

60

8.70

0 00 0O \O

.50
.70
.70
.20

180



423.
421.
419.
417.
415.
413.
411.
409.
407.
405.
403.
401.
399.
397.
395.
393.
391.
389.
387.
385.
383.
381.
379.
377.
375,
373.
371.
369.
366.
364.
362.
360.
358.
356.
354.
352.
350.
348.
346.

344.
342,
340.
338.
336.
334,
332,
330.
328.
326.
326.
324.
320.

SO OO OOOWWWOOWOOWWWOWUWWWOWWWOWWOWWWOWOoOOOOoOOOOQORRREFRRERNDDONDDNDWWWWWWR

- 98.
.10
40

97

98.
93.
.20
.30
99.
94.
.21
.31
100.
11
98
96.
89.
91.
.10
91.
.39
.20
.40
.20
.80
71

.30
78.
76.
78.
.41
.51
78.
.51

93
94

100
102

101

84
86
79
83

79

79
77

75
79

82

78.
.89
75.
72.
69.
64.
64
. 58.
58.

79

51
54
46
47

49.
.80 .

45

45.
40.
45.
.70
45.

44

61

69

79
60

60
40

61
91

10

80

30

60

70
60

41
09
10
00
70
20

60
.50
.20
.40
.10

80
40
00
80

60
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317.
316.
313.
312.
309.
308.
305.
304.
301.
300.
296.
292.
288.
284.

279,
275.
267 .
263.
259.
254.
250.
246.
242.

* The rate constant at each energy given here is the
average of three differently measured rate constants.

Uncertainties of data are approximately 15-20
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39
42
39
38

37
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20
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.80
42.

60

.80
.10
.80
.20
.30
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.40
38.
30.
31.
31.
.20
.20
27.
26.
.80
.20
.70
.50
15.30
13.

00
00
00
00

00
10

60

(o)

s .
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Appendix 2.- The computer program for the caculation of the

program cojvse;

CO product rotational distribution from ketene.
This program is written by Dr. E. R. Lovejoy.

.

| const
pi = 3.141592;
sqre_pi = 1.772453;
plancks_cst : = 3.336e-11; {units = cm-1 s}
prob_limit =-1.0e-02;
boltz_cst = 0.6950; {cm-1 K-1}
lmax=20;
np0=(2*1lmax+1) ;
hbar=5.3089%e-12; {cm-1 s}
num_hr_evalues=10;
max_energy=28700; {cm-1}

type
thresh_Array = Array[l..40) of Real;
quant_Array = Array[l..40] of integer;
var :

- odd_wt, {nuclear spin weight for the states with K-L=zodd}
even_wt, {nuclear spin.wt for the states with K-l=zeven}
A_ts, {A rotational cst for the transition state}

B_te, {B rotational cst for the transition state}

v0, {coeff. for the (1-cos2a)/2 term in the hindered rot. pot.}’
vl, {coeff. for the (l-cosda)/2 term in the hindered rot. pot.}
b_ch2, {effective rotational cst for c¢ch2 about the K axis}

b_co, {effective rotational cst for CO about the K axis}

temp : real; {ketene rotational temperature}

index1, :

}

Jgl,Jqgz2, i1k, . '
num_thresholds,

dummy , hrindx : Integer;

iprob_suml, jprob_sum2,

threshold_sum,

pjtil,pjci2,pti,

E_avail,

Energy, xx1l, Xx2 : real;

zZpe_ts, . {energy of the zero point level of the transition

state relative to the zero point of grnd st. ketene}

zpe_prods, {energy of the ground st. products relative to the}

. {ground state of ketene (cm-1)} . )

EO10, {energy of the triplet methylene bending motion (cm-1)}

frac_e_xrot, {fraction of available energy which is channeled into CO rotation}

jmaxv0_inplane, {max. classical angular momentum- imparted to the CO fragment from

in plane vibrations of the trans. st. in their vz=0 level}

jmax_bend, {max. class. ang. mom. given to CO.by the CCO bending vibration}

" freg bend, {the frequency of the CCO bending vibration at the transition state
(cm-1)} :

freg _wag : {the frequency of the CH2 wagging vibration at the transition state
(cm-1)} ’ :

:real; .
hr_coeff ) {array of the hindered rotor eigenfunctions: {K_ts,L,evalue index]
. array(0..20,1..60,1..20] of real; . .
hr_evalue {array containing hindered rotor eigenvalues: [K_ts,evalue index)] }
: array[0..20,1..20] of real;
probk ' {array containing the weights for individual K states at the

transition state

calculated in the procedure calc_kprob}
array(0..50} of real;

kmax {the maximum value of K at the transition state)
integer; )
K_ts {The K quantum number at the transition state}
integer; : )
thr_energy {The threshold energy including vibration and rotation}
: ireal;
thresh_mtx {Rows contain threshold energy,K_ts,vhrotor, vbend, vwag}
: array [1..500,1..5] of real; . )
amp {amplitude for threhold i i.e. weight of threshold i}

sarray [1..500] of real;
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kd {Contains experimental rate constant or phofex data used to
calculate the threshold weights. Columnl=energy, column2=rate
constant or phofex signal}
rarray(1..2,1..1000) of real;

num_kd {number of data points in array kd}
:integer;

error _ . {flag for problems inthe interpolation routine rate_cst}
:boolean;

title : string(80);

outl,

outz,

inputfilel,

inputfile?

inputfile3 : text;

procedure read_inputfile; )
{This procedure reads the external input data file}
var

datinfile : text;

datfilename : string(20);

file_opt :string(30);
begin
writeln{'’enter the input data file name’);
readln(datfilename) ;
file_opt:='NAME=‘+datiilename;
reset (datinfile, file_opt);
readln(datinfile, temp) ;
readln(datinfile, frac_e_rot, jmaxv0_inplane, jmax_bend) ;
readln(datinfile,a_ts,b_ts); .
readln(datinfile, zpe_ts, 4pe_prods);
readln(datinfile, freq_bend, freq wag);
readln(datinfile,£010);
readln(datinfile,b_ch2,b_co};
readln{(datinfile,v0,vl); ’
readln(datinfile, odd_wt, even_wt);
odd_wt :=odd_wt / (odd_wt+even_wt) ;.
even_wt:=1-odd_wt;
close(datinfile);
end;

function nuclear_spin_wt (K, hr_index:integer):real;
begin
nuclear_spin_wt:=0;
if odd(K) -then
if abs(hr_coeff (K, lmax+1,hr_index])<=1.e-6 then nuclear_spin_wt:=even_wt
else nuclear_spin_wt :=z odd_wt;
if not odd(K) then
if abs(hr_coeff (K, lmax+1,hr_indexj)<=1.e-6 then nuclear_spin_wt: —odd _wt
else nuclear_spin_wt := even_wk:
end; . '

procedure write_params;

var . .
outfilename:string{(20);
out_opt :string(30);
outfile rcext;
XX, row, column : integer;
\begin

writeln(’Enter the name for the parameter output file');
readln(outfilename); .
out_opt:='name="'+outfilename;

rewrite(outfile, out_opt);

writeln(outfile,title);

writeln(outfile);

writeln{(outfile,ocutfilename);

writeln(outfile, 'JCO =, 3jqgl:5S,"’ Ketene rotational temp =’',temp:8:3, 'K’);
writeln(outfile,’'lmax =‘, lmax:5,‘ jmaxv0_inplane =',jmaxv0_inplane:8:3,’ jmax_lkend
=, jmax_bend:8:3); ' ;

writeln(outfile, 'triplet methylene bending frequency =',E010:8:2);

writeln{(outfile, 'hindered rotor rotational csts (CH2 and CO) (cm-1) =', b_ch2:8:2,’

' ,b_co:8:2); : :
writeln{outfile, 'trans st rotational constants (cm-1) A=’, A_ts:8:2,’ B=’',b_ts:8:2);

writeln(outfile, 'trans st frequencies (cm-1) bend=z’, freq bend:8:2,"
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.
wag=',freq wag:8:2);

writeln(outfile,'zeré point energy (cm-1) of the trans. st. =',zpe_ts:8:2,° products
=',zpe_prods:8:2); . [
writeln(outfile, ‘hindered rotor potential parameters (cm-1) v0=', v0:8:2,°
vli=’',vi:8:2); : :

writeln(outfile, 'K-L weights: even=', even_wt:8:4," Qdd:', odd_wt:8:4);

writeln(outfile);

{ for xx:=0 to kmax do

begin

writeln(outfile,xx:5,"’ ', propki{xx):8:5);

end;

writeln(outfile);

for row:=z 1 to num_thresholds do

begin N .

for column:=1 to 5 do .
write(outfile, round(thresh_mtx{row,column]):1¢,"’ ‘)i
writeln(outfile);

end; }

end;

procedure openoutfile(var outfilex:text);

var
cutname:string(20);
out_opt :string(30);

begin . .

readln(outname) ;

out_opt :=’ddname="'+outname; . -
rewrite(outfilex,out_opt});

vwriteln(‘enter the title for the output plot file’);
readln(title);

writeln(outfilex,title); )

writeln(outfilex, 'energy-28000 cm-1");

writeln(outfilex, 'population’);

writeln(outfilex,'/1'); )

end;

(*'**ﬁ************'*****'k*'k*i***************ix******i**************‘k**ﬁ********)

procedure diag_khindrot;

{This procedure diagonalizes the hamiltonian for the rotating hindered rotor

system using free rotor wavefunctions for the basis set (psilO=exp(ilx)/sqrt(2*pi)).
The problem is solved for a range of K values from 0 to kmax and the evalues

and eigenfunctions are stored in hr_evalue and hr_coeff arrays as a function of

K. The matrix elements are set up so that the square of the coefficient for

the basis function exp(ilx) is the probability of the CO fragment having angular
momentum 1 (parallel with K ang. mom.) for the specific value of K and the
particular eigenvalue...} '

TYPE

glnp0 = ARRAY {1..np0O] OF real;
glnpnp0 = ARRAY {1..np0,1..np0] OF real;

var
hr - :glnpnp0;
hrdd, hree :glnp0;
outfile :text;
bindex, vindex,
ii,i,33,
L,num_ef,
row,

k_sym_top :integer; -

% include /u/lovejoy/tred20.pas
% include /u/lovejoy/tgliO.pas

function hr_mtx_element (1i, 1j:integer):real;
var .
element0,

elementl,

element?2 : real;



begin

element0:=0;

elementl:=0;

element2:=0;

if (li=1j) then
begin

element0:=(B_co+B_ch2)*sqgr(li-(K_sym_top*b_ch2/(b_ch2+b_co)));

elementl:=0.5;
element2:=0.5;
end;
if (abs(li-1j)=2) then elementl:=-0.25;
if (abs(li-1j)=4) then element2:=-0.25;

hr_mtx_element:=element0 + vO0*elementl + vli*element2;

end; . {of function hr_mtx_element}

procedure load_hr_mtx;
var ’ : v
row,
column,
lrow,
lcolumn
integer;

begin . {of procedure load_hr_mix}
row:=0;
column:=0;
for lrow:=-lmax to lmax do
begin
row:=row+l;
column:=0;
for lcolumn:=-lmax to lmax do
begin
column:=column+1;
hr {row, column] :=hr_mtx_element (1row, lcolumn) ;
end;
end;
end; {of procedure load_hr_mtx}

procedure sort_hr_output;
var
smallest_index,
index,
start : integer;
smallest,
first_evalue,
storage : real;

begin
start:=0;
Repeat
begin
start:=start+1l;
smallest_index:=start;
smallest:=hrdd{smallest_index];
for index:=start to np0 do
begin
if hrdd[index]<=smallest then
begin
smallest_index:=index;
smallest:=hrdd[index];
end;
‘end;
if start=1 then first_evalue:=smallest;
storage:=hrdd{start]; . :
hrdd(start] :=hrdd{smallest_index]-first_evalue;
hrdd(smallest_index] :=storage;
for index:=1 to np0 do
begin
storage:=hr[index, start];
hr[index, start] :=hr[index, smallest_index];
hr {index, smallest_index] :=storage;
end;
end;
until start=np0;
‘end; :
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begin {of procedure diag_khindrot)
for k_sym_top:=0 to kmax do
begin

load_hr_mtx;
tred20 (hr,np0, hrdd, hree) ;
£gli0 (hrdd, hree, npo0, hr),
sort_hr_output;
for ii:=1 to num_hr_evalues do
begin . . .
hr_evalue[K_sym_top, ii}:=hrdd(ii]:
end; ) :
for ii:=1 to np0 do
begin
for jj:=1 to num_hr_evalues do
begin
hr coeff[h sym_top, ii, ]j]
end;
end;
end;
end;

r(ii, JJ],
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(***********i****************'l*****.**********************t***********)

~

function rate_cst(var ey:real):real;

{Rate_cst returns the value of the data input via the

external file xxxx at energy=ey. This data is used to calculate the
threshold amplitudes and can be either rate constant data

or Q12 phofex data. The raw data is stored in the array kd, first
column=energy, second column is data proportional to rate constant.

The value of rate_cst is determined

by . linear interpolation of the experimental data.)}

var
energy_found : boolean;
ii ¢ integer;
‘begin

energy_found:=false;
error:=false;
ii:=0;
repeat
il:=ii+1;

1f((kd[1,1ii] »= ey) and (kd[1l,ii+1} <= ey)) or

({kd[1,1ii] <= ey) and (kd4[1l,ii+l]} >= ey))

energy_found:=true;

if ii >= num_kd then

begin

error:=true;

end;
until energy_found or error;
rate_cst:=kd{2,1ii]+ (ey- kd[l 11])*(kd[2,11+1}

end; .

{ o
procedure calc_amplitude;

var .
last,zz : integer;
amp_sum : real;

begin .

reset (inputfile3, *ddname=amp.dat’);

num_kd:=0;

while not eof(inputfilel3) do

begin

num_kd:=num_kd+1;

readln(inputfile3, kd (1, num_kd],kd[2,num_kd]);

kd ({1, num_kad]:=kd {1, num_kd]+28000;
end;

close(inputfiled);

amp_sum:=0;

last:=1;
for zz:=1 to num_ thresholds do
begin
if round(thresh_mtx(zz,2])=0 then
begin

amp(zz]:=rate_cst(thresh_mtx([zz,1))-rate_cst(thresh_mtx[last,1]);

then

-kdf2,111) /7(kd[(1,1ii+1}-kd(1,1i));

o
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last:=zz;
end
else amp(zz):=zamp[zz-1];
amp_sum:=amp_sum+abs (amp[2z]);
end;
amp (1} :=amp(2};
amp_sum: =amp_sum+amp{1];
for zz:=1 to num_thresholds do
begin; .
amp(zz]:=zamp(zz]*50/amp_sum;
writeln(zz:5," r,amplzz]);
end;
end;

Function Thresh_prob(thresh_index:%pteger;En,thr_enefgy:réal):real;

{This function returns the unnormalized threshold tunnelling probability}
{for the transition state threshold designated .by thresh_index.}

{Each threshold has a specific amplitude {(amp) and barrier imaginary}
{freg. (w). En 1s the total energy above the zpe of the reactant i.e.}
{the excitation laser energy. Thr_energy is the energy of the vib.}
{threshold plus the rotational energy associated with K_ts.}

var
E_coord : real;

prob_sum : real;

exponent : real;
begin

E_coord:=En-thr_energy;
exponent :=-2.0*pi*E_coord/20.;
if exponent < 30.0 then
} thresh_prob =1.0/(1. O+exp(exponent))
else
thresh_prob:=0.0;
END; {of funtion thresh_prob}

procedure calc_kprob;
var
J, K,
K_degen : integer;
pksum,
boltz_factor, }
pk : real; . ’

begin; -
k:=0;
pksum:=0;
repeat J
begin
pk:=0;
J: :k,‘
repeat
begin
if k=0 then K_degen:=1 else K_degen:=2;
boltz_factor:=K_degen* (2*J+1) *exp(-b_ts*J*(J+1)/boltz CCE/Temp),
" pk:=pk+boltz_factor;
J:=J+1;
end;
until abs{boltz_ factor/pk) < l.e-2;
if k=0 then kmax:=j;
probk (k] :=pk;
pksum: zpksum+pk;
k::k-{'-l :
eng;
until k > kmax;
for k:=0 to kmax do
begin
probk (k] :=probk[k]/pksum;
writeln(k,’ ‘,probk([k})
end; .
writeln({kmax) ;
writeln;
end;



(‘k*********i(****ﬁ*t************t****t*t***********ii***********ﬁ*****************}

function Jprob(J, threshold_index:integer; Ex:real) :real;

{This function calculates the probability of producing a given J state of CO

from a specific quantum state of the transition state of triplet ketene.

The modified impulsive model

is employed to predlct the most probable J state of the Co fragment. The shape
of the J disribution is determined by the vibrational and rotational motion of
the transition

state by using a procedure similar to that described by Valentinti and coworkers
and implemented by TJB and ICC . 1In this program, all vibrations are in their
zero point level except the CCO bend, the CH2 wag, and the HCCO torsion, which
are allowed to be excited (v<=2).

All the information about the transition state level is given by the threshold-
index, which refers to the row of the mtx thresh_mtx. This mtx contains the
threshold energy and all the appropriate guantum numbers. Ex is the energy of
excited ketene relative to the zero point level of the ground electronic state.}

const .
BCO = 1.93; {CO rotational constant {(cm-1)}
var
jimp, {classical ang. mom. imparted to the fragment perp. to the
molecular plane due to impulsive energy release}
jprob000, {prob. of a spec1f1c j state of the CO associated with the 3CH2(000)
channel}
iprob010, {prob. of a specific j state of the CO from the 3CH2(010) channel}
yldo1o {yield of 3CH2(010)}
T oireal;
function probv0(jj, jmax_v0: real) : real;
var
sqgr0:real;
begin

sqr0:=jj*jj/jmax_v0/jmax_ v0
probv0:=zexp (-sqr0) /sqrt_pi/jmax_v0;
end;

‘function probvl(kk,jmax_vl: real) : real;
var
sgrl:real;
begin
sqgrl:=kk*kk/jmax_vil/jmax_vl;
‘probvl:=2.0*sqgrl*exp(- squ)/sqrt_pl/]max vl;
end

function probv7(1l jmax_ v7 real) : real;
var .
sqr2:real;
begin
sgr2:=11*11/jmax_v2/jmax_v2;
probv2:=(2.0*sgr2-1. 0)*(2 0*sqr2-1.0)*exp(-sqr2)/2. 0/sqrt_p1/3max v7
end;

function probvx(jx, jmaxvxx real-'vxx- integer): real;
begin

if vxx=0 then probvx--probVO(Jx jmaxvxx);

if vxx=1 then probvx:=probvl{jx, jmaxvxx);

if vxx=2 then probvx:=probv2(jX, jmaxvxx) ;

end; i

function probvOovx(jjj, jmaxv0, jmaxvx:real;vx:integer):real;

{This function integrates the product of two angular momentum distribution
functions. The independent variables (jx and kx) of the functions

are related by jjj = jx + kx. ,h One function is a gaussian centered at jx=0
with a width determined by jmaxv0. This function represents the angular
momentum of the CO fragment due to the vibrational modes which are in the
v=0 level. The other function is the angular mom. distribution function
for a mode with v=vx. Both distribution functions are derived from
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harmonic oscillator wave functions in momentum space.

ProbvOvx convolutes the two distributions to find

the probability of a resultant rotational angular momentum-jjj. The convol-
ution involves numerical integration of the product of the distribution
functions over all of jx space with the restriction that kx=jjj-jx.
Simpson’s rule is used to perform the numerical integration. This function
is used to find the angular momentum probability distribution function

for the component of angular momentum perpendicular to the plane containing.
the CCO portion of the ketene molecule.}

const
limitc=1.0e-07;
stepfactor=10.0;

var
ii : integer;
j1,k1,
j2,k2, S
J3,k3 : real;
sum,
f1,£2,
f3,step : real;

begin
if jmaxvO<jmexvx then step:=jmaxv0/stepfactor
else step:=jmaxvx/stepfactor;

if vx=0 then
begin
sum:=0.0;
3j1:=0.0;
Kl:=333-31;
fl:=probv0(jl, jmaxv0) prova(kl jmaxvx) ; :
Repeat {integrate from jx=0 to large positive Jx}
begin
J2:=jl+step;
j3: —j2+step,
. k2: =333 j2;
k3:=333-33;
f2:=probv0(j2, jmaxv0) *probvo (k2, jmaxvx) ;
£3:=probv0{(j3, jmaxv0) *probvo (k3, jmaxvx) ;
sum:=sum+£1/3.0+£2*4.0/3.0+£3/3.0;
f1:=£3;
jl: -33
end;
Until (f2/sum < limit);
j1:=0.0;
kl:=333-31;
fl:=probv0(jl, jmaxv0) *probv0 (k1, imaxvx) ;
Repeat {integrate from jx=0 to large negative jx)
begin
j2:=jl-step;-
j3:=j2-step;
k2::3jj-j2; )
k3:=33j-33:
£2:=probv0 (j2, jmaxv0) *probv0 (k2, imaxvx) ;
£3:=probv0 (33, jmaxv0) *probv0 (k3, jmaxvx) ;
sum:=sum+£1/3.0+£2*4.0/3.0+£3/3.0;

f1:=£3;
jl:=33;
end;
Uncil (f2/sum < ‘limit);
end;

if vx=1 then

begin

sum:=0.0;

31:=0.0;

k1:=333-31;

fl:=probv0(jl, jmaxv0) *probvl(kl, 1maxvx),
Repeat

K3:=

3ii-33: ’
f2:=probv0(j2, jmaxv0) *probvi (k2, jmaxvx) ;
f3:=probv0 (33, jmaxv0) *probvi (k3, jmaxvx) ;

\



sum:=sum+£1/3.0+£2%4.0/3.0+£3/3.0;
f1:=£3;
j1:=233;
end;
Untll (£2/sum < llmlt)
:=0.0;
kl"JJJ ji;
fl:=probv0(jl, jmaxv0) *probvi (kl, jmaxvx) ;

j2:=jl-step;

j2-step; \
jj3-3z : .

K3:=333-33;

f2:=probv0(j2, jmaxv0) *probvl (k2, jmaxvx) ;

f3:=probv0(j3, imaxv0) *probvl (k3, jmaxvx);

sum:=sum+£1/3. 0+62‘4 0/3. O+f3/3

.
w
II ||

fl:=£3;
jl:=233;
end;
Until (£2/sum < limit);
end;

if vx=z2 then
begin’
sum:=0.0;
j1:=0.0;
kl:=333-31;
fl:=probv0(jl, jmava)*probv2(kl jmaxvx) ;
Repeat
begin
j2:=jl+step;
j3::j2+step;
k2:=333-32; _
k3:=333-33;
f2:=probv0(j2, Jmava)*probv2(k2 jmaxvx) ;
f3:=probv0 (i3, jmaxv0) *probv2 (k3, jmaxvx) ;
sum:=sum+£1/3.0+£2*4.0/3.0+£3/3.0;
£1:=£3;
jl::j3;
end;
Until (f2/sum < limit);
31:=0.0; :
kl:=333-31;
fl:=probv0(jl, jmava)*probv2(kl jmaxvx) ;
Repeat
begin
j2:=jl-step;
j3:=j2-step;
k2:=333-32;
k3:2333-33: v
f2:=2probv0(j2, jmaxv0) *probv2 (k2, jmaxvx) ;
£3:=probv0 (33, jmaxv0) *probv2 (k3, jmaxvx) ;
sum:=sum+£1/3.0+£2%4.0/3.0+£3/3.0;

fl::f3;
jl:=33; .
end;
Until (f7/sum < limit);
end; o
probvivx:=sum*step;
end;

function prob_jp{(jp:real):real;

{This function calculates the probability of a specific value
of angular momentum perpendicular to the molecular plane. The
function probvOvx is called with the input angular momentum offset
by the impulsive momentum.}
var
jperpl : real;

begin
Jperpl--]p jimp;
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prob_jp:=probv0vx(jperpl, jmaxv0_inplane, ]max bend, round(thresh mtx[threshold index,41));

{ prob_jp:=probvivx{jperpl, jmaxv0_inplane, jmax_kend,0); }
end;



192

function probjj(jj:real):real;}

{This function calculates the net classical angular momentum probability
distribution by convoluting the distribution functions for the angular

momenta parallel and perpendicular to the CCO plane. The convolution

involves a sum over the product of the individual distributions with

the restriction that Jjj=sqrt(jperp**2+jpar**2) where jj is the net

classical angular momentum of the CO fragment. The angular momentum in the
plane (jpar) is determined by the hindered rotor quantum state and the

value of the rotational guantum number K (XK_ts). The

jpar probability distribution is given by a sum of delta functions :centered

on the L values which are from the zero order wave functions used to diagonalize
the hindered rotor problem (psi0 = exp(i*L*theta). The coefficients in the
delta function sum are simply the sqrs of the hr wave function coefficients. The
hindered rotor eigenvalues and eigenfunctions are passed to the program from

an external file (hr.dat) generated in the program hindrot.pas.}

var
jisum,
jperp, .
jpar : real;
jhr_index,
vX_index,
jhr : integer;

begin
probjj:=0;
jisum:=0;
vX_index:=round(thresh_mtx[threshold_index,3])+1;
for jhr:= -lmax to lmax do.
begin
jpar:=jhr;
if sqr(jj) >= sqr(jpar) then
begin -
jhr_index:=jhr+lmax+1;
jperp:=sqrt(sqgr(jj)-sqr{jpar));.
if abs(hr_coeff[round(thresh_mtx[threshold_index,2]),jhr_index,vx_index]) > 1.0e-06
then h

jisum:=jjsum+ (sqr (hr_coeff[round(thresh_mtx[threshold_index,2]), jhr_index, vx_index]))
*(prob_Jjp(jperp) +prob_ip(-jperp))/jperp:;
end; .
end;
probjj:=jjsum*jj;
end;

Function Probquant (j_quantum: real):real;

{This function integrates the classical prob. function (Jprob) from
j_start to j_end

to determine the probability of a rotational state with guantum number
j_quantum. n_steps is the number of points/2 evaluated in the

numerical integration. Simpson‘s rule is used to carry out the numerical
integration.} '

const
n_steps = 3; {# of steps/2 used in the final numerical integration
of the classical ang. mom. distribution function}
var .
j_stare,
j_end,
step_size,
integral,
331,332,333,
probl,prob2, prob3 : real;
ilk : integer;

begin

j_start:=sqrt{j_quantum* (j_quantum+1.0));
j_end:=sqrt ((j_qguantum+1.0)*(j_quantum+2.0));
step_size:=(j_end-j_start)/n_steps/2.0;
integral:=0;

jjl:=j_start;

probl:=probjj(ijl);

for ilk:=1 to n_steps do
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begin
ji2: —jjl+step size;
jj3:=jj2+step_size;
prob2:=probjj(jj2);
prob3:=probjj(ji3);
integral:=integral+probl/2.0+prob2*4.0/3.0+prob3/3.0;

Jj31:=333;

probl:=prob3;

end; )
probquant:=integral*step_size;
end; .
begin {of function Jprob}

E_avail:=(Ex-thresh_mtx{threshold_index,1])+{(zpe_ts-zpe_prods);
jimp:=sqgrt(E_avail*frac_e_rot/BCO);

jprob000: =probguant (J) ;

jimp:=sqgrt ((E_avail- EOlO)*frac e_rot/BCO);

jprob010:=probqguant (J) ;

y1d010:=ex/6000.0 - 279/60 {0.1*(1-exp((zpe_prods+EQ10- ex)/350)),)
jprob:={(1.0-y1ld010) *jprob000+y1d010*jprob010;

end; {of function Jprob}

{****k*t***************'k*t*****t*****************t*********i**ﬁ***t**‘*t***}

procedure sort elgensts,
{This procedure calculates the energies for the transition state
. eigen states - including K energy. The eigenstates are then sorted
" in order of increasing energy.} :
var
k_index,
smallest_index,
index,
start,
thresh_count, .
column . : integer;
smallest,
thr_en,
storage,
sgrcoeff_sum : real;
row,
inxl, inx2,
num_coeffs,
last_index
integer;

begin ) S ) {this section assigns each threshold its
' quantum numbers...the threshold data is

stored in the array thresh_mtx; each row

contains info for a particular threshold:

column info
1 energy
2 K

'3 vhrotor
4 vbend
5 vwag

thresh_count:=0;
for inxl:=1 to num_hr evalues do
begin ’
for K_ 1ndex =0 to kmax do
begin
thr_en:=hr_evalue[K_index,; inx1]+zpe_ts+ (A_ts-B_ts) *sqr (K_index);
if thr_en <= max_energy then
begin
thresh_count:=thresh_count+1;
thresh_mtx[thresh_count,l]:=thr_en;
thresh_mtx[thresh_count, 2] :=K_index;
thresh_mtx{thresh_count,3):=inx1-1;
thresh_mtx[thresh_count,4):=
thresh_mtx[thresh_count,5] :=0
end;
thr_en:=hr_evalue[K_index, inxl]+freq bend+zpe_ts+(A_ts-B_ts) *sqr (K_index);
if thr_en <= max_energy then
begin
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thresh_count:=thresh_count+1;
thresh_mtx{thresh_count,1]:=thr_en;
thresh_mtx({thresh_count, 2] :=K_index;
thresh_mtx{thresh_count,3]:=inx1-1;
thresh_mtx[thresh_count,4]}:=1;
thresh_mtx([thresh_count,5]:=0
end; :
thr_en:=hr_evalue[K_ihdex, inxl]+freq wag+zpe_ts+(A_ts-B_ts) *sgr (K_index) ;
if thr_en <= max_energy then
begin
thresh_count:=thresh_count+1;
thresh_mtx{thresh_count, 1] :=thr_en;
thresh_mtx{thresh_count, 2] :=K_index;
thresh_mtx[thresh_count,3]:=inx1-1;
]:
]:

thresh_mtx[thresh_count,4]:=0
thresh_mtx([thresh_count,5]:=1;
end;
end; .
num_thresholds:=thresh_count;
end;
start:=0; - {this section sorts the hr/K/bend/wag states in order of

: increasing energy}
last_index:=thresh_count;
Repeat
begin
start:=start+1l;
smallest_index:=start;
smallest:=thresh_mtx{smallest_index, 1];
for index:=start to last_index do
begin
if thresh_mtx{index,l]<=smallest then
begin ) . \
smallest_indéx:=index; :
smallest:=thresh_mtx[index,1};
end;
end;
for column:=1 to 5 do
begin .
storage:=thresh_mtx{start, column];
thresh_mtx[start,column] :=thresh_mtx{smallest_index, coclumn] ;
thresh_mtx[smallest_index, column}:=storage;
end;
end; .
until start=last_index;
end;

procedure write_variables;

var .

row, column : integer; : R
begin '

for row:= 1 to num_thresholds do

begin :

" for column:=1 to 5 do

write(outl, round(thresh_mtx[row, column]):10, ’ Y
writeln(outl,amp(row]:8);

end; .
end;

procedure openoutfilel(var outfile:text):;

var-
outfilename:string(20); .
out_opt :string(30); '
title :string(80);

begin

readln(cutfilename); _
out_opt:='ddname="'+outfilename;
rewrite(oucfile,out_opt);

writeln(’enter the tirle for the output plot file’);
readln{title);

writeln(outfile,title);

. writeln(outfile, 'energy-28000 cm-1);
writeln{outfile, ‘population’};
writeln{outfile,'/L’);

‘end;
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begin ) {of program cojvse}
read_inputfile;

calc_kprob;

diag_khindrot;

sort_eigensts;

writeln(’enter the J value’);

readln(jqgl): )

writeln(’Enter the name of the P(J) data file'):
openoutfile(out);

energy:=zpe_ts-50.0;

write_params;

“for indexl:=1 to 100 do

begin
thresheld_sum:=0.0;
for ilk:=1 to num_thresholds do
begin )
thr_energy,:=thresh_mtx[ilk,1]; ~
K_ts:=zround(thresh_mtx[ilk,2]):
hrindx:=round(thresh_mtx{ilk,3])+1;
threshold_sum:=threshold_sum+thresh._prob(ilk, energy, thr_energy)
*probk [K_ts]*nuclear_spin_wt (K_ts,hrindx);
end;
Jprob_suml:=0.0;
for ilk:=1 to num_ﬁhresholds do
begin
if threshold_sum > 0 then
begin
thr_energy:=thresh_mtx{ilk,1];
K_ts:=round(thresh_mtx[ilk,2]);
hrindx:=round(thresh_mtx[ilk,3]})+1; .
pti:=thresh_prob(ilk, energy, thr energy)*probk[K ts]*nuclear spin_wt (K_ts, hrindx)
. /threshold_sum;
if pti » prob_limit then
begin
pjtil:=dprob(Jql, ilk, energy);
jprob_suml:=jprob_suml+pti*pjtil;

end;
end;

end;

if jprob_suml > 0.0 then
begin

writeln(energy,’ ', jprob_suml) ;
xX1:=energy-28000.0;
writeln(out2,xx1,’ , jprob_suml) ;
end; )

energy:=energy+5.0;

-end;

close(outl);
close(out2); o L
end. ) {of program cojvse}
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Appendix 3. The computer program for RRKM calculation for
CH,CO dissociation for the case of K-mixed.
For the application to CD,CO rate constants,
the RRKM parameters should be changed in a
proper way.

Program RRKM;

{RRKM calculatlon for the trlplet ketene dissociation using ab initio}
{calculated values from Shaffer’s paper. you can vary imaginary frequency}
{to fit the rate measurement data. }

{sI c:\turbo\paslib\outfile.prol
Type - o .

QuantumVector_ts = array[l..8] of integer:;

VAR

t,alpha,eph,ratio:real; )

j,1,ju,jco:integer;{ju is J‘ of the excited state of ketene}

pl,p2: real; .

pop: array(0..60,0..11 of real;
“hpop:array(0..30,0..30,0..1] of real;

hpoph:array{0..30,0..30,0..1] of real;

total:real:; .

infile,outfile:text;

xl:real;

il:integer;

Etunn:real; {tunneling Energy which is E-V0-Evib-Erot}

hsum:real;

hsumh:real;

V0,Vli:real;{eckart ptl shape}

A_ts,B_ts,C_ts:real;

wb:real; {imaginary frequency}

Wts:array(1..8) of real;

HSrot:array[0..40] of real; ]

hsrotl,hsrot2,hsrot3,hsrotd, hsrotS:array(0..15] of real;

ohsrot, ohsrotl,ohsrot2,ohsrot3,ohsrotd4:array[0..15] of real;
. Total_density:real;

density_factor:real; {multiplication to wr}

ku:integer;{K quantum number of the upper state}

Total_prob:real;

Q_C:quantumvector_ts;

threshold_ factor:real-

Ebarr:real;

ZPE_ts: real {zero point energy of transition state}

Prob_sum_p, prob_sum_h, density_sum_p, density_sum_h:real;

E_rotational: real

ns:integer;

jg:integer;

k:integer;

Ed:real; : )

rate_p:array(0..30,0..30,0..1] of real;

average_rate:real;
E:real;

h:real;
E_start:real;
E_increment:real;
E_final:real;
perp,hori:real;

procedure thermal;{initial distribution of ketene at temperature}

VAR
Ins, {nuclear spin Ins=0 para, Ins=1 ortho}
J, {J gquantum number of sym. top Ketene }

Ka:integer; {only consider Ka=0,1 this is good approximation for T<10K }
B,A :real; ‘

: ‘ {Rotation constant for sym. top appr. Ketene}
{POP: array[0..60,0..1] of real;} :
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'

{relative population of initial quantum states of ketene}

Erot :real; ({rotational energy of ketene}
sumpl, sump2 :real; {sum for populaton}

begin

B:20.3370525;

A:=9.37; -
sumpl:=0.;

sump2:=0.;

ratio:=0.;

for Ka:=0 to 1 do
begin;

for j:=0 to 30 do
begin;
pop(j,Ka):=0.000000000;
end;

end;

For Ka:=0 to 1 do
begin;

For j:=0 to 30 do {jmax for ketene is set at 30 at this line}

begin; . .
if (ka =1) and (j=0) then J:=j+1;
Erot:=B*J*{(J+1)+{(A-B)*Ka*Ka;

pop(j,Kal:=(2*J+1) *exp(-Erot/(0.6954*t)) ;
if Ka=0 then sumpl:=sumpl+pop{dJ,0};
if Ka=1 then sump2:=sump2+pop(Jd,1l]:

‘end;{of J }
end; {of Ka}

sumpl:=sumpl+sump?2;
for J:=0 to 30 do
begin; : ’
pop{],0):=pop(j,0]/sumpl;
pop{J,1]:=poplj,1}/sumpl;
end;

end; {of procedure thermal}
function Eckart(ec:real) :real;

var
a,b,c:real;
dummy , pn,pd:real;

begin

{ dummy:=1/( (1/sgrt(v0)) + (1/sqrt(vl))
a:={(4*pi) /wb) *dummy*sqgrt (ec+v0);
if (ec+vl) <0 then b:=0.00
else ’
b:=((4*pi) /wb) *dummy*sqgrt (ec+vl);

)

c:=2*pi*sqrt( (vO*vl)/(wb*wb) - (1/16) ):
pn:=zexp(a+b) - exp(a-b)-exp(b-a)+exp(-a-b);
pd:=zexp(a+b) + exp(-a-b)+exp(2*c)+exp(-2*c);

Eckart:=(pn/pd);}

if wb <> 0 then begin
pn:=(2*pi*ec) /wb;

if pn>1.E+002 then pd:=0;

if pn<-1.E+002 then pd:=1.E+100 ;

if (pn<1.E+002) and (pn>-1.E+002) then pd:=zexp(-pn):

Eckart:=1/(1+pd); {Parabolic barrier}
end; . ' .
end;

function direct(ecc:real) :real;

begin

if ecc<0 then direct:=0.000
else i

direct:=1.000;

end;
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Function tunnel_prob(E:real; J,K:integer; Q_C:quantumvector_ts):real;

var

i:integer;

rot_E,vib_E, Tunnel_E:real;
begin
ROL_E:=0.5*(b_TS+c_ts)*(j*{(j+1)-K*K) + a_ts*K*K;
Vib_E:=0.000; '
for i:=2 to 8 do
begin .

Vib_E:=vib_E+wts{i)*(Q_C[i]+0.5);

end;

if (abs(K)=0) and (ns=0) then
vib_E:=vib_E+hsrot [(Q_C[1]1+77.0;
if (abs(K)=1) and (ns=0) then
vib_E:=vib_E+hsrotl[Q_C{1)]+77.0;
if (abs(K)=2) and (ns=0) then
vib_E:=vib_E+hsrot2(Q_C{1]1+77.0;
if (abs(K)=3} and (ns=0) then
vib_E:=vib_E+hsrot3{Q_C[(111+77.0;
if (abs(K)=4) and (ns=0) then
vib_E:=vib_E+hsrotd4 [Q_C[1]]+77.0;
if (abs(K)>3) and (ns=0) then
vib_E:=vib_E+hsrot3[Q_C{1]]+77.0;
if (abs(K)=0) and (ns=1) then
vib_E:=vib_E+ohsrot [Q_C{1]1+77.0;
if (abs(K)=1) and (ns=1) then
vib_E:=vib_E+ohsrotl1(Q_C{1}]+77.0;
if (abs(K)=2) and (ns=zl) then
vib_E:=vib_E+ohsrot2{Q_C([1}]+77.0;
if (abs(K)=3) and (ns=1) then
vib_E:=zvib E+ochsrot3[Q_C{1]]+77.0;
if (abs(X)=4) and .(ns=1) then
vib_E:=vib_E+ohsrotd [Q_C[1]11+77.0;
if (abs(K)>3) and (ns=1) then
vib_E:=vib_E+ohsrot3[Q_C{1]]+77.0;

Tunnel_ E:=E-V0-ROt_E-Vib_E;

if wb = 0 then tunnel_prob:=direct(Tunnel_E);
if wb <> 0 then tunnel_prob:=Eckart(Tunnel_E};
end; .

Procedure Explicit_Summation;{wWill Polik’s Algorithm}
label

Main_loop, No_more;
var

i:integer;

probability:real;
threshold:real;

begin
for i := 1 to 8 do {initialize vibratfon quantum counter}
Q Cli] := 0;
Total_Prob := 0; {initialize summed probability}

Threshold := Threshold_Factor * Tunnel_Prob(E,J,K,Q_C);
if wb =0 then threshold:=1.0;

Main_Loop:; ] {main loop through all possible vib states}
Probability := Tunnel_ Prob(E,J,K,Q.C); {calculate tunnelling Prob}
if Probability < Threshold {is it less than the threshold?}
then
begin {yes...}
i = 1; . {start with first normal mode}
repeat
Q_Cli} := 0; {increment Quantum_Counter - part 1}
if i <« 8 ' . )
then Q_Cli+1] := Q_C[i+1]} + 1 { - part 2}
else goto No_More; {no more vib states; exit main loop}
i = 1+1; {move to next normal mode}

Probability := Tunnel.Prob(E,j,k,Q_C); {Re-calculate}
until Probability >= Threshold; {repeat if Probability is still too small}
end; . .
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Total_Prob := Total_Prob + Probability; {bin the now valid vib energy}

Q_C[1) := Q_C[1) + 1: {increment first normal mode}
goto Main_Loop; {ené of main loop}
No_More:; ~{label for exit from main loop}

end; f{of procedure Explicit_Summation}

function SDensity(Ee:real$;real;{density of states using exp. value for ketene S0}
ggg;glty =(exp(8*1n{Ee+6712.5)))/(40320.%*4.3096E+27) ;
end;
function Tdensity(éf:realo:real;{deﬁsity of states using ab initio values for T1}
Eggéglty -(exp(B*ln(Ef+6457 5)))7/(40320.*2.8924E+27) ;
en

.begin {main}

A_ts:=3.35;
B_ts:=0.268; . o )
C_ts:=0.242; -

h:=3.33565E-11;

wts{2)]:=240;
wts{3]1:=326.0;
wts{4]1:=472.0;
wes{5]:=1183.0;
wts[6]:=2029.0;
wts[7]:=2997.0;
wts[B]::3178.0;
Hsrot [0]:=0.00; {v0=330,V1=-20,
ohsrot{0]:=0.00;
ohsrot{1]:=104;
hsrot[1]:=105;
hsrot [(2]:=196;

ohsrot{2}:=206;
ohsrot[3]):=263;
hsrot{3]:=305;

oHsrot3

hsrot3
hsrot3

hsrot (4] :=325;
ohsrot[4]):=41S;
ohsrot [5]:=418;
hsrot [5]:=546;
hsrot [6]:=546;
oHsrot1({0]:=0.00;
hsrotl1(0]:=0.30;
hsrotl{1}:=105;
ohsrotl(1]: —106;
ohsrotl[2):=197;
hsrot1(2]:=204;
hsrotl1{3]:=267;
ohsrotl[3}: _292~
ohsrotl([4]:=341;
“hsrotl[4]:=387;
hsrotl([5]:=44¢

. ohsroti[5]: —509;
ohsrotl{6]:=584;
Hsrot2[(0].:=0.00;

ohsrot2{0]:=0.00;

ohsrot2{1]: _105;
hsrot2{1]:=105;
hsrot2[2]):=200;
ohsrot2(2]: _200-
chsrot2[3]:=276;
hsrot2(3]):=280;
hsrot2{4]:=360;
ohsrot7[4] -366'
ohsrot2(5]:=474;
hsrot2 (5] :=482;
hsrot2[6]:=616;

[
0
1]:=105;

0]1:=0.00;
1:=0.10;
1:

{K=1}

{K=2}

{K=3}
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. ohsrot3{1]:=106;
ohsrot3[2]:=197;
hsrot3({2]:=205;
hsrot3([3]:=265;
ohsrot3[3]:=296; .
ohsrot3{4]:=336;
hsrot3[4):=393;
hsrot3[5]:=441; .
ohsrot3(5]:=517; {
ohsrot3(6]:=576;
Hsrot4[{0]:=0.00; {K=4}
ohsrot4{0}:=0.10;
ohsrotd[1]):=99;
hsrot4([1]:=102;
hsrotd4(2]:=175;
ohsrot4{2]:=192;
ohsrotd4[3]:=227;
hsrot4(3]1:=281;
hsrot4[4]:=295;
ohsrot4({4]:=385%;
ohsrot4{5]:=399;
hsrot4{5]:=514;
hsrot4{6}:=514;

zpe_ts:=0.000;

for i:=2 to & do
zpe_ts:=zpe_ts+whbs[1]*0.5;
zpe_ts:=zpe_ts+77.0; {77 is half of 154 cm-1 which is a torsional motlon)

wriceln('input imaginary frequency(W_tsi)’);
readln(wb) ;

writeln{’'Temperature(K) ?’);’

readln(t);

writeln(’input Enery Barrier you wish in cm-1 ');
writeln(’'this barrier energy is above the threshold which is 26969.0(5) cm- 1);
writeln(’'therefore thousand 28 *** plus 31 cm-1');

readln(Ebarr);

writeln(’input the lower limit of the calculation (0.01 - 0. OOOl)'),
readln(threshold_factor); .

writeln(’input starting energy, increment, final energy eg™28000 10 281007);

’

readln(E_start, E_increment, E_final);

writeln(’input the scale factor for p(E)'),

readln{density_factor);

perp:=1;

writeln(’name the outfile for the rate vs. photolysis energy - 28000 cm-1');

openoutfile(outfile); '
writeln(outfile, 'Ebarrier=’,Ebarr:5:1, ‘,’imaginary frequency_ ,Wh:5:2);
writeln(outfile, ‘Photolysis Energy - 28000 cm-1')

writeln(outfile, ‘thermal averaged rate constant’);

writeln(outfile,'/1');

vO::Ebarr+26969.oiZPE_TS;
vi:=Ebarr;

thermal;

for ju:=0 to 30 do
begin; :
for j:=0 to 30 _do
begin;
HPOP([Ju, 3,0]:=0.000000;
HPOP([Ju, j,1]1:=0.000000;
end;
end;
hsum:=0.000; -
hsumh:=0.000; .
{ In this program, Honl London factors for only perpendicular transitions}
{ are used.}
for j:=0 to 30 do
begin
if popl3, 0] >1.E-002 then begin
if j=0 then begin
Hpop{l,3,0}:=4*pop(],0];



hpoph(1,1.,0]):=pop{3,0];
hpoph(0,3,0]1:=0.0;
Hpop(0,3;0]):=popli,0]:
end;

if j <> 0 then begin
Hpop(j+1,],0):=pop[j,0]*2* ((3+2)/(2*j+1));
Hpop{j ,3,0):=pop[]j,0}*L;
Hpop{j~1,3,0]:=pop[]j,0)*((3-1)/(2*j+1));
Hpoph(j+1,3,0]: -popiw 0]1*(3+1)/(2*j+1) ;.
hpoph(j, J 0] T .0;

hpoph{j- pop[] 0)*3/7(2*3+1);
end;

end;

end; .

for j:=0 to 30 do
begin
if pop{j.,1] > 1.E-002 then begin
Hpop [J+1,3,1]1:=pop 3, 1)* ((3+3) * (T+2)+{J+1) *3)/
Hpop[3.j,1] -pop[J 1]*(3*(J+1)+<J+2)* j-1y)/

( Y (2%3+1)) ;

( .
Hpop[j-1,3,1):=pop(J, 11 *((3-2Y*(J-1)+(3+1)*3}/(

)

(j+1
J*(3+1) )
J*(2*%3+1));
)i

“ hpophlj+1,3,1]: pop[J,l]* REC I NEEEE
Chpophlj, i, 11:=popl(3i,11/(3*(j+1));
BooDh [351.9, 1) 2om0p 9, 11% (330-1) 7 ((2*3+1) *9) 1
end;

“end;

for ju:=0 to 30 do

begin

for j:=0 to 30 do

begin } ’
hsum:=hsum+hpop(ju, j,0]; {+hpoph(ju,j,0]};}
hsumh:=hsumh+hpop{ju, Jj, l],\+hpoph[3u j,11:}
end;

end;

for ju:=0 to 30 do
begin

for j:=0 to 30 do
begin

hpop{ju,j,0}:=(1/4)*hpop(ju,j,0]/hsum; {Here, the nuclear spin is not }

hpop{ju, j.1):=(3/4) *hpop[ju,J,1]/hsumh; {cooled down}

rate_p{ju,j,0}:=0.000;
rate_p{ju,3j,1}:=0.000;
end; - '

end;

average_rate:=0.000;
Eph:=E_start;

REPEAT
average_rate:=0.000;

for ns:=0 to 1 do

begin

for jg:=0 to 30 do

begin- )
E:=Eph+0.3370525*jg* (jg+1)+9.0329%9*ns*ns;

for j:=0 to 30 do
begin
prob_sum_p:=0.000;
density_sum_p:=0.000;
if (hpopl(j,jg.ns} <> 0) then
begin
for k:=-j-1 to j+1 do  {J=N+S should be conserved; K-mixed)}
. begin :
Explicit_Summation:;
prob_sum_p:=Prob_sum_p+total_prob;
Ed:z E-0.33705*j*(J+1)-9.0329*K*K; {true only when j=0}
) density_sum_p: ‘den51ty_sum_p+ sdensity(Ed) ;
end; {of K summation}
if den51ty_sum_p <> 0 then begin
rate_p[j jg,ns] :=prob_sun_p/ (h*density_sum_p*density_factor);
end; ’
average_rate:=average_rate+rate_pl{j,jg,ns]*3*.
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hpoplj,ig,ns]; {electron spin degeneracy is multiplied here.}

end; {of if}
end; {of j summation}
end; {of Jground summation}
end; {of nuclear spin}

writeln('Eph=',Eph:8:2,’ ’,'rate/le5=’, (average_rate/1.E+005):10:5);
- writeln(outfile, (Eph-28000.00):8:2,' ', (average_rate/1.E+005):10:5);
Eph:=Eph+E_increment; .

UNTIL Eph>E_final;

close{outfile);
end. {of RRKM calculation program}
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