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The rotational distributions of CO products from the dissociation of ketene 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 in a supersonic free jet of ketene. The 
CO(v!’ = 0) rotational distributions at 56, 110,200,325, and 425 cm- ’ are bimodal. The 
peaks at low J’s, which are due to CO from the singlet channel, show that the product 
rotational distribution of CO product from ketene dissociation on the singlet surface is well 
described by phase space theory (PST). For CO( u” = 0) rotational distributions 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 predicts 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 (O-300 
cm - ‘>, and a slower increase above. The singlet and triplet rate constants are derived from the 
directly measured total rate constants using the singlet yields. The triplet rate constant 
increases monotonically with increasing photolysis energy through the singlet threshold 
region. The singlet rate constant is accurately established in the threshold region and found to 
increase much less rapidly than predicted by phase space theory. At 2500 cm - ’ excess energy, 
the CO( u” = 1) rotational distribution is obtained, and the ratio of CO( 0” = 1) to 
CO(u” = 0) products for the singlet channel is measured to be 0.045 f 0.017. This ratio is 
close to the variational Rice-Ramsberger-Kassei-Marcus (RRKM) calculation 0.038, and the 
separate statistical ensembles (SSE) prediction 0.041, but much greater than the PST 
prediction, 0.016. 

INTRODUCTION 

Unimolecular dissociations have long been of great in- 
terest because of their fundamental significance for under- 
standing chemical bond-breaking dynamics and reaction 
rates, as well as for their practical importance in many chem- 
ical processes. Theoretical models for describing these reac- 
tions for ground electronic states have been subjects of con- 
troversy for many years. This is especially so for reactions 
without barriers to recombination of product fragments. 
Several models have been proposed including the Prior,’ 
phase space theory (PST),2,3 statistical adiabatic channel 
model (SACM) ,4 SACM-PST,S separate statistical ensem- 
bles (SSE) ,6 and the classic Rice-Ramsberger-Kassel- 
Marcus (RRKM ) theory,‘,’ as well as recent modifications 
thereof.’ 

The combined application of laser and molecular beam 
methods makes it possible to study unimolecular reactions 
with the initial state of the reactant fully defined and the final 
quantum states of the products fully resolved. Such experi- 
ments can provide significant qualitative understanding of 
the dynamics of unimolecular processes as well as discrimin- 
ating quantitative tests of alternative dynamical theories. 

The photodissociation of ketene has been studied for 
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decades because of the importance of methylene as a model 
for singlet-triplet interactions and because of the recently 
resolved controversy over the size of the singlet-friplet ener- 
gy gap.” Ketene also provides a good test case for unimole- 
cular reaction models. Ketene is excited in the UV using a 
transition whose oscillator strength is derived from elec- 
tronic excitation to S, . Internal conversion to So and inter- 
system crossiirg to T, provide coupling to those two poten- 
tial energy surfaces from which dissociation occurs. The T, 
triplet state correlates to 3CH, (2 3B, > + CO products 
3147 f 5 cm ’ below the ‘CH, (ii ‘A, ) + CO products 
which correlate with the ground singlet state (see Fig. 1 in 
Ref. 11). The ketene triplet state has a barrier to dissociation 
which is about 1330 cm - ’ above the products.‘2*‘3 The sing- 
let state has no energy barrier above its asymptote.‘4,15 

The PST model, which is based on the assumption that 
every product quantum state allowed by the conservation 
laws is equally likely to be populated, has been successful in 
predicting the product rotational state distribution for a sys- 
tem which dissociates without a barrier, but unsuccessful in 
predicting the vibrational state distributions and the rate 
constants.‘1*14-‘6 Recently, the variational RRKM theory 
for unimolecular dissociation processes involving a highly 
flexible transition state has been developed and applied to 
the dissociation of ketene by Klippenstein and Marcus, and 
the energy and angular momentum resolved rate constants 
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for ketene dissociation on the singlet surface have been cal- 
culated.17 In variational RRKM theory, the transition state 
moves in along the reaction coordinate and tightens as ener- 
gy increases. Direct rate constant measurements for ketene 
dissociation have been made by Potter and co-workers using 
picosecond laser spectroscopy.” Theory and experiment are 
in good agreement. However, this comparison has been 
made assuming that the singlet yield 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 func- 
tion of the photolysis energy is necessary. 

There has been an indirect measurement of the singlet/ 
triplet branching ratio through the photofragment excita- 
tion (PHOFEX) studies in the singlet threshold region. “,‘5 
In the PHOFEX spectrum, the yield of one particular prod- 
uct quantum state is measured as the photolysis energy is 
scanned. All of the PHOFEX spectra probing ‘CH, quan- 
tum states show a rise from threshold as the probed channels 
open, and then a decline at high photolysis energies as many 
additional singlet methylene states become energetically 
accessible 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 
triplet rate constant as a parameter in the fitting. The triplet 
rate was assumed to be constant over the scan range of one 
PHOFEX curve and the singlet/triplet branching ratio ob- 
tained as a function of the photolysis energy in the singlet 
threshold region. “*15Z*g However, the uncertainties of these 
indirectly measured branching ratios are quite large, the as- 
sumptions open to question and the data restricted to low 
excess energy above the singlet threshold. In this work, the 
singlet/triplet branching ratio is measured from CO rota- 
tional distributions at several photolysis energies above the 
singlet threshold. 

On the singlet surface, which has no energy barrier, the 
product state distribution is expected to be in some sense 
“statistical,” since there are no strong forces favoring any 
particular motions of the products. 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 state. There is experimen- 
tal evidence for both cases. The CO rotational distribution 
from room temperature ketene photolyzed at 308 nm, where 
dissociation occurs mostly to singlet product, agrees well 
with phase space theory.” The CO rotational distributions 
from rotationally cooled ketene at photolysis energies below 
the singlet threshold have also been measured, they show 
Gaussian-shaped distributions, and have been explained us- 
ing a simple impulsive modelI The CO rotational distribu- 
tion at photolysis energies where both channels are open 
should be the sum of the rotational distribution from the 
singlet and triplet channels. When these distributions are 
sufficiently different, the singlet/triplet branching ratio can 
be determined. When combined with the rate measured for 
the sum of the singlet and triplet channels, the absolute rates 
for each channel may be determined. 

EXPERIMENT 

Ketene is prepared by passing acetic anhydride through 
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, n-hexane (A.C.S. Reagent 
Grade) sIush, where its vapor pressure is 50 Torr. Two at- 
mospheres of He carrier gas are flowed into the pulsed noz- 
zle after bubbling through the ketene sample. The ketene is 
cooled in a supersonic free jet and the rotational temperature 
of ketene in the jet is estimated to be 4.0 & 0.5 K.‘* 

The output of a Lamda-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 LDS 
698, DCM, and Sulforhodamin 6G dyes in methanol are 
used to produce the resultant UV pulses from 306 to 332 nm 
with 5-8 mJ/pulse. The wavelength of the photolysis laser is 
calibrated in the red to f 0.6 cm - ’ by sharp Ne transitions 
using a Tl/Ne optogalvanic lamp (Hamamatsu) . 

Another dye laser (Spectra Physics PDL-3) pumped by 
a second Nd:YAG laser (Spectra Physics DCR-4) is used to 
generate the pulses around 435 nm (40 mJ/7 ns pulse) 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 Xe at 
20-40 Torr. The conversion efficiency of the frequency tri- 
pling process is about lo- ‘. The output CaF, collimating 
lens (8 cm f. 1. ) is about 5 cm from the center of the molecu- 
lar beam. 

The vertically polarized photolysis beam and the hori- 
zontally polarized probe beam are counterpropagating and 
perpendicular to the jet. The time delay between the photoly- 
sis laser beam and the probe laser beam is fixed at around 50 
ns. The laser induced fluorescence (LIF) of CO product 
from the dissociation of ketene is detected by a VUV PMT 
(EMR 5426-09-19, MgF, window) mounted at right an- 
gles to the laser beams and the jet about 5 cm from the inter- 
action region. A 2.2 cm diameter CaF, f/l lens and a 2.5 mm 
thick, cultured quartz window (Acton, CQ-ID 50% trans- 
mission at 150 nm) are placed before the VUV PMT to in- 
crease the collection efficiency and filter out the scattered 
light. A portion of VUV, which is not absorbed by CO, is 
detected by using another VUV PMT (EMR 5426-08-19 
LiF window) to normalize for VUV intensity fluctuations. 

The amplified signals from the PMTs are sent into gated 
integrators (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 wave- 
length, and normalize the signal shot to shot. 

The transitions from X ‘Z + (u” ‘= 0, J “) to A ‘H 
(u’ = 3, J’) and those from X’B+ (u” = 1 J”) to A ‘II 
(u’ = 5, J ‘) are used to determine the rotational distribu- 
tions of CO( U” = 0) and CO( u” = 1) product from ketene, 
respectively. The CO LIF spectra show a linewidth of ap- 
proximately 0.5 cm - ‘, which is the result of a convolution of 
the VUV linewidth (0.35 cm- ’ ) and the spread ofthe ketene 
velocity vectors for the free jet. 

The relative populations of CO rotational states are cal- 
culated from the LIF intensities by using the following for- 
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mula given by Greene and Zare.” 

I(J”,J’) ccC(J”)S(J”,J’)A~O’B(J”,J’). 

Here the J”, J’ dependence of the oscillator strength S is 
given by the Honl-London factors, and A A’) is the monopole 
moment which is equal to unity for photofragmentation. 
B(J”, J’) is theexcitation-detectionconfigurationfactorgiv- 
en by Greene and Zare for the mutually orthogonal geome- 
try. 21 Any alignment factor from the photofragmentation is 
neglected in the population calculation. The populations 
from P, Q, and R branches for the same J s state of CO show 
good agreement among themselves within * 15%-20%, 
and these are randomly distributed, .vhich means that the 
neglect of any alignment factor is a good approximation. 
Each data point is averaged for P, Q, and R, branches over 
three scans. 

RESULTS 

The rotational state i distribution of fragment 
CO(u” = 0) from ketene dissociation 10 cm-’ below the 
singlet threshold energy of 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 super- 
sonic free jet (4 K), 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 photolysis energies 
below the singlet threshold were measured and the nearly 
Gaussian observed distributions matched a simple impulsive 
model including zero-point vibrational motion at the transi- 
tion state. l3 However, the fit was not good for the CO rota- 
tional distribution at 29 412 cm-‘. This is high enough to 
excite the fourth vibrationally excited level of the C-C-O 
bending mode at the ab initio transition state, which contrib- 
utes most of the width to the CO rotation.13 At this leirel it is 
probably necessary to introduce anharmonicity in the 
C-CO bend and it is thus not unreasonable to add a second 
Gaussian to the fit. Some contribution from 3CH, bending 
excited states must also be expected. 

The CO( U” = 0) rotational distribution 56 cm - ’ above 
the singlet threshold is bimodal, Figs. 1 (b) and 2. Since both 
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 chan- 
nels. Only low rotational quantum numbers are energetical- 
ly accessible for CO product in the singlet channel at this low 
excess energy. Therefore, the peak at l&v 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 corre- 
sponds to CO from dissociation in the triplet channel. The 
ratio of these two peak areas gives the singlet/triplet branch- 
ing 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 used for the CO rotational distribution from the triplet 
channel. The solid curves in Figs. 1 (b) and 2 are the sum of 
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FIG. 1. The rbtational distributions of CO(u” = 0) products from ketene 
dissociations at photolysis energies below and above the singlet threshold 
energy (30 116.2 cm ‘). (a):.The CO rotational distribution and the fit 
using two Gaussians at 10 cm - ’ below the singlet threshold. The following 
are the excess energies above the singlet threshold of the photolysis energies 
and the singlet yields corresponding to the best fits for (b)-(i). (b): 56 
cm-‘;0.15, (c): IlOcm-‘;0.34, (d):325cm-‘;0.60, (e):425cm ‘;0.62, 
(f):1107cm ‘;0.65, (g):1435cm-‘;0.70, (h): 1720cm-‘;0.80, (i):2500 
cm -’ ‘; 0.75. 
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PIG. 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 curve (. . . ) is the 
triplet contribution, 
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these two distributions for a singlet yield 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(u” = 0) rotational distributions at 30 226, 
30 441, and 30 541 cm = r, excess energies above the singlet 
threshold of 110,325, and 425 cm - I, respectively, are shown 
in Figs. 1 (c), 1 (d), and 1 (e) . The solid curves are fits as in 
Fig. 2 and give singlet yields of 0.34 & 0.02,0.60 f 0.06, and 
0.62 + 0.06, respectively. 

Figure 1 (f) shows the CO( LJ” = 0) rotational distribu- 
tion at 1107 cm - ’ above the singlet threshold. At this excess 
energy, the high Jstates of CO from the singlet channel over- 
lap the triplet channel distribution. The PST calculation for 
the CO rotational distribution from the singlet channel is 
presumed to be good even at this high excess energy and the 
CO rotational distribution from the triplet channel is as- 
sumed to be the same as that for 10 cm - ’ below the singlet 
threshold. With these 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 1435,1720, and 2500 cm - ’ above the singlet threshold are 
estimated to be 0.70 f 0.07, 0.80 + 0.08, and 0.70 k 0.15, 
respectively [Figs. 1 (g)-1 (i) 1. Especially, at 2500 cm - ’ 
the overlap of the singlet and triplet distributions makes it 
impossible to determine an accurate triplet yield. 

The branching ratios are derived from the data by as- 
suming that PST accurately gives the CO rotational distribu- 
tion from the singlet channel and that the CO rotational 
distribution from the triplet channel changes little with in- 
creasing photolysis energy. At low excess energies (56-425 
cm - ’ ) , CO rotational distributions show easily resolved bi- 
modal distributions [Figs. I (b)-1 (e) 1. 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 distributions from 
the triplet channel appear to be little changed from that at 10 
cm - ’ below the singlet threshold. At low excess energies this 
simple treatment works well. 

But at higher excess energies, CO rotational distribu- 
tions from singlet and triplet overlap, and the data do not 

provide enough information to simultaneously test the mod- 
el. assumptions and extract a singlet/triplet yield ratio. At 
high enough excess energy for the vibrationally excited 
product to be formed, the yield of the vibrationally excited 
product has been found to be larger than predicted by PST 
calculation and close to the variational RRKM predic- 
tion. ’ 1*‘7V20 Klippenstein and Marcus have calculated CO 
rotational distributions for the singlet channel at several 
photolysis energies using both PST and their version of vari- 
ational RRKM theory. ” The only difference between the 
distributions is that the variational RRKM calculation 
moves population from high J’s of 0” = 0 to the v” = 1 chan- 
nel. This difference is small and no attempt has been made to 
fit the experimental results with models other than PST for 
the singlet channel. 

On the other hand, CO rotational distributions for the 
triplet channel are certainly expected to shift to higher Jand 
to broaden as total energy increases. This has been ob- 
served,13 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 
the total available energy [the photolysis energy minus 
D(CH,-CO) ] is 22.4% for photolysis energies below 
29 412 cm- ‘.13 But, at 30 106 cm .- ‘, 10 cm - I below the 
singlet threshold, the ratio decreases to 21.0%. From a 
straight line extrapolation to higher energies, 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 cm-’ 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) z 18, 19, and 20, respec- 
tively, can be predicted for the triplet CO rotational distribu- 
tions. These Gaussian-shaped CO rotational distributions 
give yields which are within the error limits of the branching 
ratios in Table I. For data at 2500 cm- ‘, Gaussian shaped 
distributions peaked at J = 19,20, and 2 1 with AJ = 19,20, 
and 21, respectively, give singlet yields of 0.75, 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 photolysis energies in 

TABLE I. Rate constants for dissociation of ketene as a function of energy. 

Excess” 
energy 

Singlet 
yield 

logkf log k, 
log (k, + k, ) 

Expt. Var-RRKM PST Expt. Var-RRKM PST 

56 0.15(0.02)” *.. 8.43(0.07) 8.43 8.43 7.68(0.07) 7.68 7.68 
110 0.34(0.02) . . . 8.45 (0.07) 8.30 8.54 8.14(0.07) 8.00 8.24 
325 0.60(0.05) . . . S.SO(O.05) 8.42 9.01 8.68(0.05) 8.60 9.19 
450 0.62(0.05)d 9.04(0.03) 8.62(0.08) ‘.. . . . 8.83(0.08) 8.80 9.40 

1107 O.SS(O.08) 9.38(0.07) 8.92(0.09) . . . . . . 9.19(0.09) 9.40 10.1 
1435 0.70(0.07) 9.59(0.04) 9.06(0.14) ... . . . 9.43(0.15) 9.60 10.4 
1720 0.80(0.08) 9.70(0.10) 9.00(0.30) **. . . . 9.60(0.32) 9.75 10.5 
2521 0.70(0.20)d 10.0(0.10) 9.33(0.37) ... . . . 9.88(0.39) 10.0 10.8 

“The excess energy in cm - ’ above the singlet threshold of 30 116.2 cm - ‘. 
bathe values are calculated from the var-RRKM singlet rate constants and the PST values of k,. 
‘Errors in ( ) are estimated from the fits in Fig. 1. 
“The singlet yields measured at 425 and 2500 cm ’ are used for the rate constants at 450 and 2521 cm - ‘, respectively. 
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FIG. 3. CO(u” = 0) rotational distribution at 2500 cm - ’ above the singlet 
threshold and a fit where the singlet yield is 0.80. A Gaussian curve (. .*) 
which peaks at 20 ( AJ = 20) is used for the contribution of CO from the 
triplet channel. The curve (---) is the PST calculated singlet contribution. 

this work, vibrationally excited CO( U” = 1) from the disso- 
ciation of ketene on the triplet channel is energetically possi- 
ble.” No significant laser induced fluorescence (LIF) sig- 
nal <OS% of u” = 0, from CO(v” = 1.) up to 1720 cm-l 
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 ratios measured from the 
CO(v” = 0) rotational distributions. At 2500 cm 1 above 
the singlet threshold, where the singlet yield is not much 
different from that at 1720 cm -’ (Table I), vibrationally 
excited CO (v” = 1) products from both channels are ener- 
getically accessible and CO(v” = 1 ), which is mainly from 
the singlet channel, is readily detected. 

The rotational distribution for the vibrationally excited 
CO at 2500 cm - ’ excess energy is shown in Fig. 4 with the 
PST calculation for the singlet channel. The overall shape of 
the distribution shows qualitatively good agreement with 
that of the PST calculation, though there is an excess popula- 
tion observed at relatively high J's. This extra population 
might be due to CO from dissociation of vibrationally hot 
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FIG. 4. CO( a” = 1) rotational distribution at 2500 cm ’ above the singlet 
threshold (filled circles), compared to the PST distribution (tilled trian- 
gles). Both populations are normalized to unity for the comparison. 

ketene in the supersonic jet. The ratio of the CO(v” = 1) 
population to the CO( u” = 0) population is estimated to be 
0.034 f 0.009 after correcting for the difference in Franck- 
Condon factors of 0.18 for (3-O ) and 0.13 for ( 5-l ) band? 
and summing all rotational populations of each vibrational 
state. The rotational 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 u’ = 5. 

DISCUSSION 

The singlet yield vs excess energy above the singlet 
threshold shows a rapid increase in the O-300 cm- I excess 
energy region and a slower increase above, see Fig. 5. The 
total rate constant for ketene dissociation, the sum of the rate 
constants for singlet and triplet channels, has been directly 
measured as a function of energy by Potter et aI.” Those 
measurements show that PST overestimates the singlet rate 
constant even for excess energies as low as 500 cm I I above 
the singlet threshold and that a variational RRKM calcula- 
tion for the singlet rate constant shows good agreement with 
the observed total rate constants over a wide energy range 
(450-5000 cm-‘). 

The triplet rate constants at several photolysis energies 
below the singlet threshold have been determined by mea- 
surement of CO appearance 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 re- 
sults was obtained by treating the triplet rate as limited by a 
constant intersystem crossing rate.” The dashed line in Fig. 
6, which fits the triplet rate constants at photolysis energies 
below the singlet threshold, has been obtained for an inter- 
system crossing rate of 2.8 X 10’ s --I. 

From the singlet/triplet branching ratios measured in 
this work, it is now possible to extract the triplet and singlet 
rate constants from the measured total rate constants. At 
excess energies of 450 to 2500 cm - ‘, the triplet and singlet 

1.00 

Excess Energy (cm -‘I 

FIG. 5. The singlet yield as a function of the excess energy above the singlet 
threshold. The curve (---) is a smooth interpolation which is drawn just to 
help the eyes. 
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FIG. 6. The energy dependent triplet dissociation rate constant of ketene. 
The filled circles are the directly determined rate constants (Ref. 12). The 
filled triangles and squares are the triplet rate constants calculated from 
PST and variational RRKM singlet rate constants, respectively. At 56 
cm”’ above the singlet threshold, both calculations give the same result. 
The solid curve is a RRKM calculation in Ref. 13. The curve (--) is the fit 
obtained for an intersystem crossing rate constant of 2.8X 10K s. ‘. The 
curve f-.-) is the smooth curve for the triplet rate constants which interpo- 
lates all experimental data as in Fig. 7. ( + ) point is the triplet rate constant 
extracted from the analysis of PHOFEX spectra of ‘CH, (0,) (Ref. 15). 
The singlet threshold energy is marked with an arrow. 

rate constants are obtained from the experimentally mea- 
sured total rate constants and branching ratios (Fig. 7). The 
singlet rate constant obtained agrees well with variational 
RRKM. The experimental results from Ref. 12 and this 
work define a smooth curve for the triplet rate as shown by 
the dash-dot line in Figs. 6 and 7. 

This monotonic increase with photolysis energy can be 
explained either by treating the triplet rate as being limited 
by an intersystem crossing rate which increases with energy, 
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FIG. 7. Energy dependence of the dissociation rate constants. The filled 
diamonds are the total rate constants measured in Ref. 18. The filled circles 
are the triplet rate constants calculated from the measured rates and 
branching ratios. The filled square is the triplet rate constant calculated 
from the PST or variational RRKM singlet rate constant at 56 cm ’ where 
both give the same result. Open triangles are singlet rate constants from the 
measured total rates and branching ratios. The curve (---) is the extrapola- 
tion of the triplet rate fit obtained for an ki, = 2.8 X 10%. - ‘. The curve (-.-) 
interpolates between the data of Fig. 6 (Ref. 12) and the data points (filled 
circles). The curve (. . . ) is the PST singlet rate constant (Refs. 17 and 18 ) ., 
and the solid curve represents variational RRKM calculation for the singlet 
rate canstant (Refs. 17 and 18). 

or by introducing variational RRKM theory for the triplet 
channel. At the singlet threshold the energy for the triplet 
channel is a factor of 2 greater than the barrier height. It is 
thus reasonable to propose, as in variational 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 total rate constant measurements are not 
available. However, the variational RRKM and PST predic- 
tions for the singlet rate constant can be used with the 
branching ratios to estimate triplet rate constants. In PST, 
the number of open singlet channels is directly counted for 
the specific angular momentum, parity,, and nuclear spin 
state of the excited ketene as a function of the excess energy 
above the singlet threshold. The density of reactant states is 
calculated by using the Whitten-Rabinovich formula,23 
multiplied by ( 2J ’ + 1) which is a degeneracy factor for K, 
and divided by four to correct for conservation of nuclear 
spin and parity.15 The mean reaction time rate constant after 
thermal averaging for 4 K is calculated according to the 
method in Refs. 12 and 17. The results are shown in Table I. 

At 56 cm - ’ excess energy, variational RRKM and PST 
give the same singlet rate constant. If the theoretical singlet 
rate constant at 56 cm -- ’ is combined with the experimental 
branching ratio to calculate the triplet rate constant, the 
point falls exactly on the experimentally defined curve for 
the triplet, Figs. 6 and 7. Variational RRKM starts to de- 
viate from PST near 70 cm - ’ excess energy.24 At 110 and 
325 cm- ‘, PST predicts a rate faster than predicted by vari- 
ational RRKM by factors of 1.7 and 4.0, respectively. If 
variational RRKM singlet rate constants at these low excess 
energies ( 1 lo-325 cm - ‘) are used to calculate the triplet 
rate constants from the branching ratio measurements, the 
resultant triplet rate constants fall about 20% below the ex- 
perimentally defined curve for k,. They do show quantita- 
tively good agreement with the fit to the low energy data 
obtained in Ref. 12 by assuming an intersystem crossing rate 
of 2.8~ 10’ s ‘. But the triplet rate constant, which is ob- 
tained from the variational RRKM singlet rate constant and 
the branching ratio at 110 cm- ‘, is about 25% smaller than 
for 56 cm - ’ excess energy (Fig. 6). This suggests that the 
variational RRKM rates in the loo-325 cm- ’ region are 
about 20% smaller than the true singlet rate constants. 

If the singlet rate constants at low excess energies ( 1 lO- 
325 cm - ’ ) are assumed to be correctly given by PST, the 
resultant triplet rate constants, which are calculated from 
the branching ratios, show a rapid increase with increasing 
excess energy and the triplet rate constant at 325 cm - ’ is 2.4 
times larger than that obtained from experimental data at 
450 cm - ‘. The PST rates are clearly too large. The singlet 
rate constant at 110 cm-’ can be calculated using the 
branching ratio measurements and the triplet curve (-a-) in 
Figs. 6 and 7. The logarithm is 8.14, which is between the 
variational RRKM calculation of 8.00 and the PST value of 
8.25. At 325 cm ’ excess energy, log k,$ = 8.68 is estimated 
compared to the PST and variational RRKM values of 9.19 
and 8.60, respectively. Therefore, the singlet rate in the low 
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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 
vibrational and rotational product state distributions for ke- 
tene dissociation on the singlet surface at several’photolysis 
energies by using PST and their version of variational 
RRKM theory, which assumes adiabaticity for the con- 
served vibrational mode after the transition state is passed, 
but allows nonadiabaticity for the rotational degrees of free- 
dom.17 As mentioned earlier, the product rotational distri- 
butions calculated from both theories are nearly the same up 
to 2500 cm ’ excess energy above the singlet threshold. But 
the vibrational distributions from PST and the variational 
RRKM theory are different. Results for singlet methylene 
vibrational excitation are given in the following paper. ‘I For 
the CO product, the ratio of CO(v” = 1) to CO(a” = 0) at 
2500 cm - ’ excess energy above the singlet threshold is cal- 
culated to be 0.038 from variational RRKM theory. The 
separate statistical ensembles (SSE) model of Wittig and co- 
workers yields 0.041, using Eq. (4) of the following paper. 
PST gives 0.016.17 The experimental result in this work is 
(0.034 f 0.009)/@,. The singlet yield at 2500 cm ’ excess 
energy is estimated to be 0.80 f 0.10 from Fig. 5, and the 
corresponding ratio of CO( u” = 1) to CO( v* = 0) is 
0.045 & 0.017. This value is much closer to the variational 
RRKM and SSE models than to PST. 
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