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Bond-breaking without barriers. II. Vibrationally excited products 
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Ketene is photolyzed in a supersonic jet, and theYibrationally excited singlet methylene CH2 

(a 1A\ ), produced is det~ted by laser~inducedf\uorescence. The appearance thresholds and 
yield curves of individual methylene rovibrationalstates are obtained by scanning the 
photolysis laser wavelength. As observed previously by probing the (0,0,0) state at lower 
photolysis energies,'there are no barriers to dissociation and nuclear spin is conserved. Sharp 
steps are observedjustabove the energetic threshold in each of these photofragment excitation 
(PHOFEX) curves. This suggests that the rotational state distributions are given by phase 
!>pace theory (PST). The quantum yield of the (0,1,0) 101 rovibrational state is measured and 
the quantum yield for (0,1,0) inferred. These values are larger than predicted by PST, and are 
close to values predicted by variational Rice-Ramsberger-Kassel-Marcus (RRKM) theory 
and by thl'! separate statistical ensemble!; (SSE) method. This indicates that near the (0,1,0) 
energy threshold the (0,0,0) yield is const~ained, as by a tight transition state. The appearance 
of steps spaced by the.energies of a free CO rotor in the PHOFEX curves close to the 
thresholds of each vibrational state probed indicates that the near threshold flux of 
vibrationally excited products is controlled by a loose "transition state" on a vibrationally 
adiabatic surface. These observations are consistent with the variational RRKM theory for 
dissociations, without barriers in which each product vibrational state evolves on its own 
vibrationally adiabatic potential surface and has its own transition state. As the energy 
increases above the threshold for a vibrational state, its transition state moves in along the 
reaction coordinate and tightens. Thus total rates increase less rapidly with energy than in PST 
and vibrational distributions are skewed towards higher levels than in PST. 

I. INTRODUCTION 

Historically, theories for unimolecular reactions have 
been developed for and tested against thermal reaction rate 
measurements. I

-
7 For bond breaking on potential energy 

surfaces without a barrier to fragment recombination there 
is no obvious way to locate the position of a transition state 
along the reaction coordinate. The phase space theory 
(PST) 3.4 provides an asymptotic limit by locating the transi
tion state at infinity (separated fragments). The Rice
Ramsberger-Kassel-Marcus (RRKM) theoryl,2 and the 
statistical adiabatic channel model (SACM) 5-7 provide al
ternative models. Recent advances in laser and molecular 
beam technology permit much finer control of the energeties 
and much better temporal resolution. Measurements of rate 
constants,8,9 product 'energy distributions 1

0-
14 and photo

fragment excitation spectralS-17 near product energy state 
thresholds have provided particularly sensitive probes ofre
action dynamics. New theories' such as variational 
RRKMI8- 20 and separate statistical ensembles (SSE) \0;21 

have been developed.22 The production of vibrationally ex
cited fragments provides a particularly sensitive test of alter
native models for transition state location.5

•19,22 

The lowest electronic states of ketene illustrated in Fig. 
1 reflect the results of recent ab initio calculations and spec
troscopic and dynamic measurements. 15

,23-28 'Mter excita-

uj Present address: University Chemical Laboratory,Lensfield Rd., Cam
bridge CB2 lEW, England. 

h) Present address: Department of Physics II, fudan University, Shanghai, 
People's Republic of China. 

tion'to the S1' state, the molecule undergoes rapid internal 
conversion and/or intersystem crossing to the 10were1ec
tronic states, followed by dissociation. The absorption spec
trum of ketene is diffuse and no fluorescence has been .ob
served. The singlet channel dissociation dominates from a 
few hundred cm ...: 1 above its reaction threshold; the branch
ing ratio with the triplet channel is reported in the preceding 
paper. 14 One advantage of the ketene system for testing the
ories of unimolecular dissociation is that the ketene absorp
tion spectrum is not structured; this alIows smooth variation 
in the total energy available while the dissocia!ion rate or the 
yield of a particular product state is probed. The PHOFEX 
technique is especially useful near the appearance thresholds 
of the various states, where the PH0I:EX spectra exhibit 
structure which is sensitive to the properties of the transition 
state which determines the product vibrational statedistri
bution. 

II. EXPERIMENTAL 

Ketene is seeded in helium carrier gas and cooled by 
supersonic expansion into a vacuum chamber. The cold ke
tene is photolyzed with a pulse oftunable-uv light (303-332 
nm), and the singlet methylene produced is excited with a 
visible pulse (560-640 nm). The methylene fluorescence is 
detected with a red-sensitive photomultiplier tube (PMT) 
through appropriate filters. To measure PHOFEX spectra 
the uv wavelength is scanned, while for the branching ratio 
measurement the visible wavelength is scanned. 

The apparatus and techniques are nearly identical to 
those used in the previous PHOFEX study,15-17 so only 
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FIG. 1. The potential energy surfaces of the low-lying electronic states of 
ketene. Indicated are the singlet threshold energy, 30 116.2 cm .1; and the 
energies relative to the singlet threshold of the (0, I,D) channel, 1352.5 
cm '; CO(v = 1 J, 2143.2cm·- 1; the (0,2,0) channel, 2667.7 cm 1; and the 
(1,0,0) channel, 2806.0 cm 1. 

changes are noted here. The U tube containing the liquid 
ketene has been replaced with a bubbler, and kept filled with 
a larger amount of ketene, so that He bubbles flow through 
several cm of ketene before entering the pulsed valve. This 
improves the stability of the partial pressure of ketene vapor 
picked up by the carrier gas. The vacuum line has also been 
modified so that it 'can handle higher backing pressures. 
Most of the results presented here were measured using 2 
atm backing pressure of He seeded with ;::::50 Torr of ketene 
(hexanes slush); under t-hese conditions, the ketene tem~ 
perature in the beam is expected to be less than 4 K. 15,16 

The photolysis laser system used in the previous study 
was replaced by a Ifiore powerful Quantel YG-580 Nd:YAG 
pumping a Quantel TDL-50 dye laser, with a nominal reso
lution ofO.l cm- 1. The dye laser wavelength was controlled 
by a Fountain PC microcomputer, through a Metrabyte 
DASH-8 interface, with software developed in this laborato
ry. Mter frequency doubling by KDP in an InRad Auto
tracker II, this system produced 5-12 mJ of ultraviolet light. 
The second harmonic was separated from the fundamental 
by four reflections from dichroic mirrors. As in the previous 
study, the signal was normalized to the UVpower coming 
through the beam machine using a Molectron J-9 pyroelec
tric detector. 

The fluorescence collection has been significantly im
proved by moving the photomultiplier closer to the interac
tion region and adding a 7 cm diameter, 5 cm front f.1. as
pheric glass lens between the interaction region and the 
PMT, and a 6 em diameter,S cm radius of curvature spheri
cal aluminum mirror opposite the interaction region. The 
lens acts as a field lens for the mirror, as well as a, collimating 
lens in its own right; together the two improve the collection 
efficiency by at least a factor of 2. 

Because the singlet methylene LIF spectrum is highly 
congested when methylene is formed with sufficient energy 
to acceSs vibrationally excited states, it is necessary to sepa
rate the fluorescence due to the vibrationally excited states 
from the large background originating from v" = ° rota
tional states. This is accomplished by using short-pass filters 
which only pass fluorescence blueshifted from the excitation 
wavelength. In the present experiment, transitions to the re
gion of the bCO,15,0) vibrational band are used exclusively; 
when detectingvibrationally excited methylene, two Eating 
580 nm short-pass interference filters (preceded by Schott 
glass BGI4 when needed) allow only fluorescence to the 
il(O,O,O) state to be detected. When measuring transitions 
from (0,0,0), no blueshifted fluorescence is expected, and 
red Schott glass RG630 is used instead to block the scattered 
laser light. 

The improved photolysis power and collection effi
ciency, coupled with the ability to separate LIF transitions 

. originating from different vibrational states, allowed detec
tion and unambiguous assignment of previously unknown 
singlet methylene rovibronic transitions originating from il 
(0,1,0), (0,2,0), and (1,0,0). These spectroscopic results are 
reported separately.l7,29 PHOFEX spectra measured using 
some of these new transitions are reported in the present 
work. 

In deconvoluting the data, it is necessary to know the 
absorption spectrum of ketene. The room temperature mea
suremeneo has been repeated using a Hewlett-Packard 
8450 uv/vis spectrometer in order to obtain a more detailed 
spectrum. A low temperature, or, preferably, jet-cooled 
spectrum would be best for the present purposes, but none is 
available. 

The branching ratio between (0,1,0) and (0,0,0) was 
measured by saturating LIF transitions to the same upper 
state. This was necessary because absolute line strength fac
tors are not known for the singlet m,ethylene transitions, and 
the signal:noise ratio is best for large probe laser powers. The 
transitions employed are b(0,15,0)211 +-li(0,1,0)101 at 
16405.28 em - 1 andb(O, 15,0)211 -il(0,0,0)101 at 
17757.76 cm - 1. To confirm that the transitions can be satu
rated, the LIF intensity was measured as a function of laser 
power. Though the measured intensity does increase slightly 
with power, the signal becomes nearly independent of laser 
power once power broadening becomes evident in the LIF 
spectra. For the branching ratio measurement, the probe la
ser power was adjusted so that the FWHM linewidth of the 
desired transition was 0.5 cm - 1 (wiJh a laser Iinewidth of 
0.2 em - 1 and aDoppler width ofless than 0.1 cm - 1). Under 
these conditions, the transitions should be equally saturated, 
and the ratio of the peak fluorescence intensities of the two 
transitions should equal the ratio of the lower state popula
tions. 

There are further complications in making this mea
surement. Due to the congestion in the methylene spectrum, 
it is not possible at 0.5 cm· 1 resolution to avoid overlaps in 
the (0,0,0) LIF spectrum at the short photolysis wave
lengths needed to produce (0, 1,0). Also, the rotational state 
distribution of (0,0,0) is not known at such high energy; it is 
certainly possible that it is not given by PST theory as it is at 
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lower energy. To avoid these problems, the yield of 
(0,0,0) 101 was measured at a longer photolysis wavelength, 
where the spectrum is not congested, and where the previous 
work15

,16 has established that the rotational state distribu:" 
tion is indeed given by PST theory. This approach has the 
disadvantage that the triplet channel is more important at 
low energy; however, the behavior. of the triplet channel is 
understood, and can be corrected for using data from the 
preceding paper. 14 The factors needed to convert the experi
mental peak heights to the (0,1,0) quantum yield are dis
cussed in detail in Sec. VI A. 

One last complication is that different filters must be 
used for probing the different transitions. To remove the 
scattered laser light and measure the (0,0,0) LIF spectrum, 
red long-pass filters must be used. But to remove overlap
ping (0,0,0) transitions from the (0,1,0) LIF spectrum
serious interferences at high laser powers where all the tran
sitions are power broadened-it is necessary to use the blue 
short-pass filters. The relative sensitivity, which depends on 
the Franck-Condon f:;lctors of the fluorescence and the 
wavelength-dependent efficiency of the PMT, was measured 
by repeatedly exchanging the two filter stacks while exciting 
the heO, 15,0)2.11 ..... li(O, 1,0) 101 transition with low probe la
ser power and the pump laser at 31 564.8 em - 1. The blue 
detection system was found to be more sensitive tp the 
b(0,l5,0)2 11 fluorescence than the red system by a factor of 
2.8 ± 0.3, The accuracy of this measurement is limited by 
overlaps with the wings of two nearby unassigned (0,0,0) 
peaks, see Fig. 2. 

The actual branching ratio measurement was carried 
out by changing the photolysis and probe dye laser wave
lengths while maintaining a fixed laser alignment It was 
possible, using fixed irises as guides, and after some practice, 
to reproducibly readjust both laser beams to the optimal 
alignment through the interaction region after the optics had 
been randomly misaligned. This was fortunate, as it proved 
convenient to change the probe laser dye by changing the dye 
cuvettes and circulators in order to obtain the new probe 
wavelength; this certainly misaligned the probe laser beam. 
Then the LIF spectrum in the region of the transition of 
interest was scanned, the probe power adjusted to make the 
linewidth 0.5 cm - I, and the spectrum scanned again. The 

"--~~~l --- "1"",----.-

16402.3 16404.0 16405.7 16407.4 16409.1 

71 (em-') 
probe 

FIG. 2. LIF spectra in the h(0,15,0)2 11 -0(0,1,0) 10\ transition region as 

viewed through (a) the red filters and (b) the blue filters. 

whole procedure was repeated several times to ensure repro
ducibility. 

Reproducibility of the photolysis frequency could po
tentially be a serious source of error in measuring this ratio, 
as the PHOFEX curves of the states probed are highly struc
tured. To allow reproducible changes in "the photolysis laser 
wavelength, at each iteration the photolysis dye laser funda
mental was tuned on to either the Ne optogalvanic line at 
633.618 nm or the one at 660.078 nm. The corresponding 
photolysis frequencies are 31 564.8 cm - 1 for the (0,1,0) 
measurement (Fig. 5) and 30299.4 cm -1 for the (0,0,0) 
measurement, a few cm -I above the CO(J = 9) threshold, 
see Fig. 2 of Ref. 15. Precise wavelength reproducibility is 
not an issue for the probe laser, since it was scanned over the 
peak to obtain the LIF spectrum. 

III. PHOFEX SPECTRA 

A. Results 

The PHOFEX spectrum for (0,1,0) 101 , Fig. 3, is qual
itatively similar to the PHOFEX spectra of li(O,O,O) rota
tional states reported previously.ls,16 At these energies at 
least two-thirds of the reactive flux yields 0(0,0,0) prod~ 
uct. 14 Aifor (0,0,0), the steps in this spectrum are spaced by 
the rotational term values of the CO product indicating that 
the quantum yield of this rovibronic state is determined at a 
large enough value of the reaction coordinate that the energy 
eigenvalues are essentially those of the isolated fragment 
molecule. The threshold, measured precisely using the sharp 
steps as in the previous work,t5,16 lies at 31477.0 ± 0.5 
cm - 1---1;ompared to the energetic threshold of 
31477.2 ± 0.4 cm -I expected15,25 if there is no barrier and 
if nuclear spin is conserved. Figure 4 shows PHOFEX spec
tra for a variety of (0,1,0) states and Table I lists the thresh
olds for these (0,1,0) states determined by fitting the experi
mental curves near the threshold to simulated spectra as was 
done in previous work. 15,16 As was the case with (0,0,0) 
states, there are no detectable barriers for the (0,1,0) states; 
the deviation from the energetic threshold is within the un
certainty of the measurement. The absence of any barrier for 

>. ... 70 'iii 
c: 
Q) 60 £; 
Q) 50 
<> c: 
Q) 40 
<> 
C/J 
Q) 

30 L. 
0 
:J 
Li: 20 

Q) 

> :p 10 

III 
Q) 
a: 31474 31483 31492 31501 31510 

1I h t I . (em-') p 00 YSIS 

FIG. 3. The threshold region of the PHOFEX spectrum of the (0,1,0) 101 

state with the fit described in the text, Eq. (1). The thresholds of the differ
ent CO channels are labeled as is the threshold of the next ortho state, 110 , of 
ICH2 , 
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31400 31600 31800 32000 

v photolysis' (ein-I
) 

FIG. 4. PHOFEX spectra of the (0,1,0) states with the energetic thresh
olds, taking nuclear spin conservation into account, marked. The spectra 
are obtained by scanning the photolysis frequency with the probe laser fixed 
on the following li:-a(O, 1,0) transitions: (1) (0,15,0) 110 ~O~ (16390.19 
cm I); (2) (O,B',O)2 l1 ~ 101 , (16405.29 cm I); (3) (0,15,0)3 11 -202 

(16421.47 cm,I); (4) (0, 15,O)41.l <-31)3 (16441.87 cm -I); (5) 
(0,15,0)211 <-321 (16258.38 cm -'); (6)" (0,15,0)5 14 -404 (16452.01 
cm"I); (7) (O,15,O)6Is~5ns (16479.36cm-');(8) (0,16,0)440 -432 

(16503.56 cm - I); (9) (0,15,0)413 ~441 (16 164.55 cm I). 

producing the rotational states probed and the fad that the 
intensity increment at each step is roughly in accord with a 
PST model, suggest that the rotational distribution of the' 
(0,1,0) molecules is given by PST over the energy scale 

TABLE I. Thresholds for the production of CH2 (a 'AI ) from CH2 CO 
(cm I). . ' 

(v, 'v2 'v3 ) 

para 
(0,1,0) 

ortho 
(0,1,0) 

(0,2,0) 
(1,0,0) 

JK"x. 

000 

202 
404 

101 
303 

321 
50s 
432 

441 

101 
101 

E'h' Em,b +Doc 

31468.9 31468.7 
31522.0 31522.3 
31637.3 31637.6 

31477.0 31486.9 
31563.4 31573.1 
31624.1 31633.8 
31706.4 31715.7 
31757.2 31766.7 
31840.7 31850.4 

32791.7 32801.6 
32930.7 32940.2 

E'h - (E,-o, + Do) 

0.2 
-0.3 
-0.3 

_9.9d 

-9.7 
-9.5 
- 9.3 
-9.5 
-9.7 

-9.9 
-9.5 

"Threshold energies extracted from PHOFEX curves, errors are estimated 
to be ± 0.5 cm- I. 

bICH, term values from Refs. 25-27. 
<The threshold for the singlet dissociation Do = E'h ,(000 ) = 30 116.2 
cm " Ref. 15. 

"The lowest ortho state of CH2 CO is 111; E( 111) = 9.7 cm - '. 

31400 31600 

, ...... ; ... 
..... r ....... , " 

'":' ..... : ... .1 

31800 32000' 

FIG. 5. PHOFEX spectra of (a) (0,1,0) 101 fit to PST (clashed line) and 
constant W = 100 (dotted line), (b) (O,I,b)30.l fit to PSTCdashed line) 
and constant W = 200 (dotted'line), and (c) (0,1,0)505 fitto PST (dashed 
lin'e);and constant W = 300 (dotted line). 

shown here. (Naturally, it would be better to measure the 
rotational distribution directly with an LIF spectrum, but 
the unknown rotational line strengths for the highly per
turbed methylene spectrum makes this difficult.) In the pre
vious PHOFEX study, Ka= ° and 1 states were probed; the 
present work is extended to Ka values as large as 4. No quali
tative differences are observed. probing states with different 
Ka. The PHOFEX data do not match PST well over a long 
scan, Fig. 5. 

A critical qualitative feature of the PHOFEX curve in 
Fig. 3 is the observation of steps below 31 492 em - 1, where 
the next ortho methylene state 110 has its appearance thresh
old. Below this energy 101 is the only ortho (0,1,0) methy
lene state which is energetically accessible, and this 

>-.. 90 
.~ 

4l 80 .... 
.5 70 
4l 
0 60 
c: 
Gl 50 0 
tIJ 
Gl 40 ... 
0 
::l 30 u: 
4l 20 
> :;:: 10 

E th (O,l,O) 111 as 
(ij 0 a: 31456 - 31465 31474 31483 31492 31501 

v . (em-') 
photolYSIS 

FIG. 6. The threshold region ofthe PHOFEX spectrum of the (0,1,0)000 

state fit to PST. The thresholds of the different CO channels are labeled as is 
the threshold of the next para state, 1\\. 
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32793 32802 32811 32820 328211 

1/ . (em-') 
photolysIS 

FIG. 7. The threshold region of the PHOFEX spectrum of the (0,2,0) 101 
state with the fit described in the text, Eq. (1). The thresholds of the differ
ent CO channels are labeled as is the threshold of the next ortho state. 

PHOFEX curve is essentially the quantum yield curve for 
ortho (0,1,0). The steps in this curve, sI>aced as they are by 
the CO free-rotor eigenvalues, clearly demonstrate that the 
quantum yield of (0,1,0) is determined by a "loose" transi
tion state at large enough values of the reaction coordinate so 
that CO rotation is not significantly hindered. The same con
clusion is reached by probing the (0,1,0) 000 state, Fig. 6, 
which below 31 497 cm - I is essentially the para (0,1,0) 
curve. The same qualitative features are also observed in the 
PHOFEX curves measured probing the (0,2,0) 101 and the 
(1,0,0) 101 states, Figs. 7 and 8, about 3000 cm - I above the 
singlet channel threshold. The important implications of the 
observations of loose transition states at energies where 
"tight" transition states must be inferred from rate measure
ments are discussed in Sec. V. 

B. Models 

Several models have been tested against the PHOFEX 
curves measured in the present work. The fine structure in 
the PHOFEX spectra indicates that the rotational and vibra
tional state distributions are sensitive to the number orprod
uct states, as predicted by PST. However, PST seriously un-

>- 70 

~ c 60 cD 
£; 

50 
cD g 

40 cD 

~ 30 5 
.2 
u.. 
cD 
> 
~ 
"ii 
II: 

32918 32927 32936 32945 32954 321163 

1/ . (em-') 
photolysIS 

FIG. 8. The threshold region of the PHOFEX spectrum of the (1,0,0) 101 
state with the fit described in the text, Eq. (1). The thresholds of the differ
ent CO channels are labeled as is the threshold of the next artha state. 

derestimates the quantum yield for vibrational excitation 
(Sec. IV); this is exhibited indirectly in the PST fits to PHO
FEX spectra, where the maxima are displaced to much high
er energy than is observed experimentally, Fig: 5. The abso
lute intensities of the PHOFEX curves are generally 
unknown, so the fits presented here are normalized to match 
the data; if the absolute intensity of the (0,1,0) 101 PHOFEX 
curve is taken from the branching ratio measurement (Sec. 
IV), it would be 3 X as tall as the corresponding PST curve. 

It is convenient to use the conditional probabilities 18 

pes), the singlet quantum yield, P(uls), the fraction of the 
singlet formed in state u, and P(JK"K,.ls,u) the fraction of 
product in vibrational state u which is formed in rotational 
state J K"K,.' since these different degrees of freedom are 
usually treated separately. 

In all the fits presented here, the PHOFEX signal is 
taken to be proportional to the product of conditional proba
bilities 

<t>(U,JK"K) = P(s)P(uls)P(JK"Kcls,u), 

where the rotational state distribution P(JK"K,.ls,u) is given 
by PST. From the accompanying study pes) is known to be 
fairly constant in the energy range of a PHOFEX scan.14 

The task is then to derive the functional form of P( u Is). One 
reasonable hypothesis is that near the (0,1,0) threshold the 
number of channels leading to (0,1,0) rises as prediCted by 
PST, while the number of competing channels leading to 
(0,0,0) are only slowly varying with energy and can be fit 
with a constant. This model is formally identical to that used 
successfully to fit the (0,0,0) PHOFEX spectra previously I 5 

<t>[(O,l,O)J.= N psT [(O,l,O)] 
K"Kc] (2J1 + 1) W + NpST [(0,1,0)] 

N pST [(O,l,O)JK"K
c

] 

X . . (1) 
NpST [(0,1,0)] 

J' is the ketene excited state quantum number. 
With the correct choice of the constant W for the effec

tive number of open channels to prQducts other than 
CH2 (0,1,0), this model fits the PHOFEX data very well, 
Fig. 5; however, Wvalues as small as the ones needed to fit 
the shapes of the PHOFEX curves imply a vibrational quan
tum yield, P(u = lis) 5-15 times larger than the experimen
tal value at 31616.2 cm -I (Sec. IV). 

The direct rate measurements9 combined with the sing
let/triplet branching ratio measurements 14 experimentally 
determine the rate ofincrease of the total number of dissocia
tion channels with energy. If the PST value for the rate of 
formation of (0,1,0) is used, 

P I 
NpST [(0,1,0)] 

(us) =.....:.~~~-=-
hpktotaIP(S) 

(2) 

and, assuming that the change of the denominator with ener
gy is relatively small, the PHOFEX fitting equation 

NpsT[(O,l,O)JKK] 
<t>[(OlO)J ]- "C (3) 

" K"KC - (2J' + l)[1+a(E-Eo)] 

or equivalently [1 + a (E- Eo)] can be replaced with exp 
[aCE - Eo) ]. Here a is determined by the rate of increase 
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FIG. 9. PHOFEX spectra of (0,1,0)101' (0,1,0)3"3' and (0,1,0)5", fit to 
Eq. (2) with a = 0.001 (dashed line) and a = 0.005 25 (dotted line). 

of the dissociation rate and the density of states; using the 
measured dissociation rate and the Whitten-Rabinovitch 
expression for p, one obtains a;::;O.OOl ± 0.0005/cm- 1 in 
the energy range of interest. This value of a fits the PHO
FEX data rather poorly; however, the value 
a = 0.005 25/cm - I fits the PHOFEX curves for all of the 
(0,1,0) rotational states quite well, Fig. 9. This much larger 
value of a cannot be due to uncertainties in the rate measure
ments. It seems very unlikely that the Whitten-Rabinovitch 
estimate! of the relative rate of increase of the density of 
states is so much in error. Instead it appears that the fit pa
rameter a is compensating primarily for the overestimate by 
PST of the increase in the effective number of (0,1,0) disso
ciation channels with energy; this effect is predicted by the 
variational RRKM calculations of Klippenstein and Mar
cus. Their calculated PHOFEX curves are published sepa
rately.20 

The separate statistical ensembles (SSE) method pre
dicts rovibrational distributions, and so can easily be com
pared with the PHOFEX data. In SSE, the vibrational quan
tum yield PC vjs) is proportional to the density of states of an 
unhindered ensemble of dimension equal to the number of 
disappearing oscillators given the total excess energy. The 
SSE prediction is simply 

P(vjs) = (E - hcv2 )!'s /{ (E - hcv2 ) I.S + E LS}, (4) 

where E is the available energy above the singlet channel 
threshold. This prediction matches the experimental PHO
FEX curves quite well everywhere except close to the thresh
old of the vibrational channel (Fig. 10), where the formula 
for P(vjs) is smooth, but the experimental data indicates 
that it should be highly structured. However, it is quite re
markable that such a simple model without adjustable pa
rameters, does so well. 

1 
G) 

> :; 
Gi a: 

31400 

"'~"·""'''·'''··'.J········ .. f··· .. " ............ , .... 

31600 31800 32000 

Vphotolysls (om-') 

FIG. 10. PHOFEX spectra of (0,1,0)101' (0,1,0)303 , and (0,1,0)505 fit to 
the SSE model. Note the discrepancy near the threshold of the (0,1,0) 101 
curve. 

IV. THE (0,1,0) QUANTUM YIELD 

A. Results 

The primary experimental datum is the ratio of the flu
orescence signal observed photolyzing ketene at 
v! = 31 564.8 em - ! and probing the methylene 
b(O, 15,0)211 <-a(O, 1,0) 101 transition through the blue filter 
stack to that observed photolyzing at Vo = 30 299.4 cm - I 

and probing b(0,15,0)2 11 <-0(0,0,0) 101 through the red 
filters. Both signals are normalized to the incident uv power; 
the measured ratio isO.199·± 0.011. The uncertainty quoted 
is the standard deviation of several experimental measure
ments. Several factors are needed to convert the experimen
tal relative intensity measurements into (0,1,0) quantum 
yield measurements suitable for comparison with Klippen
stein and Marcus's theoretical predictions. 19 To account for 
the different filters, the experimental ratio must be divided 
by the measured blue:red sensitivity ratio of 2.8 ± 0.3. Be
cause the quantum yield is defined relative to the number of 
uv photons rather than to the uv power, the ratio must be 
multiplied by VO/VI . The ratio must also be multiplied by the 
ratio of absorption cross section of ketene at Vo to that at VI' 

From the room-temperature absorption spectrum, a factor 
of 1.02 ± 0.02 is derived. Multiplying by all these factors 
yields a ratio of the quantum yield <1> [(0,1,0) 101 ] at VI to 
<1>[ (0,0,0) 101] atvo of 0.075 ± 0.008. The (0,1,0) 101 PHO
FEX curve measured in this work, appropriately corrected 
for the ketene absorption cross section, provides a direct ex
perimental measurement of the change in <1> [ (0,1,0 )101 ] 
with energy. Making the conversion to 31 616.2 cm -1, the 
energy where Klippenstein and Marcus calculated the vibra
tional branching ratio theoretically, the experimental ratio 
becomes 0.013 ± 0.008. 
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B. Variational RRKM 

Klippenstein and Marcusl9 have calculated the vibra
tional excitation probability of the singlet channel P(vls) at 
31 616.2 cm - 1 (1500 cm - I above the singlet channel 
threshold) using a variational RRKM technique. Marcu
s 18 originally proposed two different methods for calculating 
the vibrational excitation probability. Klippenstein and 
Marcusl9,20 implemented the method in which the vibra
tional excitation probability is sensitive to different transi
tion states on vibrationally adiabatic curves for (0,0,0) and 
(0,1,0). This method is consistent with the observation here 
of loose transition states for vibrational channels near their 
threshold, Figs. 3 and 6-8. Klippenstein and Marcus actual
ly calculated two values for the branching ratio due to the 
occurrence of multiple minima in the number of (0,1,0) 
states at sufficiently high energies. Considering only one of 
the minima yields P(v2 = lis) = 0.030. Considering the 
mUltiple minima explicitly yields a value of 0.025. Marcus' 
theory also predicts the rotational state distributions 
P(J K.,KJS,V) for each vibrational state, which are essentially 
given by PST. 18

,19 The "rotational quantum yield" 
POOl is,v2 = I) for the 10) state of (0,1,0) at 31 616.2 cm- I 

is calculated by PST to be 0.193; similarly, PC 101 Is,v = 0) is 
calculated to be 0.132 at Vo' P(v = Ols) = 1 at Vo, since no 

. other singlet vibrational channels are energetically accessi
ble at that photolysis wavelength. The values of pes) are 
derived from Fig. 5 of Ref. 14 as 0.43 ± 0.03 and 0.72 ± 0.06 
at Vo and VI' respectively. The experimental ratio 
of 0.073 ± 0.008 derived above can then be 
compared with Klippenstein and Marcus' theoretical 
ratios of [P(S;VI )P(v2 = 1ls;vt )P( 10\ Is,v2 = l;vt ) ] / 
[P(s,vo )P(v = Ols,vo )P( 101 Is,v = O,vo )] = 0.073 ± 0.008 
and 0.061 ± 0.007 from the two different ways of treating 
the multiple minima. By contrast, PST predicts a ratio of 
0.023 ± 0.002, a factor of about 2 to 3 smaller than Klippen
stein and Marcus's prediction, while SSE predicts 
0.073 ± 0.008. The error bars given here on the theoretical 
values reflect only the uncertainty in the singlet/triplet 
branching ratio. Inverting this procedure allows estimation 
of an experimental P(V2 = lis), Table II. The agreement 
between experiment and Klippenstein and Marcus' predic
tion is surprisingly good, especially since the parameters of 
their model potential energy surface were chosen before the 
experiments were completed. The data also include some 
thermal averaging effects, while their calculation was re
stricted toJ'(CH2 CO) = 3. 

Combining the experimental rate, singlet/triplet 
branching ratio, and vibrational quantum yield measure-

ments allows an experimental estimate of the dissociation 
rate on the singlet surface to form (0,1,0) methylene at a 
photolysis energy of31 616.2 cm -1:(9 ± 2) X 107 s I. This 
value will be affected by the uncertain effects of rotational 
averaging on the different experimental measurements. This 
rate is a factor of 3 smaller than that predicted by PST using 
the Whitten-Rabinovitch density of states. 

V. DISCUSSION AND CONCLUSIONS 

The PHOFEX spectra of vibrationally excited singlet 
methylene produced by the variable wavelength photolysis 
of jet-cooled ketene have beenmeasured, as well as the vibra
tional branching ratio at one photolysis wavelength. The en
ergetic thresholds, the fine structure in the PHOFEX spec
tra, the branching ratio measurements and the absolute rate 
data9 each have important implications; together they pro
vide a discriminating test of theories of unimolecular disso
ciation on barrierless potential energy surfaces. 

The experiments demonstrate conclusively that there 
are no barriers to the dissociation-all of the experimental 
thresholds match the values expected from the methylene 
and CO term values, taking into account the conservation of 
nuclear spin and the small thermal energy of jet-cooled ke
tene. This is true even for the state (0,1,0)441 , which has 382 
cm -I of rotational energy. Under conditions for which the 
statistical adiabatic channel model (SACM)5-7 predicts 
rates less than the PST rate, it predicts dynamical barriers 
which increase in size with product rotational energy-no 
barriers to formation of final product states are detected with 
an energy resolution of 0.5 cm I. Despite its success at fit
ting other types of data from many systems, SACM does not 
predict the product thresholds and energy state distributions 
observed near threshold for ketene. No model which postu
lates dynamical barriers that raise product thresholds is con
sistent with the results here. If it is assumed that the charinels 
are adiabatic only through the region of channel maxima 
and that rotations are completely mixed as fragments subse
quently separate, SACM predicts rate constants and rota
tional distributions qualitatively similar to those of vari
ational RRKM. However, this uncoupling and subsequent 
recoupling of degrees of freedom as the fragments separate 
seems unphysical to us. 

The observation of steps spaced by the CO rotational 
energies in the singlet methylene (0,1,0), (0,2,0), and 
(1,0,0) J KuK,. PHOFEX curves similar to those observed pre
viously for (0,0,0) 15.16 suggests that the rotational state dis
tribution within a specific vibrational state is given by PST. 
This is assumed in both SSE and the new variational RRKM 

TABLE II. Vibrational excitation probability P( v2 = lis) 1500 em 1 above the singlet threshold. 

Experiment" PST Variational RRKM SSE Fitting model" 

0.030 ± 0.005 0.0094 0.025" , 0.030d 0.030 0.16--0.37 

"Derived from the experimental data assuming PST rotational state distributions. See Sec. IV B. 
bUsing 300> W > 100 in Eq. (1). 
"Calculated considering all minima in the number of states, Ref. 19. 
d Calculated considering only one minimum in the number of states, Ref. 19. 
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theory. However, a direct measurement of the methylene 
rotational state distribution is needed to check this, especial
ly well above threshold, where the large energy level spac
ings in ICH2 could inhibit energy flow. The singlet channel 
CO fragment rotational state distribution is in accord with 
PST predictions up to 2500 cm- 1 above threshold, though at . 
the top of this energy range overlapping contributions from 
the triplet channel make this measurement less discriminat
ing.14 So far all experimental results indicate'that energy 
flows freely among the degrees of freedom corresponding to 
product rotation and translation until the products are effec
tively separated. 

The presence of steps in the (0,1,0) 000 and 101 PHO
FEX curves below the threshold for production of any other 
methylene states of the same vibrational and nuclear spin 
state is particularly important. Only one methylene rota
tional state is energetically accessible, 
P(JK

a
KJU2 = l,s) =1, so the steps must be due to P(uls). 

The vibrational branching ratio increases as each new 
CO(J) channel opens at its free-rotor term value. This can 
only occur if the vibrational branching ratio is determined by 
the properties of a loose transition state whose energy levels 
are very nearly those of the isolated fragments. The observa
tion of similar behavior for the (0,2,0) and (1,0,0) vibra
tional states suggests that near-threshold vibrational quan
tum yields may generally be determined by loose transition 
states. This result clearly rules out the hypothesis that the 
vibrational state distribution is determined early in the disso
ciation, at a small value of the reaction coordinate where the 
energy level spacings would be much larger than those of a 
free rotor, a major premise of Rosenfeld's early phase space 
theory31 and one of the alternative hypotheses suggested by 
Marcus. 18 The predictions of the separate statistical ensem
bles (SSE) theorylO are generally in agreement with our 
results; however, the present form of SSE does not predict 
the quantized fine structure very near the vibrational chan
nel thresholds. The success of the very simple SSE model 
suggests that refinement of this theory to include quantum 
effects would be worthwhile. Since the underlying physical 
assumptions of SSE and variational RRKM are significantly 
different, it will be important to test them in regimes where 
significantly different results are predicted. 

The observed near-threshold steps in the PHOFEX 
spectra are part of the newest version of variational RRKM 
theory l8,19 which considers each vibrationally adiabatic 
curve to have its own transition state, Fig. 11. Near a vibra
tional threshold, that channel's trap.sition state (c) will lie 
far out on the adiabatic curve le~ding to vibrationally excited 
products, and many dissociation trajectories reflect at this 
bottleneck, eventually finding their way back past (a) and 
onto other adiabatic curves. This competition between chan
nels, restricted by a very loose transition state, makes P(uls) 
sensitive to energy spacings nearly equal to the free-rotor -. 
spacings of the fragments, which are manifested in the PHO
FEX spectra. Thus the vibrational branching ratios are not 
given by the branching between vibrationally adiabatic sur
faces which occurs at point a in Fig. 11 as the molecule 
moves out along the reaction coordinate, but rather by the 
number of channels at the vibrational TS on each surface. 

E 

v 

_--:--~-'CHa(O,O,O)+cO(V _ 0) 

Ts., _ 1 (E,J) 

Reaction Coordinate 

FIG. 11. Schematic diagram of a variational RRKM model consistent with 
the present data. An adiabatic potential and a corresponding transition 
state surface are defined for each product vibrational state. As total energy 
increases above the asymptotic threshold for each channel the transition 
state moves in along the reaction coordinate. The increase in level spacing as 
the chemical bond tightens decreaseS the number of states w., (E,!) and 
hence the rate constant with respect to the phase space theory limit (transi
tion state at f1,lIly separated products). The relative population of an excited 
vibrational state, Np _' (c)/N,.~o(bJ, is larger than in PST where both 
transition states are at the product end of the reaction coordinate. In the 
calculations of Klippenstein and Marcus (Refs. 18 and 19) point a where 
the vibration becomes adiabatic is taken to be identical to point b, the transi
tion state on the ground state surface. In general, point a will be different for 
each vibrational coordinate and not closely related to point b which niust 
move as total energy changes. 

The (0,1,0) quantum yield measurement, consistent 
with the experimental results from NCNO IO and various 
theoretical predictions, indicates that PST underestimates 
the excitation of product vibrations. While the near-thresh
old steps in the PHOFEX spectra show that the (0,1,0) 
quantum yield is determined at a loose transition state, the 
quantum yield _measurement indicates that the effective 
number of (0,0,0) channels is restricted. The fits to the 
PHOFEX curves and the recent rate measurements in the 
Zewail group'l provide further evid~nce that (0,0,0) has a 
tight transition state at energies above the threshold for 
product vibrational excitation. 

The results reported to date on ketene are qualitatively 
consistent with a variational form ofRRKM theory. Quanti
tative predictions, often in advance of the experimental re
sults have been remarkably accurate even though potential 
surface shapes had to be guessed. A number of models are 
clearly excluded by· the data. It is possible that interesting 
new models will also be consistent with the results obtained 
so far. It will be important to understand at what point each 
vibrational degree of freedom becomes adiabatic as the 
chemical bond breaks. For most vibrations one imagines 
that point a, Fig. 11, for each vibration will lie at or inside of 
b as shown. However, for soft product degrees of freedom 
such as internal rotation or torsion a may well lie outside of 
b. Further experimental data and accurate ab initio potential 
energy surfaces will be required to test models which treat 
vibrational adiabaticity in detail for unimolecular reactions 
without barriers. 
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