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Laser photodissociation of ketene at 230 nm
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Abstract

˜ 1 ˜ 1Ketene in a molecular beam is excited at the onset of its X A ™ B B absorption band by laser light at 230 nm. The1 1

rovibrational population distribution in the CO photofragment, formed in the dissociation, is probed by REMPI. The phase
1 ˜ 1Ž . Ž . Ž .space theory PST is applied to the dissociation channels leading respectively to COqCH a A and COqCH b B .˜2 1 2 1

For the latter, the PST calculations lead to an average rotational energy in CO which is not compatible with the measured
value, thus suggesting that this channel does not represent an important contribution to the dissociation process. q 1998
Elsevier Science B.V. All rights reserved.

1. Introduction

The dissociation dynamics of ketene, excited at
energies from 200 to 2900 cmy1 above the first
singlet dissociation threshold, has been studied in

w x w xgreat detail 1–6 ; dissociation rates 7 and relative
yields of singlet vs. triplet channels have been mea-
sured, as a function of the excess energy above the

w xdissociation threshold 8,9 . Much less work has
˜ 1been focused on the high-lying B B state of ketene1

w x10,11 . The onset of the band absorption starts at
lf230 nm; the band shows some broad features

w xattributed to vibrational structure 12 . Several disso-
ciation channels are energetically accessible: the most
exoergic is the spin-forbidden process leading to

˜ 3ground-state CO and X B ; the singlet dissociation1

channel opens at energies above 30116 cmy1, being

) Corresponding author. E-mail: mmm@iqfr.csic.es

more exothermal than the triplet channel by 3156
y1 ˜ 1Ž .cm ; the next singlet channel forming CH b B2 1

is less exoergic than the triplet channel by 11539
cmy1 ; C–H bond cleavage requires ;3000 cmy1

less energy than the latter. Little is known about the
branching ratio and dependence on excitation energy
of the different dissociation pathways. The exit chan-

˜ 1nel forming methylene in the b B state has been1

observed following dissociation of ketene at 212 nm
w x w x13 and at 193 nm 14 , although at 193 nm may
constitute only a minor branching in the dissociation
w x15,16 . Cleavage of the C–H bond has also been
observed upon ketene excitation near the shortest

w xabsorption band limit at 193 nm 17 accounting for
;37% of the quantum yield for ketene dissociation
w x18 . However, experimental evidence indicates that,
despite being exothermal, the C–H bond is not di-

˜ 1Ž .rectly dissociated on the CH CO B B surface2 1

when excited at wavelengths between 200 and 217
w xnm 11 .
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Aiming to gain more information about the pho-
˜ 1todissociation dynamics of the B B surface, in this1

work we have explored the region near the threshold
for excitation of this excited singlet state; ketene has
been dissociated at frequencies in the longest end

˜ 1 ˜ 1limit of the X A ™ B B absorption band and the1 1

nascent rotational population distribution in the CO
photofragment has been measured.

2. Experimental

The experimental system was similar to that de-
w xscribed in Ref. 19 . Samples of pure ketene at

stagnation pressure ;300 mbar, were expanded into
a vacuum chamber through a pulsed piezoelectric

Ž .valve Laser Technics, 0.3 nm nozzle diameter . The
frequency doubled output of a XeCl excimer pumped

Ž .dye laser Lambda Physik EMG 201rFL2002 was
focused, ;2 cm below the nozzle, by a 15 cm focal
length lens. The frequency-doubled laser output was
linearly polarized and provided ;250 mJ per pulse
at wavelength near 230 nm, with bandwidth of ;0.3
cmy1 measured at the fundamental frequency. The
same laser photolyzed the parent molecule and probed
the photofragment CO, produced in the photodissoci-
ation. The CO rovibrational distribution was probed

w xby a 2q1 REMPI scheme 20 , scanning the laser
wavelength over the two-photon resonance

Ž 1 q 1 q.CO X S ™B S . The photoions were acceler-
ated by a set of parallel plates before entering a
time-of-flight mass spectrometer provided with a
pair of 1Y microchannel plates. The signal, after
passing by a fast amplifier, was fed into a boxcar

Ž .integrator SRS250 interfaced to a personal com-
puter for data storage and analysis.

Rough estimations of the rotational and vibra-
tional temperatures in the jet were made using results
obtained from previously recorded REMPI spectra of
molecular beams of CO or CS , under several ex-2

pansion conditions; the rovibrational population dis-
tributions measured from the REMPI spectra were
used to estimate the temperatures in the parent
molecular beam. For conditions similar to those of
the present experiment, the estimated values were
50–60 K for the rotational temperature and around
200 K for the vibrational temperature.

3. Results and discussion

3.1. REMPI spectrum

REMPI spectra of the CO photofragment, formed
by ketene photolysis, were recorded scanning the
laser in steps of 0.0014 nm in the region from 229.92
to 230.55 nm. In this wavelength region the linearly
polarized laser output, probes the rovibrational popu-

Ž 1 q.lations of CO X S via the two-photon resonant
transitions X 1

S
q ™ B 1

S
q. Each point was the av-

erage of 30 laser shots. The laser output was constant
in energy over the whole scan with typical shot-to-
shot laser energy fluctuations smaller than 3%. Par-
ent molecule ions, which are most likely formed by
1q1 REMPI, were also monitored. Ketene pho-
toions gave a constant signal over the whole range of
scanned wavelengths, showing no spectral structure.

In Fig. 1a, the REMPI spectrum of the CO
photofragment is shown. The Q-branches of the
vibrational transitions Õ

Y s0 ™ Õ
X s0 and Õ

Y s1
™ Õ

X s1 are observed. Lines starting in rotational
levels up to JY s50 in Õ

Y s0 and up to JY s37 in
Õ

Y s1 can be assigned.

3.2. Spectral simulation

The rotational population distribution of the
Ž 1 q.CO X S photofragment was obtained by simula-

tion of the REMPI spectrum, using an analysis pro-
Žcedure based on a TSVD truncated singular value

.decomposition method, developed by Ruiz et al.
w x21 modified to deal with REMPI data. Ketene
absorption probabilities were assumed to be constant

Žin the small region of the REMPI scan from 229.92
. w xto 230.02 12,22 . The experimental ionization in-

tensities of the REMPI spectrum were assumed to be
entirely determined by the X 1

S
q ™ B 1

S
q two-

w xphoton transition probabilities 20 .
Wavenumbers of the Q-branch lines of the Õ

Y s0
™ Õ

X s0 band were calculated from highly accurate
molecular constants of the electronic states involved

Ž 1 q.in the two-photon transition. For CO X S , we
used the very consistent set of Dunham coefficients,
calculated from a fit which includes energy levels up

w xto Õs41 and Js93 23 . Term values for the upper
1 q w xstate B S were taken from Eidelsberg et al. 24 .
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Ž . Ž 1 q 1 q. Ž .Fig. 1. a CO B S § X S 2q1 REMPI spectrum, obtained in the laser photodissociation of ketene near 230 nm. b Spectrum
calculated with the rotational distribution shown in Fig. 2.

For B 1
S

q, Õ
X s1, accurate term values are only

available up to J X s37; therefore the spectral simu-
lation of the Õ

Y s1 ™ Õ
X s1 band was truncated at

Js37.
Potential energy curves for the two electronic

states, needed to calculate wavefunctions and overlap
integrals, were obtained in the following way. For
the ground state X 1

S
q, a RKR-V calculation was

performed with extrapolation to the short- and long-
range distances carried out by standard techniques
w x21 ; the dissociation energy was taken from Eidels-

w xberg et al. 24 . The upper state of the two-photon
transition is a double-well potential due to an avoided
crossing between the DX 1

S
q valence state and the

B 1
S

q Rydberg state, converging to the same disso-

ciation limit than the ground state. The potential
w xenergy curve obtained by Tchang-Brillet 25 , based

on a two-state diabatic model, extrapolated to short
and long distances, was used in the present calcula-
tions. In this case the numerical procedure to gener-
ate the wavefunctions begun the inward integration
at the maximum of the potential barrier, in a similar
way as for quasibound states.

Finally, transition probabilities were calculated
using the electronic transition moment function given

w xby Tchang-Brillet 25 . The Q-branch rotational line
strengths of two-photon transitions, for excitation
with two identical linearly polarized photons, were

w xtaken from Halpern et al. 26 . The contribution from
the allowed O- and S-branch two-photon transitions
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Ž 1 q . Ž 1 q 1 q.Fig. 2. Circles: CO X S , Õs0 and 1 rotational population distributions obtained from the experimental CO B S § X S 2q1
REMPI spectrum, shown in Fig. 1. In Õs1 each point is the averaged populations of the four nearest rotational levels and the error bars
indicate the minimum and maximum values. Full lines are the population distributions calculated by PST, for dissociation channels leading

1 ˜ 1Ž . Ž . Ž . Ž .to CH a A a and CH b B b , respectively.˜2 1 2 1

w xis negligible, compared to the Q-branch 20 , and
were not included in the spectral simulation calcula-
tions.

Ž 1 q .The CO X S , Õs0 and 1 rotational distribu-
tions obtained by spectral simulation are given in
Fig. 2a. The simulated spectrum can be compared to
the experimental in Fig. 1b.

3.3. PST calculations

Some insight into the dynamics, governing the
energy disposal to the products, can be obtained by
comparing the photofragment experimental popula-
tion distributions with that expected from statistical
theories. Deviations from the direct statistical PST
result, can reveal mode coupling and anharmonicity

w xeffects in barrierless reactions 27 .
The completely statistical limit formulated in PST

Ž .phase space theory , has been applied recently to the
dissociation of ketene, excited at different frequen-

˜ 1 Y 1Ž .cies, on the first singlet potential surface A A A 2
w x1 . Rotational and vibrational distributions in

Ž 1 .CH a A and CO have been compared to PST˜2 1

predictions, obtaining different degrees of agreement

at the different dissociation energies. It has been
found that PST predicts successfully rotational state
distributions at subvibrational excitation of the prod-
ucts but underestimates product vibrational excita-

w x w xtion at higher energies 1 . Marcus et al. 28,29 have
explained this behavior on the assumption of the
different motions of conserved and transitional modes
after passing the transition state; following the latter
assumption, they have compared the population dis-
tributions calculated by variational RRKM and PST
for dissociation of ketene on the first excited singlet
surface at several excess energies; they have found
that RRKM and PST obtain similar rotational distri-
butions, except when the excess energies are only
slightly above the threshold for vibrational excitation
of a particular conserved mode; in these cases, the
RRKM-based treatment predicts a substantially in-
creased vibrational excitation and large discrepancies
in the rotational populations of the corresponding

w xproduct vibrational state, are obtained 29 .
In the present work, PST calculations have been

˜ 1applied to dissociation of ketene on the excited B B1

surface, well above the threshold for formation of the
Õs0 and 1 states of CO. We have calculated the



( )M. Castillejo et al.rChemical Physics 232 1998 353–360 357

Ž .CO Õs0 and 1 rotational distributions predicted by
PST for the dissociation channels leading to COq

1 ˜ 1Ž . Ž .CH a A and to COqCH b B , with excess˜2 1 2 1

energy of ;13500 and ;5200 cmy1, respectively.
To count the number of accessible states and calcu-
late the final rotational distribution, we followed the

w xsteps given by Wade et al. 1 . The magnitudes
needed for the calculation were evaluated as indi-
cated below.

The excess energy available to the products, for
each channel, was calculated from thermochemical
and spectroscopic data.

The rotational level energies of ground-state
ketene were calculated diagonalizing the Hamilto-
nian for the asymmetric top, using rotational and
centrifugal distortion constants given by Johns et al.
w x30 . The initial rotational population distribution in
the molecular beam of ketene was assumed to be
Boltzmann, with rotational temperature of 60 K. The
fraction of molecules in the ground vibrational level,
calculated from a Boltzmann vibrational distribution
at 200 K is ;0.9; values ranging from 0.01 to 0.03
are the fractional populations of molecules with
one-quantum excitation in the low-frequency modes
Ž . Ž . Ž .y b , y b and y b ; for simplicity, the calcula-9 2 6 1 5 1

tion was restricted to the ground vibrational level.
For a given rotational state of ketene, the proba-

bility of photon absorption and dissociation was
assumed to be governed only by the Honl–London¨
factors. Honl–London factors for the perpendicular

1̈ 1 w xtransition A ™ B were taken from Herzberg 31 .1 1
Ž 1 .Vibrational level energies of CH a A were˜2 1

calculated within the harmonic oscillator approxima-
tion; the fundamental frequencies of the normal

w xmodes were taken from Jacox et al. 32 . Rotational
Ž 1 .level energies of CH a A were calculated as those˜2 1

of the asymmetric top; A, B and C rotational con-
stants were taken as a rough average of measured
and calculated literature values for different rovibra-

w xtional levels 32,33 . The calculated rovibrational
level energies show a reasonably good degree of

w xagreement with experimental determinations 33,34 .
˜ 1Ž .The slightly bent CH b B was considered in2 1

the linear conformation; rovibrational level energies
were calculated by the expressions of Herzberg et al.

˜ 1 1 Yw x Ž .35 . In the dissociation of ketene on the A A A2

surface, conservation of nuclear spin throughout dis-
w xsociation has been experimentally tested 36 . There-

fore, depending in each case on the total vibronic
symmetry species, in the present calculations, rota-

˜Ž .tional levels in CH CO and CH a, b were treated˜2 2

separately according to their symmetry properties
with respect to the permutation of the identical H

Ž .nuclei. The final CO Õ rotational PST distribution
was obtained as the sum of each separated calcula-
tion weighted by their respective statistical factors.

The possibility of setting upper limits to the maxi-
mum orbital angular momentum, other than imposed
by conservation laws, was also included in the calcu-

w xlations. This was done following Chen et al. 36 ,
setting limits to the depth of a long-range potential
well of the type yC rr 6 and to the range of impact6

parameters, b , between the separating fragments.max
Ž .In Fig. 2, the PST CO Õs0 and 1 rotational

population distributions can be compared to the ex-
perimental. The calculation corresponding to the dis-

Ž 1 .sociation channel leading to CH a A matches the˜2 1

width of the experimental distribution, although it
peaks at a rotational quantum number a few units
smaller. On the other hand, the PST distribution

˜ 1Ž .calculated for the CH B B exit channel is consid-2 1

erably narrower.
The calculated populations showed little depen-

dence on the selection of the parameters C and6

b , respectively in the ranges from 50000 cmy1
max

˚ y6 ˚A and 3 A, up to values corresponding to no
restrictions to the orbital angular momentum.

The PST calculation for the dissociation pathway
˜ 1Ž .giving CH B B , leads to an average rotational2 2
Ž . y1energy in CO Õs0 of ;850 cm , much smaller

than the value of ;1550 cmy1 obtained from the
experimental data; this suggests that this channel
does not represent an important contribution to the
dissociation process, and points towards the partici-
pation of a more exoergic pathway for the photofrag-
mentation of the excited molecule. When formation

Ž 1 .of CH a A is assumed, the calculated average˜2 1

rotational energy is ;1700 cmy1 which is much
closer to the experimental value.

4. Final discussion

The lowest-lying singlet states of ketene are shown
˜ 1in Fig. 3 . The second excited singlet B B is the1

only state that can be coupled to the ground state by
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Ž .Fig. 3. State correlation diagram for dissociation of the lowest singlet states of ketene under the C -I bent out-of-plane symmetry. Thes
˜ 1 ˜ 1 ˜ 1 ˜ 1w xenergies of the X A , A A , B B states in C symmetry are vertical excitation energies 37,38 . For the B B state, the shaded region1 2 1 2v 1

w xindicates the energy region spanned by the absorption band 12,22 up to the energy corresponding to the vertical transition. The state
energies of the parent molecule in the C -I symmetry are ab initio calculations for the optimized geometries at a C–C–O angle near 1308s
w x37,38 . The dashed line corresponds to the energy of the absorbed photon at 230 nm.

an allowed optical transition by absorption at 230
nm. The transition can be described as the single-
electron promotion 2b ™ 8a , from an orbital hav-1 1

ing substantial p bonding character to the lowestCC
w xRydberg 3s-like orbital 10,11,39,37 . Ketene is a

slightly asymmetric top approaching a prolate sym-
metric top, with the near prolate top ‘a’ axis along

˜ 1 ˜ 1the CCO bond; for X A ™ B B excitation, the1 1

only non-zero component of the transition dipole
moment, M is perpendicular to the molecular plane;x

therefore molecules lying in a plane perpendicular to
the laser field polarization vector will be preferen-

Ž 1 qtially excited. The same laser probes the CO X S
1 q.™ ™ B S two-photon transition. The two-pho-

ton transition m om ent consists of two
perpendicular-type matrix elements, thus having a
dominant P non-resonant intermediate state, with
some contribution from two parallel-type transition
moments due to participation of S, also non-reso-

w xnant, intermediate states 20,40 . In the dissociation
of ketene, CO fragments remaining in-plane with

respect to the molecular plane preferentially selected
upon ketene absorption, will be more efficiently
excited by the X-polarized probing laser.

Regarding the energetically available dissociation
˜ 1pathways of ketene excited in the B B state, the1

most exoergic channel will be considered in the first
place. The triplet 3A state of ketene, lying ;379001

cmy1 above the ground state, has been observed by
electron-impact energy-loss spectroscopy and as-
signed to a p ™ p) excitation in the CC double

w x Žbond 41 ; under the C -I geometry CCO bent, CHs 2
.out-of-plane , the excited triplet, belongs to the sym-

metric species and correlates adiabatically to
˜ 3Ž . w xCH X B and CO 38 ; ab initio calculations of2 1

the potential energy surface along the dissociation
coordinate indicate that direct intersystem crossing
of this triplet with the two lowest singlet states in
C -I, taking place at different energies, may influ-s

ence the dissociation dynamics of the two lowest
w xsinglets 38 . The same calculations carried out at

different CCO angles in the C -I geometry, obtains
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3 Ž X .that the A A surface lies always at lower energies1
˜ 1 XŽ . w xthan the B B A surface 37,38 ; therefore no direct1

mechanism for the intersystem crossing occurs, sug-
gesting that the pathway ending in triplet methylene
cannot be an efficient dissociation channel.

Regarding the singlet channels, ab initio calcula-
˜ 1tions show that the B B state of ketene does not1

correlate with low-lying states of methylene under
Ž .C -II symmetry CCO bent, CH in-plane . Dissoci-s 2

˜ 1Ž .ation along the C geometry to CH b B and CO2v 2 1
w x w xis allowed 39 . However, it has been shown 37 that

˜ 1the B B state stabilizes, breaking the C symme-1 2v

try upon bending of the CCO angle. The state corre-
lation diagram shown in Fig. 3 summarizes recent
theoretical results for the dissociation of the three
lowest singlet states of ketene along the C -I geome-s

˜ 1 1 Xw x Ž .try 10,37,38,42 . The energy of the B B 2 A state1
w xis lowered upon bending of the CCO angle 37 ,

decreases monotonically as the CC bond stretches
˜ 1 1 YŽ .and after crossing the A A A surface, correlates2

˜ 1Ž .to the products CH b B and CO. In this case,2 1

unlike dissociation from the first excited singlet of
ketene, which crosses extensively the ground state
around the Franck–Condon region in the C -II sym-s

w xmetry 10,38,42 , surface crossing does not provide a
˜ 1direct pathway between the B B and ground state.1

However, even in the absence of this direct pathway,
weak electron–nuclear coupling can mix levels of
similar energies in different electronic states, open-
ing an indirect path to dissociation on a lower elec-
tronic surface; moreover, it has been pointed out that
this mechanism would result in an energy disposal in
the photo-products which may tend to be statistically

w xrather than dynamically controlled 43 .
The comparison between the experimental popula-

tion distribution in CO and the PST calculation
indicates that the statistical limit would be compati-
ble with dissociation along a pathway that released

˜ 1Ž .larger excess energy than required for CH b B2 1

formation; we tentatively conclude that the latter can
only be a minor dissociation channel and therefore,
ketene excited near the threshold for formation of the
˜ 1B B state, probably undergoes internal conversion1

and dissociates along the ground singlet surface.
Finally, we note that for dissociation of ketene

along the first excited singlet, it has been observed
w x1 that the dynamics of CO are close to the statisti-
cal limit but somewhat constrained to populate a

narrower range of quantum states, while the dynam-
ics for singlet methylene are far from statistical and
considerably colder than predicted by the PST limit
w x5 . It seems an obvious conclusion that a further
characterization of the dissociation process would
require some knowledge about the state distributions
of the methylene fragment. Work to obtain some
information about the population distribution in

Ž 1 .CH a A is in progress.˜2 1
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