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The photodissociation spectroscopy and dynamics of the HCCO radical have been investigated
using fast radical beam photofragment translational spectroscopy. An electronic band with origin at
33 424 cm21 has been identified. This band exhibits rotational resolution near the band origin, but
the well-defined rovibronic structure is homogeneously broadened at higher photon energies. Based
on the rotational structure this band is assigned to theB̃ 2P←X̃ 2A9 transition. Photofragment
translational energy and angular distributions were obtained at several excitation energies. At
excitation energies close to the origin, the excited, spin-forbidden CH(a 4S2)1CO channel
dominates, while the ground state CH(X 2P)1CO channel is the major channel at higher photon
energies. The translational energy distributions provide evidence of competition between
intersystem crossing and internal conversion dissociation mechanisms, with some evidence for
nonstatistical dynamics in the CH(X 2P)1CO channel. This work yields an improved heat of
formation for HCCO, DHf ,298

0 51.8360.03 eV. © 1997 American Institute of Physics.
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I. INTRODUCTION

The ketenyl radical~HCCO! has long been recognized a
an important hydrocarbon combustion intermediate.1 Ketenyl
is the major product in the oxidation of acetylene by oxyg
atoms:2–4

HCCH1O→HCCO1H 80615%, ~1!

→CH2~X̃
3B1!1CO. ~2!

Reaction~1! is a critical step in combustion chemistry b
cause acetylene is a common intermediate in combustio
both aliphatic5 and aromatic6 hydrocarbons, and is remove
primarily by reaction with oxygen atoms.7 It is therefore of
considerable interest to characterize the spectroscopy
thermochemistry of HCCO, so that its concentration can
monitored in combustion environments, and its reactions
be predicted with greater confidence in combustion kine
models. Recently, we reported the first unambiguous ob
vation of an ultraviolet spectrum of the ketenyl radical in
fast radical beam photodissociation experiment;8 prior to this
work, spectroscopic information on HCCO had been limit
to the microwave region,9,10 a single vibrational band in the
infrared,11 and tentative reports of an electron
transition.12,13 In this article we present a full discussion
the electronic spectroscopy and photodissociation dynam
of the HCCO radical and compare this system with
closely related CH2CHO

14 and CH3O
15 intermediates.

The importance of the HCCO radical in combustion h
motivated several kinetics1–4,16–25 and spectroscopy
experiments,8–13,26–28 as well as theoretical investiga
tions29–39over the years. Fenimore and Jones40 first proposed
that HCCO is formed in the reaction of oxygen atoms w
C2H2, a prediction verified by Jones and Bayes using pho
J. Chem. Phys. 106 (24), 22 June 1997 0021-9606/97/106(24)/10
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ionization mass spectrometry.16 A crossed molecular beam
study of the C2H21O reaction by Schmoltneret al.21 showed
unambiguously that combustion of C2H2 proceeds via reac
tions ~1! and ~2! under collisionless conditions. The man
kinetic studies involving both the production of HCCO fro
C2H21O, and the destruction of HCCO through various r
actions have been summarized by Peeterset al.4,18 Of par-
ticular interest to our work, Herbertet al.25 have conducted
kinetics measurements from 23 to 584 K on vibrational
laxation of CH @X(2P); n51# by CO; the fast rates ob
served are indicative of formation of an HCCO complex.

The ground electronic state of the HCCO radical h
been characterized by several spectroscopic methods. O
et al.obtained the electron affinity of HCCO and determin
the heat of formation of the radical by photoelectron sp
troscopy of HCCO2.26 The microwave spectra of HCCO an
DCCO due to Endoet al.9 showed that HCCO is bent, al
though it is effectively described as quasilinear. From t
work the ground electronic state was determined to be
2A9 symmetry. The largea-axis spin-rotation constant an
its anomalous dependence onKa were attributed to perturba
tion of the ground state by a low-lying2A8 state. In the
infrared region, Jacox and Olsen28 assigned a matrix absorp
tion at 2020 cm21 to HCCO. This band was later identified a
2023 cm21 in the gas phase and the rotational structure a
lyzed in detail by Unfriedet al.11

The characterization of the excited electronic states
HCCO has been more problematic. Two electronic abso
tion bands of HCCO were reported by Krishnamachari a
Venkatasubramanian,12 with band origins at 27 262 and
29 989 cm21. The carrier of these bands was produced
flash photolysis of oxazole and isoxazole, and their ass
ment to the HCCO radical has been questioned.37 A laser
10087087/12/$10.00 © 1997 American Institute of Physics
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10088 Osborn et al.: The HCCO free radical
induced fluorescence~LIF! spectrum of HCCO, produced b
reaction of O atoms with C2H2, was also reported,

13 although
the fluorescence was later shown to have arisen entirely f
CH2O.

27

The experimental results on the ground state of HC
radical are consistent withab initio electronic structure cal
culations by Goddard,31 Kim and Shavitt,33 and Szalay
et al.,34,37,38 providing considerable insight into the excite
state structure. According to these calculations, the b
ground state,X̃(2A9), and the linearÃ(2A8)@2P# state are a
Renner–Teller~RT! pair derived from a linear2P configu-
ration. Theab initio splitting between these two states
981 cm21,33 in reasonable agreement with that estima
from the microwave analysis. Kim and Shavitt33 predicted a
higher-lying RT pair 2(2P), comprised of the bentB̃(2A8)
state at 33 000 cm21 and the linearC̃(2A9)@2P# state at
33 300 cm21 above the ground state. Szalayet al.37,38 have
recently studied the same 2(2P) electronic states and foun
both RT components to be linear, lying 36 000 cm21 above
the ground state. Nguyenet al.36 predicted a higher-lying
linear 2S1 state at ca. 53 000 cm21. Hu et al.35 have char-
acterized the lowest quartet state of HCCO, acis-bent
ã(4A9) state, which is predicted to lie 19 000 cm21 above
the X̃(2A9) state. A recent article by Yarkony explores th
intersection of theã state with the two low-lying double
states.39 Figure 1 shows a qualitative picture of the releva
potential energy surfaces of HCCO based on the calculat
in Refs. 35 and 37.

In our experiment, amass-selectedsource of neutral
HCCO radicals is prepared by laser photodetachment of
HCCO2 ion. A second laser then probes the dissociat
electronically excited states of these radicals, ensuring
all our data arises solely from the ketenyl radical. Our e
periment directly assesses whether photodissociation oc

FIG. 1. Schematic of potential energy surfaces for the HCCO radica
J. Chem. Phys., Vol. 106,
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it also identifies and characterizes the nascent photofr
ments.

For the ketenyl radical, three dissociation channels a
energetically allowed for photon energies in this study:

HCCO X̃~2A9!

→
hn

CH X~2P!1CO X~1S1!

DH053.1460.03 eV ~Ref. 8!, ~I!

→CH a~4S2!1CO X~1S1!

DH053.8860.03 eV ~Ref. 8!, ~II !

→H~2S!1CCO X̃~3S2!

DH054.3660.05 eV ~Refs. 8, 41, 42!. ~III !

Channels I and II are observed in our experiment. We o
serve structure in the photofragment yield spectrum
HCCO, and present a rotational analysis of th
B̃(2P)←X̃(2A9) transition. From translational energy and
angular distributions of the fragments, we obtain informatio
on the rotational and vibrational product state distributions
the fragments. The experimental results and data analysis
presented in Secs. III and IV. Based on our experimen
data, we develop a dissociation mechanism in Sec. V, a
discuss the dependence of intersystem crossing and inte
conversion on photon energy.

II. EXPERIMENT

The experimental apparatus shown in Fig. 2 has be
described in detail elsewhere,43,44 and only a brief descrip-
tion of the technique is given here. In the first section of th
apparatus, a pulsed free jet expansion of the gas mixt
C2H2:N2O:O2:Ne ~mole fraction 1:3:6:90! is formed in the
source region. HCCO2 is generated by a pulsed electric
discharge45 in the throat of this expansion. The core of th
free jet passes through a 3-mm diameter skimmer and
anions are accelerated to 8 keV. Mass-separation of the i
is accomplished using a collinear Bakker-type46 time-of-
flight mass spectrometer. After collimation of the ion bea
by a 1-mm pinhole, the output of a pulsed dye laser is tim
such that it photodetaches only those anions withm/e541,
producing a packet of mass-selected neutral free radica
Any remaining ions are deflected from the beam. The ph

FIG. 2. Fast radical beam translational spectrometer. The dotted line se
rates the radical production section on the left from the actual photodis
ciation experiment on the right.
No. 24, 22 June 1997
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10089Osborn et al.: The HCCO free radical
todetachment energy (hn519 230 cm21) is just above
threshold,26 producing radicals in vibrational ground state

In the second section of the apparatus, the radicals
collimated by a final 1-mm pinhole and intersect a seco
pulsed dye laser operating in the ultraviolet. If photodis
ciation occurs, fragments recoiling out of the parent radi
beam are detected with high sensitivity,withoutan ionization
step, using microchannel plate detectors. Photodissocia
occurs under collisionless conditions (1029 Torr), and two
types of experiments are performed. First, the photofragm
yield ~PFY! spectrum is obtained by integrating the to
fragment signal as a function of photodissociation la
wavelength. Second, at various fixed photon energies,
dissociation dynamics are investigated by detecting b
fragments in coincidence from a single parent radical dis
ciation event. We measure the photofragment translatio
energy and angular distributions using a time- and positi
sensitive ~TPS! wedge and strip anode detector.47,48 The
identity of the photofragments is determined by measur
the individual recoils of each fragment from the radical be
axis to give the fragment mass ratio,m1 /m2 , by conserva-
tion of linear momentum. Angular distributions of the ph
tofragments are defined with respect to theE vector of the
linearly polarized dissociation laser. In the present exp
ments the translational energy resolution is given
DET /ET52.2%.

The doubled output of the photodissociation laser ha
bandwidth of'0.3 cm21 when operated with a grating as i
only tuning element. In this mode the PFY spectra are c
brated at many different frequencies throughout the scan
range against the absorption spectrum of I2,

49 with an abso-
lute accuracy of 1 cm21 or better. The bandwidth of the lase
is reduced to'0.08 cm21 with the incorporation of an int-
racavity etalon. PFY spectra acquired in this configurat
are calibrated against simultaneously collected I2 absorption
spectra yielding an absolute accuracy of 0.05 cm21.

As discussed previously,14 the coincidence detectio
scheme is useful only whenm1 /m2<;5. In order to probe
for channel III products, we utilize a noncoincidence tim
of-flight detection scheme when dissociating the isoto
DCCO of the ketenyl radical. Unlike the coincidence dete
tion method described above, this experiment would be s
sitive to the product channel D1CCO, and has been used
identify a D atom loss channel in the photodissociation of
vinoxy radical.14 No evidence for channel III is observed
For experimental reasons it is difficult to place an upp
bound on the importance of this channel, but it is alm
certainly not a major pathway in the ultraviolet dissociati
of HCCO.

III. RESULTS

A. Photofragment yield spectra

The PFY spectrum of HCCO from 33 000 t
48 000 cm21, shown in Fig. 3, indicates the energies
which HCCO absorbs a photon and dissociates. In the l
that the quantum yield for dissociationFDiss51, the PFY
spectrum is identical to the absorption spectrum. This sp
J. Chem. Phys., Vol. 106,
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trum shows unambiguously that dissociation occurs after
excitation of HCCO. The lowest energy at which we obse
dissociation ishn'33 400 cm21, which is tentatively as-
signed below as the origin of this electronic band.

The PFY spectrum shows clear vibrational structure
wards the red, as seen more clearly in Fig. 4, which displ
the first 4000 cm21 of the spectrum. In addition, rotationa
structure is resolved at the origin and in a few vibration
bands; two such spectra are shown in Fig. 5. The spectru
Fig. 3 shows that the photofragment yield increases sign
cantly with increasing photon energy, concurrent with broa
ening of the vibrational structure. Above 41 000 cm21, no
sharp vibrational transitions are apparent, although broad
dulations in the spectrum continue to the highest energ
studied.

The spectroscopic information we obtain from HCCO
derived from the structured region in the first 4000 cm21 of
the PFY spectrum, shown in Fig. 4. The structure represe
extended vibrational progressions in the excited electro
state. In this spectrum, the first 1900 cm21 were acquired
with a laser step size of 0.3 cm21, equal to the laser band

FIG. 3. Overall photofragment yield~PFY! spectrum of HCCO. Photodis
sociation dynamics data are acquired at the peaks marked with~* !. The
lowest energy asterisk marks the origin transition.

FIG. 4. Vibrational structure in the first 4000 cm21 of the PFY spectrum.
Excess energy is given relative to the rovibronic origin
33 423.92 cm21. The vibrational progression in then3 CCO symmetric
stretch and the two bending modesn4 andn5 are indicated by the combs
with the Renner–Teller splitting shown forn4 . TheF1 andF2 branches of
the 00

0 transition are indicated with~d!.
No. 24, 22 June 1997
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10090 Osborn et al.: The HCCO free radical
width. Beyond this region the step size is increased
3 cm21. The coarser step size expedites data acquisition w
little loss of vibrational structure information.

A few of the transitions in Fig. 4 were examined
higher resolution~0.08 cm21 laser bandwidth!; two rotation-
ally resolved spectra are shown in Fig. 5. The two band
Fig. 5~a! are taken near the onset of dissociation and co
spond to the two peaks indicated by a~d! in Fig. 4. In the
lower frequency band centered at 33 403 cm21, one can eas-
ily recognizeP, Q, andR branches with a prominent ban
head occurring in theR branch. The experimental linewidth
are instrumentally narrow~i.e., 0.08 cm21! in Fig. 5~a!.

While many of the vibrational bands do not reveal ro
tional structure at our resolution, a few vibrationally excit
bands were rotationally resolved, one of which is shown
Fig. 5~b!, ca. 1900 cm21 above the origin transition. Again
simpleP,Q,R, structure is apparent, although the peaks
now noticeably broader.

B. Translational energy and angular distributions

Once the dependence of photodissociation on photon
ergy has been mapped out for the ketenyl radical, its ph
dissociation dynamics can be explored at selected ph
energies using the TPS detector. First, the identity of
photoproducts is ascertained by conservation of linear
mentum. At all photon energies, the only fragments obser
are CH1CO, as expected for the coincidence detector c

FIG. 5. Rotationally resolved PFY spectra of HCCO.~a! The origin transi-
tion shows splitting into bothF1 andF2 branches, with asymmetry doublin
resolved in theF1 branch. The experimental linewidth is instrument limite
at 0.08 cm21. ~b! The F1 branch of an unassigned vibrational transitio
'1 900 cm21 above the origin. The experimental linewidth is broadened
0.16 cm21.
J. Chem. Phys., Vol. 106,
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figuration. With knowledge of the fragment masses, we
tain the coupled translational energy and angular distri
tion, P(ET ,u), by direct inversion of the data.43 The two
dimensionalP(ET ,u) distribution can then be separated in
an angle-independent translational energy distribut
P(ET), and an energy-dependent anisotropy param
b(ET),

50 that describes the angular distribution of the fra
ments:

P~ET ,u!5P~ET!•$11b~ET!•P2~cosu!%, ~3!

where P2(cosu) is the second Legendre polynomial. Th
limiting cases of sin2 u and cos2 u angular distributions are
given by b521 and 12, respectively. Together, th
P(ET) andb(ET) distributions can yield detailed informa
tion on the dynamics of the dissociation process. The pro
dure for extracting theP(ET) andb(ET) distributions from
the data have been described in detail elsewhere.43 Photodis-
sociation dynamics experiments were performed at each p
ton energy marked with~* ! in Fig. 3. The resultingP(ET)
andb(ET) distributions are shown in Fig. 6.

The P(ET) distributions show several trends with in
creasing photon energy. Two features are visible at the l
est excitation energies in Figs. 6~a!–~c!: a dominant peak
centered atET50.20–0.25 eV, and a weak, broad featu
centered atET50.75 eV that gains intensity with photon en
ergy. As discussed in our previous paper, and in more de
in Sec. IV C below, these features correspond to channe
and I, respectively. The vertical dashed lines in Fig. 6 sh
the maximum kinetic energies allowed for the two channe
In Fig. 6~d!, the two features appear to have approximat
the same intensity and are difficult to separate. As the pho
energy increases further, the appearance of the spe
change, until they are dominated by a single peak atET

50.8–0.9 eV superimposed on a broad background. T
peak position is essentially independent of excitation ene
over a 10 000 cm21 range. At the highest energy studie
47 831 cm21, the width of theP(ET) distribution broadens
considerably. At all photon energies, theP(ET) distributions
extend to the maximum available kinetic energy for chan
I.

The energy-dependent anisotropy parameter,b(ET), is
plotted as a function ofET in Fig. 6; we do not report
b(ET) for ET,0.3 eV due to the limited range of laborator
scattering angles which can be detected for these smal
coils. In all casesb(ET)>0, implying a parallel electric di-
pole transition.50 Several trends inb(ET) are apparent. At
low photon energy,b(ET) increases withET , whereas at
higher photon energy@Figs. 6~g!–~j!#, there is a broad maxi-
mum in b(ET) whose center approximately coincides wi
the peak at 0.9 eV in theP(ET) distribution. For hn
>35 464 cm21, the energy-averaged anisotropy^b& ~Fig. 6!
tends to be an increasing function of photon energy, w
individual values ofb as high asb(ET50.9 eV)51.0 for
hn540 488 cm21. At still higher photon energieŝb& de-
creases in magnitude again.
No. 24, 22 June 1997
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10091Osborn et al.: The HCCO free radical
C. Electronic structure calculations

One issue which has not been addressed in previouab
initio calculations on the HCCO radical is the nature of t

FIG. 6. Translational energy distributions,P(ET), and anisotropy paramete
distributions,b(ET), for the marked transitions in Fig. 3. In each case t
photon energy are specified. The vertical lines indicateET

max for the produc-
tion of channel I~—–—! and II products~-----!. In panel~j! a prior distri-
bution is also plotted using a dashed line. Theb(ET) distributions are not
determined forET below 0.3 eV~see text!. For greater clarity,b(ET) is only
plotted between 0 and 1, not its full range of21 to 2. Energy-averaged
values^b& are also indicated.
J. Chem. Phys., Vol. 106,
X̃(2A9) state as the C–C bond is elongated and finally d
sociated. We have performedab initio calculations to deter-
mine whether a barrier exists on the way to product form
tion. For reference, the molecular orbital configurations
the relevant valence states of HCCO are given in Table I
order to properly describe the dissociation into CH1CO, we
have used the multi-configurational complete active sp
self-consistent field51 ~CASSCF! method from theGAUSSIAN
94 package52 of programs. An active space of nine electro
in eight orbitals@CAS~9,8!# was chosen as the threea9 pp

orbitals, the threea8 pp orbitals, and the C–Cs and s*
orbitals. The 6-31G* basis set was used for this work.

The rCC bond length was increased incrementally, op
mizing at each increment the remaining degrees of freed
in order to determine the minimum energy pathway to pro
ucts. Referring to Fig. 1, we find no evidence for a barrier
the X̃(2A9) surface along the minimum energy path out
the longest C–C bond length calculated,rCC52.7 Å. If a
barrier of significant magnitude existed, it would almost c
tainly occur forrCC,2.7 Å. The absence of an exit barrie
on the ground state is supported experimentally by rate c
stant measurements over a wide range of temperatures
the relaxation of CH@X(2P); n51# by CO and N2.

25 Be-
cause theX̃(2A9) and theÃ(2A8) states are a Renner-Telle
pair, they correlate to the same doubly degenerate asymp
CH X(2P)1CO X(1S1), and we do not expect a barrier o
the Ã state surface because the RT splitting should decre
as rCC increases.

IV. ANALYSIS

This section is divided into three categories dealing w
the details in the analysis of the rotational and vibratio
transitions observed in the PFY spectra, and the form of
photofragmentP(ET) distributions.

A. Rotational structure

Analysis of the rotationally resolved PFY spectra in F
5 is the first step in characterizing the electronic transit
seen in HCCO. Fortunately, theX̃(2A9) ground state of kete-
nyl has been characterized from the microwave spectrosc
of Endoet al.9 According to this work, the ground state ha
a linear or nearly linear CCO backbone, but/HCC
5138.7°, placing the H atom well away from thea-axis.
Due to the low mass of the H atom, HCCOX̃(2A9) is a near
prolate symmetric top, with an asymmetry parameter n
unity (kasym520.9998). The microwave rotational spect
were analyzed using a Hund’s case~b! Hamiltonian, al-
though Unfriedet al.point out that forKaÞ0 the coupling is
closer to case~a!.11 However, it is less convenient to use
case~a! Hamiltonian since the ground state is nonlinear, a
we therefore follow the precedent of Endoet al.,9 utilizing a
case~b! Hamiltonian to analyze the rotational structure
ketenyl.

With this background, we can examine in more detail t
PFY spectrum of the lower energy band in Fig. 5~a!, whose
line positions are given in Table II. Based on the Ho¨nl–
London factors for a symmetric top,53 the fact that aQ
No. 24, 22 June 1997
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TABLE I. Molecular orbital configurations of HCCO electronic states.

Orbital character X̃(2A9) Ã(2A8)@2P# ã(4A9) B̃(2P)a

O(1s) (1a8)2 (1s)2 (1a8)2 (1s)2

C(1s) (2a8)2 (2s)2 (2a8)2 (2s)2

C(1s) (3a8)2 (3s)2 (3a8)2 (3s)2

O(2s) (4a8)2 (4s)2 (4a8)2 (4s)2

CH~s! (5a8)2 (5s)2 (5a8)2 (5s)2

CO~s! (6a8)2 (6s)2 (6a8)2 (6s)2

CC~s! (7a8)2 (7s)2 (7a8)2 (7s)2

CO(px)
b (8a8)2 (1px)

2 (8a8)2 (1px)
1 (1px)

2

CO(py) (1a9)2 (1py)
2 (1a9)2 (1py)

2 (1py)
1

CCO(px) (9a8)2 (2px)
1 (9a8)1 (2px)

2

CCO(py) (2a9)1 (2py)
2 (2a9)1 (2py)

2

CCO(px* ) (10a8)0 (3px)
0 (10a8)1 (3px)

0

CCO(py* ) (3a9)0 (3py)
0 (3a9)0 (3py)

0

aAt linearity thepx andpy orbitals of theB̃ state are degenerate. In the case of strong Renner–Teller cou
such that the lower RT state is nonlinear, as found in Ref. 33, the two resulting electronic states are de
by the left and right configurations, respectively, of the CO~p! orbitals in this column.
bThep orbitals of the CCO backbone are analogous to the threep orbitals of linearC3 , which have zero, one,
and two nodes in thexy plane, respectively, as a function of increasing energy.
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branch is observed but does not dominate the spectrum
plies a parallel,a-type rotational transition for whichDKa

50. Furthermore, the electronic transition cannot beKa8
50←Ka950 because:~i! in this case theQ branch would be
vanishingly small~forbidden in the symmetric top limit!; and
~ii ! asymmetry doubling, which we resolve in theP branch,
is not allowed forKa50 levels.

Analysis of the spectra using combination differenc
shows that half-integral values ofJ are required, i.e., Hund’s
case~a! coupling. The first lines in theP andR branches are
identified asP2.5(2) and R1.5(1), where the notation is
DJJ9(N9). All the transitions in this band haveJ5N11/2 in
both ground and excited states, i.e., they representF1←F1

components. Although it is perhaps not clear on inspect
the higher energy band~by '47 cm21) in Fig. 5~a! corre-
sponds to theF2←F2 components of this same transition.
follows, based on the identity of the first rotational tran
tions, that the band in Fig. 5~a! must be assigned asKa8
51←Ka951. The fact that we can observe any asymme
doubling at all~given our limited laser resolution! for this
near prolate asymmetric top supports this assignment, s
asymmetry doubling is largest forKa51.

At this point we need to determine the geometry a
electronic configuration of the upper electronic state. As d
cussed by Herzberg,53 there are several characteristics whi
differentiate the rotational spectrum of a bent←bent vs a
linear←bent electronic transition. There are two features
Fig. 5~a! that suggest that the upper state is a linear2P state:
~a! the absence of aKa850←Ka950 sub-band, and~b! the
47 cm21 separation between theF1←F1 andF2←F2 com-
ponents. The absence of the 0←0 sub-band is expected a
the vibrational origin of a transition to a linear2P state,
becauseK8 must equal 1 for they50 level of aP state
(K85uL1 l u511051). Moreover, the magnitude of th
47 cm21 separation is more characteristic of the spin-or
splitting in a linear2P state than the spin-rotation splitting i
a nonlinear state.
J. Chem. Phys., Vol. 106,
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Based on this evidence, we analyze the spectra in Fi
as transitions fromKa951 levels of a slightly asymmetric
rotor to theK851 levels of a linear2P state. For the extrac
tion of spectroscopic constants, we choose the same Ha
tonian as Unfriedet al.:11

H5Hrot1Hsr, ~4!

where Hrot is a Watson S-reduced asymmetric roto
Hamiltonian,54 and Hsr accounts for the spin-rotation
interaction.55,56 Due to the lower resolution of our prese
work compared to microwave spectroscopy, several of
higher order terms for the ground state are not required.
molecular constants are fit to the data using a nonlinear le
squares method. In all cases we fix the values of the gro
state parameters to the microwave values.9 The least-squares
fit provides our best values for the rotational constantB8, the
spin-rotation constantsk8([eaa8 2ebb8 ) andm8([ebb8 ), and
the band originn0 , of the linear excited state~Tables II and
III !.

A simulation based on these constants is shown in
Fig. 5~a!. The intensities of the simulated lines were obtain
from the Hönl–London factors for a symmetric top. The be
match with the data is found for a rotational temperatureT
535 K. Taking into account the large rotational consta
A9541.46 cm21, only those ground state levels withKa9
50 or 1 should be significantly populated in the radic
beam, sincekbT524 cm21, and only those radicals with
Ka951 contribute. The simulated stick spectrum is conv
luted with a 0.08-cm21 FWHM Gaussian line shape repre
senting the laser bandwidth with the etalon installed, and
agreement with the measured linewidths is quantitative.

By the same procedure, the band in Fig. 5~b! with
'1900 cm21 more vibrational energy can be assigned, t
spectroscopic constants extracted, and the spectrum s
lated, with the results given in Table III. In this case only t
spectrum of theF1 branch was obtained. The most strikin
No. 24, 22 June 1997
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10093Osborn et al.: The HCCO free radical
feature of this band is the increase in linewidth toDn
50.16 cm21, twice the instrumental resolution.

The increased linewidths are most plausibly the resul
lifetime broadening. The two significant contributions to o

TABLE II. Rotational assignments and frequencies for 00
0.

KK
a8Kc8

8 NK
a9Kc9

9 Branch Observeda Obs.-calc.

111 212 F1 33 401.39 20.01
110 211 F1 33 401.39 20.00
212 313 F1 33 400.63 0.01
211 312 F1 33 400.63 0.02
313 414 F1 33 399.80 0.00
312 413 F1 33 399.80 0.03
414 515 F1 33 398.94 0.02
413 514 F1 33 398.94 0.06
515 616 F1 33 398.00 20.01
514 615 F1 33 398.00 0.06
616 717 F1 33 396.96 20.07
615 716 F1 33 396.96 0.03
717 818 F1 33 395.99 0.01
716 817 F1 33 395.86 20.00
818 919 F1 33 394.87 20.01
817 918 F1 33 394.71 20.00
919 101,10 F1 33 393.71 0.01
918 1019 F1 33 393.51 0.01
101,10 111,11 F1 33 392.46 20.00
1019 111,10 F1 33 392.22 0.00

110 111 F1 33 403.08 20.01
111 110 F1 33 403.08 20.01
312 313 F1 33 402.87 20.00
313 312 F1 33 402.87 0.01
413 414 F1 33 402.67 20.03
414 413 F1 33 402.67 0.00
514 515 F1 33 402.45 20.02
515 514 F1 33 402.45 0.03

212 111 F1 33 404.69 20.01
211 110 F1 33 404.69 20.01

313 212 F1 33 405.23 20.02
312 211 F1 33 405.23 20.01
414 313 F1 33 405.75 20.01
413 312 F1 33 405.75 0.00
515 414 F1 33 406.22 20.00
514 413 F1 33 406.22 0.02
616 515 F1 33 406.62 20.02
615 514 F1 33 406.62 20.02
717 616 F1 33 406.98 20.03
716 615 F1 33 406.98 0.04

111 212 F2 33 443.50 20.04
110 211 F2 33 443.50 20.03
212 313 F2 33 442.63 0.02
211 312 F2 33 442.63 0.04
313 414 F2 33 441.56 20.01
312 413 F2 33 441.56 0.01
515 616 F2 33 439.22 0.00
514 615 F2 33 439.22 0.06
717 818 F2 33 436.47 20.04
716 817 F2 33 436.47 0.08
818 919 F2 33 435.03 0.01
817 918 F2 33 434.81 20.05

aFor transitions where the asymmetry doubling is not resolved, bothKc

5N andKc5N21 components are assigned to the single observed line
that these transitions have the proper statistical weight.
J. Chem. Phys., Vol. 106,
f
r

line shapes are a Gaussian component from the laser b
width and a Lorentzian component due to predissociat
induced lifetime broadening. Deconvolution gives a rou
lower limit on the lifetime of bands in Fig. 5~a! ~character-
ized by instrumentally narrow lines! of t.300 ps. The
broader lines in Fig. 5~b! correspond to an excited state life
time of t590 ps.

In summary, the rotationally resolved PFY spectra
HCCO indicate that the excited electronic state is a lin
2P state. Our results are entirely consistent with the mole
lar constants derived from microwave spectroscopy for
X̃(2A9) state. A largea-axis spin-rotation constant,eaa8 5
246.8260.05 cm21, is observed; this value is more natu
rally interpreted as the upper state spin-orbit splittin
ASO5246.82 cm21.

B. Vibrational structure

The next step in characterizing the excited electro
state is an analysis of the vibrational structure in the P
spectrum, Fig. 4. A four-atom linear molecule has seven
brational degrees of freedom: three stretching modes os
symmetry and two doubly degenerate bending modes op
symmetry. The most important pattern in the spectrum
Fig. 4 is a 1035-cm21 progression~see comb in Fig. 4!
which begins with theF1 andF2 branches of Fig. 5~a! cen-
tered at 33 424 cm21. If the entire PFY spectrum is dis
placed 1035 cm21 to the blue, a one-to-one correlation
found with the original spectrum for almost all the peak
which are combination bands between modes of lower
quency and this main progression. Sincen2 ~the asymmetric
CCO stretch! in the ground state has a much high
frequency11 of 2023 cm21, the 1035 cm21 progression in the
excited state is assigned ton3 , the symmetric CCO stretch
in reasonable agreement with the harmonic val
1097 cm21, calculated by Szalayet al.37 The extensive low-
frequency structure in Fig. 4 must therefore result from e
citation of the bending modes, an expected result fo
linear←bent electronic transition.

In Fig. 4, the lowest member of then3 progression is
labeled as the vibrational origin. This assignment requi
some justification, since it is possible that these transiti
are simply the lowest energy absorptions which lead to d
sociation. We showed that the band in Fig. 5~a! is a K8

TABLE III. Spectroscopic constants.

X̃(2A9)a B̃(2P)00
0 B̃(2P)1900-cm21 band

A 41.46 - -
B 0.363 477 7 0.324260.0002 0.320160.0003
C 0.359 130 6 -
kb 28.266 246.7660.04 -
mc 20.000 489 20.0660.03 -
n0 - 33 423.9260.02 35 332.8260.02d

aGround state constants were fixed at these values from Ref. 9.
bk5eaa2(ebb1ecc)/2.
cm5(ebb1ecc)/2.
dThe value ofk was assumed to be identical to the value obtained in
origin transition.

o
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10094 Osborn et al.: The HCCO free radical
51←K951 transition and pointed out that this is consiste
with the upper level being they50 level of a2P electronic
state. Transitions withK851 could be observed if an eve
number of bending quanta were excited in the upper st
However, the combination of spin-orbit effects and Renne
Teller coupling57 in such states should result in addition
rotational bands, separated by'1–3 cm21 from theF1 and
F2 branches.

58 The absence of these additional bands in F
5~a! is evidence that no bending quanta are excited in
upper state. It is also possible that only then3 stretching
mode is excited in the upper state. However, the t
branches centered at 33 424 cm21 are isolated, with no
strong transitions nearby. There are, in contrast, sev
peaks just to the blue of all the higher members of the0

n

progression; these are probably bending overtones buil
(y321) stretch levels. The absence of such features nea
lowest member of this progression supports our assignm
of the vibrational origin. Laser induced fluorescence exp
ments are currently in progress to confirm this assignmen59

Given that the n3 mode is responsible for th
1035 cm21 progression, it follows that all the transitions b
low 34 400 cm21 should arise fromp bending modes. Note
that in a linear←bent transition, odd as well as even quan
may be excited in the bending modesn4 andn5 . However,
these transitions do not follow a simple harmonic patt
because the vibrational term values are perturbed by
Renner–Teller interaction.60 Building a progression inn3 ,
n4 , andn5 , in which both the spin-orbit and Renner–Tell
interactions are incorporated,61 we can assign most of th
larger features from the origin to 36 500 cm21, Fig. 4. The
spectroscopic parameters used are:v351035 cm21, v4

5416 cm21, eRT520.36, andv55365 cm21, eRT50. The
correspondingab initio values37 are: v351097 cm21, v4

5328 cm21, eRT520.573 and v55525 cm21, eRT
520.017. Although some transitions are not predic
~most notably the peaks in the range
34 200–34 300 cm21 and 35 180–35 320 cm21!, there is
reasonable agreement between the data and our vibrat
assignment. However, many of the assigned peaks lie
near one another, so our labeling scheme must be consid
somewhat tentative.

C. Translational energy distributions

In this section, the assignment of the various feature
the P(ET) distributions is considered. In our previous com
munication, we pointed out that using the heat of format
of HCCO determined in Ref. 26, the maximum translatio
energies associated with the low and high energy feature
the P(ET) distributions in Figs. 6~a!–~c! correspond to the
maximum allowed values for channels II and I, respective
On this basis, the feature at higher translational energy
assigned to the CH(X 2P)1CO channel, and the lower en
ergy feature to the CH(a 4S2)1CO channel. Having made
this assignment, we can determine the C–C bond stre
directly from theP(ET) distributions, with the goal of ob-
taining an improved value of the bond strength and hea
formation of the radical.
J. Chem. Phys., Vol. 106,
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The values ofET
max, the maximum observedET , are

measured for both channels in Figs. 6~a!–~c!, and for channel
I only at higher photon energies. The values ofDH0 for the
C–C bond cleavage are obtained by conservation of ene

DH05hn2ET
max. ~5!

Consistency inDH0 is shown at all photon energies, with th
mean values ofDH0(I)53.160.2 eV andDH0(II)53.86
60.03 eV. In practice the value ofDH0 for channel II is
determined with greater precision than that for channel I
cause of the sharp cutoff atET

max for channel II seen in Figs
6~a!–~c!. One then obtains the heat of reaction for chann
from DH0(I)5DH0(II)2T0@CHa(

4S2)#, where the last
term is the doublet–quartet splitting in the CH radical
0.74260.008 eV.62,63 Finally, we deconvolute the experi
mental resolution from the thermodynamic limit to obtain t
final values given in the introduction forDH0(I) and
DH0(II). The thresholds (hv2DH0) for both channels are
indicated by the vertical dashed lines at each photon ene
in Fig. 6.

Together with DHf ,0
+ (CH)56.14960.013 eV64,65 and

DHf ,0
+ (CO)521.18060.002 eV65 we obtain DHf ,0

+

(HCCO)51.8360.03 eV. This value differs slightly from
the heat of formation reported in our previous paper8 (1.82
60.03) due to the use of a more accurate value
DHf ,0

+ (CH) in the thermochemical cycle. From calculate
vibrational frequencies of HCCO we obtain theH298

+ 2H0
+

value for ketenyl, which, together with tabulated values
CH and CO,65 givesDHf ,298

+ (HCCO)51.8360.03 eV. Note
that the numerical value is the same as at 0 K purely by
coincidence. Our heat of formation is similar to the previo
determination by photoelectron spectroscopy
DHf ,298

+ (HCCO)51.8460.09 eV,26 but disagrees with the
value of DHf ,298

+ (HCCO)51.2560.09 eV obtained from
mass spectrometric appearance potentials.66 The direct mea-
surement of the C–C bond strength in our experiment gi
us confidence that the value reported in this paper repres
the most accurate heat of formation for the ketenyl radica
date.

We next consider the broad peak atET50.9 eV. At the
lowest photon energies where this peak is seen@Figs.
6~d!,~e!#, it must be due to channel I products, as channe
is not accessible at this translational energy. At still high
excitation energy shown in Figs. 6~f!–~k!, one cannot make
an unambiguous assignment, but because the peak rema
ET50.9 eV it is likely that this feature still represents pr
marily channel I dissociation.

Finally, we consider form of theP(ET) distributions.
The vibrational term values for CHX(2P)(0.35 eV),
CH a(4S2)(0.39 eV), and CO~0.27 eV! are significantly
larger than our experimental translational energy resolu
of 0.02 eV~for aET51 eV!, but no vibrational resolution in
observed in theP(ET) distributions. This observation im
plies that the CH and/or CO fragments contain substan
amounts of rotational energy.
No. 24, 22 June 1997
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V. DISCUSSION

A. Spectroscopy of the ketenyl radical

1. Nature of the excited electronic state

In Sec. IV A, the HCCO excited state probed in the
experiments was assigned as a2P state. From the molecula
orbital configurations given in Table I, the ultraviole
B̃(2P)-X̃(A9) transition in HCCO corresponds to promotio
of an electron from 1px,y→2px,y orbitals. This effectively
promotes an electron from the CO bonding orbital, to a
bonding/CO antibonding orbital, decreasingrCC and increas-
ing rCO as shown in Fig. 1.

Our spectroscopic results can be compared to twoab
initio calculations that reached somewhat different conc
sions about the geometrical nature of the electronically
cited doublet states of HCCO. Using a multi-reference c
figuration interaction~MR-CI! method, Kim and Shavitt33

predicted that the excited2P state is split by Renner–Telle
coupling, resulting in a bentB̃(2A8) state and a linea
C̃(2A9)@2P# state. The adiabatic energies for th
B̃(2A8)←X̃(2A9) andC̃(2A9)@2P#←X̃(2A9) were predicted
to occur at 33 000 cm21 and 33 300 cm21, respectively.
More recently, Szalayet al.37 have performed calculation
on the excited states of HCCO using the equation-of-mo
ionization-potential coupled cluster singles and doub
~EOMIP-CCSD! method. They demonstrate the bent vs l
ear equilibrium geometry for theB̃ state is dependent on th
choice of basis set. They conclude that the states labeleB̃
and C̃ by Kim and Shavitt are not electronically separa
states, but share an identical linear equilibrium geometry
therefore propose the label 2(2P) for this electronic configu-
ration. In our vibrational analysis, a Renner parameter
than unity (eRT50.36) was derived, denoting that bo
components of the2P state are linear, in agreement wi
Szalayet al.37 Their calculated spin-orbit splitting for thi
state, 278 cm21, is somewhat larger than our valu
(246.76 cm21) but in the right range.

Based on the assignments of Kim and Shavitt,33 we
previously8 assigned the band in Fig. 3 to theC̃(2A9)@2P#
←X̃(2A9) transition. In light of the new results of Szala
et al.37 and our vibrational analysis, we have revised t
spectroscopic label of the excited state seen here. We
pose the designationB̃(2P) which describes the potential i
Fig. 1 as the second distinct electronically excited state
HCCO. Thus the spectrum in Fig. 3 is denoted as
B̃(2P)←X̃(2A9) transition.

2. Comparison with previous experimental
investigations

None of the results presented here on the ultravio
spectroscopy of the HCCO radical are consistent with
absorption spectrum attributed to HCCO by Krishnamach
and Venkatasubramanian.12 They assigned two band origin
at 27 262 cm21 and 29 989 cm21. Based on gross rotationa
structure, they proposed for the lower energy band tha
least one of the two combining states has a linear geome
while the second band is assigned to a combination of
J. Chem. Phys., Vol. 106,
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nonlinear states. The energetics of these absorption band
clearly not in agreement with our data. Moreover, the sp
trum seen in our photofragment yield measurement was
observed in the absorption experiment, even though the
propriate spectral region was examined. Therefore, we
offer no explanation for the bands observed by Krishnam
chari and Venkatasubramanian. It is likely that the carrier
these bands is not the HCCO radical; if this radical we
present in their experiment, then the band in Fig. 3 wo
have been observed. We emphasize again that our ex
ments are performed on amass-selectedbeam of radicals,
ensuring that the species we probe is indeed HCCO.

B. Photodissociation dynamics

TheP(ET) distributions imply that at least two dissocia
tion mechanisms exist for HCCO radicals excited to t
B̃(2P) state, leading to channels I and II. The spin-forbidd
process, channel II, can result from intersystem cross
~ISC! to the HCCOã(4A9) surface, followed by dissociation
to CH a(4S2)1CO. Calculations by Huet al.35 predict that
the quartet surface correlates to channel II products with
ther no exit barrier or at most a small barrier no larger th
0.1 eV, although a recent calculation by Yarkony finds
0.16 eV barrier.39 The spin-allowed process, channel I,
most likely due to internal conversion~IC! to the ground
electronic state followed by dissociation to CHX(2P)
1CO. An alternate mechanism would be one in which t
B̃(2P) state intersects a repulsive state that correlates
channel I products, although calculations do not support
existence of repulsive states correlating to CHX(2P)1CO
~see Fig. 1!.

The translational energy distributions show that IS
dominates at the three lowest photon energies, but that I
channel I dominates at higher photon energies. Dissocia
proceeding via IC appears to have two components:
leading to the peak atET50.9 eV, which does not shift in
translational energy for a wide range of excitation energ
and the other resulting in a broad feature underneath
peak which appears to extend across the entireP(ET) distri-
bution, up to the value ofET

max for channel I. An overall
mechanism should be able to explain the competition
tween IC and ISC dissociation as well as the two com
nents of the IC process.

The competition between ISC and IC has been con
ered at length in the context of radiationless transitions fr
the first excited singlet state~the S1 state! in aromatic
molecules.67 Each rate is determined primarily by the pro
uct of an electronic matrix element between the initial a
final electronic state and a series of Franck–Condon fac
between the initial and final vibrational levels. The electron
matrix element for IC is generally substantially larger th
for ISC because the spin multiplicity is unchanged. Ho
ever, in aromatic molecules, the geometries ofS1 and T1
states are quite similar, resulting in considerably high
Franck–Condon factors for ISC than for IC. For naphth
lene, the resulting competition between these two comp
sating effects is that ISC and IC are equally important n
No. 24, 22 June 1997
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10096 Osborn et al.: The HCCO free radical
the origin of theS1←S0 transition, but IC becomes progre
sively more important with increasing vibrational excitatio
in the S1 statess as the Franck–Condon factors for IC
crease more rapidly than for ISC.68

In HCCO, the energetic ordering of electronic states
analogous to that in aromatic molecules, withB̃(2P)
.ã(4A9).X̃(2A9). However, the Franck–Condon overla
between the vibrational levels of the three states is m
difficult to assess due to large geometry differences betw
these states. The competition between ISC and IC appea
be similar to that in aromatics but more extreme; in HCC
there is very little IC near theB̃←X̃ origin, and IC rapidly
becomes dominant with increasing excitation in theB̃(2P)
state. This implies a very large increase in Franck–Con
factors between theB̃(2P) and X̃(2A9) states as the excita
tion energy increases. While it is likely that the same gene
principles govern the relative rates of ISC and IC in HCC
as in larger aromatic molecules, the nearly complete supp
sion of IC near the band origin is an unusual feature of
HCCO dissociation dynamics that deserves future consi
ation.

We next consider the dynamics of IC to yield channe
products. Based on the potential energy surfaces in Fig
one might expect internal conversion to the ground state
be followed by statistical dissociation to products. Ourab
initio calculations and the CH(v51)1CO vibrational relax-
ation results of Herbertet al.25 indicate no barrier to disso
ciation on the ground state surface, so that the translati
energy distribution may be predicted using phase sp
theory69 or, at a simpler level, a prior distribution.70 In fact,
the broad feature in the higher photon energyP(ET) distri-
butions@Figs. 6~f!–~k!# can be satisfactorily reproduced by
prior distribution, as shown explicitly in Fig. 6~j!, where the
prior distribution

P0~ET!} (
vCO,vCH50

vmax; Ev,Eavail2ET

AET~vCO,vCH! ~6!

is shown superimposed on the experimentalP(ET) distribu-
tion. The prior distribution takes this simple form becau
both fragments are diatomic molecules, whose classical
tational density of states,r(EROT), is independent of energy

The second feature associated with IC, the peak atET

50.9 eV, is more problematic. This peak does not shift s
stantially with excitation energy. This trend would be e
pected for statistical dissociation over a barrier of at least
eV with respect to products,14,71but no barrier to dissociation
is present on the potential energy surfaces of eitherX̃ 2A9 or
Ã 2P states~Sec. III C!. One must therefore attribute th
peak atET50.9 eV to a nonstatistical dissociation process
appears that internal conversion results in two ensemb
one of which undergoes statistical decay, yielding the br
feature described in the preceding paragraph, while the o
undergoes nonstatistical decay and results in a fixed am
of translational energy release over a wide range of exc
tion energies. The detailed mechanism of the latter proce
not clear as of yet and awaits further characterization of
J. Chem. Phys., Vol. 106,
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potential energy surfaces involved in HCCO photodissoc
tion.

Finally, we compare the photodissociation dynamics
HCCO with two radicals of similar size, the vinoxy radica
CH2CHO, and the methoxy radical, CH3O. All three radicals
undergo predissociation at excitation energies around 4
but the dissociation dynamics subsequent to electronic e
tation are quite different. TheP(ET) distributions for
CH3O→CH31O show that theÃ 2A1 excited state of
CH3O is predissociated to these products by one or m
repulsive states, and that no internal conversion to
ground state occurs.15 In contrast, the CH2CHO radical ap-
pears to dissociate entirely by internal conversion to
ground state, followed by statistical dissociation
CH31CO and H1CH2CO products.14 The HCCO radical
falls between these extremes, with some dissociation oc
ring on the ã(4A9) excited state, yielding CH (a 4S2)
1CO products, some occurring statistically on the grou
state, yielding a feature in theP(ET) distribution that can be
fit by a prior distribution, and a nonstatistical process on
ground state surface. These three examples illustrate th
verse and complex photodissociation dynamics of open s
species that arise from the relatively large number of lo
lying potential energy surfaces compared to closed-s
molecules of comparable size.

VI. CONCLUSIONS

We have investigated the spectroscopy and photodi
ciation dynamics of theB̃(2P)←X̃(2A9) transition of
HCCO, utilizing the method of fast beam photofragme
translational spectroscopy on a mass-selected, internally
sample of ketenyl radicals. Rotational analysis of the pho
fragment yield spectrum shows that the excited state is
ear, with 2P symmetry. Linewidth measurements give
lower bound on the lifetime of the 00

0 transition of t
>300 ps, suggesting the possibility of studying this tran
tion with laser induced fluorescence. A limited vibration
analysis allows us to assign the symmetric CCO stretch,v3

51035 cm21. It is also clear from the complications in th
PFY spectrum that at least one of the bending modes in
excited state is affected by the Renner–Teller interaction

The photodissociation dynamics of the HCCO radic
are probed by measuring the translational energy and ang
distributions of the CH1CO fragments. The spin-forbidde
product channel, CHa(4S)1CO, dominates for excitation
energies within the first 1000 cm21 above the origin, while
the spin-allowed channel, CHX(2P)1CO, is the major
channel at all higher excitation energies. We propose that
spin-forbidden channel occurs via intersystem crossing to
low-lying ã(4A9) state, and that the spin-allowed chann
results from internal conversion to theX̃(2A9) state, which
correlates without a barrier to CHX(2P)1CO. Although
ISC dominates at excess energies below 1000 cm21, the
rapid rise in the internal conversion rate at higher exc
energies indicates that the Franck–Condon overlap betw
the B̃ andX̃ states increases much faster with photon ene
than the overlap between theB̃ and ã states. The transla
No. 24, 22 June 1997
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10097Osborn et al.: The HCCO free radical
tional energy distributions for the CHX(2P)1CO products
indicate that both statistical and nonstatistical dissocia
occurs following internal conversion. A more complete u
derstanding of the photodissociation dynamics will requ
further experimental and theoretical investigations of HCC
and the authors hope that the work presented here will sti
late such studies.
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