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Photodissociation of triplet and singlet states of the CCO radical
Hyeon Choi, David H. Mordaunt, Ryan T. Bise, Travis R. Taylor, and Daniel M. Neumark
Department of Chemistry, University of California, Berkeley, California, 94720, and Chemical
Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720

~Received 24 October 1997; accepted 8 December 1997!

The triplet and singlet states of the ketenylidene~CCO! radical are investigated using fast radical
beam photofragment translational spectroscopy, in which CCO is generated by laser
photodetachment of CCO2 and subsequently photodissociated, and anion photoelectron
spectroscopy. In the photodissociation experiment, two bands in which the upper state of CCO
predissociates are studied. Photodissociation from excitation of theÃ 3P –X̃ 3S2 band in CCO is
observed from 16 666– 23 529 cm21; resonances are observed and assigned to excited vibrational
levels involving all three vibrational modes. We also report the first observation of thec̃ 1P – ã 1D
band in CCO. Here, theã 1D state of CCO is generated by laser photodetachment at higher photon
energy than was used to generate theX̃ 3S state. Thec̃ 1P state is approximately located by
photoelectron spectroscopy of CCO2, and the photodissociation experiment shows that the origin of
the c̃ 1P – ã 1D band occurs around 17 170 cm21. Kinetic-energy release spectra from both bands
yield accurate values for the C–CO bond dissociation energy and heat of formation of CCO:
D0~C–CO!52.2460.02 eV (51.760.5 kcal/mol) and DH f ,298

0 ~CCO!54.0460.02 eV (91.1
60.5 kcal/mol). Although the translational-energy distributions resulting from excitation to the
Ã 3P and c̃ 1P states are clearly nonstatistical, consideration of the potential-energy surfaces
indicates that dissociation from both states occurs via radiationless transitions to theX̃ 3S2 state.
© 1998 American Institute of Physics.@S0021-9606~98!03710-6#
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I. INTRODUCTION

The ketenylidene~CCO! radical is an important reactio
intermediate in interstellar cloud formation1–3 and hydrocar-
bon combustion.4–6 There is also growing interest in met
ketenylidene~CCO! complexes which can facilitate C–O
C–C, and C–H bond formation and cleavage in organom
tallic chemistry.7 Two unresolved issues are addressed in
article. First, large uncertainties have existed in the hea
formation of CCO, hindering our understanding of these fu
damental reaction mechanisms. Secondly, although man
actions are believed to proceed via singlet CCO specie
lack of spectroscopic information on the singlet states
CCO has prevented the identification of any singlet CC
radicals. In this paper, we address these two issues usi
combination of photofragment translational spectroscopy
photoelectron spectroscopy.

The CCO radical was first identified spectroscopica
by Jacoxet al.8 Its infrared spectrum was observed in a m
trix isolation experiment and the CCO ground state was t
tatively assigned to be a3S2 state. In addition, an unstruc
tured absorption was seen near 500 nm which was attrib
to CCO photodissociation, an interpretation supported by
depletion of the CCO absorption when the matrix was ir
diated at that wavelength. The gas-phase absorption s
trum of CCO was subsequently recorded by Devillers a
Ramsay.9 They observed a rotationally resolved band w
origin at 11 651 cm21 and assigned it to theÃ 3P –X̃ 3S2

transition, obtaining spectroscopic constants for both sta
Laser induced fluorescence~LIF!,10 microwave,11 and near
IR ~infrared! spectroscopy12–16were used to further establis
4070021-9606/98/108(10)/4070/9/$15.00
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the vibrational frequencies and spectroscopic constants
the X̃ 3S2 and theÃ 3P states.

The photoelectron spectrum of CCO2 was first taken by
Oakeset al.17 and the electron affinity of CCO was dete
mined as 1.84860.003 eV. A more recent photoelectro
spectrum by Zenginet al.18 showed the electron affinity to
be 2.2960.02 eV; the earlier value was attributed to vibr
tional hot bands.

CCO is known to have several low-lying singlet states
addition to the Ã 3P state. Walch19 used polarization-
configuration-interaction~POL-CI! with generalized valence
bond ~GVB! theory to characterize the triplet and singl
states. Chabalowskiet al.20 also performed calculations a
the multireference double-excitation~MRCI! method. Ac-
cording to these studies, the molecular orbital configurat
¯(6s)2(1p)4(7s)2(2p)2 leads to theX̃ 3S2, ã 1D, and
b̃ 1S1 states, and theÃ 3P and c̃ 1P states are derived
from the¯(6s)2(1p)4(7s)1(2p)3 configuration. The en-
ergy ordering of the five electronic states is shown in Fig.
While the singlet states are not accessible by optical exc
tion from theX̃ 3S2 state, they are accessible by anion ph
todetachment; the molecular orbital configuration for t
X̃ 2P ground state of CCO2 is (¯6s21p47s22p3). Term
values for theã 1D and b̃ 1S1 states were experimentall
determined from the CCO2 photoelectron spectrum by Zen
gin et al.;18 the higher lyingc̃ 1P state was apparently to
high in energy to be seen at their highest photodetachm
energy, 4.66 eV.

The heat of formation of CCO has been determined
several ways. The apparent photodissociation at 500 nm
0 © 1998 American Institute of Physics
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by Jacoxet al.8 places a lower limit of 3.7 eV on its heat o
formation. Becker and Bayes4,5 observed CO chemilumines
cence from the O1CCO reaction; based on this, along wi
the observation of Jacox, they deduced the CCO heat of
mation to be 4.060.2 eV. Both of these values are at va
ance with the 1985 ‘‘literature value’’21 of 2.960.7 eV, ob-
tained from the decomposition rate of C3O2.

22 However, the
earlier values are in good agreement with recent values f
ab initio calculation~3.86 eV!19 and combined electron af
finity and gas phase acidity measurements18,23 (4.0
60.2 eV). In this paper, we confirm and further refine t
higher value for the CCO heat of formation.

Although experiment and theory have established the
istence of low-lying singlet states in CCO, no optical tran
tions between these states have been observed. The ab
of a spectroscopic probe for singlet CCO species has
dered verification of proposed reaction mechanisms in c
bustion, interstellar clouds, and photolysis of C3O2. For ex-
ample, the ground states of C3O2 and CO molecules are1S1

states, so the formation of triplet CCO from the photolysis
C3O2

24–32 is spin-forbidden. Triplet CCO radicals are n
observed under collisionless photolysis conditions, but
seen in the presence of collisions, presumably due to c
sional quenching of singlet CCO.10,27,29

In this paper, we investigate the photodissociation sp
troscopy and dynamics of triplet and singlet CCO using
fast radical beam photofragment translational spectrome
In this experiment, CCO is generated by photodetachmen
CCO2 and subsequently photodissociated. In all prior inv
tigations of this type, care was taken to photodetach the
at sufficiently low energy so that only ground-state radic
would be produced. This scheme is used to generate C
X̃ 3S2 and we observe dissociation from upper state exc
vibrational levels of theÃ 3P –X̃ 3S2 band. In addition, we
demonstrate that we can generate the CCOã 1D state by

FIG. 1. Energetics of CCO electronic states.
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photodetachment at higher energy, and thus identify
c̃ 1P2ã 1D transition for the first time. This work on the
singlet state is aided considerably by photoelectron spect
copy of CCO2 at a higher photon energy than that used
Zengin et al.,18 enabling us to determine the approxima
location of thec̃ 1P state prior to performing the photodis
sociation experiments.

II. EXPERIMENT

Two different instruments, a negative ion photoelectr
spectrometer and a fast radical beam photofragment tran
tional spectrometer, are used for this study. In both,
CCO2 anion is produced by electrical discharge of C3O2

molecules. C3O2 is synthesized by the dehydration of ma
onic acid with phosphorus pentoxide, as described
Brauer.33 Ne gas~40 psi! flows over C3O2 which is kept in a
glass bubbler cooled in a acetone/dry ice bath. The resu
mixture supersonically expands through a pulsed valve
electrical discharge34 into the source region of the apparatu
A pulsed electrical discharge (2700 V) forms CCO2 an-
ions; the discharge occurs in the beginning of superso
expansion and the CCO2 anions are made and cooled
20–50 K.

A detailed description of the photoelectron spectrome
is given elsewhere.35,36 Briefly, negative ions generated i
the ion source are injected into a time-of-flight mass sp
trometer using a pulsed electric field. The ions separate
time and space according to their mass-to-charge ratio
are detected with a microchannel plate detector. The ion
interest is selectively photodetached using the fifth harmo
~5.822 eV! of a pulsed Nd:YAG laser. After detachment th
kinetic energy of the electrons is determined by time-
flight analysis, as described by Xuet al.36 The instrumental
resolution is 8 meV at 0.65 eV and degrades as (eKE)3/2.

CCO photodissociation was studied using the fast rad
beam photofragment spectrometer shown in Fig. 2. The
perimental apparatus has been described in de
previously.37,38Negative ions formed in the source region a
accelerated to 6 keV and separated temporally by a time
flight ~TOF! mass spectrometer. The CCO2 ion packet is
intersected by an excimer pumped pulsed dye laser be

FIG. 2. Schematic of fast radical beam photofragment translational s
trometer.~1! Pulsed valve,~2! electric discharge,~3! acceleration plates,~4!
Bakker-type time-of-flight mass spectrometer. Detachment, dissocia
and detection regions are also indicated.
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photodetaching some anions to yield neutral CCO radic
By changing the photodetachment energy, we can selecti
detach CCO2 to make either groundX̃ 3S2 state only or
groundX̃ 3S2 state plusã 1D state of CCO. Any remaining
ions are removed by the application of an electrical defl
tion pulse. The neutral beam is then crossed by a sec
excimer-pumped tunable dye laser beam. Some neutrals
sorb a photon and dissociate.

These photofragments are detected by microchan
plates. The high center-of-mass kinetic energy~6 keV! al-
lows the fragment to be detected with high efficienc
(;50%). The overall experiment is summarized as

CCO2 ——→
hn~detach!

CCO ——→
hn~dissociation!

C1CO. ~1!

Two types of experiment are performed. The photofra
ment yield~PFY! spectrum is obtained by collecting the tot
flux of fragments as a function of the photodissociation la
wavelength. We also probe the photodissociation dynam
by detecting both fragments in coincidence from a sin
parent CCO at a fixed photon energy for photodissociat
Using a time- and position-sensitive~TPS! wedge-and-strip
anode detector37 to measure the separation between the fr
ments and the interval between their arrival times, we ob
the kinetic-energy release and scattering angle for each
sociation event. From this the translational energy distri
tion P(ET) is determined. Because of the low translation
energy release for this system, a very limited range of s
tering angles is probed in this experiment, so angular dis
butions are not reported.

III. RESULTS

In this section, the experimental results are summariz
followed by ab initio calculations on the CCO radical. Sp
cifically, the photoelectron spectrum of CCO2 at 5.822 eV is
presented. The PFY spectra of CCO radicals are shown
theÃ 3P –X̃ 3S2 and thec̃ 1P2ã 1D bands. Finally, trans-
lational energy distributionsP(ET) are presented for selecte
Ã 3P –X̃ 3S2 and c̃ 1P – ã 1D transitions.

A. Photoelectron spectrum of CCO 2 anion

The photoelectron spectrum of CCO2 taken at 5.822 eV
~213 nm! is shown in Fig. 3. The absolute peak positions a
assignments are located in Table I. The spectrum consis
a series vibrationally resolved bands corresponding to t
sitions to several neutral electronic states. We observe a
the peaks reported by Zenginet al.18 except for theã 1D
~200! transition. In addition we see peaks labeledK, L, and
M that were not observed previously. PeakK is assigned as
the transition to theÃ 3P ~003! state. PeaksL andM are too
high in energy to correspond to a vibrational transiti
within the Ã 3P manifold, so we assignL and M to the
origin and the~001! vibrational level of thec̃ 1P state, re-
spectively. Note that theÃ 3P andc̃ 1P neutral states resul
from detachment of an electron from the 2p anion orbital
and should therefore have the same photoelectron ang
distribution. This is confirmed by photoelectron spec
taken at other laser polarization angles~not shown!. From
these assignments, the adiabatic electron affinity of CCO
s.
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2.31060.012 eV and the term values for theã 1D and c̃ 1P
states of CCO are 0.65360.017 eV and 2.77560.017 eV,
respectively. The error bars on the electron affinity andã 1D
term value are somewhat smaller than those reported by
ngin et al.18

B. Photofragment yield spectrum

With the aid of the photoelectron spectrum in Sec. III
we can selectively form CCO in the groundX̃ 3S2 state, or
in a combinationX̃ 3S2 and ã 1D states. To form neutra
CCO in its groundX̃ 3S2 state with no vibrational excita
tion, we detach at 18 690 cm21, just above the photodetach
ment threshold (18 630 cm21). We can then measure th
PFY spectrum from CCOX̃ 3S2 radicals.

To form neutral CCO in itsã 1D electronic state with
zero quanta of vibrational excitation, we detach
24 210 cm21, just above the photodetachment threshold
this state (23 900 cm21). At this energy, one also produce
CCO in its X̃ 3S2 state with the vibrational distribution
shown in the photoelectron spectrum~Fig. 3!. To identify

FIG. 3. Photoelectron spectrum of CCO at 5.822 eV taken at laser pola
tion u500.

TABLE I. Peak position and assignments for the CCO2 photoelectron spec-
trum.

Peak Assignment Position~eV! Splitting from origin (cm21)a

A X̃ 3S2 ~000! 3.512 ¯

B X̃ 3S2 ~100! 3.269 1960
C X̃ 3S2 ~200! 3.019 3976
D ã 1D ~000! 2.859 5267
E ã 1D ~100! 2.618 7211
F b̃ 1S1 ~000! 2.488 8259
G b̃ 1S1 ~100! 2.262 10082
H Ã 3P ~000! 2.066 11663
I Ã 3P ~001! 1.909 12929
J Ã 3P ~002! 1.748 14228
K Ã 3P ~003! 1.577 15607
L c̃ 1P ~000! 0.737 22382
M c̃ 1P ~001! 0.584 23616

aAll peak positions have an uncertainty of 12 meV.
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dissociation signal from theã 1D state, PFY spectra are re
peated at a detachment energy 23 070 cm21, just below the
ã 1D detachment threshold. The difference between P
spectra obtained at 24 210 and 23 070 cm21 is from CCO
ã 1D radicals.

The PFY spectrum obtained from CCO (X̃ 3S2) is
shown Fig. 4. This spectrum covers 16 660– 23 529 cm21

with 5.5– 2.8 cm21 ~0.1 nm! steps. Although the signal i
weak, several sharp features are observed that are assign
transitions to excited vibrational levels of theÃ 3P state~see
Sec. IV A! that lie above the bond dissociation energy. T
signal is weak because of poor Franck–Condon factors c
bined with low translational energy release~see Sec. IV B!;
the latter effect reduces our photofragment collection e
ciency. Note that no dissociation is observed until well abo
the Ã 3P –X̃ 3S2 origin at 11 651 cm21,9 because the lowe
vibrational levels are bound. Also, we do observe disso
tion around 500 nm, a result consistent with the interpre
tion of the matrix experiments put forth by Jacoxet al.8

The PFY spectrum obtained from CCO (ã 1D) is shown
Fig. 5. Based on the photoelectron spectrum in Fig. 3,
origin of the c̃ 1P – ã 1D band should occur at 17 11
6140 cm21. The main part of Fig. 5 shows spectra tak
from 17 080– 17,220 cm21 at 0.1 nm~;3 cm21! resolution.
The dotted line shows data usingndetach523 070 cm21 and
the solid line shows data usingndetach524 210 cm21. The
large peak seen at 17 170 cm21 in the spectrum taken at th
higher detachment energy is assigned to thec̃ 1P – ã 1D ori-
gin. The inset in Fig. 5 shows a finer scan with 0.005 n
(;0.15 cm21) steps and shows partially resolved rotation
structure. No further structure is resolved using an eta
with which the resolution of the laser is 0.04 cm21. Based on
our term value for theã 1D state, 0.65360.017 eV, the term
value for thec̃ 1P state is 2.78260.017 eV.

C. Translational energy distribution of photofragments

Translational energy distributionsP(ET) were obtained
at selected peaks in theÃ 3P –X̃ 3S2 and c̃ 1P – ã 1D ab-
sorption bands. Figure 6 shows theP(ET) distribution ob-
tained at 19 660 cm21 ~2.44 eV!, the strongest peak in th

FIG. 4. Photofragment yield~PFY! spectrum of CCO for theÃ 3P –X̃ 3S2

band. Assignments of labeled peaks are given in Table III.
Y

d to

e
-

-
e

-
-

e

l
n,

Ã 3P –X̃ 3S2 band. The distribution is binned in steps of 1
meV. The photofragment mass spectrum in the inset of F
6 shows peaks at mass 12 and 28, corresponding to C1CO.
The P(ET) distribution consists of a sharp peak center
around 0.15 eV with an abrupt drop in intensity towa
higher translational energy. The maximum kinetic energy
which signal is seen is 0.2060.02 eV.

Figure 7 shows theP(ET) distribution obtained from
excitation of thec̃ 1P – ã 1D band at 17 170 cm21, marked
with an* in Fig. 5. The same photofragment mass spectr
is seen as in Fig. 6. ThisP(ET) distribution consists of two
peaks centered at 0.5 and 0.23 eV, corresponding to C1CO
(y50,1). The higher energy peak drops off abruptly at
maximum kinetic energy of 0.5460.02 eV.

D. Ab initio calculations

Ab initio calculations were performed to better unde
stand how the various electronic states of CCO are coup

FIG. 5. Photofragment yield~PFY! spectrum of CCO forc̃ 1P – ã 1D ori-
gin. Solid line: nDetach524 210 cm21 ~above theã 1D threshold!. Dotted
line: nDetach523 070 cm21 ~below theã 1D threshold. Inset shows finer sca
~0.005 nm step! of the c̃ 1P – ã 1D origin.

FIG. 6. Translational energy distributionP(ET) of C1CO products from
excitation of 10

4 Ã 3P –X̃ 3S transition (hndissociate52.44 eV). Inset shows
the photofragment mass spectrum of CCO. Solid line: Experimental d
The P(ET) dist ibutions calculated from the prior distribution and pha
space theory are shown asm andj, respectively.
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to the dissociation continuum. The lowest energy disso
tion channel, C(3P)1CO(1S1), correlates with theX̃ 3S2

state anda 3P state. The molecular orbital configuration fo
this 3P state ~hereafter referred to as theŨ 3P state! is
¯(6s)2(1p)4(7s)2(2p)1(8s)1. This is therefore not the
Ã 3P state, for which the molecular orbital configuration
¯(6s)2(1p)4(7s)1(2p)3; the Ã 3P state asymptotically
correlates with excited state triplet products, C(3P)
1CO(3P). The 8s orbital is C–C antibonding, suggestin
that theŨ 3P state is repulsive. These qualitative consid
ations imply that a diabatic crossing occurs between
Ã 3P state and a repulsive3P state, as shown in Fig. 8. Th
object of ourab initio calculations was to determine the e
fect of this crossing on the dissociation dynamics.

Calculations were performed using the CASSCF~8,8!
method with a 6-31 G* basis within theGAUSSIAN 92suite of
programs.39 The active space consists of sixP orbitals~1P,
2P, 3P! and twos orbitals ~7s, 8s!. RCO is optimized at

FIG. 7. Translational energy distributionP(ET) of CCO at thec̃ 1P – ã 1D
origin transition (hnDiss52.13 eV).

FIG. 8. Schematic potential-energy curves for the ground and excited s
of CCO radical, illustrating correlations with the ground and excited s
C1CO products. The energy spacings from the ground state to exc
states of CCO and the C–CO bond dissociation energy are determine
our present work. Minimum energy configurations are obtained from R
18 and the crossing point between theÃ 3P and theŨ 3P is obtained from
the ab initio calculation described in the text.
-

-
e

eachRCC and the linear configuration is determined to be t
minimum energy configuration for all values ofRCC. The
calculation predicts the crossing between theÃ 3P state and
a repulsive3P state to occur atRCC51.774 Å andRCO

51.142 Å, which is 5.5 eV above theX̃ 3S2 minimum for
which RCC51.388 Å andRCO51.149 Å.

At this level of calculation, the term value for theÃ 3P
state is 1.617 eV, while the experimental value is 1.445 eV12

Also, the calculated sum ofRCC and RCO is 2.54 Å for the
X̃ 3S2 state and 2.45 Å for theÃ 3P state, both of which lie
close to the experimental values of 2.52 and 2.45
respectively.9

The diabatic crossing occurs well above the onset
dissociation in the PFY spectrum (;2.4 eV). The energy of
this crossing may be too high because of the limited ac
racy of the calculation. Moreover, the two adiabatic curv
repel each other in the crossing region, so that the effec
barrier to dissociation of theÃ 3P along the lower adiabatic
will be somewhat less than the energy of the diabatic cro
ing point. Nonetheless, the calculations certainly suggest
dissociation of theÃ 3P in the energy range probed by ou
experiment does not occur by coupling to the repuls
Ũ 3P state. The dissociation mechanism is discussed fur
in Sec. V.

IV. ANALYSIS

In this section, we analyze the resonances in the ph
fragment yield spectrum for theÃ 3P –X̃ 3S2 band of CCO
and discuss the energetics of CCO radical dissociation.

A. Photofragment yield spectrum

Previous LIF and absorption studies of the CC
Ã 3P –X̃ 3S2 transition9,10,12,15,16have yielded an accurat
set of spectroscopic constants for the lower vibrational lev
of the Ã 3P state, including vibrational frequencies for th
n1 ~C–O stretch!, n2 ~CCO bend!, and n3 ~C–C stretch!
modes, anharmonicities for then1 andn2 modes, rotational
constants, spin–orbit coupling and Renner–Teller para
eters. These are listed in Table II. The energy level patt
due to Renner–Teller coupling in a3P electronic state is
given by Hougen.40 We can use these constants to predict
location of the higher-lying vibrational levels, and thus a

tes
e
d
by
f.

TABLE II. Fitting parameters for calculating position of absorptio
(Ã 3P –X̃ 3S2 of CCO!. ~Unit: cm21!

Ã 3P (cm21)

T0 11,651.2~Ref. 12!
v1 2068.6~Ref. 9!
v1x1 11.45
v2 601.25~Refs. 15 and 16!
v2x2 3.25
v3 1284 ~Ref. 16!
v3x3 0.0

n252 n251
ASO 235.614~Ref. 16! 235.1667~Ref. 15!
ev2 104 ~Ref. 16! 104.5~Ref. 15!
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sign most of the features seen in the PFY spectrum in Fig
The predicted energies and assignments of the PFY r
nances are listed in Table III.

Peak H, the most prominent peak, centered
19 698 cm21, is assigned to the 10

4 transition. This peak is
actually a triplet split by 35 cm21 corresponding to the thre
spin–orbit components of theÃ 3P state. This splitting
agrees well with that seen for several of the lower-lyi
levels.9,12,15,16 Transitions involving the other two mode
also contribute to the PFY spectrum. Although this is
linear-to-linear transition, the bending mode is active due
the large difference of bending frequency in theX̃
(379.53 cm21)14 and Ã (594.75 cm21)15 states and strong
Renner–Teller coupling in theÃ state.15,16 Some of the as-
signments are ambiguous, especially those involving
bending mode. These problems arise in part because of a
Fermi resonance between then2 andn3 modes~see Table II!
as noted in previous studies.9,10,16Nonetheless the agreeme
between the experimental and predicted energies is gene
reasonable, supporting the assignments in Table III.

B. Translational energy distributions

1. CCO thermochemistry

The P(ET) distributions in Figs. 6 and 7 yield informa
tion on the CCO dissociation energy and the partitioning
excess energy among the product degrees of freedom.
ergy conservation dictates that

hndiss1EINT~CCO!5D0~C–CO!1EINT~C1CO!

1ET~C1CO!, ~2!

where EINT~CCO! is the initial energy of the CCO
EINT~C1CO! is the product internal energy, andET(C1CO)
is the product translational energy. At the maximum allow

TABLE III. Peak assignment (cm21) for PFY spectrum of CCO. Calculate
positions are obtained based on parameters in Table II.

Experimental peak
position (cm21)

Calculated position
(cm21) Assignment/E(n2K,P)a

A 17 035 17 046 10
220

2/E1(2,1,0)
B 17 756 17 720 10

3

C 18 216 18 288 10
230

2

D 18 353 18 330 10
220

230
1/E1(2,10)

E 18 479 18 414 10
320

1/E1(1,0,0)
F 18 911 18 982 10

220
130

2/E1(1,0,0)
G 19 012 19 004 10

330
1

19 046 10
320

2/E1(2,1,0)
H 19 698 19 697 10

4

I 20 166 20 288 10
330

2

J 20 277 20 330 10
320

230
1/E1(2,1,0)

K 20 367 20 391 10
420

1/E1(1,0,0)
L 20 970 20 981 10

430
1

21 023 10
420

2/E1(2,1,0)
M 22 219 22 265 10

430
2

N 22 298 22 307 10
420

230
1/E1(2,1,0)

aEnergiesE(n2 ,K,P) of various vibronic states are characterized by a se
quantum numbers,n2 , K~the resultant vibronic angular momentu
5u6L6 l u!, and P~the resultant vibronic angular momentum includin
spin5u6V6 l u!. The upper Renner–Teller state is expressed byE1, and
the lower byE2, which is not observed in our present work.
4.
o-

t

o

e
2:1

lly

f
n-

d

kinetic energy,ETmax, EINT~C1CO!50. The bond dissocia-
tion energy can therefore be determined from theP(ET) dis-
tribution provided that the value ofETmax is clear.

The P(ET) spectrum for theÃ 3P –X̃ 3S2 transition
shown in Fig. 6 is obtained athndiss519 660 cm21 ~2.44
eV!. The spectrum drops off abruptly on the high energy s
of the peak maximum at 0.15 eV; no signal is seen beyo
ET50.2060.02 eV, and this is taken to beETmax. Although
no rotational structure is resolved in the PFY spectrum
CCO, we estimate a rotational temperature of 35 K from o
previous study of HCCO photodissociation,41 so
^EINT~CCO!&'0.002 eV. Thus the bond dissociation ener
for C–CO is determined:D0~C–CO!52.2460.02 eV (51.7
60.5 kcal/mol) at 0 K.

The P(ET) distribution in Fig. 7 is obtained from exci
tation of the c̃ 1P – ã 1D vibrational band origin at
hndiss52.128 eV (17 170 cm21). The abrupt drop-off in the
higher energy peak yieldsETmax50.5460.02 eV. For this
band, EINT~CCO! includes the term energy for theã 1D
state, 0.65360.017 eV. We then obtain a bond dissociati
energy for C–CO, D0(C–CO)52.2460.03 eV (51.7
60.7 kcal/mol) at 0 K. This value is in excellent agreeme
with that obtained from Fig. 6, supporting our selection
ETmax in both cases. The uncertainty inD0(C–CO) is
slightly higher when derived from the data in Fig. 7 becau
of the uncertainty in the electronic term value of theã 1D
state.

Based on our value ofD(C–CO), no dissociation signa
should be observed at excitation energies bel
18 065 cm21. However, peaksA andB in the PFY spectrum,
Fig. 4, lie below this energy. While these could be hot ba
transitions, Table III shows that they can be assigned to tr
sitions originating from the~000! level of theX̃ 3S2 state. It
is possible that they arise from resonant two-photon exc
tion via the intermediateÃ 3P levels listed in Table III. Un-
fortunately the dissociation signal at these energies was
low to permit measurement of the translational energy dis
butions.

The heat of formation of CCO is determined from th
bond dissociation energy and heats of formation
C@DH f ,0

0 (C)57.37160.005 eV# and CO@DH f ,0
0 (CO)

521.18060.002 eV].21 This yields DH f ,0
0 ~CCO!53.95

60.02 eV (91.160.5 kcal/mol). These values can be scal
to values at standard temperature~298.15 K!. Using known
vibrational frequencies of the CCOX̃ 3S2 state,10,13,14 we
obtain DH f ,298

0 ~CCO!54.0460.02 eV. This value agree
with the recent determination from the CCO photoelectr
spectrum, DH f ,298

0 ~CCO!53.9960.20 eV,18 but our error
bars are considerably lower.

The heat of formation of CCO2 can be determined from
this heat of formation, the electron affinity of CCO and t
integrated heat capacity of electron:DH f ,298

0 ~CCO!51.67
60.02 eV. The gas-phase acidity of HCCO can be also
culated from the heats of formation ofH1,42 CCO2, and
HCCO,41 as follows.
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DHacid,298
0 ~HCCO!5DH f ,298

0 ~H1!1DH f ,298
0 ~CCO2!

2DH f ,298
0 ~HCCO!

515.7660.04 eV. ~3!

The enthalpy for acid association of HCCO was det
mined by Van Doren et al.: 15.45(60.12) eV
,DHacid,298 K

0 (HCCO),15.87(60.12) eV.23 This is in good
agreement with our value.

2. Product energy distributions

From the bond dissociation energy determined abo
the single peak seen in theP(ET) spectrum in Fig. 6 corre-
sponds entirely to C1CO(v50); C1CO(v51) products
are not energetically accessible. The width of the peak in
spectrum therefore indicates the extent of rotational exc
tion in the CO fragment. We find thatf R50.25, wheref R is
the fraction of available energy appearing as product ro
tion. In Fig. 7, however,EINT~CCO! is sufficiently large so
that the C1CO(v51) state is energetically accessible. Th
is the origin of the lower energy peak centered at 0.23
Roughly 40% of the CO product is in thev51 state. We
also observe broad features to the low energy side of e
peak, which correspond to the rotational excitation of C
product. The overall partitioning of available energy amo
product translation, vibration, and rotation isf T50.6, f v
50.2, andf R50.2, respectively.

It is useful to compare the experimental distributio
with those obtained from simple statistical models. Shown
Fig. 6 along with the experimental data are the translatio
energy distributions expected for a prior distribution~m!43

and from phase space theory~PST! ~j!.44–46 The prior and
PST distributions are calculated using Eqs.~4! and ~5!, re-
spectively

P~ET!5(
JCO

~2JCO11!~ET!1/2
•d~hn2D02Et2B

•JCO~JCO11!!, ~4!

P~ET!5 (
JCCO

(
JCO

PBolt~JCCO!•~2J811!•d~hn2D0

2ET2B•JCO~JCO11!!, ~5!

where JCO and JCCO are the angular momenta of CO an
CCO, B is the rotational constant of CO fragment, a
PBolt(JCCO) is the Boltzmann distribution assumin
Trot535 K. In Eq. ~5!, J85JCCO when JCO>JCCO and J8
5JCO when JCO,JCCO. Both statistical models predict
considerably broader rotational distribution with more ro
tional excitation of the CO than is observed experimenta

We have also calculated the prior distribution expec
for the singlet–singlet transition in Fig. 7. This predicts 26
of the CO product to be inv51, with the overall energy
partitioning given byf T50.52, f v50.13, andf R50.35. The
experimental distribution shows more CO vibrational exci
tion and less rotational excitation. It therefore appears
neither of the experimentalP(ET) distributions can be repro
duced by statistical models. This is discussed further in
next section.
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V. DISCUSSION

In this section we consider the dissociation mechan
subsequent to excitation of theÃ 3P and c̃ 1P states. The
PFY spectra in Figs. 4 and 5 are structured, indicating t
excitation in each case is to a bound state that underg
predissociation. As discussed in Sec. III D and displayed
Fig. 8, the Ã 3P state correlates diabatically to excite
C(3P)1CO(3P) products that lie well above the excitatio
energies in this study. In order to undergo dissociation
C(3P)1CO(1S1) products, theÃ 3P state must decay ei
ther by coupling to the repulsiveŨ 3P state, or by internal
conversion to the groundX̃ 3S2 state.

The PFY spectrum andP(ET) distribution in Fig. 6
shows that the onset for dissociation from theÃ 3P state
occurs at or just above the C–CO bond dissociation ene
Given the high energy of the crossing point between
Ũ 3P andÃ 3P states, it is unlikely that predissociation v
the repulsiveŨ 3P state would occur so close to the the
modynamic threshold for dissociation. On the other hand
there were no barrier along the reaction coordinate for d
sociation of theX̃ 3S2 state, internal conversion to this sta
would lead to dissociation as soon as the bond dissocia
energy is exceeded. This therefore appears to be the d
ciation mechanism for theÃ 3P state.

In Fig. 6, both statistical distributions result in conside
ably more CO rotational excitation than is seen experim
tally, indicating that dissociation on the ground state follo
ing internal conversion is nonstatistical in nature. This
qualitatively consistent with the relatively shallow well an
small number of vibrational modes, both of which might
expected to lead to very rapid dissociation. More quant
tively, one does not expect statistical dissociation unless
RRKM ~Rice–Ramsperger–Kassel–Marcus! dissociation
rate is considerably less than the characteristic vibratio
frequencies; this condition allows intra-vibrational relaxati
~IVR! to occur prior to dissociation.47

The RRKM dissociation rate is given by

kRRKM~E!5
G~E2D0!

hN~E!
, ~6!

whereG(E2D0) is the sum of states for the active degre
of freedom in the transition state andN(E) is the reactant
density of states. The ground state of CCO~X̃ 3S2 state! can
correlate with the lowest dissociation channel@C(3P)
1CO(1S1)# without orbital change, so no barrier onX̃ 3S2

state of CCO is expected. We thus take the transition stat
correspond to C1CO products. The RRKM dissociation rat
is then calculated by using the four vibrational degrees
freedom of CCO~X̃ 3S2 state! for the reactant and the two
rotational and one vibrational degrees of freedom of C
fragment for the transition state. We findkRRKM(E)
55.04* 1012 s21, which is higher than the bend frequency o
the ground state, 2.51* 1012 s21. Under these circumstance
it is not surprising that a nonstatistical product energy dis
bution is observed.

We next consider dissociation of thec̃ 1P state. Only
the C(3P)1CO(1S1) channel is energetically accessible,
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intersystem crossing to a triplet state must occur prior
dissociation. As was the case with theÃ 3P state, the cross
ing point with the Ũ 3P state is most likely too high in
energy for dissociation by this state to be a viable mec
nism, and it is more reasonable to expect dissociation
occur by intersystem crossing to theX̃ 3S2 state. This may
occur directly, or through one or both of the electronic sta
that lie between thec̃ 1P andX̃ 3S2 states. Since the inter
nal energy on the ground state resulting from this proces
considerably higher than for theÃ 3P state level responsible
for the translational energy distribution in Fig. 6, one ag
expects a nonstatistical product energy distribution. This
consistent with the experimental distribution in Fig. 7,whic
as discussed in Sec. IV B 2, has considerably less energ
CO rotation and more energy in CO vibration than would
expected from a statistical model.

We have previously found that the dissociation yie
from the vibrationless level of an excited electronic state
less than unity even if this level is well above the dissoc
tion threshold.41,48 This suggests that it may be possible
observe the vibrational origin of thec̃ 1P – ã 1D band by
laser-induced fluorescence. Such an observation would
extremely useful as a probe of singlet CCO.

VI. CONCLUSIONS

This paper reports the first study of the photodissociat
spectroscopy and dynamics of the CCO radical. Photofr
ment yield ~PFY! spectra and photofragment translation
energy distributions are obtained using our fast radical be
photofragment translation spectroscopy instrument. We
serve predissociation from excited vibrational levels of
Ã 3P state that are accessed by excitation of
Ã 3P –X̃ 3S2 band, and from the ground vibrational level
the c̃ 1P state via excitation of thec̃ 1P – ã 1D band. In both
cases, the lower state of CCO is generated by laser phot
tachment of CCO. TheX̃ 3S2 state is formed using a de
tachment energy just above the electron affinity of CC
while the ã 1D state is formed at a detachment energy su
ciently high to access this low-lying excited state of CC
The location of thec̃ 1P was unknown prior to this work
We located it approximately by photoelectron spectrosc
of CCO at a photodetachment energy of 5.82 eV, obtainin
term value of 2.77560.020 eV for thec̃ 1P state. This en-
abled us to find thec̃ 1P – ã 1D band origin at 17 170 cm21

~2.128 eV! using photodissociation spectroscopy.
The PFY spectrum for theÃ 3P –X̃ 3S2 band consists

of a series of transitions to vibrationally excited levels of t
Ã 3P state that lie above the dissociation threshold. Th
transitions, reported here for the first time, can be assig
based on spectroscopic constants from earlier absorption
laser-induced fluorescence studies of CCO. Our observa
of the c̃ 1P – ã 1D band origin represents the first observ
tion of a transition between singlet states of CCO, and m
be useful as a diagnostic for singlet CCO in combustion
other applications.

Product translational energy distributions from exci
tion of the triplet and singlet bands yield the CCO bo
dissociation energy and the partitioning of available ene
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among the product degrees of freedom. The bond disso
tion energy is 2.2460.02 eV, yielding DH f ,298

0 ~CCO!
54.0460.02 eV. The translational energy distribution f
the 10

4 transition of the triplet band shows that all the CO
in its v50 level ~the only energetically accessible leve!,
while a mixture of COv50 andv51 level results from the
origin transition of thec̃ 1P – ã 1D band. In both cases, th
distributions are highly nonstatistical. Nonetheless, comp
son with ab initio calculations implies that theÃ 3P and
c̃ 1P states dissociate via internal conversion and inters
tem crossing, respectively, to the groundX̃ 3S2 state.
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