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Photodissociation of triplet and singlet states of the CCO radical
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The triplet and singlet states of the ketenylidé@€O) radical are investigated using fast radical
beam photofragment translational spectroscopy, in which CCO is generated by laser
photodetachment of CCO 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 ok té—X 33~ band in CCO is
observed from 16 666—23 529 ch resonances are observed and assigned to excited vibrational
levels involving all three vibrational modes. We also report the first observation of thie-a 1A

band in CCO. Here, tha A state of CCO is generated by laser photodetachment at higher photon
energy than was used to generate ¥é3 state. Thec Il state is approximately located by
photoelectron spectroscopy of CCCand the photodissociation experiment shows that the origin of
theT I1-a *A band occurs around 17 170 ch Kinetic-energy release spectra from both bands
yield accurate values for the C—CO bond dissociation energy and heat of formation of CCO:
Do(C-CO=2.24+0.02eV (51.70.5 kcal/mol) and AH?’ZQB(CCO)=4.O41LO.02 eV (91.1
0.5 kcal/mol). Although the translational-energy distributions resulting from excitation to the
A 3I1 andT Il states are clearly nonstatistical, consideration of the potential-energy surfaces
indicates that dissociation from both states occurs via radiationless transitionsXc*¥e state.
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I. INTRODUCTION the vibrational frequencies and spectroscopic constants for
_ o _ ~ theX 33~ and theA °II states.
The ketenyliden€CCO) radical is an important reaction The photoelectron spectrum of CC@vas first taken by

intermediate in interstellar cloud formatibri and hydrocar- Oakeset al'7 and the electron affinity of CCO was deter-

bon combustiod® There is also growing interest in metal mined as 1.8480.003 eV. A more recent photoelectron
ketenylidene(CCO) complexes which can facilitate C-0, spectrum by Zengiret al*® showed the electron affinity to

C-C, and C—H bond formation and cleavage in organomepe 5 >q o 02 eV; the earlier value was attributed to vibra-
tallic chemistry’ Two unresolved issues are addressed in th'ﬁ'#'onal hot bands

article. First, large uncertainties have existed in the heat of  ~~5 is known to have several low-lying singlet states in

formation of CQO, hmderm_g our understanding of these fun'addition to the A3l state. Walck used polarization-
damental reaction mechanisms. Secondly, although many re-

actions are believed to proceed via singlet CCO species, configuration-interactiolPOL-CI) with generalized valence

a . . .
o . . ond (GVB) theory to characterize the triplet and singlet
lack of spectroscopic information on the singlet states Ogtates. Chabalowslet al?° also performed calculations at

CC.O has pre_vented the identification of any .smglet C.Cothe multireference double-excitatiotMRCI) method. Ac-
radicals. In this paper, we address these two issues using a_ .. . . . .
combination of photofragment translational spectroscopy angordmg to these studies, the molecular ort¥ta’|vconf|gurat|on
2 4 2 2 3 1

photoelectron spectroscopy. 2'1(6‘1) (1m)*(70) (271)3 leads E)l'[he>( 27, anA, apd

The CCO radical was first identified spectroscopically? =" states, and the Il and ¢ "I states are derived
by Jacoxet al8 Its infrared spectrum was observed in a ma-from the- '_'(60)2(177)_4(70)1(277)_3 configuration. The en-
trix isolation experiment and the CCO ground state was ten€r9y ordering of the five electronic states is shown in Fig. 1.
tatively assigned to be 35~ state. In addition, an unstruc- While the singlet states are not accessible by optical excita-
tured absorption was seen near 500 nm which was attributeéPn from theX 3~ state, they are accessible by anion pho-
to CCO photodissociation, an interpretation supported by théodetachment; the molecular orbital configuration for the
depletion of the CCO absorption when the matrix was irra-X “II ground state of CCOis (---6¢°17*7¢°27°%). Term
diated at that wavelength. The gas-phase absorption speealues for thea 'A andb 'S * states were experimentally
trum of CCO was subsequently recorded by Devillers andletermined from the CCOphotoelectron spectrum by Zen-
Ramsay’ They observed a rotationally resolved band withgin et al;*® the higher lyingc T state was apparently too
origin at 11 651 cm?® and assigned it to th& *II-X %~ high in energy to be seen at their highest photodetachment
transition, obtaining spectroscopic constants for both stategnergy, 4.66 eV.
Laser induced fluorescencelF),'° microwave!! and near The heat of formation of CCO has been determined in

IR (infrared spectroscopl’ *®were used to further establish several ways. The apparent photodissociation at 500 nm seen
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-g trometer.(1) Pulsed valve(2) electric discharge3) acceleration plates4)
o Bakker-type time-of-flight mass spectrometer. Detachment, dissociation,
and detection regions are also indicated.
At
photodetachment at higher energy, and thus identify the
2t . T HI-3a A transition for the first time. This work on the
CCO™ (XTI singlet state is aided considerably by photoelectron spectros-
copy of CCO at a higher photon energy than that used by
FIG. 1. Energetics of CCO electronic states. Zengin et al,*® enabling us to determine the approximate

location of the€ 11 state prior to performing the photodis-

o . sociation experiments.
by Jacoxet al® places a lower limit of 3.7 eV on its heat of

formation. Becker and Bay&8 observed CO chemilumines-
cence from the @ CCO reaction; based on this, along with II. EXPERIMENT
the observation of Jacox, they deduced the CCO heat of for-  Two different instruments, a negative ion photoelectron
mation to be 4.8:0.2 eV. Both of these values are at vari- spectrometer and a fast radical beam photofragment transla-
ance with the 1985 “literature value®® of 2.9+0.7 eV, ob-  tional spectrometer, are used for this study. In both, the
tained from the decomposition rate 0@,.22 However, the CCO™ anion is produced by electrical discharge ofOg
earlier values are in good agreement with recent values fromolecules. @0, is synthesized by the dehydration of mal-
ab initio calculation(3.86 eV)'® and combined electron af- gnic acid with phosphorus pentoxide, as described by
finity and gas phase acidity measurem&td (4.0  Brauer® Ne gas(40 psi flows over GO, which is kept in a
*=0.2eV). In this paper, we confirm and further refine theglass bubbler cooled in a acetone/dry ice bath. The resultant
higher value for the CCO heat of formation. mixture supersonically expands through a pulsed valve and
Although experiment and theory have established the exelectrical discharg¥ into the source region of the apparatus.
istence of low-lying singlet states in CCO, no optical transi-A pulsed electrical discharge—<700 V) forms CCO an-
tions between these states have been observed. The absem; the discharge occurs in the beginning of supersonic
of a spectroscopic probe for singlet CCO species has hinexpansion and the CCOanions are made and cooled to
dered verification of proposed reaction mechanisms in comzg—-50 K.
bustion, interstellar clouds, and photolysis of05. For ex- A detailed description of the photoelectron spectrometer
ample, the ground states 0§@, and CO molecules ar® ™ s given elsewherd® Briefly, negative ions generated in
states, so the formation of triplet CCO from the photolysis ofthe ion source are injected into a time-of-flight mass spec-
C40,”7% is spin-forbidden. Triplet CCO radicals are not trometer using a pulsed electric field. The ions separate in
observed under collisionless ph0t0|y3iS conditions, but argme and space according to their mass_to_charge ratio and
seen in the presence of collisions, presumably due to colligre detected with a microchannel plate detector. The ion of
sional quenching of singlet CC8272° interest is selectively photodetached using the fifth harmonic
In this paper, we investigate the photodissociation spect5.822 eV of a pulsed Nd:YAG laser. After detachment the
troscopy and dynamics of triplet and singlet CCO using oulkinetic energy of the electrons is determined by time-of-
fast radical beam photofragment translational spectrometeflight analysis, as described by >at al2® The instrumental
In this experiment, CCO is generated by photodetachment gesolution is 8 meV at 0.65 eV and degrades as (€KE)
CCO™ and subsequently photodissociated. In all prior inves-  CcCO photodissociation was studied using the fast radical
tigations of this type, care was taken to photodetach the ionseam photofragment spectrometer shown in Fig. 2. The ex-
at sufficiently low energy so that only ground—state radiCﬁ'Sperimenta| apparatus has been described in detail
would be produced. This scheme is used to generate CCfreviously*’*®Negative ions formed in the source region are
X 33~ and we observe dissociation from upper state excitediccelerated to 6 keV and separated temporally by a time-of-
vibrational levels of theA 3I1-X 33~ band. In addition, we flight (TOF) mass spectrometer. The CCQon packet is
demonstrate that we can generate the CE&\ state by intersected by an excimer pumped pulsed dye laser beam,
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photodetaching some anions to yield neutral CCO radicals. Electron Binding Energy (eV)

By changing the photodetachment energy, we can selectively 55 50 45 40 35 30 25 20
detach CCO to make either groun& 33~ state only or o

groundX 33~ state plus A state of CCO. Any remaining ]

ions are removed by the application of an electrical deflec-
tion pulse. The neutral beam is then crossed by a second
excimer-pumped tunable dye laser beam. Some neutrals ab-
sorb a photon and dissociate.

These photofragments are detected by microchannel
plates. The high center-of-mass kinetic ene(gykeV) al- ‘é‘n—l X’z
lows the fragment to be detected with high efficiency L 51A—‘ —‘

D
A

Intensity (arb. unit)

(~50%). The overall experiment is summarized as

7hv(detach hv(dissociation lﬁ g “H
cco cco C+CO. (1) 00 05 10 15 20 5530 35 40

Two types of experime_nt are .performed. Th_e photofrag- Photoelectron Kinetic Energy (eV)
ment yield(PFY) spectrum is obtained by collecting the total
flux of fragments as a function of the photodissociation lasef!G: 3. Photoelectron spectrum of CCO at 5.822 eV taken at laser polariza-
7 —Nno
wavelength. We also probe the photodissociation dynamic‘éon 6=0"
by detecting both fragments in coincidence from a single

parent CCO at a fixed photon energy for photodissociations 314+ 0 012 eV and the term values for tBetA and@ I

Using a time- and position-sensit@PS wedge-and-strip a5 of CCO are 0.653.017 eV and 2.7750.017 eV,
anode detectdf to measure the separation between the fragtespectively. The error bars on the electron affinity Arld

ments and the interval between their arrival times, we Obta"?erm value are somewhat smaller than those reported by Ze-
the kinetic-energy release and scattering angle for each diﬁ'gin et all8
sociation event. From this the translational energy distribu-
tion P(E+) is determined. Because of the low translationaIB_ Photofragment yield spectrum
energy release for this system, a very limited range of scat-

tering angles is probed in this experiment, so angular distri-  With the aid of the photoelectron spectrum in Sec. Il A,

butions are not reported. we can selectively form CCO in the ground®s, ~ state, or
in a combinatioan’E’ anda A states. To form neutral
Ill. RESULTS CCO in its groundX 33~ state with no vibrational excita-

In this section, the experimental results are summarizec},'on’ we detach at 18 690 cm, just above the photodetach-

followed by ab initio calculations on the CCO radical. Spe- ment threshold (18 6305??)'_\/\/9 _can then measure the
cifically, the photoelectron spectrum of CC@t 5.822 evis PFY spectrum from CCX °% ™ radicals.

. .~ l . .
presented. The PFY spectra of CCO radicals are shown for 10 form neutral CCO in its1 “A electronic state with
theA 3I1—X 33~ and thet MT—3 A bands Finally, trans- zero quanta of vibrational excitation, we detach at

24 210 cm, just above the photodetachment threshold for
this state (23 900 cimt). At this energy, one also produces
CCO in its X 33~ state with the vibrational distribution
A. Photoelectron spectrum of CCO ™ anion shown in the photoelectron spectrufiig. 3). To identify

The photoelectron spectrum of CC@aken at 5.822 eV
(213 nm) is shown in Fig. 3. The absolute peak positions andrasLE 1. Peak position and assignments for the COghotoelectron spec-
assignments are located in Table I. The spectrum consists ofim.

a series vibrationally resolved bands corresponding to trar=
sitions to several neutral electronic states. We observe all of ©2

lational energy distributionB(E+) are presented for selected
A 3I-X 33~ and¢ 1-a A transitions.

Assignment Positio@V)  Splitting from origin (cn )2

the peaks reported by Zenggt al® except for thea *A A X 33~ (000 3.512

(200 transition. In addition we see peaks labeledL, and B ZSE* (100 3.269 1960
M that were not observed previously. Ped@ks assigned as € X°X7 (200 3.019 3976
the transition to thé 31T (003 state. Peakk andM are too E a ii (288) 52?2 ggﬂ
high in energy to correspond to a vibrational transition Baly((ooz)) 2 488 8259
within the A 3II manifold, so we assigh. and M to the G B3 (100 2 262 10082
origin and the(001) vibrational level of théc 'II state, re- H A 311 (000) 2.066 11663
spectively. Note that tha 3I1 and¢ 11 neutral states result | A 1T (001) 1.909 12929
from detachment of an electron from ther Znion orbital J AT (002 1.748 14228

and should therefore have the same photoelectron angulark AT (003 1577 15607
distribution. This is confirmed by photoelectron spectra %lg 288(1); g'ggz gggi’g
taken at other laser polarization anglemt shown. From '

these assignments, the adiabatic electron affinity of CCO i%ll peak positions have an uncertainty of 12 meV.
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FIG. 4. Photofragment yiel@PFY) spectrum of CCO for thé 3I1-X 33~

band. Assignments of labeled peaks are given in Table III. FIG. 5. Photofragment yiel@PFY) spectrum of CCO fot *I1-a *A ori-
gin. Solid line: vpeue=24 210 cm?® (above thed A threshold. Dotted
line: vpewci=23 070 cm* (below thea *A threshold. Inset shows finer scan

dissociation signal from tha 1A state, PFY spectra are re- (0-005 nm stepof the’ IT-a *A origin.

peated at a detachment energy 23 070 tnjust below the

a 'A detachment threshold. The difference between PFYs

3_X 3% — istribution is bi i
spectra obtained at 24 210 and 23 070 ¢nis from CCO A "II-X "3 band. The distribution is blnn_ed n s_teps of 1(.)
3 1A radicals. meV. The photofragment mass spectrum in the inset of Fig.

. vl 6 shows peaks at mass 12 and 28, correspondingHG@.
shovT/Eer F\; S_?ﬁiztrg?ec?gﬂnsgvérgml 6%%8( g 5)2;(““ The P(E;) distribution consists of a sharp peak centered
. T o : d 0.15 eV with brupt d in intensity t d
with 5.5-2.8 cm? (0.1 nm) steps. Although the signal is aroun eV with an abrupt drop in intensity towar

. igher translational energy. The maximum kinetic energy at
weak, several sharp features are observed that are assigne 9y %y

. . o =3 ich signal is seen is 0.200.02 eV.
transitions to excited vibrational levels of the°I1 state(see Figure 7 shows theP(E ) distribution obtained from

Sec. IV A) that lie above the bond dissociation energy. Theexcitation of thed I3 A band at 17 170 cit. marked
signal is weak because of poor Franck—Condon factors comyiin an* in Fig. 5. The same photofragment mz;ss spectrum

bined with low translational energy releaee Sec. IVB g seen as in Fig. 6. ThiB(E;) distribution consists of two

the latter effect reduges our phptofragment co!lection efﬁ'peaks centered at 0.5 and 0.23 eV, corresponding#€G
ciency. Note that no dissociation is observed until well abov

~ - &v=0,1). The higher energy peak drops off abruptly at a
theA I1-X %~ origin at 11 651 cm*,® because the lower maximum kinetic energy of 0.540.02 eV.

vibrational levels are bound. Also, we do observe dissocia-
t?on around 5OQ nm, a _result consistent with the ir;terpreta-D. Ab initio calculations
tion of the matrix experiments put forth by Jaceikal.

The PFY spectrum obtained from CC@ {A) is shown Ab initio calculations were performed to better under-
Fig. 5. Based on the photoelectron spectrum in Fig. 3, thétand how the various electronic states of CCO are coupled
origin of the € II-a 'A band should occur at 17 115
+140 cm L. The main part of Fig. 5 shows spectra taken I
from 17 080—17,220 cmt at 0.1 nni~3 cm %) resolution. |+ « « .« - .
The dotted line shows data uSingee=23 070 cm* and ’
the solid line shows data uSiNGyepc=24 210 cm?®. The
large peak seen at 17 170 chin the spectrum taken at the
higher detachment energy is assigned toah&l—a *A ori-
gin. The inset in Fig. 5 shows a finer scan with 0.005 nm
(~0.15 cm'}) steps and shows partially resolved rotational

max

sity (arb. unit)

10720 50

structure. No further structure is resolved using an etalon,£ Fragment Mass
with which the resolution of the laser is 0.04 clnBased on ™
our term value for th@ A state, 0.6530.017 eV, the term
value for thec 1 state is 2.782 0.017 eV. -
00 Tor Tz o3 0.4
C. Translational energy distribution of photofragments Er (V)

St 3TT_ W 3% — ~17_=1 _ excitation of § A BTI-X 33 transition ivgesouas2.-44 €V). Inset shows
at selected peaks in the “[1-X "%~ andc “l1-a *A ab the photofragment mass spectrum of CCO. Solid line: Experimental data.

sqrption bands. Figure 6 shows tR¢Ey) diStribUtion.Ob' The P(E;) dist ibutions calculated from the prior distribution and phase
tained at 19 660 cimt (2.44 e\, the strongest peak in the space theory are shown asand M, respectively.
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L LN B L B I TABLE Il. Fitting parameters for calculating position of absorption
Ep ax for C + CO(v,J=0) (A 3T1-X 33~ of CCO). (Unit: cm™?)
v=1 v=0 —
A Il (cm™)
§ To 11,651.2(Ref. 12
P w1 2068.6(Ref. 9
& ®1x1 11.45
z ;) 601.25(Refs. 15 and 16
% WoX2 3.25
= w3 1284 (Ref. 16
. w3X3 0.0
n,=2 n,=1
Aso —35.614(Ref. 16 —35.1667(Ref. 15
' . | . €w, 104 (Ref. 16 104.5(Ref. 15
0.2 0.3 Ey(eV) 04 0.5

FIG. 7. Translational energy distributid® E;) of CCO at thet 11-a A _ _ o _
origin transition fvpis=2.13 eV). eachRq¢c and the linear configuration is determined to be the

minimum energy configuration for all values &cc. The

calculation predicts the crossing between £héll state and
a repulsive®I state to occur aRec= 1.774 A andRq

=1.142 A, which is 5.5 eV above th¢ 33~ minimum for

which Rgc=1.388 A andRco=1.149 A.

to the dissociation continuum. The lowest energy dissocia
tion channel, C{P)+CO(*X ), correlates with thex 33~
state andh °I1 state. The molecular orbital | configuration for
e 3 3 H —~
this "1 state (hereafter referred to as the °II statg is At this level of calculation, the term value for tie Il

. 2 4 2 1 1 P
= 56‘7) (1m) (7‘7)_ (2)7(80)". This is _therefor_e not_the_ state is 1.617 eV, while the experimental value is 1.443%V.
A °II state, for which the molecular orbital configuration is pjsq the calculated sum (Ree andReo is 2.54 A for the

2 4 1 3. 3 ; ~ ~ ’
(60)%(1m)"(70)*(2m)”; the A 11 state asymptotically % 35 - gtate and 2.45 A for tha 31T state, both of which lie

correlates with excited state triplet products, *BY  (jose to the experimental values of 2.52 and 2.45 A,
+CO(II). The & orbital is C—C antibonding, suggesting respectively’

that theU 3I1 state is repulsive. These qualitative consider-  The diabatic crossing occurs well above the onset of
ations imply that a diabatic crossing occurs between th@jissociation in the PFY spectrum-@.4 eV). The energy of
A 11 state and a repulsivlll state, as shown in Fig. 8. The this crossing may be too high because of the limited accu-
object of ourab initio calculations was to determine the ef- racy of the calculation. Moreover, the two adiabatic curves
fect of this crossing on the dissociation dynamics. repel each other in the crossing region, so that the effective
Calculations were performed using the CASS&B)  parrier to dissociation of tha 311 along the lower adiabatic
method with a 6-31 G basis within thesAussIiaN 92suite of il he somewhat less than the energy of the diabatic cross-
programs™ The active space consists of dikorbitals(11,  jng point. Nonetheless, the calculations certainly suggest that
2I1, 3MI) and two o orbitals (70, 80). Reo is optimized at  gigsociation of the 31T in the energy range probed by our
experiment does not occur by coupling to the repulsive
U 311 state. The dissociation mechanism is discussed further
cCP) + COCID) in Sec. V.

IV. ANALYSIS

In this section, we analyze the resonances in the photo-
1 1 fragment yield spectrum for th& *IT-X 33~ band of CCO
C(D)+CO(Z)  and discuss the energetics of CCO radical dissociation.

Potential Energy (eV)

cp) + CO('’zh A. Photofragment yield spectrum

__ Previous LIF and absorption studies of the CCO
A STI-X 33~ transition?1%12151%haye yielded an accurate

- set of spectroscopic constants for the lower vibrational levels
of the A 3II state, including vibrational frequencies for the
v, (C-0 stretch v, (CCO bend, and v; (C—C stretch

FIG. 8. Schematic potential-energy curves for the ground and excited staid®0des, anharmonicities for thg and v, modes, rotational

of CCO radical, illustrating correlations with the ground and excited stateconstants, spin—orbit coupling and Renner—Teller param-

C+CO products. The energy spacings from the ground state to excite(éters_ These are listed in Table Il. The energy level pattern
states of CCO and the C—CO bond dissociation energy are determined b

our present work. Minimum energy configurations are obtained from Refd_ue to Renner—'l(;eller coupling in 4l electronic State_ IS
18 and the crossing point between ®éETT and theU °IT is obtained from ~ 9IVeN by HOUgeﬁ‘_- We can use the_se constants to predict the
the ab initio calculation described in the text. location of the higher-lying vibrational levels, and thus as-

0 T
1.0 1.5 20 .
Reaction Coordinate (C-CO)/ A



J. Chem. Phys., Vol. 108, No. 10, 8 March 1998 Choi et al. 4075

TABLE lIl. Peak assignment (cmt) for PFY spectrum of CCO. Calculated kinetic energy E Enr(C+CO)=0. The bond dissocia-
positions are obtained based on parameters in Table II. . mTmaxe =INT . .
tion energy can therefore be determined fromB{&) dis-

Experimental peak Calculated position tribution provided that the value &q,4 IS Clear.

position (cni™) (cm™) AssignmentE(nzK, P)® The P(E;) spectrum for theA 3[1-X 33~ transition
A 17035 17 046 1223/E*(2,1,0) shown in Fig. 6 is obtained atvg,=19 660cm?! (2.44
B 17 756 17 720 13 i i
o 18916 16 98 1233 e;/ihThe siectrurn dropst %ﬁ1a5bn<f)-tly on-the Ih|.gh energy S|dej
5 18353 18330 15233+ (2,10) of the peak maximum at 0.15 eV; no signal is seen beyon
E 18 479 18 414 1221/E*(1,0,0) E;=0.20+0.02 eV, and this is taken to &, Although
F 18911 18 982 1§2§3§/E*(l,0,0) no rotational structure is resolved in the PFY spectrum of
G 19012 oo iggg“? 210 CCO, we estimate a rotational temperature of 35 K from our
H 10 698 19 697 1% o/E1(21.0) previous study of HCCO photodi_ssoci.ati.fi’n, o)
I 20 166 20 288 1332 (EnT(CCO)~0.002 eV. Thus the bond dissociation energy
J 20277 20330 10263/E"(2.1.0) for C—CO is determinedD,(C—CO=2.24+0.02 eV (51.7
K 20 367 20 391 1523/E%(1,0,0) +
L 20970 20981 12333 +0.5 keal/mol) E_it 0 K'. N . . .

21023 1822/E%(2,1,0) The P(Ey) distribution in Fig. 7 is obtained from exci-

M 22219 22 265 1433 tation of the T I1-a A vibrational band origin at
N 22298 22307 152635/E7(2,1,0) hvgss=2.128 eV (17 170 cmt). The abrupt drop-off in the

8EnergiesE(n,,K,P) of various vibronic states are characterized by a set ofhigher energy peek yieldBrma,=0.54+0.02 eV. FCE" ;[his
guantum numbersn,, K(the resultant vibronic angular momentum band, E;nt(CCO) includes the term energy for the “A
:|iA‘i||), a‘md P(the resultant vibronic angular momentumhincluding state, 0.6530.017 eV. We then obtain a bond dissociation
spin=|=Q=*1|). The upper Renner—Teller state is expressedby and _
the lower byE~, which is not observed in our present work. energy for C-CO, DO(_C_CO)__ 2'_24i 0.03ev (517
+0.7 kcal/mol) at 0 K. This value is in excellent agreement
with that obtained from Fig. 6, supporting our selection of
sign most of the features seen in the PFY spectrum in Fig. % ... In both cases. The uncertainty iBy(C—CO) is
The predicted energies and assignments of the PFY resgjightly higher when derived from the data in Fig. 7 because

nances are listed in Table Ill. of the uncertainty in the electronic term value of @A
Peak H, the most prominent peak, centered atgiate

oot o e anstor, T pet ¥, aased oncur vlue (C~CO0), o dissocation signa
y P pit by ~ P 9 should be observed at excitation energies below

spin—orbit components of the *I1 state. This splitting 18 065 cm*. However, peak# andB in the PFY spectrum
agrees well with that seen for several of the Iower-lymgFig 4 lie below this e,nergy While these could be hot b:;md

levels®121516 Transitions involving the other two modes " _
also contribute to the PFY spectrum. Although this is gtransitions, Table Il shows that they can be assigned to tran-

linear-to-linear transition, the bending mode is active due tdsitions originating from th€000) level of theX 357 state. It
the large difference of bending frequency in thé is possible that they arise from resonant two-photon excita-
(379.53 cm )™ and A (594.75 cm})’5 states and strong tion via the intermediat@ 3II levels listed in Table IIl. Un-
Renner—Teller coupling in tha state® Some of the as- fortunately the dissociation signal at these energies was too
signments are ambiguous, especially those involving théow to permit measurement of the translational energy distri-
bending mode. These problems arise in part because of a 2hlitions.
Fermi resonance between thg and v; modes(see Table Il The heat of formation of CCO is determined from the
as noted in previous studiés®'®Nonetheless the agreement hond dissociation energy and heats of formation of
between the experimental and predicted energies is general@[AH?'O(C): 7.371+0.005e\]  and CQAH?’O(CO)
reasonable, supporting the assignments in Table Ill. =-1.180-0.002 eV]2! This yields AH?YO(CCO)=3.95
+0.02 eV (91.1- 0.5 kcal/mol). These values can be scaled
to values at standard temperat298.15 K. Using known
1. CCO thermochemistry vibrational frequencies of the CC® 33~ state!®3Mwe
The P(E7) distributions in Figs. 6 and 7 yield informa- obtain AH{,o{CCO=4.04+0.02eV. This value agrees
tion on the CCO dissociation energy and the partitioning ofwith the recent determination from the CCO photoelectron
excess energy among the product degrees of freedom. Espectrum, AH?'298(CCO)=3.994:0.20 eV!® but our error

B. Translational energy distributions

ergy conservation dictates that bars are considerably lower.
hvgiset Enr(CCO)=Dg(C—CO + Ejp(C+CO) _ The heat of formauon of CCOcan be determined from
this heat of formation, the electron affinity of CCO and the
+E(C+CO), (@ integrated heat capacity of electroAH? ,4(CCO)=1.67

where E,r(CCO) is the initial energy of the CCO, =*0.02eV. The gas-phase acidity of HCCO can be also cal-
E,n7(C+CO) is the product internal energy, afd(C+C0O)  culated from the heats of formation &f*,* CCO", and
is the product translational energy. At the maximum allowedHCCO" as follows.
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AH i 20§ HCCO) = AHY 56 H) + AHY 50 CCO™) V. DISCUSSION

—AH?Z%(HCCO) In this section we consider the dissociation mechanism
' subsequent to excitation of the 311 and<T 'II states. The
=15.76-0.04 eV. ©) PFY spectra in Figs. 4 and 5 are structured, indicating that

The enthalpy for acid association of HCCO was deter-£Xxcitation in each case is to a bound state that undergoes
mined by Van Doren etal: 15.45(=0.12) ev Ppredissociation. As discussed in Sec. Il D and displayed in

<AHZiq 203 (HCCO)<15.87(=0.12) eV Thisisin good  Fig. 8, the A °Il state correlates diabatically to excited

agreement with our value. C(®P)+CO(II) products that lie well above the excitation
energies in this study. In order to undergo dissociation to
2. Product energy distributions C(CP)+CO(*= ") products, theA °I1 state must decay ei-

From the bond dissociation energy determined abovether by coupling to the repulsive °II state, or by internal
the single peak seen in tH&(E) spectrum in Fig. 6 corre- conversion to the groun¥ 33~ state.
sponds entirely to €CO(v=0); C+CO(w=1) products The PFY spectrum andP(Ey) distribution in Fig. 6
are not energetically accessible. The width of the peak in thishows that the onset for dissociation from tA€’ll state
spectrum therefore indicates the extent of rotational excitaeccurs at or just above the C—CO bond dissociation energy.
tion in the CO fragment. We find thag=0.25, wherefg is  Given the_high energy of the crossing point between the
the fraction of available energy appearing as product rotat 31 andA 311 states, it is unlikely that predissociation via
tion. In Fig. 7, howeverE(CCO) is sufficiently large so  the repulsiveU °II state would occur so close to the ther-
that the C-CO(v=1) state is energetically accessible. This modynamic threshold for dissociation. On the other hand, if
is the origin of the lower energy peak centered at 0.23 eVthere were no barrier along the reaction coordinate for dis-
Roughly 40% of the CO product is in the=1 state. We  gqcjation of theX 33~ state, internal conversion to this state
also observe broad features to the low energy side of eagfjoyid lead to dissociation as soon as the bond dissociation
peak, which correspond to the rotational excitation of COenergy is exceeded. This therefore appears to be the disso-
product. The overall partitioning of available energy among.;ation mechanism for tha 311 state.
product translation, vibration, and rotation 1§=0.6, f, In Fig. 6, both statistical distributions result in consider-
=0.2, andfr=0.2, respectively. ably more CO rotational excitation than is seen experimen-

_ It is useful to compare the experimental distributions,y, ingicating that dissociation on the ground state follow-
with those obtained from simple statistical models. Shown inn " internal conversion is nonstatistical in nature. This is

Fig. 6 along with the experimental data are the tr"’_‘nsegionatﬂualitatively consistent with the relatively shallow well and
energy distributions expected for a pﬂc_)zedlstrlbufu(ah) small number of vibrational modes, both of which might be
and from phase space thedST) (M).™™The prior and oy acted to lead to very rapid dissociation. More quantita-

PST distributions are calculated using E¢®. and (5), re-  jyely one does not expect statistical dissociation unless the

spectively RRKM (Rice—Ramsperger—Kassel-Marguslissociation
" rate is considerably less than the characteristic vibrational
P(Er)= JE (2Jcot1)(Eq)™* 6(hv—Do—E—B frequencies; this condition allows intra-vibrational relaxation
o (IVR) to occur prior to dissociatioff.
‘Jeo(Jeot 1)), (4) The RRKM dissociation rate is given by
, G(E-D
P(ED=3 > Ppor(deco (23" +1)- 8(hw—D, ke (E) = 220 ®)
Jeco Jeo hN(E)
—Er—B-Jco(Jcot 1)), (5)  whereG(E—D,) is the sum of states for the active degrees

where Joo and Jeco are the angular momenta of CO and Of freedom in the transition state am(E) is the reactant
CCO, B is the rotational constant of CO fragment, and density of states. The ground state of COO®S "~ state can
Peo(Jcco)  is the Boltzmann distribution assuming correlate with the lowest dissociation chann@:(3P)
T=35K. In Eq. (5), J'=Jcco When Jeg=Jcco andJ’  +CO(*S *)] without orbital change, so no barrier #n°3, -
=Jco When Jeo<Jcco. Both statistical models predict a state of CCO is expected. We thus take the transition state to
considerably broader rotational distribution with more rota-correspond to & CO products. The RRKM dissociation rate
tional excitation of the CO than is observed experimentally.is then calculated by using the four vibrational degrees of
We have also calculated the prior distribution expectedreedom of CCO(X 33~ state for the reactant and the two
for the singlet—singlet transition in Fig. 7. This predicts 26%rotational and one vibrational degrees of freedom of CO
of the CO product to be iw=1, with the overall energy fragment for the transition state. We finlgrgrxm(E)
partitioning given byfr=0.52,f,=0.13, andfr=0.35. The =5.04-10'2s™%, which is higher than the bend frequency on
experimental distribution shows more CO vibrational excita-the ground state, 2.510'? s 1. Under these circumstances
tion and less rotational excitation. It therefore appears thait is not surprising that a nonstatistical product energy distri-
neither of the experiment&(E+) distributions can be repro- bution is observed.
duced by statistical models. This is discussed further in the We next consider dissociation of tfie'Il state. Only
next section. the CEP)+ CO(*2 *) channel is energetically accessible, so
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intersystem crossing to a triplet state must occur prior taamong the product degrees of freedom. The bond dissocia-
dissociation. As was the case with tA€’I1 state, the cross- tion energy is 2.240.02eV, vyielding AH? ,6CCO)

ing point with theU 3II state is most likely too high in =4.04+0.02eV. The translational energy distribution for
energy for dissociation by this state to be a viable mechathe 15 transition of the triplet band shows that all the CO is
nism, and it is more reasonable to expect dissociation t& its v=0 level (the only energetically accessible leyel
occur directly, or through one or both of the electronic state®rigin transition of thé *[1-a *A band. In both cases, the
that lie between the 11T andX 33~ states. Since the inter- distributions are highly nonstatistical. Nonetheless, compari-
nal energy on the ground state resulting from this process {§on With ab initio calculations implies that thé °IT and
considerably higher than for the 311 state level responsible € 1 states dissociate via internal conversion and intersys-
for the translational energy distribution in Fig. 6, one againtem crossing, respectively, to the groukd’> "~ state.

expects a nonstatistical product energy distribution. This is

consistent with the experimental distribution in Fig. 7,which, ACKNOWLEDGMENTS
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