Photodissociation spectroscopy and dynamics of the HCCO free radical
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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
33424 cm?! 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 toBHdI«—X ?A” transition. Photofragment
translational energy and angular distributions were obtained at several excitation energies. At
excitation energies close to the origin, the excited, spin-forbiddenaCl(")+CO channel
dominates, while the ground state OHEIT)+ CO 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 CM(?I1)+ CO channel. This work yields an improved heat of
formation for HCCO, AH?V298= 1.83-0.03 eV. © 1997 American Institute of Physics.
[S0021-960627)00324-3

I. INTRODUCTION ionization mass spectromett§. A crossed molecular beam

he k | radi has | b 7ed study of the GH,+O reaction by Schmoltneat al?* showed
.T € tet??]y dra |caﬂ)HCCO) bast_ong_ teen rzc;;(glze Ias unambiguously that combustion okl€, proceeds via reac-
an important hydrocarbon combustion interme €W tions (1) and (2) under collisionless conditions. The many

is the major product in the oxidation of acetylene by OXYG€ M inetic studies involving both the production of HCCO from

atoms?®™ : .
C,H,+0, and the destruction of HCCO through various re-
HCCH+O—HCCO+H 80+15%, (1)  actions have been summarized by Peegtral*® Of par-
_ ticular interest to our work, Herbest al have conducted
— CH,(X 3B;)+CO. (2) kinetics measurements from 23 to 584 K on vibrational re-

Reaction(1) | itical step | busti hemistry b laxation of CH[X(?II); »=1] by CO; the fast rates ob-
eaction( t) IIS a critical step in (tzom l:js. |f{)n_c emlz ryt_ e sferved are indicative of formation of an HCCO complex.
cause acetylene IS a common Intermediate in combustion of -, ground electronic state of the HCCO radical has
both aliphatié and aromati® hydrocarbons, and is removed . .
S . : . been characterized by several spectroscopic methods. Oakes
primarily by reaction with oxygen atondslt is therefore of . . .
. . . et al. obtained the electron affinity of HCCO and determined
considerable interest to characterize the spectroscopy an . "
é e heat of formation of the radical by photoelectron spec-

thermochemistry of HCCO, so that its concentration can b 26 :
monitored in combustion environments, and its reactions caHOSCOpy of HCCO.™The microwave spectra of HCCO and

9 .
be predicted with greater confidence in combustion kinetic%:)CCO c_Jug to E”‘?'@t al. Sh‘?WGd that HC,C_O is bent, aI-_
models. Recently, we reported the first unambiguous obseFhough it is effectively de;crlbed as quasﬂmegr. From this
vation of an ultraviolet spectrum of the ketenyl radical in a\Z/vo”rk the ground electronic state was determined to be of
fast radical beam photodissociation experinfeptior to this A" Symmetry. The larga-axis spin-rotation constant and
work, spectroscopic information on HCCO had been limited!tS @nomalous dependence kig were attributed to perturba-

to the microwave regiofi’° a single vibrational band in the tion of the ground state by a Iow-_Iyin@A’ state. In the
infrared’* and tentative reports of an electronic infrared region, Jacox and Olsérassigned a matrix absorp-

transition'2%2 In this article we present a full discussion of tion at 2020 cm* to HCCO. This band was later identified at
the electronic spectroscopy and photodissociation dynamic&023 cm * in the gas phase and the rotational structure ana-
of the HCCO radical and compare this system with thelyzed in detail by Unfriecet al**
closely related CI§CH014 and c|-g3015 intermediates. The characterization of the excited electronic states of
The importance of the HCCO radical in combustion hasHCCO has been more problematic. Two electronic absorp-
motivated several kineti¢s**6=?® and spectroscopy tion bands of HCCO were reported by Krishnamachari and
experiment§ 132628 a5 well as theoretical investiga- Venkatasubramaniad, with band origins at 27 262 and
tions%~*over the years. Fenimore and Jolldsst proposed 29 989 cmil. The carrier of these bands was produced by
that HCCO is formed in the reaction of oxygen atoms withflash photolysis of oxazole and isoxazole, and their assign-
C,H,, a prediction verified by Jones and Bayes using photoment to the HCCO radical has been questiotfed. laser

J. Chem. Phys. 106 (24), 22 June 1997 0021-9606/97/106(24)/10087/12/$10.00 © 1997 American Institute of Physics 10087



10088 Osborn et al.: The HCCO free radical

A e TOF

ion source  mass  detachment i dissociation detector
5 H
Uﬁ o \/

selection

o

\ ks
= |- O =t=1{=10= i r HI
| B e
My

4 H—C=C—0 sz‘(4A") o CHE(z) +CO
5 N i detector
g . /CHXCm+CO
en 3 7 u FIG. 2. Fast radical beam translational spectrometer. The dotted line sepa-
g rates the radical production section on the left from the actual photodisso-
m ciation experiment on the right.
= 2
g
E 3.14ev it also identifies and characterizes the nascent photofrag-
! \ ! ments.
‘\ ,’ For the ketenyl radical, three dissociation channels are
0 v energetically allowed for photon energies in this study:
T ] T T o
trans 12 13 14 15 HCCO X(ZA”)
Bending Rec (A)
Coordinate  Reaction Coordinate hv ) .
—CH X(“II)+CO X(*2™)
FIG. 1. Schematic of potential energy surfaces for the HCCO radical. AH,=3.14+0.03 eV (Ref. 8), )
—CH a(*37)+Co X(137)
induced fluoresceno@IF) spectrum of HCCO, produced by AH,=3.88+0.03 eV (Ref. 8), 0y

reaction of O atoms with &1, was also reportetf although 5 X3S
the fluorescence was later shown to have arisen entirely from —H(*5)+CCO X( )
CH,0.? AH,=4.36:0.05 eV (Refs. 8, 41, 42 ()

The experimental results on the ground state of HCCO . .
radical are consistent withb initio electronic structure cal- Channels | and Il are observed in our experiment. We ob-

culations by Goddarét Kim and Shavitf® and Szalay S€Tv€ structure in the photofragment yield spectrum of
et al,>*3"38 providing considerable insight into the excited ECZCO' Narz‘d” present a rotational analysis of the
state structure. According to these calculations, the berB(“II)—X("A") transition. From translational energy and
ground stateX(ZA”) and the "neag(zAl)[zm state are a angular distributions of the fragments, we obtain information
Renner—Telle(RT) ’pair derived from a lineafIT configu-  ©" the rotational and vibrational product state distributions of

ration. Theab initio splitting between these two states is the fragments. The experimental results and data analysis are

981 cm 3,3 in reasonable agreement with that estimatedPresented in Secs. Il and IV. Based on our experimental

from the microwave analysis. Kim and Sha¥itpredicted a data, we develop a dissociation mechanism in Sec. V, and
higher-lying RT pair 28IT), comprised of the berﬁ(zA’) discuss the dependence of intersystem crossing and internal

state at 33000 cit and the linearC(?A")[?I1] state at conversion on photon energy.

33300 cm'* above the ground state. Szaleyal>" have

recently studied the same 4{) electronic states and found

both RT components to be linear, lying 36 000 ¢nabove Il EXPERIMENT

the ground state. Nguyeat al3® predicted a higher-lying The experimental apparatus shown in Fig. 2 has been

linear 2> * state at ca. 53 000 crh. Hu et al® have char-  described in detail elsewhef&* and only a brief descrip-

acterized the lowest quartet state of HCCO,cia-bent tion of the technique is given here. In the first section of the

a(*A") state, which is predicted to lie 19 000 chabove  apparatus, a pulsed free jet expansion of the gas mixture

the X(%A”) state. A recent article by Yarkony explores the C,H,:N,0:0,:Ne (mole fraction 1:3:6:9Dis formed in the

intersection of thea state with the two low-lying doublet source region. HCCO is generated by a pulsed electric

states” Figure 1 shows a qualitative picture of the relevantdischarg’ in the throat of this expansion. The core of the

potential energy surfaces of HCCO based on the calculatiorfsee jet passes through a 3-mm diameter skimmer and the

in Refs. 35 and 37. anions are accelerated to 8 keV. Mass-separation of the ions
In our experiment, amass-selectedource of neutral is accomplished using a collinear Bakker-t§fpeime-of-

HCCO radicals is prepared by laser photodetachment of thiight mass spectrometer. After collimation of the ion beam

HCCO™ ion. A second laser then probes the dissociativeby a 1-mm pinhole, the output of a pulsed dye laser is timed

electronically excited states of these radicals, ensuring thatuch that it photodetaches only those anions wifle=41,

all our data arises solely from the ketenyl radical. Our ex-producing a packet of mass-selected neutral free radicals.

periment directly assesses whether photodissociation occur&ny remaining ions are deflected from the beam. The pho-
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todetachment energy h¢=19 230 cm?) is just above AN AL
thresholc?® producing radicals in vibrational ground state.
In the second section of the apparatus, the radicals ar
collimated by a final 1-mm pinhole and intersect a seconc
pulsed dye laser operating in the ultraviolet. If photodisso-
ciation occurs, fragments recoiling out of the parent radica
beam are detected with high sensitivityithoutan ionization
step, using microchannel plate detectors. Photodissociatic
occurs under collisionless conditions (f0Torr), and two ¥
types of experiments are performed. First, the photofragmer 34000 36000 38000 40000 42000 44000 46000
yield (PFY) spectrum is obtained by integrating the total Photon Energy (cm'l)
fragment signal as a function of photodissociation laser
wavelength. Second, at various fixed photon energies, theiG. 3. Overall photofragment yiel(PFY) spectrum of HCCO. Photodis-
dissociation dynamics are investigated by detecting botlgociation dynamics'data are acquir_ec_i at thg .peaks marked (WithThe
fragments in coincidence from a single parent radical disso®VeSt energy asterisk marks the origin transition.
ciation event. We measure the photofragment translational

energy and angular distributions using a time- and positiontrum shows unambiguously that dissociation occurs after UV
sensitive (TPS wedge and strip anode detectéf® The  excitation of HCCO. The lowest energy at which we observe
identity of the photofragments is determined by measuringjissociation ishy~33 400 cm*, which is tentatively as-
the individual recoils of each fragment from the radical beamsigned below as the origin of this electronic band.
axis to give the fragment mass ratim, /m,, by conserva- The PFY spectrum shows clear vibrational structure to-
tion of linear momentum. Angular distributions of the pho- wards the red, as seen more clearly in Fig. 4, which displays
tofragments are defined with respect to thevector of the the first 4000 crn? of the spectrum. In addition, rotational
linearly polarized dissociation laser. In the present experistructure is resolved at the origin and in a few vibrational
ments the translational energy resolution is given bybands; two such spectra are shown in Fig. 5. The spectrum in
AET/Er=2.2%. Fig. 3 shows that the photofragment yield increases signifi-
The doubled output of the photodissociation laser has gantly with increasing photon energy, concurrent with broad-
bandwidth of~0.3 cm ! when operated with a grating as its ening of the vibrational structure. Above 41 000 ¢inno
only tuning element. In this mode the PFY spectra are calisharp vibrational transitions are apparent, although broad un-
brated at many different frequencies throughout the scannegulations in the spectrum continue to the highest energies
range against the absorption spectrumgt°lwith an abso-  studied.
lute accuracy of 1 cmt or better. The bandwidth of the laser The spectroscopic information we obtain from HCCO is
is reduced to~0.08 cn* with the incorporation of an int-  derived from the structured region in the first 4000 ¢nof
racavity etalon. PFY spectra acquired in this configurationthe PFY spectrum, shown in Fig. 4. The structure represents
are calibrated against simultaneously collectedldsorption  extended vibrational progressions in the excited electronic
spectra yielding an absolute accuracy of 0.05 tm state. In this spectrum, the first 1900 chiwere acquired

As discussed previously, the coincidence detection with a laser step size of 0.3 ¢ equal to the laser band-
scheme is useful only whem; /m,<~5. In order to probe

for channel Il products, we utilize a noncoincidence time-

Photofragment Yield

NS
43000

of-flight detection scheme when dissociating the isotope Excess Energy (cm™)

DCCO of the ketenyl radical. Unlike the coincidence detec- 0 1000 2000 3000 4000
tion method described above, this experiment would be sen- '?'ri; AR - 'Is' 3 k o
sitive to the product channel 8CCO, and has beenusedto |, ,_ | , ,—(\—/,\—'—r\—/T%%
identify a D atom loss channel in the photodissociation of the 3 |7 "~

vinoxy radical®* No evidence for channel IIl is observed. 7 |&2"f—F——s»

For experimental reasons it is difficult to place an upper §

bound on the importance of this channel, but it is almost &

certainly not a major pathway in the ultraviolet dissociation g o

of HCCO. = |

IIl. RESULTS ST TR0 T w0 a0

-1
A. Photofragment yield spectra Photon Energy (cm)
The PFY spectrum of HCCO from 33000 to FIG. 4. Vibrational structure in the first 4000 chof the PFY spectrum.
48 000 Crﬁl, shown in Fig. 3, indicates the energies at Excess energy is given relative to the rovibronic origin at
hich HCCO ab b hot d di iat In the i .E3 423.92 cm'. The vibrational progression in the; CCO symmetric
whnic absorbs a photon and dissociates. In the Mg, .. ang the two bending modes and vs are indicated by the combs,
that the quantum yield for dissociatiohpiss=1, the PFY  yith the Renner—Teller splitting shown for,. TheF, andF, branches of

spectrum is identical to the absorption spectrum. This speahe @ transition are indicated with®).
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v r————r ——— figuration. With knowledge of the fragment masses, we ob-

< | ) P2s(2) Ry(1) simulation Ry (1) tain the coupled translational energy and angular distribu-
© tion, P(Er,#6), by direct inversion of the dafd. The two

bl dimensionalP(E+, #) distribution can then be separated into
‘{:’) an angle-independent translational energy distribution
gb F, experiment F P(E7), and an energy-dependent anisotropy parameter
g Av = 0.08 el 2 B(Eq),* that describes the angular distribution of the frag-
I ments:

]

o

AR LN £ {3 O C e e
33395 33400 33405 33435 33440 33445
Photon Energy (cm™) P(Er,0)=P(E7)-{1+B(Er)-Py(cos )}, )

(b) simulation

——
P, 5(2) Ry 5(1)
Qis(D)

where P,(cos#) is the second Legendre polynomial. The
limiting cases of sifi@ and co$ ¢ angular distributions are
given by B=-—1 and +2, respectively. Together, the
P(Et) and B(E+) distributions can yield detailed informa-
tion on the dynamics of the dissociation process. The proce-
dure for extracting thé>(E;) and B(E+) distributions from

the data have been described in detail elsewfigPdotodis-
sociation dynamics experiments were performed at each pho-
ton energy marked witl¢*) in Fig. 3. The resulting?(E+)

and B(Ey) distributions are shown in Fig. 6.

) . ) The P(Ey) distributions show several trends with in-
FIG. 5. Rotationally resolved PFY spectra of HCQ@. The origin transi- creasin hoton ener Two features are visible at the low-
tion shows splitting into botlr; andF, branches, with asymmetry doubling Ing p gy. Tw u VS| W

resolved in the, branch. The experimental linewidth is instrument limited €St €Xcitation energies in Figs(a—(c): a dominant peak
at 0.08 cm™. (b) The F, branch of an unassigned vibrational transition centered atE;=0.20-0.25 eV, and a weak, broad feature

~1 900 cni' above the origin. The experimental linewidth is broadened to centered aE;=0.75 eV that gains intensity with photon en-
71 . . . . .
0.16 cm . ergy. As discussed in our previous paper, and in more detail
in Sec. IV C below, these features correspond to channels Il

width. Beyond this region the step size is increased tdmd I, respectively. The vertical dashed lines in Fig. 6 show

3 cm L. The coarser step size expedites data acquisition witf'€ Maximum kinetic energies allowed for the two channels.
little loss of vibrational structure information. In Fig. 6(d), the two features appear to have approximately
+ the same intensity and are difficult to separate. As the photon

A few of the transitions in Fig. 4 were examined a -
higher resolutior(0.08 cn* laser bandwidth two rotation- ~ €Nerdy increases further, the appearance of the spectra
ghange, until they are dominated by a single pealEqt

ally resolved spectra are shown in Fig. 5. The two bands i : )
Fig. 5(a) are taken near the onset of dissociation and corre=0-8—0.9 €V superimposed on a broad background. This
spond to the two peaks indicated by @) in Fig. 4. In the peak position is essentially independent of excitation energy

lower frequency band centered at 33 403 ¢none can eas- °Ver & 10000 cm' range. At the highest energy studied,

ily recognizeP, Q, andR branches with a prominent band 47 831 cm’, the width of theP(Er) distribution broadens
head occurring in th& branch. The experimental linewidths Considerably. Atall photon energies, tREEy) distributions
are instrumentally narrovi.e., 0.08 cm?) in Fig. 5a). extend to the maximum available kinetic energy for channel

While many of the vibrational bands do not reveal rota-l' ) )
tional structure at our resolution, a few vibrationally excited ~ 1N€ €nergy-dependent anisotropy parame&Er), is

bands were rotationally resolved, one of which is shown inPlotted as a function oy in Fig. 6; we do not report
Fig. 5(b), ca. 1900 cm’ above the origin transition. Again a A(E) for Er<0.3 eV due to the limited range of laboratory

simpleP,Q,R, structure is apparent, although the peaks arecattering angles which can be detected for these small re-
now noticeably broader. coils. In all caseg3(E+1)=0, implying a parallel electric di-

pole transitior?® Several trends inB(E1) are apparent. At
low photon energyB(Et) increases withE;, whereas at
higher photon energlFigs. §9)—(j)], there is a broad maxi-

Once the dependence of photodissociation on photon emnum in B(E;) whose center approximately coincides with
ergy has been mapped out for the ketenyl radical, its photothe peak at 0.9 eV in theP(E) distribution. For hv
dissociation dynamics can be explored at selected photom35 464 cmi?, the energy-averaged anisotro@) (Fig. 6)
energies using the TPS detector. First, the identity of théends to be an increasing function of photon energy, with
photoproducts is ascertained by conservation of linear moindividual values of8 as high asB(E;=0.9 eV)=1.0 for
mentum. At all photon energies, the only fragments observetiv=40 488 cmi’. At still higher photon energie$g) de-
are CHt+-CO, as expected for the coincidence detector conereases in magnitude again.

experiment

Av=0.16 cm™

Photofragment Yield

L | L L I 1 L ]. 1 . !
35305 35310 35315 35320

Photon Energy (cm'l)

B. Translational energy and angular distributions
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HCCO Translational Energy Distributions
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X(?A") state as the C—C bond is elongated and finally dis-
sociated. We have performexdb initio calculations to deter-
mine whether a barrier exists on the way to product forma-
tion. For reference, the molecular orbital configurations of
the relevant valence states of HCCO are given in Table I. In
order to properly describe the dissociation into -€EO, we
have used the multi-configurational complete active space
self-consistent fieft (CASSCH method from thesAuSSIAN
94 packag®’ of programs. An active space of nine electrons
in eight orbitals[CAS(9,8)] was chosen as the threg p,
orbitals, the threea’ p, orbitals, and the C-Gr and o*
orbitals. The 6-3G* basis set was used for this work.
Thercc bond length was increased incrementally, opti-
mizing at each increment the remaining degrees of freedom,
in order to determine the minimum energy pathway to prod-
ucts. Referring to Fig. 1, we find no evidence for a barrier on
the X(A") surface along the minimum energy path out to
the longest C—C bond length calculatedgc=2.7 A. If a
barrier of significant magnitude existed, it would almost cer-
tainly occur forrc<2.7 A. The absence of an exit barrier
on the ground state is supported experimentally by rate con-
stant measurements over a wide range of temperatures for
the relaxation of CIEIX(ZQ); v=1] by CO and N.? Be-
cause the&X(?A”) and theA(?A’) states are a Renner-Teller
pair, they correlate to the same doubly degenerate asymptote
CHl((ZH) +CO X(12 ™), and we do not expect a barrier on
the A state surface because the RT splitting should decrease
asrcc increases.

IV. ANALYSIS

This section is divided into three categories dealing with
the details in the analysis of the rotational and vibrational
transitions observed in the PFY spectra, and the form of the
photofragmen (E;) distributions.

A. Rotational structure

Analysis of the rotationally resolved PFY spectra in Fig.
5 is the first step in characterizing the electronic transition
seen in HCCO. Fortunately, th§?A”) ground state of kete-
nyl has been characterized from the microwave spectroscopy
of Endoet al® According to this work, the ground state has
a linear or nearly linear CCO backbone, butHCC
=138.7°, placing the H atom well away from tlzeaxis.
Due to the low mass of the H atom, HCOQ?A") is a near
prolate symmetric top, with an asymmetry parameter near
unity (kasym= —0.9998). The microwave rotational spectra

FIG. 6. Translational energy distributior®(Ey), and anisotropy parameter were analyzed using a Hund's cag® Hamiltonian, al-
distributions,8(E+), for the marked transitions in Fig. 3. In each case the though Unfriedet al. point out that forK ;# 0 the coupling is

photon energy are specified. The vertical lines indi&f&* for the produc-
tion of channel I(——-—) and Il productg-----). In panel(j) a prior distri-
bution is also plotted using a dashed line. TBE) distributions are not
determined foE below 0.3 eV(see text For greater clarityB(Ey) is only
plotted between 0 and 1, not its full range ofL to 2. Energy-averaged

values(g) are also indicated.

C. Electronic structure calculations

closer to caséa).’! However, it is less convenient to use a
case(a) Hamiltonian since the ground state is nonlinear, and
we therefore follow the precedent of Endbal.’ utilizing a
case(b) Hamiltonian to analyze the rotational structure of
ketenyl.

With this background, we can examine in more detail the
PFY spectrum of the lower energy band in Figa)swhose

One issue which has not been addressed in prevdibus line positions are given in Table Il. Based on thénHe
initio calculations on the HCCO radical is the nature of theLondon factors for a symmetric top, the fact that aQ

J. Chem. Phys., Vol. 106, No. 24, 22 June 1997
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TABLE I. Molecular orbital configurations of HCCO electronic states.

Orbital character X(2A") ACCAN[T] A(“A") B(a)®?
O(1s) (1a")? (10)? (1a')? (10)?
C(1s) (2a')? (20)? (2a')? (20)2
C(1s) (3a")? (30)? (3a")? (30)?
0O(2s) (4a")? (40)? (4a")? (40)?
CH(o) (5a’)? (50)2 (5a’)? (50)2
CO(0) (6a’)? (60)2 (6a’)? (60)2
CC(0) (7a’)? (70)2 (7a’)? (70)?
CO(my)® (8a')? (1my)? (8a’)? (Im)t  (1my?
CO(mry) (1a")? (1my)? (1a")? (1m)? (1wt

CCO(my) (9a')? (2m)* (9a')* (2m)?
CCO(m,) (2a")* (2my)? (2a")? (2m,)?
CCO(m}) (10a")° (3m)° (10a)* (3m)°
CCO(n}) (3a")° (3m)° (3a")° (3m)°

®At linearity the mr, and, orbitals of theB state are degenerate. In the case of strong Renner—Teller coupling
such that the lower RT state is nonlinear, as found in Ref. 33, the two resulting electronic states are described
by the left and right configurations, respectively, of the(@Dorbitals in this column.

®The r orbitals of the CCO backbone are analogous to the threebitals of linearC;, which have zero, one,

and two nodes in they plane, respectively, as a function of increasing energy.

branch is observed but does not dominate the spectrum im- Based on this evidence, we analyze the spectra in Fig. 5
plies a parallela-type rotational transition for whichK, as transitions fronK,=1 levels of a slightly asymmetric
=0. Furthermore, the electronic transition cannot kg  rotor to theK’ =1 levels of a lineafIl state. For the extrac-
=0+K}=0 becauseli) in this case th& branch would be tion of spectroscopic constants, we choose the same Hamil-
vanishingly smallforbidden in the symmetric top limitand  tonian as Unfriecet al.**
(i) asymmetry doubling, which we resolve in tRebranch,
is not allowed forK,=0 levels. H=H,,+H,,, 4
Analysis of the spectra using combination differences
shows that half-integral values dfare required, i.e., Hund’s where H,,; is a Watson S-reduced asymmetric rotor
case(a) coupling. The first lines in th® andR branches are Hamiltonian>* and H, accounts for the spin-rotation
identified asP,g2) and R, (1), where the notation is interaction°>®® Due to the lower resolution of our present
AJj(N™). All the transitions in this band hasle=N+1/2in  work compared to microwave spectroscopy, several of the
both ground and excited states, i.e., they reprebgrt F, higher order terms for the ground state are not required. The
components. Although it is perhaps not clear on inspectionmolecular constants are fit to the data using a nonlinear least-
the higher energy bantby ~47 cmi'Y) in Fig. 5@) corre-  squares method. In all cases we fix the values of the ground
sponds to thd,«—F, components of this same transition. It state parameters to the microwave valti@he least-squares
follows, based on the identity of the first rotational transi-fit provides our best values for the rotational cons&htthe
tions, that the band in Fig.(8 must be assigned a§,  spin-rotation constants’(=e€/,— €[,) and u’(=¢€],), and
=1—K}=1. The fact that we can observe any asymmetrythe band origin,, of the linear excited stat@ables Il and

doubling at all(given our limited laser resolutigrfor this  1ll).
near prolate asymmetric top supports this assignment, since A simulation based on these constants is shown in the
asymmetry doubling is largest fat,=1. Fig. 5@). The intensities of the simulated lines were obtained

At this point we need to determine the geometry andfrom the Hml—London factors for a symmetric top. The best
electronic configuration of the upper electronic state. As disimatch with the data is found for a rotational temperaftire
cussed by Herzbery there are several characteristics which =35 K. Taking into account the large rotational constant
differentiate the rotational spectrum of a beriient vs a "=41.46 cm?, only those ground state levels witk,
linear—bent electronic transition. There are two features in=0 or 1 should be significantly populated in the radical
Fig. 5(a) that suggest that the upper state is a lifdarstate:  beam, sincek,T=24 cm !, and only those radicals with
(@) the absence of &,=0-K =0 sub-band, andb) the  K}=1 contribute. The simulated stick spectrum is convo-
47 cm ! separation between the,—F; andF,—F, com-  luted with a 0.08-crn! FWHM Gaussian line shape repre-
ponents. The absence of the-® sub-band is expected at senting the laser bandwidth with the etalon installed, and the
the vibrational origin of a transition to a line&kl state, agreement with the measured linewidths is quantitative.
becauseK’ must equal 1 for thev=0 level of all state By the same procedure, the band in Figh)5with
(K'=|A+1|=140=1). Moreover, the magnitude of the ~1900 cm! more vibrational energy can be assigned, the
47 cm'! separation is more characteristic of the spin-orbitspectroscopic constants extracted, and the spectrum simu-
splitting in a linear’Il state than the spin-rotation splitting in lated, with the results given in Table Ill. In this case only the
a nonlinear state. spectrum of the~; branch was obtained. The most striking
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TABLE Il. Rotational assignments and frequencies f@r 0

TABLE lll. Spectroscopic constants.

K;éKé N;;;Kg Branch Observet Obs.-calc. X(2Am)a B(211)02 B(311)1900-cnit band
1, 21 Fi 33401.39 -0.01 A 41.46 - -
1y 21 Fy 33401.39 -0.00 B 0.3634777 0.32420.0002 0.320%0.0003
21 313 Fi 33400.63 0.01 c 0.359 130 6 -
21 31 Fy 33400.63 0.02 ¥ —8.266 —46.76+0.04 -
313 4, Fi 33399.80 0.00 S —0.000 489 —0.06+0.03 -
31 444 Fi 33399.80 0.03 Vo - 33423.92-0.02 35 332.82.0.02
44, 5.5 Fy 33398.94 0.02
4.4 514 = 33398.94 0.06 aGround state constants were fixed at these values from Ref. 9.
515 616 = 33398.00 —-0.01 PK= €aa— (€pbT €c)/2.
514 615 Fi 33398.00 0.06 “u=(€pp+ €cc)/2.
616 717 F, 33396.96 ~0.07 9The value ofx was assumed to be identical to the value obtained in the
615 716 Fi 33 396.96 0.03 origin transition.
717 815 Fi 33395.99 0.01
716 847 Fy 33395.86 -0.00 . _
815 910 Fy 33394.87 -0.01 line shapes are a Gaussian component from the laser band-
817 918 F1 33394.71 —0.00 width and a Lorentzian component due to predissociation
219 101,10 El gg 222;; 8-81 induced lifetime broadening. Deconvolution gives a rough
1018 1219 F1 33 39246 0.00 lower limit on the lifetime of bands in Fig.(8 (character-
10;10 111’;1) Fi 33392.22 0.00 ized by instrumentally narrow lingsof 7>300 ps. The
' broader lines in Fig. ®) correspond to an excited state life-
b bR %0 000 e of r—0ps.
11 10 1 . — Y. H
3., 31 F, 33402.87 000 In summary, the rotatlor)ally resolveq PFY spectr_a of
315 3, F, 33 402.87 001 HCCO indicate that the excited electronic state is a linear
4.5 414 Fi 33402.67 —-0.03 21 state. Our results are entirely consistent with the molecu-
414 413 Fq 33402.67 0.00 lar constants derived from microwave spectroscopy for the
214 215 El gg jgg'jg _06053 X(®A") state. A largea-axis spin-rotation constant,,=
1 “ ! ' ' —46.82-0.05 cm'%, is observed; this value is more natu-
21, 1 F1 33404.69 —0.01 rally interpreted as the upper state spin-orbit splitting,
21 110 Fi 33404.69 -0.01 Aso=—46.82 cni ™.
313 21 Fy 33405.23 -0.02
312 2y F1 33405.23 —0.01 B. Vibrational structure
4, 313 Fy 33405.75 -0.01 _ o _ _
4.5 31 F, 33 405.75 0.00 The next step in characterizing the excited electronic
S1s 414 Fq 33 406.22 —0.00 state is an analysis of the vibrational structure in the PFY
51 413 Fa 33 406.22 0.02 spectrum, Fig. 4. A four-atom linear molecule has seven vi-
615 515 Fi 33 406.62 -0.02 : .
6 5 F 33 406.62 _0.02 brational degrees of freedom: three stretching modes- of
7 6o Fr 33 406.98 003 symmetry and two doubly degenerate bending modes of
716 615 Fi 33 406.98 0.04 symmetry. The most important pattern in the spectrum of
1 ) F 33 443.50 004 Fig. 4 is a 1035-cm!® progression(see comb in Fig. ¥
1L1) Zi Fz 33 443.50 —0.03 which begins with theé=; andF branches of Fig. &) cen-
2. 315 F, 33 442.63 0.02 tered at 33 424 cit. If the entire PFY spectrum is dis-
21 35 F, 33442.63 0.04 placed 1035 cm' to the blue, a one-to-one correlation is
313 414 Fa 33441.56 —0.01 found with the original spectrum for almost all the peaks,
212 213 EZ 22 2‘3‘;'22 8'83 which are combination bands between modes of lower fre-
15 16 2 : : P ; ; R R
5, 610 F, 33439 22 0.06 quency and thI.S main progression. Singe(the asymmet_nc
71 815 F, 33 436.47 —0.04 CCO stretch in the ground state has a much higher
716 8, F, 33436.47 0.08 frequency’ of 2023 cm'?, the 1035 cm® progression in the
818 919 Fy 33435.03 0.01 excited state is assigned ta, the symmetric CCO stretch,
817 91g F, 33434.81 -0.05

8 or transitions where the asymmetry doubling is not resolved, Bgth

in reasonable agreement with the harmonic value,
1097 cm'%, calculated by Szalagt al®” The extensive low-

=N andK,=N-1 components are assigned to the single observed line, sérequency structure in Fig. 4 must therefore result from ex-
that these transitions have the proper statistical weight.

feature of this band is the increase in linewidth Ao

=0.16 cm %, twice the instrumental resolution.
The increased linewidths are most plausibly the result ofire simply the lowest energy absorptions which lead to dis-
lifetime broadening. The two significant contributions to our sociation. We showed that the band in Fida)5is a K’

citation of the bending modes, an expected result for a
linear—bent electronic transition.

In Fig. 4, the lowest member of the; progression is
labeled as the vibrational origin. This assignment requires
some justification, since it is possible that these transitions
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=1—K"=1 transition and pointed out that this is consistent = The values ofET®, the maximum observeé, are
with the upper level being the=0 level of aIl electronic  measured for both channels in Figéa)s-(c), and for channel
state. Transitions withK’ =1 could be observed if an even | only at higher photon energies. The valuesAdf, for the
number of bending quanta were excited in the upper stateC—C bond cleavage are obtained by conservation of energy,
However, the combination of spin-orbit effects and Renner—

Teller coupling” in such states should result in additional

rotational bands, separated byl —3 cm'* from theF, and AHy=hv—ET¥. (5)

F, branches? The absence of these additional bands in Fig.

5(a) is evidence that no bending quanta are excited in the

upper state. It is also possible that only thg stretching  Consistency ilAH, is shown at all photon energies, with the
mode is excited in the upper state. However, the twomean values ofAHy(I)=3.1+0.2 eV andAH(ll) =3.86
branches centered at 33 424 Care isolated, with no +0.03 eV. In practice the value afH, for channel Il is
strong transitions nearby. There are, in contrast, severaletermined with greater precision than that for channel | be-
peaks just to the blue of all the higher members of t§e 3 cause of the sharp cutoff &'* for channel Il seen in Figs.
progression; these are probably bending overtones built 06(a)—(c). One then obtains the heat of reaction for channel |
(v3—1) stretch levels. The absence of such features near tifeom AHy(1) =AHq(ll) — To[CHa(*S )], where the last
lowest member of this progression supports our assignmenérm is the doublet—quartet splitting in the CH radical of
of the vibrational origin. Laser induced fluorescence experi0.742+0.008 eV®2®3 Finally, we deconvolute the experi-
ments are currently in progress to confirm this assignrient. mental resolution from the thermodynamic limit to obtain the

Given that the v; mode is responsible for the final values given in the introduction foAHy(l) and
1035 cm! progression, it follows that all the transitions be- AHq(I1). The thresholds ffv — AH,) for both channels are
low 34 400 cmi* should arise fromr bending modes. Note indicated by the vertical dashed lines at each photon energy
that in a lineas—bent transition, odd as well as even quantain Fig. 6.
may be excited in the bending modeg and v5. However, Together with AH; o(CH)=6.149+0.013 eV*®* and
these transitions do not follow a simple harmonic patternrAH; (CO)= —1.180+0.002 eV we obtain AHjg
because the vibrational term values are perturbed by thgHCCO)=1.83+0.03 eV. This value differs slightly from
Renner—Teller interactiof?. Building a progression irvs, the heat of formation reported in our previous pﬁﬂér.82
v4, andvs, in which both the spin-orbit and Renner—Teller +0.03) due to the use of a more accurate value for
interactions are incorporat8d,we can assign most of the AH; o(CH) in the thermochemical cycle. From calculated
larger features from the origin to 36 500 ¢t Fig. 4. The  vibrational frequencies of HCCO we obtain thE,gg— Ho
spectroscopic parameters used are;=1035cm’, w, value for ketenyl, which, together with tabulated values for
=416 cm!, egr=—0.36, andws=365 cm*, egr=0. The  CH and CO° givesAH; ,o HCCO)=1.83+0.03 eV. Note
correspondingab initio values” are: w3=1097 cm’, w,  that the numerical value is the same as0aK purely by
=328cm?’, err=-0573 and ws=525cM*’, err  coincidence. Our heat of formation is similar to the previous
=—0.017. Although some transitions are not predicteddetermination by photoelectron  spectroscopy  of
(most notably the peaks in the range of AH; ,,{HCCO)=1.84+0.09 eV?® but disagrees with the
34200-34 300 cm' and 35180-35320 cn), there is  value of AH; ,e(HCCO)=1.25+0.09 eV obtained from
reasonable agreement between the data and our vibrationglass spectrometric appearance potentfalhe direct mea-
assignment. However, many of the assigned peaks lie vergurement of the C—C bond strength in our experiment gives
near one another, so our labeling scheme must be considergg confidence that the value reported in this paper represents
somewhat tentative. the most accurate heat of formation for the ketenyl radical to
date.

We next consider the broad peakBt=0.9 eV. At the
lowest photon energies where this peak is s¢EBigs.

In this section, the assignment of the various features i(d),(e)], it must be due to channel | products, as channel Il
the P(E+) distributions is considered. In our previous com-is not accessible at this translational energy. At still higher
munication, we pointed out that using the heat of formationexcitation energy shown in Figs(f—(k), one cannot make
of HCCO determined in Ref. 26, the maximum translationalan unambiguous assignment, but because the peak remains at
energies associated with the low and high energy features iB;=0.9 eV it is likely that this feature still represents pri-
the P(Ey) distributions in Figs. @)—(c) correspond to the marily channel | dissociation.
maximum allowed values for channels Il and I, respectively.  Finally, we consider form of thd>(E;) distributions.

On this basis, the feature at higher translational energy washe vibrational term values for CB(2I1)(0.35 eV),
assigned to the CB{ 2IT1)+ CO channel, and the lower en- CH a(*37)(0.39 eV), and CO0.27 eV} are significantly
ergy feature to the CH(*3 ™)+ CO channel. Having made larger than our experimental translational energy resolution
this assignment, we can determine the C—C bond strengtbf 0.02 eV (for a Er=1 eV), but no vibrational resolution in
directly from theP(Ey) distributions, with the goal of ob- observed in theP(E;) distributions. This observation im-
taining an improved value of the bond strength and heat oplies that the CH and/or CO fragments contain substantial
formation of the radical. amounts of rotational energy.

C. Translational energy distributions
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V. DISCUSSION nonlinear states. The energetics of these absorption bands are
clearly not in agreement with our data. Moreover, the spec-
trum seen in our photofragment yield measurement was not
observed in the absorption experiment, even though the ap-

In Sec. IV A, the HCCO excited state probed in thesepropriate spectral region was examined. Therefore, we can
experiments was assigned a8lh state. From the molecular offer no explanation for the bands observed by Krishnama-
orbital configurations given in Table |, the ultraviolet chari and Venkatasubramanian. It is likely that the carrier of
B(I1)-X(A") transition in HCCO corresponds to promotion these bands is not the HCCO radical; if this radical were
of an electron from %, ,— 2, orbitals. This effectively ~present in their experiment, then the band in Fig. 3 would
promotes an electron from the CO bonding orbital, to a CChave been observed. We emphasize again that our experi-
bonding/CO antibonding orbital, decreasing: and increas- ments are performed on mass-selectetheam of radicals,
ing rco as shown in Fig. 1. ensuring that the species we probe is indeed HCCO.

Our spectroscopic results can be compared to alo
initio calculations that reached somewhat different conclu-B Ph . . :

. . . . Photodissociation dynamics

sions about the geometrical nature of the electronically ex-
cited doublet states of HCCO. Using a multi-reference con-  The P(Ey) distributions imply that at least two dissocia-
figuration interaction(MR-CI) method, Kim and Shavitt ~ tion mechanisms exist for HCCO radicals excited to the
predicted that the excited] state is split by Renner—Teller B(?II) state, leading to channels | and Il. The spin-forbidden
coupling, resulting in a ben§(2A’) state and a linear process, channel Il, can result from intersystem crossing
'(';(ZA")[ZH] state. The adiabatic energies for the (ISC)tothe HCCOa(*A") surface, followed by dissociation
B(2A")« X(2A") andC(2A")[2T1]— X(2A") were predicted 0 CH a(*3 ")+ CO. Calculations by Het al® predict that
to occur at 33000 cmt and 33300 c?, respectively. the quartet surface correlates to channel Il products with ei-
More recently, Szalagt al®” have performed calculations ther no exit barrier or at most a small barrier no larger than
on the excited states of HCCO using the equation-of-motiof?-1 €V, althO_UQQ a recent calculation by Yarkony finds a
ionization-potential coupled cluster singles and doubled)-16 €V barrief? The spin-allowed process, channel I, is
(EOMIP-CCSD method. They demonstrate the bent vs lin-most likely due to internal conversiofiC) to the ground

. . - B 2
ear equilibrium geometry for thB state is dependent on the €lectronic state followed by dissociation to CK(*1I)

choige of basis set. They conclude that the states laliRled $CO. An alternate mechanism would be one in which the

2 . .
and C by Kim and Shavitt are not electronically separateB( II) state intersects a repulsive state that correlates to

states, but share an identical linear equilibrium geometry anah?':nel ! prfoductls,. aIthct)utgh calcullatt[onstdo(xrg%t]sipggrt the
therefore propose the labelZ() for this electronic configu- existence of repulsive states correlating o )

ration. In our vibrational analysis, a Renner parameter IesgSee Fig. 1 . o
than unity (xr=0.36) was derived, denoting that both The translational energy distributions show that ISC

components of théll state are linear, in agreement with dominates at the three onvest photon energigs, buj[ that.IC. to
Szalayet al®” Their calculated spin-orbit splitting for this channel | dominates at higher photon energies. Dissociation
state, —78 cmi’l, is somewhat larger than our value proc_eedlng via IC appears to have_two componen_ts:_ one
(—46.76 cni) but in the right range. Ieadmg_to the peak dET=0._9 eV, which doe_s not shift in
Based on the assignments of Kim and Sha¥ittye translational energy forgwme range of excitation energies,
previouslyf assigned the band in Fig. 3 to t@ZAH)[ZH] and the other resulting in a broad feature underneath this

-~ eak which appears to extend across the eft distri-
—X(?A") transition. In light of the new results of Szalay P PP (i)

tal®” and ibrational vsi h sed th bution, up to the value oET® for channel I. An overall
c€tal.” and our vibrational analysis, We have revise ®mechanism should be able to explain the competition be-

spectroscopic label of the excited state seen here. We Pro%een IC and ISC dissociation as well as the two compo-
pose the designatioB(?I1) which describes the potential in nents of the IC process.

Fig. 1 as the second distinct electronically excited state of o competition between ISC and IC has been consid-

HCCO. Thus the spectrum in Fig. 3 is denoted as theyeq at length in the context of radiationless transitions from

A. Spectroscopy of the ketenyl radical
1. Nature of the excited electronic state

B(*IT) —X(*A") transition. the first excited singlet statéhe S; stat§ in aromatic
molecule€’ Each rate is determined primarily by the prod-

2. Comparison with previous experimental uct of an electronic matrix element between the initial and

investigations final electronic state and a series of Franck—Condon factors

None of the results presented here on the ultraviolebetween the initial and final vibrational levels. The electronic
spectroscopy of the HCCO radical are consistent with thenatrix element for IC is generally substantially larger than
absorption spectrum attributed to HCCO by Krishnamacharfor ISC because the spin multiplicity is unchanged. How-
and VenkatasubramanidhThey assigned two band origins ever, in aromatic molecules, the geometriesSpfand T
at 27 262 cm® and 29 989 cm'. Based on gross rotational states are quite similar, resulting in considerably higher
structure, they proposed for the lower energy band that a@ranck—Condon factors for ISC than for IC. For naphtha-
least one of the two combining states has a linear geometryene, the resulting competition between these two compen-
while the second band is assigned to a combination of twaating effects is that ISC and IC are equally important near
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the origin of theS,; S, transition, but IC becomes progres- potential energy surfaces involved in HCCO photodissocia-

sively more important with increasing vibrational excitation tion.

in the S; statess as the Franck—Condon factors for IC in-  Finally, we compare the photodissociation dynamics of

crease more rapidly than for IS€. HCCO with two radicals of similar size, the vinoxy radical,
In HCCO, the energetic ordering of electronic states iSCH,CHO, and the methoxy radical, G&. All three radicals

analogous to that in aromatic molecules, Wi§(21‘[) undergo predissociation at excitation energies around 4 eV,

>’5(4A”)>7((2A”). However, the Franck—Condon overlap but the dissociation dynamics subsequent to electronic exci-

between the vibrational levels of the three states is moréation are quite different. TheP(Ey) distributions for
difficult to assess due to large geometry differences betweeGH;0—CHz+0O show that theA 2A; excited state of
these states. The competition between ISC and IC appears @30 is predissociated to these products by one or more
be similar to that in aromatics but more extreme; in HCCOrepulsive states, and that no internal conversion to the
there is very little IC near th8« X origin, and IC rapidly ~ground state occurS.In contrast, the CHCHO radical ap-
becomes dominant with increasing excitation in g(gl-[) pears to dissociate entirely by internal conversion to the

state. This implies a very large increase in Franck—Condofround state, followed by statjlstical dissociation  to
factors between thB(2IT) and X(2A") states as the excita- CHstCO and H-CH,CO products* The HCCO radical

tion energy increases. While it is likely that the same generaid!!S betweerLtP)lese extremes, with some dissocia’ﬂon_ occur-
ng on the a(*A”) excited state, yielding CHa *X ")

principles govern the relative rates of ISC and IC in Hcco"

as in larger aromatic molecules, the nearly complete suppres: CO Products, some occurring statistically on the ground

sion of IC near the band origin is an unusual feature of the>tate, yielding a feature in the(Ey) distribution that can be

HCCO dissociation dynamics that deserves future considefit PY @ prior distribution, and a nonstatistical process on the
ation. ground state surface. These three examples illustrate the di-

We next consider the dynamics of IC to yield channel |verse and complex photodissocia}tion dynamics of open shell
products. Based on the potential energy surfaces in Fig. SPECies that_ arise from the relatively large number of low-
one might expect internal conversion to the ground state t&Ing Potential energy surfaces compared to closed-shell
be followed by statistical dissociation to products. Gar ~ Molecules of comparable size.
initio calculations and the CH(= 1)+ CO vibrational relax-
ation results of Herberet al? indicate no barrier to disso- VI. CONCLUSIONS
ciation on the ground state surface, so that the translational
energy distribution may be predicted using phase spac
theory”® or, at a simpler level, a prior distributiofi.In fact,
the broad feature in the higher photon eneR{\E+) distri-
butions[Figs. 6f)—(k)] can be satisfactorily reproduced by a
prior distribution, as shown explicitly in Fig.(§, where the
prior distribution

We have investigated the spectroscopy and photodisso-
Giation dynamics of theB(2IT)« X(2A") transition of
HCCO, utilizing the method of fast beam photofragment
translational spectroscopy on a mass-selected, internally cold
sample of ketenyl radicals. Rotational analysis of the photo-
fragment yield spectrum shows that the excited state is lin-
ear, with 2II symmetry. Linewidth measurements give a

) . lower bound on the lifetime of the %0transition of =
Umaxi Ey<Eavai—ET 0

PO(E VEr(veoon) 6 %300 ps, sugggsting the possibility of stt_;dying this transi—

(En)= UCOEHZO r(vco.ven) ©®  ion with laser induced fluorescence. A limited vibrational
analysis allows us to assign the symmetric CCO stratgh,

is shown superimposed on the experimeéE+) distribu-  =1035cm ™. It is also clear from the complications in the

tion. The prior distribution takes this simple form becausePFY spectrum that at least one of the bending modes in the
both fragments are diatomic molecules, whose classical regexcited state is affected by the Renner—Teller interaction.
tational density of stateg(Egrg7), is independent of energy. The photodissociation dynamics of the HCCO radical
The second feature associated with IC, the peaEsat are probed by measuring the translational energy and angular
=0.9 eV, is more problematic. This peak does not shift subdistributions of the CHCO fragments. The spin-forbidden
stantially with excitation energy. This trend would be ex- product channel, CH\(*X)+CO, dominates for excitation
pected for statistical dissociation over a barrier of at least 0.@nergies within the first 1000 cm above the origin, while
eV with respect to producté;"*but no barrier to dissociation the spin-allowed channel, CK(*IT)+CO, is the major
is present on the potential energy surfaces of eih8A” or ~ channel at all higher excitation energies. We propose that the
A 2[1 states(Sec. 111 ©. One must therefore attribute the spin-forbiclden channel occurs via intersystem crossing to the
peak aE;=0.9 eV to a nonstatistical dissociation process. ItOW-lying a(*A”) state, and that the_spin-allowed channel
appears that internal conversion results in two ensembleggsults from internal conversion to th*A”) state, which
one of which undergoes statistical decay, yielding the broagorrelates without a barrier to CK(’L1)+CO. Although
feature described in the preceding paragraph, while the othéBC dominates at excess energies below 1000'cnthe
undergoes nonstatistical decay and results in a fixed amouf@pid rise in the internal conversion rate at higher excess
of translational energy release over a wide range of excita€nergies indicates that the Franck—Condon overlap between
tion energies. The detailed mechanism of the latter process t5e B andX states increases much faster with photon energy
not clear as of yet and awaits further characterization of thehan the overlap between tH# anda states. The transla-
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tional energy distributions for the CM(2I1) + CO products
indicate that both statistical and nonstatistical dissociatio

occurs following internal conversion. A more complete un-
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