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The photoelectron spectrum of HCCO2 at the photodetachment wavelength of 355 nm is reported.
A theoretical model for the simulation of the photodetachment process is described and the influence
of various parameters is discussed. The experimental spectrum is compared with the simulation and
an assignment of the spectrum is given. ©2001 American Institute of Physics.
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I. INTRODUCTION

The HCCO radical is of great interest in combusti
chemistry because it is a key intermediate in the oxidation
small hydrocarbons such as acetylene. Spectroscopic in
mation has been limited to a handful of experiments, none
which has adequately characterized the Renner–Teller in
action of the two lowest-lying electronic states. In this pap
theory recently developed to describe the Renner–Teller
fect in tetra-atomics in combination with the Franck–Cond
principle is used to compute the photoelectron spectrum
HCCO2. The theoretical results are compared with a n
photoelectron spectrum of HCCO2 obtained at 355 nm
~4.493 eV!.

Rotational and vibrational spectroscopies have de
mined several properties of the ground state. From the s
millimeter spectrum of HCCO, Endoet al.1 were able to de-
termine the geometry of theX 2A9 ground state. The
anomalousK dependence of the spin–rotational splittin
confirmed the presence of the close-lying Renner–Te
component. Ohshimaet al.2 further characterized the HCCO
ground state by determining the hyperfine constants of
hydrogen nucleus using Fourier transform microwave sp
troscopy. While performing experiments to elucidate the
sorption spectroscopy of the C2H radical, Jacox and Olson
observed a transition at 2020 cm21 and attributed it to the
HCCO radical. Several other transitions in their spectr
were not identified and may be attributed to the HCCO ra
cal as well. Motivated by this finding, Curl and co-workers3,4

confirmed this result in the gas phase via infrared flash
netic spectroscopy and assigned it to then2 stretching mode.

The B 2P excited state has been studied using pho
1770021-9606/2001/115(4)/1777/12/$18.00
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fragment translational spectroscopy and laser-induced fl
rescence spectroscopy~LIF!. Osbornet al.5 investigated the
B 2P←X 2A9 transition via photofragment translation
spectroscopy and concluded that the excited state is Ren
Teller active. Brocket al.6,7 have observed the same band v
LIF. They were able to further characterize the spin–or
components of theB 2P state and attributed a vibrationa
hotband of 494 cm21 to then6 CCH bending mode. Finally
Oakeset al.8 have taken low-resolution anion photoelectr
spectra at 2.540 and 2.707 eV. At these energies they w
able to observe five vibrational states of the neutral spec
However, they were unable to make any spectral ass
ments. They report the electron affinity to be 2.3
60.020 eV. Using this information with other thermod
namic values available in the literature, they are able to co
pute the heat of formation of the anion and neutral of HCC

The anion photoelectron spectrum reported here w
taken at a photon energy of 3.493 eV, allowing us to obse
many more transitions of the lowest-lying Renner–Tel
pair. The resolution of our spectrum is high enough to all
adequate comparison with state of the art theory describ
Renner–Teller effect in tetra-atomics.

The HCCO radical was also the topic of various theor
ical studies. The geometrical structure of the ground s
and of the first excited state was investigated by Godda9

Kim and Shavitt,10 Nguyenet al.,11 and Szalayet al.12,13The
equilibrium structure of theX 2A9 ground state was found to
be trans-planar bent while a linear structure was predict
for theA 2A8 excited state. At linear geometry both states a
degenerate, representing the two components of the co
sponding2P state. While most theoretical methods predic
trans-planar bent equilibrium structure for theX 2A9 state,
7 © 2001 American Institute of Physics
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the explicit values of the geometrical parameters and the
rier to linearity strongly depend on the method of calculat
and the AO basis set size. For example, the barrier to lin
ity shifts from 1302 cm21 @double zeta plus polarizatio
~DZP!# to 643 cm21 @polarized valence triple zeta~PVTZ!#
depending on the size of the AO basis set.12,13

Theoretical studies about the vibrational structure
HCCO were performed by Szalayet al.12,13 and by Scha¨fer
et al.14 While Szalayet al. computed the vibrational spectr
of the HCCO radical employing a harmonic ansatz, Scha¨fer
et al.14 calculated the lower-lying part of the rovibronic spe
trum of HCCO including the Renner–Teller coupling b
tween the two lowest-lying electronic states of HCCO a
the anharmonic effects.

The potential energy surface of the HCCO2 anion was
investigated by Botschwina and co-workers.15,16In these cal-
culations they found atrans-planar bentX 1A8 ground-state
equilibrium geometry with rather low barrier height to lin
earity~not exceeding 300 cm21! and also determined the ha
monic vibrational spectrum of the HCCO2 anion. A more
detailed discussion of the recent works studying the equ
rium geometries and the vibronic structures of both m
ecules will be given in connection with the new results.

In the present paper, the new experimental results
presented and an assignment of the spectrum is discu
For the assignment of the spectrum we combine the theo
ical data calculated for the neutral molecule and the an
and compute the relative intensities of the spectral bands.
the simulation we use a model which was recently develo
to handle the Renner–Teller effect in tetra-atomic spec
The article is organized as follows. The experiment and
resulting spectrum are described in Sec. II, while the ca
lations of equilibrium structures are given in Sec. III. After
brief discussion of the model employed for the simulation
the spectrum~Sec. IV!, the influence of its parameters on th
spectrum is analyzed, the spectrum is assigned, and our
are compared with previous results~Sec. V!.

II. EXPERIMENT

The anion photoelectron spectrometer used in
present study has been described in detail previously.17,18 In
the current work, a mixture of 1% C2H2, 3% N2O, and
6% O2 in a balance of neon is expanded through a pul
piezoelectric valve at a backing pressure of 40 psi. The
sulting molecular beam passes through a pulsed electric
charge assembly,19 creating a variety of anions. The flow
supersonically expands and passes through a skimmer.
negative ions are extracted perpendicular to their flow dir
tion by a pulsed electric field and injected into a linear
flectron time-of-flight ~TOF! mass spectrometer20,21 with a
mass resolutionm/Dm of 2000. The ions of interest are se
lectively photodetached with photons having wavelengths
355 nm~3.493 eV!. The 355 nm wavelength is obtained b
frequency tripling the fundamental of a pulsed Nd:YAG l
ser. The electron kinetic energy~eKE! distribution is deter-
mined by TOF analysis in a 1 mfield-free flight tube. The
energy resolution is 8 meV at eKE of 0.65 eV and degra
as (eKE)3/2 at higher eKE.
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Figure 1 shows the photoelectron spectrum of HCC2

taken at 355 nm. The bottom axis of the photoelectron sp
trum is reported in electron binding energy, eBE, which
defined as eBE5hn2eKE. The top axis of the spectrum
shows the energy scale in wave numbers with peakA chosen
as the reference point. A spectrum taken at a higher det
ment wavelength~416 nm! showed only minor differences
and is not included in this paper. The photoelectron differ
tial cross section22 is given by

ds

dV
5

s total

4p F11
b~E!

2
~3 cos2 u21!G . ~1!

The polarization angle,u, is the angle between the elec
tric vector of the photon and the axis along which the el
trons are detected. The differential cross section is par
etrized in terms of the anisotropy parameter,b, with
21<b<2. The anisotropy parameter for a particular peak
obtained from the relative peak intensities taken at differ
polarization angles. Peaks with differing values ofb gener-
ally result from transitions to different neutral electron
states, so this can be used to assign electronic states a
distinguish contributions from overlapping electronic ban
Spectra were taken at polarization angles of 0, 55°, and
All peaks in the spectrum show the same polarization dep
dence, yielding ab parameter of20.1860.06.

The features in Fig. 1 are labeled as peaksA to I . The
peak located at the lowest electron binding energy, peakA, is
the most intense feature in the spectrum. At electron bind
energies higher than that of peakI there is a low intensity
background extending to the end of the spectrum. This lo
intensity unresolved feature also extends toward lower e
tron binding energies and accounts for the fact that the b
line is not visible on the right-hand side of peakA.

Taking peakA as the transition betweenn50 levels of
the HCCO2 and HCCO ground states yields an electron
finity of 2.33860.008 eV, in agreement with the previous
obtained result8 of 2.35060.020 eV. The remaining peaksB

FIG. 1. Photoelectron spectrum of HCCO2 taken at a photon wavelength o
355 nm and at magic polarization angle. The lower abscissa reports
electron binding energy eBE, the upper abscissa denotes energy in
numbers where peakA represents the origin.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE I. Equilibrium geometries~bond lengths in Å, angles in °! and total energies~in Eh! for trans-HCCO2.

Method
Correlated
electrons AO basis set NcGTO r OC r CC r CH r1 r2 Ve

CEPA-1 all aug-cc-pVTZa 151 1.2192 1.2591 1.0676 7.5 41.6
CCSD~T! all aug-cc-pVTZa 151 1.2226 1.2635 1.0694 7.9 41.1
CCSD~T! val aug-cc-pVTZ 161 1.2279 1.2711 1.0724 8.4 43.4 2151.775 070
CCSD~T! val aug-cc-pVQZ 286 1.2249 1.2664 1.0709 8.1 42.1 2151.813 815
CCSD~T! all aug-cc-pCVQZ 352 1.2224 1.2635 1.0695 7.9 41.5 2151.982 187

aExclusive ofd functions at hydrogen~Refs. 15 and 16!.
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to I represent transitions to excited vibrational levels
HCCO. These features are considerably better resolved
in the previous study by Oakeset al.,8 thereby facilitating a
detailed comparison with the theoretical simulations of
photoelectron spectrum described in the following sectio

III. ACCURATE EQUILIBRIUM STRUCTURES AND
BARRIERS TO LINEARITY FOR HCCO À AND HCCO

Since the rovibrational or rovibronic structure of a ph
toelectron spectrum is mainly determined by the change
the equilibrium geometries of the correspondingN and
(N21) electron systems, we have carried out extensive
ometry optimizations for HCCO2 and HCCO. The
MOLPRO9823 suite of programs was used in these calculatio
For the anion, basis sets as large as 352 contracted Gau
type-orbitals~cGTOs! were employed in conjunction with
the coupled-cluster method with single and double exc
tions and perturbative triple corrections@CCSD~T!#.

Results of the calculations for trans-HCCO2 are listed
in Table I, which also includes data from earli
calculations.15,16The largest basis employed, termed aug-
pCVQZ, corresponds to the correlation-consistent polari
core-valence quadruple zeta basis of Woon and Dunnin24

which was augmented by diffuses, p, d, f , andg functions
for carbon and oxygen and by diffuses, p, d, and f func-
tions for hydrogen.25 All electrons were correlated in th
CCSD~T! calculations with this basis. The smaller basis s
of 161 and 286 cGTOs are the aug-cc-pVTZ and aug-
pVQZ sets of the Dunning group. The equilibrium bon
lengths obtained by CCSD~T!/all with the largest basis ar
expected to be accurate to 0.001 Å; the errors in the equ
rium bond angles should not exceed a few tenths of a deg
Somewhat fortuitously, our older CCSD~T! results15,16 are
almost identical due to the effects of error compensati
Optimum geometrical parameters for linear HCCO2 and bar-
rier heights to linearity as obtained from five different typ
Downloaded 02 Aug 2001 to 128.32.220.20. Redistribution subject to A
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of calculations are listed in Table II. Compared totrans-
HCCO2, the C–H and C–C bond lengths are shortened
0.0110 Å and 0.0226 Å, respectively, while the C–O bo
length is elongated by 0.0091 Å~CCSD~T!/all; 352 cGTOs!.
The calculated barrier height to linearity shows a signific
variation with the size of the basis set. Our earlier calcu
tions with the almost complete aug-cc-pVTZ basis, in whi
all electrons were correlated, yielded barrier heights of 2
and 272 cm21 at the CEPA-1 and CCSD~T! level, respec-
tively. Using the full aug-cc-pVTZ basis and correlating on
the valence electrons, what one usually should do with
basis, a higher barrier height value of 523 cm21 is obtained at
the CCSD~T! level. Extension of the basis set to aug-c
pVQZ ~286 cGTOs! reduces the barrier height to linearity t
428 cm21, while inclusion of core–valence and core–co
correlation in conjunction with the addition of suitable bas
functions ~aug-cc-pCVQZ! leads to a further reduction to
385 cm21, which constitutes our most reliable value.

Results for trans-HCCO, the lower component of th
Renner–Teller system, and for linear HCCO are given
Tables III and IV. The open-shell coupled-cluster variant e
ployed in this work is termed RHF-UCCSD~T!, which indi-
cates that a restricted Hartree–Fock determinant was use
a reference wave function and that the unrestricted coup
cluster formalism was used to describe electron correla
effects~see Refs. 26 and 27 for details!. Our best equilibrium

structure estimate fortrans-HCCO (X̃ 2A9) was obtained in
RHF-UCCSD~T! calculations with the cc-pCVQZ basi
~282 cGTOs! in which all electrons were correlated~see the
last line of Table III!. Similar to the results obtained fo
HCCO2, the calculations with the cc-pVTZ basis and a
electrons correlated—either at the UHF-CCSD~T! level ~Ref.
13! or at RHF-UCCSD~T! from this work—yield very simi-
lar results for the heavy-atom skeleton while the C–H eq
librium bond length is underestimated by almost 0.005 Å

Our most reliable value for the barrier height to linear
TABLE II. Optimum geometrical parameters~in Å!, total energies~in Eh!, and barrier heights~in cm21! for linear HCCO2.

Method
Correlated
electrons AO basis set NcGTO r OC r CC r CH Ve

Barrier
height

CEPA-1 all aug-cc-pVTZa 151 1.2283 1.2375 1.0581 227
CCSD~T! all aug-cc-pVTZa 151 1.2310 1.2426 1.0600 272
CCSD~T! val aug-cc-pVTZ 161 1.2376 1.2468 1.0602 2151.772 686 523
CCSD~T! val aug-cc-pVQZ 286 1.2338 1.2437 1.0598 2151.811 864 428
CCSD~T! all aug-cc-pCVQZ 352 1.2315 1.2409 1.0585 2151.980 433 385

aExclusive ofd functions at hydrogen~Refs. 15 and 16!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE III. Equilibrium geometries~bond lengths in Å, angles in °! and total energies~in Eh! for trans-HCCO (X̃ 2A9).

Method
Correlated
electrons AO basis set NcGTO r OC r CC r CH r1 r2 Ve

RCCSD~T!a val DZP 50 1.1715 1.3310 1.0787 13.1 51.9 2151.537 925
UMP2b TZP 66 1.167 1.314 1.071 10.1 51.8
UHF-CCSD~T!c all cc-pVTZ 104 1.1728 1.2972 1.0660 10.6 45.4 2151.723 749
RHF-UCCSD~T! val cc-pVTZ 104 1.1760 1.3072 1.0738 11.7 48.1 2151.681 278
RHF-UCCSD~T! all cc-pVTZ 104 1.1742 1.2962 1.0658 10.5 44.9 2151.724 048
RHF-UCCSD~T! val aug-cc-pVTZ 161 1.1764 1.3080 1.0748 11.5 48.3 2151.691 494
RHF-UCCSD~T! val cc-pVQZ 195 1.1725 1.3031 1.0729 11.1 47.3 2151.724 907
RHF-UCCSD~T! all cc-pCVQZ 282 1.1710 1.2975 1.0709 10.7 45.9 2151.895 655

aReference 14.
bReference 12.
cReference 13.
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of the radical ~cf. Table IV! is 637 cm21, obtained by
RHF-UCCSD~T!/all with the basis of 282 cGTOs. Core
valence and core–core correlation make a contribution
275 cm21 to the barrier height. This contribution is gross
overestimated when the cc-pVTZ basis set is used~see the
second and third lines of Table IV! with the result that, rathe
fortuitously, the earlier calculations at the UHF-CCSD~T!/all
level13 and the present RHF-UCCSD~T!/all calculations
yield excellent agreement with the best value for the bar
height from this work.

Our best equilibrium structures for HCCO2 and the
lower Renner–Teller component of HCCO are graphica
displayed in Fig. 2. Upon electron detachment, the equi
rium bond angles experience changes of less than 5° an
C–H equilibrium bond length remains practically u
changed. The C–C equilibrium bond length (r CC) is in-
creased by 0.034 Å andr CO is reduced by 0.051 Å. On th
whole, the change in equilibrum structures is fairly small
that the adiabatic peak should dominate the photoelec
spectrum and relatively little vibrational excitation should
observable.

IV. DESCRIPTION OF THE THEORETICAL MODEL

An ab initio simulation of the photodetachment spe
trum of HCCO2 is difficult due to various reasons. From th
experience of our previous work on HCCO,14 at least six
nuclear degrees of freedom, i.e., the two bending vibratio
the torsion, the O–C and the C–C stretching motion, and
rotation around the axis corresponding to the smallest
ment of inertia (5a axis) and their mutual couplings have
Downloaded 02 Aug 2001 to 128.32.220.20. Redistribution subject to A
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be taken into account. Only the C–H stretching motion c
safely be decoupled. Furthermore, since the neutral mole
and its negative ion represent quasilinear molecules, t
vibronic structure is strongly influenced by anharmonic
fects and large amplitude motions. Finally, the strong
bronic Renner–Teller coupling between the two lowest-lyi
electronic states of the HCCO has to be taken into acco

These considerations imply that for a rigorous treatm
of the rovibrational resolved photodetachment spectrum
HCCO2, a five-dimensional potential energy surface for t
ground state of the anion and for both involved electro
states of the neutral molecule~X 2A9, A 2A8! would be nec-
essary. These potential energy surfaces had to be comp
with very sophisticated theoretical methods, bearing in m
the strong dependency of the potential energy surfaces on
method of calculation.12,13 Due to the Renner–Teller effec
the X 2A9 and theA 2A8 state of the neutral molecule had
be coupled and finally the high-dimensional nuclear Sch¨-
dinger equation had to be solved.

Nevertheless, as we will show in the present paper,
understanding of the spectrum is already possible usin
simpler model, developed recently to describe the Renn
Teller effect in quasilinear tetra-atomic species.14,28 The
model exploits the fact that the coupling strengths betw
the various nuclear degrees of freedom differ considera
from each other. The differences arise from the energet
order of the vibrations and/or due to the size of the coupl
matrix elements. Consequently, only the four nuclear degr
of freedom, which are involved in the Renner–Teller effe
~i.e., the two bending modes, the torsion, and the rotat
around thea axis! are handled explicitly in the model. Th
TABLE IV. Optimum geometrical parameters~in Å!, total energies~in Eh!, and barrier heights~in cm21! for linear HCCO.

Method
Correlated
electrons AO basis set NcGTO r OC r CC r CH Ve

Barrier
height

UHF-CCSD~T!a all cc-pVTZ 104 1.1847 1.2609 1.0560 2151.720 818 643
RHF-UCCSD~T! val cc-pVTZ 104 1.1895 1.2653 1.0617 2151.677 673 791
RHF-UCCSD~T! all cc-pVTZ 104 1.1861 1.2606 1.0561 2151.721 196 626
RHF-UCCSD~T! val aug-cc-pVTZ 161 1.1901 1.2659 1.0625 2151.687 805 810
RHF-UCCSD~T! val cc-pVQZ 195 1.1856 1.2628 1.0616 2151.721 663 712
RHF-UCCSD~T! val aug-cc-pVQZ 286 1.1861 1.2631 1.0619 2151.725 502
RHF-UCCSD~T! all cc-pCVQZ 282 1.1834 1.2600 1.0604 2151.892 751 637

aReference 13.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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1781J. Chem. Phys., Vol. 115, No. 4, 22 July 2001 The HCCO2 anion photoelectron spectrum
coupling of these vibrations with the O–C and C–C stret
ing vibrations, characterized by appreciably higher vib
tional frequencies, is taken into account indirectly by e
ploying the idea developed by Bunker and Landsberg.29,30

According to this approach, the leading part of the stretc
bend interaction is incorporated into the bending problem
a proper correction of the bending potential.

Excitations into vibrationally excited states of the O–
and C–C stretching vibrations of HCCO are anticipated
contribute only to the higher frequency range of the sp
trum. Due to the fact that in the observed spectral reg
only few quanta of these vibrations can be excited, s
vibrations can reasonably be treated in the harmonic appr
mation. The influence of the coupling of these two stretch
vibrations on the spectrum is simulated using a o
dimensional and a two-dimensional ansatz.

The C–H stretching mode possessing a freque
around 3350 cm21 does not significantly couple with othe
degrees of freedom, and thus was completely decou
from the rest. Nevertheless, transitions into different state
the C–H mode were taken into consideration.

Using the model discussed above, the total wave fu
tion ~nuclear and electronic part! factorizes into

C~r ,q!5cel~r !•xCH~r CH!•xOC,CC~r OC,r CC!

•xb~r1 ,r2 ,w1 ,w2!, ~2!

wherebycel represents the electronic wave function,xCH the
wave function for the C–H stretching vibration,xOC,CC the
wave function for the mutually coupled O–C and C–
stretching vibrations, andxb the wave function for the bend
ing modes. The wave functionxb involves both the bending
coordinates~r15180° –/ O–C–C, r25180° –/ C–C–H!
and the two rotational coordinatesw1 andw2 . w1 describes
the angle between the plane given by theO–C–Cmoiety and
a space-fixed plane including the C–C axis, whilew2 repre-
sents the corresponding angle for theC–C–Hfragment. That
means thatw1 andw2 describe the movement of both term
nal atoms around the C–C axis, which is assumed to c
cide with thea axis. In the framework of our model, w
assume that the projection of the total angular momen
~excluding spin! onto thea axis is conserved and thus th
corresponding quantum numberK is a good one. It is com-

FIG. 2. Best equilibrium structures for HCCO2 and HCCO~bond lengths in
Å and bond angles in °!.
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posed from the electronic quantum numberL and the quan-
tum numberl for the projection of the nuclear angular mo
mentum onto thea axis,14,28

K5u l 1Lu5u l 11 l 21Lu, ~3!

wherebyl 1 andl 2 are the quantum numbers corresponding
the coordinatesw1 andw2 and all quantum numbersl 1 , l 2 ,
andL are assumed to be signed quantities.

For the simulation of the relative intensitiesI of the
photodetachment spectra of HCCO2 the generally accepted
Franck–Condon approximation is employed31–33

I;u^x°ux2&u2, ~4!

i.e., we assume that the electronic part of the transition pr
ability is constant and does not differ substantially for t
two considered electronic states of HCCO. In Eq.~4! the 2

and the ° superscripts denote the wave functions of the a
and of the neutral system, respectively. For the model
scribed above, the Franck–Condon factorf factorizes as

f 5 f CH• f OC,CC• f b . ~5!

Within this Franck–Condon approach, for transitions fro
the negative ion to the neutral molecule the projection of
nuclear angular momentum onto thea axis is conserved
throughout the photodetachment process. The correspon
quantum numbers obeyl 25 l °, which in turn leads to
K25K°61 for the K quantum numbers.34,35 The Franck–
Condon factorf b is obtained by calculating the square of th
norm of the overlap integral of the bending wave functio
xb

° andxb
2 . These functions, which are provided by calcu

tions of the rovibronic spectra of HCCO2 and HCCO~both
given below!, are represented in the same rovibrational ba
set.28 The Franck–Condon factorsf CH and f OC,CC are deter-
mined, respectively, by means of one-dimensional and t
dimensional standard harmonic oscillator wave functions

In experiments the vibrational temperature of the an
was estimated to be about 200 K. The influence of the te
perature on the spectra was simulated under the assum
that the anion energy levels are occupied according t
Boltzmann distribution. The Franck–Condon factors we
weighted by the corresponding Boltzmann factors.

Finally, the finite experimental resolution was simulat
by broadening the theoretical stick spectrum by means o
Gaussian distribution. The energy dependence of the res
tion was taken from Eq.~2! of Ref. 18.

The shape of the potential energy surface~equilibrium
geometry, barrier to linearity! of the X 2A9 ground state of
HCCO, as already mentioned, strongly depends on
method of calculation and the AO basis-set size. Since
computation of all involved potential energy surfaces with
accuracy of a few wave numbers is not feasible, we mode
the shape of the potential energy surface using the prev
theoretical results.10,13,14A scaled potential energy surfaceṼ
could be obtained from the previously computed overall p
tential V given in Fig. 3 of Ref. 14, using

Ṽ~r1 ,r2!ªs0•V~ r̄1 ,r̄2! with r i5si• r̄ i , i 51,2.
~6!
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To study the influence of the shape of the potential ene
surface on the simulated photodetachment spectrum,
scaling factorss0 , s1 , ands2 are chosen in such a way th
potential surfaces with various barrier heights and equi
rium geometries can be created. The vibronic energy le
were computed for the various scaled potential energy
faces employing the method presented previously. This
proach seems to be reasonable considering the variou
sumptions made in our model~e.g., the Franck–Condo
approximation, and the partial decoupling of the stretch
from the bending vibrations!.

In the present computations of the rovibrational sp
trum of HCCO2, the five-dimensional CEPA-1 surface15 de-
pending on two bending coordinates~r1 , r2! and three
stretching coordinates~r CC, r CH, andr OC! is projected onto
a three-dimensional section by relaxing all the stretching
ordinates, and by representing the dependence of the po
tial on the torsional angleg5w12w2 by a simple cosineg
expression. This approach is very similar to the one we u
earlier in our work.14

The bending vibrational levels for theX 1A8 ground state
of HCCO2 are also obtained by means of the program pa
age described earlier.14,28

V. RESULTS AND DISCUSSION

The bending wave functions as well as the term val
of the rovibrational spectrum of HCCO2 and the rovibronic
spectrum of HCCO are necessary for a computation of
HCCO2 photodetachment spectrum. Hence, some detail
the calculated vibronic spectra are given in the followi
paragraph. The low-lying part of the spectrum and the in

FIG. 3. Low-lying vibronic energy levels of theX 1A8 electronic state of
HCCO2 with respect to the quantum numberK25u l 1

21 l 2
2u. The origin of

the energy scale denotes the energy of the linear geometry.
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ence of the bending modes on this region of the spectrum
investigated in the succeeding three paragraphs. An ass
ment for this spectral range is performed. Then, the stre
ing modes are added and the remaining part of the spec
is taken under consideration.

The results for the bending vibrational levels in th
ground electronic state of HCCO2 are given in Fig. 3 and
Table V. Aside from the reduction of the dimensionality,
mentioned in the previous section, no scaling was applie
the potential energy surface of HCCO2. The overall struc-
ture of this spectrum is typical for a quasilinear tetra-atom
molecule. Due to the fact that the barrier height to linearity
lower for HCCO2 than for the neutral species, and becau
of different equilibrium geometries of HCCO and its anio
~Tables I and III!, the following differences occur in com
parison to the rovibronic spectrum of the two lowest-lyin
states of the neutral molecule~Fig. 6 of Ref. 14!:

~1! The spectrum is shifted towards higher energies if
origin of the energy scale denotes in both cases the
ergy of the linear geometry.

~2! From theK2-rotational ladder a value of the rotation
constant of (2I )21599 cm21 could be determined which
exceeds the corresponding value in the case of HC
more than three times.

~3! As shown in our earlier paper,14 basic features of the
low-energy range of the spectrum of HCCO can be
flected in the simplified model which represents two u
coupled triatomics, one with linear and the other w
bent equilibrium geometry~Fig. 7 of Ref. 14!. This is
still valid in the present case. The values ofvb

5367 cm21 (EK250,22EK250,1) and v l5565 cm21

(EK251,22EK250,1), derived from the rovibrationa
spectrum by means of the simplified model, fit to t
values given by the harmonic approximation~402 and

TABLE V. Low–lying vibronic levels of theX 1A8 electronic state of
HCCO2 for the quantum numberK25u l 1

21 l 2
2u50, . . . ,3. Term values

EK2,i are given in cm21 with respect to the energy of the linear geomet
The first index of the quantityE reflects theK2 quantum number of the
energy level; the level numberi which is the second index ofE indicates the
energetical order beginning with the lowest value for the quantum num
K.

Level number
i

K250
EK250,i

K251
EK251,i

K252
EK252,i

K253
EK253,i

1 531 630 797 1017
2 898 1096 1215 1387
3 1214 1157 1398 1689
4 1228 1398 1629 1802
5 1443 1489 1677 1908
6 1677 1756 1761 2004
7 1732 1804 1989 2227
8 1763 1820 2075 2262
9 1997 2005 2094 2362

10 1998 2049 2311 2447
11 2077 2241 2363
12 2124 2264 2399
13 2360 2330 2412
14 2369 2365
15 2406 2492
16 2417
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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591 cm21, respectively!. But, compared with the spec
trum of HCCO, the anion spectrum can be understood
an intermediate between the simplified model descri
above and a simplified model which contains two u
coupled triatomics with linear equilibrium geometr
This is mainly caused by the enlarged rotational co
stant.

Further details are given in Ref. 36. The Boltzmann fact
are calculated for the low-energy spectral range with resp
to the lowest-lying level by assuming a rovibrational te
perature of 200 K. They are given in Table VI. In the follow
ing we consider Franck–Condon factors for transitions fr
initial states which are labeled byEK2,1 ~with K250,1,2!.
Only for these states is the corresponding Boltzmann fa
high enough to induce a non-negligible contribution to t
spectrum. The second index of the quantityE is called here
level number and labels the energetical order beginning w
the lowest value for each quantum numberK.

In order to enable a comparison between the experim
tal and the simulated spectrum, the latter is shifted along
energy axis and scaled along the intensity axis in such a
that the maximum of the most intense peak (5peak 0) coin-
cides with the experimental peakA.

FIG. 4. Gaussian-broadened stick spectra for the fixed barrier heigh
981 cm21 and various equilibrium geometries of HCCO are compared w
experimental results. The used equilbrium structures of HCCO are give
Table III.

TABLE VI. Boltzmann factors for the low-lying levels of HCCO2. Energy
values are given in cm21. For explanation of the level numberi and term
valueEK2,i , see Table V or the text.

Level number
i

K2 quantum
number

Term value
EK2,i

Boltzmann
factor

1 0 531 1.0000
1 1 630 0.4916
1 2 797 0.1475
2 0 898 0.0711
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For the structure of the photoelectron spectrum the re
tive location of both equilibrium geometries~HCCO and
HCCO2! with respect to each other plays an important ro
Regarding the bending coordinates, for HCCO2 the trans-
planar equilibrium geometry of the CEPA–1 calculation~see
the first row of Table I! with r157.5° andr2541.6° is used.
Due to small deviations of these coordinates from the val
of the most reliable calculation~see the fifth row of Table I!,
the scaling of the geometry is omitted. Additionally, w
found that for the anion even an appreciable difference of
barrier height could influence neither the difference of t
important term values nor the character of the correspond
bending wave functions. For this reason the potential surf
for the anions remains unscaled.

For the neutral species three geometries are conside

~1st! Geometry:r1513.1° andr2551.9° of our RCCSD~T!/
DZP calculation14 ~see the first row of Table III!;

~2nd! Geometry:r1510.1° andr2551.8° of the UMP2/
TZP calculation of Kim and Shavitt12 ~see the second
row of Table III!; and

~3rd! Geometry: r1510.6° and r2545.4° of UHF-
CCSD~T!/cc-pVTZ calculation of Szalayet al.13 ~see
the third row of Table III!.

Considering the methods of calculation and the size of
AO basis sets, the third geometry is expected to give the
agreement between theory and experiment. In the follow
we will use the experimental spectrum for a refinement of
equilibrium geometry and of the height of the barrier to li
earity of HCCO~the corresponding values for HCCO2 are
kept fixed!. As an indicator for the coincidence, we focus o
the congruence of the first peak (5peak 1) on the right-hand
side of the reference peak in the simulation with the exp
mental peakB. In Fig. 4 the Gaussian-broadened stick sp
trum for a fixed barrier height of 981 cm21 ~HCCO! is given
for each of the three HCCO equilibrium geometries a
compared with the experimental result. The intensity
peak 1 varies strongly with both bending coordinates. T
more linear the equilibrium geometry, the smaller the inte
sity of peak 1. The best agreement with experimental int
sity is obtained for the most linear geometry of HCCO~third
geometry!. Considering the location of that peak, only
change of the coordinater2 seems to be important and th
second geometry fits better. For most of the other peaks
played in Fig. 4 the statements given above remain valid.
expected, the geometry influences the intensity as well as
location of the peaks. The shift of the peak location is cau
by the dependence of the HCCO term values and of
intensity contribution of transitions into the correspondi
states from the equilibrium geometry. On the one hand,
shift of the peak location is caused by the dependence of
HCCO term values from the equilibrium geometry. On t
other hand, changes of the intensity contribution of the va
ous transitions belonging to one peak also influence the
cation of the maximum of the whole peak.

As seen before,14 the height of the barrier to linearity
also has a considerable impact on the spectrum. In orde
investigate this effect, the barrier height is varied for fix
equilibrium geometry~the most linear geometry of HCCO

of
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IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



e

ow
ig

tio
ib
he

ig
ri-

r
I

d
ted

a

in

pre-
ical
t of

en-
e

on-
five

om
for
e

ding
ches
-

d by
ber
ely,
-
-
u-
be

bu-
nsi-

on

wi

1784 J. Chem. Phys., Vol. 115, No. 4, 22 July 2001 Schäfer-Bung et al.
was chosen!. In Fig. 5 the calculated Gaussian-broaden
spectrum with barrier heights of 643 and 981 cm21 are com-
pared with the experimental result. Regarding the three l
energy peaks of the calculated spectrum, the barrier he
has no influence on the intensity but it influences the loca
of the peak. In this case, a higher barrier height is respons
for higher force constants and consequently for a hig
HCCO term value of the main contributor~see below! to the
corresponding peak. For the simulation using a barrier he
of 981 cm21 we obtain a good coincidence with the expe
mental peakC, whereas peakB8 fits better in the simulation
using a barrier height of 643 cm21. It is hard to decide which
barrier height simulation is more congruent to the expe
ment. Due to the theoretical results summarized in Tables

FIG. 5. Gaussian-broadened stick spectrum for the third geometry
different barrier heights along with the experimental spectrum.
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and IV, which prefer uniquely a barrier height aroun
640 cm21 as a reliable value, and because of the expec
peak around 1250 cm21 corresponding to the lowest-lying
stretching fundamental~see Table VII! and to the peakC,
from now on we only consider the third geometry and
barrier height of 643 cm21 for HCCO.

Now, we will discuss the assignment which we obta
from the consideration of the bending part~Table VIII!. The
corresponding stick and Gaussian broadened spectra are
sented in Fig. 6. In order to distinguish between theoret
and experimental peaks we introduce for the bending par
the theoretical spectrum a peak labelingb50,1, . . . ~in con-
trast to the labeling with uppercase letters for the experim
tal peaks! in energetical order. The main contributions for th
eight lowest-lying peaks of the theoretical spectrum are c
sidered in detail. Peak 0 represents a combination of
transitions between the lowest levels for differentK quantum
numbers. Peak 1 is made up of contributions arising fr
three transitions: Two of them lead from the lowest state
the quantum numberK250 to second and third level for th
quantum numberK°51, respectively, the third transition
correlates to the latter of the both, whereas the correspon
K quantum numbers are augmented by one. Peak 1 mat
to the experimental peakB because both location and inten
sity are in good agreement. Peaks 2 and 3 are dominate
one transition from the lowest state for the quantum num
K251 to the seventh and tenth energy level, respectiv
for the quantum numberK°50. Peak 2 shows a good coin
cidence in location with peakB8 in the experimental spec
trum but the corresponding intensity is too high in the sim
lation. For peak 3 no experimental counterpart could
found.

For the peaks 4 to 6, the number of appreciable contri
tors increases, whereas the intensity of the individual tra
tions decreases. Peaks four and five reflect the foothills

th
sition
TABLE VII. Relative one-dimensional Franck–Condon factors in the harmonic approximation for the tran
HCCO2→HCCO. The Franck–Condon factors for the transition (n i

250)→(n i°50) are set to unity. The
given methods, basis sets, and frequencies refer to HCCO.

Method/
AO basis set RCCSD~T!/DZP UMP2/TZP~Ref. 10! UHF-CCSD~T!/cc-pVTZ ~Ref. 13!

C–H coordinate,n1
° progression

Frequencyv1
° 3349 3372 3371

n1
2→n1

°

0→1 0.006 0.000 0.000
0→2 0.000 0.000 0.000

O–C coordinate,n2
° progression

Frequencyv2
° 2050 2433 2099

n2
2→n2

°

0→1 0.497 0.577 0.453
0→2 0.117 0.210 0.102
0→3 0.017 0.060 0.015

C–C coordinate,n3
° progression

Frequencyv3
° 1240 1284 1249

n3
2→n3

°

0→1 0.584 0.341 0.163
0→2 0.164 0.060 0.012
0→3 0.030 0.007 0.001
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE VIII. Assignment for bending part of the spectrum for the third geometry, a barrier height of 643 c21,
and a vibrational temperature of 200 K.

Peak label Assigned transition

Theory Experiment Energy Intensity

HCCO2 state HCCO state

K2 Level numberi K ° Level numberi

0 A 5
2267
2130

21
10
12

0.070 2 1 1 1
0.226 1 1 0 1
0.574 0 1 1 1
0.311 1 1 2 1
0.095 2 1 3 1

1 B H 418
457
534

0.086 0 1 1 2
0.174 0 1 1 3
0.075 1 1 2 3

2 B8 893 0.101 1 1 0 7
3 1081 0.034 1 1 0 10

4 H 1335
1349
1394
1458

0.026 0 1 1 11
0.026 0 1 1 12
0.021 0 1 1 13
0.052 0 1 1 14

5 H 1581
1593

0.032 0 1 1 16
0.019 1 1 2 15

6 D H 1738
1758
1846

0.020 1 1 0 23
0.035 1 1 2 20
0.019 1 1 0 25

7 E 2084 0.018 1 1 0 32
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m is
the high-energy side of the experimental peakC, and the
peaks 6 and 7 contribute to the experimental peaks labele
D and E. On the higher-energy side of peak 7, a few lo
intensity features occur which will be called, from now o
the bending background.

For all stretching coordinates the Franck–Condon f
tors have been determined in a one-dimensional approac
order to simplify an assignment. In this case force consta
for r OC and r CC have been readjusted to get the right fr
quency. For different calculations, the factors are summ
rized in Table VII.

Concerning then1
° progression, corresponding to th

C–H stretching vibration, only the (n1
250)→(n1

° 50) tran-
sition has a nonvanishing intensity. Therefore, all the tran
tions with non-negligible contributions are characteriz
with n1

° 50 for HCCO state. Thus, this quantum number
irrelevant for further considerations. The situation is differe
for the n2 and n3 quantum numbers corresponding to t
out-of-phase and in-phase combination of the O–C and C
stretching vibrations, respectively. The equilibrium distan
of the anion compared with the neutral counterpart~Tables I
and III! change so much that at least the (n i

250)→(n i
°

51) transitions (i 52,3) get significant intensities.
Two-dimensional Franck–Condon factors with resp

to the r OC and r CC coordinates have also been calculated37

In Table IX the two-dimensional data are compared with
one-dimensional approximation~by means of the relation
f OC,CC5 f OC• f CC for the one-dimensional case!, which leads
to the conclusion that there is a considerable difference
tween the one- and two-dimensional treatments of the c
dinatesr OC andr CC. The calculations show that the Franck
Condon factors corresponding to transitions characterize
ug 2001 to 128.32.220.20. Redistribution subject to A
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(n2
° 50,n3

° .0) decrease appreciably, while the factors cor
sponding to transitions characterized by (n2

° .0,n3
° 50) in-

crease slightly if the two-dimensional model is applied.
Now, we consider the influence of the stretching vibr

tions. For a short and concise assignment we introduce
triples (n2

° ,n3
° ;b) consisting of the stretching quantum num

bersn2
° andn3

° and the labeling of the bending peaksb. In
Fig. 7 the stretching modes are uncoupled~one-dimensional!,

FIG. 6. For a barrier height of 643 cm21 and the third geometry the simu
lated stick spectrum and the corresponding Gaussian-broadened spe
are displayed along the low-energy range. Also the experimental spectru
given in order to facilitate the assignment.
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whereas in Fig. 8 O–C and C–C stretching coordinates
treated in the two-dimensional model. At first glance, t
difference between the one and two-dimensional treatm
which is clearly reflected in Table IX, is concealed in t
spectrum. But, in the case of a proper consideration it co
be recognized again. In Fig. 7 an additional peak~labeled by
the number 38! occurs. This is due to the non-negligib
Franck–Condon factors for the transition to the~0,1;0! state
in the lower-dimensional model. For the same reason a
ther peak arises at 3348 cm21 and is labeled by the numbe
128. It is assigned to the~1,1;0! state. As a secondary effec
the intensity of the peaks 6 and 16 increases because o
additional contribution of the~0,1;1! and ~1,1;1! state, re-
spectively.

Now, the simulated spectrum which includes the tw
dimensional model for the stretching vibrations~i.e., Fig. 8!,
is taken under consideration. The corresponding data
summarized in Table X. Since there is no contribution to
stretching vibration up to 1800 cm21 in this range no signifi-
cant changes occur, as compared to Fig. 6. The peaks 6
7 in the latter figure are now represented by a superpos

FIG. 7. Influence of the stretching modes is shown by comparison of
one-dimensional model with the experimental result.

TABLE IX. Relative two-dimensional Franck–Condon factors in the h
monic approximation for the transition HCCO2→HCCO. The Franck–
Condon factors for the transition (n2

250,n3
250)→(n2

° 50,n3
° 50) are set to

unity.

Transition
n2

2 ,n3
2→n2

° ,n3
°

Frequency
cm21

UHF-CCSD~T!/cc-pVTZ ~Ref. 13!

One-dimensional Two-dimensional

0,0→0,1 1249 0.1627 0.0087
0,0→1,0 2099 0.4535 0.4721
0,0→0,2 2498 0.0121 0.0007
0,0→1,1 3348 0.0738 0.0007
0,0→0,3 3747 0.0005 0.0000
0,0→2,0 4198 0.1019 0.1293
0,0→1,2 4597 0.0055 0.0009
0,0→2,1 5497 0.0166 0.0029
0,0→3,0 6297 0.0151 0.0266
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of the transitions into the states~0,0;6! and ~0,0;7! with the
transition into the state~1,0,0!. The simulation overestimate
the height of the experimental peakE by about a factor of
1.4. The following peaks up to 4200 cm21 represent a bend
ing progression with origin at the~1,0;0! state superimposed
on the bending background. So, peak 9 can be assigned
combination of the transitions to the state~1,0;1! ~bending
progression! and the transition to the background sta
~0,0;9!. PeakF can be regarded as the experimental coun
part. Both location and intensity are in good agreement.
the experimental peakG there hardly exists a theoretica
correspondent. The simulation only offers the backgrou
state~0,0;10! ~i.e., peak 10! with a very weak intensity. Un-
der the following irregular structure up to peakH in the
experimental spectrum, the peaks 11 to 15 can be foun
the calculated spectrum. These peaks mainly represen
progression~1,0;2! up to ~1,0;5!. Only the peaks 11 and 12
are superimposed on the corresponding and more and m
decreasing background bending states. The peaks 13 an
reflect the better resolution due to the corresponding ene
range. Both belong to the same combination tone~1,0;4!, but
the resolution allows a splitting of the contributing comp
nents into the peaks 13 and 14. Peak 16 can be assign
the state~1,0;6!. The peak height is about a third of the valu
which was reached by the corresponding experimental p
H. For the peaks 17 and 18 the same is valid as for the pe
13 and 14. Both can be assigned to the~2,0;0! state, which
represents the origin of a following bending progression. A
ditionally, the state~1,0;7! contributes to peak 18. The ex
perimental counterpart is peakI . Its peak height is overesti
mated by the simulation by 75%.

The intensity of the experimental peaksB8, E, and I is
significantly overestimated by the simulation. On the oth
side, underestimations occur with respect to the peaksD, G,
andH. For a better reproduction of the experimental result
is necessary to couple the bending and the stretching mo
This may enable an intensity transfer from peak 7 to pea

e

FIG. 8. The experimental spectrum is compared with the two-dimensio
model for the stretching modes.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE X. Assignment (n2
° ,n3

° ;b) for the stretching part of the spectrum for the third geometry, a bar
height of 643 cm21, and a vibrational temperature of 200 K.n2

° andn3
° denote the stretching quantum numbe

andb labels the bending peaks.

Simulation
Assignment
(n2

° ,n3
° ;b)

Experiment

Peak label Term value Peak height Peak label Term value Peak h

6 1804 0.130 ~0,0;6!,~1,0;0! D 1742 0.368
7 2100 0.686 ~1,0;0!,~0,0;7! E 2057 0.474
8 2330 0.037 ~0,0;8!
9 2550 0.208 ~1,0;1!,~0,0;9! F 2613 0.187

10 2776 0.030 ~0,0;10! G 2750 0.173
11 2982 0.105 ~1,0;2!,~0,0;11!
12 3166 0.057 ~1,0;3!,~0,0;12!
13 3448 0.064 ~1,0;4!
14 3556 0.058 ~1,0;4!
15 3690 0.052 ~1,0;5!
16 3853 0.069 ~1,0;6! H 3807 0.169
17 4067 0.078 ~2,0;0!
18 4200 0.272 ~2,0;0!,~1,0;7! I 4121 0.146
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Since the peaks 6 and 16 have the same bending lab
(b56), an intensity transfer would also be found for pe
16. In order to explain the lost intensity of peakG, one
should remember that the lack of congruence of peakB and
peak 1 propagates to the progression shifted byv2

° . The
assigned simulated peak~i.e., peak 10! stems from a back-
ground bending transition~0,0;10! and provides no explana
tion for this discrepancy.

A consideration of the dependence of the spectral sh
from the temperature shows, that there occur compe
mechanisms. For example, a rising temperature causes a
ering of peak 1~the height of peak 0 is set to unity!. On the
other hand the second level for theK2 quantum number of
HCCO2 has to be taken into account and compensates
former. For this reason the regarded spectra are not sens
to changes of the temperature at a magnitude of 50 K.

VI. CONCLUSION

In this paper we present the photoelectron spectrum
HCCO2 at the photodetachment wavelength of 355 nm a
its theoretical simulation. Most of the experimental pea
could be assigned to transitions into vibrational states
HCCO. Investigations of the low-energy range of the sp
trum lead to a confinement of the deviation for the barr
height and equilibrium geometry of HCCO. Our analysis
the peak heights indicates that the structures of HCCO2 and
HCCO corresponding to the bending coordinates are clo
to each other than suggested by the calculations which
resent the basis for this work. By means of the location of
peaks, the barrier height of HCCO can be restricted t
value between 700 and 900 cm21. Considerations of the par
of the spectrum which is dominated by the stretching vib
tions show that there is a good agreement in the peak l
tion, whereas the corresponding Franck–Condon fac
seem to be too high forn2 and too low forn3 . In a few
domains of the spectrum, the simulation of the intensity p
file underestimates the experimental result, which may
caused by the neglected couplings between bending
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