
JOURNAL OF CHEMICAL PHYSICS VOLUME 108, NUMBER 17 1 MAY 1998
Vibronic structure in triatomic molecules: The hydrocarbon flame bands
of the formyl radical „HCO…. A theoretical study

Luis Serrano-Andrés,a) Niclas Forsberg, and Per-Åke Malmqvist
Department of Theoretical Chemistry, University of Lund, Chemical Centre, P.O.B. 124,
S-221 00 Lund, Sweden

~Received 10 July 1997; accepted 23 January 1998!

A theoretical study of the vibrational structure of theX̃ 2A8 ground andB̃ 2A8 excited states of the
formyl radical, HCO, and its deuterated form, DCO, has been performed. The potential energy
surfaces have been computed by means of a multiconfigurational perturbative method, CASPT2.
The computed geometries and the harmonic and anharmonic frequencies are successfully compared
to the available experimental information. The vibrational intensities of the transition
B̃ 2A8↔X̃ 2A8 have been computed both for absorption and emission. The results lead to accurate
determinations of several structural parameters and some reassignments of the vibrational
transitions of the so-called hydrocarbon flame bands of the formyl radical. ©1998 American
Institute of Physics.@S0021-9606~98!01916-3#
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I. INTRODUCTION

The calculation by pureab initio methods of the vibra-
tional spectrum of a polyatomic molecule is a formidab
task, even when the theoretical study is restricted to the
monic approximation. For triatomic systems it is possible
fully compute and fit a global potential energy surface a
use it to perform the vibrational analysis, including the a
harmonicity corrections necessary to explore the dissocia
limits. In the present study we have computed the poten
energy surfaces of the ground,X̃ 2A8, and excited state
B̃ 2A8, of the formyl radical system, HCO, by means of t
complete active space self-consistent field~CASSCF!
method and a multiconfigurational perturbative meth
CASPT2. The computed surfaces have been fitted to fou
order force fields and the harmonic and anharmonic vib
tional frequencies have been obtained by standard pertu
tion theory. In addition, the Franck–Condon factors for t
absorption and emission processes involving the mentio
states have been computed using a new and efficient pr
dure in which recursion formulae are employed to comp
the overlap integrals of two sets of multidimensional h
monic oscillators. Intensity borrowing effects are compu
by including the dependence of the electronic transition m
ments on the nuclear coordinates formulated in terms of
cillator ladder operators.

The HCO radical is an intermediate in thermal and ph
tochemical processes important in combustion, atmosph
and interstellar chemistry, especially as a source of ato
hydrogen through its unimolecular dissociation on t
ground-state potential surface.1 A large number of experi-
mental and theoretical studies have been focused on this
tem. Microwave2 and infrared3,4 spectroscopy were used t
obtain the geometries and frequencies of the ground s
The first spectrum arising by an electronic transition in HC

a!Present address: Departamento de Quı´mica Fı́sica, Universitat de Vale`ncia,
Dr. Moliner 50, Burjassot, E-46100 Valencia, Spain.
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was obtained in absorption for the so-called red band syst
between 860–460 nm.5 That and subsequent studies6–11 de-
termined the presence of theÃ 2A9 state correlating, togethe
with the ground state, to the 12P electronic state at the
linear nuclear geometry, their splitting being a conseque
of the Renner–Teller effect. In the energy range 410–2
nm the so-called hydrocarbon flame bands appear. T
were observed in 1934 and assigned to HCO by Vaidya.12–14

The first complete electronic, vibrational, and rotation
analysis was performed by Dixon in 1969.15,16 The absorp-
tion counterpart of the hydrocarbon flame bands was
served by Milligan and Jacox17,18 and assigned to the
B̃ 2A8←X̃ 2A8 andC̃ 2A9←X̃ 2A8 systems. The bound an
resonance states of the molecule, especially the ground
and theB̃ 2A8 excited state, have been extensively stud
using laser-induced fluorescence,19,20 resonance two-photon
ionization,21 fluorescence excitation,22,23stimulated emission
pumping,22,24 and disperse fluorescence24 spectroscopy in
gas phase and jet-cooled HCO. The equilibrium CO bo
distance in theB̃ 2A8 andC̃ 2A9 excited states was found t
be larger and the bond angle smaller than in the ground s
This gives rise to two progressions in both the bending a
the CO stretching modes. Despite the extensive invest
tions, issues such as the assignment of the proper ben
and stretching frequencies in theB̃ 2A8 state or the presenc
of bands belonging to theC̃ 2A9 state at low energies ar
still under controversy~see discussion in Ref. 22!.

A number of theoretical studies have helped to und
stand the experiments. Since the early work by Walsh,25 that
correctly predicted the electronic configuration and the b
structure of the ground state, the most extensive set of s
ies on the different electronic states of the system has b
carried out by Peyerimhoff and co-workers.26–31Other initial
ab initio studies used small basis and CI spaces.32,33 Calcu-
lations on molecular potential energy hypersurfaces h
also been performed. The first realistic surface for the gro
state was obtained by Bowmanet al.34 at the SDCI1Q level
2 © 1998 American Institute of Physics
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using more than 2000 geometries. The empirically correc
ab initio surface has been employed for different tim
independent and time-dependent dynamical calculations35–37

obtaining qualitatively correct results. Recently, a more
curate and fully ab initio ground state surface has been
tained by means of the CASSCF/ICCI1Q method and large
basis sets.38 To our knowledge no equivalent studies ha
been performed on the excited states surfaces, except fo
recent study on theÃ 2A9 state.39 Geometries, energies, an
harmonic frequencies have however been reported.40,41

II. METHODS

A. Ab initio calculations of the potential energy
surfaces

The CASSCF method and multiconfigurational seco
order perturbation theory, CASPT2, were used to comp
the electronic potential energy surfaces in the formyl rad
system. Energies were computed at the CASPT2 level w
the remaining parameters have been calculated at
CASSCF level. The CASPT2 method42–44 calculates the
first-order wave function and the second-order energy wi
CASSCF wave function constituting the referen
function.45 Recently, a level shift technique has be
introduced,42,46 the so-called LS-CASPT2 approach, whic
can eliminate the effect of weak intruder states common
many calculations on excited states. After careful testing
different values of the level shift parameter, a value of 0
a.u. has been used in all the states. The CAS state intera
method~CASSI! was used to compute transition propertie47

at the CASSCF level. Intensities~oscillator strengths! were
obtained by combining the CASSCF transition mome
with CASPT2 evaluated excitation energies, a method wh
in a number of previous applications has proven to give
curate results.42,48

The selection of the proper active space is the cru
step in the CASSCF/CASPT2 approach. In general, the
tive space should include all orbitals with occupation nu
bers appreciably different from two or zero in any of t
excited states under consideration. This means that all n
degeneracy effects are included in the CASSCF refere
function, and consequently there will be no large terms in
perturbation expansion. The ground state of the HCO rad
has an electronic structure which might be described as
lows ~Cs symmetry!:

~1a8!O1s
2 ~2a8!C1s

2 ~3a8!O2s
2 ~4a8!COs

2 ~5a8!CH
2 ~6a8!O2p

2 ~1a9!CO
2 ~7a8!C2p

1 .

The subindex corresponds to the predominant characte
the orbital. The valence active space is completed by
(2a9)CO*

0 , (8a8)CO*
0 , and (9a8)O3p

0 orbitals. When high ac-
curacy is desired there are small effects regarding the se
tion of the active space to take into account. Some preli
nary studies have to be performed to obtain a pro
selection. The 1a8 and 2a8 core orbitals will be kept inactive
together with the 3a8 orbital ~mainly composed by the 2s
orbital of the oxygen! because they have occupations close
two in all the studied states. Calculations on the ground s
using the valence active space, inactive~3,0!, active ~6,2!,
with the labels in parentheses representing the number oa8
Downloaded 29 Jan 2010 to 147.156.182.23. Redistribution subject to AI
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anda9 orbitals, respectively, where the 8a8 and 9a8 orbitals
were the correlating orbitals for the COs bond and the O2p

lone pair. The 7a8 orbital is singly occupied in the groun
state. It is essentially the in-plane carbon 2p orbital, includ-
ing important CO bonding character. TheB̃ 2A8 state can be
approximately described as obtained from the ground s
by promoting one electron from the 6a8 to the 7a8 orbital.
The former becomes a singly and the latter a doubly oc
pied orbital. In this case the correlating orbitals within t
active space in thea8 symmetry were mainly the antibondin
COs and C3p,CH* orbitals. In order to have a consistent a
tive space for both states we included a new orbital ofa8
symmetry, leading to an active space~7,2! with nine active
electrons. In this way, the character of the orbitals in
active space is therefore the same in both states. In pract
turned out that even for the proper description of the grou
state vibrational frequencies it was important to have an
bital correlating the doubly occupied CH bonding orbita
The states have been computed as the first and second r
respectively, of 2A8 symmetry in separate state-speci
CASSCF calculations.

For the vertical calculations at the ground state equi
rium geometry we wanted to study a larger number of b
valence and Rydberg states. In this case we use the val
active space plus three orbitals ofa8 symmetry and one or-
bital of a9 symmetry, corresponding to the 3s, 3p low-lying
Rydberg orbitals. This active space, used exclusively in
vertical calculations of Sec. III A, is therefore labeled~9,3!.

To calculate the potential energy surfaces in the grou
and B̃ 2A8 excited states we used atomic natural orbi
~ANO! type basis sets49 contracted to@4s3p2d1 f # for car-
bon and oxygen and@3s2p1d# for hydrogen. For the vertica
calculations at the ground state geometry these basis
were supplemented with a@1s1p1d# set of Rydberg type
functions. The latter were determined following the proc
dure described earlier48 and placed at the charge centroid
the 1A8 HCO cation.

The potential energy surfaces were computed on a th
dimensional grid around the CASSCF minima of bo
ground and excited states. Six different values for the
length and five different values for the CO length and HC
bond angle were employed, using an interval of 0.025 b
and 2.5 deg, respectively. Additionally, several geometr
computed for larger values of the CH length coordinate h
been included to account for the large anharmonicity effe
related to that coordinate. A total number of 171 nucle
geometries were used for each of the two computed state
addition to the energies, the transition dipole moments h
been computed at all the geometries.

The vibrational modes are numbered following Mullik
en’s convention50 in order of decreasing frequency withi
each symmetry species. Vibrational modes of similar char
ter for different electronic states may then be numbered
ferently, and comparison to other studies should be m
with caution.

The calculations have been performed with t
MOLCAS-3 ~Ref. 51! program package on IBM RS/600
workstations.
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



fi
lls
-
se
nc
ia
ic
d
is
e

fo
s-
nt
ic
d
a

rd
t o

th
th

th
ll
fo
it

as
w
c

e
th
ed

ed
o
re
be
ra
io

a
th
rd
fix

ar
nic
F
r-
an-

s,
the
lae

ass
the
and

ten-
ion

in

d
nt

ly
im-
for

ple
ap-
hs

-
re
ote

ave
es

ile;
as

ice

he
e
p-

de-
op-
he
don

lve
nd
y a
ey

n-

7204 J. Chem. Phys., Vol. 108, No. 17, 1 May 1998 Serrano-Andrés, Forsberg, and Malmqvist
B. Analytical representation and vibrational
calculations

The chosen grid was considered to be adequate for
ting potential surfaces of local validity in the potential we
around theX̃ and B̃ minima. Basically, a third-degree poly
nomial in the internal stretch and bend coordinates was u
However, fourth-order terms were added for the CO dista
and for the bending angle. The resulting 22-term polynom
is still much too inflexible to give a good surface, if the bas
variables are chosen to be the bond distances and ben
angle directly. We used exponential functions of the d
tances as bond stretch variables, and as bending variabl
cosine of the angle, i.e.,

V~r 1 ,r 2 ,u!5 (
k51

22

Ckx1
akx2

bkx3
ck,

x1512exp~2a1~r 12r 1e!!,

x2512exp~2a2~r 22r 2e!!,

x35cos~ue!2cos~u!,

where suitable values ofa1 and a2 were determined by
some early experiments and then kept fixed. The above
mulas also contain the initially unknown equilibrium di
tances. However, changes in these values are equivale
mere scaling and translation of the basic variables, wh
does not affect the fitted function. The root-mean-square
viation of the fitted function from the computed energies w
approximately 1025 a.u. for both states.

The vibrational spectrum~for a nonrotating molecule!
was computed in two different ways. Initially, the standa
harmonic approximation expressions, including the effec
the anharmonicities, were employed.52 In addition, the vibra-
tional spectrum was obtained by a variational solution of
J50 Schrödinger equation using a basis set consisting of
joint set of harmonic oscillator~HO! wave functions for the
two states. The basis sets comprised all HO states wi
quantum number sum up to a certain limit. The variationa
computed energies agree with the perturbation formula
the lowest states with a precision that first increases w
larger basis sets. However, when the basis set is incre
further, we observe a deterioration of the results, which
ascribe to the failure of accounting properly for linear stru
tures. We will use the more accurate variational procedur
account for the low-energy spectrum for the absorption to
B̃ 2A8 state, while the harmonic approximation will be us
in the remaining situations.

The lowest derivatives, up to fourth order, of the fitt
potential functions were computed at the minima. Most
the fourth derivatives are not individually optimized but a
determined, due to the nonlinear transformation descri
above, by the lower derivatives. Nevertheless, the accu
of the fit gives some confidence that the quartic expans
can be used for the vibrational analysis.

In the vibrational analysis, the standard intern
coordinates—the change from equilibrium in bond leng
and angle—were used. The dimensionless normal coo
nates that enter the analysis are thus, for each state, a
Downloaded 29 Jan 2010 to 147.156.182.23. Redistribution subject to AI
t-

d.
e
l

ing
-
the

r-

to
h
e-
s

f

e
e

a
y
r
h
ed
e
-
to
e

f

d
cy
n

l
s
i-
ed

linear combination of such internal coordinates. The line
combinations are determined from a conventional harmo
vibrational analysis, closely following the so-called G
method of Wilsonet al.53 However, the coordinates are cu
vilinear, i.e., the mass tensor is not constant, so for the
harmonicity we did not want to use the standard formula52

which assume coordinates that depend linearly on
Eckart-frame cartesian coordinates. Corresponding formu
were derived, which also include the derivatives of the m
tensor due to nonlinearities. We found, however, that
additional terms, in the present case, were very small
could just as well have been neglected.

C. Vibrational intensities

Functions of the same type as those used for the po
tials were fitted to the dipole moment and to the transit
dipole moment components,my andmz , for B̃←X̃. Strictly
speaking, the angular variable should now have been su
rather than cosu for the z component~The internal frame is
oriented with they axis in the direction of the CO bond, an
thez axis is perpendicular to it, with CH in the third quadra
of the yz plane.! The fit is good, however,
(rms error51023) and since only angles considerab
smaller than 180° are of interest in this study, we have s
plified the procedure by using the same set of functions
all the properties studied.

Approximate spectra were computed with a very sim
model. Harmonic oscillator wave functions were used as
proximate vibrational wave functions. Oscillator strengt
were then computed as

f 5 2
3DE~^x f umyux i&

21^x f umzux i&
2!,

wherex f andx i are final and initial vibrational wave func
tions, andmy andmz are the transition moments. These a
functions of the internal coordinates, and the brackets den
integration over these coordinates. Use of harmonic w
functions is such a crude approximation that only two typ
of approximate treatments of the integrals are worthwh
treating the transition moment functions in the integrands
constants, or as linearly varying functions. The first cho
immediately gives

f 5 2
3DE~my

21mz
2!Sf i

2 ,

which is the Franck–Condon approximation where t
Franck–Condon factorSf i is an overlap matrix element. Th
second choice, frequently called the ‘‘double harmonic’’ a
proximation, can be computed similarly, since the linear
pendence can be expressed in terms of oscillator ladder
erators which create or annihilate a single quantum. T
result can therefore be expressed in terms of Franck–Con
factorsSf j involving intermediate statesj that differ from i
by at most a single excitation.

The Franck–Condon factors used in this study invo
only displaced harmonic oscillators with three variables a
fairly low quantum numbers. These can be computed b
number of well-known methods. However, in this case th
were obtained by a program using a new algorithm.54 One
feature of this method is that the overlap matrix, which co
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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TABLE I. Qualitative description of the electronic valence states of the CO and HCO systems using their main electronic configurations.

Lineara Bentb,c

CO X 1S1 (1p)CO,O2p
4 (5s)C2s

2

HCO 2S1
(1p)CO,O2p

4 (5s)CH
2 (6s)CH*

1 HCO 2A8 (5a8)CH
2 (1a9)CO

2 (6a8)O2p
2 (7a8)CH*

1
.

CO a 3P(1p)CO,O2p
4 (5s)C2s

1 (2p)CO* ,C2p
1

HCO 2P
(1p)CO,O2p

4 (5s)CH
2 (2p)CO* ,C2p

1 HCO X 2A8 (5a8)CH
2 (1a9)CO

2 (6a8)O2p
2 (7a8)C2p

1

HCO A 2A9 (5a8)CH
2 (1a9)CO

2 (6a8)O2p
2 (2a9)CO*

1

CO p→p* (1p)CO,O2p
3 (5s)C2s

2 (2p)CO* ,C2p
1

HCO (1p)CO,O2p
3 (5s)CH

2 (2p)CO* ,C2p
2 HCO B 2A8 (5a8)CH

2 (1a9)CO
2 (6a8)O2p

1 (7a8)C2p
2

HCO C 2A9 (5a8)CH
2 (1a9)CO

1 (6a8)O2p
2 (7a8)C2p

2

HCO 2,4A8 (5a8)CH
2 (1a9)CO

2 (6a8)O2p
1 (7a8)C2p

1 (2a9)CO*
1

HCO 2,4A8 (5a8)CH
2 (1a9)CO

1 (6a8)O2p
2 (7a8)C2p

1 (2a9)CO*
1

aThe leading (1s)2(2s)2(3s)2(4s)2... are omitted.
bThe leading (1a8)2(2a8)2(3a8)2(4a8)2... are omitted.
cOrbitals called O 2p and C 2p actually have strong contributions from C 2p and O 2p, respectively. O 2p is CO bonding, and C 2p is CO antibonding.
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tains the Franck–Condon factors, is obtained as the pro
of a lower-triangular and an upper-triangular matrix,S5LU ,
and similarly for other properties, the matrix elements
obtained as the productLXU , where X is the matrix ele-
ments of some propertyX computed over one single, cen
trally placed set of harmonic oscillator wave functions. T
significance is that this formula is exact if the ‘‘centra
matrix elements are exactly given. This implies that, to o
tain the highest accuracy, the constant and/or higher o
derivatives ofmy andmz should be evaluated at the equilib
rium geometry of this midpoint oscillator. The final resu
presented here for the vibrational intensities include der
tives up to fourth order of the electronic transition moment
the expression for the vibronic transition moments. T
higher order terms, however, turned out to be of minor i
portance in the calculation of the intensities.

As previously explained, the variational method to co
pute the vibrational spectrum is used to describe the l
energy spectrum of the absorption to the HCOB̃ 2A8 state.
The use of this approach seems important in a case like H
where the CH stretch mode has large anharmonic cor
tions. The initial experiments showed that bands belong
to progressions in the first mode in theB̃ 2A8 state of HCO
were visible in the spectrum only when the variational a
proach was used.

The theoretical spectra computed in the present st
were convoluted with a Lorentzian function of full width a
half maximum,55 G5h/(4pT2), corresponding to a fictitious
lifetime T25130 fs, to account for the finite experiment
resolution and for the degrees of freedom, e.g., rotation,
considered here.

III. RESULTS AND DISCUSSION

A. The spectrum of the formyl radical

The formyl radical is formed by photolysis of acetald
hyde in a highly vibrationally excited triplet state.56 The
electronic structure of the low-lying states of HCO can ho
ever be better understood starting from the electronic st
ture of the CO molecule.32 The ground state of CO,1S1

essentially has the configuration@core# (3s)2 (4s)2 (1p)4
Downloaded 29 Jan 2010 to 147.156.182.23. Redistribution subject to AI
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(5s)2, with the 5s orbital as a carbon lone pair. Approach
ing the hydrogen atom along a linear path to the carb
results in the2S1 state of HCO. The 5s orbital becomes the
CH bonding orbital and the singly occupied 6s orbital be-
comes the CH antibonding orbital. Another close state can
formed starting from the first excited state in CO, thea 3P
state, with the configuration@core# (3s)2 (4s)2 (1p)4

(5s)1 (2p)1. The approach of the hydrogen in the sam
way as before leads to a state with a doubly occupieds
orbital, the2P state of HCO. In this state the CH bond
stronger because of the addition of one electron to the
bonding orbital. Due to the Renner–Teller effect the2P state
in linear HCO will split into two states along the bendin
coordinate. Following Walsh’s rules thep orbitals will also
split into one strongly stabilizeda8 orbital and onea9
orbital.32 As was shown by calculations26 a long time ago,
the 2P state becomes lower in energy than the2S1 state,
and therefore the states resulting from the Renner–Te
splitting are theX̃ 2A8 ground state and the first excite
Ã 2A9 state. The2S1 state has higher energy an it
strongly destabilized by the bending.29

Table I describes the excited states of HCO that re
from the p→p* excited states of CO with electronic con
figuration, @core# (3s)2 (4s)2 (1p)3 (5s)2 (2p)1. In the
bent HCO molecule thep orbitals split into onea8 and one
a9 orbital. The possible combinations are compiled in Ta
I together with the correlating CO states. Table II compi
the computed data for the valence and Rydberg doublet
quartet states of the formyl radical at the ground state e
librium geometry. More extensive theoretical studies of
abatic surfaces and conical intersections are available.27–31

The present calculations only aim at giving an accurate p
ture of the vertical absorption spectrum of the molecule.

The obtained CASPT2 results for the vertical excitati
energies do not strongly differ from those report
previously26,32 for the low-lying states. The lowest excite
state is computed to be theÃ 2A9 state at 2.07 eV with an
oscillator strength 0.002. TheÃ 2A9←X̃ 2A8 transition is
known as the red absorption system5 and has been exten
sively studied. TheÃ 2A9 state has a linear equilibrium ge
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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Downloaded 29 Jan
TABLE II. Calculated and experimental excitation energies~DE, eV!, oscillator strengths (f ), transition
moment directions (TMdir, °!, dipole momentsm ~D!, and dipole moment directions~mdir , °!, for the excited
doublet and quartet states in HCO at the ground state equilibrium geometry.

State

Excitation energies

f TMdir
a m mdir

a

Other calculations

CAS PT2 Expt DEb DEc f c

1 2A8(G.S.)d ¯ ¯ ¯ ¯ ¯ 1.62 136 ¯ ¯ ¯

1 2A9(7a8→2a9)d 3.39 2.07 2.0–2.2e 0.002 ¯ 1.33 129 2.33 1.90 0.003
2 2A8(7a8→3s) 6.33 5.45 ¯ 0.028 211 3.10 175 5.68 5.43 0.020
1 4A9(6a8→2a9) 6.68 6.19 ¯ ¯ ¯ 0.54 129 ¯ 5.73 ¯

3 2A8(6a8→7a8)d 7.66 6.25 4.8–5.9f 0.021 237 1.29 253 6.55 6.49 0.029
4 2A8(7a8→3py) 7.08 6.33 ¯ 0.007 239 1.41 183 ¯ 6.37 0.003
5 2A8(7a8→3pz) 7.27 6.34 5.4–6.7g 0.039 256 4.62 176 ¯ 6.48 0.013
2 2A9(7a8→3px) 7.08 6.60 5.4–6.7g 0.002 ¯ 0.60 187 7.00 ¯ ¯

1 4A8(1a9→2a9) 8.24 6.70 ¯ ¯ ¯ 0.72 262 ¯ 6.00 ¯

3 2A9(1a9→7a8)d 7.62 7.06 ¯ 0.003 ¯ 1.88 263 8.04 8.18 0.012
4 2A9(6a8→2a9) 9.07 7.56 ¯ 0.016 ¯ 0.52 278 ¯ 7.70 0.006
6 2A8(1a9→2a9) 10.00 8.11 ¯ 0.003 266 1.00 259 ¯ 8.41 0.041
2 4A9(5a8→2a9) 9.64 8.88 ¯ ¯ ¯ 1.18 282 ¯ ¯ ¯

aFor the relative definition of the angle seeu in Fig. 1.
bSelected CI calculations~Ref. 32!.
cCI calculations~Ref. 26!.
d1 2A8: X̃ 2A8, 1 2A9: Ã 2A9, 3 2A8: B̃ 2A8, 3 2A9: C̃ 2A9. See text.
eRed band system. It involves the weakÃ 2A9 state~Refs. 7, 8, 17!.
fHydrocarbon flame bands. It mainly involves progressions of theB̃ 2A8 state~Ref. 21!.
gAssigned to the transition to 3p 2P in the linear molecule~Ref. 57!.
r–
ow
-

o
h

le
ro
ar
-

hi

e

na
iv

th
di
d
.

at

s
ie
l

-

r of

is
sly

th
6°.

d
ing
t to
P2

e to
-

-
e in
tical
e

y

be-
ometry and strong vibronic coupling through a Renne
Teller interaction with the ground state and has been sh
to have a rapid predissociation.10 The calculated vertical ex
citation energy of the second excited state, the2A8 3s Ryd-
berg state, is 5.45 eV and it has an oscillator strength
0.028. This is in agreement with previous calculations. T
3s state has its global minimum at a linear geometry29 and
crosses with theB̃ 2A8 state along different paths. The ro
of the 3s state in the predissociation observed in the hyd
carbon flame bands of HCO was suggested by the e
study of Brunaet al.26 Recently calculations show the com
plex structure of the potential energy surfaces in t
region.29

The next doublet excited state in the vertical spectrum
the B̃ 2A8 valence state. The computed energy is 6.25
and the oscillator strength 0.021, close to that of the 3s state.
It has been reported that, except for its lower vibratio
states, theB̃ 2A8 state presents an important predissociat
behavior for higher vibrational states.19–21 A recent laser in-
duced fluorescence study by Lee and Chen20 observed a de-
crease in the lifetimes of theB̃ 2A8 state with the increase in
the rotation on thea axis, implying a Coriolis interaction
leading to the continuum of another state, most likely
Ã 2A9 state, which is also strongly predissociating. An ad
tional mechanism for predissociation was also suggeste
even higher energy, maybe involving another state20

Dixon15 identified the transition observed in matrix
41 270 cm21 as the origin of theC̃ 2A9 state and Jacox18

assigned the observed progressions to vibrational level
this state, which would have the fundamental frequenc
1200 cm21 and 960 cm21 for its second and third vibrationa
modes, respectively. More recent investigations21,22 show
that these bands belong to theB̃ 2A8 state and can be as
 2010 to 147.156.182.23. Redistribution subject to AI
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signed to progressions in one quanta of the first oscillato
the B̃ 2A8 state. The existence of theC̃ 2A9 state below
42 300 cm21 has been questioned.22 Our vertical computed
energy for theC̃ 2A9 is 7.06 eV and the oscillator strength
0.003. This excitation energy is lower than those previou
computed, 8.18 eV~Ref. 26! and 8.04 eV~Ref. 32!.

We have optimized theC̃ 2A9 state by the fitting proce-
dure. The resulting equilibrium geometry is CH bond leng
1.114 Å, CO bond length 1.464 Å, and bond angle 101.
The computed harmonic frequencies are 2854 cm21,
1374 cm21, and 883 cm21, and correspond to the CH an
CO stretchings and the HCO bending, respectively, chang
the character of the second and third mode with respec
the B̃ 2A8 state. These results compare well to the UM
and CASSCF values reported by Franciscoet al.40 In all
cases the CH bond and HCO angle values remain clos
those of theB̃ 2A8 state and only the CO bond length in
creases~0.08 Å at the CASPT2 level!. The most intense pro
gression should be expected to involve the second mod
the absorption process. The computed energies are ver
7.19 eV,Te 5.17 eV, andT0 5.13 eV. These results place th
band origin for the C̃ 2A9 state 0.5 eV ~more than
4000 cm21! above theB̃ 2A8 origin. This result is in agree-
ment with the experimental data, which suggest theC̃ 2A9
origin should be at least 3 650 cm21 above the 38 695 cm21

transition ~B̃ 2A8 origin!, that is, higher than 42 345 cm21,
discarding Dixon15 and Jacox’s18 assignment. These energ
differences do not rule out the possible role of theC̃ 2A9
state on the predissociation mechanism of theB̃ 2A8 state.

We have computed other excited states which are
lieved not to have an important interaction with theB̃ 2A8
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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TABLE III. Experimental and theoretical structural~Å and deg! and spectroscopic constants (cm21) for the ground (X̃ 2A8) state of the HCO molecule.a

Experimental Theoretical

M69b D69c A74d H86e M86f S90g T95h B86i C88j F92k M94l W95m Presn

v1 2768 2790 2815 2825 3130 2660 2713
v2 1862 1920 1875 1903 1997 1989 1955 1877
v3 1093 1126 1101 1156 1159 1233 1182 1107
x11 2140 2165 286 2134
x22 217 213 212 211 213
x33 213 214 212 211 215
x12 222 1 1 3
x13 227 249 221 27
x23 210 24 24 22 25
n1 2483 2440 2435 2435 2448 2642 2446 2443
n2 1863 1868 1868 1881 1885 1975 1844 1851
n3 1087 1081 1087 1093 1104 1126 1081 1072
rCH 1.110 1.119 1.120 1.114 1.094 1.111 1.118 1.11
rCO 1.171 1.175 1.195 1.175 1.178 1.188 1.182 1.18
HĈO 127.4 124.4 124.5 125.6 124.9 124.0 124.5 124.9

aOrder of the oscillators:n1 CH stretching,n2 CO stretching, andn3 HCO bending.
bIR and UV spectra in CO and argon matrices~Refs. 4, 17!.
cFit of matrix data including anharmonicities for the CH stretching~Ref. 16!.
dMicrowave spectroscopy~Ref. 2!.
eRe parameters~Ref. 58!. R0 values measured 1.125 Å, 1.175 Å, and 125.0 deg, respectively~Ref. 8!.
fPhotoelectron spectroscopy in gas phase~Ref. 64!.
gLaser induced fluorescence in gas phase~Ref. 19!.
hDispersed fluorescence in jet-cooled HCO~Ref. 24!.
iSDCI1Q/DZP calculations. Then’s were computed using an empirically corrected surface~Ref. 34!.
jSDCI/TZP calculations. Anharmonicities SCF/TZP~Ref. 65!.
kCASSCF/6-311G* calculations~Ref. 40!.
lCASSCF/SOCI/TZP calculations~Ref. 41!.
mICII1Q/VQZ3P12f calculations~Ref. 38!.
nPresent CASPT2/VTZ2P1f calculations.
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state. The Rydberg states to 3p-type orbitals are compute
from 6.33 to 6.60 eV. The2A8 (3pz) state at 6.34 eV has th
largest oscillator strength of the computed vertical spectr
0.039. This state forms a Renner–Teller pair together w
the 3px state. It has been suggested that diffuse features
served more than 6000 cm21 above theB̃ 2A8 origin corre-
spond to a weak continuum underlying transition to t
3p 2P linear state.57

The mixing of theX̃ 2A8 state with the low-lying quarte
state has also been considered as a possible explanatio
the observed predissociation.19 A recent theoretical study by
Manaa and Yarkony41 addressed the possibility of a spin
orbit induced perturbation of the low-lying vibrational leve
of theB̃ 2A8 state due to the close presence of the 14A9 state
minimum only 1500 cm21 above theX̃ 2A8 minimum. A
weak spin–orbit interaction was found with the 14A8 state,
formally a double excitation from theB̃ 2A8 state. We have
computed the vertical excitation to the 14A9 state to be 6.19
eV. This is a valence state mainly described by the excita
6a8→2a8. The next quartet of the same symmetry is als
valence state computed at 8.88 eV~cf. Table II!. The 14A8
state, on the other hand, has been computed at 6.70
somewhat higher than the previous CI calculation at 6
eV.26 This state is not expected to play an important role
the B̃ 2A8 state photophysics.

Several experimental observations at low energy h
been related to the states of the linear HCO~Ref. 29! and
they will not be discussed here.
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B. The ground X̃ 2A 8 in HCO and its isotopomers

The lowest energy potential surface of the formyl radic
has been the subject of several experimental and theore
studies. Table III summarizes the most important experim
tal and theoretical structural and vibrational parameters
the ground (X̃ 2A8) state of the formyl radical molecule
together with the present CASPT2 values.

The ground state equilibrium geometry of HCO has
unusually long CH bond length. The value obtained by m
crowave spectroscopy is 1.110 Å.2 More recent investiga-
tions report a value forr e of 1.119 Å.58 The dissociation
energy along the CH stretching coordinate is conseque
small, 18 kcal/mol.59,60 The bond length can be compared
the CH bond in H2CO, 1.102 Å.6 This is somewhat shorte
since the new electron in formaldehyde is placed in the 7a8
HCO orbital, which changes from C2p to CH bond character
in H2CO. The measured values of the CO bond length a
the HCO angle are 1.175 Å~Ref. 8, 58! 125.0°~Ref. 8! and
124.4°,58 respectively. All the theoretical studies on th
formyl radical ~cf. Table III! basically agree with the re
ported experimental data. The best agreement is obtaine
the most recent calculations by Werneret al.38 and the
present CASPT2 results. Both are performed with high qu
ity methods such as ICCI1Q and CASPT2. In both cases th
CO length, 1.182 Å and 1.183 Å, respectively, is predicted
be almost 0.01 Å larger than the available experimen
value, 1.175 Å. The results can be compared to the CO b
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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TABLE IV. Experimental and theoretical spectroscopic constants (cm21) for the ground (X̃ 2A8) state of isotopically substituted HCO molecules.a

Experimental Theoretical

M69b D69c L81d D69c H86c D69c H86c B86f C88g
Presenth

DCO C13CO H13CO HC18O DCO DCO DCO D13CO H13CO HC18O

v1 2068 2047 2759 2054 2129 2025 2002 2705 2713
v2 1820 1789 1821 1861 1929 1831 1803 1836 1831
v3 849 842 1087 897 901 859 851 1100 1103
x11 258 263 2139 226 251 258 2133 2134
x22 28 29 29 212 212
x33 23 210 210 215 215
x12 244 246 230 3 3
x13 211 29 28 27 27
x23 214 0 1 24 24
n1 1926 1937 1910 1910 2437 2441 1930 2049 1894 1867 2437 244
n2 1803 1800 1795 1780 1829 1821 1824 1809 1883 1789 1770 1811 18
n3 850 852 847 845 1074 1084 1076 865 882 835 828 1065 106

aOrder of the oscillators:n1 CH stretching,n2 CO stretching, andn3 HCO bending.
bIR and UV spectra in CO and argon matrices~Refs. 4, 17!.
cFit of matrix data~Ref. 3! including anharmonicities for the CH stretching~Ref. 16!.
dLaser magnetic resonance data~Ref. 69!. Absorption spectroscopy forn3 ~Ref. 8!.
eFit of matrix data~Ref. 17! corrected for matrix shifts~Ref. 58!.
fSDCI1Q/DZP calculations~Ref. 34!.
gSDCI/TZP calculations. Anharmonicities SCF/TZP~Ref. 65!.
hPresent CASPT2/VTZ2P1f calculations.
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length in the CO molecule, 1.128 Å in theX 1S1 ground
state and 1.209 Å in thea 3P first excited state.62 The de-
crease in the bond length from 1.209 Å in the originala 3P
state of CO to theX̃ 2A8 state of HCO can be understood
an electron leaving a CO antibonding orbital~cf. Table I!. At
the ground state CASPT2 optimized geometry the compu
rotational constants areAe 24.75 cm21, Be 1.48 cm21, and
Ce 1.40 cm21. These results are in good accord with rece
experimental values,63 A0 24.33 cm21, B0 1.49 cm21, and
C0 1.40 cm21.

The most recent experimental measurements of the H
ground state vibrational fundamentals confirm the we
known character of each normal mode. The CH stretch
fundamental has been measured to ben1 2440 cm21 ~Ref.
64! and 2435 cm21.10,19,24The error interval is larger for the
measured frequency of the CO stretching,n2 1868 cm21

~Refs. 19, 64! and 1881 cm21.24 Finally, the measured value
for the fundamental frequency corresponding to the H
bending mode n3 are 1081 cm21,64 1087 cm21,19 and
1093 cm21.24 Comparing the experimental to the theoretic
results, again the ICCI1Q ~Ref. 38! and the CASPT2 value
have the best overall agreement. The results of We
et al.38 are expected to be the most accurate, due to the n
ber of geometries considered and the quality of the meth
The theoretical results tend to support the 1868 cm21 value
for the CO stretching bond. In our calculation of the HC
ground state modes we observe thatn1 andn3 can clearly be
characterized as the CH stretching and HCO bending mo
~95% and 97% in the composition of the eigenvectors,
spectively!, while n2 has 80% of contribution of the CO
stretching and 19% of the HCO bending. The comparison
the harmonic frequencies is not so favorable. The error b
in this case are very large. The harmonic frequency for
bending mode,v3 has been reported by experiment
Downloaded 29 Jan 2010 to 147.156.182.23. Redistribution subject to AI
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1093 cm21 ~matrix!,16 1126 cm21,64 and 1101 cm21.19 On
the other hand, the reported values for the CO mode
1862 cm21 ~matrix!,16 1920 cm21,64 and 1875 cm21.19 All
the previous theoretical studies obtain values for these
rameters even larger than the largest experimental value~ex-
cept Bowmanet al.34 for v2!. The CASPT2 results agre
well with the most recent laser induced fluorescence stud
Sappey and Crosley.19 The overall disagreement is larger fo
the CH stretching harmonic frequency. The previous theo
ical values, except for the CASSCF/SOCI calculations
Manaa and Yarkony,41 are too high while CASPT2 compute
a low value of 2713 cm21. It is not surprising that the anhar
monicity term is most important for the CH stretching mod
Dixon16 estimatedx11 to be2140 cm21 and Murrayet al.64

2165 cm21. These values can be compared to286 cm21

computed by Claboet al.65 and 2134 cm21 computed for
the CASPT2 surface. The large anharmonic correction in
CH stretching frequencies ~between 200 cm21 and
350 cm21! is a consequence of the weakness of the CH b
and the low energy dissociation channel.

Table IV compiles the experimental and theoretical d
for several isotopically substituted HCO molecules. To co
pute our values we have made the assumption that the e
librium geometry does not change upon isotopic subst
tions. As expected, the largest observed and compu
isotope shifts are forn1 , CH ~CD! stretching, on deuteration
The agreement between theoretical and experimental va
is good once matrix effects have been considered. On d
teration, the value ofx11 decreases dramatically, as well a
the whole role of the CH~CD! anharmonicity in the vibra-
tional spectrum. Regarding the other anharmonic consta
due to spectral congestion64 no experimental values hav
been reported for the ground state of DCO except the d
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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TABLE V. Experimental and theoretical structural~Å and deg! and spectroscopic constants (cm21) for the
excitedB̃ 2A8 state of the HCO and DCO molecules.a

HCO DCO

Experimental Theoretical Expt Theo

D69b M69c C92d A93e S94e T79f F92g M94h Presi C92d Presi

v1 2798 3125 2933 2825 2069 207
v2 1412 1209 1448 1400 1240 121
v3 1107 1510 1127 1081 944 94
x11 276 296 248 252
x22 5 29 27 24
x33 29 212 24 28
x12 264 23 226 29
x13 233 31 230 4
x23 216 213 1 28
n1 2597 2596 2646 1944 196
n2 1375 1382 1381 1386 1213 119
n3 1035 1066 1066 1056 922 92
T0 38691 38695 38695 38696 31858 37511 37325 38628 37
rCH 1.16 1.154 1.097 1.110 1.110
rCO 1.36 1.460 1.371 1.384 1.382
HĈO 111 103.0 106.1 105.1 104.6

aOrder of the oscillators:n1 CH stretching,n2 HCO bending andn3 CO stretching. The same assignment f
DCO.

bValues in argon matrix. The CH distance is an assumed value~Ref. 15!.
cMatrix-isolation values~Ref. 17!.
dResonance ionization spectroscopy in jet-cooled HCO~Ref. 21!.
eFluorescence excitation spectrum in gas phase~A93! ~Ref. 22! and in supersonic jet~S94! ~Ref. 23!.
fSelected SDCI calculations.T0 is hereTe ~Ref. 32!.
gCASSCF/6-311G* calculations~Ref. 40!.
hCASSCF/SOCI/TZP calculations.T0 is hereTe ~Ref. 41!.
iPresent CASPT2/VTZ2P1f calculations.
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from Dixon,16 which only include CH stretching anharmo
nicities. A large value forx12 is observed even using such a
approach (232 cm21). The same conclusion is obtained b
Clabo et al.65 who compute a value of244 cm21. The
CASPT2 values forx12 in DCO is246 cm21 and230 cm21

for D13CO. This is a consequence of the enhanced mixing
the CO and CD stretches in DCO due to the proximity ofn1

andn2 . The vibrational constants for other isotopomers su
as H13CO or HC18O do not strongly vary from the HCO
ground state values.

C. The excited B̃ 2A 8 state in HCO and DCO

Table V lists the available experimental and theoreti
structural and spectroscopical parameters for the exc
B̃ 2A8 state of the HCO and DCO molecules, including t
present CASPT2 computed values. The only experime
value of the equilibrium geometry of the valenceB̃ 2A8 ex-
cited state is the old estimate of Dixon,15 obtained by fitting
of the rotational parameters. The CO bond length was de
mined to be 1.36 Å and the HCO angle 111°. Noting th
there was no evidence for excitation of the CH stretch
fundamental in the analyzed bands, Dixon assumed tha
CH bond had the same length in both the ground and
excited state. He used a value of 1.16 Å, which has b
proved to be too long. The assumption that the CH len
does not basically change from the ground to the exc
state seems to be confirmed by the CASPT2 calculatio
which compute values of 1.112 and 1.110 Å, respective
 2010 to 147.156.182.23. Redistribution subject to AI
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As seen in Table I the CH bond is not involved in the ex
tation B̃ 2A8←X̃ 2A8. Dixon’s estimate15 of the CO bond
length is in good agreement with the CASPT2 compu
value of 1.382 Å. This is considerably longer than in t
ground state, a fact also reflected in the orbital composit
The excited electron goes from a CO bonding orbital in
ground state to a CO antibonding orbital in the excited sta
The HCO radical is also more bent than in the ground st
The CASPT2 computed value of 104.6° is even smaller th
the estimated value of 111°.15 Previous theoretical calcula
tions on the B̃ 2A8 state geometry were performed wit
poorer methods or basis sets32,40 and some discrepancie
with the CASPT2 results are appreciable~cf. Table V!. The
agreement is better with the CASSCF/SOCI results of Ma
and Yarkony.41 At the B̃ 2A8 CASPT2 optimized excited
state geometry the computed rotational constants
Ae16.38 cm21, Be1.18 cm21, and Ce1.10 cm21. These re-
sults are in good accord with the most recent experime
values,20 A016.00 cm21, B01.16 cm21, andC01.07 cm21.

Milligan and Jacox17 assigned then2 vibrational levels
of the B̃ 2A8 excited state obtained at 1375 cm21 for HCO
and 1150 cm21 for DCO to the bending mode, and then3

vibrational levels at 1035 cm21 in HCO and 925 cm21 in
DCO to the CO stretching mode. Their assignment w
based on the strong argument that substitution of hydro
by deuterium could hardly decrease the CO stretching
quency by 225 cm21 if n2 was the CO stretching mode. I
addition, they observed how deuterium substitution enhan
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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the development of progressions inn2 , supposedly involving
appreciable hydrogen or deuterium atom motion. Cool a
Song21 agree with this assignment and reinforce it by argu
that for a bent triatomic molecule excitation of the bendi
vibration always causes a much larger increase in theA ro-
tational constant than excitation on any stretching vibrati
which is known to be a safe criterion.22 Sappey and
Crosley19 favor, however, the opposite assignment witho
clear arguments. The only, to our knowledge, theoret
study of the vibrational frequencies for theB̃ 2A8 state of
HCO was reported by Franciscoet al.40 at a
CASSCF/6-311G* level of calculation. They assigned the
computed 1510 cm21 frequency to the CO stretching mod
and the 1209 cm21 frequency to the HCO bending mode,
agreement therefore with Sappey and Crosley. Conside
that both Francisco’s and our own CASPT2 theoretical c
culations lead to similar geometries for theB̃ 2A8 state, their
result is somewhat surprising. We have obtained the oppo
assignment. The CASPT2 fundamental frequencies for
B̃ 2A8 state of the HCO molecule aren1 , 2646 cm21, n2

1386 cm21, and n3 1056 cm21. The corresponding assign
ments are CH stretching, HCO bending, and CO stretch
respectively, in agreement with Milligan and Jacox17 and
with Cool and Song.21

Adamsonet al.22 also agree with this latter assignmen
although they leave some open questions waiting fo
proper normal mode analysis. For instance, similar HC
DCO isotope shifts have been observed in both modes; 1
for n2 and 12% forn3 ~cf. Table V!. In addition, a large
change in the CO stretching frequency is observed from
ground state fundamental frequency, 1851 cm21, to the ex-
cited state value, 1056 cm21 ~CASPT2 values!. These fre-
quencies would correspond to bond orders of 2.5 and 1
spectively. This is an unexpectedly large decrease u
nominal promotion of a single electron. This can be partia
explained by the double occupation of the 7a8 orbital, which
has a clear CO antibonding character, in theX̃ 2A8 state. The
increase of the HCO bending frequency can also be con
ered to be an effect of the increased in-plane repulsion on
occupation of 7a8. In our harmonic normal mode analys
we have found the suggested22 mixed character of the secon
and third modes in theB̃ 2A8 state, especially in the DCO
system, which might account for the remaining isotope a
state shifts in the vibrational frequencies. For theB̃ 2A8 state
of the HCO molecule then2 mode has 25% and 74% o
contribution of CO stretching and HCO bending, resp
tively, in the composition of the eigenvector. The perce
change to 66% and 28% for then3 mode. The mixing is
more severe in DCO, where the modes have almost e
contribution from both CO stretching and HCO bending c
ordinates. Cool and Song21 were unable to find the clea
behavior of the rotational parameters in DCO as they did
HCO.

The CASPT2 values for the vibrational frequencies a
anharmonicity constants in theB̃ 2A8 state of HCO agree
with the values reported by the resonance two-photon ion
tion study of Cool and Song.21 The overall agreement is eve
better for the DCO system. The fundamental frequenc
Downloaded 29 Jan 2010 to 147.156.182.23. Redistribution subject to AI
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suggest strong Fermi resonances betweenn1 and 2n2 , in
HCO and betweenn1 and 2n3 in DCO. The anharmonicity
constantx11 for HCO strongly decreases from the groun
state value both in experiment and in the CASPT2 theoret
study. The coupling between the first and the other mode
however, expected to remain. Cool and Song21 reported large
values for thex12 and x13 anharmonicity constants both i
the ground~222 cm21 and227 cm21, respectively! and ex-
cited ~264 cm21 and233 cm21! state. Our CASPT2 value
are smaller in all the cases. The same effect is not obse
for DCO. The reportedx1 value of 258 cm21 ~Ref. 16! in
the ground state~251 cm21 from CASPT2! does not change
much in the excitedB̃ 2A8 state; 248 cm21 ~Ref. 21!
~252 cm21 by CASPT2!. The anharmonicity constantsx22

andx33 remain smaller in all the cases. In general, the effe
of the anharmonicity are smaller in the excited state than
the ground state and they are also smaller in DCO than
HCO.

D. The B̃ 2A 8—X̃ 2A 8 absorption in HCO and DCO

The matrix isolation absorption spectra of Milligan an
Jacox in 1969~Ref. 17! is one of the most complete source
of vibrational data for the HCOB̃ 2A8 excited state. This
spectrum is not affected by the severe predissociation eff
that those obtained through laser techniques in gas phas
jet-cooled HCO are. They observed 38 absorption band
the 210–260 nm region. The upper levels for 26 of the
bands could be assigned to the HCOB̃ 2A8 state CO stretch-
ing and HCO bending overtones and combinations. T
spectrum exhibited the expected strong progressions in
n2 andn3 vibrations caused by the large decreases in the
bond length and HCO angle~0.2 Å and 20.3°, respectively
at the CASPT2 level! on excitation from the ground state
The upper states of most of the remaining 12 bands
Milligan and Jacox did not assign, could be understood
bending and CO stretch progressions built on an origin
proximately 2500 cm21 above theB̃ 2A8 state origin. They
speculated that these bands might correspond to progres
built on one quantum of theB̃ 2A8 state CH stretch. Only
recently Cool and Song21 observed and assigned the DC
counterparts of such bands confirming the early sugges
and ruling out Dixon’s15 proposal that these bands were pr
gressions in theC̃ 2A9 state. Adamsonet al.22 recently re-
ported that the rotational contours of the bands
41 278 cm21 and 42 305 cm21 were indistinguishable from
the rotational contour of the band of the origin, i.e., a hyb
a, b-type band belonging to a state ofA8 symmetry. Our
calculations place theC̃ 2A9 state origin more than
4000 cm21 above theB̃ 2A8 state origin, confirming the mos
recent findings.

Table VI compiles the experimentally observed vibr
tional levels for the excitedB̃ 2A8 state of the HCO molecule
together with our computed values. We have chosen
~000! transition to be the experimental gas-phase va
38 695 cm21.21 No scaling or any other changes has be
applied to the computed values shown in Table VI. The o
tained ab initio values, together with our computed vibra
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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TABLE VI. Experimental and theoretical vibrational levels (cm21) for the excitedB̃ 2A8 state of the HCO molecule.

Level MJ69a SC90b CS92c SC94d Calce Level MJ69a Calce

000 38 567 38 695 38 696 38 695 023 44 510 44 481
001 39 623 39 760 39 761 39 751 006 44 829 44 771
010 39 956 40 075 40 076 40 081 032 44 829 44 797
002 40 655 40 807 40 809 40 809 40 789 112 44 820
011 41 005 41 122 41 125 41 125 41 124 201 44 844
100 41 290 41 292 41 292 41 342 041 45 153 45 099
020 41 344 41 470 41 468 41 468 41 443 015 45 123
003 41 689 41 845 41 841 41 841 41 811 121 45 178
012 42 022 42 155 42 158 42 159 210 45 242
101 42 325 42 324 42 394 050 45 385
021 42 342 42 501 42 472 104 45 448
110 42 468f 42 600 42 609 42 758 024 45 502f 45 459
030 42 722f 42 854f 42 781f 130 45 520
004 42 984f 42 815f 007 45 724
013 43 053 43 175 43 157 033 45 815 45 780
102 43 429 113 45 825
022 43 352 43 485 202 45 876
200 43 736 43 795 300 46 055
111 43 503f 43 626 43 798 016 46 079
031 43 808 43 798 042 46 175 46 086

005 43 801 051 46 519 46 376
040 44 039f 44 095f 025 46 420
014 44 149 034 46 780f 46 269
120 43 935 44 151 043 47 133 47 055
103 44 447 052 47 468 47 350

aAbsorption data on CO matrix~Ref. 17!.
bLaser induced fluorescence data on gas phase~Ref. 19!.
cResonance two-photon ionization in jet-cooled HCO~Ref. 21!.
dLaser induced fluorescence data on supersonic molecular jet~Ref. 23!.
ePresent CASPT2/VTZ2P1f calculations. The~000! transition is taken from experiment. Theab initio value is 37 325 cm21.
fNew or confirmed assignment. See text.
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the
tional intensities, can be of some help in suggesting or c
firming assignments in the bands.

Figure 1 shows our computed vibrational intensities
the low-energy part of the transitionB̃ 2A8←X̃ 2A8 ~000! in
the HCO molecule. The variational method explained in S
II B was used here. The figure includes transitions to vib
tional states up to four quanta (v11v21v354) in the nor-
mal modes. Figure 2 includes transitions to vibrational sta
up to seven quanta (v11v21v357) in the normal modes
and has been computed using the harmonic approxima
in which the anharmonic corrections are considered in
position of the vibrational transitions via the usual perturb
tive expressions. The results obtained from the two meth
are very similar, except that the transitions related to the
mode, CH stretching,~100!, ~101!, and ~110! have gained
intensity when computed with the variational method~Fig.
1!. The large effect of the anharmonicities related to the
stretching might be considered to be the reason of suc
discrepancy. If we compare the obtained transitions in Fig
to the experimental spectra we find the best agreement
Milligan and Jacox’s17 matrix data.

As displayed in Fig. 2 the most intense progressions
the HCO absorption spectrum to theB̃ 2A8 state are built on
one, two, and three quanta inv3 and on four and three quant
in v2 . The transition to the level~042! is the most intense
one in the computed spectrum. This description agrees
with the matrix spectrum reported by Milligan and Jacox17
Downloaded 29 Jan 2010 to 147.156.182.23. Redistribution subject to AI
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except for the~022! transition which was described by the
as a weak shoulder. In Table VI we have assigned som
the bands Milligan and Jacox left unassigned. Transition
42 468 cm21 and 43 503 cm21 can be assigned to progre
sions in one quanta inv1 which were not considered b
Milligan and Jacox. Transitions reported at 45 502 cm21 and
46 780 cm21 are here assigned to the~024! and~034! levels,
respectively, for the first time. We have reassigned two tr
sitions. The band reported at 42 722 cm21 in the CO matrix17

and at 42 854 cm21 in the jet-cooled spectrum21 is assigned
to the ~030! level instead of the~004! level based on the
larger intensity of the transition to the~030! level. As dis-
cussed by Cool and Song21 both assignments were consiste
with the obtained data. The assignment was already s
gested by Jacox.18 In this context we assign the band r
ported at 42 984 cm21 by Cool and Song to the transition t
the ~004! level. Another new assignment based on the co
puted intensity is performed for the transition to the~040!
level reported at 44 039 cm21, which was previously as-
signed to the~014! level.

Figure 3 shows the computed vibrational intensities
the transitionB̃ 2A8←X̃ 2A8 ~000! of the DCO molecule.
The harmonic approach has been used in this case, a
variational method to not give any significant improvemen
Note that the spectrum is plotted twice; in the second p
the intensities have been magnified 1000 times, to show
weaker bands. For DCO it is the progression (0v20) in v2
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 1. Computed vibrational intensities for the absorptionB̃ 2A8←X̃ 2A8 ~000! in HCO up to four quanta (v11v21v354). Variational method used.
e
u
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which carries most of the intensity of the spectrum. The s
ond mode corresponds to the DCO angle bending, altho
it has a strong contribution from the CO stretching as w
The second most intense progression is (0v21). These re-
Downloaded 29 Jan 2010 to 147.156.182.23. Redistribution subject to AI
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sults are in agreement with Cool and Song’s21 DCO jet-
cooled spectrum, obtained by resonance two-photon ion
tion techniques, except for the transition to the~021! level,
which they report as the most intense one. In any case t
FIG. 2. Computed vibrational intensities for the absorptionB̃ 2A8←X̃ 2A8 ~000! in HCO up to seven quanta (v11v21v357).
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FIG. 3. Computed vibrational intensities for the absorptionB̃ 2A8←X̃ 2A8 ~000! in DCO up to seven quanta (v11v21v357). To the right, the intensities
have been magnified 1000 times.
c
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spectrum is severely affected by predissociation effe
above this energy. Again, as in the HCO absorption sp
trum, bands as~100!, ~101!, and ~110! are too weak in the
computed spectrum.

E. The X̃ 2A 8—B̃ 2A 8 emission in HCO

Figure 4 displays the computed vibrational transitio
Downloaded 29 Jan 2010 to 147.156.182.23. Redistribution subject to AI
ts
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for the emission process,X̃ 2A8←B̃ 2A8 ~000!, in the HCO
molecule with up to nine quanta (v11v21v359). The har-
monic approach was used. They can be compared to th0

0

disperse fluorescence~DF! spectrum reported by Tobiaso

et al.24 Upon excitation to theB̃ 2A8 state the large increas
in the CO bond length and decrease in the HCO bond an
leads to a spectrum with long progressions inv2 in combi-
FIG. 4. Computed vibrational intensities for the emissionX̃ 2A8←B̃ 2A8 ~000! in HCO up to nine quanta (v11v21v359).
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nation with the bend~note that the labels change from th
B̃ 2A8 modes wherev2 corresponded to the angle bendin
mode!. No activity is expected in the CH stretch because
the small change in the CH bond length. These tenden
are observed both in the 00

0 DF ~Ref. 24! and in our com-
puted spectrum. Comparing the relative intensities Tobia
et al.24 found the most intense progressions for the (0v2v3)
series, decreasing in intensity asv3 goes from 0 to 3. We
have found the most intense progression for (0v21), and the
intensity then decreases asv3 goes from 1 to 3.

The previous experimental observations are in agr
ment with those reported by Dixon15 and Adamsonet al.22

Dixon15 assigned four vibrational progressions in his hyd
carbon flame band emission spectrum. Vaidya’s notatio12

was used and the progressions were calledA0 , A1 , B, and
short wavelength progressions, the two latter being relate
higher vibrational levels of the initial state. TheA0 progres-
sion was assigned to the emission series 2v

031
0, i.e., ~001!,

~011!, ~021!,... . All these bands were found to be slight
diffuse. TheA1 progression was assigned to 2v

0; ~000!, ~010!,
~020!,... . The bands belonging to this series were reporte
sharp. Adamsonet al.22 in their stimulated emission pump
ing ~SEP! spectrum confirmed the assignments of Dixon15

The diffuseness of theA0 band was attributed to predissoci
tion in the lower electronic state. In our theoretical spectr
the A0 progression is the most intense one because the
dissociation effects are not considered.

For the sake of brevity we will not present the comput
vibrational levels for the groundX̃ 2A8 state of the HCO
molecule. They can be obtained from the authors upon
quest. The more extensive calculations by Kelleret al.66 can
be taken as reference for the assignments. In genera
agreement between both calculations is good except for
states with higher quanta onv1 .

The direction of the transition dipole moment,m B̃X̃ , in
the transitionB̃ 2A8↔X̃ 2A8 of the HCO molecule has bee
reported from experiment to form an angle of631– 34°,22

641– 44°,20 and13962° ~Ref. 67! with respect to the in-
ertial a axis of the system. The determination of the relat
direction of m B̃X̃ with respect to the CH or CO bonds
however uncertain.22 At the B̃ 2A8 state equilibrium geom-
etry Manaa and Yarkony41 computed a transition dipole mo
ment of 0.429 a.u. forming an angle of134.4° with the
inertial a axis. Our CASSCF results are 0.474 a.u. a
130.3°, respectively. The inertiala axis for this geometry
lies 4.8° away from the axis containing the CO bond towa
the axis containing the CH bond~see Fig. 2 in Ref. 41 for the
orientation of the axis!. Therefore,m B̃X̃ makes an angle o
79.2° from the CH bond, almost perpendicular to it. At t
ground state equilibrium geometry we obtain similar resu
a transition dipole moment of 0.433 a.u. and an angle
146.0° with respect to thea axis, which lies in this case
6.3° away from the CO bond axis. We conclude then that
transition dipole moment for theB̃ 2A8↔X̃ 2A8 transition is
almost perpendicular to the CH bond and the transition c
not be characterized exclusively asa or b-type ~there is an
angle of 25.4° with respect to the CO bond at the exci
state equilibrium geometry!. Both CO and CH bonds ar
Downloaded 29 Jan 2010 to 147.156.182.23. Redistribution subject to AI
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important contributors to the chromophore in the HCO m
ecule for theB̃ 2A8 state.

Lee and Chen20 estimated the electronic transition dipo
moment to be lower than 0.31 a.u. They measured a fluo
cence lifetime of 89 ns for theX̃ 2A8(000)←B̃ 2A8(000)
emission and applied the approximate relationt21(s21)
52.026131026 n

B̃X̃

3
m

B̃X̃

2
, wheren

B̃X̃

3
is T0 ~in cm21! to ob-

tain an upper bound for the transition dipole moment. Bo
Manaa and Yarkony41 and our own calculations obtain
larger value form B̃X̃ . By using the previous expression, th
pure radiative lifetime of theB̃ 2A8 state is computed to be
46.2 ns by Manaa and Yarkony, and 42.3 ns by us~we have
used our own computedT0!. Meier et al.68 measured 43 ns
for the B̃ 2A8 collision free lifetime.

IV. SUMMARY AND CONCLUSIONS

The present paper reports CASSCF/CASPT2 ab in
calculations on different electronic states of the formyl ra
cal, HCO, and several of its isotopomers. The CASP
method is here shown to be a robust correlation method c
parable to extensive CI methods and it is the most accu
method applied to the excited states of the HCO system

The absorption spectrum of HCO has three groups
bands from 2.0 to 6.7 eV. The red-bands system observe
2.0–2.2 eV~Refs. 7, 8, 17! is related to the 12A9(Ã 2A9)
valence state computed to be 2.07 eV at the CASPT2 leve
the vertical spectrum as a weak transition. The second se
transitions is known as the hydrocarbon flame bands,
tected at 4.8–5.9 eV.21 They mainly involve progressions o
the 32A8(B̃ 2A8) state, computed at 6.25 eV in the vertic
spectrum~6.10 eV if we used the fitted surface! with an
oscillator strength of 0.021. A final group of transitions
observed at 5.4–6.7 eV.57 They are assigned to the transitio
to the 3p 2P state in the linear molecule. The present ver
cal results basically agree with the previously reported
calculations for the available states,26,32 except for the high-
est states.

Through the calculation and fitting of both the groun
X̃ 2A8 and B̃ 2A8 excited states surfaces for HCO and
isotopomers, we have obtained an accurate set of theore
vibrational frequencies for these systems. The obtai
CASPT2 optimized geometry for the HCO groundX̃ 2A8
state, 1.112 Å, C–H bond, 1.183 Å, C–O bond, and 124
HCO angle, is consistent with the measured experime
and previously computed theoretical values. The norm
mode analysis of the HCO ground state leads to the follo
ing set of fundamental frequencies and assignme
n1 2443 cm21, CH stretching;n2 1851 cm21, CO stretching,
n3 1072 cm21, HCO bending. These values are in go
agreement with the most recent gas-phase experimental
2435 cm21, 1868– 1881 cm21, and 1087– 1093 cm21,19,24

respectively, and the agreement with the most accurate o
previous theoretical studies38 is also good. This is also the
case for the anharmonic analysis. Thex11 anharmonic cor-
rection, related to the CH stretching mode, was estimate
have a large value between2140 cm21 and2165 cm21,15,64

which agrees with our computed value of2134 cm21. Upon
deuteration the anharmonicity effects on the CH stretch
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



s
ed
ha

.

6°
ou
al
i

st
tio
re
C
si
n

a

e

ird
r
te

ow

C
pe

o
-
-
a

od

n

b
re
n
n

is-
la

e

ipa
e
o

pe

rt
ou

,
ork

Soc.

em.

s.

c-

R.

C.

m.

-

n-

7215J. Chem. Phys., Vol. 108, No. 17, 1 May 1998 Serrano-Andrés, Forsberg, and Malmqvist
decreases. Consequently, thex11 value is computed to be
251 cm21 in DCO, in agreement with the experimental e
timate of258 cm21. The agreement between our comput
and the experimental fundamental, harmonic, and an
monic frequencies is good for all the isotopomers of HCO

The obtained geometry for theB̃ 2A8 excited state of
HCO, 1.110 Å, C–H bond; 1.382 Å, C–O bond, and 104.
HCO angle, agrees with the most accurate of the previ
theoretical calculations.41 There is no accurate experiment
determination of the geometry of the state although it
known that the CO bond and the HCO angle should dra
cally increase and decrease, respectively, upon excita
This is consistent with our computed results. Strong prog
sions on the modes related to the CO bond and the H
angle should be expected in the absorption and emis
spectra. This work contains the first theoretical calculatio
of the fundamental frequencies of the HCOB̃ 2A8 state. The
computed frequencies and their assignments
n1 2646 cm21, CH stretching;n2 1386 cm21, HCO bending,
and n3 1056 cm21, CO stretching. The agreement with th
experimental values 2597 cm21, 1382 cm21, and
1066 cm21,21 respectively, is good for the second and th
fundamentals, but less so forn1 , probably due to the majo
role of the anharmonic effects, which are difficult to compu
accurately for this system. Our normal mode analysis, h
ever, led to the conclusion that the second mode should
assigned to the HCO bending and the third mode to the
stretching. This assignment agrees with the analysis
formed by Milligan and Jacox,17 Cool and Song,21 and Ad-
amsonet al.,22 but disagrees with the less clear results
Sappey and Crosley19 and the only previous theoretical re
sults of Franciscoet al.40 For DCO the analysis is more com
plex. Although the agreement between our computed d
and the only experimental available data21 are better than in
HCO, the normal mode analysis is inconclusive due to m
mixing.

Finally, the vibrational intensities of the absorptio
~HCO and DCO! and emission processB̃ 2A8↔X̃ 2A8 have
been computed and some of the observed bands have
assigned and compared with previous assignments. The
a general agreement in the obtained intensities of the ba
especially in the absorption spectrum in matrix by Milliga
and Jacox17 which does not suffer so severely from pred
sociation effects as do the jet-cooled and the gas-phase
studies. Our calculation of theC̃ 2A9 state origin more than
4000 cm21 above theB̃ 2A8 state origin confirms also th
assignment22 of the transitions of theB̃ 2A8 spectrum related
to one quantum of the first mode and rules out the partic
tion of the C̃ 2A9 state in the low-lying progressions of th
hydrocarbon flame bands of HCO. The transition dipole m
ment direction has been also computed to be almost per
dicular to the CH bond.
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