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Vibronic structure in triatomic molecules: The hydrocarbon flame bands
of the formyl radical (HCO). A theoretical study
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A theoretical study of the vibrational structure of tieA’ ground andB 2A’ 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

B 2A’—X 2A’ 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 radicall9€8 American
Institute of Physicg.S0021-960808)01916-3

I. INTRODUCTION was obtained in absorption for the so-called red band system,
between 860—460 nthThat and subsequent studies de-

The calculation by purab initio methods of the vibra- ) ) ]
termined the presence of tlle“A” state correlating, together

tional spectrum of a polyatomic molecule is a formidable™’ ) i
task, even when the theoretical study is restricted to the ha}Vith the ground state, to the Il electronic state at the
monic approximation. For triatomic systems it is possible tolin€ar nuclear geometry, their splitting being a consequence
fully compute and fit a global potential energy surface anc®f the Renner—Teller effect. In the energy range 410-230
use it to perform the vibrational analysis, including the an-"™M the so-callgd hydrocarbon_ flame bands appear. They
harmonicity corrections necessary to explore the dissociatiolf©r® observed in 1934 and assigned to HCO by Va?as‘/ﬁ‘-
limits. In the present study we have computed the potentiaThe first complete electronic, vibrational, and rotational

energy surfaces of the ground, 2A’, and excited state, analysis was performed by Dixon in 1989 The absorp-

= 2n0 : tion counterpart of the hydrocarbon flame bands was ob-
B 2A’, of the formyl | H f th - ,
, of the formyl radical system, HCO, by means of t © served by Milligan and Jacok'® and assigned to the

complete active space self-consistent fiel@ASSCH =7, =" =7, ° = =,
method and a multiconfigurational perturbative methodB “A' X “A” andC “A"—X “A" systems. The bound and

CASPT2. The computed surfaces have been fitted to fourtf€SOnance states of the molecule, especially the ground state
order force fields and the harmonic and anharmonic vibra2nd theB ?A’” excited state, have been extensively studied
tional frequencies have been obtained by standard perturbtSing laser-induced fluorescentce; resonance two-photon
tion theory. In addition, the Franck—Condon factors for thelonization; fluorescence excitatiof?;? stimulated emission
absorption and emission processes involving the mentione@Umping?>** and disperse fluoresceritespectroscopy in
states have been computed using a new and efficient procgas phase and jet-cooled HCO. The equilibrium CO bond
dure in which recursion formulae are employed to computelistance in thé A’ andC “A” excited states was found to
the overlap integrals of two sets of multidimensional har-be larger and the bond angle smaller than in the ground state.
monic oscillators. Intensity borrowing effects are computedThis gives rise to two progressions in both the bending and
by including the dependence of the electronic transition mothe CO stretching modes. Despite the extensive investiga-
ments on the nuclear coordinates formulated in terms of ogions, issues such as the assignment of the proper bending
cillator ladder operators. and stretching frequencies in tBe?A’ state or the presence
The HCO radical is an intermediate in thermal and pho-of bands belonging to thE€ 2A” state at low energies are
tochemical processes important in combustion, atmospherigtill under controversysee discussion in Ref. 22
and interstellar chemistry, especially as a source of atomic A number of theoretical studies have helped to under-
hydrogen through its unimolecular dissociation on thestand the experiments. Since the early work by WAatghat
ground-state potential surfateA large number of experi- correctly predicted the electronic configuration and the bent
mental and theoretical studies have been focused on this systructure of the ground state, the most extensive set of stud-
tem. Microwavé and infrared* spectroscopy were used to jes on the different electronic states of the system has been
obtain the geometries and frequencies of the ground statearried out by Peyerimhoff and co-workéfs! Other initial
The first spectrum arising by an electronic transition in HCOgab initio studies used small basis and CI spaéésCalcu-
lations on molecular potential energy hypersurfaces have
3present address: Departamento dén@ca Fsica, Universitat de Vateia,  alS0 been performed. The first realistic surface for the ground
Dr. Moliner 50, Burjassot, E-46100 Valencia, Spain. state was obtained by Bowma al>* at the SDCHQ level
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using more than 2000 geometries. The empirically correctednda” orbitals, respectively, where the8and %' orbitals

ab initio surface has been employed for different time-were the correlating orbitals for the @ond and the §,
independent and time-dependent dynamical calculaiofls lone pair. The @’ orbital is singly occupied in the ground
obtaining qualitatively correct results. Recently, a more acstate. It is essentially the in-plane carbom @rbital, includ-
curate and fully ab initio ground state surface has been obing important CO bonding character. TBE2A’ state can be
tained by means of the CASSCF/ICEQ method and large  approximately described as obtained from the ground state
basis seté® To our knowledge no equivalent studies havepy promoting one electron from thea6 to the 7a’ orbital.
been performed on the excited states surfaces, except for thée former becomes a singly and the latter a doubly occu-
recent study on thé ?A” state? Geometries, energies, and pied orbital. In this case the correlating orbitals within the

harmonic frequencies have however been repditet. active space in tha’ symmetry were mainly the antibonding
COo and Gy, i Orbitals. In order to have a consistent ac-
Il. METHODS tive space for both states we included a new orbitab of

symmetry, leading to an active spag&2) with nine active
electrons. In this way, the character of the orbitals in the
active space is therefore the same in both states. In practice it
The CASSCF method and multiconfigurational secondyyrmed out that even for the proper description of the ground
order perturbation theory, CASPT2, were used to computgate vibrational frequencies it was important to have an or-
the electronic potential energy surfaces in the formyl radic%itm correlating the doubly occupied CH bonding orbital.
system. Energies were computed at the CASPT2 level whilgpg states have been computed as the first and second roots,

the remaining parameters have beeg4 calculated at th%spectively, of2A’ symmetry in separate state-specific
CASSCF level. The CASPT2 methtid** calculates the CASSCE calculations

first-order wave function and the second-order energy with a

CAS.SCEE, wave function con§t|tut|ng -the referencerium geometry we wanted to study a larger number of both
function:™ Recently, a level shift technique has been

. ) | R tates. In thi th |
introduced*?4® the so-called LS-CASPT2 approach, which valence and Rydberg states. In this case we use the valence

- . . active space plus three orbitals @f symmetry and one or-
can eliminate the effect of weak intruder states common in . . . .
. . X ital of a” symmetry, corresponding to thes33p low-lying

many calculations on excited states. After careful testing o . . ; : ;
ydberg orbitals. This active space, used exclusively in the

iff | f the level shi I f0.2 . ) )
different values of the level shift parameter, a value of 0 .gﬁrtlcal calculations of Sec. lll A, is therefore labeled]3).

method(CASS|) was used to compute transition propefiies To anICUIat? the potential energy surfa.ces LS grqund
at the CASSCF level. Intensitigescillator strengthswere ~ 2nd B “A’ excited states we used atomic natural orbital
obtained by combining the CASSCF transition momentsANO) type basis sefS contracted td 4s3p2d1f] for car-
with CASPT?2 evaluated excitation energies, a method whicfpon and oxygen anis2p1d] for hydrogen. For the vertical
in a number of previous applications has proven to give actalculations at the ground state geometry these basis sets
curate result4248 were supplemented with glslpld] set of Rydberg type
The selection of the proper active space is the cruciafunctions. The latter were determined following the proce-
step in the CASSCF/CASPT2 approach. In general, the adlure described earliand placed at the charge centroid of
tive space should include all orbitals with occupation num-the *A’ HCO cation.
bers appreciably different from two or zero in any of the  The potential energy surfaces were computed on a three-
excited states under consideration. This means that all nea@imensional grid around the CASSCF minima of both
degeneracy effects are included in the CASSCF referencground and excited states. Six different values for the CH
function, and consequently there will be no large terms in théength and five different values for the CO length and HCO
perturbation expansion. The ground state of the HCO radicdtond angle were employed, using an interval of 0.025 bohr
has an electronic structure which might be described as foland 2.5 deg, respectively. Additionally, several geometries

A. Ab initio calculations of the potential energy
surfaces

For the vertical calculations at the ground state equilib-

lows (C¢ symmetry: computed for larger values of the CH length coordinate have
, , , , " , , ) been included to account for the large anharmonicity effects
(1a")015(28")c1s(3a")0ps(4@")con(5a" )or(6a" N ozp(18") ol 72" ) czp: related to that coordinate. A total number of 171 nuclear

The subindex corresponds to the predominant character gfeometries were used for each of the two computed states. In
the orbital. The valence active space is completed by thaddition to the energies, the transition dipole moments have
(2") g0 (82')0r, and (@')2g, orbitals. When high ac- been computed at all the geometries.

curacy is desired there are small effects regarding the selec- The vibrational modes are numbered following Mullik-
tion of the active space to take into account. Some prelimien’s conventior in order of decreasing frequency within
nary studies have to be performed to obtain a propegach symmetry species. Vibrational modes of similar charac-
selection. The 4’ and 22’ core orbitals will be kept inactive ter for different electronic states may then be numbered dif-
together with the &’ orbital (mainly composed by the2 ferently, and comparison to other studies should be made
orbital of the oxygehbecause they have occupations close towith caution.

two in all the studied states. Calculations on the ground state The calculations have been performed with the
using the valence active space, inact{@0), active (6,2), MOLCAS-3 (Ref. 51 program package on IBM RS/6000
with the labels in parentheses representing the numbat of workstations.
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B. Analytical representation and vibrational linear combination of such internal coordinates. The linear
calculations combinations are determined from a conventional harmonic
The chosen grid was considered to be adequate for fitzibrational analysis, E():algosely following the so-called GF
ting potential surfaces of local validity in the potential wells ”??thOd 9f Wilsoret al. Howe\_/er, the coordinates are cur-
around theX andB minima. Basically, a third-degree poly- V|I|near,_ ie., the mass tensor is not constant, so for the an-
nomial in the internal stretch and bend coordinates was useEa_armonlcny we did not want to use the standard forméfas,

However, fourth-order terms were added for the CO distanc hich assume coqrdlnates _that depend "”e‘i‘”y on the
and for the bending angle. The resulting 22-term polynomia ckart-frz_ime cartesian cqordmates. Correspondlng formulae
is still much too inflexible to give a good surface, if the basic V€ derived, which also include the derivatives of the mass

variables are chosen to be the bond distances and bendiﬁ dsgr dl:et to nonllrlﬁarmes. V\ie found, however, thaltl thed
angle directly. We used exponential functions of the dis-2 Ildlo'nat erms," 'Q ebpresen Icas;e,dwere very smaf an
tances as bond stretch variables, and as bending variable tf@U'd Just as well have been negiected.

cosine of the angle, i.e.,

22 b e C. Vibrational intensities
V(ry,ry,0)= 2, CX*X %X, .
(r1,r2,0) ,(21 k172 73 Functions of the same type as those used for the poten-
tials were fitted to the dipole moment and to the transition
Xp=1—exp(—ai(ri1—rie)), dipole moment componentg,, and u,, for B—X. Strictly

Xy=1— eXPl — atp(F =T 50)) speaking, the angular variable should now have beet sin
2 22 T2elh rather than co® for the z componen{The internal frame is
X3=C0g 6,) — cog ), orientet_j vyith they ax_is in the_dire_ction o_f the co bond, and
thez axis is perpendicular to it, with CH in the third quadrant
where suitable values of; and a, were determined by of the yz plane) The fit is good, however,
some early experiments and then kept fixed. The above fofrms error=107% and since only angles considerably
mulas also contain the initially unknown equilibrium dis- smaller than 180° are of interest in this study, we have sim-
tances. However, changes in these values are equivalent ified the procedure by using the same set of functions for
mere scaling and translation of the basic variables, whicky|| the properties studied.
does not affect the fitted function. The root-mean-square de- Approximate spectra were Computed with a very simp|e
viation of the fitted function from the computed energies wasmodel. Harmonic oscillator wave functions were used as ap-

approximately 10° a.u. for both states. proximate vibrational wave functions. Oscillator strengths
The vibrational spectruntfor a nonrotating molecule  were then computed as

was computed in two different ways. Initially, the standard ., ) )
harmonic approximation expressions, including the effect of F=SAE(Oil iyl xid*+ (xl mal xi)®),
the anharmonicities, were employ&dn addition, the vibra-  where y; and x; are final and initial vibrational wave func-
tional spectrum was obtained by a variational solution of theions, andu, and u, are the transition moments. These are
J=0 Schralinger equation using a basis set consisting of theunctions of the internal coordinates, and the brackets denote
joint set of harmonic oscillatofHO) wave functions for the integration over these coordinates. Use of harmonic wave
two states. The basis sets comprised all HO states with functions is such a crude approximation that only two types
guantum number sum up to a certain limit. The variationallyof approximate treatments of the integrals are worthwhile;
computed energies agree with the perturbation formula fotreating the transition moment functions in the integrands as
the lowest states with a precision that first increases witltonstants, or as linearly varying functions. The first choice
larger basis sets. However, when the basis set is increas@@imediately gives
further, we observe a deterioration of the results, which we » 2 22
ascribe to the failure of accounting properly for linear struc- F=3AB(uy+ 12) S,
tures. We will use the more accurate variational procedure tvhich is the Franck—Condon approximation where the
account for the low-energy spectrum for the absorption to théranck—Condon factds;; is an overlap matrix element. The
B 2A’ state, while the harmonic approximation will be usedsecond choice, frequently called the “double harmonic” ap-
in the remaining situations. proximation, can be computed similarly, since the linear de-
The lowest derivatives, up to fourth order, of the fitted pendence can be expressed in terms of oscillator ladder op-
potential functions were computed at the minima. Most oferators which create or annihilate a single quantum. The
the fourth derivatives are not individually optimized but areresult can therefore be expressed in terms of Franck—Condon
determined, due to the nonlinear transformation describethctorsS;; involving intermediate statejsthat differ fromi
above, by the lower derivatives. Nevertheless, the accuradyy at most a single excitation.
of the fit gives some confidence that the quartic expansion The Franck—Condon factors used in this study involve
can be used for the vibrational analysis. only displaced harmonic oscillators with three variables and
In the vibrational analysis, the standard internalfairly low quantum numbers. These can be computed by a
coordinates—the change from equilibrium in bond lengthshumber of well-known methods. However, in this case they
and angle—were used. The dimensionless normal coordivere obtained by a program using a new algoriftirne
nates that enter the analysis are thus, for each state, a fixéehture of this method is that the overlap matrix, which con-
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TABLE |. Qualitative description of the electronic valence states of the CO and HCO systems using their main electronic configurations.

Linea Benf®
- ) cox's* (1w)‘é9,02p (50)2 .
HCO “X (1) 0,0 (50)24 (60) ¢y HCO“A (5a")24(18")2o(6")20p(78") gy -
| coa A(17) &0,02(50) &25(2) e C2p
HCO 21T (17)co.0m (50)en (27)cox,c2p HCO X 2A’ (5")n (1a")¢0 (62')05p (72")zp
' HCO A ?A" (5a")%, (1a")%0 (6") 3y, (23") Lo
CO m—a* (1) 03 (50) 20 (27) e C2
s y p
HCO A (50)h (2m)2 HCOB 2A’ (5a')2y (1a")20 (68") gy (72')25,
co.om ARTIeH 1 cor, C2p HCO C ?A" (5a)&w (1a")co (62')0z, (72")E5
2,401 ’ ” ’ ’ ml
HCOZAA (5a )(2:H (1a )%o (6a )éZp (7a )(1:2p (2a )’130*
HCO“"A (5a")%y (1a") &0 (62")3, (72') &g, (22") o

The leading ()%(20)?(30)%(40)?... are omitted.
bThe leading (&')?(2a’)?(3a’)?(4a’)?... are omitted.
Orbitals called O p and C 2 actually have strong contributions from @ 2nd O 2, respectively. O § is CO bonding, and CRis CO antibonding.

tains the Franck—Condon factors, is obtained as the produ¢6o)?, with the 5 orbital as a carbon lone pair. Approach-
of a lower-triangular and an upper-triangular matéxLU, ing the hydrogen atom along a linear path to the carbon
and similarly for other properties, the matrix elements areresults in theé?S* state of HCO. The & orbital becomes the
obtained as the produttXU, where X is the matrix ele- CH bonding orbital and the singly occupied ®rbital be-
ments of some propertX computed over one single, cen- comes the CH antibonding orbital. Another close state can be
trally placed set of harmonic oscillator wave functions. Theformed starting from the first excited state in CO, théll
significance is that this formula is exact if the “central” state, with the configuratioficore] (3¢)? (40)? (1m)*
matrix elements are exactly given. This implies that, to ob-(5g)1 (27)!. The approach of the hydrogen in the same
tain the highest accuracy, the constant and/or higher ordq,(,ay as before leads to a state with a doubly occupied 5
derivatives ofu, and u, should be evaluated at the equilib- orpjtal, the?Il state of HCO. In this state the CH bond is
rium geometry of this midpoint oscillator. The final results stronger because of the addition of one electron to the CH

presented here for the vibrational intensities include derivaponding orbital. Due to the Renner—Teller effect thEstate
tives up to fourth order of the electronic transition moment in;, jinear HCO will split into two states along the bending

the expression for the vibronic transition moments. Theggorginate. Following Walsh’s rules the orbitals will also
higher order terms, however, turned out to be of minor IM-gpjit into one strongly stabilizech’ orbital and onea”

portince in the Icalcul;alt.londof ;he |nt'en'S|t|e|s. hod orbital3 As was shown by calculatioffsa long time ago,
s previously explained, the variational method t0 COM-o 217 giate becomes lower in energy than %" state,

pute the vibrational spectrum '? used to de~scr|b,e the IOWémd therefore the states resulting from the Renner—Teller
energy spectrum of the absorption to the HBOA' state. litting are theX 2A’ ground state and the first excited
The use of this approach seems important in a case like HC?DZA,, tate. The?S" state has high it
where the CH stretch mode has large anharmonic corre ron Isge('esltabiliied b Stﬁeebesziﬁﬁlg er energy an it 1s
tions. The initial experiments showed that bands belongin& ngle | describes %e oxcited st.ates of HCO that result

to progressions in the first mode in tBe?A’ state of HCO ) . .
prog from the m— @* excited states of CO with electronic con-

were visible in the spectrum only when the variational ap-,. .
proach was used. P y P figuration, [core] (30)? (40)? (1m)° (50)? (2m)1. In the

The theoretical spectra computed in the present studpf?m bHC? rr;]olecule_tt)T@- orbggls ;pht into onea -Iar:jd. one bl
were convoluted with a Lorentzian function of full width at & °rertal. T_e possibie com Inations are compiled in Tq €
half maximum®® I’ =h/(4T,), corresponding to a fictitious | together with the correlating CO states. Table Il compiles
lifetime T,=130fs, to account for the finite experimental the computed data for the valence and Rydberg doublet and

resolution and for the degrees of freedom, e.g., rotation, ndiuartet states of the formyl radical at the ground state equi-
considered here. librium geometry. More extensive theoretical studies of di-

abatic surfaces and conical intersections are avaifdbfe.
The present calculations only aim at giving an accurate pic-
ture of the vertical absorption spectrum of the molecule.
A. The spectrum of the formyl radical The obtained CASPT?2 results for the vertical excitation
The formyl radical is formed by photolysis of acetalde- €"€r9I€S 9392 not strongly differ from those reported
hyde in a highly vibrationally excited triplet state.The previously** for the low-lying states. The lowest excited
electronic structure of the low-lying states of HCO can how-State is computed to be the ?A” state at 2.07 eV with an
ever be better understood starting from the electronic strucescillator strength 0.002. Tha& 2A”«—X ?A’ transition is
ture of the CO molecul® The ground state of CO}S " known as the red absorption systeand has been exten-
essentially has the configuratifoore] (30)? (40)? (1m)*  sively studied. TheA 2A” state has a linear equilibrium ge-

Ill. RESULTS AND DISCUSSION

Downloaded 29 Jan 2010 to 147.156.182.23. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



7206 J. Chem. Phys., Vol. 108, No. 17, 1 May 1998 Serrano-Andrés, Forsberg, and Malmqvist

TABLE II. Calculated and experimental excitation energid€, eV), oscillator strengthsf(), transition
moment directions (TN}, °), dipole moments: (D), and dipole moment directior(gg;, °), for the excited
doublet and quartet states in HCO at the ground state equilibrium geometry.

Excitation energies Other calculations

State CAS PT2  Expt fTME,  w mE  AE®  AES f°
lZA'(G.S.)d 1.62 +36
12A"(7a’—2a")¢ 339 207 2.0-22 0.002 - 1.33 +29 233 1.90 0.003
22A’(7a’—3s) 6.33 5.45 0028 -11 310 +75 568 543 0.020
1A"(6a’—2a") 6.68 6.19 -~ 054 +29 -~ 573 .-
32A’(6a’—7a’)¢ 766 625 48-5'9 0.021 -37 129 -53 655 649 0.029
427’ (72’ —3py) 7.08 6.33 0.007 -39 141 +83 -~ 6.37 0.003
52A’(7a’—3p,) 7.27 634 54-6% 0.039 -56 462 +76 -+ 6.48 0.013
22A"(7a’—3p,) 708 6.60 54-6% 0002 -+ 0.60 +87 7.00 -
14A’(1a"—2a") 8.24 6.70 - 072 —-62 -+ 600 -
32A"(1a"—7a’)¢ 762 7.06 0.003 - 1.88 —-63 8.04 818 0.012
42A"(6a' —2a") 9.07 7.56 0.016 -~ 052 -78 -~ 7.70 0.006
62A’(1a"—2a") 10.00 8.11 0.003 -66 1.00 -59 -+ 841 0.041
24A”(5a’—>2a”) 9.64 8.88 1.18 —82

& or the relative definition of the angle séen Fig. 1.

bSelected CI calculation&Ref. 32.

¢CI calculations(Ref. 26.

91277 X 2A7, 124" A 2A”, 32A": B 2A’, 32A": C 2A". See text.
®Red band system. It involves the WeAkA” state(Refs. 7, 8, 17.

fHydrocarbon flame bands. It mainly involves progressions ofxRa’ state(Ref. 21).
YAssigned to the transition toB?I1 in the linear moleculéRef. 57.

ometry and strong vibronic coupling through a Renner-signed to progressions in one quanta of the first oscillator of
Teller interaction with the ground state and has been showthe B 2A’ state. The existence of thé 2A” state below

to have a rapid predissociatidhThe calculated vertical ex- 42 300 cm® has been questionéd.Our vertical computed
citation energy of the second excited state, tAé 3s Ryd- energy for theC 2A” is 7.06 eV and the oscillator strength is

berg state, is 5.45 eV and it has an oscillator strength 06 003. Thi o ; ;
.003. This excitation energy is lower than those previousl
0.028. This is in agreement with previous calculations. The 9y P y

3s state has its global minimum at a linear geonétand com\;pvutehd, 8.18t.e\('Re1; fheéazrﬁ,s':)‘: et\)/(R;Ef. ft?
crosses with thé ?A’ state along different paths. The role € have optimize state by Ine fiting proce-

of the 35 state in the predissociation observed in the hydro-dure‘ The resulting equilibrium geometry is CH bond Iengtr:
carbon flame bands of HCO was suggested by the earl .114 A, CO bond Iength.1.464 A, an-d bond angle 101.6°.
study of Brunaet al2® Recently calculations show the com- 1h€ computed harmonic frequencies are 2854%m
plex structure of the potential energy surfaces in thisl374 cm*, and 883 cm‘, and correspond to the CH and
region?® CO stretchings and the HCO bending, respectively, changing
The next doublet excited state in the vertical spectrum ighe character of the second and third mode with respect to
the B 2A’ valence state. The computed energy is 6.25 e\the B A’ state. These results compare well to the UMP2
and the oscillator strength 0.021, close to that of thestate. and CASSCF values reported by Francisetoal *° In all
It has been reported that, except for its lower vibrationalcases the CH bond and HCO angle values remain close to
states, theB 2A’ state presents an important predissociativethose of theB 2A’ state and only the CO bond length in-
behavior for higher vibrational staté$:%' A recent laser in-  creaseg0.08 A at the CASPT2 level The most intense pro-
duced fluorescence study by Lee and CRaserved a de- gression should be expected to involve the second mode in
crease in the lifetimes of th® ?A’ state with the increase in the absorption process. The computed energies are vertical
the rotation on thea axis, implying a Coriolis interaction 719 eV,T,5.17 eV, andl, 5.13 eV. These results place the
leading to the continuum of another state, most likely theygng origin for the C 2A” state 0.5 eV (more than
A 2A” state, which is also strongly predissociating. An addi-400o cnil) above theB 2A’

tional Fanism f gi i I ted o origin. This result is in agree-
lohal mechanism for predissociation was aiso suggested i, \ i, the experimental data, which suggest GhéA”
even higher energy, maybe involving another stite.

Dixon'® identified the transition observed in matrix at or|g|n. .ShOli|d2 b? at'lgast 3 65_0 Erh.above the 38 695 (iﬁJ'
41270 cm* as the origin of theG 2A” state and Jacd% transition (B 2A’ origin), that is, higher than 42 345 crh

assigned the observed progressions to vibrational levels ¢fscarding Dixon® and Jacox'¥’ assignment. These energy
this state, which would have the fundamental frequencie§ifferences do not rule out the possible role of BEA”
1200 cni't and 960 cm® for its second and third vibrational State on the predissociation mechanism of BhéA’ state.
modes, respectively. More recent investigatfori$ show We have computed other excited states which are be-
that these bands belong to tBe?A’ state and can be as- lieved not to have an important interaction with tBe?A’
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TABLE lll. Experimental and theoretical structurdh and deg and spectroscopic constants (cinfor the ground R 2A’) state of the HCO molecufe.

Experimental Theoretical

M69® D6 A74¢ H86® M8  S9®  T95" B86 c88g FOX Mo4' wos™ Preé
0l 2768 2790 2815 2825 3130 2660 2713
w; 1862 1920 1875 1903 1997 1989 1955 1877
w3 1093 1126 1101 1156 1159 1233 1182 1107
X11 —140 —-165 —-86 -134
X2 -17 -13 -12 -11 -13
Xa3 -13 -14 -12 -11 -15
X12 -22 1 1 3
X13 -27 —49 -21 -7
X3 -10 -4 -4 -2 -5
v, 2483 2440 2435 2435 2448 2642 2446 2443
vy 1863 1868 1868 1881 1885 1975 1844 1851
vs 1087 1081 1087 1093 1104 1126 1081 1072
rCH 1.110 1.119 1.120 1.114 1.094 1.111 1.118 1.112
rco 1.171 1.175 1.195 1.175 1.178 1.188 1.182 1.183
HCO 127.4 124.4 124.5 125.6 124.9 124.0 124.5 124.9

@rder of the oscillatorsy, CH stretching,v, CO stretching, and’; HCO bending.

bR and UV spectra in CO and argon matrid&efs. 4, 17.

°Fit of matrix data including anharmonicities for the CH stretchiRgf. 16.

9Microwave spectroscopfRef. 2.

°R, parametergRef. 58. R, values measured 1.125 A, 1.175 A, and 125.0 deg, respectiRely 9.
'Photoelectron spectroscopy in gas phéRef. 64.

9Laser induced fluorescence in gas phagef. 19.

"Dispersed fluorescence in jet-cooled HCREf. 24.

iISDCI+Q/DZP calculations. The's were computed using an empirically corrected surfdef. 34.
ISDCI/TZP calculations. Anharmonicities SCF/TZRef. 65.

KCASSCF/6-3% G« calculations(Ref. 40.

'CASSCF/SOCI/TZP calculation®ef. 41.

MCH +Q/VQZ3P+2f calculations(Ref. 38.

"Present CASPT2/VTZ2Pf calculations.

state. The Rydberg states t@p-8ype orbitals are computed B. The ground X 2A" in HCO and its isotopomers

from 6.33 t0 6.60 eV. ThéA’ (3p,) state at 6.34 eV has the . .
largest oscillator strength of the computed vertical spectrum, | € lowest energy potential surface of the formy! radical
0.039. This state forms a Renner—Teller pair together witt'aS been the subject of several experimental and theoretical
the 3p, state. It has been suggested that diffuse features ofstudies. Table I_II summarizes the m_ost |mportant experimen-
served more than 6000 c¢rhabove theB 2A’ origin corre- tal and theoretical structural and vibrational parameters for
spond to a weak continuum underlying transition to thethe ground K 2A’) state of the formyl radical molecule,
3p 211 linear state’ together with the present CASPT2 values.

The mixing of theX 2A’ state with the low-lying quartet The ground state equilibrium geometry of HCO has an
state has also been considered as a possible explanation #§tusually long CH bond length. The value obtained by mi-
the observed predissociati®hA recent theoretical study by Crowave spectroscopy is 1.110°AMore recent investiga-
Manaa and Yarkorf§} addressed the possibility of a spin— tions report a value for, of 1.119 A% The dissociation
orbit induced perturbation of the low-lying vibrational levels energy along the CH stretching coordinate is consequently
of the B 2A’ state due to the close presence of tHéLstate  small, 18 kcal/mof**° The bond length can be compared to
minimum only 1500 cr® above thex 2A’ minimum. A  the CH bond in HCO, 1.102 A? This is somewhat shorter
weak spin—orbit interaction was found with théA’ state, ~Since the new electron in formaldehyde is placed in the 7
formally a double excitation from thB 2A’ state. We have HCO orbital, which changes from,(to CH bond character
computed the vertical excitation to thé!A” state to be 6.19 in H,CO. The measured values of the CO bond length and
eV. This is a valence state mainly described by the excitatiothe HCO angle are 1.175 fRef. 8, 5§ 125.0°(Ref. 8 and
6a’—2a’. The next quartet of the same symmetry is also al24.4°>° respectively. All the theoretical studies on the
valence state computed at 8.88 . Table I). The 1°A’  formyl radical (cf. Table Ill) basically agree with the re-
state, on the other hand, has been computed at 6.70 eyorted experimental data. The best agreement is obtained for
somewhat higher than the previous CI calculation at 6.06he most recent calculations by Wernetal® and the
eV.?® This state is not expected to play an important role inpresent CASPT2 results. Both are performed with high qual-
the B 2A’ state photophysics. ity methods such as ICGIQ and CASPT2. In both cases the

Several experimental observations at low energy hav€O length, 1.182 A and 1.183 A, respectively, is predicted to
been related to the states of the linear HORef. 29 and be almost 0.01 A larger than the available experimental
they will not be discussed here. value, 1.175 A. The results can be compared to the CO bond
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TABLE IV. Experimental and theoretical spectroscopic constants {gror the ground E~( 2A’) state of isotopically substituted HCO molecufes.

Experimental Theoretical
M69P d Preserft

D6Y L81' D6 H86° D6 H86° B86' csg

DCO ckco H*co HC®o DCO DCO DCO B%co H*co HC®0o
w, 2068 2047 2759 2054 2129 2025 2002 2705 2713
W, 1820 1789 1821 1861 1929 1831 1803 1836 1831
w;3 849 842 1087 897 901 859 851 1100 1103
X11 —-58 -63 —139 -26 —-51 —-58 -133 -134
X22 -8 -9 -9 -12 -12
Xa3 -3 -10 -10 -15 -15
X12 —44 —46 -30 3 3
X13 —11 -9 -8 -7 -7
X3 -14 0 1 -4 -4
vy 1926 1937 1910 1910 2437 2441 1930 2049 1894 1867 2437 2442
vy 1803 1800 1795 1780 1829 1821 1824 1809 1883 1789 1770 1811 1806
Vs 850 852 847 845 1074 1084 1076 865 882 835 828 1065 1068

#Order of the oscillatorsy, CH stretching,v, CO stretching, and; HCO bending.
PIR and UV spectra in CO and argon matrig&efs. 4, 17.

°Fit of matrix data(Ref. 3 including anharmonicities for the CH stretchifigef. 16.
dLaser magnetic resonance déRef. 69. Absorption spectroscopy far; (Ref. 8.
®Fit of matrix data(Ref. 17 corrected for matrix shift§Ref. 58.

fSDCIH+Q/DZP calculationgRef. 34.

9SDCI/TZP calculations. Anharmonicities SCF/TZRef. 65.

"Present CASPT2/VTZ2Pf calculations.

length in the CO molecule, 1.128 A in the¢ '=* ground 1093 cmi? (matrix),*® 1126 cnm%,%4 and 1101 cm®.’® On
state and 1.209 A in tha °II first excited staté” The de-  the other hand, the reported values for the CO mode are
crease in the bond length from 1.209 A'in the origiaalll 1862 cn! (matrix),'® 1920 cnit,®* and 1875 cml.t® All
state of CO to th& A state of HCO can be understood asthe previous theoretical studies obtain values for these pa-
an electron leaving a CO antibonding orbitel. Table ). At rameters even larger than the largest experimental \(akie
the ground state CASPT2 optimized geometry the computeglept Bowmanet al** for w,). The CASPT2 results agree
rotational constants am, 24.75 cm, B, 1.48 cm-, and el with the most recent laser induced fluorescence study of
Ce 1.40cm ™. These results are '”_1900d accord Y"l'th recentsappey and Crosley.The overall disagreement is larger for
exper|menE:alI value§; Ag 24.33 cmit, By 1.49cm™, and e cH stretching harmonic frequency. The previous theoret-
Co 1.40cni™. ) ical values, except for the CASSCF/SOCI calculations by
The most ref:ent .experlmental measureme_nts of the HCQ/Ianaa and Yarkon§ are too high while CASPT2 computes
ground state vibrational fundamentals confirm the well-a low value of 2713 cii. It is not surprising that the anhar-
known character of each normal mode. The C,Hl StretChm?nonicity term is most important for the CH stretching mode.
fundamental has been measured toihe2440 cm -~ (Ref. e 1 64
1101924 . . Dixon™® estimatedk,4 to be —140 cm - and Murrayet al.
64) and 2435 cm~.~"*“*The error interval is larger for the 1 1
measured frequency of the CO stretching, 1868 cm 't —165¢cm % These values can be compared @6 cm
! computed by Clabet al®® and —134 cm* computed for

(Refs. 19, 6%and 1881 cm®.?* Finally, the measured values . o
for the fundamental frequency corresponding to the HCOthe CASPTZ-surface. The If'irge anharmonic cor[ectlon in the
CH stretching frequencies (between 200 cm and

bending mode v, are 1081 cm?,® 1087 cm','® and e
1093 cm'1.2* Comparing the experimental to the theoretical 350 cm *) is a consequence of the weakness of the CH bond

results, again the ICGIQ (Ref. 38 and the CASPT2 values and the low energy dissociation channel. .

have the best overall agreement. The results of Werner 1able IV compiles the experimental and theoretical data
et al®® are expected to be the most accurate, due to the nuntor several isotopically substituted HCO molecules. To com-
ber of geometries considered and the quality of the method?ute our values we have made the assumption that the equi-
The theoretical results tend to support the 1868 twalue  librium geometry does not change upon isotopic substitu-
for the CO stretching bond. In our calculation of the HCOtions. As expected, the largest observed and computed
ground state modes we observe thaindv; can clearly be  isotope shifts are for;, CH (CD) stretching, on deuteration.
characterized as the CH stretching and HCO bending modehe agreement between theoretical and experimental values
(95% and 97% in the composition of the eigenvectors, reis good once matrix effects have been considered. On deu-
spectively, while v, has 80% of contribution of the CO teration, the value ok,; decreases dramatically, as well as
stretching and 19% of the HCO bending. The comparison téhe whole role of the CHCD) anharmonicity in the vibra-

the harmonic frequencies is not so favorable. The error baronal spectrum. Regarding the other anharmonic constants,
in this case are very large. The harmonic frequency for thelue to spectral congesti¥hno experimental values have
bending mode,w; has been reported by experiment atbeen reported for the ground state of DCO except the data
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TABLE V. Experimental and theoretical structurd and deg and spectroscopic constants (cin for the
excitedB 2A’ state of the HCO and DCO moleculs.

HCO DCO
Experimental Theoretical Expt Theo
D6 M69° C9Z A9 sS9f  T7d Fo® Mo4" Pre§  C92 Pre$
N 2798 3125 2933 2825 2069 2072
o 1412 1209 1448 1400 1240 1210
w3 1107 1510 1127 1081 944 945
X11 76 —96 -48 -52
X2 5 -9 -7 -4
X33 -9 -12 -4 -8
X12 —-64 -3 -26 -9
X13 -33 31 -30 4
Xo3 —-16 —-13 1 -8
121 2597 2596 2646 1944 1965
vy 1375 1382 1381 1386 1213 1193
V3 1035 1066 1066 1056 922 924
T, 38691 38695 38695 38696 31858 37511 37325 38628 37503
rCH 1.16 1.154 1.097 1.110 1.110
rco 1.36 1.460 1.371 1.384 1.382
HCO 111 103.0 106.1 105.1 104.6

@rder of the oscillatorsy; CH stretching,y, HCO bending and; CO stretching. The same assignment for
DCO.

bValues in argon matrix. The CH distance is an assumed V@&eé 15.

‘Matrix-isolation valuegRef. 1.

YResonance ionization spectroscopy in jet-cooled HBEX. 21).

®Fluorescence excitation spectrum in gas pHa€s8) (Ref. 22 and in supersonic jeiS94 (Ref. 23.

Selected SDCI calculation3, is hereT, (Ref. 32.

9CASSCF/6-3%Gx calculations(Ref. 40.

"CASSCF/SOCI/TZP calculation3y is hereT, (Ref. 41).

iPresent CASPT2/VTZ2Pf calculations.

from Dixon® which only include CH stretching anharmo- As seen in Table | the CH bond is not involved in the exci-
nicities. A large value fox,, is observed even using such an tation B 2A’ <X 2A’. Dixon's estimat&® of the CO bond
approach 32 cm ). The same conclusion is obtained by length is in good agreement with the CASPT2 computed
Clabo et al®® who compute a value of-44cm™. The value of 1.382 A. This is considerably longer than in the
CASPT2 values fok;,in DCOis—46 cmi *and—30cm ' ground state, a fact also reflected in the orbital composition.
for D'3CO. This is a consequence of the enhanced mixing ofrhe excited electron goes from a CO bonding orbital in the
the CO and CD stretches in DCO due to the proximityof  ground state to a CO antibonding orbital in the excited state.
andv,. The vibrational constants for other isotopomers suchrhe HCO radical is also more bent than in the ground state.
as H%CO or HC0 do not strongly vary from the HCO The CASPT2 computed value of 104.6° is even smaller than
ground state values. the estimated value of 111°.Previous theoretical calcula-
- tions on theB ?A’ state geometry were performed with
C. The excited B ?A’ state in HCO and DCO poorer methods or basis s&t&° and some discrepancies
Table V lists the available experimental and theoreticaWith the CASPT2 results are apprecialié. Table V). The
structural and spectroscopical parameters for the excite@dreementis better with the CASSCF/SOCI results of Manaa
B 2A’ state of the HCO and DCO molecules, including theand Yarkony'' At the B ?A’ CASPT2 optimized excited
present CASPT2 computed values. The only experimentdjtate geometry the computed rotational constants are
value of the equilibrium geometry of the valenB&?A’ ex-  Ae16.38cm™, Bel.18cm?, and C.1.10cm™. These re-
cited state is the old estimate of Dixdhpbtained by fitting ~ Sults are in good accord with the most recent experimental
of the rotational parameters. The CO bond length was deteNalues;® Ag16.00 cm %, B,1.16 cn?, andCo1.07 cni™.
mined to be 1.36 A and the HCO angle 111°. Noting that  Milligan and JacoX’ assigned the, vibrational levels
there was no evidence for excitation of the CH stretchingof the B A’ excited state obtained at 1375 Thifor HCO
fundamental in the analyzed bands, Dixon assumed that tfnd 1150 cm* for DCO to the bending mode, and thg
CH bond had the same length in both the ground and theibrational levels at 1035 ciit in HCO and 925 cm' in
excited state. He used a value of 1.16 A, which has beePCO to the CO stretching mode. Their assignment was
proved to be too long. The assumption that the CH lengtibased on the strong argument that substitution of hydrogen
does not basically change from the ground to the excitedby deuterium could hardly decrease the CO stretching fre-
state seems to be confirmed by the CASPT2 calculationsjuency by 225 cm! if v, was the CO stretching mode. In
which compute values of 1.112 and 1.110 A, respectivelyaddition, they observed how deuterium substitution enhanced
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the development of progressionsiip, supposedly involving suggest strong Fermi resonances betweerand 2v,, in
appreciable hydrogen or deuterium atom motion. Cool andHCO and betweemn; and 2v; in DCO. The anharmonicity
Song* agree with this assignment and reinforce it by arguingconstantx,, for HCO strongly decreases from the ground
that for a bent triatomic molecule excitation of the bendingstate value both in experiment and in the CASPT2 theoretical
vibration always causes a much larger increase inAthe-  study. The coupling between the first and the other modes is,
tational constant than excitation on any stretching vibrationhowever, expected to remain. Cool and Sdngported large
which is known to be a safe criteriGA. Sappey and Vvalues for thex;, and x;3 anharmonicity constants both in
Crosley?® favor, however, the opposite assignment withoutthe ground —22 cmi * and — 27 cmi %, respectively and ex-
clear arguments. The only, to our knowledge, theoreticafited (—64 cm ™ and—33 cm ') state. Our CASPT2 values
study of the vibrational frequencies for tiB22A’ state of are smaller in all the cases. The same effect is not observed
HCO was reported by Franciscoetal?® at a for DCO. The reportec,; value of —58 cm * (Ref. 16 in
CASSCF/6-3%G* level of calculation. They assigned their the ground staté—51 cm * from CASPT2 does not change
computed 1510 cit frequency to the CO stretching mode Much in the excitedB ?A’ state; —48 cm* (Ref. 21
and the 1209 crri frequency to the HCO bending mode, in (—52 cm* by CASPT2. The anharmonicity constants,
agreement therefore with Sappey and Crosley. ConsideringNd*ss remain smaller in all the cases. In general, the effects
that both Erancisco’s and our own CASPT?2 theoretical cal®f the anharmonicity are smaller in the excited state than in
culations lead to similar geometries for tBE?A’ state, their  (he ground state and they are also smaller in DCO than in
result is somewhat surprising. We have obtained the opposit'é'co'
assignment. The CASPT2 fundamental frequencies for the
B 2A’ state of the HCO molecule are,, 2646 cm?, v, ~ -, o
1386 cmrt, and v5 1056 cmit. The corresponding assign- D- The B “A’«X “A’ absorption in HCO and DCO
ments are CH stretching, HCO bending, and CO stretching, The matrix isolation absorption spectra of Milligan and
respectively, in agreement with Milligan and Jatbend  Jacox in 1969Ref. 17 is one of the most complete sources
with Cool and Song* of vibrational data for the HC@B ?A’ excited state. This
Adamsonet al* also agree with this latter assignment, spectrum is not affected by the severe predissociation effects
although they leave some open questions waiting for ahat those obtained through laser techniques in gas phase or
proper normal mode analysis. For instance, similar HCOfet-cooled HCO are. They observed 38 absorption bands in
DCO isotope shifts have been observed in both modes; 14%e 210-260 nm region. The upper levels for 26 of these
for v, and 12% forv; (cf. Table V). In addition, a large pands could be assigned to the HBGA' state CO stretch-
change in the CO stretching frequency is observed from thghg and HCO bending overtones and combinations. The
ground state fundamental frequency, 185I°¢nto the ex-  spectrum exhibited the expected strong progressions in the
cited state value, 1056 ch (CASPT2 values These fre- 1, andu; vibrations caused by the large decreases in the CO
quencies would correspond to bond orders of 2.5 and 1, resond length and HCO angi®.2 A and 20.3°, respectively,
spectively. This is an unexpectedly large decrease upoat the CASPT2 levglon excitation from the ground state.
nominal promotion of a single electron. This can be partiallyThe upper states of most of the remaining 12 bands that
explained by the double occupation of the’ forbital, which  Milligan and Jacox did not assign, could be understood as
has a clear CO antibonding character, in¥h@A’ state. The bending and CO stretch progressions built on an origin ap-
increase of the HCO bending frequency can also be consigsroximately 2500 cm! above theB ?A’ state origin. They
ered to be an effect of the increased in-plane repulsion on thgpeculated that these bands might correspond to progressions
occupation of a’. In our harmonic normal mode analysis built on one quantum of th& 2A’ state CH stretch. Only
we have found the suggesfémixed character of the second recently Cool and Sorf§ observed and assigned the DCO
and third modes in th® ?A’ state, especially in the DCO counterparts of such bands confirming the early suggestion
system, which might account for the remaining isotope andand ruling out D13<on’§5 proposal that these bands were pro-
state shifts in the vibrational frequencies. For BiéA’ state  gressions in theC 2A” state. Adamsoret al?? recently re-
of the HCO molecule the, mode has 25% and 74% of ported that the rotational contours of the bands at
contribution of CO stretching and HCO bending, respec41 278 cmi and 42 305 cm' were indistinguishable from
tively, in the composition of the eigenvector. The percentghe rotational contour of the band of the origin, i.e., a hybrid
change to 66% and 28% for the; mode. The mixing is @, b-type band belonging to a state 8f symmetry. Our
more severe in DCO, where the modes have almost equaklculations place theC 2A" state origin more than
contribution from both CO stretching and HCO bending co-4000 cmi* above theB ?A’ state origin, confirming the most
ordinates. Cool and SoAywere unable to find the clear recent findings.
behavior of the rotational parameters in DCO as they did in  Table VI compiles the experimentally observed vibra-
HCO. tional levels for the excite® ?A’ state of the HCO molecule
The CASPT2 values for the vibrational frequencies andogether with our computed values. We have chosen our
anharmonicity constants in the ?A’ state of HCO agree (000) transition to be the experimental gas-phase value
with the values reported by the resonance two-photon ioniza88 695 cm*.?* No scaling or any other changes has been
tion study of Cool and Sont}. The overall agreement is even applied to the computed values shown in Table VI. The ob-
better for the DCO system. The fundamental frequenciesainedab initio values, together with our computed vibra-
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TABLE VI. Experimental and theoretical vibrational levels (c¢h for the excitedB 2A’ state of the HCO molecule.

Level MJI6S scod Cs9Z sco4 Cal¢ Level MJI6S Cal¢

000 38567 38695 38696 38695 023 44510 44 481
001 39623 39 760 39761 39751 006 44829 44771
010 39956 40 075 40076 40 081 032 44829 44 797
002 40 655 40 807 40 809 40 809 40 789 112 44 820
011 41005 41122 41125 41125 41124 201 44 844
100 41290 41292 41292 41342 041 45153 45 099
020 41344 41 470 41 468 41 468 41 443 015 45123
003 41689 41845 41841 41841 41811 121 45178
012 42 022 42155 42158 42159 210 45242
101 42325 42324 42394 050 45385
021 42342 42501 42 472 104 45448
110 42 468 42 600 42 609 42 758 024 45502 45 459
030 42728 42 854 42 781 130 45 520
004 42984 42818 007 45724
013 43053 43175 43157 033 45 815 45780
102 43429 113 45 825
022 43352 43 485 202 45876
200 43736 43795 300 46 055
111 43508 43626 43798 016 46 079
031 43808 43798 042 46 175 46 086
005 43801 051 46519 46 376
040 44 03% 44 095 025 46 420
014 44149 034 46 780 46 269
120 43935 44151 043 47133 47 055
103 44 447 052 47 468 47 350

@Absorption data on CO matri¢Ref. 17.

bLaser induced fluorescence data on gas pkiasé 19.

‘Resonance two-photon ionization in jet-cooled HOR&f. 21).

dLaser induced fluorescence data on supersonic moleculéRéét 23.

®Present CASPT2/VTZ2Pf calculations. Thg000) transition is taken from experiment. Tl initio value is 37 325 cmt.
New or confirmed assignment. See text.

tional intensities, can be of some help in suggesting or conexcept for the022) transition which was described by them

firming assignments in the bands. as a weak shoulder. In Table VI we have assigned some of
Figure 1 shows our computed vibrational intensities forthe bands Milligan and Jacox left unassigned. Transitions at

the low-energy part of the transitid® 2A’ —X 2A’ (000) in 42 468 cm* and 43 503 cm' can be assigned to progres-

the HCO molecule. The variational method explained in Secsions in one quanta ir; which were not considered by

Il B was used here. The figure includes transitions to vibraMilligan and Jacox. Transitions reported at 45 502 ¢rand

tional states up to four quanta {+v,+vs=4) in the nor- 46 780 cm® are here assigned to ti@24) and(034) levels,

mal modes. Figure 2 includes transitions to vibrational statesespectively, for the first time. We have reassigned two tran-

up to seven quantav{+v,+v3z=7) in the normal modes, sitions. The band reported at 42 722 chin the CO matrix’

and has been computed using the harmonic approximatiomnd at 42 854 cmt in the jet-cooled spectruthis assigned

in which the anharmonic corrections are considered in théo the (030 level instead of thg004) level based on the

position of the vibrational transitions via the usual perturbadarger intensity of the transition to th@30) level. As dis-

tive expressions. The results obtained from the two methodsussed by Cool and Sofighoth assignments were consistent

are very similar, except that the transitions related to the firstvith the obtained data. The assignment was already sug-

mode, CH stretching(100), (101), and (110 have gained gested by Jaco¥ In this context we assign the band re-

intensity when computed with the variational meth@g.  ported at 42 984 cm" by Cool and Song to the transition to

1). The large effect of the anharmonicities related to the CHhe (004) level. Another new assignment based on the com-

stretching might be considered to be the reason of such puted intensity is performed for the transition to &0

discrepancy. If we compare the obtained transitions in Fig. 2evel reported at 44 039 cm, which was previously as-

to the experimental spectra we find the best agreement witkigned to thg014) level.

Milligan and Jacox’$’ matrix data. Figure 3 shows the computed vibrational intensities for
As displayed in Fig. 2 the most intense progressions othe transitionB 2A’ <X 2A’ (000 of the DCO molecule.
the HCO absorption spectrum to tBe?A’ state are built on The harmonic approach has been used in this case, as the
one, two, and three quantadr and on four and three quanta variational method to not give any significant improvements.
in v,. The transition to the level042) is the most intense Note that the spectrum is plotted twice; in the second plot,
one in the computed spectrum. This description agrees wethe intensities have been magnified 1000 times, to show the

with the matrix spectrum reported by Milligan and Ja¢bx, weaker bands. For DCO it is the progressiow{0) in v,
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FIG. 1. Computed vibrational intensities for the absorpfu;)ﬁAN—BZ 2A’ (000 in HCO up to four quantay; +v,+v3=4). Variational method used.

which carries most of the intensity of the spectrum. The secsults are in agreement with Cool and SoRY'®CO jet-
ond mode corresponds to the DCO angle bending, althougtooled spectrum, obtained by resonance two-photon ioniza-
it has a strong contribution from the CO stretching as well.tion techniques, except for the transition to #0221 level,
The second most intense progression is ). These re- which they report as the most intense one. In any case their
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FIG. 2. Computed vibrational intensities for the absorpffbﬁA’«—SZ 2A’" (000 in HCO up to seven quanta (+v,+v3z=7).
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FIG. 3. Computed vibrational intensities for the absorpﬁ)ﬁA’«—;( 2A’ (000 in DCO up to seven quanta {+v,+vs=7). To the right, the intensities
have been magnified 1000 times.

spectrum is severely affected by predissociation effect$or the emission procesg 27" B 27’ (000), in the HCO
above this energy. Again, as in the HCO absorption specmolecule with up to nine quanta {+v,+v3=9). The har-
trum, bands a100), (101, and (110 are too weak in the  monjc approach was used. They can be compared to$he 0

computed spectrum. disperse fluorescend®F) spectrum reported by Tobiason
e, et al?* Upon excitation to thé ?A’ state the large increase
E. The X “A’—B “A" emission in HCO in the CO bond length and decrease in the HCO bond angle

Figure 4 displays the computed vibrational transitionsleads to a spectrum with long progressions inin combi-
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FIG. 4. Computed vibrational intensities for the emissloRA’ — B 2A’ (000) in HCO up to nine quantav+v,+v3=9).
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nation with the bendnote that the labels change from the important contributors to the chromophore in the HCO mol-
B A’ modes where, corresponded to the angle bending ecule for theB ?A’ state.
mode. No activity is expected in the CH stretch because of  Lee and Chef! estimated the electronic transition dipole
the small change in the CH bond length. These tendenciesoment to be lower than 0.31 a.u. They measured a fluores-
are observed both in thed(DF (Ref. 24 and in our com- cence lifetime of 89 ns for th& 2A’(000)—B 2A’(000)
puted spectrum. Comparing the relative intensities Tobiasoemission and applied the approximate relation'(s™?)
et al?* found the most intense progressions for the ff;)  =2.0261x 10~ ° Vgé%“gé% Wherevgg is To (in cm™) to ob-
series, decreasing in intensity ag goes from 0 to 3. We  tain an upper bound for the transition dipole moment. Both
have found the most intense progression far{D), and the  Manaa and Yarkorf} and our own calculations obtain a
intensity then decreases ag goes from 1 to 3. larger value forugy. By using the previous expression, the
The previous experimental observations are in agreepyre radiative lifetime of thé® 2A’ state is computed to be
ment with those reported by Dixbhand Adamsoret al®* 45 2 ns by Manaa and Yarkony, and 42.3 ns byws have

Dixon™® assigned four vibrational progressions in his hydro-sed our own computet,y). Meier et al®® measured 43 ns
carbon flame band emission spectrum. Vaidya’s not&ion fo the B 2A’ collision free lifetime.

was used and the progressions were cafigd A, B, and
short wavelength progressions, the two latter being related t8; syMMARY AND CONCLUSIONS

higher vibrational levels of the initial state. Thg progres- o
sion was assigned to the emission seriégg?_ i.e., (001), The present paper reports CASSCF/CASPT2 ab initio

(01D, (021),... . All these bands were found to be slightly calculations on different electronic states of the formyl radi-

diffuse. TheA, progression was assigned t& 2000, (010), cal, HC_O, and several of its |sotopomers: The CASPT2
(020),... . The bands belonging to this series were reported a@ethOd Is here shpwn to be a robust cqrr_elatlon method com-
sharp. Adamsoret al? in their stimulated emission pump- parable to extensive Cl mgthods and it is the most accurate
ing (SEP spectrum confirmed the assignments of Dixon. method applied FO the excited states of the HCO system.
The diffuseness of tha, band was attributed to predissocia- b ;’h? abs; roptloré ipe\c/:tr%r? of dHt? o dhas three %roups dOf
tion in the lower electronic state. In our theoretical spectrum ands from 2.0 10 6.7 eV. The red-bands system observed at

H neA 2pam
the A, progression is the most intense one because the prg-'o_z'2 eV(Refs. 7, 8, 17 is related to the £A"(A *A”) )
dissociation effects are not considered. valence state computed to be 2.07 eV at the CASPT2 level in

For the sake of brevity we will not present the computedthe vertical spectrum as a weak transition. The second set of

vibrational levels for the ground 2A’ state of the HCO transitions is known as the hydrocarbon flame bands, de-

. 4.8-5.9 e¥* They mainly involve progressions of
molecule. They can be obtained from the authors upon ret-eCted at4.8-5.9 €y mainly INVOIVE progressions o

2A1(R 2A7 H H
quest. The more extensive calculations by Ke#leal % can the 3°A"(B “A’) state, computed at 6.25 eV in the vertical

be taken as reference for the assignments. In general e ectrum(6.10 eV if we used the fitted surfacevith an

. : oscillator strength of 0.021. A final group of transitions is
agreement between both calculations is good except for th . o

s observed at 5.4-6.7 e¥/.They are assigned to the transition
states with higher quanta an .

The direction of the transition dipole moment== . in to the P 2[1 state in the linear molecule. The present verti-
T YEVE P Plax cal results basically agree with the previously reported ClI
the transitiorB “A" X “A" of the HCO molecule has bztgen calculations for the available stafs* except for the high-
reported from experiment to form an angle ©f31-34°;

+ 020 + oo . . est states.
+41-44°,"and + 39+ 2° (Ref. 67 with respect to the in- Through the calculation and fitting of both the ground

ertial a axis of the system. The determination of the relativei 27’ and B 2A’ excited states surfaces for HCO and its
direction of ygx W;th respg_ctz tC,’ the CH or CO bonds is jsoi0n0mers, we have obtained an accurate set of theoretical
however uncertaifi? At the B A’ state equilibrium geom-  yiprational frequencies for these systems. The obtained
etry Manaa and Yarkofy computed a transition dipole mo- CASPT?2 optimized geometry for the HCO grou?f(dZA’

ment of 0.429 a.u. forming an angle 6f34.4° with the  giate, 1.112 A, C—H bond, 1.183 A, C-O bond, and 124.9°,
mertlaloa axis. Our CASSCF results are 0.474 a.u. andyco angle, is consistent with the measured experimental
-"1-30.30, respectively. The inertia axis for this geometry  gng previously computed theoretical values. The normal
lies 4.8 away from the axis containing the CO bond towardsyode analysis of the HCO ground state leads to the follow-
the axis containing the CH boridee Fig. 2 in Ref. 41forthe jng set of fundamental frequencies and assignments:
orientation of the axis Therefore,ugx makes an angle of ;, 2443 cnt, CH stretchingy, 1851 cni?, CO stretching,
79.2° fl’0m the CH bond, a|mOSt perpendlcu|al’ to |t At the V3 1072 Cm_l' HCO bendlng These values are in good
ground state equilibrium geometry we obtain similar results ggreement with the most recent gas-phase experimental data,
a transition dipole moment of 0.433 a.u. and an angle 0b435cn!, 1868-1881 cm!, and 1087—1093 cit, 1924
+46.0° with respect to tha axis, which lies in this case respectively, and the agreement with the most accurate of the
6.3° away from the CO bond axis. We conclude then that therevious theoretical studi&sis also good. This is also the
transition dipole moment for thB 2A’ X ?A’ transition is  case for the anharmonic analysis. Txyg anharmonic cor-
almost perpendicular to the CH bond and the transition canrection, related to the CH stretching mode, was estimated to
not be characterized exclusively asor b-type (there is an  have a large value between140 cm * and— 165 cm 1,564
angle of 25.4° with respect to the CO bond at the excitedvhich agrees with our computed value-6fl34 cmi L. Upon
state equilibrium geometyy Both CO and CH bonds are deuteration the anharmonicity effects on the CH stretching
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decreases. Consequently, tkg value is computed to be cil (NFR), by project PB94-0986 of the DGICYT of Spain,
—51cmtin DCO, in agreement with the experimental es-and by the European Commission through the TMR network
timate of —58 cm . The agreement between our computedFMRX-CT96-0079.

and the experimental fundamental, harmonic, and anhar-
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