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Three-dimensional potential energy surfaces (PESs) and dipole moment

surfaces (DMSs) for the X 2A’ and 4°A" electronic states of the HCO radical
have been calculated ab initio at the full-valence multi-reference single and
double excitation configuration (MR-SDCI) + Davidson correction Q level of
theory including core-valence correlations, based on the five-state (i.e., three A’
and two A" states) averaged CASSCF orbitals, with basis sets of the Dunning
aug-cc-pVQZ for H and aug-cc-pCVQZ for C and O.

The X 2A'and 4%A" states correlate with a %I state at H-C-O linear geometries
so that they exhibit the Renner effect. We have applied the RENNER program [P.
Jensen, M. Brumm, W. P. Kraemer and P. R. Bunker, J. Mol. Spectrosc. 171,
31-57, (1995); M. Kolbuszewski, P.R. Bunker, P. Jensen and W. P. Kraemer, Mol.
Phys. 88, 105-124 (1996); G. Osmann, P. R. Bunker, P. Jensen and W. P.

Kraemer, Chem. Phys. 225, 33-54 (1997)] to calculate rovibronic energies and

intensities for X 2A’ and 4 ?A™ HCO, using the ab initio PESs and DMSs
described above.

The X ?A’ state is repulsive for the Jacobi angle T in the interval 65-85° with a
barrier to H+CO dissociation [see, for example, H. M. Keller, M. Stumpf, T.
Schroder, C. Stock, F. Temps, R. Schinke, H.-J. Werner, C. Bauer, and P.
Rosmus, J. Chem. Phys. 106, 5359-5378 (1997), and references therein]. Since
the RENNER program can calculate bound states only, the present work is
concerned with low-lying bound rovibronic states, situated below the dissociation

barrier, for X 2A' HCO.
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The coordinates r, R, 7, ri2, 3o,
and o used to describe the

HCO radical. M is the center
of mass of the CO moiety.

The ab initio energy points are fitted to the
expansion

Vi(hai1ps P) = ; G]('kl) reﬂ)l (ref) (1 —cosﬁ)’
Ji
with

' =1 —exp[-a;(r, -rS"), i=1or3,
where i = 1 is associated with the H-C bond, and i
= 3 with the CO bond.

In the fitting, the ab initio were weighted such that

points near the equilibrium structure of X A’
are given weights of 1.0 while the weights are
decreased with increasing electronic energy so that
points around 25000 cm™ have weights of 0.01.
Points with 1= 65° were given zero weight in the
fitting. The input for the fitting consisted of 1315
points (658 points on the lower surface and 657
points on the upper surface). We could usefully
vary 61 parameters and have achieved a standard
deviation of 24.4 cm™.

The potential energy surface parameters for
the X2A'and A%A" electronic states of HCO

ri2"A 1.063366(14)
ra2""IA 1.182539(15)
ai/A” 2.0
ag/A” 24
Gooo/En 2696.81574115(65)
G200 36648.29(67)
Gozo 64561.1(21)
Giro 817(36)
Gaoo -7092(16

Goso 11266(270

G210 11052(186

)

)

)

Gaoo 2502(27)
A'(o=-)

)

)

Goot'? -65971(17
Goo'? 273180(228
Goos'? -845102(1370)
Goos? 1819083(4386)
Goos'? -2455873(7987)
Goos'? 2025647(8256)
Goor'? -946865(4494)
Goos'? 194709(999)
Gior'? -50636(30)
Gon2 13236(34)
G102 155026(142)
Gon2 -26306(91)
G2 -203838(232)
o™ 5068(65)
Gloa2 89705(23)
Go14(0)
Gy -10791(23)
Gon! -4766(40)
Gooo? 6607(23)
Gozs(a)
Gy 1250(294)
G129 20451(689)
Gii3 -17213(442)
Gap'? -130(57)
Gos1'2 -35100(470)
G3'? -1195(55)
GmE") 10609(298)
0'

Guor -3683(41)

A" (o= +)

15858(17)
19521(213)
-75841(1141)
188369(3099)
-270810(4600)
222791(3759)
-96419(1584)
16846(268)
5786(39)
-20019(46)
-39080(160)
10125(105)
42262(222)

-18431(95)
-4910(74)
5231(22)
-14831(192)

22143(318)
-23599(443)
18839(1047)
4235(667)
16614(113)

-8066(98)

Units are cm™ unless otherwise indicated. Gjo= Gjo= Gjo'™. In Gjyand Gu'?, the
subscript j refers to the HC bond, whereas the subscript k refers to the CO bond.

Parameters, for which no standard error is given, were held fixed in the least squares

fit.

Quantities in parentheses are standard errors in units of the last digit given.
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Values of the spin-orbit interaction constant 4., have been calculated - — — ?; gzig
ab initio at various values of the angle p [and 7, r, fixed to the e (0,0,1) K,=1 -
equilibrium values in the X *A’ state]. These A, -values have been S — (0,0,0) £,~6 (0.0 K70 SR — 02.0) K5
fitted to the expression —

(1,0,0) K,
Ay (p) cm™ = 36.68 -12.9 (1 -cosp) /201 1750 B —— (0,1,0) K,=5 27507 T
+20.5(1-cosp)’~ 7.2(1-cosp)°. |
With the RENNER program system we have computed the rovibronic — (0,0,0) K.=5 ——— :8g K.=3
energies of X ?A’and 4%A" HCO and DCO for J through 15/2. We use S = _ o S
as input for this calculation the optimized potential energy parameters 5 5 — (0,1.0) Komd 5 S — S—
and the 4., (0 )-parameters given above. For both electronic component S 5007 2 15007 ( - | T 3 25007 Y —— =— (1,0,0) K,=2 |
= & _ (0,0,0) K,=8 5 - ——— = — -
states, bending basis functions were included with v < 20 (v} is the > S > S - — E?gé; fj
bending quantum number appropriate for a bent molecule), the — — 00 7t —— — 30 e
stretching wave equation was prediagonalized in a basis of ny+ ns; = - -
Nstetch < 16 Morse oscillator functions, and the lowest 28 stretching — — (0,1,0) K,=3 I —
eigenfunctions were used for the final calculations. An energy threshold —
= - i — — —— (0,2,0) K,=2
of Eimit = 18000 cm™ was employed for the contraction. 550! 19501 - 5950 | — — T — — ,1§ Ko=4 |
— 0,0,0) k,=3 — . S
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We plot here rovibronic term value diagrams for X “A’ HCO in the _ e — 0) K,=1
wavenumber region up to 3000 cm™". Spectroscopic labels are given for e — <8’%8) ?f? — T — 0,2,0) X,=0
selected states. L —— —— (0,0,0) K,=2 - onljoi K.—0 — — O o
_ e = = (0,0,0) K =1 -
Of =— —— 000) = 1000 | 2000
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20000 Fundamental term values (in cm™) for the X“A’ electronic state of HCO
Experiment Theory
M69 D69 L81 H86 M86 S90 T95 B86 C88 W95 SA98 PW
HCO V1 2483 2440 2435 2448 2448 2642 2446 2443 2399
Vo 1863 1868 1868 1885 1885 1975 1844 1851 1863
s 1500 va 1087 1081 1087 1104 1104 1126 1081 1072 1091 We have used RENNER to calculate the
a DCO v, 1926 1937 1910 1930 2049 1894 1904 fundamental vibrational energies (v H-C stretch,
) 1803 1800 1795 1809 1883 1789 1766 . : - O :
% v 850 s 847 o65 880 835 856 V2. bending mode, aDdzvg. C-O stretch) for various
. D®co v, 1910 1867 1867 isotopologues of X “A’" HCO, and we have
< 10000 vz o s e compared the results with the available
™~ HCO v, 2437 2437 2392 experimental datg and the results of other
= vy 1821 1829 1811 1823 theoretical calculations.
= V3 1084 1074 1065 1084
3 HC'®0O v 2441 2442 2397 :
=~ 5000 v 1824 1806 1818 We see tha’_[ the Va2 values are in rather goqd
V3 1076 1068 1087 agreement with experiment whilst the agreement is

0 50 o0 90
p/degrees

The pure bending potentials V, (75, r5", o)

plotted for the X 2A' and 42A" electronic states of

HCO. /
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IR and UV spectra in CO and argon matrices; D. E. Milligan and M. E. Jacox, J. Chem. Phys. 41, 3032 (1964); D. E. Milligan and M. E. Jacox, J. Chem. Phys. 51, 277 (1969)
Fit of matrix data [G. E. Ewing, W. Thompson, and G. C. Pimentel, J. Chem. Phys. 32, 927 (1960)] including anharmonicities from the CH stretching [R. N. Dixon, J. Mol. Spectrosc. 30, 248 (1969)]
Laser magnetic resonance data [R. S. Lowe and A. R. W. McKellar, J. Chem. Phys. 74, 2686 (1981)];Absorption spectroscopy for uz [J. M. Brown and D. A. Ramsay, Can. J. Phys. 53, 2232 (1975)]

E. Hirota, J. Mol. Struct. 146, 237 (1986).

Photoelectron spectroscopy in gas phase; K. K. Murray, T. M. Miller, D. G. Leopold, and W. C. Lineberger, J. Chem. Phys. 84, 2520 (1986).

Laser induced fluorescence in gas phase; A. D. Sappey and D. R. Crosley, J. Chem. Phys. 93, 7601 (1990).

Dispersed fluorescence in jet-cooled HCO; J. D. Tobiason, J. R. Dunlop, and E. A. Rohlfing, J. Chem. Phys. 103, 1448 (1995).
SDCI+Q/DZP ab initio; J. M. Bowman, J. S. Bittman, and L. B. Harding, J. Chem. Phys. 85, 911 (1986).

SDCI/TZP ab initio; D. A. Clabo, W. D. Allen, R. B. Remington, Y. Yamaguchi, and H. F. Schaeffer Ill, Chem. Phys. 123, 187 (1988).

points is in progress.

ICII+Q/VQZ3P+2f ab initio; H. J. Werner, C. Bauer, P. Rosmus, H. M. Keller, M. Stumpf, and R. Schinke, J. Chem. Phys. 102, 3593 (1995).

CASPT2/VTZ2P+f ab initio; L. Serrano-Andes, N. Forsberg, P.-Aa. Malmqvist, J. Chem. Phys. 108, 7202 (1998)

Present work

less satisfactory for vi and vi Presumably, the
reason is that our set of ab initio points does not,
as yet, involve sufficiently large displacements of
ri2 and r3;. Work with calculating more ab initio
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The axis system xpg used to describe the dipole
moment components and the transition moment for

the X 2A’ and A°2A" electronic states of the HCO
radical. The origin is at the nuclear center of mass,
the p axis is parallel to the CO bond, and the x axis
is chosen such that xpq is right-handed.

The dipole moment components are fitted to the
expansions

U (hasty,p)=sinp Z 7D (ARSDY

x(Ars) (1 - cosp)
and

1 (hy.1p,P) = Z 2 (ArgY

x(Arg) (1 - cosp)
with
ArSY =r, =1y i=1o0r3,

where i = 1 is associated with the H-C bond, and i
= 3 with the CO bond.

The transition moment between the X A’ and A4%A"
electronic states is fitted to

,U;_J') (r,,7,,0)=sinp Z xﬁ.;) Arl(ref))/

¥l

X (ArE)<(1 = cos p )

Dipole moment parameters for the X?A’and A?A" electronic

states of HCO

Quantities in parentheses are standard errors in units of the last digit given, and o is the standard

P Zo00/D

P Zo01/D

P 002/ D

P(U)oo3/ D

P Zo04/D

P Z005/D

P(U)mo/ DA’

pZ104/D A

P(szoo/ D A?

p%04/D A

PZ300/D A

P(U)om/ DA’
p‘%on/D A"

P(U)ozo/ DA?

p?110/D A

P(a)ﬂz/ DA?
a/D

q(a)ooo/D
q Z001/D
q Z02/D
q Z03/D

q'Z004/D

q(a)005/D
q'Z100/D A
q(g)zoo/D A?

q'%10/D A
q(a)ozo/D A?

q'%11/D A

q'%021/D A
q(a)1o1/D A’
q'%501/D A
q(U)m/D A?
o/D

“A'(0=-)
2.0313(88
-5.02(18
18.3(1

(
-8(
8(
9(
-0. 824(
(
(32
(

3.87 55)
3.36(59)
3.21(17)

-0.76(31)
-3.3(17)
11.9(19)
-8.3(26)

0.03

2.341(23)
-7.99(33)
23.7(15)
-35.8(32)
25.9(31)
7.4(11)
-2.124(85)
-2.49(36)
1.51(15)
-7.8(37)
-1.02(30)
9.0(53)
1.11(13)
1.68(47)
10.4(13)
0.022

deviation of the fitting.

A" (0= +)
2.0205(10)
-1.267(21)
-0.56(12)
1.21(25)
-1.32(21)

(
(
(
(
(2
0.385(61)
(11)
-1. 057(47)
(69)
(16
(26
(21
(87
(39

)
)
)
)
)

4.98(32)
0.0028

4.1(1
0.168(3
0.32(11
3.30(48
0.0016

2A|/2AH

-0.849(12)

1.93(12)
-4.48(40)

5.30(51)
-2.24(22)
1.177(58)

-1.224(92)

-2.13(24)
3.12(38)
-0.58(31)
0.550(47)
4.8(24)
-9.9(35)
-1.43(58)
0.014
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We have used RENNER to simulate the absorption spectra of X °A’
HCO in the wavenumber region up to 3000 cm™. The simulations are

done at the absolute temperature T = 273 K and involves states with J
35/2. The basis set is identical to that used for the energy calculations.
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