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Ab Initio Investigation of the Structure of the X 2A’, A%2A"” (1211)
Spectral System of HCO: Investigation of the
Magnetic Hyperfine Effects
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Results of an ab initio study of the hyperfine structure of the X'24’, 424* (1°I1) system of the
formy) radical are presented. Special attention is paid to the analysis of the interplay between the
vibronic and magnetic hyperfine effects. The results of computations are in very good agreement
with the available experimental findings. The values for the hyperfine coupling constants in lower
bending levels of both electronic species are predicted. @ 1994 Academic Press, Iac.

t. INTRODUCTION

This paper represents the second part of an ab initio study devoted to elucidation
of the structure of the X24', 424" (12I1) spectral system of HCO and DCO. In the
first paper (/) the results of computations of the bending level energies, the moments
for the transitions between vibronic states, and the spin-orbit splitting of the vibronic
levels are presented. In the present paper we report the results of calculations of the
hyperfine coupling constants (hfcc’s). The vibronic mean values of the hfcc’s are
computed combining the data for electronical mean values of these quantities with
the potential surfaces obtained in our previous studies ( /-4).

Hyperfine structure of the ground electronic state of HCO and DCO has been the
subject of numerous experimental studies (5-/8). On the other hand, the theoretical
information is rather scarce ( /9-22). To our knowledge there have been no publications
concerning the hyperfine effects in the 424" state so far. Thus we hope that the results
of the present study, which is focused primarily on the analysis of the interplay between
the vibronic and magnetic hyperfine couplings, will contribute to an understanding
of the hyperfine structure of the spectra considered and could be of use in future
experimental investigations.

2. TECHNICAL DETAILS

The most computer time consuming part of the present study concerns the calcu-
lation of the electronic mean values of the isotropic hfce and the Cartesian components
of the anisotropic hf tensor in both states considered. The isotropic hfce, Ai,, is the
proportionality factor between the scalar product of the nuclear spin vector operator
I with the electron spin operator S and the corresponding part of the Hamiltonian
(see, for example, Ref. (8)); it is defined for a nucleus N as
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where Gy and gy are the nuclear magneton and nuclear g factor, respectively. The
term g is the g value for the electrons in the free radical (assumed to be 2.0) and 8.
is the Bohr magneton. The sum on the right-hand side of Eq. (1) runs over all electrons;
8(r«n)sa indicates that only the spin density at the position of the nucleus considered
is taken into account. The subscript @ in the term s, indicates that the z axis is chosen
to coincide with the principal moment of intertia axis a at the linear nuclear arrange-
ment. The x(=C) axis is assumed to be perpendicular to the molecular plane. ¥
represents generally the total molecular wavefunctions; in the computation of the
electronic mean values for the hfcc’s (“electronic hfcc’s™) it is replaced by the electronic
wavefunctions of the state in question, calculated in the framework of the Born-
Oppenheimer approximation.
The anisotropic part of the hf operator for the nucleus N is represented by a traceless
tensor with Cartesian components with respect to a molecule-fixed frame given by
2
A3’=g~gﬁ~6eé<‘l'l(2 3"—;61) Sacl ¥, (2)
kN

k

with i, j = a, b, c. In the present study only the diagonal matrix elements with respect
to the electronic states are computed; the off-diagonal elements (*4’|4,,|24") and
(?A’|A\:|?A") are neglected because they do not contribute significantly to the vi-
bronical mean values of the hfcc’s (‘“‘vibronic hfce’s”).
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FIG. 1. Valence-bond angle dependence of the isotropic hfce for 'H in the X 24’ (full line) and the 424"
(dashed line) electronic states of HCO, computed employing the MRD-Cl method accompanied by a B,
correction of the electronic wavefunctions (full lines). Dotted lines represent the results of computations in
which the By correction is not carried out. In the calculations the H-C and C-O bond lengths are kept fixed
at the values of 2.0980 and 2.213153 Bohr, respectively.
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FiG. 2. Computed bond angle dependence of the isotropic hfce for 'O in the X2A' and 424" states of
HCO. See the legend to Fig, 1 for notation.

Three AQ basis sets are tested for the computation of the electronic hfce’s: (1) the
basis proposed by Chipman (23) augmented by two 4 functions given by Dunning
(24) centered on the carbon and oxygen atoms (as = 1.120, a$, = 0.2800, af, =
2.200, a9, = 0.550); (ii) the same basis augmented by very compact s functions, in
the following called *‘cusp functions,” centered at C and O (a€ = 21 163.05, «® =
39 082.7)and two cusp functions on the hydrogen center (! = 639.75, o} = 319.875):
(iii) a larger basis (1358 p3d) ~» [955p3d]. The (sp) basis was given by van Duijneveldt
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FiG. 3. Bond angle dependence of the isotropic hfce for '*C. Sec the legend to Fig. 1 for notation.
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(25), and the 4 functions are taken from previous calculations of hfcc’s. Test com-
putations have shown that the larger basis gave similar results as basis (i). The influence
of the cusp functions has been found to improve substantially the description of the
isotropic hfcc’s, particularly for the hydrogen atom. Thus all the computations pre-
sented in Section 3 are carried out employing basis (ii).

All computations of the electronic hfcc’s, also at the linear molecular geometry, are
carried out in terms of the C; point group. The electronic wavefunctions are calculated
by means of the multireference Single and Double excitation Configuration Interaction
(MRD-CI) method (26) in connection with a modified By correction (27). In these
calculations all electrons are correlated and no virtual orbitals are discarded. Approx-
imate natural orbitals (NQOs) for both electronic states in question are used as the one-
electron basis. The number of reference configurations in the MRD-CI procedure is
between 15 and 20, leading to a sum of their squared coefficients in the final CI
wavefunction of about 0.92. The dimension of the MRD-CI space generated by single
and double excitations with respect to these reference species is around 107, The
threshold of T = 2 phartree is the chosen criterion for configuration selection and the
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FIG. 4. (Bottom) H-CO stretching potential curve for the X 24’ state of HCO computed with the C-O
bond length kept fixed at 2.221 Bohr and the bond angle value at 125°, The position of the lowest-lying
vibrational fevel in HCO and DCO is indicated. { Top) Dependence of the values for the isotropic hfec's in
the X 24’ electronic state of HCO computed with the C~O bond length and the bond angle kept fixed at the
values of 2.221 Bohr and 125°, respectively. Full lines are By values, and dotted lines are MRD-CI results
(without By correction). Note that the function for ?O presented in the figure has to be multiplied by the
factor —0.1 (see also Fig. 2).
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FIG. 5. (Bottom) HC-O stretching potential curve for the X 2 4° state of HCO computed at the H-C bond
length kept fixed at the value of 2.127 Bohr and the bond angle value of 125°. (Top) HC-O bond length
dependence of the isotropic hfcc’s. See the legend to Fig. 4 for notation.

truncated MRD-CI wavefunctions involve 20 000-25 000 symmetry-adapted functions
(SAFs). In the framework of the By treatment, all coefficients in the CI expansion
with the magnitude greater than 0.03 (between 500 and 700) as well as those belonging
to the single excitations with respect to the leading reference configuration are corrected.

Electronic hfcc’s are computed for the bond angle values of 180°, 160°, 140°, 125°,
120°, 100°, 80°, 60°, and 30° at H-C and C-O bond lengths kept fixed at 2.098 and
2.21315 Bohr, respectively. In order to estimate the influence of the stretching vibrations
on the hfcc’s, at the bond angle value of 125° the electronic hfce’s are calculated along
the one-dimensional H-CO and HC-O sections.

Vibronically averaged hfcc’s are obtained according to the approach described else-
where (28-30). In these computations the vibronic wavefunctions calculated in the
first part of our ab initio study of the X24', 424" (1%11) system (/) are employed. In
the present paper we publish the results for vibronical mean values of the isotropic
hfcc constants for the lowest vibronical level. The values for vibronically averaged
elements of the anisotropic hf tensor are also given.

3. RESULTS

Computed bond angle dependence of the electronic hfce’s for 'H, '°C, and 'O in
the X2A4' and 4% A4" states of HCO is displaved in Figs. 1-3. The pictures contain the
results obtained with the truncated MRD-CI wavefunctions (dotted lines) and those
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FI1G. 6. (Left) H-C bond length dependence of the Cartesian components of the anisotropic hf tensor for
'H, PC, and O in the X 24 state of HCO computed with the C-O bond length kept fixed at 2.221 Bohr
and the bond angle value at 125°. Dotted lines are results of the MRD-C1 calculations. and full lines are B,
corrected values. The x axis of the coordinate system is assumed to be perpendicular to the molecular plane;
the z axis is along the C-O bond. (Right) The C-O bond length dependence of the components of the hf
anisotropic tensor computed on the MRD-CI level of sophistication with the H-C bond length kept fixed
at 2.127 Bohr and the bond angle value at 125°.

calculated with the electronic wavefunctions corrected by means of the By approach
(full lines). As has been stated in a number of previous studies on similar systems,
an improvement of the truncated CI function is of great importance for reliable com-
putations of the hfcc’s, particularly of the isotropic coupling constants (27). In the
case of the hydrogen atom (Fig. 1), the absolute values for the isotropic hfcc in both
electronic states computed with the help of the By corrected wavefunctions are rather
uniformly higher (by 10-20 MHz in the wide range of the bond angle variations)
than the values obtained with the truncated MRD-CI wavefunctions. The situation is
qualitatively similar for '’O where the absolute values for 4, obtained with the wave-
function are 5-10 MHz larger ( 15-20% ) than their uncorrected Cl counterparts (Fig.
2). The effect of the By correction is much more dramatic in the case of the carbon
atom. The By values in the 424" state are roughly twice as large as their Cl counterparts.
In the electronic ground state X2A’ for AHCO > 140° and AHCO < 100° the By
corrected values are larger than the uncorrected values. Around the minimum 2AHCO
= 125° the opposite trend is found.

The effect of the By correction on the values for 4, of '"H and '*C becomes con-
tinuously more pronounced by the elongation of the H~C bond length—see Fig. 4,
which contains the values for the X4’ state at the bond angle value of 120°; the
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FIG. 7. Charge density contours of the singly occupied orbital (SOMO) 7a’ of the X4’ ground state for
the linear geometry. A cut through the molecular plane is given; the positions of the nuclei are indicated.

absolute value of the A, for '’O computed at the By level is 5-8 MHz (i.e., roughly
10-20%) larger than the corresponding CI result in the whole range of the H-C bond
length variation considered (1.927-2.327 Bohr). The situation for the C-O bond
length variation is presented in Fig. 5.

In accordance with the experience with other related species, the values for the
components of the anisotropic hf tensor are found to be less sensitive with respect to
the computational method than those of the isotropic hfce’s. Particularly, the By cor-
rection is less important. As an illustration Fig. 6 contains the H-C bond length
dependence of the components of the anisotropic hf tensor in the electronic ground
state. The bond angle HCO and the C-O bond length are kept fixed at their approximate
equilibrium values. The By and CI curves (practically straight lines in all instances)
have qualitatively the same shape; the maximal discrepancies in the corresponding
results do not exceed 10%. The C-0O bond length dependence of the anisotropic hf
tensor is given on the right side of Fig. 6.

The isotropic hfcc’s for the X 24’ state show a much more pronounced dependence
on the bond angle value than their 424" counterparts (Figs. 1-3). This is a consequence
of the shape of the orbitals singly occupied in the various states. For the excited state
A” the singly occupied orbitals (# ¥ orbital of the CO bond) possess a node within the
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F1G. 8. Charge density contours of the SOMO 7a’ of the X 4’ ground state for the equilibrium geometry
(AHCO = 125°). A cut through the molecular plane is given: the positions of the nuclei are indicated.

molecular plane. Therefore for all bond angle values the isotropic hfcc is solely de-
termined by spin polarization effects. As a result, small absolute values are found for
all geometries. The situation is the same as for the ?B, state of the NH; mole-
cule (28).

For the X 24’ electronic ground state particularly large changes are found for A,
{'H), which increase from —88 to 335 MHz if the bond angle is decreased from 180°
to 125° (equilibrium angle), and A, ( 1>C), which for the same bond angle variation
changes from 66 to 385 MHz. The maximum of 4;, ('H) is obtained for AHCO
around 90°, For smaller angles a sharp decrease of 4;,, ('H) exists. 4j, ('H) becomes
negative for AHCO around 50°, but increases again for AHCO < 40°, A similar
behavior is found for 4;, ('>C), while 4;,, ('"O) depends considerably less on the
bonding angle.

The strong effects found in the electronic ground state can be explained by the
shape of the singly occupied orbital 74’, which for different bond angles (180°, 125°,
50°) is displayed in Figs. 7-9. For AHCO equal to 180° (Fig. 7) the 74’ represents
the =3 CO orbital. Because the density of the orbital is zero at the position of all
nuclei the isotropic hfcc are determined by spin polarization effects only with the
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FiG;. 9. Charge density contours of the SOMO 74’ of the X *4’ ground state for very small bond angles
(AHCO = 50°). A cut through the molecular plane is given; the positions of the nuclei are indicated.

consequence that small absolute values are found for all centers. For bond angles
smaller than 180° in addition to the = &o type the orbital possesses o bond character
between the carbon and the hydrogen center (Fig. 8). As a consequence the density
of the 74’ orbital at the position of the hydrogen and carbon center is unequal to zero.
Because the orbital is singly occupied large positive contributions to Ai, ('H) and A4,
('*C) result. For 4;, ('H) these positive contributions overcompensate the negative
spin polarization effects and A, ('H) becomes positive for AHCO larger than 170°.
Since around the oxygen center the =* character of the orbital is mainly retained,
only small changes are found for 4, ('’0).

The situation changes for AHCO smaller than 90°. The hydrogen center moves
into the region of the nodal plane which, due to the w&o character of the orbital,
separates the carbon and the oxygen center (Fig. 9) from one another. As a consequence
the density of the 7a’ orbital at the hydrogen becomes smaller and 4., ('H) decreases
sharply. Its value drops below zero, because as for AHCO = 180° spin polarization
effects become very important. For AHCO smaller than 50° bonding effects between
the oxygen and the hydrogen are found. As a consequence A;,, ('H) increases again.

While the dependence of the magnitude of the isotropic hfcc’s on the C-O bond
length in the X 2 A’ state is nearly linear for all three centers (Fig. 5). the H-C depen-
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F1G. 10. Bond angle dependence of the components of the anisotropic hf tensor for the hydrogen atom
in the X 24’ (full lines) and A424* (dashed lines) states of HCO. The a axis is assumed to coincide with the
C-0 bond; the c axis is perpendicular to the molecular plane. In the computations the H-C and C-O bond
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FIG. 11. Angular dependence of the anisotropic hfcc's of '*C. See legend to Fig. 10 for notation.
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dence for 'H is significantly nonlinear (Fig. 4). Consequences of this behavior will be
discussed below.

The bond angle dependences of the Cartesian components of the anisotropic hf
tensor for both electronic states in question are displayed in Figs. 10-12. They are
related to the coordinate system in which the z axis lies along the C-O bond and the
X axis is perpendicular to the molecular plane. The hydrogen atom is assumed to lie
in the second quadrant (z < 0, y > 0) of the yz plane.

In order to facilitate the comparison with the corresponding experimental results
the Cartesian components of the dipolar hf tensor in the three coordinate systems
mostly used by the experimentalists (9) are presented in Figs. 13-15. This includes:
(i) the principal axis system of the electron spin g tensor in which the z axis is assumed
to be parallel to the C-O bond; (ii) the principal moment of inertia axis system (for
'H '*C '%0Q); and (iii) the principal axis system for the dipolar hyperfine tensor.

The results of vibronic averaging of the isotropic hfcc’s for 'H (in 'H 2C %0}, '*C
(in 'H *C '*Q), and 'O (in 'H '*C ''0) in the lowest six K = 0 and 1 levels of the
X2 A’ state and the lowest eight vibronic levels of the 424" electronic state are presented
in Table I. While K = 0 vibronic levels belong always to a particular electronic state,
their K = | counterparts are generally shared between both electronic species X >4’
and 424", The mixing with the upper electronic species is insignificant in the lowest
K = 1 levels assigned to the X2A4’ state, because they lie well below the barrier to
linearity. Therefore, for the electronic ground state X >4’ the averaged values of K =
0 and K = 1 vibrational levels reflect only the geometry variation of the electronic
mean values of the hfcc in question, resulting in a smooth change of the vibronically
averaged hfcc's with increasing v, quantum number. A similar behavior is found for
the X = 0 vibronic levels of the electronically excited state 424", In addition to the
geometrical dependence of the electronic hfcc’s the vibronically averaged hfcc’s of the
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F1G. 12. Angular dependence of the anisotropic hfcc's of '70. See legend to Fig. 10 for notation.
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FIG. 13. (Top) Computed bond angle dependence of the components of the anisotropic hf tensor for the
hydrogen atom in the X 24’ electronic state at HCO (H-C = 2,127, C-O = 2.221 Bohr) along the axes of
the three coordinate systems most frequently employed in experimental and theoretical studies. Full lines
are the principal axis system of the electronic spin g tensor (a axis parallel to the C-O bond), dashed lines
are the principal moment of inertia axis system (for 'H '2C '°0), and dotted lines are the principal axis
system of the dipolar hf tensor. (Bottom) Bond angle dependence of the angle ¥ between the C-O bond
and (i) the z axis of the principal moment of inertia system (dashed line) and (ii) the principal z axis of
the hf dipolar tensor (dotted line).

K = 1 levels of 4% 4" are also influenced by the mixing between both electronic states
because the interaction between both electronic species is strongest in the energy range
around the point where they touch each other at the linear geometry. The strong
mixing leads to significant irregularities in the dependence of the vibronic hfce’s on
the bending quantum number and generally to different values for the vibronic hfcc’s
of the close lying K = 0 and K = 1 states above the barrier to linearity. For a more
detailed discussion of these effects the reader is referred to Refs. (28-30).

4. COMPARISON WITH EXPERIMENTAL FINDINGS
AND PREVIOUS THEORETICAL RESULTS

In order to facilitate the comparison with the corresponding experimental (as well
as previous theoretical ) findings the results of our computations of the isotropic hfcc’s
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FiG. 14. Bond angle dependence of the anisotropic hfcc’s for **C in different coordinate systems. See
fegend to Fig. 13 for notation.

in the lowest-lying vibronic level of HCO and DCO (v; =0, v, =0,v; =0, K = 0,
X 24’ state) are given in Table I1. The values for the electronic hfce’s computed at the
experimentally derived equilibrium geometry of the X24 electronic state are also
presented to enable a direct comparison with the results of other experimental studies
in which vibronic averaging has not been carried out.

An inspection of Table 11 shows that vibrational/ vibronic averaging plays the most
important role in the case of the isotropic hfcc for the hydrogen atom. The vibronic
mean value for A, ('H) differs from its electronic counterpart by 48 or 30 MHz,
depending on which set of experimentally derived molecular parameters (12, 31) is
assumed to represent the equilibrium geometry. Importance of the vibrational averaging
was already pointed out by Feller and Davidson (21). These authors found that the
value they computed at the equilibrium geometry determined by Brown and Ramsay
(29) should be corrected by 8 MHz due to vibrational averaging effects. In the present
study the difference between the vibronic and the electronic isotropic hfcc of the
hydrogen center is calculated to be about 20 MHz. We ascribe that to the fact that
Feller and Davidson did not carry out an averaging over the bending coordinate and
in addition used the harmonic approximation in the description of the stretching
modes. From Fig. 4 of the present paper it can be seen, however, that the anharmonicity
of the H~C stretching potential curve has nonnegligible effects already for the descrip-
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FIG. 15. Angular dependence of the anisotropic hfec’s for 1’0 in various coordinate systems. See legend
to Fig. 13 for notation.

tion of the lowest vibrational state. In combination with the significant nonlinearity
of the H-C bond length dependence of the electronic isotropic hfcc for H, a much
larger correction of the electronic Ai, ('H) upon vibrational averaging is found.

The results of the present study for the isotropic hfcc’s are in very good agreement
with available experimental findings. Maximal discrepancies do not exceed 3%. Similar
deviations are found between the results of various.experimental studies. In the present
study the ratio of 4i, ('H) and 4,5, (D) (obtained from HCO and DCO in its lowest
vibrational levels) is calculated to be 6.68. This is in very good agreement with the
results of the latest experimental studies (Ref. ( /8) for HCO, Ref. (17) for DCO) of
6.65. Both results differ significantly from the ratio of the nuclear g factors of both
elements, gn/gp, being equal to 6.51. According to the present ab initio investigation
the difference in the A, ('H)/4iso ('D) and gy /gp ratio is caused predominantly by
the above discussed characteristics of the H-C stretching mode; the anharmonicity of
the corresponding potential curve and the nonlinearity of the H-C dependence of the
hydrogen isotropic hfcc have an appreciately smaller effect on the vibronic mean value
of this quantity in the lowest vibronic state of DCO than that in its HCO counterpart.
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TABLE |

Results of Computations of the Vibronically Averaged 1sotropic
hfcc's in the Low-Lying Vibronic Levels of the X 24’ and 424" Elec-

tronic States of HCO
atom K=0 K=}
isotop. state v, E Ay A E A
(cm™) | (MHz) (cm™) | MHz
0 0]383 0 291384
/ i 1094|374 i 1128|375
XA 2 21751370 2 22121371
3 32461366 3 3287]367
4 4306|361 4 4352 1362
H 5 53561352 5 54101354
(H*CHO) o) 10103]-89.f {0(2) 10758 | -30.5

1(3) | 116861-89.9 11(4) | 12504[103

25) | 13245{-90.5 (2(6) | 13976 [-64.6
AA"  |X(T) | 14768]-90.8 |3(8) [ 15470)-55.8
4(9) ] 162581-90.8 }4(10) | 16971]-77.7
5(11) | 17731]-90.7 |5(12) | 18440]-81.6
6(13) | 19208|-90.4 |6(14) | 19924)|-77.4
7(15) § 20703(-90.1 [7(16) | 21427 {-65.7

0 0388 0 281388

/ i 1088374 i 1121)374
XA 2 2163|362 2 2199)362
3 32271349 3 3268 |349

4 4281335 4 4327336

5 53261321 5 53791322

o(1) | 10092{70.9 {0(2) | 10734105
13) ] 116641749 [}(4) | 12452}147

“Cc 2(5) | 13211]794 {1 2(6) 139341919
(H"*C"0) APA™  |3(7) | 147241845 |3(8) 15419199.0
4(9) | 16204189.8 14(10) | 1691196.5
S(11) | 17668154.8 |5(12) | 183711101
6(13) | 19134(99.1 [6(14) | 19843107
7(15) | 20619]103 7(16) | 21332119

0 0}-41.0 [0 291-40.9

' I 1093}-428 |1 1126 ]-42.7

XA 2 2172(-43.1 |2 2209 1-43.1

3 3241|-42.5 |3 3281 -42.4

4 4299(-41.2 |4 4346 -41.2

3 53481-39.8 |5 54011-39.7

o o(1) | 10102]-33.8 [0(2) 10754]-34.3
1(3) | 116841-329 {1(4) | 12492}-36.4

(H*CY0) 2AS) | 13241(-320 [2(6) | 13969|-32.7

A*A"  |3(7) | 14762]-31.0 |3(8) | 15461(-35.3
4(9) ) 16249}-30.0 |4(10) | 16961}-31.2
S(11) | 177201-29.0 {5(12) | 18428]-29.6
6(13) } 19195]|-28.1 [6{14) | 19908}-29.3
7(15) | 20687 |-27.4 |7(16) | 21408-30.3

Note. The levels of the upper electronic states are labeled by both
“bent” (v, = 0, 1, 2. . .)and “linear” notation (¥§" = 2§ + K
+ A).

Experimental information about the elements of the hf tensor is given in various
coordinate systems depending on the experimental technique. From the solid state
experiments the components of the hf tensor along the principal axis of the g tensor
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TABLE 11

Comparison of the Results of the Present Study for Isotropic hfec’s in the Lowest-Lying
Vibronic Level (v, = 0, v; = 0, vy = 0) K = 0 of the X *4’ Electronic State of HCO with the
Corresponding Experimental Findings and the Results of Previous Theoretical Works

this work
atom elec. vib. exp. theor.
averag. averag.
335 383 383.5° 3547 375
353° 372.2(4) 389.7(13) 336
H 388.9(2) 388.89(12)" 329°
388.408(72)
385 388 3177.% 365° 562=
BC 398° 381
-41.4* -41.0 -18.0"
Y0 -41.1° -33.6"
51.% 57.3 58.0° 58.7(2)°
D 54.2° 60(5)* 58.413(74)

Note. The first set of the values of the present work represents the electronic hfcc’s computed
at the bond angle value of 125° and the experimentally determined equilibrium bond lengths.
The second set is obtained by vibrational averaging assuming that the atoms in question belong
to the following isotopomers: H(H'*C'*Q), C(H"C'’0Q), O(H"*C""0), and D(D'?C'%0). All
values are given in MHz. The results correspond 1o the best energy computed.

*H-C = 2.098, C-O = 2.21315 Bohr (12).

"H-C = 2.127. C-O = 2.221 Bohr (317).

“Ref. (5). “Ref. (7). “Ref. (9). 'Ref. (13). *Ref. (15)."Ref. (16). 'Ref. (18).iRef. (6). “Ref.
(11).'Ref. (17). "Ref. (19). "Ref. (21). °Ref. (30).

are normally extracted (see, for example, Ref. (5)). In experiments performed in gas
phase, generally the hf tensor elements along the principal axis of the moment of
inertia are given, In many theoretical studies the hf tensor is diagonalized, leading to
a third coordinate system, the principal axis system of the hf tensor itself. If all tensor
elements are known the transformation between the various axis systems can be per-
formed (7). However, because the experimental determination of the outer diagonal
elements of the hf tensor is difficult (see Ref. (32) for a description ) the transformation
from one coordinate system into another is often ambiguous because it is not possible
to determine exactly the relative orientation of the axis of these coordinate systems.
Further difficulties arise because the sign of the hfcc’s cannot be determined on the
basis of experimental measurements alone. For an analysis of the problems in con-
nection with the HCO radical the reader is referred to Ref. (/9). It should be kept in
mind that isotropic hfcc’s and for planar molecules the value of the out of plane
component of the anisotropic hf tensor is not affected by the choice of the coordinate
system.

To be able to compare the present findings with previous experimental and theo-
retical results Table Il contains the vibronically averaged elements of dipolar hf tensor
in all three coordinate systems mentioned above. The different geometrical dependences
can be taken from Figs. 13-15.

Let us first focus on the hydrogen values for which most experimental and theoretical
data are available. The results computed in the present study are in good agreement
(deviation between 0-2 MHz) with recent theoretical works of Davidson and Feller
(21) and Momose ¢t al. (22). Also, in comparison to the most recent experimental
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TABLE 1l

Comparison of the Results of the Present Work for Components of the Anisotropic hf Tensor ( Electronic
Mean Values Computed at the Equilibrium Geometry of the X34’ State, H-C = 2098 Bohr, C~O =
2.21315 Bohr (12), (HCO = 125°) with the Corresponding Experimental Data and the Results of Previous
Theoretical Studies

C-Owz phfta pik
atom | A, this exp, this {exp.| theor. this exp. theor,
work work work
23] 633 | £14.0° | 234 |25°| 24% | 9.92 0.5 15.7 qar 3.507
116028 1119 1123 9.6"
6| 9.73 2.2 T3] -8 | -1.51 | 634 1.6° T4 11.50
H 3828 2.5713) 314 5.5"
ab [-13.3 16.2" 00 |00 0.0 [-15.3 S0
cc |-16.1 T11.8° | <161 |-17°) -17.4° }-16.1 “11.8%  -16.7° 150
~15.5(28 -13.76(13)* -14.3 -13.6"
23 |-16.3 <369 |-48°] -47.4° |-27.1
bb | 53.6 843 | 72| 897 | 645
"C [ab | 555 00 {00 00 | 470
cc |-37.4 -37.4 |-24*) -42.6° |-37.4
aa | 37.1 443 405 | 423
bb |-92.4 -99.5 -38.6° |[-97.6
70 {ab [-31.1 0.0 00 |-163
cc | 553 55.3 47.6' | 55.3
aa | 0972] £2.7° 3.59 1.87 T.4(a) 2I51(93)F
bb| 1.49 70.3* -L12 0.598 0.82(80)  0.156(118)
D [ab| -2.3¢ 52.4° 0.0 -2.27
cc | -2.47 -2.47 -2.47 -2.22(80)

Note. The results are given for the three coordinate systems most frequently used in the literature: (i)
the g-tensor principal axis system with the z axis along the C~O bond length (C~O = z); {ii) the system of
the principal axis of the anisotropic hf tensor (phfia); and (iii) the principal inertia axis system (pia). All
values are given in MHz.

*Ref. (5). **Ref. (5), absolute value. "Ref. (7). “Ref. (2/). ?Ref. (5 ), recalculated to pia system in (/5).
“Ref. (7). recalculated to pia system in (15). ‘Ref. (9). "*Ref. (9), assumed value. *Ref. (J5). "Ref. (15).
iRef. (18). 'Ref. (15). ¥Ref. (17). 'Ref. (11). "Ref. (30).

investigations (15, 16, 18) only small discrepancies are found. Larger relative deviations
are obtained for Aw, ('H), but the corresponding values are extremely small (<3
MHz), and large experimental uncertainties have to be taken into account. The values
obtained in the pioneering experimental study of Adrian et al. (5) deviates significantly
from other experimental and theoretical studies.

Only one experimental study exists for the anisotropic hfce of the carbon center
(7). While only small deviations are found for A,,, larger differences can be seen for
Asr and A,.. However, because the values computed in the present study are in good
agreement with those obtained in a previous theoretical study of Feller and Davidson,
more sophisticated measurements are desirable to clarify the situation. The value of
A given by Holmberg ( 7) especially lies outside the theoretical error bars.

5. CONCLUSION

To our knowledge this work represents the first ab initio study of the hyperfine
structure of the X 24’ and A2A4” (1°I1) system of the formyl radical in which the
coupling effects between the electronic states are taken into account. The agreement
between the results of the present computations and the corresponding experimental
findings is very satisfactory in most instances. For the anisotropic hfcc of the carbon
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center larger deviations are found, but because the values obtained in the present work
are nearly identical to those computed by Feller and Davidson (2/) new experimental
measurements are desirable. While the experimental data (with few exceptions) are
available only for the lowest vibronic level of the X24’ state, the present study gives
the values for hfcc’s in all bending states of spectroscopical relevance. We hope that
these results will be of interest for experimentalists working on the HCO/DCO system.
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