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In the present paper we calculate the magnetic hyperfine coupling constants (hfcc) auo and A, of the ground states of the
isotopes NH,, NHD and ND, using truncated MR-CI methods. Differences from other theoretical methods and shortcomings of
the truncated CI approach in calculating a;,, are studied. Polarization effects which determine a,,, as well as a simple model to
describe the dipolar hfcc's, are discussed. All results are in excellent agreement with experimental data. It is shown that ab initio
methods are able to obtain reliable values for off-diagonal values of 4, which are difficult to measure experimentally.

1. Introduction

The amidogen radical, NH,, probably represents
the most studied triatomic radical at the present time,
both by conventional and laser spectroscopic meth-
ods. In a series of papers [1-4] Cook, Curl, Hills and
coworkers used microwave optical double resonance
(MODR) techniques to measure various molecular
constants such as rotational constants, centrifugal
distortion constants and spin-rotational constants.
Also the hyperfine coupling constants (hfcc) com-
posed of the isotropic part a;, and the tensorial an-
isotropic part 4; were-studied for the ground state
X ?B, and the excited state A 2A,. The anisotropic
part was interpreted in terms of expectation values
for the wavefunction giving a composition of 2% 2s
and 90% 2p nitrogen character for the molecular or-
bital describing the unpaired electron. Because in-
formation about the spin-polarization mechanism
cannot be derived from experimental data the iso-
tropic part for X 2B,, which is determined solely by
spin-polarization effects, could not be interpreted in

the same manner. Measurements for the ground state
of the two isotopes NHD and ND, were performed
by the same group [2,4].

The hfcc’s of NH, are also the subject of several
theoretical studies [5-10], whereby the most recent
ones are by Sekino and Bartlett [8] and Pdhlchen et
al. [9]. The former, who calculated the isotropic part
only, used coupled cluster (CC) methods and
Moller—Plesset many-body perturbation theory up to
fourth order (MBPT4) in connection with basis sets
of double-zeta plus polarization quality. This study
which discusses differences between the various
methods employed finds an agreement with experi-
mental results better than 10%. Similar agreement
with experimental data was obtained by Pohichen et
al. [9] using the CEPA approach in combination with
larger basis sets (11s8p3d/10s1p). Their study in-
cluded calculations of the dipolar part, too.

None of the studies mentioned above investigated
the spin-polarization mechanism. Furthermore, the
full anisotropic tensor which is necessary to obtain
the hfcc of NHD and ND; is only given by Brown
and Williams [4] who used the UHF method in con-
nection with minimal basis sets. But as expected from
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these deficiencies in the method, the deviations from
experimental data are substantial.

In the present paper we calculate the hfcc’s a;,, and
Ay of the ground states of all three isotopes NH,,
NHD and ND, using the MRD-CI program package
[11]. Differences from other theoretical methods and
shortcomings of the truncated CI approach in cal-
culating a,,, are studied. Furthermore, polarization
effects which determine a;,, as well as a simple model
to describe the dipolar hfcc are discussed.

2. Theoretical background

The isotropic and anisotropic hfcc’s obtained from
gas-phase spectra are a direct measure of the net un-
paired electron-spin density at the nucleus and the
spatial distribution of the electron-spin density, re-
spectively. The former represents a scalar and is de-
fined for a nucleus ¢ as

1 n
Ao =3ngnghrpe 5 (Pl L O(ra)sau| ¥

where B, gn are the nuclear magneton and nuclear
g factor, respectively. The term g is the g value for
the electrons in the free radical, while S, is the Bohr
magneton. In the present work g was set to the value
of the free electron g.. The anisotropic part repre-
sents a tensor. Its Cartesian components are defined
in a molecule-fixed coordinate system as

1
Af) =gNgcﬂNﬂe g

T
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with i, j=ux, y, z; ck indicates that 4;; is formulated
with respect to the center c.

To relate the anisotropic part to experimental data,
it has to be taken into account that th:l?elationship
between a molecule-fixed and a space-fixed axis sys-
tem is determined by the much stronger rotational
interaction rather than by the hyperfine interaction
[12]. For a near-prolate asymmetric rotor (I,<I,
<1, I, denotes the inertial tensor components within
its principal axis system q, b, c, see fig. 1) such as
NH,, the rotational problem cannot be solved in
closed form. One way to obtain the rotational spec-
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Fig. 1. Different principal axes of the inertial tensor | for the mol-
ecules NH, (solid lines) and NHD (dotted lines). The principal
axis y/c comes out of the molecular plane and is identical in both
molecules. The I identification (x++b, ye+c, z—a) [13] is indi-
cated at the axes.

tra is to expand the problem into a prolate sym-
metric-top rotor basis, | NKM), with N representing
the rotational moment and M being the projection
of N onto the space-fixed Z axis. The letier X is the
component of N along the axis within the molecule-
fixed axis system which lies along the axis a of the
inertial tensor. For a symmetric top molecule, X also
is a constant of motion. The rotational energy levels
are obtained by diagonalizing the given matrix
problem.

It can be shown that for a near-prolate asymmetric
rotor, the off-diagonal elements of the matrix, rep-
resenting the differences between a symmetric and
asymmetric rotor, are minimized if the I* identifi-
cation (x—b, y—c, z+a) between space-fixed and
molecule-fixed axis system is chosen [13]. Other
possible relationships could also be taken but the I'
is the most convenient.

Other perturbations to the rotational structure of
the spectra such as spin-rotation interaction or hy-
perfine interactions, for example, are taken into ac.
count by including the appropriate matrix elements
in the rotational matrix. Those matrix elements ap-
pear both as diagonal and as off-diagonal elements,
The spectroscopic parameters describing the various
interactions are obtained by diagonalizing the com-
bined matrix. A more detailed discussion of the
problem can be found in refs. {14,15]. Keeping the
I" identification also for the anisotropic part 4;; is es-
sential because the off-diagonal components in 4;
for the hydrogen centers, 4!}, only contribute to ma-
trix elements off-diagonal in rotational quantum
number K(AK=*1), and the resulting second-or-
der perturbation effects are too small to be detect-
able {15]. Normally the A;; are constrained to be zero.
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Therefore, from standard experiments not all ele-
ments of A} can be determined but only those along
the principal axis of the inertial tensor |. Hence a di-
rect comparison between theoretical and experimen-
tal results in which A} is given in its own principal
axis system is normally not possible.

The off-diagonal element 4} of NH, can be de-
termined from experimental data of the NHD mol-
ecule because it possesses different principal axes of
the inertial tensor I’. Knowing the angle between the
two principal axis systems | and I’, one can calculate
A}l of NH, from the diagonal elements of the NHD
molecule. This was done by Steimle et al. [2].

From ab initio studies, which calculate 4; within
the rigid molecule, all elements of 4; are obtained
directly. This it is possible to calculate the aniso-
tropic hfcc’s of NHD from the NH, results simply by
rotating the A, tensor into the new principal inertial
axis system. For the deuterium center also the gy
value has to be changed. All this is possible within
the Born-Oppenheimer approximation (BO) be-
cause in this approximation there is no difference
between the electronic structures of NH, and NHD.
Beyond the Born-Oppenheimer approximation, fur-
ther effects arise from the influence of the nuclear
motion, but it was found that for the two lowest vi-
brational states of NH, [10] the hfcc’s depend only
very slightly on the vibrational states. Since for the
NHD molecule the ¥=0 level is even lower than in
NH,, vibrational effects were neglected in the pres-
ent paper. The agreement between theoretical and
experimental results (see below) supports this
assumption.

It is known [16] that from a theoretical point of
View g, is much more difficult to calculate than A;;,
although the problems just discussed for the aniso-
tropic part do not exist because a;,, represents a sca-
lar. The difficulties in the a;,, calculations arise since
only those orbitals contribute which possess a non-
vanishing value at the position of the nucleus in
question and a net spin density. For X B, of NH,
the Hartree~-Fock determinant is given by
1a32a%3a}1b3 1b}. Because the singly occupied 1b,,
which represents a nearly pure nitrogen p, orbital,
possesses a node in the molecular plane, a restricted
Hartree-Fock calculation (RHF) gives aj,,=0 for
all centers so that the value of a;,, is determined solely
by spin-polarization effects. The A; values, on the
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other hand, are expected to be dominated by the RHF
value because here 1b, can contribute.

3. Method of calculation

The basis sets employed are identical to those used
for the NH molecule [17]. They are summarized in
table 1. Although basis set effects on A,; were found
to be stronger than in the NH molecule, no f func-
tions were added. Their influence is expected to be
about 1 MHz. An extensive discussion of basis set
effects on a;,, and A4, can be found elsewhere [10].
Most of the CI calculations were performed by using
molecular orbitals (MO) acquired from a RHF cal-
culation of the ground state. To obtain a faster con-
vergence of the CI expansions, natural orbitals (NO)
were also employed. The calculations were per-
formed at the equilibrium geometry with Ryy=1.935
au, 6=103.3 [19].

4. Results and discussion

Because g,,, is determined by spin polarization ef-
fects, a strong dependence on the quality of the CI
wavefunction employed is expected. The depen-
dence for the X 2B, state in NH, is shown in fig. 2.
The calculations are carried out in the standard
manner whereby the MRD-CI truncation is made on
the basis of the energy selection threshold 7 [11].
The effect of higher excitations can be scen from a
comparison between results of a SD-CI (1 reference
configuration) and those obtained from a multi-ref-
erence CI (23 reference configurations for the NO
calculation, 10 reference configurations for MO cal-

Table 1
Technical details

AO basis sets employed in the present work:
nitrogen  (13s8p) contracted to - [8s5p] according to refs.
[17,18] plus 2d (1.9/0.5)
hydrogen (8s) contracted to - [5s] according to refs. [17,18]
plus 2p (1.4/0.25)

Basis used for CI calculations:
MO basis: from RHF-SCF calculation of X ?B,.
NO basis: from 1M1R MRD-CI calculation with
T=10.0 phartree employing MOs
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Fig. 2. (a) Calculated values for g}y, in various treatments. The
number of reference configurations (M) is always indicated as
well as the basis (molecular orbital (MO) or natural orbital
(NO)). The values are given as a function of the threshold T for
configuration selection (see text). (b) Calculated values for a'%,
in various treatments. The notation is identical to (a).

culation). The reference configurations were se-
lected on the basis of their contribution to the total
wavefunction, The total space consisted of 19015
state functions in the SD-CI treatment and 515792
in MRD-CI calculations employing 10 reference
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configurations (906999 for the 23 M calculation us-
ing NOs). Hence at a configuration-selection thresh-
old of T=6X 10~¢ hartree, 17568 state functions, i.e.
about 3.4% of the total space, were included (17534
or 1.9% if NOs were employed).

The influence of higher excitations is considerable
and an extrapolation to the full MRD-CI space or an
estimate of the full CI space, which is generally pos-
sible for the energy, is not yet feasible for the a;,, val-
ues based on the energy-selected configurational sub-
space below 18000 configurations. The calculated
absolute values of a;,, are too small in comparison to
experimental results. It is seen that an improvement
of the CI calculations by incorporating more of the
weakly interacting configurations which were pre-
viously neglected narrows the gap between theory and
experiment. It is also important to see that even
though the SD-CI treatment appears to converge, its
value is about 10 MHz in error.

In table 2 results of the present study are com-
pared with hfcc’s obtained by other theoretical meth-
ods. The high accuracy in the description of corre-
lation effects which is necessary to obtain a reliable
value for a;,, is easily seen. The dipolar constants, on
the other hand, are known [16] to be influenced
more by basis set deficiencies than by correlation ef-
fects. This explains the deviations found for the re-
sults of Brown and Williams [4] who used minimal
basis sets only. The whole tensor 4; including the
outer-diagonal elements are only given by Brown and
Williams [4] and the present work.

In order to understand differences in e}, between
the MRD-CI, CEPA and CC results, the basis sets
employed in the given studies have to be considered.
From the study of X 3Z- of NH [17] it is known
that the use of polarization functions lowers the
magnitude of the calculated value of a;,,, at both cen-
ters. Furthermore, g;, of a given center is mostly in-
fluenced by the basis set located at the center itself.
Effects from functions located at different centers are
found to be smaller. On this basis, the differences be-
tween the MRD-CI and CEPA studies on one side
and the CC results on the other are understandable.
Sekino and Bartlett [8] used a basis set of double-
zeta quality augmented by one polarization function
at each center. It is smaller than that used by
Pohichen et al. [9] (11s6p3d/10s1p) or in the pres-
ent study (table 1). The deviations in aff, between
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Table 2

Comparison between hyperfine coupling constants (in MHz) for X B, of NH; obtained by various theoretical methods

MRD-CI* CEPA ® CCSp @ SFCI1¥ UHF*® UHF " exp. ¥

nitrogen center [» 24,1 24.3 25.2 17.9 42,0 99.0 219
Ag -424 -427 -320 —43.1
Aw —429 -44.7 -36.0 —44.6
A 853 874 70.0 87.7
Aw 0.0 0.0 0.0

hydrogen center Qi —-63.4 -58.6 -72.9 -61.3 —101.6 -171.0 —67.2
Ao 20.1 16.0 30.0 18.6
Aps -13.0 -12.5 -5.0 —13.4
A -13 =35 =250 -5.2
Aw 55.7 71.0 58.5

*) Present work (NO, 23 mains, T=2Xx10-7). ® Ref. [9] < Ref. [8]. ® Ref. [7]. © Ref. [7]. " Ref. [4]. * Ref. [3].

our study and the CEPA results are, however, some-
what surprising. A possible explanation is the strong
dependence of a;,, on higher excitations such as tri-
ple or quadruple excitations.

The general conclusion from table 2 is that if cor-
relation effects are taken into account, a close agree-
ment for a;,, and A4; is found between the various
methods whereby the hydrogen results, however, de-
viate more from each other than the nitrogen con-
stants. For methods which do not incorporate cor-
relation effects properly, such as UHF, larger errors
are found.

The hfec of a free radical like NH, may be inter-
preted in terms of expectation values for the wave-
function of the unpaired electron [20], thus giving
a direct experimental characterization of the MO de-
scribing the unpaired electron. For NH,, only 4, can
be used since the a;,, values are solely determined by
spin-polarization effects. Information about the spin-
polarization mechanism which cannot be extracted
from experimental results can be obtained from core
calculations [21], i.e. calculations in which together
with the 1b, electron only the electrons of one dou-
bly occupied shell are correlated. The results are
summarized in table 3. Because core calculations
represent a simplification, i.e. do not include cor-
relation effects between doubly occupied shells, only
calculations employing MOs (but not NOs) were
performed.

The situation is similar to that found for the NH
molecule. The value at the nitrogen center, af,, is
composed from contributions of la,, 2a, and 3a,.
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Table 3
The value for a,,, (in MHz) obtained from core calculations for
X B, of NH; (MO basis)

Center Correlated shell *! Sum ®
la, 2a, 3a, 1b;

nitrogen -51 60 12 0 21

hydrogen 0 -35 7 ~22 -50

* Correlated shell means that only the shell given is correlated
together with the 1b shell, while all other shells are kept dou-
bly occupied.

®) The sum of the single contributions is given to indicate that
a,,, cannot be completely calculated without including inter-
shell correlation effects.

(The 1b, cannot contribute because it posscsses a
node at the nitrogen center.) The la, and 2a, con-
tributions are large and because they possess differ-
ent signs, a partial cancellation occurs. The 3a, con-
tribution is smaller in magnitude. For the hydrogen
centers, the 1a, does not contribute since it repre-
sents the nearly undistorted nitrogen 1s orbital. The
value of afl, is determined by contributions from 2a,
and 1b, while again the 3a, is less important. The
investigation of ali, shows clearly that the value can-
not be related to a single molecular orbital, i.e. the
highest doubly occupied orbital. For alj, the situa-
tion seems somewhat simpler because partial can-
cellation of the 1a, and 2a, contributions occurs.
The influence of the multi-reference CI on the
value of the dipolar tensor 4,; has also been studied
[10] but was found to be very small, as expected. A
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RHF calculation for A; which is identical to the
computation of the expectation value of A; for the
Ib, orbital gives already 98% of the total value. The
calculations support the experimental conclusion that
the singly occupied orbital possesses 95% p contri-
bution. A simplified model for a qualitative descrip-
tion of 4, can be made. The relative weight and the
signs of the components are reproduced by calcula-
tions in which the unpaired electron is localized about
1.2 au above and below the nitrogen center, and fur-
ther improvement is reached if it is shifted slightly
towards the hydrogen centers (by about 0.1 au). For
a quantitative description the electron distribution
has to be taken into account, i.e. by using the RHF
orbital. A similar model was used by Steimle et al.
[2] to fit their experimental results. As was shown
elsewhere [10], this model is also sufficient to ex-
plain the qualitative behavior of 4; over a large range

Table 4
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of varying bond distances or bond angles.

As discussed above, within the BO approximation
the NH, results can be used to calculate hfcc’s of
NHD if proper scaling of gy and appropriate coor-
dinate transformations are performed. The principal
axes of the inertial tensor | of NH, can be trans-
formed into that of NHD by a rotation of about 21.7°
in the ab plane (fig. 1). To compare the 4, of NHD
with experimental results which are measured along
the principal axis of I, 4; has to be transformed in
the same manner. The results are summarized in ta-
ble 4 where the ND, values are also given. The iso-
tropic values are not influenced by this transfor-
mation and are given for completeness. For symmetry
reasons the AE values are not affected by the rota-
tion so that they are equal in both molecules. The
large effect of the rotation for 4} is due to the strong
differences in A, and A}, and the large value of

Comparison between theoretical * and experimental results ® for hyperfine coupling constants of NH,, NHD and ND, (values in MHz)

Nitrogen Hydrogen
theory exp. theory exp.
NH, molecule Gino 24.1 27.8 —63.4 -67.6
Aga -42.4 -43.1 20.1 18.6
Apm -429 —44.6 -13.0 -134
A 853 81.7 -13 -5.2
Ags 0.0 0.0 55.7 58.5
Nitrogen Hydrogen Dcuterium
theory exp. theory exp. theory exp.
NHD molecule 8 24.1 27.8 -63.4 -67.6 ,
Aaa —42.5 —-43.0 -223 —-25.5 8.2 82
Aw —-428 —44.4 29.5 30.5 -7.1 -14
A 85.3 87.5 -13 =52 -1.1 -08
A 0.2 51.4 -4.4
Nitrogen Deuterium
theory exp. theory cxp.
ND, molecule [ 24.1 27.8 -9.7 -10.1
Ao -424 -43.0 31 31
Ay, -429 -44.4 =20 =21
A 85.3 87.5 -L1 -0.9
Az 0.0 8.5

" Present work (NO, 23 mains, T=2Xx10"7).
®) Sicimle et al. (2], Hills and Cook [3].
©) Obtained indirectly from NHD measurements [2].
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Al in NH,. Because for the nitrogen center AL is
nearly identical to 4}, and A%, is zero, nearly no ef-
fect of the rotation is seen for the dipolar tensor of
the nitrogen center. For all three molecules a very
good agreement is found. This is expected from the
agreement of the NH, results with experimental val-
ues and shows that effects beyond the BO approxi-
mation are small.

5. Conclusion

In the present paper we have discussed the hfcc’s '

for the X 2B, state of NH,. The valtues were used to
calculate hfcc’s for the ground state of the isotopes
NHD and ND, (table 4) by transforming the A; ten-
sor onto the principal axis system of the inertial ten-
sor | of the given molecule. All results are in very good
agreement with experimental data which shows that
effects beyond the BO approximations are small. De-
viations, which are around 2-3 MHz, can be traced
to the strong influence of correlation effects and to
small basis set deficiencies for the isotropic and an-
isotropic parts, respectively. It can clearly be seen that
ab initio methods are able to obtain reliable values
for off-diagonal elements in 4, which are difficult to
measure by experimental methods.

The spin-polarization mechanism which deter-
mines a;,, was investigated by core calculations (ta-
ble 3). By symmetry, only a, orbitals can contribute
to ali,. A partial cancellation of the negative la, and
the positive 2a, contribution is found whereby both
single values are large in comparison to the positive
3a, contribution. The total value of ali, is deter-
mined from negative 2a, and 1b, contributions. The
3a, contribution is positive but smaller in magni-
tude. The A4, values, which are nearly independent
of correlation effects, can be described by a crude
model in which the unpaired electron is localized
above and beneath the nitrogen center.
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