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Following a systematic examination of basis set and electron correlation effects, accurate 
hyperfine coupling constants have been determined for the X 32- states of NH and Bz using the 
multiconfiguration self-consistent-field (MCSCF) restricted-unrestricted (RU) response func- 
tion approach. These species were chosen for study because their unpaired electrons reside in rr 
orbitals; so at the single configuration self-consistent-field (SCF) approach, they display zero 
hyperfine coupling constants. The approach advocated here has been tested successfully on 
o-radical species with unpaired electrons occupying c~ orbitals; this work represents the exten- 
sion to r-radical species which are expected to be more difficult cases. In designing the atomic 
orbital basis sets, effects of uncontraction of the orbitals (to permit maximal flexibility especially 
in describing electron density near nuclei) and of addition of diffuse and tight functions were 
taken into account. Our final bases give hyperfine coupling constants that agree with numerical 
Hartree-Fock (HF) and with numerical complete active space valence (CASV) MCSCF re- 
sults, which indicates that our basis sets are accurate enough to be used in further studies that 
treat electron correlation more accurately. For dealing with electron correlation in a manner 
that, based on our past experience, could provide the requisite over all accuracy in the final 
coupling constants, the CASV configuration spaces were systematically extended to larger CAS 
(complete active space) spaces using natural orbital occupation numbers to determine which 
orbitals to include in active spaces for each symmetry. Our final results compare favorably with 
the available experimental data. The results show that the hyperfme coupling constant for B in 
B2 and N in NH results from a near cancellation of large and opposite signed core and valence 
contributions. 

3r- 

I. INTRODUCTION 

The hyperfine coupling constant tensor (A) is related 
to the energy of interaction between the electron and nu- 
clear spins, and can be written as the sum of an isotropic 
Fermi-contact (FC contribution) and an anisotropic spin- 
dipole term (SD contribution) .l Its theoretical evaluation 
within conventional ab initio methods has proven to be 
quite difficult primarily because it depends on the unpaired 
electron density near nuclear centers. In either the re- 
stricted Hartree-Fock (RHF) or conventional multicon- 
figuration self-consistent-field (MCSCF) methods, the spin 
polarization of the electrons in the doubly occupied orbit- 
als is ignored and reliable coupling constants are difficult to 
obtain because inner shell “core” orbitals are kept doubly 
occupied.’ Moreover, methods as unrestricted Hartree- 
Fock (UHF) and single excitation configuration interac- 
tion CI (SECI) are known to overestimate the spin polar- 
ization of inner-shell orbitals, thus, producing hyperfme 
coupling constants that are unrealistically large.3 The eval- 
uation of hyperfine coupling constants is therefore very 

‘)Permanent address: Department of Chemistry, Utah State University, 
Logan, Utah 843224415. 

challenging for computational quantum chemistry, espe- 
cially when the effect vanishes when treated at the single- 
configuration SCF level as for the ground electronic states 
of the r-orbital based radicals: NH(32-) and B2(32-), 
we treat in this paper. 

Experimentally, the NH has been studied, using laser 
magnetic resonance4 and high-resolution-molecular beam- 
laser induced fluorescence spectroscopies.’ Theoretical 
studies have been done by Chipman, Bender and David- 
son,’ Engels and Peyerimhoff,8 and Kristiansen and 
Veseth.’ In general, the agreement between the calculated 
and the experimental results are good having errors in the 
computed values of, at most, a few percent. 

The B, radical’s hyperfine tensor is known to be highly 
anisotropic. When trapped in Ne and Ar matrices at 5 K, 
its hyperfine coupling constant has been determined by the 
Knight and Davidson groups who also carried out careful 
ab initio studies of this molecule.1o(a) When judged against 
the experimental data, their calculations revealed that it is 
extremely difficult to calculate the hyperfine coupling con- 
stant correctly even when using large multireference single 
and double excitation configuration interaction (MR- 
SDCI) methods preceded by second-order perturbation 
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theory screening of the energetically most important dou- 
ble excitations. These authors obtained qualitatively cor- 
rect results for the anisotropic contribution, but the isotro- 
pic term proved very difficult to obtain even to within the 
proper sign. In their largest MR-SDCI calculation, the sign 
of the isotropic contribution was wrong and its magnitude 
only ca. 18% of the experimental value. Subsequent theo- 
retical work by Feller and Davidson1o(b) used larger 
MR-CI wave functions and improved the calculated iso- 
tropic term somewhat. However, even these calculations 
did not demonstrate convergence as functions of reference 
space size or configuration selection threshold [see Fig. 3 of 
Ref. 10(b)] and their best isotropic constant result was a 
factor of 3 smaller than the experimental result. Thus, the 
proper and efficient treatment of electron correlation as 
pertaining to hyperfine coupling constant calculation re- 
mains a difficult fundamental problem and one addressed 
here. 

the starting CASV space, we can obtain accurate results for 
NH and B, using this method. 

The MCSCF RU method has previously been success- 
fully benchmarked against full configuration interaction 
(FCI) results for BH, and the N atom,2 and used to 
achieve accurate hyperflne coupling constants for 2A1 B3, 
(Ref. 11) 2Z+ CN and 22+ CP,t2 each of which had pre- 
sented interesting challenges to experimentalists and theo- 
reticians in this area. 

In the following section, we briefly summarize our cal- 
culational procedure, including the RU approach, as well 
as, the methods for basis set construction and for configu- 
ration space choices. Section III describes the results of our 
calculations, and in Sec. IV, we give our concluding re- 
marks. 

II. CALCULATIONAL PROCEDURES 

As our earlier work demonstrated,‘1912 the selection of 
a flexible atomic orbital basis set is decisive in performing 
reliable calculations of hyperflne coupling constants. 
Therefore, we began our investigation with a careful basis 
set study using SCF and complete active space (CAS) 
MCSCF wave function where all valence electrons are dis- 
tributed among all valence orbitals in any manner consis- 
tent with overall spatial and spin symmetry. We denote 
this MCSCF CAS valence space as CASV. Our goal in this 
part of the study was to determine a basis set for which the 
SCF and CASV correlated results (i) compare well to the 
corresponding numerical-basis results and (ii) are stable to 
within a few MHz with respect to further improvement of 
the basis. Our bases were formed by starting with Dun- 
ning’s correlation consistent basis sets,13 performing sys- 
tematic uncontractions of the contracted s and p orbitals, 
and augmenting the bases with diffuse and tight functions 
until saturation was achieved (see Sec. II for details). 

The hyperfine coupling tensors of the NH and B2 rad- 
icals were evaluated subsequent to the systematic basis set 
and electron correlation study whose details are given later 
in this section. Denoting the isotropic part of the A tensor 
by aiso times the unit tensor I, and the anisotropic by Ad, 
we have 

A=aJ+Ad. (1) 
The principal values of the 3 X 3 A tensor are denoted A,, 
A,,, and A,. We chose to use local coordinate systems 
where the z axes pass through the two atoms pointing away 
from the center of mass. Given the equivalence in the per- 
pendicular x and y directions and the fact that Ad is trace- 
less, it follows that the principal-axis components of Ad 
obey: At= -2 A$= -2 A$ Hence, in specifying the com- 
puted results, it is usual to give values for aiso and for 
adip= -A$ the two remaining components of Ad are then 
determined by the above identities. 

Electron correlation was included in our calculations 
using the restricted-unrestricted (RU) approach of 
Fernandez et aL2 In this approach, we describe the molec- 
ular system in the absence of the Fermi-contact (FC) or 
spin-dipole (SD) operators with a conventional spin- 
restricted MCSCF wave function (either the CASV func- 
tion or an extension to higher levels). In the presence of 
the FC or the SD operator, the wave function spin relaxes 
as a result of which the expressions of all first-order mo- 
lecular properties acquire, in addition to the conventional 
average-value term, a so called relaxation term that in- 
cludes the first-order response of the wave function to the 
FC or SD perturbations. The latter term does not vanish 
because the spin-restricted MCSCF wave function is not 
optimized with respect to the orbital spin relaxation pa- 
rameters (see Sec. II for details). 

A. The restricted-unrestricted response function 
method 

In addition to computing the hyperfine tensor for NH 
and B, for bases and CAS spaces we judge adequate, we 
have once again tested the accuracy of the RU approach by 
carrying out FCI calculations on NH and using the result- 
ant wave function to compute the hyperfme tensor. This 
allows us to demonstrate that by systematically extending 
the configuration space of the MCSCF calculation beyond 

The RU approach’ may be viewed as follows. In the 
absence of the FC or SD terms’ in the electronic Hamil- 
tonian, we assume that the system can be described with a 
spin-restricted MCSCF wave function denoted ]O’o’). In 
the presence of the FC and SD Hamiltonian terms, which 
are triplet tensor operators in spin space, the wave function 
spin relaxes which, thus, necessitates using a spin- 
unrestricted description. The total energy of the system in 
the presence of the FC and SD couplings is then expressed 
in terms of the spin-relaxed wave function denoted 16). 

E(a) =(6p+aVIti). (2) 

Here, H is the Born-Oppenheimer electronic Hamiltonian 
in the absence of the FC and SD terms, and the perturba- 
tion V denotes either the FC or SD Hamiltonian. The spin 
relaxation of 16) is achieved by introducing triplet opera- 
tors in both the orbital and configuration spaces as de- 
scribed in Ref. 2. 

Expanding 16) in powers of the perturbation gives 

l6)= ~o’~~)+a~0”‘)+1/2a~~o’~‘)+~~~ * 9 (3) 
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and, the first-order contributions to the energy, which re- 
late to the molecular property of interest, are evaluated as 

The first term in Eq. (4) is the standard average value 
expression (denoted ave. in the tables), whereas the last 
two terms are the response terms (denoted res. in the ta- 
bles) because they involve modification of the wave func- 
tion induced by the perturbation. The latter terms appecr 
because the zeroth order wave function IO(c)) is not opti- 
mized with respect to the triplet operators in the orbital 
space. In Ref. 2, details are given concerning evaluation of 
the response terms for such MCSCF wave functions. 

B. Atomic basis sets 

In our calculations, we used as our primary basis sets 
for NH and B, the spherical components of Dunning’s 
correlation-consistent polarized valence double zeta 
( VDZ ) ( 9s4p 1 d/3s2p Id), and Dunning’s valence triple 
zeta (VTZ) ( lOs5p2dlf/4s3p2dlf ) bases.13 For both NH 
and Bz, starting from the VTZ bases, basis set effects were 
systematically examined by first uncontracting all of the s 
functions, and then uncontracting both the s and the p 
functions. The resultant bases are denoted by the subscripts 
u and up, respectively, when our results are reported and 
discussed later. 

Calculations were also performed to examine satura- 
tion towards diffuse (subscript d) and tight basis functions 
(subscript t). In this way, a series of bases was built for 
each radical by (i) sequentially adding diffuse functions to 
the uncontracted-level basis until saturation was achieved, 
and (ii) then adding tight functions to the basis again until 
reaching saturation. In successively augmenting the basis, 
the exponents %r the tight functions were obtained by mul- 
tiplying the most tight primitive exponent of the preceding 
basis by a factor of 3, and the exponents for the diffuse 
functions were obtained by multiplying its most diffuse 
primitive orbital’s exponent by l/3. 

C. Configuration space choices 

In all of the calculations whose results are reported 
here, we used reference states IO”‘) of the conventional 
spin-restricted single configuration SCF, CAS MCSCF, 
and FCI forms. All calculations were carried out using the 
RESPONSE program that is attached to the SIRIUS MCSCF 
program. l4 As initial CAS active orbital spaces, we used 
the CASV spaces that contain molecular orbitals derived 
from the 1s orbital of the H atom and the 2,s and 2p orbitals 
for the N and B atoms; this gives five active orbitals for NH 
and eight for Bz. 

To examine the adequacy of this CASV space and to 
obtain a systematic means of extending this CAS space 
while retaining a balanced description of the molecular 
systems among orbitals of all point group symmetries, we 
carried out a CI natural orbital (CINO) occupation anal- 
ysis using VTZud’t4 basis for the NH and VTZu for 
the B2. 

To keep the number of configurations in the CINO 
calculation manageable, we used the restricted active space 
(RAS) CI expansion strategy,” which divides the active 
orbital set into three subsets (denoted RASl, RAS2, and 
RAS3) in each of which the number of electrons is re- 
stricted. The occupancies of the RAS 1 orbitals are allowed 
to vary from two to four in NH and from zero to two in B,, 
and those of the RAS3 space orbitals vary from zero to 
two; orbitals of the RAS2 space can then take on any 

TABLE I. Orbital occupation numbers for the CINO and various CAS 
space calculations for NH (see text). In the CINO calculation, numbers 
that are smaller than O.OCCl 01 are not given. 

* lr 6 4 

CINO 2.ooo 00 0.992 78 0.004 79 0.000 18 
1.969 92 0.007 34 o.mo 34 
1.959 11 o.cc4 60 o.coo 13 
0.026 91 o.oQo 82 o.ow 04 
0.011 07 o.ooo 44 
0.005 67 0.000 26 
0.001 34 o.ooo 10 
o.ooo 99 o.ooo 05 
o.ooo 52 o.ooo 02 
o.ooo 31 o.oGa 01 
o.ooo 14 
o.ocMlo9 
0.000 06 
o.coo 03 
o.ooo 02 
o.ooo 01 
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RASC 2.000 00 0.991 67 0.005 2 1 o.ooo 19 
1.966 20 0.008 70 o.ooo 35 
1.952 50 0.005 13 o.ooo 14 
0.032 3 1 o.oofJ 86 
0.012 98 o.ooo 49 
0.006 11 0.000 28 
0.00145 o.ooo 10 
0.001 16 
o.ooo 54 
o.ooo 31 
o.coo 14 
o.coo 09 

CASB 2.ooo 00 0.991 91 o.cHl5 12 
1.966 51 0.008 70 o.coo 35 
1.953 26 0.005 06 
0.032 58 0.m 85 
0.012 89 O.OCHl48 
0.006 41 
o.cQ150 
0.001 Q6 
0.000 56 
o.ooo 30 

CASA 2.000 00 0.992 57 0.005 03 
1.970 87 0.007 90 
1.960 26 0.004 62 
0.031 01 
0.011 96 
0.005 65 

CASV 2.OcG 00 l .OCQOO 
1.996 82 
1.974 79 
0.028 39 
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TABLE II. Orbital occupation numbers for the CINO and various CAS and RAS space calculations for B, 
(see text). 

08 =u 6, 4” 0” =x 4 h 
CINO 

RASC 

CASB 

CASA 

CASV 

2.000 00 
1.937 83 
0.255 26 
0.008 09 
0.002 62 
o.oou 48 
0.000 23 
o.ooo 13 
o.ooo 07 
o.oooo1 
o.ooo 00 
o.ooo 00 
o.ooo 00 
o.ooo 00 
o.ooo 00 
o.ooo 00 

2.000 00 
1.935 10 
0.289 59 
0.008 53 
0.002 60 
0.000 51 
o.ooo 22 

2.ooo 00 
1.934 29 
0.290 35 
0.008 94 
0.002 78 
o.cOO 51 

2.000 co 
1.938 35 
0.296 83 
0.008 83 
0.002 64 

2.ooo 00 
1.963 50 
0.302 88 

0.960 36 
0.006 03 
0.003 25 
0.000 31 
o.ooo 20 
o.ooo 03 

0.958 57 0.006 90 2.000 00 
0.006 04 0.000 32 1.664 80 
0.002 90 0.018 27 
0.000 27 0.003 92 
0.000 24 0.001 23 

0.958 14 
0.006 30 
0.002 97 
0.000 26 

0.962 53 
0.005 97 
0.002 84 

0.969 22 

0.006 35 O.OCO 16 2.oOfJ 00 
0.000 25 1.701 79 
o.ooo 09 0.014 14 

0.004 84 
O.OCO 92 
o.ooo 15 
0.000 06 
0.m 04 
o.rxxlo1 
o.ooo 00 
o.oca 00 
o.ooo 00 
o.ooo 00 
o.ooo co 
o.oco 00 
o.ooo oil 

0.007 08 2.000 cm 
1.664 44 
0.018 33 
0.004 29 
0.001 28 

0.006 82 2.000 00 
1.665 31 
0.016 49 
0.004 26 

2.000 00 
1.665 74 
0.017 66 

0.055 79 0.00160 0.000 06 
0.001 65 O.MlO 06 
0.000 32 o.oOo 02 
o.ooo 09 
o.ooo 03 
o.ooo 00 

0.058 73 0.00178 
0.00165 
0.000 27 

0.058 85 0.001 78 
0.001 72 
O.ooO 29 

0.055 47 

0.055 88 

occupancies that accommodate the remaining electrons. In 
this way, a CI wave function is specified by giving the 
number of orbitals of each symmetry that are included in 
each space. The functions used in our CINO calculations 
are specified as follows: RASl (2,0,0,0); RAS2 (O,l,O,O) 
andRAS3 (33,10,4.1) forNHandRAS1 (10000000); ,,,,,,f 
RAS2(1,1,0,0,1,1,0,0)andRAS3(21003100)forB,. , , , , f , , 
Here, the numbers in parentheses refer to the number of 
orbitals of symmetries (o,r,&$) for the NH and 
(a,,~ 6 4 IT rr 6 4 ) 11) gf us “1 g, UP g for the Bz in the respective 
spaces. For NH, we had one inactive orbital of symmetry 
( l,O,O,O) and for B, there were two inactive orbitals whose 
symmetries are specified ( l,O,O,O,l,O,O,O). 

The molecular orbitals used in these CINO calcula- 
tions were obtained as converged MCSCF orbitals from 
the CASV-level MCSCF calculation, which has one inac- 
tive orbital ( l,O,O,O) for NH and two inactive orbitals de- 
noted (1 0 0 0 1 0 0 0) for Bz, with five (3,1,0,0) active , , f , f f , 
orbitals for NH in which six active valence electrons are 
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distributed (this results in 15 determinants), and with 
eight (2 1 0 0 2 1 0 0) f , , , , f , active orbitals for B, containing six 
active electrons (this gives 252 determinants). 

The diagonalization of the one electron density matrix 
for the resultant CI wave function gives the CI natural 
orbital (CINO) occupancies reported in Tables I and II 
for NH and B,, respectively. These natural orbital occu- 
pancies show that the B, is a highly correlated system with 
orbital occupancies as low as 1.70 for orbitals that are 
doubly occupied in the SCF-level description and occupan- 
cies as large as 0.25 for orbitals that are empty in the SCF 
description. The significant gap in the CINO occupancies 
around 0.02 for NH and 0.01 for B, in all symmetries 
(below which a total of six orbitals for NH and eight or- 
bitals for B, appear) shows that the orbital spaces that we 
denoted CASV do, indeed, provide a balanced configura- 
tion space within all orbital symmetries. 

Improved descriptions of electron correlation can be 
obtained by including active orbitals that possess CINO 
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occupation numbers that are smaller than the values that 
characterize the CASV space. In particular, lowering the 
limit till ca. 0.002 results in a 13 orbital active space 
(5,3,1,0) containing six electrons and 14 007 determinants 
for NH, and in a 12 orbital active space (4,3,1,0,3,1,0,0) 
containing six electrons and 40 580 determinants for B, 
(we denote these spaces CASA) . Further lowering the cut- 
off to 0.0003 results in a 23 orbital active space (9,5,2,0) 
containing six electrons and 561 575 determinants for NH, 
and in an 18 orbital active space (5,4,1,0,4,3,1,0) contain- 
ing six electrons and 771 066 determinants for B2 (these 
spaces are denoted CASB). Finally, lowering the limit to 
ca. 0.0002 for B, produces a 25 orbital active space 
(6,5,2,0,4,3,1,0) with six electrons and 2 230 910 determi- 
nants and till ca. 0.0001 for NH gives a 33 orbital active 
space ( 11,7,3,1) with six electrons and 5 405 800 determi- 
nants, these largest spaces are called CASC. 

In Tables I and II, we also report the natural orbital 
(NO) occupancies obtained for the CASV, CASA, CASB, 
and CASC MCSCF calculations using the atomic orbital 
bases VTZud’t4 for NH and VTZut4 for the Bz, which 
were determined to be stable to within a few MHz with 
respect to further improvement (see Sec. III). For both 
NH and B, close agreement is observed between the cor- 
responding NO occupancies of the CASC, CASB, CASA, 
CASV, and the original CINO wave functions, showing 
that each of these active spaces are able to give a balanced 
description (i.e., treating orbitals of all symmetries on 
equal footing) of the ground state of these radicals. 

Because the NH system and its VDZ basis are small 
enough to permit a FCI calculation (2 820 424 determi- 
nants) to be carried out on it, we were able to evaluate its 
hyperfine coupling constants for this full CI case, thereby 
gaining further evidence about the performance of the RU 
method as it applies to systems in which the SCF-level 
treatment gives a vanishing result. The hyperfine coupling 
tensors obtained with the FCI wave function are com- 
pared, in the following section, to those obtained from a 
FCI calculation with the 1sN orbital frozen [CI( Is)] 
(117 700 determinants), those of a CAS calculation with 
all the orbitals but the 1s active [CAS( Is)], and those at 
the SCF-SDCI (3008 det), CASA (14 007 det), CASV 
( 15 det) and SCF levels. 

Unfortunately, the B, molecular size does not permit 
such FCI calculations to be performed on it. In fact, even 
the MCSCF calculations, denoted CASC above, were too 
large to be carried out for the atomic orbital bases used in 
our best calculations both on NH and B,. Therefore, we 
approximated the results of the desired CASC calculations 
by using the RASl, RAS2, and RAS3 notation to place 
orbital occupation restrictions on the orbitals of the CASC 
spaces. In particular, we placed into the RAS3 spaces or- 
bitals of (7,5,3,1) and (4,4,2,0,2,2,1,0) symmetries and al- 
lowed from zero to two electrons, while keeping orbitals of 
(4,2,0,0) and (2,1,0,0,2,1,0,0) symmetries in a RAS2 
space, and retaining (l,O,O,O) and (l,O,O,O,l,O,O,O) inac- 
tive orbitals in all cases for NH and B,, respectively. The 
MCSCF calculations resulting from applying these con- 
straints to the original CASC orbital spaces (148 340 and 

TABLE III. SCF energies (a.u.), Fermi-contact (a&, and spin-dipole 
(a,& contributions (MHz) for NH at the experimental geometry 
(1.9595 au). 

H atom N atom 

Basis Energy 

%a =dip %a adlp 

res. ave. res. ave. res. ave. res. ave. 

VDZ -54.959 569 -90.2 0.0 6.0 28.7 51.4 0.0 1.2 -21.6 
VTZ -54.973 537 -95.4 0.0 5.0 28.2 14.5 0.0 0.8 -22.3 
VTZu -54.973 586 -89.8 0.0 5.0 28.2 34.5 0.0 0.9 -22.3 
VTzup -54.973 611 -89.8 0.0 5.0 28.2 34.5 0.0 0.8 -22.3 
VTZud -54.974 742 -89.5 0.0 5.0 28.1 36.4 0.0 0.9 -22.2 
VTZud’ -54.974610 -89.7 0.0 5.1 28.1 36.4 0.0 0.9 -22.2 
VTZud’2 -54.974641 -89.6 0.0 5.1 28.1 36.4 0.0 0.9 -22.2 
VTZud’rl -54.974826 -91.8 0.0 5.1 28.1 36.7 0.0 0.9 -22.2 
VTZud’R -54.975 074 -95.9 0.0 5.1 28.1 37.4 0.0 0.9 -22.2 
VTZud’t3 -54.975 079 -96.4 0.0 5.1 28.1 37.4 0.0 0.9 -22.2 
VTZud’r4 -54.975090 -97.9 0.0 5.1 28.1 37.6 0.0 0.9 -22.2 
VTZud’rS -54.975090 -97.9 0.0 5.1 28.1 37.6 0.0 0.9 -22.2 
Numerical -54.978 45 0.0 28.17 0.0 -22.6 

68 618 determinants for NH and B,, respectively) were 
used to approximate the results of the desired CASC cal- 
culations. To calibrate this approach, we also carried out 
such calculations designed to simulate the results of the 
CASB calculations (which we were able to perform with- 
out approximation). In these approximate calculations, we 
retained ( l,O,O,O) and ( 1 ,,,,,99 0 0 0 1 0 0 0) inactive orbitals 
and placed orbitals of (5,3,2,0) and (3,3,1,0,2,2,1,0) sym- 
metries into the RAS3 spaces, as well as, orbitals of 
(4,2,0,0) and (2,1,0,0,2,1,0,0) into the RAS2 spaces for 
NH and B2, respectively. Comparing the results of our 
correct CASB and approximate CASB (denoted RASB) 
calculations, we were able to estimate the reliability of our 
approximate CASC (denoted RASC) data. 

Ill. RESULTS 

A. Basis set dependence 

Following the procedure outlined in Sec. II B, opti- 
mized basis sets were generated for NH and B2 that give 
SCF and CASV hyperfine constants that converged to the 
specified a few MHz precision and that agreed with the 
numerical results. The corresponding results for NH and 
B, are given in Tables III, IV, V, and VI, respectively. 
Since the VDZ basis sets cannot reliably describe the hy- 
perfine coupling constants, we used the VTZ bases as start- 
ing points in our optimizations. 

For the NH molecule uncontraction of the p functions 
has no effect on the hyperfme coupling constants, but ad- 
dition of one set of diffuse s, p, and d functions (subscript 
d in the tables), changes significantly the Qiso value on the 
N atom. This change is completely due to the diffuse s and 
p functions (subscript d’), as can be seen in Table IV by 
comparing the VTZud and VTZud’ results. With calcula- 
tions with two sets of diffuse s and p functions (subscript 
ud’2), it is seen that the values remain unchanged. Addi- 
tion of fours tight functions on both atoms to the VTZud’ 
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TABLE IV. CASV energies (a.“.), Fermi-contact (a,=), and spin-dipole (udip) contributions (MHz) for 
NH at the experimental geometry (1.9595 a.“.). 

H atom N atom 

Basis 

VDZ 
VTZ 
VTZU 
VTzup 
VTZud 
VTZud’ 
VTZud’2 
VTZud’tl 
VTZud’R 
VTZud’t3 
VTZud’t4 
VTZud’t5 
Numerical 

Energy 

-54.985 581 
- 54.999 579 
- 54.999 724 
- 54.999 769 
-55X00 814 
- 55.000 670 
- 55.OCG 702 
-55.000 889 
-55.001 139 
-55.001 143 
-55.001 155 
-55.001 155 
- 55.004 577 

%a =d,, % =dip 

res. ave. res. ave. res. ave. res. ave. 

8.0 -76.9 -0.5 33.9 15.6 30.2 0.0 -20.6 
12.0 -86.2 - 1.6 33.5 -26.8 34.5 -0.4 -21.2 
11.9 - 80.8 - 1.5 33.5 -8.7 36.0 -0.4 -21.2 
11.9 -80.8 -1.5 33.5 -8.6 36.0 -0.4 -21.3 
12.1 -80.7 -1.6 33.4 -6.7 36.0 -0.3 -21.2 
12.1 -80.7 -1.5 33.4 -6.7 36.0 -0.3 -21.2 
12.1 -80.7 -1.5 33.4 -6.7 36.0 -0.3 -21.2 
12.6 - 82.9 - 1.5 33.4 -6.8 36.4 -0.3 -21.2 
13.0 - 86.4 - 1.5 33.4 -6.8 36.9 -0.3 -21.2 
13.2 - 87.0 - 1.5 33.4 -6.9 37.0 -0.3 -21.2 
13.3 -88.2 -1.5 33.4 -6.9 37.2 -0.3 -21.2 
13.4 -88.3 - 1.5 33.4 -6.9 37.2 -0.3 -21.2 

-89.1 33.4 40.3 -21.7 

basis is necessary to achieve saturation within the present 
limit (the subscript ti means that i tight functions have 
been added). 

For the B,, it is seen that whereas uncontraction of the 
s functions in the VTZ basis (VTZ,) is important for Lliso 
on B, additional uncontraction of the p functions and ad- 
dition of one set of diffuse s, p, and d functions to the VTZ, 
basis have little effect. Saturation towards tight functions 
was obtained after adding four tight functions on every 
atom to the VTZ, basis. Since Gaussian atomic orbital 
basis sets are known to be unable to reproduce the cusp of 
the wave function near the nuclear centers and because Uiso 
depends on the amplitude of the wave function at the nu- 
cleus, it is much more sensible to the basis set than adip. As 
a result, basis set saturation for adip iS achieved faster, yet 
for both contributions it is obtained at about the same level 
for the average value and for the response term. Our final 
choice of bases is the VTZ,,t, for the NH and the VTZ,, 
basis for B,. 

TABLE V. SCF energies (a.“.), Fermi-contact (a,,), and spin-dipole 
(a,,) contributions (MHz) for B, at the experimental equilibrium ge- 
ometry (3.0047 au.) (Ref. 17). 

B atom 

Basis Energy 

%a adip 

res. ave. res. ave. 

VDZ -49.082 907 
VTZ -49.088 559 
V=” - 49.088 724 
VT% - 49.088 748 
vTzud -49.088 848 
V-WA -49.088 910 
V-I-&H2 -49.089 115 
VTZu,3 -49.089 119 
VTL.a -49.089 129 
V-%5 -49.089 129 
Numerical -49.09102 

39.2 
17.8 
0.7 
0.5 
1.4 
0.7 
0.7 
0.7 
0.7 
0.7 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

- 1.5 
-2.1 
-2.1 
-2.1 
-2.1 
-2.1 
-2.1 
-2.1 
-2.1 
-2.1 

-9.4 
-9.5 
-9.5 
-9.6 
-9.5 
-9.5 
-9.5 
-9.5 
-9.5 
-9.5 
-9.8 

For the selected bases both the SCF and CASV results 
for Uiso and adip of H and B, and adip on N agree very well 
with complete-basis numerical Hartree-Fock and CASV 
results (see Tables III and VI), which indicates that only 
small basis set errors will be encountered if we use the 
optimized bases for our larger correlated calculations. For 
Qiso on N the difference between the numerical and CASV 
results is 3.1 MH, which implies that errors up to this size 
can appear in our larger calculations. 

B. SCF, CAS, and Cl results 

Table VII reports the results of the calibration of the 
RU method for the NH system using the VDZ basis set. 
The adequacy of the RU approach is demonstrated by 
comparing the FCI and the CAS( 1s) results. In the latter, 
the electrons in the “1s N orbital” remain inactive and the 
spin polarization of this orbital is in the RU method taken 
care of by the response term. The close agreement for Uiso 

TABLE VI. CASV energies (a.“. ) , Fermi-contact (a,), and spin-dipole 
(a,,,) contributions (MHz) for B, at the experimental equilibrium ge- 
ometry (3.0047 a.u.) (Ref. 17). 

B atom 

Basis 

VDZ 
VTZ 
VTZ, 
=z, 
vTzud 

V-K,, 
v=“f2 
v=“, 

VTZu, 
V-K, 
Numerical 

%a adip 

Energy re-s. ave. res. ave. 

-49.212 179 - 1.8 55.3 -0.8 -11.0 
-49.218 429 -73.3 67.9 -1.6 -11.1 
-49.218 711 -57.2 69.8 - 1.6 -11.1 
-49.218 863 -57.3 69.7 - 1.6 -11.1 
-49.218 786 -57.2 69.8 - 1.6 -11.1 
-49.218 895 -57.9 JO.6 - 1.6 -11.1 
-49.219 100 -58.7 71.7 -1.6 -11.1 
-49.219 105 -58.9 71.9 - 1.6 -11.1 
-49.219 114 -59.2 72.3 - 1.6 -11.1 
-49.219 114 -59.3 72.4 -1.6 -11.1 
-49.221 26 72.4 -11.3 
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TABLE VII. Fermi-contact (a,,) and spin-dipole (a,,,) contributions (MHz) for NH at 1.9595 a.“. using the VDZ basis set. 

H atom N atom 

Energy 

FCI - 55.093 483 
CAS( 15) -55.091 972 
CI( Is) -55.091 972 
CISD( HF) - 55.088 810 
CASA - 55.072 349 
CASV - 54.985 581 
SCF - 54.959 569 

res. 

0.0 
0.0 
0.0 
0.0 

-0.1 
8.0 

-90.2 

alu, 

ave. 

-63.7 
-63.8 
-63.7 
- 59.4 
-66.7 
- 76.9 

0.0 

tot. res. 

-63.7 0.0 
-63.8 0.0 
-63.7 0.0 
- 59.4 0.0 
-66.9 0.3 
-68.8 -0.5 
-90.2 6.0 

adip 

ave. 

32.6 
32.6 
32.6 
32.2 
32.4 
33.9 
28.7 

tot. res. 

32.6 0.0 
32.6 -4.9 
32.6 0.0 
32.2 0.0 
32.7 - 3.9 
33.4 15.6 
34.8 51.4 

*i, 

ave. 

40.8 
45.8 
45.8 
37.3 
45.4 
30.2 

0.0 

tot. 

40.8 
40.9 
45.8 
37.3 
41.5 
45.8 
51.4 

adip 

res. ave. tot. 

0.0 -20.2 -20.2 
0.0 -20.2 -20.2 
0.0 - 20.2 -20.2 
0.0 -20.3 -20.3 
0.0 -20.2 -20.1 
0.0 -20.6 -20.6 
1.2 -21.6 -20.4 

and for adip in the FCI and CAS( 1s) calculations demon- 
strates that the RU method is able to properly describe the 
spin polarization accurately. 

The CI( 1s) wave function differs from the FCI one, in 
that, it does not describe the 1s spin polarization, and as 
expected the corresponding u values equal the u,,,. 
CAS( 1s) ones. The CASV calculation gives differences of 
8% and 12% for H and N, respectively, but at the CASA 
level, the values improve considerably-differences of 5% 
for H and 2% for N. The SCF values have the correct sign, 
but significantly overestimate both Uiso constants. 

In Tables VIII and IX, respectively, we report hyper- 
fine tensor values for NH and B2 obtained using the opti- 
mal bases described above. These results show that an SCF 
description, even though it gives the correct sign for both 
contributions to the hyperfme coupling constant, is inade- 
quate for both NH and B,. The 0.0 values for the average- 
value SCF contributions reflect the fact that the unpaired 
electrons lie entirely in QT orbitals within this description. 
Even when corrected for spin polarization, the SCF pre- 
dictions for uiso are grossly in error. 

At the CASV level, the total Uiso and adip values are 
closer to the experimental results. It should be noted that 
the aiw value for the B atom in B, and N atom in NH 
results from the near cancellation of large but oppositely 

signed core, and valence contributions that are described 
by the response and the average value terms, respectively. 

At the CASA level, the agreement with the experimen- 
tal data improves further; although for the H atom, differ- 
ences of the order of 7 MHz (for Uiso) remain. In moving 
from CASB to CASC (as judged from the RASB, CASB, 
and RASC data of Tables VIII and IX), no significant 
changes occur showing that we have converged with re- 
spect to correlation level. 

Vibrational corrections to Uiw, and to adip were eVah- 
ated for both systems at the CASV level using the Vibrot 
program in MOLCAS.16 We computed both hyperfine pa- 
rameters at internuclear distances ranging from 1.20 a.u. to 
2.72 a.u. for NH and from 2.24 au to 3.76 au for BZ, over 
which Uiso ranged smoothly from - 88.1 MHz to - 120.0 
MHz for H, from 16.4 MHz to 25.7 MHz for N, and from 
-35.7 MHZ to 36.7 MHZ for B; and Udip varied gradually 
from 41.3 MHz to 20.0 MHz for H, -22.1 MHz to - 19.6 
MHz for N, and from - 14.8 MHz to - 12.1 MHz for B. 
Even though the potential function of B, is rather “soft” 
(the experimental harmonic vibrational frequency is only 
we= 1035 crn-l),lO as shown in Tables VIII and IX, the 
effects of vibrational averaging for B and N are found to be 
insignificant and well below the experimental uncertainties, 
in agreement with the results obtained by Knight et al. lo 

TABLE VIII. Fermi-contact (a,,) and spin-dipole (adin) contributions (MHz) for NH at 1.9595 a.u. using the VTZud’r4 basis. 

Energy res. 

ais 

ave. 

H atom N atom 

adip *iso =dip 

tot. res. ave. tot. res. ave. tot. res. ave. tot. 

SCF - 54.975 090 -97.9 0.0 -97.9 5.1 28.1 33.2 37.6 0.0 37.6 0.9 -22.2 -21.2 
CASV -55.001 155 13.3 -88.2 - 74.9 -1.5 33.4 31.9 -6.9 37.2 30.3 -0.3 -21.2 -21.5 
CASA -55.106205 - 8.0 -65.1 -73.1 -0.3 31.3 31.0 - 50.4 68.3 17.9 -0.5 -20.6 -21.1 
CASB -55.133023 1.0 -68.1 -67.1 -0.1 31.0 30.9 -45.7 62.2 16.5 0.0 -21.3 -21.3 
RASB8 -55.132 147 1.2 -68.0 -66.7 -0.2 31.0 30.8 -46.0 62.6 16.6 0.0 -21.3 -21.3 
RASCb -55.141 291 1.2 -67.2 -66.0 -0.1 30.9 30.8 -45.4 62.4 17.0 0.0 -21.3 -21.3 
v.co. - 2.0 -0.9 -0.1 0.1 
Expkd -66.23 30.57 19.22 -22.64 

‘See for further details of how this approximation to the CASB calculation is performed. 
bsee for further details of how this approximation to the CASC calculation is performed. 
‘Vibrational correctiohs evaluated at the CASV level. 
dReference 5. 
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TABLE IX. Fermi-contact (a,,) and spin-dipole (adiP) contributions (MHz) for B, at the experimental 
equilibrium geometry (3.005 a.u.) (Ref. 17) using the VTZ,, Basis. 

SCF 
CASV 
CASA 
CASB 
RASBa 
RASCb 
V.Co.c 
Expt.d 

B atom 

Energy (a.u.) res. 

-49.089 129 0.7 
-49.219 114 - 59.2 
-49.273 737 -40.1 
-49.291 563 -39.1 
-49.290 408 -40.0 
-49.293 763 -40.1 

alSo 

ave. 

0.0 
72.3 
55.1 
51.2 
51.8 
51.6 

tot. 

0.7 
13.1 
15.0 
12.1 
11.8 
11.5 
0.6 

15 

res. 

-2.1 
-1.6 
-0.4 
-0.2 
-0.2 
-0.1 

(Id!p 

ave. 

-9.5 
-11.1 
-11.3 
-11.6 
- 11.6 
-11.7 

tot. 

-11.7 
- 12.7 
-11.8 
- 11.8 
- 11.8 
-11.8 

0.0 
-13 

“See for further details of how this approximation to the CASB calculation is performed. 
bSee for further details of how this approximation to the CASC calculation is performed. 
‘Vibrational corrections evaluated at the CASV level. 
dReference 10. 

Thus, ourjinal predictions are aiso= -68.0, 16.9, 12.2 
MHz and adirz29.9, -21.2, - 11.8 MHz for H, N, and B, 
respectively. Experimental results have been reported for 
both radicals. Laser magnetic resonance4 and high resolu- 
tion, molecular beam, laser-induced fluorescence spectro- 
scopies’ were used for NH, and a rare gas matrix isolation 
technique (Ne and Ar matrices at 5 K) was used for B, . lo 
The experimental values are aiso= -66.23, 19.22, 15 MHz, 
and ad;,=30.57, -22.64, -13 MHz, for H, N, and B, 
respectively. 

IV. OVERVIEW AND DISCUSSION 

We used the MCSCF RU approach* to evaluate the 
hyperfme coupling constants for the ground electronic 
states of NH and B2 and obtained final optimal basis, op- 
timal correlation, and vibrationally averaged values of aiso 
=-68.0, 16.9, 12.2 MHZ and a+,=29.9, -21.2, -11.8 
MHz, for H, N, and B, respectively. The RU approach 
used here allows us to achieve a rather high level treatment 
of electron correlation while retaining a relatively compact 
configuration expansion length in contrast to the MR-CI 
approach.” Most important, however, is that a reasonable 
level of convergence is reached using the present approach. 
In the RU approach the molecular system is described with 
a spin restricted MCSCF wave function when the Fermi- 
contact or the spin-dipole perturbation is absent. In the 
presence of either of these perturbations, the system is al- 
lowed to spin polarize. As a result of combining this spin 
polarization with the MCSCF wave function’s treatment of 
correlation, any first order molecular property can be eval- 
uated as a sum of an average-value term, and a term de- 
scribing the first-order response of the wave function to the 
perturbation. The latter term does not vanish because the 
spin restricted MCSCF wave function has not been opti- 
mized with respect to orbital spin relaxation parameters. In 
the RU approach, the spin polarizations of the valence- 
shell orbitals are predominantly described by the MCSCF 

wave function and are contained in the average value 
terms; the spin polarizations of the inner-shell core orbitals 
are taken care of by the response terms. 

Our experience shows that determining accurate hy- 
pet-fine coupling’constants requires very good atomic or- 
bital basis sets. We therefore initiated all of our calcula- 
tions with a careful basis set analysis in which we found 
that triple zeta bases with uncontracted s functions, and a 
few additional diffuse and tight functions are capable of 
producing accurate hyperfme coupling constants. 

Our results also demonstrate that an SCF wave func- 
tion is inadequate for describing hyperfine coupling con- 
stants, especially for r-radical systems such as NH and B,. 
In contrast, using a CAS valence wave function gives a 
qualitatively correct, yet still not highly accurate, treat- 
ment of the hypertine coupling constants. Extending the 
active-orbital spaces of the MCSCF calculations to include 
more correlating orbitals, using the natural orbital occupa- 
tions to retain a balanced description among orbitals of 
different symmetry, can increase significantly the accuracy 
of the hyperfine coupling constants. In the present case, 
this prescription leads to values of the correct sign, that 
remain stable to within a few MHz with respect to basis set 
expansion, and whose numerical values differ from exper- 
imental values by 1.8, 2.3, 2.8 MHz for ais,, , and 0.7, - 1.4, 
- 1.2 MHz for adip (Experimental-Theoretical) for H, N, 
and B, respectively. 
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