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Spin-rotation constants and rotationalg tensors can be evaluated as second derivatives of the energy
with respect to the rotational angular momentum and nuclear spin or angular momentum and
external magnetic field, respectively. To overcome problems with the slow basis set convergence
and the unphysical~gauge-!origin dependence in quantum chemical calculations of these two
properties, we suggest the use of perturbation dependent atomic orbitals~rotational London
orbitals!, which depend explicitly on the angular momentum and the external magnetic field and are
a generalization of the conventional London orbitals~also known as gauge-including atomic
orbitals!. It is shown that calculations of spin-rotation constants and rotationalg tensors based on
rotational London orbitals are closely related to London-orbital computations of nuclear shieldings
and magnetizabilities. Test calculations at the Hartree–Fock self-consistent-field level for HF,
N2, CO, and CH2O demonstrate the superior convergence to the basis set limit provided by the
rotational London orbitals. They suggest that future calculations employing rotational London
orbitals in conjunction with highly correlated wave functions will be able to provide results of
unprecedented accuracy for spin-rotation constants and rotationalg tensors. ©1996 American
Institute of Physics.@S0021-9606~96!02331-8#

I. INTRODUCTION

The coupling of molecular rotational motion to elec-
tronic motions gives rise to magnetic interactions that play
an important role in the analysis of molecular rotational
spectra.1 One example are the spin-rotation interactions,
which originate from the interaction between nuclear mag-
netic moments and the internal magnetic field induced by the
rotational motion. These interactions are characterized by the
spin-rotation constants, which have been shown to be closely
related to the paramagnetic part of the nuclear magnetic
shielding constants.1 Since the usual nuclear magnetic reso-
nance~NMR! experiment only measures relative shieldings,
spin-rotation constants~combined with calculated diamag-
netic shieldings! are often used to establish absolute NMR
scales.2 A second example is provided by the rotational Zee-
man effect. It describes the dependence of rotational energy
levels on the external magnetic field strength and arises from
the interaction of the rotationally induced magnetic moment
of a molecule with the external field. The rotationalg tensor,
which characterizes the induced moment, is related to the
paramagnetic part of the magnetizability.1

Spin-rotation constants and rotationalg tensors are in
principle ideally suited for quantum chemical computations.
However, experience indicates that such calculations are
challenging, as they are hampered by slow basis-set
convergence.3,4 The situation is thus very similar to that for
magnetizabilities and nuclear shieldings. While basis-set

convergence is the most immediate practical concern, poten-
tial dependence on the~gauge-!origin also requires attention.
This is obvious for magnetic properties since the computa-
tions involve an arbitrary gauge origin for the external mag-
netic field. As the rotational Zeeman effect also involves an
external field, calculations of rotationalg tensors exhibit a
similar dependence on the gauge origin. In contrast, compu-
tations of spin-rotation constants exhibit no such dependence
since the interactions involve only nuclear magnetic mo-
ments and the molecular rotation. However, the situation is
more complicated than it might first seem: the rotational mo-
tion of the molecule yields a first-order contribution to the
electronic Hamiltonian that, apart from a constant factor, is
identical to that arising from an external magnetic field.
Therefore, the poor convergence observed in calculations of
rotationalg tensors and spin-rotation constants is~at least
partially! caused by the rotational perturbation. Furthermore,
although the center of mass represents a natural origin for the
rotational angular momentum, transformations of the elec-
tronic angular momentum in the perturbation operator to
other origins are possible. Such transformations are only ex-
act in the basis-set limit and therefore lead to an origin de-
pendence not unlike that associated with an external mag-
netic field. It is interesting to note that calculations of spin-
rotation constants have typically been performed with the
origin for the electronic angular momentum at the nucleus of
interest.3

For magnetizabilities and nuclear shieldings, introduc-
tion of explicitly field-dependent basis functions, the London
or gauge-including atomic orbitals~LAOs or GIAOs, respec-a!Current address: Universita¨t Mainz.

2804 J. Chem. Phys. 105 (7), 15 August 1996 0021-9606/96/105(7)/2804/9/$10.00 © 1996 American Institute of Physics

Downloaded 07 Jun 2013 to 193.157.137.211. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



tively; for convenience we use in the following the term
LAO, although the term GIAO is more common in the lit-
erature! provides an elegant solution to the problems men-
tioned above.5–11Their use guarantees rigorous gauge-origin
independence and ensures rapid convergence to the basis set
limit. Because of these obvious advantages, LAOs are now
routinely used in calculations of nuclear shieldings and mag-
netizabilities. On the other hand, LAOs have not yet been
extended to the calculation of rotationalg tensors and spin-
rotation constants. Such an extension is not straightforward
since, for example, the spin-rotation interaction does not in-
volve an external magnetic field as a perturbation parameter.
Consequently, the field dependence of conventional LAOs
will not contribute to the energy derivative. Nevertheless, we
may be able to exploit the close relationship between spin-
rotation constants and paramagnetic shieldings to extract the
spin-rotations from LAO calculations of shieldings. Unfortu-
nately, the partitioning of shieldings into para- and diamag-
netic parts is not straightforward for perturbation-dependent
basis functions. In case of rotationalg tensors, LAOs can
obviously be used to describe the external magnetic field
dependence, but this does not improve the description of the
rotational perturbation, which is of equal importance.12

Until now, calculations of rotationalg tensors and spin-
rotation constants have been based on perturbation-
independent basis functions,3,4 and the efficiency and
accuracy observed in calculations of shieldings and magne-
tizabilities have not been achieved. In this paper, we resolve
this problem by introducing atomic orbitals that depend ex-
plicitly on both the external magnetic fieldand the rotational
angular momentum. These basis functions resemble LAOs
and are termed rotational London orbitals. As we shall dem-
onstrate by Hartree–Fock self-consistent-field~HF-SCF! cal-
culations for a few representative examples, the use of rota-
tional London orbitals significantly improves the basis-set
convergence compared to that achieved in conventional cal-
culations.

II. THEORY

Before introducing rotational London orbitals, we re-
view the basic theory for the rotational Zeeman effect and
the spin-rotation interaction. Although we shall follow
closely the excellent discussion by Flygare,1 some effort is
made to present the theory in a form suitable for quantum
chemical calculations of rotationalg tensors and spin-
rotation constants. Therefore, we prefer to formulate the
theory for these properties in terms of energy derivatives. In
addition, a discussion of the~gauge-!origin dependence of
these properties is included.

A. Spin-rotation constants and rotational g tensors

The spin-rotation constantsMK and the rotationalg ten-
sor g of a molecule can be defined via the corresponding
energy corrections to the rotational energy levels

DEK52IKMKJ, ~1!

DE52
mN

\
BgJ. ~2!

In Eqs.~1! and~2!, IK represents the spin of theKth nucleus,
B the external magnetic field, andJ the total rotational an-
gular momentum. The nuclear magneton is denoted bymN .
Equations~1! and ~2! suggest that bothMK and g can be
evaluated as the second derivatives of the energy with re-
spect to the appropriate perturbation parameters:

MK52
d2E

dIKdJ
, ~3!

g52
\

mN

d2E

dBdJ
. ~4!

BothMK andg involve the angular momentumJ as pertur-
bation, while the second perturbation is the nuclear spin in
case of the spin-rotation interaction and the external mag-
netic field for theg tensor.

To compute the energy derivatives in Eqs.~3! and~4!, it
is necessary to include the coupling of rotational and elec-
tronic motions in the electronic Hamiltonian. Following
Flygare,1 the corresponding term is given as

h~1!52I21Jl, ~5!

wherel is the electronic angular momentum defined with the
center of mass as origin andI is the inertia tensor. To ac-
count for the presence of an external magnetic field and
nuclear spins, the momentum operator in the kinetic energy
part ofh is replaced by its mechanical counterpart

p→p5p2qA~r ! ~6!

which yields~in atomic units! for the electronic kinetic en-
ergy (q521):

T5 1
2 ~p1A~r !!2. ~7!

The vector potentialA includes contributions from the exter-
nal fieldB as well as from internal fields due to the nuclear
magnetic momentsmK :

A~r !5
1

2
B3~r2RO!1a2(

K

mK3rK
r K
3 . ~8!

Here, the vectorRO defines an arbitrary gauge originO,
while the vectorsrK originate at the corresponding nuclei.
a is the ~dimensionless! fine-structure constant. Insertion of
the vector potentialA in Eq. ~8! into Eq. ~7! leads to the
following first-order corrections toh:

h~1!5
1

2
B• lO1a2(

K

mK• lK
r K
3 , ~9!

wherelO andlK are the electronic angular momentum opera-
tors defined withO and theKth nucleus as origin, respec-
tively.

Because the vector potentialA has been defined with
respect to rotating origins,13 it is also necessary to consider
the following second-order contributions toh, namely

h~2!5 1
2B@~r•RO!12rRO#I21J ~10!
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for theg tensor and

h~2!52a2(
K

gKIK
~RK•r !12RKr

r K
3 I21J ~11!

for the spin-rotation interaction withgK as the gyromagnetic
ratio of theKth nucleus:

mK5gKIK . ~12!

Finally, there are also nuclear contributions tog andMK
1

gnuc5
1

2mN
(
K

Zk@~RK•RK!12RKRK#I21, ~13!

MK
nuc5a2gK(

L
8

ZL
RLK
3 @~RLK•RLK!12RLKRLK#I21.

~14!

In Eqs. ~13! and ~14!, the ZK are the nuclear charges and
RLK andRK are vectors pointing from theLth nucleus and
the center of mass, respectively, to theKth nucleus.

For the evaluation ofg andMK as energy derivatives
according to Eqs.~3! and ~4!, it is convenient to expand the
Hamiltonian in orders of the perturbations

h5h~0!1S ]h

]JD
J50

J1S ]h

]BD
B50

B1(
K

S ]h

]IK
D
IK50

IK

1BS ]2h

]B]JD
B,J50

J1(
K

IKS ]2h

]IK]JD
J,IK50

J1 . . .

~15!

with

S ]h

]JD
J50

52 lI21, ~16!

S ]h

]BD
B50

5
1

2
lO , ~17!

S ]h

]IK
D
IK50

5a2gK

lK
r k
3 , ~18!

S ]2h

]B]JD
B,J50

5
1

2
@~r•RO!12rRO#I21, ~19!

S ]2h

]IK]JD
J,IK50

52a2gK

~RK•rK!12RKrK
r K
3 I21. ~20!

Based on the expressions given in Eqs.~1! to ~20!, spin-
rotation constants and rotationalg tensors can be evaluated
using standard quantum chemical analytic first- and second-
derivative techniques.14

B. Rotational London orbitals

Comparison of Eq.~16! with Eq. ~17! shows that both
]h/]J and ]h/]B are linear in the electronic angular mo-
mentum operator. From computations of nuclear shieldings
and magnetizabilities, it is known that this operator is the

main cause for the slow basis set convergence encountered in
such calculations. It is also well established that the introduc-
tion of the London or gauge-including atomic orbitals sig-
nificantly improves the basis set convergence and, further-
more, guarantees rigorous gauge-origin independence. The
LAOs are defined as

vm~B!5exp~2 iAm
B
•r !xm ~21!

with xm as the usual field-independent basis functions and
Am
B as the vector potential at the centerRm of the function

xm ,

Am
B5 1

2B3Rm2RO . ~22!

In analogy with conventional London orbitals, basis set con-
vergence can be improved in calculations of spin-rotation
constants and rotationalg tensors by use of the proposed
rotational London orbitals15

vm~B,J!5exp@2 i ~Am
B1Am

J !•r #xm ~23!

which depend on both the magnetic and rotational perturba-
tion. In Eq. ~23!, the quantityAm

J is defined as the vector
potential due to the rotation at the centerRm of the corre-
sponding basis function

Am
J 52I21J3Rm . ~24!

The introduction of a rotational vector potential emphasizes
the well-known relationship between rotational and magnetic
perturbations.16 The improved basis set convergence in cal-
culations based on rotational London orbitals will be demon-
strated in the application section. Furthermore, the use of
rotational London orbitals provides~gauge-!origin indepen-
dence in the calculations of rotationalg tensors and spin-
rotation constants. The proof is completely analogous to the
one given by Ditchfield7 for nuclear shieldings.

Using the commutator relations

@2 i¹,exp~2 i ~Am
B1Am

J !r !#

52exp~2 i ~Am
B1Am

J !r !~Am
B1Am

J !, ~25!

@2 1
2¹

2,exp~2 i ~Am
B1Am

J !r !#

5exp~2 i ~Am
B1Am

J !r !@ i ~Am
B1Am

J !¹1 1
2 ~Am

B1Am
J !2#,

~26!

and

@ l,exp~2 i ~Am
B1Am

J !r !#

52exp~2 i ~Am
B1Am

J !r !~r3~Am
B1Am

J !! ~27!

integrals over rotational London orbitals can be evaluated as
follows
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^vmuhuvn&5^xmuexp~ i ~Amn
B 1Amn

J !r !F2
1

2
¹22(

K

ZK
r K

1
1

2
B• ln1a2(

K

mK• lK
r K
3 2I21Jln

1
1

2
B@r•Rn12rR n!1Rn•~r2Rn!1

2Rn~r2Rn!G I21J

1a2gKIK
~RnK•rK!12RnKrK

r K
3 I21J] uxn&

1higher order terms, ~28!

where we have considered only terms that are either linear or
bilinear in the perturbationsB, J, andmK .

For the differentiated integrals that are needed for the
evaluation of the derivatives given in Eqs.~3! and ~4!, we
obtain from Eq.~28!

]^vmuhuvn&
]B

5
1

2
^xmu ln1 i ~Rmn3r !h~0!uxn&, ~29!

]^vmuhuvn&
]J

52I21^xmu ln1 i ~Rmn3r !h~0!uxn&, ~30!

]^vmuhuvn&
]IK

5a2gK^xmu
lK
r K
3 uxn&, ~31!

]2^vmuhuvn&
]J]IK

5a2gKI
21^xmu

~rK•RnK!12rKRnK2 i ~Rmn3r !lK
r K
3 uxn&,

~32!

]2^vmuhuvn&
]J]B

52
1

2
I21^xmur n•r n12r nr n2@r•r12rr #

2~Rmn3r !h~0!~Rmn3r !1 i ~Rmn3r !ln

1 i ln~Rmn3r !uxn&. ~33!

The first-order Hamiltonians for magnetic and rotational per-
turbations differ only by a constant factor. Thus, all integrals
for rotational perturbations can be evaluated using existing
integral packages for computing derivative integrals over
LAOs.8–11

By comparing the expressions in Eqs.~29! to ~33! with
Eqs. ~75! to ~79! in Ref. 9 one sees that spin-rotation con-
stants and rotationalg tensors calculated from rotational
LAOs are closely connected to nuclear shieldings (sK) and
magnetizabilities (j) obtained from calculations using stan-
dard LAOs17:

MK52gK~sK
LAO2sK

dia~RK!!I211MK
nuc, ~34!

g524Mp~jLAO2jdia~c.m.!!I211gnuc, ~35!

whereMp is the proton mass. In Eqs.~34! and ~35!, the
superscript ‘‘LAO’’ denotes quantities computed with
LAOs, while the corresponding diamagnetic contributions
sK
dia(RK) andjdia~c.m.! are defined as in conventional calcu-

lations~i.e., those without LAOs! usingRK and the center of
mass~c.m.! as gauge origin, respectively. If we define

sK
para5sK

LAO2sK
dia~RK! ~36!

as a paramagnetic term for LAO shieldings, we have re-
gained the well-known relationship between shieldings and
spin-rotation constants.1 Furthermore, this definition of a
paramagnetic term provides us with the same origin depen-
dence as is observed without perturbation-dependent orbitals,
and coincides with the paramagnetic term obtained with con-
ventional orbitals in the limit of a complete basis. In a simi-
lar fashion, we may define the paramagnetic term of the
magnetizability calculated with LAOs as

jpara5jLAO2jdia~c.m.! ~37!

and we regain the usual relationship between magnetizabili-
ties and rotationalg tensors.1 Thus the introduction of rota-
tional London orbitals gives us a natural definition of the dia-
and paramagnetic term in LAO calculations.

A further remark is warranted regarding the ‘‘natural
connection’’ recently introduced by Olsenet al.18 As pointed
out in the Introduction, the partitioning of nuclear shieldings
and magnetizabilities into dia- and paramagnetic parts is

TABLE I. Convergence to the basis set limit in HF-SCF calculations for the spin-rotation constants~in kHz! of
hydrogen fluoride (1H19F!. Compared are results from calculations performed with rotational London orbitals
with those from conventional calculations using perturbation-independent atomic orbitals.

M ~19F!a M ~1H!a

Basis set Rot. London Conventional Rot. London Conventional

dzp 2266.63 2429.54b 2446.26c 75.50 74.57b 261.92d

tzp 2316.75 2390.89b 2406.70c 73.99 69.14b 207.76d

qz2d1f 2316.45 2326.03b 2327.90c 69.21 67.58b 124.94d

pz3d2f 2314.26 2317.87b 2319.82c 68.23 67.07b 87.50d

15s11p4d3f 2313.53 2314.12b 2314.75c 67.78 66.89b 71.81d

aThe nuclear contributions are 55.26 kHz toM ~19F! and 528.34 kHz toM ~1H!.
bOrigin at the center of mass.
cOrigin at the fluorine.
dOrigin at the hydrogen.
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non-trivial when using perturbation-dependent basis func-
tions. However, the use of the ‘‘natural connection’’ between
unperturbed and perturbed orbitals provides a suitable defi-
nition for these contributions which coincides in the basis set
limit with the usual definition for perturbation-independent
AOs. The only disadvantage of this definition is that the
usual relationships between the paramagnetic part of the
shielding and magnetizability on one hand and the spin-
rotation constant and rotationalg tensor on the other hand do
no hold for rotational LAOs.

Employing the same partitioning into dia- and paramag-
netic parts based on the ‘‘natural connection’’ toM andg,
we obtain

MLAO5Mdia
LAO~RK!1Mpara

LAO~RK!, ~38!

gLAO5gdia
LAO~c.m.!1gpara

LAO~c.m.!, ~39!

whereRK and the center of mass, respectively, have been
chosen as origin. It turns out that the ‘‘natural connection’’
yields—besides the paramagnetic contributionsMpara

LAO(RK)
and gpara

LAO(c.m.), which are closely related to the paramag-
netic parts of shielding and magnetizability—also diamag-
netic contributions for the spin-rotation constant and rota-
tional g tensor. These contributions toM andg are non-zero
for finite basis sets, but vanish in the basis set limit. Thus, the
physical interpretation of the partitioning into dia- and para-
magnetic parts provided by the natural connection remains
somewhat unclear.19 However, the magnitude of the diamag-
netic contributionsMdia(RK) andjdia(c.m.) can be used as a
measure of the basis set incompleteness error.

III. ILLUSTRATIVE CALCULATIONS

In the following, we shall demonstrate the improved ba-
sis set convergence provided by rotational LAOs in calcula-
tions of spin-rotation constants and rotationalg tensors.
Thus, for a few representative examples the convergence to
the basis set limit is investigated for calculations with rota-
tional LAOs and with conventional perturbation-independent
AOs. Since the emphasis is not on a comparison with experi-
ment, we restrict ourselves to HF-SCF calculations as these
suffice to demonstrate the basis set requirements for an ad-

equate treatment of rotational and magnetic perturbations.
Results from highly correlated calculations employing multi-
configurational SCF and coupled-cluster methods will be
presented elsewhere.20 The calculations have been done us-
ing theACESII21 andDALTON QCP22 program packages.

A. Spin-rotation constants

We consider here four examples: hydrogen fluoride
~HF!, the nitrogen molecule~N2), carbon monoxide~CO!,
and formaldehyde~H2CO!.23 As spin-rotation constants are
closely related to nuclear shieldings, it is reasonable to as-
sume that the basis set requirements for the two molecular
properties are similar. Previous studies have shown that the
basis sets recently optimized for atoms at the HF-SCF level
by Ahlrichs and co-workers24 are particularly well suited for
calculations of nuclear shieldings. We thus employ their
standard sets augmented by polarization functions from Ref.
30. The chosen sets are denoted dzp, tzp, qz2d1f, and
pz3d2f.25 In addition, we employed a large uncontracted
15s11p4d3f/10s4p3d basis26 to estimate the basis set limit.
Tables I–IV summarize our results where values obtained in
the traditional approach are given for two origins of the elec-
tronic angular momentum~the center of mass and the
nucleus of interest!.

TABLE II. Convergence to the basis set limit in HF-SCF calculations for
the spin-rotation constants~in kHz! of the nitrogen molecule (15N2). Com-
pared are results from calculations performed with rotational London orbit-
als with those from conventional calculations using perturbation-
independent atomic orbitals.

M~15N!a

Basis set Rot. London Conventional

dzp 21.43 21.75b 21.33c

tzp 22.54 22.71b 22.52c

qz2d1f 22.67 22.65b 22.53c

pz3d2f 22.59 22.63b 22.60c

15s11p4d3f 22.62 22.63b 22.64c

aThe nuclear contribution is23.10 kHz.
bOrigin at the center of mass.
cOrigin at the nitrogen.

TABLE III. Convergence to the basis set limit in HF-SCF calculations for the spin-rotation constants~in kHz!
of carbon monoxide (13C16O and12C17O, respectively!. Compared are results from calculations performed with
rotational London orbitals with those from conventional calculations using perturbation-independent atomic
orbitals.

M~13C!a M~17O!a

Basis set Rot. London Conventional Rot. London Conventional

dzp 233.43 234.50b 232.14c 31.68 31.75b 31.53d

tzp 235.92 235.85b 234.09c 33.70 33.15b 33.25d

qz2d1f 236.26 236.24b 235.51c 33.72 33.67b 33.38d

pz3d2f 236.21 236.20b 235.95c 33.68 33.69b 33.60d

15s11p4d3f 236.32 236.33b 236.29c 33.72 33.73b 33.72d

aThe nuclear contributions are 8.46 kHz toM~13C! and 3.49 kHz toM~17O!.
bOrigin at the center of mass of13C16O and12C17O, respectively.
cOrigin at the carbon.
dOrigin at the oxygen.
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Dramatic improvements due to the use of rotational Lon-
don orbitals are observed for HF~cf. Table I and Fig. 1!,
while convergence to the basis set limit is extremely slow in
the conventional calculations except forM (1H! calculated at
the center of mass. Reasonable results are obtained with ro-
tational London orbitals already at the tzp level. The remain-
ing errors compared to the basis set limit are approximately 3
to 4 kHz ~about 1%! for M (19F! and about 2 kHz~about 3%!
for M (1H!. For M (19F!, conventional calculations provide
the same accuracy only with basis sets as large as the pz3d2f
set, thus documenting again the difficulties in conventional
calculations of magnetic properties. The error at the tzp level
amounts to 75–100 kHz depending on the origin chosen for
the electronic angular momentum. It decreases at the qz2d1f
level to 10–15 kHz. The remaining error at the pz3d2f level
is still in the range of 3 to 7 kHz, while for the same basis the
deviation from the basis set limit is less than 0.7 kHz in the

calculation based on rotational LAOs. ForM (1H!, it seems
at first sight that conventional calculations employing the
center of mass as origin provide the fastest convergence to
the basis set limit. However, the sensitivity of the results
from conventional calculations on the position of the origin
raises serious doubts about their quality. Interestingly, the
results for the calculations with the origin placed at the pro-
ton — what is usually considered the ‘‘best’’ choice — are
the worst. This is easily understood from the fact that in HF
the entire charge density is localized at the fluorine atom,
thus rendering the center of mass or the fluorine nuclei better
choices for the origin than the proton.

The advantage of rotational LAOs are less evident in the
calculations for N2 ~cf. Table II! and CO~cf. Table III!. The
main difference compared to HF is that the effects for N2 and
CO are much smaller because of significantly larger mo-
ments of inertia~a few kHz for N2 and CO, but up to 100
kHz for HF!. For N2, convergence to the basis set limit is
similar in all cases. The main advantage of rotational LAOs
here is that they provide unambiguous results, while those
from conventional calculations scatter~at least for the
smaller basis sets! in the range of a few tenths of a kHz
depending on the chosen origin. CO is a better example, as
improved convergence is observed for bothM (13C! and
M (17O! in the calculations with rotational LAOs. The con-
vergence is at least an order of magnitude faster, as the errors
are 0.3 kHz at the tzp basis set level~about 1 to 2%! for
carbon and less than 0.1 kHz~less than 1%! for oxygen when
LAOs are used, but more than 2 kHz~about 15%! and about
0.5 kHz ~about 2%! in the conventional calculations. All
errors are significantly reduced for the larger qz2d1f and
pz3d2f basis sets, but the rotational LAO results are still
closer to the estimated basis set limit for both carbon and
oxygen. Finally, calculated values for the spin-rotation ten-
sorsM (13C! andM (17O! of formaldehyde are given in Table
IV.

In all cases it appears that for the accurate prediction

TABLE IV. Convergence to the basis set limit in HF-SCF calculations for the spin-rotation tensor~in kHz! of
formaldehyde (13CH2

16O and12CH2
17O, respectively!. Compared are results from calculations performed with

rotational London orbitals with those from conventional calculations using perturbation-independent atomic
orbitals.

Basis set Rot. LAO Conv. Rot. LAO Conv. Rot. LAO Conv.

Mxx(
13C! Myy(

13C! Mzz(
13C!

dzp 220.91 220.02a 27.12 25.73a 2123.59 2120.98a

tzp 222.16 220.61a 27.53 26.15a 2129.36 2128.02a

qz2d1f 222.48 221.93a 27.80 27.30a 2133.67 2133.40a

pz3d2f 222.51 222.29a 27.85 27.65a 2133.98 2133.77a

15s11p4d3f 222.59 222.57a 27.88 27.85a 2134.47 2134.42a

Mxx(
17O! Myy(

17O! Mzz(
17O!

dzp 31.46 30.20b 21.48 21.36b 373.57 369.50b

tzp 32.62 31.60b 21.32 20.89b 382.58 381.16b

qz2d1f 32.46 32.15b 21.47 21.51b 376.68 376.31b

pz3d2f 32.49 32.39b 21.51 21.42b 375.96 376.14b

15s11p4d3f 32.50 32.50b 21.50 21.47b 375.57 375.57b

aOrigin at the carbon.
bOrigin at the oxygen.

FIG. 1. Convergence of the calculated spin-rotation constantM (1H! of HF
to the basis set limit as a function of the basis set size.
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~within 1 to 2% of the HF limit! of spin-rotation constants,
basis sets of at least triple-zeta polarization~e.g., tzp! quality
are neededtogetherwith rotational LAOs. This conclusion
agrees with previous observations for nuclear shieldings,
where similar recommendations have been given.27

B. Rotational g tensors

As discussed in the theory section, the rotationalg tensor
is formally related to the magnetizability. It is therefore rea-
sonable to assume that the basis set requirements are similar
for these two properties. Since previous studies28,29 have
shown that the correlation-consistent basis sets of Dunning
and co-workers30–32 are particularly well suited for accurate
calculations of magnetizabilities, we have chosen these sets
for investigating the basis set convergence of the rotationalg
tensor.33 The basis sets are denoted aspre-cc-pVXZ, where
X P $D,T,Q,5%. pre denotes the augmentation level, that is,
the number of additional diffuse shells, in this investigation
restricted to no augmentation, single~aug! and double-
augmentation~daug!. For completeness, we have also in-
cluded thecc1p set, known to give results within 1.5% of
the Hartree-Fock limit for magnetizabilities when using Lon-
don orbitals.28,29

As for spin-rotation constants, we compare the basis set
convergence of the rotational LAOs to that found in conven-
tional calculations using perturbation-independent orbitals.
In addition, we analyze the convergence of the diamagnetic
part of the rotationalg tensor ~as defined by the ‘‘natural
connection’’ with the center of mass as origin! since this
term represents a reorthonormalization contribution to the
rotationalg tensor that vanishes in the limit of a complete
basis. It indicates the error in the~pure! paramagnetic term,
serving as a diagnostic for the basis set incompleteness.

Results for the hydrogen fluoride molecule are summa-
rized in Table V. The diamagnetic contributions are fairly
small and decrease rapidly with increasingly accurate va-
lence description. The smallness of the diamagnetic contri-
bution is also reflected in the calculated properties, as both
the conventional and rotational LAOg factors are within 3%

of the Hartree-Fock limit, which we estimate to be 0.763. It
is interesting to note that for the non-augmented sets and the
cc1p set, the conventional orbitals perform slightly better
than the LAOs, but when a complete set of diffuse functions
is added the rotational LAOs give slightly better results. The
first augmentation changes the results significantly, while in-
clusion of additional diffuse functions has a much smaller
effect than improvement of the valence description.

Turning our attention to N2 and CO, the situation
changes quite dramatically, see Tables VI and VII. Estimat-
ing the Hartree-Fock limit for N2 and CO to be20.288 and
20.280 respectively, we note that the rotational LAO results
obtained with the augmented basis sets are all within 1% of
this value. For the conventional orbitals, results at the aug-
cc-pVDZ level are off by almost 50%. Moreover, conver-
gence towards the Hartree-Fock limit is slow as seen from
Fig. 2, where the convergence of the rotationalg tensor for
N2 using the aug-cc-pVXZ basis sets and conventional and
rotational LAOs is displayed. The difference in convergence

TABLE V. Convergence to the basis set limit in HF-SCF calculations for
the rotational g factors of hydrogen fluoride. Compared are results from
calculations performed with rotational London orbitals and with those from
conventional calculations using perturbation-independent atomic orbitals. In
addition, the diamagnetic contribution to the rotational London orbital re-
sults is given.

Basis set Rot. Londona Diamagnetic contr. Conventionala

cc-pVDZ 0.7403 0.0642 0.7580
cc1p 0.7609 20.0270 0.7771
aug-cc-pVDZ 0.7739 0.0246 0.7789
daug-cc-pVDZ 0.7582 0.0132 0.7787
cc-pVTZ 0.7564 0.0040 0.7602
aug-cc-pVTZ 0.7627 20.0019 0.7664
daug-cc-pVTZ 0.7643 0.0000 0.7663
cc-pVQZ 0.7611 0.0022 0.7619
aug-cc-pVQZ 0.7624 20.0011 0.7637
daug-cc-pVQZ 0.7627 20.0004 0.7636

aThe nuclear contribution is 0.9731.

TABLE VI. Convergence to the basis set limit in HF-SCF calculations for
the rotational g factors of carbon monoxide. Compared are results from
calculations performed with rotational London orbitals and with those from
conventional calculations using perturbation-independent atomic orbitals. In
addition, the diamagnetic contribution to the rotational London orbital re-
sults is given.

Basis set Rot. Londona Diamagnetic contr. Conventionala

cc-pVDZ 20.2808 20.1220 20.1185
cc1p 20.2870 20.1294 20.1287
aug-cc-pVDZ 20.2777 20.1350 20.1410
daug-cc-pVDZ 20.2774 20.1331 20.1443
cc-pVTZ 20.2799 20.0744 20.1977
aug-cc-pVTZ 20.2802 20.0775 20.2082
daug-cc-pVTZ 20.2808 20.0748 20.2103
cc-pVQZ 20.2803 20.0336 20.2507
aug-cc-pVQZ 20.2802 20.0347 20.2541
daug-cc-pVQZ 20.2804 20.0342 20.2545
aug-cc-pV5Z 20.2798 20.0225 20.2660

aThe nuclear contribution is 0.5035.

TABLE VII. Convergence to the basis set limit in HF-SCF calculations for
the rotational g factors of the nitrogen molecule. Compared are results from
calculations performed with rotational London orbitals and with those from
conventional calculations using perturbation-independent atomic orbitals. In
addition, the diamagnetic contribution to the rotational London orbital re-
sults is given.

Basis set Rot. Londona Diamagnetic contr. Conventionala

cc-pVDZ 20.3006 20.1243 20.1639
cc1p 20.2992 20.1210 20.1620
aug-cc-pVDZ 20.2876 20.1326 20.1505
daug-cc-pVDZ 20.2887 20.1328 20.1516
cc-pVTZ 20.2910 20.0757 20.2224
aug-cc-pVTZ 20.2879 20.0711 20.2206
daug-cc-pVTZ 20.2884 20.0697 20.2209
cc-pVQZ 20.2893 20.0336 20.2657
aug-cc-pVQZ 20.2878 20.0325 20.2634
daug-cc-pVQZ 20.2883 20.0322 20.2637
aug-cc-pV5Z 20.2877 20.0209 20.2745

aThe nuclear contribution is 0.5037.
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is quite remarkable, and it is clear that achieving the basis set
limit with conventional perturbation-independent orbitals is
difficult unless special care is taken in constructing the basis
set.34

The problems in reaching the Hartree-Fock limit using
conventional orbitals might have been anticipated from the
magnitude of the diamagnetic contribution of the rotational
LAO g tensors. Even for the aug-cc-pV5Z basis, the diamag-
netic term is as large as for HF at the aug-cc-pVDZ level.
For comparison, the error in the conventional calculations is
2% at the aug-cc-pVDZ basis set for HF, and almost 5% for
N2 at the aug-cc-pV5Z level.

As for HF, one set of diffuse functions is needed both for
the conventional orbitals and the rotational LAOs. An addi-
tional set of diffuse functions leads only to minor changes in
the rotationalg tensor compared to improving the description
of the valence region. For CO and N2, the cc1p basis gives
results for the rotational LAOs that have larger errors than
the results obtained with the aug-cc-pVDZ basis set, in con-
trast to what is the case for magnetizabilities.35

Recently, Cybulski and Bishop have presented vibra-
tionally averaged MP2 results for all three molecules inves-
tigated here.34 Their SCF values for HF, N2 and CO are
0.7624,20.2681, and20.2800 respectively, at the same
molecular geometries used here. Thus, their results are in
excellent agreement with our estimated Hartree-Fock limits
for HF and CO, while the N2 results calls for a reinvestiga-
tion of theg tensor of this molecule at the correlated level,
either with larger conventional basis sets or with rotational
LAOs.

IV. SUMMARY

Quantum chemical calculations of spin-rotation con-
stants and rotationalg tensors in conventional AO basis sets
suffer from a poor basis-set convergence and an unphysical
dependence on the~gauge-!origin. To overcome these prob-

lems, we have extended the concept of perturbation-
dependent atomic orbitals to cover both the magnetic pertur-
bations and the rotational perturbation~via rotational London
orbitals! arising from the coupling of electronic and rota-
tional motions in a molecule. As for nuclear shieldings and
magnetizabilities, the use of rotational LAOs for the spin-
rotation constants and the rotationalg tensors guarantees
~gauge-!origin independence and ensures fast convergence to
the basis-set limit. Furthermore, we have demonstrated that
the rotational LAO results for the spin-rotation constants and
rotationalg tensors are closely related to the corresponding
LAO shieldings and magnetizabilities respectively, thus ‘‘re-
establishing’’ the well-known relationships between these
properties.
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24A. Schäfer, H. Horn, and R. Ahlrichs, J. Chem. Phys.97, 2571~1992!.
25dzp: ~8s4p1d/4s2p1d! for first-row elements and~4s1p/2s1p! for H; tzp:

~9s5p1d/5s3p1d! and ~5s1p/3s1p!; qz2d1f: ~11s7p2d1f/6s4p2d1f! and
~6s2p1d/3s2p1d!; pz3d2f:~13s8p3d2f/8s5p3d2f! and~8s3p2d/6s3p2d!. All
calculations were carried out with spherical polarization functions.

26D. Sundholm, J. Gauss and A. Scha¨fer, J. Chem. Phys.~submitted!.
27See, for example, Ref. 10.
28K. Ruud, T. Helgaker, P. Jo”rgensen, and K. L. Bak, Chem. Phys. Lett.
223, 12 ~1994!.

29K. Ruud, H. Skaane, T. Helgaker, K. L. Bak, and P. Jo”rgensen, J. Am.
Chem. Soc.116, 10135~1994!.

30T.H. Dunning Jr., J. Chem. Phys.90, 1007~1989!.
31R. A. Kendall, T. H. Dunning Jr., and R. J. Harrison, J. Chem. Phys.96,
6796 ~1992!.

32D. E. Woon and T. H. Dunning Jr., J. Chem. Phys.100, 2975~1994!.
33One might wonder why we have chosen different basis sets for the calcu-
lation of spin-rotation constants and rotationalg tensors. However, previ-
ous calculations have shown that Dunning’s correlation consistent basis
sets are not well suited for computations of nuclear shieldings~probably
due to a too tight contraction of the core orbitals!, while test calculations
indicated that the ‘‘Karlsruhe’’ basis sets are not optimal for magnetiz-
abilities.

34S. M. Cybulski and D. M. Bishop, J. Chem. Phys.100, 2019~1994!.
35P. Dahle, K. Ruud, T. Helgaker, K. L. Bak and P. Jo”rgensen~unpub-
lished!.

2812 Gauss, Ruud, and Helgaker: Perturbation-dependent atomic orbitals

J. Chem. Phys., Vol. 105, No. 7, 15 August 1996

Downloaded 07 Jun 2013 to 193.157.137.211. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions


