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High-level multicon®gurational wavefunctions are used to study the dipole and quadrupole
moments, the nitrogen nuclear quadrupole coupling constant, the magnetizability, and the
rotational g factor of nitroethene, and the results are compared with rotational Zeeman-e!ect
experiments. It is demonstrated that the use of magnetic-®eld dependent atomic orbitals is
crucial for an accurate description of the molecular magnetic properties. Although the correla-
tion e!ects are signi®cant, their major contributions may be retrieved with modest-size active
spaces, indicating that the static correlation e!ects arising from the p orbital space dominate.
The di!erence in sign between theory and experiment reported previously for the tensor
components of the quadrupole moment is discussed.

1. Introduction
Microwave experiments on the rotational Zeeman

e!ect provide a rich source of highly accurate results
for molecular magnetic and electrical properties [1].
Among the molecular properties that may be measured
in such experiments are the nuclear quadrupole coupling
constants, the molecular dipole and quadrupole
moments, the magnetizability anisotropies, and the rota-
tional g tensor. At the same time, the accurate calcula-
tion of many of these properties remains a challenge to
modern ab initio methods. The nuclear quadrupole
coupling constants, for instance, require a good descrip-
tion of the electronic structure close to the nuclei, which
is di"cult to model with the Gaussian basis sets used
normally in ab initio calculations. The magnetizability
and rotational g tensor, on the other hand, require basis
sets capable of describing the electronic currents that are
induced by an external magnetic ®eld and which a!ect
mainly the outer parts of the electronic system. The
molecular quadrupole moment, being a di!erence of a
large nuclear term and a large electronic term that
almost cancel, depends heavily on the molecular geom-
etry. Rotational Zeeman experiments thus provide
modern ab initio methods with experimental data that
may be used as critical tests of the accuracy of di!erent
wavefunctions.

Over the past ®ve years, it has been demonstrated
conclusively that magnetic perturbations cannot be

treated with su"cient accuracy unless particular care is
taken by using properly designed perturbation-depen-
dent orbitals such as the rotational London atomic or-
bitals [2±4]. Indeed, by using London atomic orbitals in
combination with response theory [5, 6], results less than
2% from the Hartree±Fock limit can be obtained even
with basis sets of augmented polarized double-zeta
quality for the magnetizability and rotational g tensor
[2, 3, 7].

The rotational Zeeman e!ect of small nitro com-
pounds has been given experimental attention as a
means of investigating the local magnetic structure of
the nitro group [8±10]. In a recent experimental work
by Spiekermann and Sutter [10], the rotational g factor,
magnetizability anisotropy, the nitrogen quadrupole
coupling constant, and the molecular dipole and quad-
rupole moments were determined for the nitroethene
molecule. However, initial calculations of the nitrogen
quadrupole coupling constant, the dipole moment and
the quadrupole moment at the Hartree±Fock level do
not model some of the properties even qualitatively [10].
For instance, all the components of the quadrupole
moment tensor have the wrong sign compared with
experiment. Moreover, one of the components of the
nitrogen quadrupole coupling constant has the wrong
sign and even the dipole moment is o! by more than
30%.

Because of its di!erent resonance structures, the nitro
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group is di"cult to treat by ab initio methods, and more-
over one would expect these di"culties to be com-
pounded when, as in nitroethene, the nitro group is
attached directly to a double bond. Thus it is not sur-
prising that the Hartree±Fock calculations by Spieker-
mann and Sutter do not reproduce experiment. In this
work, we investigate the extent to which modern ab
initio methods are able to describe the molecular proper-
ties of a molecule with an electronic structure as com-
plicated as the nitroethene molecule, through the use of
multicon®gurational self-consistent ®eld (MCSCF)
wavefunctions.

We shall not review the theory behind the implemen-
tation of our computational procedure, referring instead
to the original papers describing the implementation of
magnetizabilities and rotational g tensors using rota-
tional London atomic orbitals [2, 3, 11]. Section 2
gives the computational details of our calculations,
whereas Section 3 discusses our results and compares
with experiment. Section 4 contains some concluding
remarks.

2. Computational details
As noted in the introduction, the nitro group attached

to a double bond is expected to exhibit large static cor-
relation e!ects arising from the di!erent resonance
structures. This can be realized also from the determi-
nant expansion, where the coe"cients of the three dom-
inating determinants are 0.935, 0.157 and 0.129. The rest
of the determinants have coe"cients a factor of at least
two smaller. The complete active-space self-consistent
®eld (CASSCF) wavefunction is designed speci®cally
to treat such static correlation e!ects [12]. Furthermore,
by using the restricted active space (RAS) partitioning
of the correlated orbitals [13, 14], we may account not
only for static correlation e!ects but also obtain an
estimate of the importance of dynamic correlation.
However, because of the computational cost of this
model, we cannot hope to account for all the dynamic
correlation e!ects with this model.

In the RASSCF approach, the molecular orbitals are
partitioned into ®ve di!erent spaces.

The inactive space. This space contains all orbitals
that are doubly occupied in all con®gurations. In
this space, we include the 1s orbitals of the carbon,
nitrogen and oxygen atoms, and the three CH r

bonds. In some of the calculations, additional orbitals
have been kept inactive.
RAS1. Out of this space, only a restricted number of
electrons are allowed to be excited in any con®gura-
tion. The maximum number of electrons allowed to be
excited out of RAS1 is equal to two in all calculations.

RAS2. A full CI optimization is carried out in the
space spanned by the orbitals of the RAS2 space. In
all our calculations, we include at least the two highest
occupied p orbitals and the two lowest unoccupied p*

orbitals in RAS2.
RAS3. This space consists of the orbitals into which a
restricted number of electrons is allowed to be excited.
In all our calculations, the maximum number of elec-
trons allowed to excite into RAS3 is equal to two.
Virtual space. This space contains the orbitals that
are unoccupied in all con®gurations.

In the following, we shall denote our wavefunctions
by inactiveCASRAS2 and inactive

RAS1 RASRAS2
RAS3, where the super-

scripts and subscripts give the numbers of orbitals in
each space. For each space, two numbers are given:
one for the orbitals that are symmetric with respect to
the molecular plane and one for the orbitals that are
antisymmetric.

In all calculations presented here we have chosen to
use various contractions of the atomic natural orbital
(ANO) basis sets developed by Widmark and co-
workers [15, 16], as we have found previously that
these basis sets give accurate results both for magnetic
properties and for properties probing the electron den-
sity close to the nucleus [17, 18]. However, as
nitroethene is larger than the molecules studied by us
previously using ANO basis sets [17, 18], we shall pay
some attention to the basis set convergence of the var-
ious properties.

For most of the calculations, we have used the experi-
mental microwave structure obtained by NoÈsberger et
al. [19], see table 1 and the ®gure. When comparing
experimental and theoretical results for the various
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Table 1. Experimental and optimized geometries of the
nitroethene molecule.

Optimized Optimized
Experimentala 14;0

2;1 RAS1;3
4;1

14;0
2;1 RAS1;3

2;1

rCC/AÊ 1.3245 (19) 1.327 1.327
rCN/AÊ 1.4579 (5) 1.443 1.446
rNO1/AÊ 1.2272 (17) 1.228 1.228
rNO2/AÊ 1.2275 (15) 1.224 1.224
rC1H1/AÊ 1.0796 (22) 1.067 1.066
rC2H2/AÊ 1.0771 (17) 1.071 1.071
rC2H3/AÊ 1.0813 (14) 1.070 1.070
/NC1C2 120.93 (9)Ê 121.96Ê 121.92Ê
/O1NC1 115.96 (8)Ê 115.94Ê 115.88Ê
/O2NC1 119.12 (9)Ê 119.45Ê 119.35Ê
/H1C1C2 127.01 (18)Ê 126.21Ê 126.30Ê
/H2C2C1 120.17 (11)Ê 119.24Ê 119.23Ê
/H3C2C1 119.62 (9)Ê 121.75Ê 121.75Ê

a Reference [19].



molecular properties, one should take into consideration
the e!ects of molecular rovibrational motion [20±24].
However, rovibrational averaging is a non-trivial task
for a molecule the size of nitroethene. We have restricted
ourselves therefore to investigating the changes in the
molecular properties that are observed when optimizing
the geometry of the 14;0

2;1 RAS1;3
2;1 and 14;0

2;1 RAS1;3
4;1 wave-

functions using the [4s3p2d/3s2p] contraction of the
ANO basis set. The geometry optimization has been
done using the second-order optimization routines
described in [25].

In all calculations reported here, the Dalton program
package [26]has been used.

3. Results
We shall discuss ®rst the basis set convergence and

electron correlation e!ects for the di!erent molecular
properties separately. Next, we shall discuss the geomet-
rical e!ects on the properties, and ®nally we shall com-
pare our results with the experimental results of
Spiekermann and Sutter [10].

3.1. Dipole and quadrupole moment
The calculated molecular dipole and quadrupole

moments are collected in tables 2 and 3, respectively.
All contractions of the ANO basis sets give results
close to the Hartree±Fock limit for both properties
although, for the quadrupole moment, the result
obtained with the smallest basis set deviates somewhat
from that obtained with the primitive ANO set.

For the dipole moment in table 2, the inclusion of the
most important static correlation e!ects in the
14;0CAS5;5 model gives a large correction, and further
extensions of basis set and active space lead to only
minor changes.

For the quadrupole moment in table 3, the situation is
di!erent. The 14;0CAS5;5 wavefunction also leads to
large changes, reducing the quadrupole moment compo-
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Atomic labels and coordinate system of nitroethene.

Table 2. Dipole moments (in D).a

!a !b

HF/ANO [4s3p2d/3s2p] 4.41 1.37
HF/ANO [4s3p2d1f/3s2p1d] 4.41 1.37
HF/ANO [5s4p3d/4s3p] 4.41 1.37
HF/ANO [5s4p3d2f/4s3p2d] 4.41 1.37
HF/ANO [6s5p4d/5s4p] 4.40 1.37
HF/ANO 4.40 1.37

14;0CAS5;5/ANO [4s3p2d/3s2p] 3.55 1.29
14;0
2;1 RAS1;3

2;1/ANO [4s3p2d/3s2p] 3.57 1.29
14;0
2;1 RAS1;3

4;1/ANO [4s3p2d/3s2p] 3.57 1.29
14;0
2;1 RAS1;3

7;2/ANO [4s3p2d/3s2p] 3.61 1.26
14;0
2;1 RAS1;3

11;3/ANO [4s3p2d/3s2p] 3.60 1.25
12;0
4;1 RAS1;3

4;1/ANO [4s3p2d/3s2p] 3.62 1.22
10;0
6;1 RAS1;3

7;2/ANO [4s3p2d/3s2p] 3.59 1.29
8;0
8;1RAS1;3

8;2/ANO [4s3p2d/3s2p] 3.58 1.25
14;0
2;1 RAS1;3

4;1/ANO [4s3p2d1f/3s2p1d] 3.58 1.29
14;0
2;1 RAS1;3

7;2/ANO [4s3p2d1f/3s2p1d] 3.60 1.31
14;0
2;1 RAS1;3

11;3/ANO [4s3p2d1f/3s2p1d] 3.60 1.26

aD <debye <3.335 64´ 10- 30 C m.

Table 3. Quadrupole moment (in cgs).

Qaa Qbb Qcc

HF/ANO [4s3p2d/3s2p] 2.61 - 1.33 - 1.28
HF/ANO [4s3p2d1f/3s2p1d] 2.56 - 1.45 - 1.11
HF/ANO [5s4p3d/4s3p] 2.56 - 1.44 - 1.12
HF/ANO [5s4p3d2f/4s3p2d] 2.52 - 1.49 - 1.03
HF/ANO [6s5p4d/5s4p] 2.53 - 1.45 - 1.07
HF/ANO 2.51 - 1.49 - 1.02

14;0CAS5;5/ANO [4s3p2d/3s2p] 1.22 - 0.65 - 0.57
14;0
2;1 RAS1;3

2;1/ANO [4s3p2d/3s2p] 1.25 - 0.65 - 0.60
14;0
2;1 RAS1;3

4;1/ANO [4s3p2d/3s2p] 1.28 - 0.66 - 0.62
14;0
2;1 RAS1;3

7;2/ANO [4s3p2d/3s2p] 1.58 - 0.77 - 0.81
14;0
2;1 RAS1;3

11;3/ANO [4s3p2d/3s2p] 1.55 - 0.71 - 0.84
12;0
4;1 RAS1;3

4;1/ANO [4s3p2d/3s2p] 1.16 - 0.61 - 0.55
10;0
6;1 RAS1;3

7;2/ANO [4s3p2d/3s2p] 1.61 - 0.93 - 0.68
8;0
8;1RAS1;3

8;2/ANO [4s3p2d/3s2p] 1.59 - 0.95 - 0.63

14;0
2;1 RAS1;3

4;1/ANO [4s3p2d1f/3s2p1d] 1.24 - 0.77 - 0.47
14;0
2;1 RAS1;3

7;2/ANO [4s3p2d1f/3s2p1d] 1.59 - 0.92 - 0.67
14;0
2;1 RAS1;3

11;3/ANO [4s3p2d1f/3s2p1d] 1.51 - 0.81 - 0.70



nents by a factor of more than two. However, this choice
of active space appears to overestimate the e!ect of
electron correlation, and further extension of RAS3
leads to quite substantial corrections in the opposite
direction. For the Qbb and Qcc components, correlating
more of the occupied orbitals (by increasing RAS1) also
leads to large changes. The basis-set dependence
observed when going from the [4s3p2d/3s2p] to the
[4s3p2d1f/3s2p1d] basis is enhanced at the correlated
level. Because of limited computer resources, the basis
set and active space could not be extended further. For
the Qbb and Qcc components of the molecular quadru-
pole moment, in particular, it appears that we have not

converged either with respect to basis set or with respect
to correlation.

3.2. Nitrogen quadrupole coupling constant
Our results for the nitrogen quadrupole coupling con-

stant are collected in table 4. None of the contracted
ANO basis sets reproduces the results obtained with
the primitive ANO set in a satisfactory manner. The
nuclear quadrupole coupling constant depends critically
on the electron density close to the nucleus, and requires
large ¯exibility in the tight basis functions, a ¯exibility
that is lost in the general contraction scheme employed
in the ANO basis set.

Electron correlation a!ects the nuclear quadrupole
couplings signi®cantly. In particular, we note that XN

bb
changes sign when correlation is introduced. Most of the
correlation e!ects are recovered by the CAS wavefunc-
tion, although signi®cant changes are observed also
when more occupied orbitals are included in the active
space. The correlation e!ects are signi®cantly larger
than the basis set dependence.

3.3. Magnetizability and rotational g factor
In tables 5 and 6 we have collected the Hartree±Fock

results for the components of the magnetizability and
rotational g tensor, respectively. The use of (rotational)-
London atomic orbitals is crucial for an accurate
description of the e!ects of the magnetic perturbations.
Even for the largest ANO basis sets, conventional orbi-
tals give results that are o! by almost 50%. Indeed, gcc
calculated with conventional basis sets has the wrong
sign (compared with the results obtained with the
rotational London orbitals) for all the basis sets inves-
tigated. By contrast, the components of the magnetiz-
ability and rotational g tensor calculated with rotational
London atomic orbitals vary by no more than 2%
except for gcc which, because of its small size, varies
by about 3.5%.

Compared with previous investigations of the e!ects
of correlation on magnetizabilities [27±29], the correla-

92 P.-O. AÊstrand et al.

Table 4. 14N nuclear quadrupole coupling constant (in
MHz).

XN
aa XN

bb XN
cc

HF/ANO [4s3p2d/3s2p] - 2.57 - 0.82 3.39
HF/ANO [4s3p2d1f/3s2p1d] - 2.58 - 0.97 3.55
HF/ANO [5s4p3d/4s3p] - 2.45 - 0.88 3.33
HF/ANO [5s4p3d2f/4s3p2d] - 2.46 - 1.05 3.51
HF/ANO [6s5p4d/5s4p] - 2.51 - 0.90 3.41
HF/ANO - 2.51 - 1.13 3.64
14;0CAS5;5/ANO [4s3p2d/3s2p] - 1.19 0.50 0.69
14;0
2;1 RAS1;3

2;1/ANO [4s3p2d/3s2p] - 1.28 0.54 0.74
14;0
2;1 RAS1;3

4;1/ANO [4s3p2d/3s2p] - 1.32 0.51 0.81
14;0
2;1 RAS1;3

7;2/ANO [4s3p2d/3s2p] - 1.29 0.44 0.85
14;0
2;1 RAS1;3

11;3/ANO [4s3p2d/3s2p] - 1.24 0.54 0.70
12;0
4;1 RAS1;3

4;1/ANO [4s3p2d/3s2p] - 1.39 0.51 0.88
10;0
6;1 RAS1;3

7;2/ANO [4s3p2d/3s2p] - 1.62 0.37 1.24
8;0
8;1 RAS1;3

8;2/ANO [4s3p2d/3s2p] - 1.58 0.37 1.21

14;0
2;1 RAS1;3

4;1/ANO [4s3p2d1f/3s2p1d] - 1.34 0.36 0.98
14;0
2;1 RAS1;3

7;2/ANO [4s3p2d1f/3s2p1d] - 1.36 0.29 1.07
14;0
2;1 RAS1;3

11;3/ANO [4s3p2d1f/3s2p1d] - 1.27 0.41 0.86

Table 5. Cartesian components of the magnetizability (in cgs) calculated with (Lon) and without (No-Lon) London orbitals.

xaa xbb xcc

Lon No-Lon Lon No-Lon Lon No-Lon

HF/ANO [4s3p2d/3s2p] - 21.32 - 37.00 - 18.04 - 64.11 - 44.29 - 95.54
HF/ANO [4s3p2d1f/3s2p1d] - 21.35 - 36.15 - 18.00 - 61.02 - 44.47 - 90.65
HF/ANO [5s4p3d/4s3p] - 21.45 - 29.98 - 18.21 - 41.39 - 44.51 - 71.88
HF/ANO [6s5p4d/5s4p] - 21.43 - 25.68 - 18.03 - 30.52 - 44.41 - 59.01
HF/ANO - 21.28 n.c. - 17.85 n.c. - 44.42 n.c.



tion e!ects for the magnetizability are quite signi®cant
for this molecule (see tables 7 and 8). Nevertheless, most
of the correlation e!ect seems to be recovered by the
CAS wavefunction.

Some artefacts appear in the magnetizabilities, prob-
ably due to an imbalance between the sizes of the basis
sets and the active space. In particular, the 14;0

2;1 RAS1;3
11;3

wavefunction has an active space that is too large com-
pared with the size of the basis set, whereas the two
smallest active spaces calculated for the [4s3p2d1f/
3s2p1d] basis appears to be too small to extract all of
the correlation e!ects.

The trends observed for the magnetizabilities are
noted also for the rotational g tensor, see table 9. Elec-
tron correlation has a noticeable e!ect: most is recov-
ered by the CAS wavefunction (compare 14;0CAS5;5 and
14;0
2;1 RAS1;3

11;3 [4s3p2d1f/3s2p1d]). We also note that a

basis set dependence not noticeable at the Hartree±
Fock level is apparent for the rotational g factor at
the correlated level.

3.4. Geometry dependence
Only minor changes in the geometry are observed

upon optimization, see table 1. In particular, the di!er-
ence between the two optimized structures is small. We
note, however, that even these small changes in geom-
etry lead to a signi®cant change in the moment of inertia
tensor. We shall return to this point in the next section.

Table 10 lists the molecular properties obtained
with the two wavefunctions at the experimental and
optimized geometries. With the exception of the
molecular quadrupole moment, only minor di!erences
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Table 6. Rotational g factor calculated with and without rotational London orbitals.

gaa gbb gcc

Lon No-Lon Lon No-Lon Lon No-Lon

HF/ANO [4s3p2d/3s2p] - 0.1717 - 0.0842 - 0.0701 0.0316 - 0.0088 0.0723
HF/ANO [4s3p2d1f/3s2p1d] - 0.1714 - 0.0889 - 0.0700 0.0249 - 0.0086 0.0644
HF/ANO [5s4p3d/4s3p] - 0.1705 - 0.1230 - 0.0694 - 0.0183 - 0.0085 0.0348
HF/ANO [6s5p4d/5s4p] - 0.1704 - 0.1467 - 0.0698 - 0.0422 - 0.0086 0.0144
HF/ANO - 0.1711 n.c. - 0.0701 n.c. - 0.0087 n.c.

Table 7. Cartesian components of the magnetizability (in
cgs).

xaa xbb xcc

HF/ANO [4s3p2d/3s2p] - 21.32 - 18.04 - 44.29
HF/ANO [4s3p2d1f/3s2p1d] - 21.35 - 18.00 - 44.47
14;0CAS5;5/ANO [4s3p2d/3s2p] - 24.04 - 19.24 - 43.96
14;0
2;1 RAS1;3

2;1/ANO [4s3p2d/3s2p] - 23.93 - 19.15 - 43.97
14;0
2;1 RAS1;3

4;1/ANO [4s3p2d/3s2p] - 24.02 - 19.27 - 44.10
14;0
2;1 RAS1;3

7;2/ANO [4s3p2d/3s2p] - 23.62 - 19.71 - 44.10
14;0
2;1 RAS1;3

11;3/ANO [4s3p2d/3s2p] - 24.51 - 25.97 - 44.06
12;0
4;1 RAS1;3

4;1/ANO [4s3p2d/3s2p] - 23.79 - 20.13 - 44.09
10;0
6;1 RAS1;3

7;2/ANO [4s3p2d/3s2p] - 23.84 - 21.10 - 43.66
8;0
8;1 RAS1;3

8;2/ANO [4s3p2d/3s2p] - 24.03 - 20.48 - 43.72
14;0
2;1 RAS1;3

4;1/ANO [4s3p2d1f/3s2p1d] - 26.00 - 20.11 - 44.27
14;0
2;1 RAS1;3

7;2/ANO [4s3p2d1f/3s2p1d] - 24.20 - 20.60 - 44.27
14;0
2;1 RAS1;3

11;3/ANO [4s3p2d1f/3s2p1d] - 24.40 - 19.36 - 44.22

Table 8. Magnetizability (in cgs). a

x nx1 nx2

HF/ANO [4s3p2d/3s2p] - 27.88 19.69 29.53
HF/ANO [4s3p2d1f/3s2p1d] - 27.94 19.76 29.83

14;0CAS5;5/ANO [4s3p2d/3s2p] - 29.08 15.12 29.51
14;0
2;1 RAS1;3

2;1/ANO [4s3p2d/3s2p] - 29.01 15.32 29.60
14;0
2;1 RAS1;3

4;1/ANO [4s3p2d/3s2p] - 29.13 15.34 29.58
14;0
2;1 RAS1;3

7;2/ANO [4s3p2d/3s2p] - 29.14 16.57 28.31
14;0
2;1 RAS1;3

11;3/ANO [4s3p2d/3s2p] - 31.53 21.00 16.64
12;0
4;1 RAS1;3

4;1/ANO [4s3p2d/3s2p] - 29.33 16.65 27.62
10;0
6;1 RAS1;3

7;2/ANO [4s3p2d/3s2p] - 29.54 17.08 25.30
8;0
8;1RAS1;3

8;2/ANO [4s3p2d/3s2p] - 29.41 16.13 26.79

14;0
2;1 RAS1;3

4;1/ANO [4s3p2d1f/3s2p1d] - 30.13 12.37 30.04
14;0
2;1 RAS1;3

7;2/ANO [4s3p2d1f/3s2p1d] - 29.69 16.49 27.26
14;0
2;1 RAS1;3

11;3/ANO [4s3p2d1f/3s2p1d] - 29.33 14.79 29.90
anx1 = 2xaa - xbb - xcc and nx2 = 2xbb - xaa - xcc. Note that

aa, bb and cc refer to the principal axes of the moment of
inertia.



are observed between the properties calculated with the
experimental and the optimized geometries.

3.5. Comparison with experiment
In table 11 we have listed the results obtained with the

Hartree±Fock wavefunction and the 14;0
2;1 RAS1;3

11;3 wave-
function in the ANO [4s3p2d1f/3s2p1d] basis together
with the experimental results of Spiekermann and Sutter
[10]. This particular RAS function was chosen since it
represents the most accurate wavefunction employed in
this study. The dipole moment obtained with the corre-
lated wavefunction is in fairly good agreement with the
experimental result, although we are slightly outside the
experimental error bars. The experimental nitrogen
quadrupole coupling constant has been determined in
the molecular framework, whereas our results have
been obtained in the principal axis system of the nuclear
quadrupole tensor. For the experimental quadrupole
coupling constant, therefore, we report instead the
span of the XN

aa and XN
bb tensor components estimated

by Spiekermann and Sutter on the basis of the di!erent
choices for the angle between the two axis systems. Our
correlated results are just outside the experimental
values for the XN

aa and XN
bb components, whereas we

have very satisfactory agreement for the XN
cc component,

which is the same in both axis systems. These results
indicate that the angle between the nuclear and mole-
cular axis system is larger than assumed by Spiekermann
and Sutter. On the other hand, in table 4 it was noted
that the basis set has not been converged for the
nitrogen quadrupole coupling constant.

Turning our attention to the magnetizability, it is
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Table 9. Rotational g factor.

gaa gbb gcc

HF/ANO [4s3p2d/3s2p] - 0.1717 - 0.0701 - 0.0088
HF/ANO [4s3p2d1f/3s2p1d] - 0.1714 - 0.0700 - 0.0086

14;0CAS5;5/ANO [4s3p2d/3s2p] - 0.1511 - 0.0680 - 0.0097
14;0
2;1 RAS1;3

2;1/ANO [4s3p2d/3s2p] - 0.1519 - 0.0682 - 0.0097
14;0
2;1 RAS1;3

4;1/ANO [4s3p2d/3s2p] - 0.1514 - 0.0679 - 0.0094
14;0
2;1 RAS1;3

7;2/ANO [4s3p2d/3s2p] - 0.1543 - 0.0667 - 0.0092
14;0
2;1 RAS1;3

11;3/ANO [4s3p2d/3s2p] - 0.1493 - 0.0529 - 0.0092
12;0
4;1 RAS1;3

4;1/ANO [4s3p2d/3s2p] - 0.1525 - 0.0661 - 0.0095
10;0
6;1 RAS1;3

7;2/ANO [4s3p2d/3s2p] - 0.1539 - 0.0637 - 0.0102
8;0
8;1RAS1;3

8;2/ANO [4s3p2d/3s2p] - 0.1526 - 0.0649 - 0.0101
14;0
2;1 RAS1;3

4;1/ANO [4s3p2d1f/3s2p1d] - 0.1403 - 0.0659 - 0.0093
14;0
2;1 RAS1;3

7;2/ANO [4s3p2d1f/3s2p1d] - 0.1511 - 0.0644 - 0.0090
14;0
2;1 RAS1;3

11;3/ANO [4s3p2d1f/3s2p1d] - 0.1498 - 0.0674 - 0.0091

Table 10. Changes in molecular propertiesa upon geometry
optimization for the 14;0

2;1 RAS1;3
2;1 and 14;0

2;1 RAS1;3
4;1 wavefunc-

tions using the ANO [4s3p2d/3s2p]basis set.

14;0
2;1 RAS1;3

2;1 wavefunction 14;0
2;1 RAS1;3

2;1 wavefunction

Exp. Opt. Exp. Opt.
Property geometry geometry geometry geometry

!a 3.57 3.60 3.57 3.60
!b 1.29 1.24 1.29 1.23
XN

aa - 1.28 - 1.30 - 1.32 - 1.33
XN

bb - 0.54 0.55 0.51 0.52
XN

cc 0.74 0.75 0.81 0.82
x - 29.01 - 28.88 - 29.13 - 28.99
nx1 15.32 14.79 15.34 15.02
nx2 29.60 29.79 29.58 29.73
xaa - 23.93 - 23.96 - 24.02 - 24.02
xbb - 19.15 - 18.96 - 19.27 - 19.08
xcc - 43.97 - 43.74 - 44.10 - 43.87
gaa - 0.1519 - 0.1527 - 0.1514 - 0.1526
gbb - 0.0682 - 0.0683 - 0.0679 - 0.0680
gcc - 0.0097 - 0.0100 - 0.0094 - 0.0098
Qaa 1.25 1.42 1.28 1.44
Qbb - 0.65 - 0.82 - 0.66 - 0.83
Qcc - 0.60 - 0.60 - 0.62 - 0.60
Iaa 152.08 151.17 152.08 150.97
Ibb 384.25 384.71 384.25 384.35
Icc 536.34 535.88 536.34 535.33

anx1 = 2xaa - xbb - xcc and nx2 = 2xbb - xaa - xcc. Note that
aa, bb and cc refer to the principal axes of the moment of
inertia.



interesting to note that the Hartree±Fock wavefunction
gives better agreement with experiment for the isotropic
and anisotropic magnetizabilities than do the MCSCF
wavefunctions. The same is true also for the magnetiz-
ability components. However, in order to extract the
experimental magnetizability components, the isotropic
magnetizability has been estimated from the second
moment of the electronic charge distribution [10]. Con-
sidering the stability of the MCSCF results in table 8, it
is unlikely that the discrepancy between our theoretical
isotropic magnetizability and that used by Spiekermann
and Sutter arises from inaccuracies in the calculated
numbers.

Using our theoretical isotropic magnetizability to
extract `experimental’ magnetizability components, the
improvement between theory and experiment is signi®-
cant, as can be seen from table 11. The xbb component is
now in excellent agreement with experiment, whereas
the theoretical xaa is some 6% too diamagnetic, and
the xcc component similarly some 3% too paramagnetic.

These di!erences enhance each other for the ®rst aniso-
tropy, giving a total error of almost 25%, whereas the
agreement for the second anisotropy is within the
experimental error bars. It is interesting to note that
xcc is almost una!ected by electron correlation, indi-
cating that electron correlation a!ects mainly the p orbi-
tals that do not contribute to the xcc component.

Rotational g tensors can be measured very accurately
in microwave spectroscopy and, for a heavily correlated
system like the nitroethene molecule, we cannot hope to
obtain results consistently within the experimental error
bars. For the gaa and gcc components, the inclusion of
electron correlation leads to signi®cant improvements in
the agreement with experiment, whereas the gbb compo-
nent deteriorates, in contrast to the behaviour of mag-
netizability components. The agreement with experi-
ment can at most be considered satisfactory. We note
that only minor correlation e!ects are observed for gcc,
supporting the assumption that correlation a!ects
mainly the p orbitals.

Let us consider ®nally the molecular quadrupole
moment. As seen from tables 3 and 11, none of our
correlated wavefunctions is able to reproduce the experi-
mental sign of the molecular quadrupole moment for
any of the components. We note, however, that the
experimental quadrupole moment is extracted from the
relation

4x+
I

Mp
g = Tr (Q) - Q (1)

where I is the moment-of-inertia tensor, Mp the proton
mass, and Q the matrix of the second-moment of the
charge with respect to the centre of mass

Q = åi
qir

T
i ri (2)

Here the summation runs over all particles in the system
and qi is the charge of the ith particle. As the moment of
inertia is a large number, even small changes in the
moment of inertia (because of zero-point vibrational
e!ects, for instance) may lead to substantial changes in
the experimentally derived quadrupole moment, see
table 10. Therefore we believe that zero-point vibra-
tional contributions must be considered before a ®nal
comparison can be made with experiment [10].

4. Conclusion
We have shown that through the use of rotational

London atomic orbitals and multicon®gurational self-
consistent-®eld wavefunctions, results in fair agreement
with rotational Zeeman experiments may be obtained.
Di!erences of 5% to 10% still persist for most of the
properties investigated, and in order to obtain better
agreement with experiment more accurate wavefunc-
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Table 11. Experimental results and the results obtained with
an SCF wavefunction and a 14;0

2;1 RAS1;3
11;3 wavefunction

using the ANO [4s3p2d1f/3s2p1d] basis set. All proper-
tiesa in cgs units.

This work
Reference [10]

Property Hartree±Fock 14;0
2;1 RAS1;3

11;3 Experiment

!a 4.41 3.60 3.51 (2)
!b 1.37 1.26 1.16 (8)

XN
aa - 2.58 - 1.27 - 1.25±- 1.15

XN
bb - 0.97 0.41 0.30±0.40

XN
cc 2.55 0.86 0.85

x - 27.94 - 29.33 - 26.60 (22)
nx1 19.76 14.79 19.07 (43)
nx2 29.83 29.90 29.67 (53)
xaa - 21.35 - 24.40 - 20.25 (22)/- 22.97 (43)b

xbb - 18.00 - 19.36 - 16.71 (22)/- 19.44 (43)b

xcc - 44.47 - 44.22 - 42.85 (22)/- 45.58 (43)b

gaa - 0.1714 - 0.1498 - 0.159 85 (39)
gbb - 0.0700 - 0.0674 - 0.071 97 (31)
gcc - 0.0086 - 0.0091 - 0.010 80 (32)

Qaa 2.56 1.51 - 0.59 (29)
Qbb - 1.45 - 0.81 0.07 (36)
Qcc - 1.11 - 0.70 0.52 (46)

anx1 = 2xaa - xbb - xcc and nx2 = 2xbb - xaa - xcc. Note that
aa, bb and cc refer to the principal axes of the moment of
inertia.

bderived from our value of the isotropic magnetizability.



tions, like for instance coupled-cluster wavefunctions,
are needed. Furthermore, it would be interesting to see
how well the coupled-cluster method can perform for
the nitroethene molecule, which appears to have a
large static correlation e!ect. From the leading contri-
butions to the determinant expansion given above, it
should be expected that coupled-cluster methods are
suited to the nitroethene molecule.

With the exception of the molecular quadrupole
moment, geometry e!ects have been shown to be small
for all the properties investigated. Considering the
changes observed when increasing the basis set and the
active space, and also the changes occurring when opti-
mizing the geometry, we conclude that the main reason
for the di!erence in sign in the theoretical and experi-
mental quadrupole moment components of the
nitroethene molecule may be due to rovibrational cor-
rections not accounted for in our calculations, although
further investigations are needed in order to verify this.
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