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Abstract

We have calculated the molecular electric quadrupole moment (MEQM) for the set of molecules N2, C2H2, CO,

CO2, CS2, HF, and BH. We have used SR-SDCI and ðSCÞ2-SR-SDCI methods and we have compared our results with

high-level theoretical ones, including FCI values for HF and BH, and with experimental values. The calculated MEQM

provides a test of the effect that the energy converged ðSCÞ2 dressing method brings to the SDCI wavefunctions. The

results suggest that the ðSCÞ2-SR-SDCI method can be a cost-effective and quite accurate method for the calculation of

post-SCF effects on electric quadrupole moments. � 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

The molecular electric quadrupole moment
(MEQM) is a property of special importance for
non-polar molecules, where it is the first non-zero
electric moment. It determines, in these systems,
the Coulomb interaction between the molecule and
other molecules, or, in a more general way, with
non-uniform external electric fields.

The MEQM can be determined directly from
electric-field-gradient-induced birefringence (EF-
GB) [1,2] measurements. The EFGB is the an-
isotropy of the refraction index observed when
plane-polarized light passes through a medium in a

direction that is perpendicular to an applied ex-
ternal field gradient. Two effects originate the
EFGB. The first one is the partial orientation in
the molecules due to the interaction of the electric
field gradient with the MEQM. The second one is
related to changes in the effective polarizability
induced by the field gradient. The first effect is
temperature dependent and can be expressed in
terms of the MEQM and the molecular electric-
dipole polarizability. The second effect is inde-
pendent of the temperature and is determined by
higher order polarizabilities. The two effects can be
separated by measuring at different temperatures.

However, the experimental procedure faces
some difficulties and it cannot be applied to all
systems. Hence, it is very common to perform
measurements at a single temperature and to
obtain therefore the MEQM by neglecting the
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contribution of the second effect, which is of
higher order and can be assumed to be less im-
portant. In the few cases when theoretical estima-
tions of this hyperpolarizability term are available,
they are used to get the experimental MEQM [3,4].

It is well known that the theoretical determi-
nation of the MEQM is difficult because the cal-
culated values are very sensitive to the theory
approach level [5]. It is then important to establish
the accuracy of each theoretical approach for the
calculation of this property. A convenient way to
do this is to compare simultaneously to theoretical
calculations of increasing accuracy and to experi-
mental data as well. To compare to FCI results is
convenient because they are exact for the basis set,
even if the basis sets are small and physically poor.

In this study, we present an ab initio investi-
gation of the MEQM for a series of small mole-
cules. The set of molecules for which high-level
calculations (noteworthy based in first-order CC
energy derivatives [6]) and accurate experimental
values are available is very reduced, so that the
number of systems that can be studied as test
calculations cannot be large. Our goal is to assess
the adequacy of the size-consistent self-consistent
single reference configuration interaction method,
ðSCÞ2-SR-SDCI, for the calculation of this prop-
erty. A number of works have shown the notice-
able improvement that the ðSCÞ2 matrix dressing
procedure provides to the SDCI energy eigen-
values. In this work, we try to test the effect on the
quality of the SDCI wavefunction brought about
by the dressing method by means of the evaluation
of an electric molecular property.

2. Definitions and computational details

The traceless quadrupole moment as defined by
Buckingham [1,7,8] is calculated as

Hab ¼ 1

2

X

i

Qið3riarib � dabr2i Þ; ð1Þ

where the summation runs over all the particles
(nuclei and electrons) with charge Qi and position
vectors ri. The Greek indices denote the Cartesian
coordinates x, y and z. In the case of linear mol-
ecules the quadrupole moment tensor is diagonal

and H � Hzz ¼ �2Hyy ¼ �2Hxx. Only one com-
ponent requires to be calculated but, in order to
test the program code,the expectation value of
each component has been independently calcu-
lated from the one-electron integrals and the
first-order density matrix of either the SDCI or
ðSCÞ2-SDCI ground states.

The geometries as well as the basis sets have
been taken from the reference calculations. All
molecules have been calculated with the aug-cc-
pVTZ basis set [9–11]. This basis set is well known
for its physical flexibility and consequently it is of
common usage. Data from the literature for this
basis set in the different reference systems are
easily available. Other basis sets have been used
when required, as it is indicated in the text. The
diffuse functions are relevant due to the quadratic
dependence of the MEQM operator on the elec-
tron position coordinates.

A recent benchmark study of the MEQM of HF
and BH [12] using FCI and other size-consistent
correlation methods such as MP2 and some CC
approaches has shown that the quality of the re-
sults can be ordered, in decreasing order of accu-
racy, as CCSDT, CCSD(T), and, far apart, MP2
and CCSD. Hence, it seems convenient to use
CCSDT or CCSD(T) values as benchmark refer-
ences when FCI results are not available.

The size-consistent self-consistent CI, or simply
ðSCÞ2, approach is a method for correcting the
improper scaling of the truncated CI method with
the number of correlated electrons (size-extensivity
error). The method is formulated as a matrix
dressing procedure [13] where the CI matrix is
modified by a diagonal shifting Dii added to the
SDCI matrix. The Dii shifts depend on the coeffi-
cients cj of diexcited determinants that satisfy
some conditions in respect to /i. Hence, an itera-
tive self-consistent convergence is required.

The theoretical foundations of the ðSCÞ2
method, its implementation for excited states and
other technical details have been thoroughly dis-
cussed elsewhere [14,15]. Let us mention here that
other than simply correct at higher orders the lack
of size-extensivity of the CI calculation by means
of the cancellation of non-linked diagrams, the
ðSCÞ2 method introduces some renormalization
effects in both the wavefunction and the energy
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value. In particular, infinite summations of some
series of exclusion principle violating (EPV) dia-
grams are taken into account. It has been verified
[13] that ðSCÞ2-SDCI energies closely follow the
CCSD dissociation curve for a single-bond
breaking. However, the present work provides the
first test that directly implies the effects on the
wavefunction of the ðSCÞ2 dressing by looking at
the effect on a molecular property. In principle,
one could expect to have MEQM close to (perhaps
a bit poorer than) the corresponding CCSD ones.
However, as the results in the next section show,
this is not always the case.

All the calculations have been performed with
the PROP [16] code that has been added to the
CASDI [17] programs chain. The SCF wavefunc-
tion and one-electron integrals have been calcu-
lated with the MOLCAS programs system [18]. In
all calculations the quadrupole moment is relative
to the centre of mass. The vibrational averaging
has not been taken into account, so that care has
been taken to always comparing to reference cal-
culations that did not include it.

Atomic units are used throughout this Letter.
The next conversion factors have been used: Len-
gth, 1 a0 ¼ 0:529177249 �AA ¼ 0:529177249� 10�10

m, dipole moment, 1 ea0 ¼ 2:541804 Debye ¼
8:478358� 10�30 C m, quadrupole moment, 1 ea20
¼ 1:345033 Debye �AA ¼ 4:486554� 10�40 C m2.

3. Results and discussion

3.1. The quadrupole moment of N2, acetylene and
carbon monoxide

Table 1 presents the results for three cases
where the ðSCÞ2 quadrupole moments lie close to
the respective CCSD ones. The reference theoret-
ical results for the same basis set are also reported,
as well as the experimental values, and the best
available theoretical estimates using CC wave-
functions along with the largest basis sets.

N2 has been calculated at the experimental
equilibrium geometry (RN–N ¼ 2:07432a0) [19]. The
calculation conditions for C2H2 and CO molecules
are those of the reference calculations [20–22].
Hence, the experimental equilibrium geometries
have been taken, RC–C ¼ 2:27351a0, RC–H ¼
2:00719a0, and RC–O ¼ 2:1322a0. According to the
reference calculations [22], the core electrons of CO
have been kept frozen during the post-SCF steps.

The systems reported in Table 1 are triply
bonded molecules, and the effects of correlation
upon the single reference Hartree–Fock determi-
nant are expected to be large. SDCI and MP2 must
be clearly insufficient approaches and this is the
case for C2H2 and CO, but the SDCI result is
surprisingly good for N2, where it lies close to the
mean experimental values. In the three cases, the

Table 1

Molecular electric quadrupole moment of N2, C2H2 and CO (atomic units)

Method N2 Reference C2H2 Reference CO Reference

SCF 5.4631 [21] )1.5457 [22]

SR-SDCI )1.0638 PROPa 5.1127 PROPa )1.5244 PROPa

ðSCÞ2-SR-CI )1.1191 PROPa 4.9165 PROPa )1.4888 PROPa

MP2 4.8424 [21] )1.5093 [22]

CCSD )1.1205 [20] 4.9086 [21] )1.4764 [22]

CCSD(T) 4.8464 [21] )1.4807 [22]

Best theor. )1.1280 [20]b 4.8587 [21]c )1.4626 [22]c

Exp. �1:09� 0:07 [19]d 4:55� 0:2 [20]d �1:44� 0:3 [23]d

�1:05� 0:06 [19]d 4:57� 0:1 [20]d �1:4� 0:1 [23]d

4.66 [20]d �1:5� 0:7 [23]d

a This work.
bCCSD; t-aug-cc-pVTZ.
cCCSD(T); t-aug-cc-pVQZ.
dAnd references therein.

J.M. Junquera-Hern�aandez et al. / Chemical Physics Letters 359 (2002) 343–348 345



ðSCÞ2-SR-SDCI values are closer to the best CC
values than the SDCI values but farther than the
CCSD ones. This does not necessarily imply that
the ðSCÞ2-SR-SDCI values are worse than the
CCSD ones if compared to the experimental val-
ues.

3.2. The quadrupole moment of carbon dioxide and
carbon disulphide

The equilibrium distance for CO2 is RC–O ¼
2:19169a0 [8] and for CS2 is RC–S ¼ 2:93391a0 [8].
The results for both linear systems at these ge-
ometries are reported in Table 2.

Understanding the ðSCÞ2-SR-SDCI values for
the MEQM of CO2 and CS2, as compared to the
CCSD ones, is less simple than it was suggested by
the values discussed in Table 1. For CO2 the
CCSD absolute value falls in the higher limit of the
experimental error interval. The SDCI absolute
value is too high and the MP2 value, too small.
However, the ðSCÞ2-SR-SDCI value is in good
agreement with the best available theoretical esti-
mate and well in accord to the experimental value.
Note that in both systems, CO2 and CS2, the
correction due to the ðSCÞ2 dressing improves the
values of the SDCI starting point. One can wonder
why the ðSCÞ2-SR-SDCI calculation with aug-cc-
pVTZ basis set provides the best theoretical result
for the MEQM of CS2 as compared to the exper-

iment. This is surely the result of a fortuitously
well placed SDCI starting value plus the ðSCÞ2
correction performing a correct job, as it does in
the other systems studied yet. Note that the value
of CCSD(T) with the same basis set are even worse
than the SCF values, and very large basis sets are
required to get higher MEQM values from CC
wavefunctions. This fact had been noted by Cori-
ani et al. [8] who have found difficult to give esti-
mates of the accuracy and precision of their
CCSD(T) results for this molecule. It may be no-
ted that the present ðSCÞ2 values for the MEQM
are the only theoretical values that enter into the
range of error of two the three independent re-
ported measurements.

3.3. The quadrupole moment of HF and BH

These two small systems give to us the possi-
bility of evaluating the dressing effects on the
MEQM values by comparing to the FCI results of
Halkier et al. [12]. The calculations have been
performed at the same geometry (RH–F ¼ 1:7329a0
and RB–H ¼ 2:3289a0) and the same basis set (aug-
cc-pVDZ). The 1s(B) and 1s(F) electrons have
been removed from the correlation treatment. The
results for Hzz are reported in Table 3.

As it is expected, the dressed CI results show
smaller deviation from the exact ones than the
conventional SDCI results. However, the accuracy

Table 2

Molecular electric quadrupole moment of CO2 and CS2 (atomic units)

Method CO2 Reference CS2 Reference

SCF )3.82061 [8] 2.30587 [8]

SR-SDCI )3.457023 PROPa 2.422081 PROPa

ðSCÞ2-SR-SDCI )3.142467 PROPa 2.487968 PROPa

MP2 )3.09018 [8] 2.29274 [8]

CCSD )3.30098 [8] 2.32272 [8]

CCSD(T) )3.19229 [8] 2.26536 [8]

Best theor. )3.16886 [8]b 2.33847 [8]c

Exp. �3:19� 0:13 [8]d 2:56� 0:11 [8]d

�3:18� 0:14 [8]d 2:67� 0:13 [8]d

3:12� 0:67 [8]d

a This work.
b CCSD(T); t-aug-cc-pVQZ.
c CCSD(T); d-aug-cc-pV5Z.
dAnd references therein.
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relative to FCI of the SR-SDCI values is unex-
pected, the deviations being smaller than for the
CCSD values, and once again, this contributes to
improve the quality of the ðSCÞ2-SR-SDCI values.

4. Summary and conclusions

The main goal of the present work is to provide,
for the first time and by means of a molecular
electronic property, a quantitative evaluation of
the improvement that the ðSCÞ2 dressing method
brings to the SDCI wavefunctions. The results,
still limited in their number, points to the reli-
ability of the ðSCÞ2-SR-SDCI method using the
aug-cc-pVTZ basis set and experimental equilib-
rium geometries for the calculation of MEQM.
The values of H are comparable to the CCSD ones
in some cases, but this cannot be assumed as
guaranteed. The results are in other cases closer to
the best CCSD(T) ones and in good agreement
with the experimental values. A number of factors
that have been put aside can help to understand
these facts. It is important to note that expectation
values can be only reliable, if compared to energy
derivative results, provided that the wavefunction
is accurate enough. It is clear then that the ðSCÞ2-
SR-SDCI are better than the SDCI ones, but both
of them can be consistently improved going to-

wards a MR-SDCI description. Other aspects to
keep in mind are the use of experimental equilib-
rium geometries instead of the ðSCÞ2-SR-SDCI
ones, the absence of rovibrational corrections, and
the limited extent of the diffuses manifold in the
basis set. The quality of the SDCI results seems
also to play a relevant role in the success of the
ðSCÞ2-SR-SDCI results. The influence of the basis
set in the MEQM calculations using the ðSCÞ2
approach as well as the use of MR-SDCI wave-
functions as starting point for the dressing will be
the matter of a future work.
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