On the Electric Multipole Moments of Carbon Monoxide
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The electric dipole, quadrupole, octopole and hexadecapole moment of carbon monoxide has
been obtained from finite-field SCF and Moeller-Plesset perturbation theory calculatlons The
resulting values for the octopole and hexadecapole moments of CO(X'zZ*) are 3.59 eaj and

—9.01 eag, respectively.
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1. Introduction

Electric moments are relevant for many phenomena
caused by intermolecular interactions [1—4]. Recent
work [5—13] has provided evidence that models rely-
ing on the knowledge of the electric moments of the
monomers can be used to predict molecular structures
and properties of weakly bonded van der Waals sys-
tems. Not all electric moments are easily amenable to
experiment [2]. Experimental determinations of elec-
tric moments beyond the quadrupole are extremely
rare. Theory can contribute to the field by predicting
these properties.

The electric moments of carbon monoxide have
been the object of numerous experimental or theoret-
ical studies [14—27]. Of particular interest to theory is
the determination of Hartree-Fock values for the
dipole (u), quadrupole (@), octopole (2) and hexadeca-
pole () moments from fully numerical calculations
(NHF) by Laaksonen, Pyykko and Sundholm [22].
This makes possible the construction of Gaussian-
type basis sets of near Hartree-Fock quality and the
subsequent prediction of accurate electric moments
via theoretical methods that take into account elec-
tron correlation. In this work we report self-consistent
field (SCF) and finite-field Moeller-Plesset perturba-
tion theory (MP) calculations of y, @, Q, and . The
higher moments are extracted from the energies of the
molecule perturbed by strategically placed electric
point charges. This approach has been followed suc-
cessfully in previous work on N, [28], F, [29], HCI [30]
and HCCH [31]. Previous correlated values of € and
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& for carbon monoxide have been obtained as expec-
tation values of the relevant operators using SD-CI
(single and double excitations configuration inter-
action) wavefunctions. Our approach to the subject
has distinct advantages over the SD-CI method [21].
Atomic units are used throughout this work. The
conversion factors from atomic to SI units are:

1E, =4.3597482x107 18],
l1a, =0.529177249 x 10" ' m
Dipole moment, lea,= 8478358 x 1073 Cm,
Quadrupole moment, 1 ea3= 4.486554 x 10~*° Cm?,
lead=2374182x10"°°Cm?,
1.256363 x 10~ %% Cm*.

Energy,
Length,

Octopole moment,

Hexadecapole leal=

moment.

2. Theory

The energy of an uncharged molecule in a weak
electric field can be written as [1, 32]

E=E°—u,F,—(1/3)0,,—(1/15) 2
—(1/105) D, 4,5+ ...
—(1/2)ayy F,F;—(1/3) 4, 4, . F,
—(1/6) Cop,ys Fop Eys—(1/15)E, gy5 Fo Fpys+- ..
~(1/6)Bop, EF F,—(1/6) B,y s E.E.Fys+
~(1/29Vapys EEREF +..., (1)
where F,, F,;, ... are the field, field gradient, etc. at the
origin, E°, u,, ©,;, Q,5, and ®,,, , the energy and

permanent moments of the free molecule and a,,,
Bagys Yapyss Aapy> Cap,y50 Ea pysa0d B,y , 5 the molec-
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ular polarizabilities. The greek suffixes denote Car-
tesian components and a repeated suffix implies sum-
mation over X, y, and z.

For a polar linear molecule like CO there is only
one independent component for an electric moment
tensor of any order, y,, ©,5, 2,5, or @,,.5 [1]. There-
fore we shall simply write y, @, Q and @ for the respec-
tive properties. The dipole moment is independent of
the choice of the origin but the higher moments are
not [1].

The electric moments are extracted from (1) by us-
ing suitable electric fields. Using a homogeneous elec-
tric field, all field-gradient terms are eliminated from
(1) and the dipole moment is easily obtained. We give
here a description of the calculation of @, Q, and .
We simulate a weak quadrupolar field by placing an
array of four charges —32Q, Q, Q, —32Q at (2R, n),
(R, m), (R, 0), and (R, 0) on the molecular axis. Using
very distant charges we ensure that higher terms make
a negligible contribution to the perturbed energy
E.4(Q, R), so that

E4(Q,R) = E°— 60 (Q/R?) (2
and
O % [Egq(—Q,R)—E4(Q,R)]/(12Q/R%).  (3)

Placing an array of 4Q, —Q, Q, —4Q at the same
positions as above we simulate a very weak octopolar
field, so that

E,.(Q,R) ~ E°+ (3/2) Q(Q/R%), @)
hence
Q ~ (2/3) [E,.(Q, R)— E°]/(Q/R%). (%)

Last, a very weak hexadecapolar field is obtained by
placing charges of —80Q, Q, Q, —8Q at the same
positions as above. The perturbed energy E, (Q, R)
can be written in this case as

Ew(Q, R) ~ E°+ (3/2) #(Q/R%), (6)
and the hexadecapole moment is calculated as
@ ~ (2/3) [Eyn(Q, R)— E°1/(Q/R%)] . (7

Both SCF and MP values of y, ©, 2, and @ are
calculated from E g4, E,, and E,,, . Electron correlation
corrections are obtained from the fourth-order MP
approximation to the perturbed molecuclar energy.
The use of many-body perturbation theory techniques
in molecular property calculations has been presented
in many comprehensive reviews [33-36].
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The fourth-order approximation to the energy is
written as

MP4=SCF+D2+D3+S4+D4+T4+Q4+R4, (8)

where the fourth order terms are contributions from
single, double, triple and quadruple substitutions from
the zeroth order wave function and R the renormal-
ization term. Lower order approximations are defined
as

MP2 =SCF+D2, )
MP3 =SCF+D2+D3, (10)
DQ-MP4 = MP3+D4+Q4+R4

= MP3+DQR4, (11)

SDQ-MP4=DQ-MP4+54. (12)
By virtue of (8)—(12) we adopt analogous expres-
sions for the molecular properties.

3. Computational Details

All calculations were carried out with a large
gaussian-type basis set (11s7p4d2f) contracted to
[6s4p4d 2f] and consisting of 104 CGTF. The d-GTF
and f-GTF are five and seven-membered, respectively.
This basis set is the carefully optimized (11s7p 3d 2f)
[6s4p 3d 2f] one used in the calculation of the quadru-
pole polarizability of CO [26], augmented by one tight
d-GTF on carbon and oxygen. The respective expo-
nents are 2.228519 and 2.706063 ag>.

A homogeneous field of 0.01 e~ ! ag! E, was used in
the calculation of the dipole moment. Calculations of
E(F), E(—F), E(2F,) and E(—2F),) were performed
in order to eliminate the contribution of the dipole
polarizability and hyperpolarizability and obtain p,.
For the calculation of the quadrupole moment from
(3) the values of Q and R were 200 e and 100 a,,
respectively. For the octopole moment Q =1000 e and
R=200a,. A very weak octopolar field is produced
from this arrangement, as evidenced by the value of
(Q/R*)=6.25x10"" e~ !a; 3 E,. For the hexadecapole
moment Q=10000 e and R=200 a,, so that (Q/R%)
=3.125x10"7 e 'ay*E,.

The SDQ-MP4 approximation to MP4 was
adopted in this work. Inclusion of the T4 term would
increase dramatically the cost of calculations. The
quality of the predictions based on the SDQ-MP4
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approximation has been tested in previous work [28,
29, 37].

All calculations were performed with Gaussian 86
[38].

4. Results and Discussion

SCF results: SCF values for u, ©, Q, and @ were
calculated at three different internuclear separations:
the experimental one, r,=2.132221 a, [39] and two
others, 1.932221 and 2.332221 a,. These values are
given in Table 1. Our values at r, are —0.1067 ea,,
—1.52 ea}, 442 ea} and —10.62 ea}. They compare
quite well to the numerical Hartree-Fock values [23]
of —0.104245 ea,, —1.53001 ea?, 4.42239 ea} and
—10.6883 eag, calculated at 2.132 a,. Agreement is
better than 1% for the higher electric moments. Using
our values at r,—0.2, r, and r,+ 0.2 we obtained, via a
parabolic fit, estimates of the first derivatives of the
electric moments at r,: (du/dr)= —1.0165 ¢, (d@/dr)
=1.05ea,, (dQ/dr)=22.55 ea? and (d®/dr)= —8.10
ea for u, O, Q, and @, respectively.

Correlated results: Electron correlation corrections
to the electric moments of CO were calculated at the
SDQ-MP4 level and are given in Table 2. The be-
haviour of the MP series for u and @ displays quite
different patterns from those present in the case of Q
or @. The D2 correction for u is quite large, more
important in size than the SCF value and of opposite
sign. Consequently, MP2, MP3, DQ-MP4, and
SDQ-MP#4 are positive. Electron correlation changes
only slightly the SCF @ result. Convergence is rather
slow for this property, as D2, D3, and S4 + D4 + QR4
are roughly of the same size at 0.03, 0.05, and
—0.04 ea} . Convergence is quite good for either Q or
@. Electron correlation reduces the magnitude of both
properties. The SDQ-MP4 values are 3.59 eay and
—9.01 ea, 19 and 15% lower (in absolute terms)
than the respective SCF ones.

Comparison to other predictions and experiment.
Theoretical predictions and experimental data for the
electric moments of CO are presented in Table 3. It is
easily seen that the SCF values are close enough to the
respective NHF limits for all fairly large basis sets.

Electron correlation changes the sign of the dipole
moment. Correlated methods invariably predict the
correct sign but fail to produce a close agreement with
the experimental value of 0.04881 ea, [16]. A SD-CI
calculation by Amos [19] gave 0.1370 ea,. The
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Table 1. Dependence of the SCF electric moments on the
bond length. The quadrupole, octopole and hexadecapole
moments are relative to the centre of mass.

R u e Q '3

1.932221 0.0885 —1.70 3.86 —891
2.132221 —0.1066 —1.52 442 —10.61
2.332221 —0.3181 —1.28 4.88 —12.15

Table 2. Electron correlation corrections to the electric multi-
pole moments of CO(X'Z™) at the experimental geometry *.
The quadrupole, octopole and hexadecapole moments are
relative to the centre of mass.

Method u e Q P

SCF —0.1067 —1.52 442 —10.62
D2 0.2265 0.03 -0.93 1.66
D3 —0.0880 0.05 0.16 —0.25
S4 0.0160 —0.04 -0.01 0.09
D4 0.0216 0.01 -0.12 0.26
QR4 —0.0115 —0.01 0.07 —-0.15
MP2 0.1199 —1.49 3.49 —895
MP3 0.0319 —1.44 3.66 —-9.20
DQ-MP4 0.0420 —1.44 3.60 -9.10
SDQ-MP4 0.0580 —1.48 3.59 —9.01

* Bond length 2.132221 a,. Atomic cartesian coordinates:
C (0.0, 0.0, —1.218246) and O (0.0, 0.0, 0.913975).

MBPT(4) (complete fourth-order many-body pertur-
bation theory) result of Diercksen and Sadlej [21] is
still far from the experimental one at 0.1024 ea, . The
same authors have also reported a SD-CI value of
0.0435 ea,, calculated with the same basis set as the
above, quite close to the experimental one. Feller,
Boyle, and Davidson [24] reported SD-CI and MRSD-
CI (multireference SD-CI) values of 0.0205 and
0.0400 ea,, respectively. An approximate coupled-
cluster doubles (ACCD) calculation by Dykstra, Liu,
and Malik [25] gave 0.0357 ea,. The most accurate
theoretical prediction is presumably the 0.0492 ea,
reported by Scuseria et al. [27] who used a large
[10s9p4d 2f1g] basis set and the CCSD(T) (coupled-
cluster single, double and connected triple excita-
tions). Our SDQ-MP4 value of 0.0580 ea, is 0.01 ea,
above the experimental value. We predict a total cor-
relation correction of 0.1647 ea,, to be compared
with the 0.1536 ea, of Scuseria et al. [27].

The theoretical methods fare better in the predic-
tion of the quadrupole moment. Theory predicts the
value of @ in the region of —1.45to —1.52 ea}. The
present claculation gave —1.48 eaj. This is quite
close to a value of —1.502 ea} obtained by Maroulis
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Table 3. Comparison of theoretical and experimental values
of the electric multipole moments of CO(X'Z™).

Method u @ Q (]
SCF * —0.1016 —1.5016 4.4070 —10.5742
SCF"® —0.1040 —1.5078 4.4453 —10.3074
SCF © —0.0993  —1.5238 4433 —10.785
SCF ¢ —0.106 —1.540 4435 —10.73
SCF © —0.1045  —1.5355
SCFf —0.0911  —1.5486 4.4205
SCF & —0.112 —1.537 4403 —10.552
SCF* —0.1044
SCF! —0.105 —1.547 4354 —10.403
SCF! —0.101 —1.508 4438 —10.689
SCF! —0.102 —1.513 4422 —10.631
SCF! —0.107 —1.537 4394 —10.695
SCF’ —0.1067 —1.52 442 —10.62
NHF & —0.104245 —1.53001 4.42239 —10.6883
SD-CI ® 0.1370 —1.4499 37710 —9.4185
MBPT 4) 0.1024  —1.5195
SD-CI ¢ 0.0435 —1.5164 3.903 —9.848
SD-CI © 0.0205 —1.5160
MRSD-CI ¢ 0.0400 —1.5219
ACCD' 0.0357 —1.4902 3.8196
CCD+ST(CCD) # —1.502
CCSD(T)* 0.0492
SDQ-MP4’ 0.0580 —1.48 3.59 —9.01
Experiment 0.0481' —15+07™

—-14+01"

—1.44 +£03°

—1.5°
? Basis set [5s4p2d] at 2.132 g, [19].
® Basis set [24s12p4d] at 2.13263 a,, [20].
¢ Basis set [8s5p3d 1f] at 2.132 g, [21].
4 Basis set [6s 5p3d2f] [22].
¢ Basis set [10s6p4d 2f] at 2.132 a,, [24].
f ELP basis set at 2.132221 a,, [25].
f. Basis set [6s4p 3d 2] at 2.132221 a, [26].

Basis set [10s9p4d 2f1g] at 2.1316 a, [27].

Basis sets [6s4p3d1f], [6s4p4dif], [6s4p4pif] and
[6s4p3d2f] at 2.132221 a,. Unpublished results by
Maroulis and Thakkar.

Present investigation. Basis set [6s4p4d 2f] at 2.132221 a,,.
Fully numerical values at a bond length of 2.132 a,, [23].
Stark effect measurements [16].

Microwave asymmetric Zeeman shifts [14].

Far IR rotational spectra [15].

Molecular beam electric resonance Stark-Zeeman spectra
[17].

P Jon molecule scattering cross sections [18].
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and Thakkar [26] via the CCD + ST (CCD), coupled-
cluster doubles corrected by fourth-order contribu-
tions from single and triple excitations computed with
CCD amplitudes. Comparison with experiment would
necessitate averaging over the ground vibrational and
rotational state. This correction has been estimated at
0.08 ea} in previous work [26] and brings the theoret-
ical predictions quite close to the experimental results.

To our knowledge, no experimental estimates of the
octopole and hexadecapole are available. The SD-CI
values of Q are 3.7710 eaj [19] and 3.903 ea} [21]. The
ACCD [25] result of 3.8196 ea3 is 6.4% higher than
our SDQ-MP4 one of 3.59 eal. We use a more flexi-
ble basis set than the ELP one used in the ACCD
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values. We estimate the octopole moment of carbon
monoxide at 3.64+0.2 ea?.

Our value for the hexadecapole moment is —9.01
eag, smaller than both the SD-CI ones of —9.4185 ea}
[19] and —9.848 ea} [21]. We expect our value to be
more accurate and we estimate the hexadecapole
moment of carbon monoxide at —9.04+0.5 eag.

5. Conclusions

We have reported SDQ-MP4 values for the elec-
tric dipole, quadrupole, octopole and hexadecapole
moments of ground state carbon monoxide. Our val-
ues for Q and @ should be the most accurate currently
available. Our estimates for these properties are Q=
3.6+0.2eal and ®=—9.0+0.5eaj.
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