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The dipole moment functions of the titled molecules are written as the sum of a charge and induced atomic
dipole contribution and the distance dependence interpreted in terms of these components. These two
contributions have opposite signs over a large range of internuclear distances, and when they have equal
magnitudes, the dipole moment vanishes. This happens with CO near the equilibrium bond length and is
responsible for its small dipole moment. The dipole moment of CS is @&,/ther large for a diatomic in

which the two atoms have essentially the same electronegativities; this is because for CS, the two components
of the dipole moment have the same sign at equilibrium and reinforce one another.

Preface and whatever density is in that region belongs to that atom.
This method of defining an in situ atom is compelling because
of the exclusivity of the partitioning and the similarity to the
ubiquitous space filling representations of molecules. However,
the exclusivity of the partitioning is somewhat unphysical in
the sense that if one were to take a diatomic molecule and turn
off the interactions between the two centers the sum of the
resulting noninteracting atomic densities would look very similar
to the molecular density. The electron density on one atom
would have a significant value at the nucleus of the second atom,
suggesting that one should consider a partitioning in which the
in situ atoms have overlapping charge densities.

A method of defining a molecular density as a collection of
overlapping atomic densities was suggested by Hirshféde©
and is the method we will investigate in this report. Hirshfeld
i o defines a proto-molecule as a collection of noninteracting or
to quantify these charges have met with limited success. free atoms located at the appropriate equilibrium positions in

Because the in situ charge on an atom is not an observablene molecule of interest. The corresponding proto-molecule
any attempt to assign a value to it must involve a model of density is simply the sum of the free atom densitig®) =
some sort, and a particularly attractive class of models are thosecnuclei " o '

0 .
ol =1 " Wheren, is the free atom density on the cenkeHe
that assume that the molecular electron denmﬁgc{;‘?agﬁoﬁe suggested that, if one wants to partition the electron density in

" . | — . .
part;?odned arf?ong thlcle_kvar7|ous altoms asﬂfl’? - kal Mk é% a molecule among the various atomic centers, one should
Methods such as Mulliken’spopulation analysis and Ston allocate the molecular density at a point in the molecule to the

distributed multipole analysis allocate the density to various .,.«ituent atoms in proportion to the fraction of the corre-

atoms on the basis of an algorithm that is basis set dependenty,jing free atom density to the proto-molecule density at this
the algorithm may predict charges that do not converge in sync

: ; I . point. This fraction isWy = (nE/an), and an in situ atomic
with the electron density. Mulliken’s method is very sensiive® _ density is given by = W™ with the number of electrons

%ssociated with the cent&rgiven by the integral overy. A
consequence of representing the molecular density as a sum of
in situ atomic densities is that most multiplicative one-electron
properties, such as the molecular multipole moments, will be a

One of the most significant developments in computational
chemistry over the past few decades is the ability to construct
wave functions for moderately sized systems that allow for the
prediction of many molecular properties to chemical accutaty.

If this symbiosis between method development and computa-
tional implementatiohicontinues at its present rate, one expects

the size of the systems that can be treated accurately will
continue to grow and our understanding of molecular properties
will be considerably deepened. An interesting question is how
the detailed information contained in accurate molecular wave
functions will be mapped onto chemical concepts, such as the
charge distribution in a molecule, that have and will continue

to serve us well. Although the notion that an atom in a molecule
carries a net charge is a cornerstone of modern chemistry, effort:

little or no problems with diatomié$but exhibiting an increased
sensitivity when applied to polyatomics with basis sets contain-
ing the diffuse functions often used in modern computational

che drr}!strty. We; rr]lpte 'Fh.at ”Stog?epff tredcentllyil prI'Shed at sum of atomic contribution.We will use these ideas to analyze
modtication of his orignally distributed: muitipole moment = .o 1,5 length dependence of the electron distribution and

analysis that is designed to alleviate this basis set dependencedipole moment in CO and the related molecules 6®, and

Other methods focus on the electron density directly and, Sis.
accordingly, are less sensitive to vagaries of the basis set; these
methods fall into two broad classes that may be characterized!ntroduction
by having either nonoverlapping or overlapping atomic densities. The experimental values for the dipole moments (both
In the nonoverlapping class, the in situ atomic densities are magnitude and polarity) of C&, CS23 Si02* and SiS»®
disjointed in the sense that one assigns regions of space to arequilibrium bond lengtR® and the electronegativity differeride
individual atom using a Voron#&17 or Badet® partitioning, (on three different scales) of the constituent atoms are listed in
Table 1. Our sign convention is that the dipole moment of a
* E-mail: harrison@chemistry.msu.edu. Fax: 517-353-9715. Phone: diatomic AB is considered positive if the polarity isAB .
517-355-9715 X 295. CO and CS stand out immediately. CO stands out because its

10.1021/jp058279z CCC: $33.50 © 2006 American Chemical Society
Published on Web 08/30/2006




Dipole Moment Functions of CO and CS, SiO, and SiS

TABLE 1: Experimental Dipole Moments, Bond Lengths,
and Electronegativity Differences

electronegativity differenceg — yg)?

J. Phys. Chem. A, Vol. 110, No. 37, 20080849

moment rather than on its detailed value. There are two previous
studied”20 of the Hirshfeld charge distribution in the titled
molecules at their equilibrium bond length, one using the

molecule . . :

AB Allen Pauling Mulliken  z (€&)® Req(a0) restricted Hartree Fock (RHF) wave functio?? and one being

c Ot 1.07 0.89 0.55 +0.043 2.132 a denSity function theory (DFT) stuéﬁ/using the B3LYP
C;SF 0.05 0.03 —-0.02 +0.770  2.909 functional. The RHF study also reports the induced atomic
SitOo~ 1.69 1.54 119  —1.215 2.854 i i

pibd 07 0.8 06>  _oesl 3oue moments. We will compare these results with ours subsequently.

2 Reference 270 Experimental dipole moments: C®CS2 Si02*
and SiS® ¢ Reference 26.

Electronic Structure. Each of the molecules of interest is
formed from two3®Py atoms, and we will discuss CO as being
representative. When the C and O atoms are not interacting,

1.6 o there are two degenerat&™ states corresponding to the
J KN
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Figure 1. Dipole moment functions for CO, CS, SiO, and SiS

calculated with a CASSCF wave function using an aug-cc-pV5Z basis.

The vertical lines identify the experimental equilibrium internuclear
distance.

dipole moment has the polarity ©™, which is opposite to what

In structure A, the two atoms are both in thle= 0 sublevel
of the 3Py state; in structure B, they are in thé= +1 sublevel.
Note that these structures define the various spin couplings when
the atoms are well separated and are therefore intrinsically

one would expect from electronegativity arguments_ CS stands multiconfigurational. The asymp'[otic degeneracy is lifted by the

out because it has a large dipole moment with the polarit$*C

guadrupole-quadrupole interaction, which lowers the energies

even though C and S have comparable eIectronegativities.Of both structures (but A preferentially); so at large internuclear

Additionally, from the dipole moment function shown in Figure

separations, the wave function of CO has the character of

1, we see that CO, CS, and SiS have a range of bond lengthsstructure A. This means that the carbon atom has the ap-

in which they have a polarity opposite to that expected from
electronegativity argument8.CO is the most widely known
as it changes sign in the region of its equilibrium bond length;

proximate orbital occupancy 222p2p;2p with oxygen
being 18282p2p,21C (z is the internuclear line); so, at this
separation, there arevdind 2t electrons on carbon andrénd

in contrast, CS changes sign at distances larger than the2w electrons on oxygen. The atoms are of course correlated,
equilibrium bond length. SiS, in contrast, changes sign at bond and although the carbon 2s loses some density to the carbon
lengths that are significantly smaller than the equilibrium bond 2p, via near-degeneragyarguments, the orbital occupations
length, and apparently, SiO behaves similarly. We are interestedare essentially those corresponding to the restricted open shell
in exploring the reasons for this behavior and in particular the Hartree-Fock atomic wave function. Around 3A, thebond
relationship between the charge on the constituent atoms andn structure B begins to develop, the two structures have

the dipole moment.

Our approach is to write the dipole moment%829y =
—[zon(f) dV where the internuclear line defines thaxis and
on is the density difference function. Then, using the HirsHfeld
method, we partitiods into contributions from the two atoms,
permitting us to express the dipole moment of a diatomic AB
asu = q(B)R + ua + us. q(B) is the charge on atom B, and
ua andug are the induced dipole moments on atoms A and B.

comparable energies, and because of the overlap of the atomic
orbitals, they cease to be noninteracting and begin to mix
strongly. Clearly, at equilibrium, the in situ carbon atom has
more than 4 electrons. It has the 4pair, the lone pair, and

its share of the 2-electrom bond; so as the CO bond forms,
the o electron population of carbon will increase from its
asymptotic value of 4 to something larger. We interpret this as
a manifestation of the increasing importance of structure B as

We show (vide infra) that the dipole moment function changes the atoms approach their equilibrium separation. Because

sign because there is &at which the charge contributia{B)-
Ris negative and the sum of the induced atomic dipgles-
ug is positive, and they cancel. In what follows, we will discuss
the electronic structure of these molecules, the equatien
d(B)R + ua + us, and then the charge distribution and induced

structure B has & electrons on carbon, we take this to be the
limit and anticipate that carbon will haveseelectron population
between 4 and 5. Keep in mind that, even though carbon is
less electronegative than oxygen, it will gain electrons indgthe
system. In a similar way, we imagine carbon going from 2

dipoles in the individual molecules. There are several detailed electrons at large internuclear distances to something less than

calculations of dipole momertt&31of the titled molecules, and

2 but greater than 1 at equilibrium. So, although carbon will

our emphasis in this work is on the physical content of the dipole gain electrons in the system, it will lose them in the system,
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and as we will see, it loses more than it gains and has a net 7%(C)

. .- . o
positive charge at equilibrium. on,(C) = on —; = C

The O in structure A haséand 2r electrons, and as the 1,(C) +1,(0)

atoms come together and structure B becomes dominant, the 0
number ofo electrons begins to drop (counter to electronega- 17.(C) .
. ; ; o o (C)y=0n————=097
tivity expectations), and the electron population will increase. w nO(C) + 170(0) c

The increase in the population is larger than the decrease in

that of theo; therefore, O will have a net negative charge. These 0
observations are also applicable to CS, SiS, and SiO. In each on.(0) = oy 1,(0) _
case, S or O loses electrons and gains electrons with the o ,72((;) + ,72(0)
resultant charge being determined by the relative shifts. It is

o

interesting that at large internuclear separations S and O are ;7°(O)
initially positively charged because thdoss is initially greater on.(0)=dn ﬁ =on W,
than thewr gain. As we will see, this dramatic change in the 17..(C) + 1.(0)

character of the electronic wave function is evident in all four
molecules and is reflected in the rather remarkable intra-atomic The wave functions have been constructedCin symmetry;
charge redistributions between th@ndz orbitals as the bond  therefore, the natural orbitals haag by, by, or a; symmetry.
length deceases. We assign those @&f; symmetry tao and the those df; andb,

Al electronic structure calculations were done using MOL- 0. There are usually fewer than 0.01 electrona,ieymmetry,
PRC® and an aug-cc-pv5z basisThe orbitals were extracted ~ and rather than omit it or carry along an additional symmetry,

using the MOLDENS option and subsequently processed using We have assigned it, arbitrarily, as Additionally, we define
locally written codes. the density difference associated with each atom as the sum of

Atomic Charges. It will be convenient to work with the  (he atom’so andz densities. So, for carbon, we have

electron density difference between the molecyi®), and the
proto-moleculeyP™, rather than with the electron density itself.
Accordingly, we define the electron density differencedgs
= ymol — pPmwheren™ is the molecular density corresponding
to the SCF, CASSCF, or MRCI function améi™ is the proto-
molecule density constructed from atomic SCF functions where . _
each of the atomic SCF densities is written as a sum obthe W+ W =W+ W, =1
andz densities.

01(C) = 011,,(C) + 917,(C) = dn(We + WE)

Note that the functions that project the density difference onto
the o andr components of the in situ atoms sum to 1.

The charge on carbon and oxygen is written as a sumaofd
7t contributions:

qC)=—fon(C) dv=— [on,(C) AV — [on,(C) dv=

"™ = n2(C) + n(C) + n(0) + 12(O)

The individual terms are defined as

0,(C) + a,(C)
15(C) = 2134C) + 2754C) + 15, (C) and
0 _ 0 0 0
11,(0) = 2173{O) + 2175{O) + 17, (O) q(0) =~ [on(0) AV = — [67,(0) &V — [67,(0) AV =
73(C) = 0.5(15,(C) + 15, (C)) 4,(0) +,(0)
0/ — 0 0 The integrals over the various density differences were evaluated
1a(0) = 1.5072,(0) + ”ZR/(O)) numerically. Because the integrands are all cylindrically sym-

metric, theg integration is analytic, and th@ integration was
Note that we are using oriented atoms rather than the traditionaldone using a 48-point Gauskegendre quadratuf® We used
spherically symmetric atoms suggested by Hirshiél@his Simpson’s rulé® for the resulting radial integration.
means that the electron density of the carbon and oxygen atoms  Dipole Moment. The dipole moment can be written as an
in our proto-molecule is that associated with structure B and integral over the density differentd029
corresponds to the electron configurationd2s2p} 2 *2p;

on C and 1§§2pi52p§52p§ on O rather than the spherically ©= _f2577 av = —fz(an(c) + 05(0)) avV

averaged configurations 22207 °2p¢*2p"® on C and 122

p;‘/32@"32p‘z‘/3 on O. If we have carbon at the origin and oxygenzat R, we may
In these oriented atoms, a neutral carbon atom lkaarfs write the atomic dipole on carbon as

1z electrons; in contrast, neutral oxygen has &nd 3t

electrons. When we discuss the charges on a carbon or oxygen — [26n(C) &V = u(C)

atom, it is relative to these references.

The electron density differencéy, can be partitioned into
the o andxr density differences on each atom

with that on oxygen as

— J201(0) &V = u(0) + RqO)

81 = 011,(C) + 811,(C) + 81,(0) + 7,(0) giving

where, in the spirit of Hirshfeld? we define u=RqO) + u(C)+ u(0O)
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Figure 2. Comparison of the distance dependence of the Mulliken
and Hirshfeld electron populations on O in CO calculated with a
CASSCF wave function using an aug-cc-pV5Z basis. The vertical line

in this and subsequent figures represents the experimental equilibrium

internuclear distance.
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Figure 3. Comparison of the distance dependence of the Mulliken
and Hirshfeld electron populations on C in COQalculated with a
CASSCF wave function using an aug-cc-pV5Z basis.
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Figure 4. Dipole moment function of CO and its charge and induced
dipole components. Calculated with a CASSCF wave function using
an aug-cc-pV5Z basis.
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Figure 5. Atomic dipoles in CO Calculated with a CASSCF wave
function using an aug-cc-pV5Z basis.

comparison for carbon. As anticipated, oxygen, at equilibrium,
is negative withg(O) = —0.0732.

The dipole moment function of CO calculated at the CASSCF
level is shown in Figure 4 along with its decomposition into

where the atomic dipoles are evaluated relative to their respec-the chargeg(O)R, and induced atomic dipolgi(C) + «(O),
tive nuclei. Note that like the atomic charges the atomic dipoles contributions. With carbon at the origin, a negative dipole

can be partitioned into andzz components.

CO Results.Recall that structure A is the asymptotic ground
state, and as the O atom approaches C, it begins withngl
27 electrons. As structure B comes into play, the number of
electrons begins to drop; in contrast, the number efectrons

moment corresponds to afO~ polarity. At the experimental
bond length, the CASSCF dipole moment is 0.8/ which

we may decompose inte0.156& from the —0.073 charge

on O and thet0.293& term from the induced atomic dipoles.
It is interesting to see that the minimum in the dipole moment

on O increases. Because we calculate the charge on an atongurve results primarily from the(O)R contribution, which is

relative to structure B, the number ofandz electrons on O
areN,(O) = 5.0 — g,(O) andN,(O) = 3.0 — q,(O) with the
total given byN(O) = 8.0 — g(O) — g,(O), and these, along
with the Mulliken’ populations, are plotted in Figure 2. As one
might expect, the Mulliken and Hirshfeld populations agree at
large R where the various interatomic overlaps are small but
not at smallR where they are significant. Note that both
partitionings pick up the large intra-atomic charge shift as
structure B begins to mix with structure A. Figure 3 shows this

due to the trade off betweenandz contributions (Figure 2).
The induced atomic dipole contribution is decomposed into its
carbon and oxygen components in Figure 5 from which we see
that the atomic carbon dipole dominates at equilibrium, sub-
stantiating our qualitative notion that it is the lone pair on carbon
that is responsible for the observed@' polarity of the dipole
moment. We decompose the carbon atom dipole moment into
its o andsr components in Figure 6 where we see that, although
the ¢ component from the lone pair dominates, there is a
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Figure 6. ¢ and s components of the atomic dipole on C in CO

Calculated with a CASSCF wave function using an aug-cc-pV5Z basis.

1 Effect of correlation on the dipole moment of CO
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Figure 7. Effect of correlation on the dipole moment of CO. All
calculations use an aug-cc-pV5Z basis.

dipole moment (eaq)

TABLE 2: Comparison of Calculated (aug-cc-pV5Z) and
Experimental Dipole Moments (ea)

molecule SCF CASSCF MRCI experiment
cOo* —0.104 +0.137 +0.073 +0.043
Ccst +0.640 +0.814 +0.796 +0.770
Sit0~ —1.467 —-1.114 —1.178 —1.215
Sits” —0.894 —0.562 —0.614 —0.681

a Experimental dipole moments: C®CS2 Si0O2* and SiS?®

significant dipole due to the shift of electrons off of the carbon
atom and into the bonding region.
Correlation Effects on the CO Dipole Moment.lt is well-

knowr?® that the SCF wave function for CO predicts a dipole
moment with polarity €O, opposite to that observed experi-

mentally, and that correlated wave functi®f®® are needed to

correct this failure. Given our interpretation of the dipole

Harrison
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Figure 8. Effect of correlation on the charges on O in C@ll
calculations use an aug-cc-pV5Z basis.
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Figure 9. Effect of correlation on the O atomic dipole in C@ll

calculations use an aug-cc-pV5Z basis.

TABLE 3: Hirshfeld Charges at Equilibrium from This and

Previous Studies

molecule RHE CASSCP MRCI2 RHP DFT®

CO —0.163 —0.073 —0.080 —0.14 —0.080
Cs 0.037 0.121 0.119 0.00 0.094
SiO —0.537 —0.425 —-0.421 047 -0.375
Sis —0.300 —0.212 —0.211 —0.213

aThis work, aug-cc-pV5Z basig.Reference 205 Reference 17.

the experimental valdé of 0.0432@a, and clearly, the two
correlated wave functions correct the sign problem. In Figure
8, we show the charge on O predicted by the various methods,
and it is clear that the SCF function predicts an oxygen charge
that is too negative. In contrast, the atomic dipoles shown in
Figure 9 are all very similar; therefore, the effect of correlation
is to reduce the charge separation in the CO molecule. The

moment, it is of interest to investigate how electron correlation charges and the induced atomic dipole contributions of the RHF,
affects the atomic charges and induced atomic moments. CASSCF, and MRCI function are summarized in Tables 3 and
Accordingly, we have augmented our CASSCF results with SCF 4.

and MRCI (CASSCH-1+2), and the computed dipole moment

SiS. SiS is the third period counterpart of CO with S being

curves are compared in Figure 7 with the values at equilibrium much more electronegative than Si. In Figures 10 and 11, we
in Table 2. Although the SCF function predicts a dipole moment plot the number of electrons in theandr symmetries on Si

of —0.104a, the CASSCF+0.137ea) and MRCI (+-0.073a)

and S as a function of internuclear separation. As with CO, the

functions predict a dipole moment that compares favorably to more electronegative of the two atoms, S, loses electrons in
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TABLE 4: Molecular Dipole Moments Decomposed into the
in Situ Charge and Induced Atomic Dipole Contributions

molecule u (ea) g(O,SR(ea) u(C,Si)a) u(O,S) ea)
C Ot RHF —0.104 —0.348 +0.218 +0.026
CASSCF +0.137 —0.156 +0.243 +0.050
MRCI +0.073 -0.171 +0.211 +0.033
DCa —0.11 —0.308 +0.223 —0.023
C"S* RHF +0.640 +0.108 +0.202 +0.330
CASSCF +0.814 +0.351 +0.207 +0.256
MRCI +0.796 +0.344 +0.190 +0.262
DcCa +0.57 +0.010 +0.278 +0.278
SitO~ RHF —1.467 —1.532 +0.015 +0.050
CASSCF —1.114 —1.213 +0.015 +0.084
MRCI —1.178 —1.201 —0.043 +0.067
DC2 —-1.37 —1.342 +0.044 —0.073
SitS™  RHF —0.894 —1.094 —0.091 +0.290
CASSCF —0.562  —0.773 —0.083 +0.294
MRCI —0.614 —0.766 —0.128 +0.282
a Davidson and Chakravorty SCF calculations using 6-311G** basis,
ref 20.
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Figure 10. Distance dependence of the Hirshfeldnds populations
on Si in SiS Calculated with a CASSCF wave function using an aug-
cc-pV5Z basis.
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Figure 11. Distance dependence of the Hirshfeldndzr populations
on S in SiS Calculated with a CASSCF wave function using an aug-
cc-pV5Z basis.

theo system and gains them in thesystem as the bond length
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Components of SiS dipole moment
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Figure 12. Dipole moment function of SiS and its charge and induced

dipole components. Calculated with a CASSCF wave function using
an aug-cc-pV5Z basis.
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Figure 13. Atomic dipoles in SiSCalculated with a CASSCF wave
function using an aug-cc-pV5Z basis.

The dipole moment function for SiS is shown in Figure 12
along with the charge and induced atomic dipole contributions.
As with CO, the minimum in the dipole moment curve comes
primarily from the variation of the charge on the more
electronegative element (S) with bond length; the minimum is
attributable to the opposite flow of electrons in theand o
systems (Figure 11). The sum of the induced atomic dipoles is
opposite in sign to the charge contribution but not large enough
to have much of an effect on the dipole moment. Interestingly,
when we break the induced atomic dipole into its Si and S
components in Figure 13 , we see that I&e C, is negative
and S like O, is positive, but the relative magnitudes are very
different. In CO, C dominated the induced dipole moment, but
in SiS, S dominates. The reason for the reduced contribution
of Si relative to C can be seen from Figure 14 where we
decompose the Si contribution into #sandszr symmetries. Like
carbon, silicon has a substantial positive lone pair contribution,
but unlike carbon, its negative contribution almost cancels
the lone pair, allowing S to dominate the induced atomic dipole

decreases, consistent with the increased importance of structureontribution.

B. Additionally, S gains more electrons insymmetry than it

Correlation Effects on the Dipole Moment of SiS The

loses in thes symmetry; therefore, it has a net negative charge. dipole moment curves calculated for SiS with varying degrees
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calculations use an aug-cc-pVSZ basis. Figure 17. Distance dependence of the Hirshfeldnds populations

) o on O in SiQ Calculated with a CASSCF wave function using an aug-
of correlation are shown in Figure 15 and Table 2. The SCF cc-pV5Z basis.

value of —0.8944a is more negative than the experimental

value,—0.68%4a; in contrast, the correlated value®.562a is significantly more negative than the experimental value of

(CASCSF) and-0.614a (MRCI) agree better. From Figure  —1.21%4g; in contrast, the correlated valued.114a (CASS-

16 , we see that the primary difference between the SCF andCF) and—1.1782a (MRCI) agree better. Figure 21 shows that

porrelated functions is the charge contribution._The SCF chargethe correlation improves the calculated dipole moment by

is gscH{S) = —0.30G, and the MRCI charge isrci(S) = reducing the charge separation in the molecule. These results

—0.21%. As one sees from these numbers, the correlated wave e summarized in Tables 3 and 4.

function reduces the charge on S and in particular in the S

system. These results are summarized in Tables 3 and 4.
SiO. The distance dependence of the electron population on

the O atom in SiO calculated with the CASSCF wave function ; - L
is shown in Figure 17. O gains many more electrons inzthe various charge states of S are emphasized in Figure 23 where

system than it loses in thesystem and at equilibrium is quite (€ charge on (S = N(S) — 16.0, and C are plotted. The
negative gucsc{O) = —0.42%:. Figure 18 shows the CASSCF ~ dipole moment curve and its charge and induced moment
dipole moment function, and we see that at equilibrium the components are shown in Figure 24. The striking difference
charge component and the atomic dipole moments have Opposité)etween this curve and those of the previous three molecules
signs with the charge component dominating. Figure 19 shows i the behavior of the charge component. O in SiO and CO and
that the small contribution of the induced atomic dipoles is S in SiS are negative, and the charge contribution to their dipole
because at equilibrium both atomic dipoles are small. moments reduces the positive induced atomic dipole contribu-

Correlation Effects in SiO. The dipole moment curves of  tion; in contrast, S in CS is positive and reinforces the induced
SiO calculated with various amounts of electron correlation are dipole component, resulting in the substantial dipole moment
shown in Figure 20 and Table 1. The SCF value-df46%a of C~S" polarity.

CS. The electron distribution on S in CS is shown as a
function of R in Figure 22 where we see the intra-atomic shift
of electrons fromo to & as structure A gives way to B. The
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Figure 19. Atomic dipoles in SiO Calculated with a CASSCF wave

function using an aug-cc-pV5Z basis. 16.000
15.879 total '

Correlation Effects in CS. The dipole moment of CS 16 4 A-A-AAAAAsaedA A
calculated with various amounts of correlation is shown in
Figure 25 and Table 1. Clearly, correlation increases the dipole
moment going from+0.64Gg to +0.814g to +0.796ka as
we go from the SCF, CASSCF, and MRCI methods, bringing
it closer to the experimental valu€0.77Ca. We see from
Figure 26 that correlation decreases the induced atomic dipoles

142 8.992

10+ sigma /——l—l—/
and increases the charge separation. The equilibrium values of __L.-.-.------—--'
the charges and atomic dipoles for CS are summarized in Tables

3 and 4. > 6,687 6.000
Comparison to Previous Work. There are two previous ’,,4--.-..._._ oo .
studies of the Hirshfeld charge distribution in the molecules of 6 pi $000-0—0—

interest in this work. The first by Davidson and Chakravgtty

is an RHF study with a 6-311G** basis in which the proto- 0 2 4 6 8 10

molecule was constructed from spherically averaged atoms. R@)

These authors report both the atomic charges and the induced ) ) ]

atomic dipoles. The second study by Fonseca &tedlculates ~ Figure 22. Distance dependence of the Hirshfetdnd- populations

the Hirshfeld charges using the DFT method with a BP86 gg_g\;gzcbsa.s(iisalculated with & CASSCF wave function using an aug-
functional and a TZ2P basis. The calculated charges from both '

studies are compared with our results in Table 3. The Davidson remarkably similar to our MRCI charges; their charges for the
Chakravorty RHF result8 are consistent with our RHF results, mixed first and second row diatomics SiO and CS are somewhat
and the DFT charges of Fonseca et’alor CO and SiS are different but could easily reflect the difference between the

Number of electrons on S in CS

10.000

AY

electron population
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Charge and induced dipole components of the dipole moment of CS
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Figure 24. Dipole moment function of CS and its charge and induced
dipole components. Calculated with a CASSCF wave function using
an aug-cc-pV5Z basis.
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calculations use an aug-cc-pV5Z basis.
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Figure 26. Effect of correlation on the composition of the dipole
moment of CSAIl calculations use an aug-cc-pV5Z basis.

agreement is good, given the difference in the basis set and
proto-molecule definition.

Summary

The primary findings of this work are:

1. The asymptotic nature of the chemical bond between C or
Si and O or S is dictated by the interaction between 6
states represented symbolically by structures A and B. Their
degeneracy at large separations is lifted by the quadrupole
guadrupole interaction, which results in structure A in which
both atoms are in th& = 0 magnetic sublevels, being the
lowest. As the internuclear separation decreases, structure B,
corresponding to th! = +1 levels, becomes dominant, and
there is a transition region where the individual atoms undergo
a significant intra-atomic electron shift between th& thex
system.

2. As the internuclear separation continues to decrease, the
o electron population on O and S decreases; in contrasty the
population increases. The opposite happens with C and Si.

3. The dipole moment of a molecule is determined by the
charges and the induced dipoles on the constituent atoms.

4. The dominant effect of electron correlation in these
molecules is to make either O or S more positive.

5. In CO, SiO, and SiS, the charge and dipole contributions
have opposite polarities; in CS, the two contributions have the
same polarity accounting for its anomalously large dipole
moment.

6. The dipole moment function of CO, CS, and SiS changes
sign because there is @ at which the charge contribution
g(O,SRis negative, and the sum of the induced atomic dipoles
is positive, and they cancel.
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