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Coulomb and exchange correlations, providing information for the interactions of antiparallel and parallel
spin electrons, respectively, are investigated in orbitals appropriate for population analysis, such as the natural
atomic orbitals (NAOs). In the proposed analysis, both correlations are treated on an equal footing in
configuration interaction (CI) (or Hartred~ock) levels, but an emphasis is given for coulomb correlations

and their physical meaning. It is stressed that the two-center interactions of antiparallel spin electrons can be
“repulsive” and “attractive” (as a direct consequence of chemical bonding), but the former are less important
than the latter; their relative importance is determined by the magnitude of one-center interactions. These
globally attractive two-center interactions are balanced by the repulsive one-center interactions. These
conclusions are general and hold for any molecular system, under the only assumption that the one-center
interactions are repulsive. Molecular orbital wave functions for ¢isebutadiene molecule (in various
approximations levels) are used to illustrate the relative role of coulomb and exchange interactions in chemical
bonding. The magnitudes of exchange interactions are significantly large¥ {itnes) than those of the
coulomb interactions; the signs of two-center coulomb and exchange correlations are opposite. Even though
the Cl is very crucial for coulomb interactions, the exchange interactions, in general, are not so sensitive. The
provided description for chemical bonding is consistent with usual chemical pictures involving electron pairs.

1. Introduction of basin population&’18 The topological examination in physi-
_ o cal (coordinate) space of Fermi hol€=? which are directly

One-electron population analysis is widely used, and the rejated to exchange correlations, leads to physically meaningful
majority of quantum chemical investigations contain or refer jnyestigation of (de)localization of electrons. Apart from the
to results of such an analysis. Among the various ways 10 ahove cited works concerning essentially the behavior of parallel
perform population analysis in orbital space, one can cite the gpin electrons, systematic studies referring to population analysis
natural population analysis (NPAf,which shows a very good  and correlation of electron pairs of antiparallel spin (coulomb
stability with the extension of the SCF-AQ basis set. NPA is jnteractions) are scarce, mainly because this type of analysis
based in natural atomic orbitals (NAOs), which are “natural” necessitates correlated molecular wave functions. Recently,
in the Lowdin sense (and orthogonal), and natural bond orbitals coulomb correlation is studied in the,hodel systend! and
(NBOs), which are directly issued from NAOs. This kind of jts effect on the Lewis electron pair within the topological
analysis is widely used in various types of current chemical definition of atoms in coordinate sp&éds also investigated.
topics? The purpose of the present work is to investigate both

Beyond one-electron distributions, the theoretical grounds of coulomb and exchange correlations in an orbital space appropri-
second-order density matrices are well knowand their role ate for population analysis, as the space of NAOs. In the
in the description of usual molecular systems is well estab- proposed analysis, coulomb and exchange parts of second-order
lished®> A second-order density matrix can be divided into density matrices are treated on an equal footing. However, an
coulomb and exchange parts; the former concerns the interactionemphasis is given to the coulomb part (and its physical
of antiparallel spin electrons and the latter the interaction of meaning), because the corresponding type of interactions have
parallel spins. Various schemes of pair populations are i$éd,  not been explored sufficiently. Exchange interactions are also
giving new insights for chemical bonding in the framework considered and compared with the coulomb interactions. The
mainly of noncorrelated (semiempirical or ab initio) wave cis-butadiene molecule is used as an example to illustrate the
functions. The using of exchange correlations in the examination role of coulomb and exchange correlations within various levels
of fluctuations of electronic populations in orbital space led to of approximations.
the reconciliation of quantum mechanical and classical pic- The first part of our analysis necessitates the calculation of
tures'? Bond orders directly proportional to exchange correla- electron pair distributions from correlated wave functions.
tions are used® in the framework of generalized Wiberg Unlike other pair population schemes, these calculations are
indices®14Correlation analysis of bonds applied for Hartree  based in Moffitt’s theorem? which allows the decomposition
Fock wave functions allows the investigation of basic features of MO Slater determinantin local ones in both orthogorfaf®
of chemical reactivityt> The behavior of parallel spin electrons and nonorthogonal basis séfsys well as the second quantized
is also investigated by means of electron localization function formulatior?® of generalized density matricés.The use of
(ELF).X8 The topological analysis of ELF leads to distinguish Moffitt's decompositions can lead to a polyelectron population
attractors and basins with a clear chemical meaning and analysigC referring to both electrons and electron holeand
investigate the exchange correlation, appearing as the variancallows the examination of the behavior of covalent and ionic
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resonance structures of bonds or, in general, the investigationnumberof electron pairs. Because the electron pair distributions
of the probabilities of finding various types of electronic are normalized tdN(N-1)/2 (whereN is the total number of
events’®=33 In the present work, analyzing coulomb and electrons andN = N* + NF), P,(u,A) provides also the number
exchange correlations we adopt implicitly two general assump- of a5 electron pairs belonging to AQsand4; it is a fraction
tions, which, however, are also used in a direct or indirect way of the number,N*N?, of antiparallel spin electron pairs.
very frequently. (i) An atom is considered in Hilbert space and Similarly, Po(u,A) provides the number afi,a electron pairs

is assumed to be composed of nuclei-centered orbitals (with belonging to the same AOs, and it is a fraction of the number,
different populations from one molecule to another). To N*(N*—1)/2, of electron pairs with paralleb(a) spin. In the
distinguish this point of view from the physical concept of an above, we have adopted Lowdin’s normalization, i.e., the total
atom inside of a given molecular system, in this work we use number of electron pairs is equal M{N—1)/2.

the term “center” instead of “atom”. (ii) All pairs of centers By calculating electron pair distributions in the framework
(i.e., atoms) are considered to be bonded (more precisely, toof Moffitt's theorem, one can easily rationalize the manner with
interact) at least very weakly. This manner of visualizing \yhich the quantities of egs 3a and 3b are calculated in
chemical bonding is used in the investigation of various types ¢onjunction with their physical meaning. In a molecular system
of bond orders within one-electron population analysis and is of ¢ (spatial) AOs, there ardVl/NeI(M — N1 (MI/NFI(M —
closely related to usual valence bond (VB)pictures of NA)1) distinct ways to arrange the® and Nf electrons in the
resonance structures, or to the NBO-based structures of naturalyailable AO positions. Each arrangement definel-@tectron
resonance theory (NRP}:% event, which is represented from one Slater determinant K, and
the whole molecular wave function (eq 1) is obtained from the
superposition of all possible K. In this context, a weighi,
is the probability of finding simultaneously th¢ electrons in
According to Moffitt's theoren®325each (delocalized) MO  some [ in number) of the available AOs. Consequently, the
Slater determinant of a MO wave functidi(MO), is decom- probability of atwo-electron eent(as the simultaneous location
posed into the complete (local) determinantal basi§lskt Each of two electrons in two AOS) is obtained from tsemmation
K is a totally local (TL) Slater determinant involving the AOs, of the probabilitieof well selectedN electron events. The type
which are used in the MOs. The obtained wave function has of K that must be selected is determined by the type of chosen
the form density operator: in eq 3a or eq3b, both the restriction in the
location of two electrons in two AOs and the fact that the
|W(TL) = Z Ty IKO 1) remaining electrons are allowed to reside anywhere else are
satisfied from the summation & of all possibleN-electron

) . ) . events, which have as common feature the two-electron event
The expansion coefficient3k, are obtained from expressions i, the target AOs.

involving LCAO and CI coefficientd825these expressions are
the same for both orthogonal and nonorthogonal AOs. The
calculation of#(TL) involves no approximations or additional
assumptions, and the only approximations involved in eq 1 are
those that are included in the initial wave functidtMO); thus
Moffitt's theorem guarantees the validity of the following
relation:

2. Electron Pair Distributions as Two-Electron Events in
the Framework of Moffitt's Theorem

When the AO basis set is non-orthogonal, the probabilistic
interpretation is not possible because the quantRi¢s,1) and
P,(u, 1) are not expectation values of density operators, but
just occupation numbers. In this case, the weighiiscan be
calculated agx? + Yk« TkTk IK|K'[) and thus the sums of
the selected weights in equations 3a and 3b provide an
occupation number meanifd@which is similar to that presented

W(MO) = W(TL) ) above in the case of orthogonal orbitals. The only difference
between the two meanings is that in the nonorthogonal case,

In the framework of orthogonal orbitals, the expectation one must adopt a Mulliken partiti&h?’ for the distribution of
values of density operators' @ &a, and :’;Zfafaaaﬂ are the electron pairs in the nonorthogonal orbitals, in a manner quite
following: ‘ similar to that frequently adopted for one-electron populations.
B The Mulliken partition, even though it is quite convenient

_ . wh for numerical applications, has some important defects appearing
Po(u, 4) = W(TL)|a, & &a,[W(TL) (= Z W (3a) primarily when very diffuse orbitals are used. To avoid these
difficulties, the one-electron population analysis in orbital space
() is performed the most cgt;an with orthogonal natural orbitals
_ +_+ such as NAOs (or NBOs)? The calculation of electron pair
Pau, 2) BP(TLHa”a" aﬂaﬂPP(TL)D: Z Wi (3b) distributions in such a natural basis set by means of Moffitt's
theorem requires two more stefig®Here we summarize briefly
where¥«®? is a summation over those Slater determinants in the process that is used. First, the NAOs corresponding to the
which the spir-AO u is present conjointly withi; W is the initially calculated (correlated) MO wave functio®,(MO), are
weight of Slater determinants, K, which, in the case of obtained by using the first-order density matrix. ThH#{MO)
orthogonal orbitals, is equal tdx2. The expectation value is rewritten in another MO wave functio®’'(MO), in which
calculated in eq 3a provides tipeobability of finding simul- the Slater determinants involve MOs that are a linear combina-
taneously two electronsf antiparallel spin in AOg: and 4, tion of NAOs. Because, by definition, NAOs span the complete
while the remaining electrons can reside anywhere else. (No SCF-AO basis set, this transformation can be performed without
labels (1,2) are given for these two electrons; this means thatintroducing approximations, and thuE'(MO) = ¥ (MO).
we considerany of the available ¢,3) pairs). Similar is the Finally, Moffitt's theorem is applied tdP'(MO); this wave
meaning of expectation value calculated in eq 3b, concerning function is decomposed into W(TL) in which the Slater
electrons of parallel spin. Apart from these probability meanings, determinants K involve NAOs. Then, the electron pair distribu-
an alternative interpretation can be given, which refers to the tions are calculated as above. Equation 2 remains valid even in
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this case, because, due to Moffitt's theorem, it follows that ~ These quantities are, in general, nonzero at the Harffeek
(HF) level, and their physical meaning is well known and

Y(TL) = ¥'(MO) 4) discussed in various contexts, providing new insights into
chemical bondin§:-911.12151720 Also, bond orders directly
3. Coulomb and Exchange Interactions in Two NAOs proportional to exchange correlations are usédhese quanti-
from the Corresponding Correlations ties, as well as the effective pair populatidfsare in fact

Information for coulomb and exchange interactions, existing €duivalent to Wiber indices. o
inside of a given molecular system, can be obtained quantita- !t iS worth noticing that the statistical numbers (or prob-
tively by using the corresponding correlations in AO space. In abilities) nn and nin{" are fractions of the global statistical
general, correlation of two events is the difference in the number,n,n;
probability with which these events occur simultaneously minus
the product of probabilities of the independent events. In this nn; = n/‘fnf{ + nffnﬁ‘ + n°ng + nﬁnf 7)
context, coulomb correlations (i.e., those describing the interac- ‘
tions of electrons of antiparallel spirff(u,1), in a given pair
of NAOs 4 and A, can be estimated by calculating the
corresponding one- and two-electron distributions in the NAOs
as this is presented in previous section:

which gives the total number of electron pairs (or total
probability) belonging to the pair of NAQsand4, if any type
» of two-electron correlations (i.e., coulomb or exchange) were

absent.
Fu,l) = pz(”j) — nznf (5) 4. Distributions of Coulomb and Exchange Correlations
: in the Whole Molecule
wheren® andrf are the one-electron probabilities, or occupa- N @ molecular system havirlg AOs, one can consider 1/2
tion numbers, in NAOs: and . M(M + 1) (in number) pairs of AOs (including the one-AO

Because usual chemical bonds are composed essentially oP2irs). TheN electrons of a molecular system can folp =
() pairs, the physical meaning &{x,2) is quite important ~~ N(N — 1)/2 (in_ number) electron pairs, distributed in the
because these quantities can provide direct information about@vailable pairs of AO posﬂ(zons(i both the antlpagalmiQ\I/’ in
the interaction of antiparallel spin electrons inside a molecular "Umber) and parallel (1/&* (N " 1) and 1/2:‘/ (O[\Iﬂ —1)
system. For these quantities, the following two interpretations SPIN electron pairs (wherd; = N* N/ + 1/2N* (N* — 1) +
can be given. 1/2 Nf (Nf — 1)) are distributed in the same pairs of AO

(i) Probabilistic Interpretation. Because’rf is the prob- positions. The comparison of the distributions of electron pairs

: i o ) : ;
ability of finding simultaneously two electrons of antiparallel (or probabilities), given by eas _3a and 3b, with the pairs fo_rm_ed
spin in NAOsu and when these electrons are independent, fror_n the one-elgctron dengmes in the framework of the statistical
coulomb correlation different from zero arises when the interac- IMit, can provide useful information about the two-electron
tion is nonnegligible and is taken into account. Negative interactions and their distributions inside of the given molecular

coulomb correlation means that the electrons inside the moleculeSYStem- This will be done in this section by using the coulomb

behave in such a way that their repulsion appears to be greatef"d €xchange correlations in NAOs, presented in section 3, and
than the repulsion of two independent charge densiﬁea;nd examining their distributions in the available pairs of NAOs

nﬁ. This type of interaction of electrons in NAQsand A will (including the_one-NAO Ferms). .
be referred to as “repulsive’. In the opposite case, when the Let us consider the pairs that are formed from a given NAO

coulomb correlation is positive, the corresponding interaction # with ‘?" NAOS of the 'syster.n. The coulomb and exchange.
will be referred as “attractive”. By the term attractive we mean correlations in these pairs satisfy the following egs 8a and 8b:

that between electrons in NAOg and A there arelesser

repulsions(as a direct consequence of the chemical bonding), Z F(u,2) =0 (8a)

than the repulsions which we expected between charge densities

. andrg. . - Flu, 2) = —nj (8b)
(ii) Occupation Number Interpretation. Within the oc- :

cupation number interpretationn;f and n/,{ are one-electron

populations, and thus the quanthﬁnf provides the number of  The above equations can be derived from analogous well-known
electron pairs that can be formed between electrons occupyingexpressiorfs(involving the so-called “correlation terms” and
NAO u with those of NAOA4; this number of electron pairs  conditional probabilities) by replacing the integrations over
corresponds to the “statistical limit”, which defines a reference electron coordinates by summations over all orbitals as NAOs,
state characterized from the absence of two-electron correlationswhich span the complete space of the SCF AO basis set.
Because the real number of electron pairs formed inside the Alternatively, eqs 8a and 8b can be derived in the framework
molecule isP,(u,4), negative (or positive) values fd¥(u,A), of second quantized formalism by using basic anticommutation
which are issued when interactions of antiparallel spin electrons properties of creation and annihilation operators. Developing
are nonnegligible, mean that the number of electron pairs the summations of expectation values of second-order density
obtained from the coupling of electrons in NA@sand 4 is operators,
smaller (or greater) than that corresponding to the statistical
limit. ot

Similarly, the exchange (or Fermi) correlations (i.e., those Z WTL)a, 81 a3, W(TH =
describing the interactions of electrons of parallel sgy,4),

+ +
in the same pair of NAOg and are W(TL) a,a, Z a; | W(TL)U

F(u.A) = Py(u.d) — mgny ©®  and



Coulomb and Exchange Correlations In NAOs J. Phys. Chem. A, Vol. 105, No. 18, 2004527

W(TL)|a a; a,a,|W(TL) = to center V.II(V) is a fraction of N,, whereasII(V%) and
= e T(V*®) are fractions oN*N/ and N*(N® — 1)/2, respectively.
+ +. ot In the framework of the probabilistic interpretatiohl(V)
EIJ(TL)|a# % (Z 28~ 3,3,)F(TL)0 provides the probability of finding simultaneously two electrons
(regardless to their spin) on a center V, wherEH¥ %) and
and by using relations of the type, a; a,|W(TL) (= n%|W(TL) O T1(V*) are the probabilities of finding simultaneously on the
or (a+a,4)2 = a+a,, (idempotent gpérator), one can obtain Same center two electrons of antiparallel and parallel spin,
straightforwardly egs 8a and 8b. This second quantized way "eSpectively. _
shows the complete consistency of expressions (8a) and (8b) Similarly, the total number of electron pair$I(V,W),
with (3a) and (3b), respectively. belonging to two centers V and W is partitioned into pairs of
Equation 8b is a direct consequence of the Pauli principle @ntiparallel and parallel spin:

and is the basis for the investigations of Fermi holes, or, in . - PR -
general, the behavior of parallel spin electrons. It is also used I(V,W) = II(V" W) + II(V" W) + TI(VZ W) +

to obtain information about,S pairing, despite the fact that it v/ why (13)
concerns parallel spins. Even though eq 8a is not sufficiently B
explored, we believe that this relation should be also of great (vew?) = ZV ZWPZ(ﬂ, ) (14)
importance because it concerns direcity/3) electron pairs, w7
which, in fundamental chemical intuition, are essential for
chemical bonding. By considering all pairs of NAOs in the I(V*W® = ZV ZWPZ(/A,A) (15)
system, we obtain “

z Fu,1) =0 (9a) and similar definitions forlI(V#F W<) and IT(V# WF). An

e Z ' analogous probabilistic interpretation can be given also for the

above quantities.
Z Z F(u, A) = —N* (9b) The differences of the above probabilities (or numbers of
o electron pairs) of finding simultaneously two electrons minus
the simple products of one-electron probabilities define the
It is worth noticing that the sums of coulomb correlations, eq correlations of two electrons on centa V or between two
8a or eq 9a, are zero not because each element of theseenters V and W. By using the concept of fluctuations of the
summations is zero, as this is usually assumed in the two- number of particles contained in a limited region of sp#ce,
electron investigations (by adopting the HF level), but because one can obtain the fluctuations of electronic populations on a
chemical bonding implies the coexistence of negative and center V as the differences of the (real) number of electron pairs
positive coulomb correlations. Equation 9a, for example, states belonging to this center minus the corresponding statistical limit
that in any molecular system one must have necessarily repulsivenumber. Correlations and fluctuations on a center V coincide
and attractiven, interactions, which are distributed in such a numerically when they refer to electrons of antiparallel spin;
manner that the former are balanced by the latter. however, they are different when they refer to parallel spin
As in a usual one-electron population analysis, a center V electrons on one center, because in this case the statistical
(e.g., an atomic center) is defined from all orbitals belonging number of electron pairs of the same type is different from the
to this center. For a systematic investigation of the distribution corresponding total probability of noncorrelated particles.
of electron pairs in a molecule and their role in chemical (i) One-Center Correlations and Fluctuations.The interac-
bonding, one must consider a partition of the total correlation tion of two electrons of antiparallel spin, both occupying center
into one- and two- center terms; each of those is further Vv, is measured from coulomb correlatioR(V*#). This term
partitioned into terms referring to coulomb and exchange jnyolves the correlationss(u,u’), concerning the interactions
correlations. Apart from the Lowdin’s normalization, which is  arising from all possible combinations between electrons in
adopted in the present work, one could use also the McWeeny'sNaOs 4 andy’ (both belonging to center V), including the one-
normalization; both are totally equivalent, differing only by a NAO interactions. The coulomb part of fluctuations of the
factor 2. McWeeny’s normalization is more intuitive for one-  gjectronic population on center W(V*), is obtained by means

center terms, whereas Lowdin’s is more intuitive for two-center of eq 11 and the corresponding statistical number of electron
terms. We adopted the latter because in the present work Wepairs; A(V®F) coincides with the correlatioB(Ve):

examine chemical bonding, which is essentially derived from
the two-center terms. EVD) = ANV =SV SVIP. (1. ) — 1 (1
The total number of pair§I(V) belonging to center V can v v Z MZ [P, ) “ ”] (16)
be partitioned into pairs of antiparallel spin electrons (involving ‘
both one-NAO and two-NAO pairs) and parallel spin electrons Similarly, the exchange correlations issued from interactions
(involving only two-NAO pairs, because the one-NAO terms  of electrons of parallel-a.) spin on center VF(V®%), and the
are zero): corresponding exchange part of fluctuations (obtained by using
eq 11),A(Ve®), are given from eqs 17 and 18, respectively:

(V) = (V%) + I1(V®®) + (V%) (10) ey
T(ve) = ZV ZVPZ(”' ) (11) FVo) = 1/2; Z [Py(u’) — ninls (17)
T
ooy _ : AV =125V SV Pylun) -
(v )—;V ;VPZW) (12) 22 Pluw

{757 i =i (18)
and similar definition folI1(V#?). Hereu,u' are NAOs belonging ;Zl MZ o ; '
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and similar expressions @ spins. The term in braces is the
statistical number ofi-a electron pairs that are formed from
the one-electron populatioNy (Ny = 3,V n7) on center V

(taking into account the possibility of self-pairing of particles

Karafiloglou

in section 5.3 we explore bond orders defined from the sum of
coulomb and exchange correlations; finally, in section 5.4 we
investigate the role of Cl and valence NAOs in two-electron
properties.

of the same type). In eqs 17 and 18, the factor 1/2 is due to the  The initial MO wave functions, which are treated within

fact that the Lowdin’s normalization is adopted (note also that
P2 (1, 1) = 0).

(i) Two-Center Correlations. The interaction of two
electrons of antiparallel spin, one occupying center V and the
other W, is measured from the coulomb correlatigfy/* W#).

This term involves the correlationE(,u,Z), for the interactions
arising from all possible combinations between electrons
occupying NAOs #) of center V and those occupying NAOs
(1) of center W.

FvW) =315 M P d) il (9)
"
Similarly, the correlationF(V® W%), concerning electrons of
the same spin on two centers are:

— nng]

Fvewe) =5 e (20)

ZW [Py(u.4)
and similar expression fg#-3 spins.

The above presented grouping of coulomb correlations
according to centers is consistent with eq 9a (by using definition
(5)), because they satisfy eq 21:

Z FV) + Z% [F(VEWP) + F(VPW®] =0 (21)

Moffitt's theorem, are obtained by means of two separate series
of calculations. (a) Ab initio SCH- CI. For these calclulations,
we adopted the chain of computer programs involving the
PSHONDO algorithi?® and the adapted multireference ClI
(CIPSI) procesg? The basis set is a standard doublevith
pseudopotentials implemented in these programs, increased by
one d symmetry (five AOs per atom) orbital having exponent
0.5. To investigate the behavior afelectrons, various types
of density operators in the general form of eqs 3a and 3b are
used. These operators involve all pairs of NAOs belonging to
the z-system (e.g., valeneevalence, valenceRydberg, etc.),
which are necessary for one- and two-center terms. (b) Parr-
Pariser-Pople (PPRYull Cl. For the SCF part of these
calculations, we adopted the parametrization of Soos and co-
workers?0 In this case, the density operators are obtained by
using the model orthogonal AG$which are used in PPP as
well as Hubbard methods (only one AO afsymmetry per
center). In each of the above series of calculations, we have
considered and treated both the uncorrelated (HF) and correlated
wave functions. The geometry used is standard:QCCbond
lengths for the single and double bonds are 1.35A and 1.45A,
respectively, and the bond angles are 120

The w-system of butadiene involves fourcenters (one for
each carbon atom), and each of them is composed of 4 NAOs:
one is the high occupancy valeneg-NAO, whereas the other
three are the low occupancy NAOs, which are issued from the
double¢ + polarization part of the SCFAO basis set. To

This is the basic relation providing the distributions of coulomb calculate the one- and two-center probabilities and the corre-
correlations on one- and two-center component terms; it can sponding correlations, we have considered all of the possible
be used to investigate the coulomb interactions (repulsive or combinations between electrons belonging to these NAOs (see
attractive) and their distributions in the whole molecule. section 4).

Similarly, exchange correlations satisfy, as expected, eq 22: |, Taple 1 we present analytically the numbers of electron

pairs and correlations in valend®,—NAOs and the sums
Z F(V*) + Z% F(VOW®) = —=N%2 (22)

referring to all orbitals of ther-system belonging to one center
V; Table 2 involves the analogous quantities corresponding to
two-centers V and W; in Table 3 we regroup the parts of
Because in the present work we are principally interested on correlations and fluctuations belonging to each center, V. In
two-center terms (responsible for chemical bonding), we do not the Cl level of ab initio calculations, the number/oelectrons
give emphasis to fluctuations of the electronic populations, is slightly greater than 4 (4.0065). This is due to the fact that in
which concern essentially one-center terms. However, two- this level there is a small electron transfer from theystem to
center fluctuationsA(V® WF) and A(V* W®), could be defined  the s system. For simplicity in the presentation of the results,
also and calculated by considering the numbers of electron pairsgnd coherency with the HF and PPRIll CI calculations, in
(real and statistical) that are formed between two centers V andthis work we present only the results concerning the interactions
W. In this context, hold the equalities F(WVF) = A(V® WF) inside thesr-system (and not those of- interactions), even
and F(W W) = A(V* W*), and by using further expressions  though the calculations of electron pair distributions are
16-20, one can derive that the total fluctuations issued from performed by considering the whote+ 7 system. In HF ab
antiparallel spin electrons, as well as those issued from paralleljnitio and PPP (both HF and full Cl) levels, the total coulomb
spirjs, are equa! to zero, in complete consistency with the above-agng exchange correlations, as expected, are 0.0-ah@,
defined quantities. respectively; in the ab initio-Cl level the small delocalization
5. Example: Bonding in cis-Butadiene of the o system to ther system has the consequence that the
In this section we present a numerical example concerning _total coulomb correlation is 0.001 and the exchange correlation

the chemical bonding in-system of theis-butadiene molecule 1S ~1.9915. The one-electron populations for centers 1 and 2
to illustrate the physical meaning of the analysis presented in &€ found to be 1.0038 (0.9997) and 0.9995 (1.0003) in ab initio
previous sections, and to show the relative role of coulomb and C! (the parenthesis correspond to the HF level), and 1.0243
exchange correlations. In section 5.1, we explain the manner(1.0306) and 0.9757 (0.9694) in PPRill CI (HF level) wave

in which coulomb correlations are distributed and their role in functions.

chemical bonding; in section 5.2 we present the exchange 5.1. Coulomb Interactions and Their Role in Chemical
correlations and their comparison with the coulomb correlations; Bonding. Let us consider the sum,;C of one-center coulomb
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TABLE 1: One-Center Two-Electron Probabilities (or numbers of electron pairs) and Correlations for Antiparallel (coulomb)
and Parallel (exchange) Spin Electrons

coulomb exchange
probabilities probabilities
(or numbers of pairs) correlations (or numbers of pairs) correlations
all i orbitals all r orbitals all 7 orbitals all r orbitals
center level valence of center V: valence of center V: valence of center V: valence of center V:
\% of calc P2(P,,P2) T1(V#¥) F(P Py) F(Vvab) P2(P,, Py) TI(Vvad) 1/2F(P,, P,) F(vad)
| —CI 0.1848 0.1901 —0.0622 —0.0618 0.0 0.0006 —0.1235 —0.1253
1 | — HF 0.2473 0.2498 0.0 0.0 0.0 0.0001 —-0.1237 —0.1248
(or4) Il —ClI 0.1771 —0.0852 0.0 -0.1311
Il — HF 0.2655 0.0 0.0 —0.1328
| —CI 0.1913 0.1963 —0.0534 —0.0535 0.0 0.0010 —0.1224 —0.1239
2 | — HF 0.2472 0.2502 0.0 0.0 0.0 0.0005 —0.1236 —0.1246
(or3) Il —ClI 0.1678 —0.0702 0.0 —0.1190
Il — HF 0.2349 0.0 0.0 —0.1175

aThe level of calculations concerns the initially considered wave function: | is ab initio (in HF and CI levels); Il is PPP (in HF and full Cl).

TABLE 2: Two-Center Two-Electron Probabilities (or numbers of electron pairs) and Correlations for Antiparallel (coulomb)
and Parallel (exchange) Spin Electrons

coulomb exchange
probabilities probabilities
(or numbers of pairs) correlations (or numbers of pairs) correlations
all 7z orbitals all 7z orbitals all zz orbitals all 7z orbitals

centers  calc valence of centers V,W:  valence  of centers V,W: valence of centers V,W:  valence  of centers V,W:
V-W level PA(P)v,(Pow]  TI(VAWF)  F[(P)v,(PIwl  F(VEWF)  PA(Pv,(Pow]  TI(VAWZ)  F[(P)v,(PIw]l  F(VEW?)

| —ClI 0.3024 0.3072 0.0565 0.0563 0.0241 0.0259 —0.2218 —0.2250
1-2 | —HF 0.2473 0.2500 0.0 0.0 0.0214 0.0219 —0.2259 —0.2281
(or3—4) 1l —ClI 0.3251 0.0752 0.0196 —0.2303

Il — HF 0.2498 0.0 0.0187 —0.2310

I —Cl 0.2470 0.2519 0.0023 0.0021 0.2139 0.2180 —0.0308 —0.0317
2-3 | —HF 0.2472 0.2502 0.0 0.0 0.2254 0.2279 —0.0218 —0.0223

Il —ClI 0.2406 0.0026 0.2032 —0.0348

Il — HF 0.2349 0.0 0.2162 —0.0187

I —ClI 0.2410 0.2461 —0.0049 —0.0047 0.2541 0.2582 0.0082 0.0074
1-3 | — HF 0.2473 0.2500 0.0 0.0 0.2473 0.2494 0.0000 —0.0006
(or2—4) 1l —ClI 0.2422 —0.0077 0.2651 0.0153

Il — HF 0.2498 0.0 0.2497 0.0000

1 —=Cl 0.2576 0.2623 0.0105 0.0104 0.2173 0.2213 —0.0297 —0.0306
1-4 | — HF 0.2473 0.2498 0.0 0.0 0.2264 0.2283 —0.0210 —0.0215

Il —ClI 0.2800 0.0177 0.2275 —0.0348

Il — HF 0.2655 0.0 0.2468 —0.0187

2The level of calculations concerns the initially considered wave function: | is ab initio (in HF and CI); Il is PPP (in HF and full CI).

TABLE 3: One-Center Coulomb, F(V*$), and Exchange,F(V*®) + F(V#F), Correlations and the Corresponding Fluctuations of
Coulomb, A(V*) (where F(V*¥) = A(V®)), and Exchange,A(V®®) 4+ A(VFF), Parts?

correlations fluctuations
parts parts
centerV calc level coulomb exchange total coulomb exchange total
| —ClI —0.0618 —0.2507 —0.3124 —0.0618 0.2512 0.1895
1 | —HF 0.0 —0.2496 —0.2496 0.0 0.2502 0.2502
(or4) Il —Cl —0.0852 —0.2623 —0.3475 —0.0852 0.2499 0.1646
Il —HF 0.0 —0.2655 —0.2655 0.0 0.2498 0.2498
| —ClI —0.0535 —0.2477 —0.3012 —0.0535 0.2520 0.1985
2 | — HF 0.0 —0.2491 —0.2491 0.0 0.2510 0.2510
(or3) Il —Cl —0.0702 —0.2380 —0.3082 —0.0702 0.2499 0.1797
Il — HF 0.0 —0.2349 —0.2349 0.0 0.2498 0.2498
SUM | —Cl —0.2305 —0.9968 —1.2272 —0.2305 1.0065 0.7760
FOR ALL | — HF 0.0 —0.9975 —0.9975 0.0 1.0025 1.0025
CENTERS - ClI —0.3107 —1.0006 —1.3113 —0.3107 0.9994 0.6887
Il — HF 0.0 —1.0009 —1.0009 0.0 0.9991 0.9991

aThe sum for all centers, in the case of correlations, provides quantiy €2juation 23. The level of calculations concerns the initially considered

wave function: | is ab initio (in HF and CI levels); Il is PPP (in HF and full CI).

correlations (see Tables 1 and 3)

C,= Z F(VY)

(23)

V and W (see Table 2)

C= Zg [FOVEW’) + F(V W]

(24)

and the sum, & of two-center coulomb correlations for all pairs  According to eq 21, the sum of;Gnd G is equal to zero for
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in ab initio-CI/PPP-full Cl levels: G* = 0.2502/0.3416 and

2 3
// \\ -~ 5 VN R C,~ = —0.0188 /—0.0308.
1 4 The analysis of the distribution of € and G~ in various
1 {3 jats

NAOs reveals in which pairs of centers the interactions are
Figure 1. Numbering for butadiene molecule and various bonding attractive or repulsive. In the case of butadiene, one can find
schemes involved in mesomer (or resonance) structures |, Il, and IlI. (See Table 2) four attractive and two repulsive interactions: the
former concern centers (1,2), (2,3), (3,4), and (1,4), whereas
the latter concerns centers (1,3) and (2,4). These results are
completely consistent with usual pictures for chemical bonding,
involving o, pairs which are disposed into alternatings
schemes.

According to VB theory, the bonding of butadiene is
described from the resonance of the first two structures (I
II) of Figure 1. Mesomer (or resonance) structure Il is
forbidden, because the corresponding VB spin eigenfunction
describing this structure is linearly dependent on those of
structures | and Il. This VB description is in agreement with
Figure 2. Schematic representation of the interaction of antiparallel the finding of repulsive coulomb interactions for centers (1,3)
spin electrons in a molecular system. The two-center, gbbally or (2,4), which are included in structure Ill, and attractive
attractive interactions (responsible for chemical bonding) are balancedinteractions for (1,4), which are included in structure Il. On the
by the one-center, Crepulsive ones so that their sum is equal to zero. - contrary, if we were limited to one-electron population analysis,
C, is issued from the sum of attractive; Cand repulsive, €, two- the positive bond order in (1,3) and the negative one in (1,4)
center interactions. . . .
should lead to the conclusion that there is a bonding character
any molecular system: between 1 and 3 and an antibonding character between 1 and 4
(for more details see section 5.3).
C,tGC,=0 (25) For a given pair of centers (V,W) the quant®(V,W) =
[F(V® WFA) + F(VF W%)]100/G* provides the percentage of
The quantity G (given in Table 3) is negative, because each the attractive coulomb interactions that belongs to the pair
term, F(V%), of the sum (eq 23) is negative. This means that (V,W). In the framework of Mesomeric or Resonance theory
the interactions of two electrons of antiparallel spin belonging (see also refs 35, 36), the electron pairs of butadiene can be
to one center are repulsive, and can be easily rationalized fromarranged into pairs of centers according to bonding schemes of
the fact that the two electrons are restricted to being located in either mesomer structures | or Il of Figure 1. Because structure
the same (limited) space of one center. One must note that this| js composed of bonding schemes between pairs (1,2) and (3,4),
holds not only for the expected case of a valence orbital but one can conclude that the quantity\) = Re(1,2) + Re(3,4)
also for the summation of all possible interactions in all orbitals provides the total amount of the attractive coulomb interactions
of one center, including the diffuse orbitals (see Table 1). On pelonging to this structure. Similarly, the quantitycill) =
the contrary, examining the component terms of quantity C R.(2,3)+ Re(1,4) provides the analogous amount corresponding
(see Table 2) we are led to distinguish two kinds of interactions, to mesomer structure Il. These quantities are found to have the
depending on the pairs of AO-positions, that are considered thefo|lowing values: Ws(I)/Wc(Il) = 89.98%/10.02% from the
attractive and the repulsive interactions. Let ®e the sum of ab initio Cl wave function, and \A(I)/W(Il) = 88.12%/11.88%
the former and € the sum of the latter: from the PPP+ full Cl wave function.

Coulomb Holes In NAOsIn general, in an electronic
assembly (not necessarily forming bonds), a coulomb hole
measures the extent to which an electron in a target position V
(frequently called reference electron or reference position)
excludes (within a negative value of the hole) an electron of
opposite spin in various positions X. The rafifX/V«)/Ny; is
a conditional probability describing the probability of finding
an electron of3 spin on center X, under the condition that an
electron of . spin is located on center V. Following the

. . L ) definition of coulomb hole in coordinate spatene can
and (ii) that the extent by which the attractive interactions introduce the quantitic(X#/V<)

overcome the repulsive ones is determined by the magnitude
of one-center interactions: larger is the absolute value 1of C
more important are the attractive two-center interactions with
respect to the repulsive interactions. These conclusions are quite
general and must hold for a large range of usual molecular which defines the coulomb hole on various centers X with
systems, because they are based only on the assumption thaespect the reference electron located on a center V (where both
the one-center interactions are globally repulsive (which must X and V are assumed to be composed of NAOs). In this context,
hold in most of the usual systems). In Figure 2 we give a a coulomb hole indicates how the conditional one-electron
schematic representation of one-center (repulsive) and two-density on X deviates from the usual one-electron density (i.e.,
center (globally attractive) interactions, and the spitting of the the unconditional probability) on the same center. By using
latter in two components (attractive and repulsive). In the case expressions from section 4, one can show that the above-defined
of butadiene, € and G~ are found to have the following values holes on centers have the following property, in good agreement

C,=C,  +C, (26)
By using eqgs 25 and 26, and taking into account thatsCa
negative quantity, one can conclude (i) that the two-center
coulomb interactions are globally attractive, that is the repulsive
interactions are less important than the attractive ones:

C, > IC, |

ho(XPIV®) = TI(XPVE)INS — N



Coulomb and Exchange Correlations In NAOs J. Phys. Chem. A, Vol. 105, No. 18, 2004531

with an analogous property in coordinate sp4ce: P--NAO, is strongly negative. The same holds also for the entire
one-center exchange interactions involved V%), even
though this term includes correlations on two different orbitals
(on the same center). On the contrary, the two-center correlations
can be both positive or negative. The signs of exchange
correlations areppositeto those of coulomb correlations: they
are negative for pairs of centers (1,2), (2,3), (3,4), and (1,4)
and positive for (1,3) and (2,4). Consequently, in regions (i.e.,
in Cl) levels: —0.1231/-0.1664, 0.1123/0.1469;-0.0095/ in pairs of centers as (1,2)...(1,4)) where antiparallel spin
0.0150, and 0.0208/0.0345. For=XV, the negative value of  electrons are attractive, the parallel spin electrons are repulsive;
he(17/1%) is a consequence of the usual one-center self-repulsionthe exact opposite holds for other regions (such as (1,3) and
of two electrons (see coulomb correlations); forX/, coulomb (2,4)). In this context, exchange interactions @seplementary
holes are also of a great importance for chemical bonding: the to coulomb interactions and confirm the conclusions that are
negative value for X= 3 and the positive values for % 2 or obtained in section 5.1. The general trends are that attractive
X = 4 mean that the presence of anspin on center \= 1 coulomb as well as repulsive exchange interactions specify
excludes the presence of opposite spin ir=X3, and at the regions considered to have bonding character, whereas opposite
same time favors the presence of opposite spins on centers Xinteractions hold for regions of antibonding character. One must
= 2 or X= 4. The absolute values of these holes give a measurenote also that coulomb or exchange correlations considered
of the extent of (unfavorable) exclusion or (favorable) simul- separately lead to the same pictures for chemical bonding.
taneous presence of the opposite spin electron. Both quantitative  An important difference between the two correlations is that
and qualitative pictures are in complete agreement with funda- the absolute values of exchange are larger (abeut mes)
mental chemical intuition: for example, comparing the mag- than the coulomb values. Therefore, it is interesting to compare

Z ho(XPIV*) =0

Coulomb holeshc(X#/1%), on the fourr centers of butadiene
(X = 1...4) with respect to an electron on the first cente{V
1) are found to have the following values in ab initio/PPP (both

nitudes of the above holes, one can conclude that the presenceuantitatively the overall picture for chemical bonding, which

of ana-spin electron in V= 1 favors more the presence of a
B-spin in X = 2 than in X= 4.

Grouping Centers into BondS.he equations in section 4
show how two-electron populations and correlations in NAOs

is obtained in the framework of investigation of exchange
correlations, with the picture obtained previously from the
coulomb correlations. For this purpose, for a given pair of
centers (V,W), one can consider the ra&gV,W) = [F(V*W%)

can be grouped according to centers. Let us consider now thatt F(vAWA)]100/E,~ (whereE,™ is the sum the negative two-

centers V and W are further grouped into bon@s,By using

center exchange correlations), which provides the percentage

equations that are isomorphic to those of section 4, one canof the repulsive exchange interactions belonging to the pair

obtain the intrabond correlation of antiparallel spin electrons,
F(Q®#), which are equal to the coulomb part of electronic
fluctuation, A(Q%F)

FQY) = A(QY) = F(V¥) + FW™) + F(V*WF) +
F(W* VA
where bondQ is assumed to be composed of two centers V

and W.
In mesomer structure | of butadiene (Figure 1) the first bond

(V,W). Therefore, the quantities M) = Re(1,2) + Re(3,4)

and WE(Il) = Re(2,3) + Re(1,4), provide the total amount of
repulsive exchange interactions belonging in mesomer structures
I and Il, respectively. These quantities can be calculated in both
HF and Cl levels, and are found to bes(W/Wg(ll) = 87.84%/
12.16% (91.24%/8.76%) from ab initio-Cl wave function, and
WEe(I)/WEg(Il) = 86.86%/13.14% (92.52%/7.48%) from the PPP
+ full CI wave function (the value in parentheses corresponds
to the HF level).

One must note that the results obtained from the HF and ClI

is composed of centers 1 and 2; the intrabond correlation is levels are quite comparable; this is due essentially to the fact

found from both ab initio and PPP (both in CI) levels to be
quite small:—0.0026 and—0.0049, respectively. Because this
quantity is negative, the interbond correlation

Z g [F(Q* Q") + F(Q* QM)

is necessarily positive, so that the global correlation of the

that parallel spin electrons (as a result of the Pauli principle)
are partially correlated in the single Slater determinant of the
HF level. Quantities W(1) and Wk(Il) are of the same magnitude
with Wc(l) and Wc(Il) (calculated from coulomb correlations

in section 5.1), respectively. Therefore, one can conclude that
the overall picture for chemical bonding obtained from the
investigation of coulomb or exchange interactions is quite
similar. This holds despite the fact that both of the signs and

system is equal to zero. (In butadiene, this summation involves Magnitudes of coulomb and exchange correlations are quite

only one interbond term.)

In mesomer structure 1l, one bor@,, is composed of centers
1 and 4, and the othei2,, from 2 and 3. The intrabond
correlations in ab initio/PPP (both in CI) calculations are found
to be —0.1027-0.1351 for bond<2;, and —0.1028f-0.1351
for Q,. Consequently, the (totally negative) coulomb correlations

different.

The exchange part of fluctuations on one-center is given from
eq 18 (see also Table 3), and according to usual interpreta-
tiong$—211.1217.19.20jt provides a measure of the degree of
delocalization. The coulomb part of one-center fluctuations is
the same as the one-center correlations. From the sum of the

in bonds of mesomer structure Il are much larger than those oftwo parts, which is presented in the last column of Table 3,

structure |. These results will be used below in conjunction with
the exchange part of fluctuations in order to obtain information
about the degree of (de)localization of chemical bonds in
mesomer structures | and II.

5.2. Exchange Interactions and their Comparison with
Coulomb Interactions. Due to the Pauli principle, the correla-
tion of two electrons of parallel spin in one orbital, as the valence

one can conclude that the degree of delocalization of electrons
from each center is important. From this table it follows that
the coulomb part contributes to lower the fluctuations, and thus
the delocalization (despite the fact the total delocalization
remains important). The nonnegligible differences between the
fluctuations in Cl and HF levels are due essentially to the
coulomb part.
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Fermi Holes in NAOsAs for coulomb holes, Fermi holes  TABLE 4. Bond Orders, B(V,W), from the Spin-Free
are defined with respect to a reference electron (or position). Correlation®

Following the definition of a Fermi hole in coordinate spéce, centers VW
and by using the conditional probability[I(X*V*)/Ny, in calc 1-2 1-3
orbital space, one can define the Fermi hdigX*/V?®), on level (or 3—4) 2-3 (or 2—4) 1-4
various centers X with respect to the reference electron located™ —, 03372 0.0592 00054 0.0403
on center V I —HF 0.4562 0.0446 0.0013 0.0431
I —Cl 0.3101 0.0644 —0.0152 0.0343
he (X*V®) = TI(X*V*)/NG — Ny Il — HF 0.4625 0.0374 0.0000 0.0374

2The level of calculations concerns the initially considered wave
where centers are assumed to be composed of NAOs) and wher@unction: 1 is ab initio (in HF and CI levels); Il is PPP (in HF and full

>x he(X*/V*) = —1, in agreement with the equivalent relation ClI).
in coordinate spacg.

Fermi hole measures the degree to which an electron in V structure Il it is found to be 0.3387/0.2950 @, and 0.3379/
excludes (due to the Pauli principle) electrons of the same spin 0.2950 forQ. These results are in agreement with fundamental
in various positions of space (the sum for all positions is equal chemical intuition, according to which of the two bonds in
to —1). If there was not chemical bonding, then Fermi hole Mesomer structure Il are more delocalized than those of structure
should be negative for all positions. Fermi holegX*/1%), on I. It is worth noticing also that the coulomb correlations (being
the fours centers of butadiene (% 1...4) with respect to an  negative) contribute to lower the fluctuations of the electronic
electron on the first center (= 1) are found to have the Population in these chemical bonds, and thus increase their

following values in ab initio/PPP (both in Cl) levels:0.4995/ localization; this holds for bonds of both mesomer structure |
—0.5122, —0.4482+-0.4497, 0.0148/0.0299, and0.0610/ and II.
—0.0681. These results mean that the presence af apin 5.3. Bond Orders from the Sum of Exchange and

electron in V= 1 excludes the presence of the same spin in X Coulomb Correlations. EXChange correlations are used to
=2and X=4 (negative Va|ues), but not in ¥ 3 (positive define bond order indicés® at the HF level. In view of the
values); for X = 3, the favorable presence of parallel spin analysis presented in sections 5.1 and 5.2, the two-center
electrons (due to chemical bonding) overcomes the Pauli coulomb and exchange correlations, separately considered, could
exclusion. be used as two different types of bond order indices (depending
The above resultsl Concerning Fermi holesl are Complemen_on the Spln of palI’S) A|'[el’na'[ive|y, the correlation of electrons
tary to analogous results for antiparallel spins from coulomb regardless of their spinan be considered as another bond order
holes presented previous|y_ Both are in agreement with usua|index. This type of correlation can be obtained as follows: The
mesomer structures (as this holds also for coulomb and exchangd&umber of electron pairs, regardless of their spin, that are formed
correlations) and chemical intuition, in which chemical bonding DPetween two centers, is obtained from the sum of the corre-
is formed from alternating., spins. sponding antiparallel and parallel spin pairs; this holds for both
Grouping Centers into BondBy grouping centers into bondsy the real number and the number of the statistical limit. In these
Q, as this is presented previously for coulomb interactions, one Numbers of pairs, the electrons are considered as particles in
can obtain the part of correlation (i.e., intrabond exchange general without reference to their spin. For a given pair of

correlation), centers, V and W, the correlation of electrons, regardless of
their spin, is obtained from the comparison (i.e., the difference)

F(Q™) = F(V™) + F(W™) + F(V*W®) of the above real and the statistical limit numbers of electron

pairs; this correlation can be used to define a bond order index,

and fluctuation, B(V,W), and is obtained from the sum of coulomb and exchange

correlations:
A(Q* =
B(V,W) =

F(VE%) 4+ F(W*) + F(VEW) + 172 (Ng + N§)
— (F(VW®) + F(V"WF) + F(VW’) + F(v/w®))

corresponding to parallel spin electrons of a b&ad _ o ) _ ]

Our calculations for a bond of mesomer structure | of The negative sign is adopted to be consistent with the sign
butadiene, in ab initio/PPP (both in Cl) levels giveé.4741/ convention of other indicés® based in exchange correlations
—0.4804 for correlations, and 0.0267/0.0196 for fluctuations. (in the framework of generalized Wiberg indices), as well as
For bondQ; of mesomer structure 1l we obtaine€0.2812/ the effective pair populatiori@.lndicesB(\(,W) are positive (in
—0.2971 for correlations and 0.2206/0.2150 for fluctuations; the range from 0 to 0.5) when there is a bonding character
for bondQ, of the same structure, the correlations are found to P€tween centers V and W, and negative when there is an
be —0.2794/~0.2728 and the fluctuations 0.2203/0.2150. antibonding character. These quantities can be reduced to the

The fluctuation A(R), of the electronic population in a bond, ~Well-known indice$™® if multiplied by 2 and the coulomb
Q, provides a measure of the (de)localization of electrons in Correlations are neglected; they differ from effective pair
this bond: closer to zero iA(Q), more localized is this bond. ~ Population¥ by only the coulomb correlations. WithEB(V,W)
This quantity is obtained from the sum of the part of coulomb W€ examine tr_]e bghawor of electron pairs without being able
fluctuations (which are equal to coulomb correlations presented t0 refer to their spins.

in section 5.1) and this of exchange ones: Table 4 presents the values BfV,W) for the w-centers of
cis-butadiene; from this table, apart from the strong bonding
AQ) = AQY) + A(Q™) + A(Q) character for (1,2) (or (3,4)) centers, one can conclude that

between centers (1,3) there is an antibonding character; this
In butadiene, for the bond of mesomer structure | the electron holds in the Cl level (in both ab initio and PPP), where coulomb
population fluctuation is 0.0508/0.0342, whereas for bonds of correlations are taken into account (but not in the HF level where
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these quantities are neglected). Also, between centers (1,4) ther@resented in Tables 1 and 2 leads to the conclusion that all
is a clear bonding character; this holds in all approximation effects in electron pair probabilities and correlations in both
levels. These conclusions are in good agreement with the resultsone- or two-center terms are remarkably well described by
presented in previous sections, where coulomb and exchangeconsidering only the valence NAOs. This is essentially due to
correlations are considered separately as two distinct (spin-the very definition of NAOs, which are “natural” in the Lowdin
dependent) quantities. sense. However, if we were limited to, for example, the inner
In the framework of one-electron population analysis, the off- part of a well chosen doubleSCF-AO basis set, then the results
diagonal elements of the first-order density matrix (from all Would not be as good, because only valence NAOs involving
types of wave functions as the S|mp|e¢+m| or ab |n|t|GC|) the Optimum WelghtS of the inner and outer SCF-AO functions
are negative for centers (1,4) (from the wave functions of the can represent satisfactorily the two-electron effects occurring
present work are found from0.2736 to—0.2360 depending ~ between valence orbitals.
on the approximation level), whereas they are positive for (1,2) The results obtained from PPP wave functions overestimate
(from 0.9613 to 0.8951) and (1,3) centers (from 0.010 to the one-center correlations. This is due to the fact that in this
0.0017). This suggests that the (1,4) bond has a character tha{(_avel of calculations only one orbital is availaple for egch center
is necessarily the opposite of the bond (1,2), i.e., an antibonding (in contrast to the valence Rydberg NAOs, which are involved
there is a (Weak) bond. This point of VieW, arising from one- the results from PPP levels lead to the conclusion that both
electron analysis, does not agree with either of the usual picturescoulomb and exchange correlations follow the principal trends
provided by VB theory (see Figure 1) or with the presented Presented previously, and mainly the sign of correlations on
analysis. Furthermore, one must notice that in the framework tWo centers, which control the chemical bonding. Another
of usual thinking and reasoning of a chemist, one can evoke ageneral conclusion, that can be drawn (from Tables 1 and 2) is
weak bond between (1,4) (which increases in the exited states),that thga—e]ectrons are not important for two-electron effects
even though a bond between (1,3) is usually excluded. This Occurring in thes-system, as for example the two-center
shows the limits of some aspects of an analysis of chemical coulomb and exchange interactions. The magnitudes of cor-
bonding when this is restricted exclusively to one-electron relations obtained from PPP wave functions converge better to
densities, when in fact a chemical bond is essentially a matterthe ab initio ones for exchange interactions rather than for
of electron pairs. NRT, which arranges electron pairs in NBOs coulomb; this holds despite the fact that in ab initio Cl
in order to construct NBO-based resonance structures, also doe&alculations there is an electron transfer from theo the 7
not find structure Ill. This theory instead of structure II, finds SysStem.
a small weight for a resonance structure exhibiting a covalent g conclusion
bond between (2,3) and an ioni¢-,—) bond between (1,4).

5.4. The Role of Cl and Valence NAOs in Two-Electron
Properties. The effects of Cl are quite important for the
probabilities (or numbers of electron pairs) concerning antipar-
allel spins in two cases: (i) for one-center (or one-NAO) terms
and (ii) for vicinal two centers (or two NAOSs) defining formal
bonds (as 1,2 or 3,4). In the first case, the CI diminishes the
two-electron probabilities, whereas in the latter Cl increases the
corresponding probabilities. On the contrary, the probabilities
for parallel spin electrons are not so sensitive in Cl; in both of
the above cited cases, the Cl preserves the magnitudes o
probabilities that are found at the HF level. Regarding the sign
of the variations imposed by Cl, it is tleppositefor antiparallel
and parallel spin electrons. Apart from the above two cases
the effects of ClI for electron pairs of antiparallel spin are smaller
(or negligible), for example, for vicinal centers not defining
formal bonds or for distant centers (or NAOs). The same holds
for parallel spins, and the trend of opposite sign in the variations
imposed by Cl is also confirmed. These effects of Cl are found
in NAOs or groups of NAOs or the model orthogonal orbitals
of PPP methods, and are in complete agreement with other

results of population analysis in nonorthogonal orbffateat tions are repulsive, which must hold for most molecules.

are found in other systems. The general trend is that the two-center coulomb and

The role of Cl in correlations is crucial for coulomb but not exchange correlations are Comp|ementary: the Corresponding
for exchange correlations, especially for vicinal centers (or interactions show a remarkably opposite behavior, even though
NAOs) defining formal bonds, as shown in Table 2. both lead to same conclusions concerning chemical bonding.

To examine the role of valence NAOs in two-electron effects, In regions, i.e., in pairs of centers as (1,2), (2,3), (3,4), and (1,4),
one can examine the differences between the results obtainedvhere the interactions of antiparallel spin electrons are attractive,
by considering all orbitals belonging to each center with those those of parallel spin electrons are repulsive; exactly the opposite
obtained in valence NAOs (see Tables 1 and 2). For example,holds for pairs of centers (1,3) and (2,4). These conclusions
in one-center terms, the mean difference in correlations is only are completely consistent with usual pictures for chemical
~0.6% for antiparallel and-1.3% for parallel spin electrons;  bonding, involvinga,S pairs that are disposed into alternating
the corresponding differences in two-center terms-a0e6% o5 schemes, as well as the bonding schemes of mesomer
and~ 4%, respectively. A more profound analysis of the results structures provided by VB theory (see Figure 1).

In this work the chemical bonding has been examined by
referring to the traditional thinking of a chemist that bonds are
mainly a matter of electron pairs. The calculation of electron
pair distributions, considered as two-electron events within
" Moffitt's theorem, leads to investigations of coulomb and
exchange correlations, which provide useful information about
the interactions of two electrons of antiparallel and parallel spin.

The correlations of electrons in NAOs (coulomb and ex-
change) are grouped according to centers, and the sums of intra-

nd intercenter correlations obey eqs 21 and 22. An emphasis
s given for the two-center coulomb correlations, because,
according to fundamental chemical intuition, chemical bonds
are composed essentially of antiparallel spin electron pairs. The
'investigation of eq 21 leads to the conclusion that in the two-
center terms, the attractive interactions are more important than
the repulsive ones. These globally attractive two-center interac-
tions are balanced by the repulsive one-center ones. The extent
by which the attractive interactions are larger than the repulsive
interactions is determined by the magnitude of one-center
interactions. All of these conclusions are quite general because
they are based only on the assumption that one-center interac-
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The effects of Cl are very crucial in some cases concerning Angew. Chem., Int. Ed. Endl997, 36, 2077. (d) Krokidis X.; Vuilleumier,
the probabilities of finding electron pairs of antiparallel spin R Borgis, D.; Silvi, B.Mol. Phys.1999 96, 265.

and in all cases of coulomb correlations; however, the prob-
abilities for parallel spins and exchange correlations, in general,

are not so sensitive.

The defined coulomb or Fermi holes on centers (i.e., in groups
of NAOs) have suitable properties (that is their sums is equal

to 0 or —1, respectively) and provide useful information for
the corresponding conditional probabilities. The further grouping

of centers (and the corresponding correlations) into bonds allows

the calculation of the fluctuations of the electronic populations
in one bond, and thus to the quantitative estimation of
delocalization. In the case of butadiene, it is found that the
inclusion of coulomb correlation increases the localization of
one bond.

From topological methodédealing with exchange correla-
tions, it is found that the probability for parallel spin electrons

is high at the boundaries between regions in which electronsp -

form pairs of antiparallel spin. This agrees with the finding in
this work (see Table 2) that the probabilities for-a pairs in

regions defined by centers (2,3) and (1,4) are higher (both areg

(17) Noury, S.; Colonna, F.; Savin, A.; Silvi, Bl. Mol. Structure
(THEOCHEM)1998 450, 59.

(18) (a) Krokidis X.; Silvi, B.; Alikhani, M. E.Chem. Phys. Letl998
292, 35. (b) Krokidis X.; Goncalves, V.; Savin, A.; Silvi, B. Phys. Chem.
A 1998 102, 5065. (c) Fourrel.; Silvi, B.; Chaquin, P.; Sevin, Al. Comput.
Chem.1999 20, 897.

(19) (a) Luken, W. L.; Culberson J. nt. J. Quantum Chem., Symp.
1982 16, 265. (b) Luken, W. L.; Beratan, D. Ntheor. Chim. Actal982
61, 265 (c) Luken, W. L.; Culberson, J. G:heor. Chim. Actal984 66,
279. (d) Luken, W. L. InTheoretical Models of Chemical Bondirgart 2;
Maksic, Z. B., Ed.; Springer: Berlin, 1990.

(20) (a) Bader, R. F. W.; Streitwieser, A.; Neuhaus, A.; Laidig, K. E.;
Speers, PJ. Am. Chem. S0d.996 118 4959. (b) Cioslowski, J.; Mixon,
S. T.J. Am. Chem. S0d99], 113 4142.

(21) (a) Ponec, R.; Carbo-Dorca, Rt. J. Quantum Chenl999 72,
85. (b) Angyan, J. G.; Rosta, E.; Surjan, P. Ghem. Phys. Lett1999
299 1.

(22) Fradera, X.; Maggie, A. A.; Bader, R. F. W. Am. Chem. Soc.
1996 118 4959.

(23) (a) Moffitt, W. Proc. R. Soc1953 A218 486. (b) Karafiloglou,
Ohanessian, G.. Chem. Educl991 68, 583. (c) Karafiloglou, PJ.
Solid State Chenil992 99, 29. (d) Karafiloglou, P.; Kapsomenos, G.
Mol. Struct. (THEOCHEM})L995 337, 241.

(24) (a) Karafiloglou, P.; Akrivos, PChem. Phys1988 127, 41. (b)
achler, V.Theor. Chem. Accl997, 92, 223. (c) Bachler, V.; Metzler-

about 10 times larger) than the same quantities concerningnolte, N. Eur. J. Inorg. Chem1998 733. (d) Bachler, V.; Schaffner, K.

regions (1,2) and (3,4), i.e., bonded regions involving mainly

antiparallel spins. As expected, the opposite holds for the

absolute values of the (negative) exchange correlations.
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