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Electron Delocalization in Atomic and Molecular Systems

I. Introduction

One of the beauties of the invariant description of electron .
behavior developed by R. L. Fultbis that many contacts can
be made with more traditional (and noninvariant) modes o
interpreting electron behavior. There have been numerous
attempts to relate the noninvariant descriptions of electron
behavior to such notions as atomic shells, lone electron pairs,
pi-electron systems, etc. Existing descriptions of electron
behavior include the electron structures of G. N. Lewishe
concept of bond number advocated by L. C. Paulirthe
concept of bond order introduced by C. A. Coul$emd the
various elaborations of these which have appeared in the
literature® Although useful, there are well-known problems
associated with many current definitions of bond orders and .
indices in terms of their dependencies on the particular set of
orbitals and arbitrary localization procedures. As such they can
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Electron delocalization in atomic and molecular systems in terms of the single particle delocalization index
(Fulton, R. L.J. Phys. Chem1993 97, 7516) is analyzed. The single particle delocalization index is a
quantitative measure of the degree of sharing of an electron between two disjoint regions in a many electron
system. The overall focus of this paper is the determination of spatial regions in atoms from which electrons
are greatly delocalized. The delocalization indices from spherical volumes of various radii centered on the
nucleus of interest to the volumes outside those regions show remarkably well-defined shell structure. The
delocalization shell structure exhibits spatial regions in atoms, determined by the intershell minima, in which
electrons are essentially localized. The delocalization shell structure of the electrons is apparent in all the
atoms in the last column of the periodic table of the elements!@leAr 1S, Kr 1S, Xe 1S, and Rn'Sy),

even in heavy atoms such as gold (3i,,) where by traditional methods the shell structure is not clear. The
delocalization shell structure of the electrons in zinc {Bs) is also displayed because the expected shell
structure, corresponding to principal quantum number4, was not firmly established by previous indicators

until atomic number 32 was reached. The values of distinct maxima of the delocalization indices, corresponding
to regions within inner shells, are quite remarkable and related to the number of the electrons in each shell
quantitatively. The physical meaning of these values is that the sharing of the core electrons in each shell
does not extend to outer regions. The core shell structures in carli®h) (@hd silicon (SPP;) are mimicked

by means of a set of the simulated natural orbitals (based on Slater’s rules) used to construct the delocaliztaion
index as a function of the distance from the nucleus. The separation of the contributions of definite angular
momenta to the delocalization index for R&, Ar 'S, Zn 1S, Xe 1S, and Au?S,, is carried out. Interference
effects between these contributions are substantially restricted to the valence region. The values of the maxima
of the contributions of definite angular momenta to the delocalization index are in agreement with the number
of the s-, p-, d-, and f-electrons in each shell quantitatively. This is in agreement with well-known fact that
the valence electrons only tend to be chemically active. The delocalization shell structures around the heavy
atoms in the molecules LiH, 40, CH,, SiH,;, NH3, and PH are also displayed and compared to those around

the single atoms L?S;,, O 3P,, C 3Py, Si 3P, N “S;,, and P*S;.. The delocalization of the core electrons
remains essentially unchanged by incorporating the atoms into the molecules. The modifications of electron
delocalization in the valence region are clear, and the chemically active regions in the molecules are nicely
visible.

have no physical meaning. The more detailed description of
the behavior of electrons provided by the “Fermi” hofé is
independent of the particular set of orbitals used to construct
f the wave function, but the “Fermi” holes are derived from the
two-particle distribution function. However, Fermi holes have
a semblance of localized orbitals in both at§imsd molecule$?

The unitary transformations, which generate equivalent localized
orbitals of the canonical orbitals of HartreBock theory
keeping the many particle wave function unchanged, provide a
link between the molecular-orbital theory and an intuitive picture
of the electronic structur:1*The molecular orbitals still allow

us to think in terms of the behavior of single electrons.

D. Becke and K. E. Edgecomifehave noted that physically
meaningful descriptions of electron behavior must be sought
in the density matrix (or related functions) and not in the orbitals.
Wave functions (or more generally density matrixes) are
therefore indispensable for the interpretation of electron behav-
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independent description of electron localization based on the
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electronic density. J. G. #gyan and M. Lood’ have given a between two spatial points in systems containing many electrons.
definition of the bond order that is consistent with the sharing The point-point sharing index is derived from the matrix element
index! though the theoretical reasoning behind it is completely of a sharing amplitude ;'] The sharing amplitude is defined
different. Fradera et df have introduced nonarbitrary the as the square root of the first-order density matrix. The single
delocalization index which is equivalent to Fulton’s delocal- particle sharing amplitude is the closest one can get to a wave
ization index at the Hartree-Fock level of approximation, but  function for a single electron in a many electron system.
the delocalization indég is derived from the second-order The plan of this paper is as follows. In part Il, a brief
density matrix. Hunter’'s mod¥lfor a single electron has afew  description of the theoretical reasoning behind the delocalization
problems associated with both the contributions to the kinetic index is presented. The primary intention of this part is to
energy of a single particle and interpreting the square root of emphasize a natural interpretation of the delocalization of an
the “spin” traced density of an electron needed to obtain the electron between two disjoint regions in a many electron system.
one-electron potential as a function of distance from the nucleus. In part lll, the inner shell structures of C and Si are mimicked
The concepts of sharing of electrénssed in this paper are by a set of the simulated natural orbitals. The delocalization
rooted in the first order density matrix. They are invariant under shell structures in the noble gas atoms Ne through Rn and zinc
transformations of the orbitals in terms of which the wave are exhibited by using the delocalization index in part IV. The
function is constructed and independent of the sufficiently decomposition of the delocalization index into components of
complete basis set. definite angular momenta for Ne, Ar, Zn, Xe, and Au is carried
Various authors in the literature have discussed the problemsOUt in part V. In part V1, the delocalization of an electron in
of displaying shell structure in atomic systems. The electron the heavy atoms in the molecules LiH®| CH,, SiHs, NH;,
density distribution described by A. M. Simas et%la well- a_nd PH is dlscgssed anql qualitatively compared to that in the
known indicator of shell structure in light elements, failed to Single atoms Li, O, C, Si, N, and P.
show more than five shells, even in the heaviest atoms. The
Laplacian of the electron density proposed by R. F. W. Bader ||. Delocalization Index
et al’®2has also failed to display more than five shells (R. P.
Sagar et at2 and Z. Shi and R. J. Boy$). The one-electron
potential defined by G. HuntEthas been used by R. P. Sagar
et al?* to reveal up to seven shells in heavy atoms. However,
the shell structure, corresponding to principal quantum number
n = 4, was not clearly established until atomic number 32 was
reached. As an orbital independent measure of the electron
localization, the electron localization function (ELF) developed o ]
by A. D. Becke and K. E. EdgecomiSés based on the Hartree A measure of the evenness of the distribution of the quantity
Fock pair probability. The number of exhibited shells in the between the centers a and b, called a sharing index, is
noble gas atoms Ne through Rn and in zinc by ELF was correct.
The ELF was defined on the basis of the ratio between the lap=Ta"
functionD,, (inhomogeneous electron gas) and the func[D(Sn
(a uniform electron gas or electron gas reference with spin l11 andlz; are self-sharing indices;, = I21 is the inter-center
density equal to the local value @f(r)) by performing the  sharing indexli» = I21 = ¥/, = 0.25 indicates that the quantity
Taylor expansion of the spherically averaged conditional pair is evenly distributed between the centers.

Classical Sharing Index. Consider a quantity, which is
distributed between two centers (positions) 1 and 2. Let the
fraction of the quantity on center a lig a= 1, 2. The sum
rule obeyed by the fractions is

f,+f,=1

probability. The asymptotia (— «) behavior of ELF deserves Quantal Sharing Index. If the spatial variables and the
our attention. All plots exhibited vanishing ELF in asymptotic SPin variableo are denoted by a single indéxthe first-order
regions except that for the Zn atom showing ELF of uaity. density matrixo(Z,C’) can be found from the many electron wave
Tal and R. F. W. Badé? have shown that the functioD, functionW in anN electron system by integration ovisr— 1

vanishes asymptotically in finite systems. The physics underly- variables:

ing ELF is not clear with respect to both the definition of ELF

and work by Y. Tal and R. F. W. Badét.It was recognized = [deN T we eV Yywre Nt

by R. F. W. Bader and co-workéighat the numbers, locations, pCE) f . (CETIPHELT

and relative sizes of the bonded and nonbonded chargeThe positive semidefinite square root of the first-order density
concentrations in the valence shell of an atom in a molecule natrix, denoted by%(Z,"), has the following property
determined by the Laplacian of the charge density are in good

agreement with the corresponding properties of the bonded and v U20e oo U2t o ,

nonbonded localized electron pairs in valence-shell electron- f dz"p™ (8,8 (g8 = p(E.E")

pair repulsion (VSEPR) theory introduced by Gillesgi@he

electron localization function mentioned above was supposed The matrix element of a sharing amplitdd&; ' Cis defined as
to be “a faithful visualization of VSEPR theory in actioff'.

In this study, Fulton’s delocalization indkis used to examine [&;¢' 0= Nl/zpllz@a@')
the shell structure of the electrons in many electron systems.
The scenario for constructing the measure is as follows. As a The point-point sharing indeXis defined by
guantitative measure of electron delocalization from one region
to another in atoms and molecules, the delocalization index is (&L = |@;8' 0P
constructed by integrating one point of the point-point sharing
index over one region and another over another region. The The product g1(£,£')dS’ represents a quantitative measure of
point-point sharing index, denoted b¢;,C'), is a quantitative the degree to which an electron as a wave is shared between a
measure of the degree to which an electron, as a wave, is sharedolume d; about¢ and a volume & aboutg'.
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This form ofl a5 is convenient for applications and used below
to construct the delocalization index as a functiorRof

The structure of the core shells in carbon and silicon is
displayed using some orbitals which simulate the natural core
orbitals of atoms. The shells of the core region are of particular
interest because electrons in each shell of the core are not

nucleus expected to share greatly in outer regions.

Let us assume that the natural orbitals used to mimic the core

shell structure are simulated by the following set of orbitals

3\12
R . [21s —C1d
Figure 1. Spherical volume centered on the nucleus of interest. (1s): T €
_ Vplume—Vqume Sharing Index._The volumepoint_shar- s\iz |1 - 1'(2@1 + e
ing index can be observed as being the microscopic valence 2s): 2s 6 s —ogl2
structure of an atom in a molecule. The definition of this index "\ 871 42— 9 +opopy2
is ( gls Cls§25 CZS)
1 C 5\1/2
. 2p —Cofl2
(@) = f, 4@ @) “o\) e eed
where the integral is over a volume around an atom A. The 1[G ) a2 o
volume—point sharing index gives a quantitative measure of (2py: 4_«/5 T re sin6 cos¢
the degree of sharing of a single electron between the volume
associated with an atom and a point. The subsequent integral 1 (6,2\¥2
2p): —=|22| re*"singsing
of 1a(£) over the volumeB, (2p, WAL

lAB = A dg IA(C)

All the orbitals, when integrated over all space, are normalized
to 1. The 1s and 2s orbitals are orthogonal to one another

g'c:llefn;hih\;?.lzmi\(’joelumfzrsgi”gg rlgdl?e);fﬁt;rge VO;%RZ;. e because the orbitals are supposed to simulate the eigenfunctions
vou Ing Index, » TeP quantitative ¢ he first-order density matrix. The 2p, orbitals are also

measure of the degree of sharing of an electron between theorthogonal to both one another and the s orbitals. The corre-
volumes associated with atoms A and B. The index is also called . ;

o . I~ sponding exponents are based on Slater’s Afl&he exponents
the delocalization index. While the definition of the volume are &1 = 5.7 for carbon andys = 13.7, e = Eop = 9.85 for
volume sharing index is general for any method of defining 1s7 = 1s 5% s

atomic volumes, the actual results depend on the method used cor- Due to the unreliability of Slater’s rules for= 4, only
. - P sample elements in the first three rows of the periodic table
to define the atomic volumes.

have been considered.

To address the question of the amount of total sharing of an
electron from an inner spherical region to outside across a
spherical surface of radiug, the integration process is carried

The delocalization of an electron in an atom is investigated oyt over the two volumes, that is, over the first volume between
between two specially chosen volumes of varying extents: ang andR and over the second betwe®and + «. For the
inner spherical volume of radil®centered on the nucleus, and second-row elements having 2 electrons in the cores, the 1s
the remaining volume (Figure 1). The degree of sharing of an orhital is only used in the formula given below. For all the atoms
electron between the two volumes is determined by integrating having 10 electrons in the cores, e.g., for the third-row elements,

one point of the point-point sharing index over the first and the formula used to construct the delocalization index, as a
another over the second volume. function of R, is as follows.

The atomic overlap integrélof the natural spirorbitalsgn-
(&) and @(&) over volume A is denoted by

lll. Electron Delocalization in Atomic Systems for
Simulated Natural Orbitals

I(R) = 2{ [rdr [Tsino do [ dp(LsY x

(@m®n’= [,dCm(Oen(0) [ [ sing do fom 6 (157 +

where the inclusion of spin variable in the integration is indicated

R 2 T . 27 2
by the superscript s. On the basis of the spectral representation +f0 r drj; sin6 do fo dip(2s)” x
of the density matrix (normalized to j,the point-point © _ o
sharing indexI(Z,&'), in terms of the eigenfunctions and fR r? dr f(‘; Slnedej(‘) dp(25)% +

eigenvalues of the first-order density matrix, is given by

+3[ 2 dr [ sing do [ dp(2p)?
1GE) =N @u@pr’ EE)ealEIon” #30) S i

00 T . 27
S r?dr [Tsing do [ dp(2p)* +
and the volumevolume sharing index is given as +2j(-)R 2 dr J(‘)n sin6 do fOZH de(15)(25)x

| =N 12 , s 1/2 , s . . -
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1 corresponding to a region between the shells. The values of the
maxima are quite remarkable and related to the number of
electrons in each shell. If the value of 0.25 for a single electron
multiples 2 and 8, it gives 0.5 and 2, respectively. A minus
sign, in front of the interference term between the 1s and the
2s, causes the delocalization index to have a value of a bit less
than 2 at the second maximum because the 1s and 2s orbitals
04 1 are orthogonal. Note, however, the value of the delocalization
index of a bit larger than 0.5 at the first maximum and the
02 ] value of a bit less than 2 that the delocalization index has at
the second maximum. The two distinct maxima appear at 0.1
atomic units and 0.48 atomic units away from the nucleus,

0.8

0.6

Delocalization Index

0 02 0.4 06 08 1 respectively. The average radius of the 1s orbital of the silicon
R (atomic units) is 0.12 atomic units, which is greater than the value of 0.1
Figure 2. Delocalization index vs radius for C. %tamlc units corresponding to the position of the first maxi-
Figures 2 and 3 represent an indication of the strengths of
2 the use of the delocalization index to display the shell structure

of the electrons in atomic systems.

[

IV. Delocalization Shell Structure in Atomic Systems

As a quantitative measure of the degree of sharing of an
electron between two disjoint regions, the delocalization index
is used to display the shell structure of electrons in atoms. The
05 ] results reported below are based on calculations at the QCISD/
6-31++G** level of approximations (including core) using the
GAUSSIAN 920 suite of programs. The relaxed single particle
0 density matrixes have been used throughout the paper. The

0 03 R (ato ! i) '3 ? atomic overlap integrals are calculated by using the programs
e ATOMICI3! and PROAIM?’ The calculations for atoms beyond
Figure 3. Delocalization index vs radius for Si. the third row of the periodic table of the elements are carried
out at the QCISD level of approximations, but the basis sets
have been taken from the literature for ¥rzn33 Xe34 and

The factorr? in each term stems from the volume elementd Rn2®
expressed in spherical coordinate® (). There are no interfer- The delocalization indices are calculated for a sequence of
ence terms between the 1s or the 2s orbital and thg, 2pbitals the values oR. As shown in Figures 49, the delocalization
because of the symmetries of the orbitals and the sphericalindices for the atoms Ne, Ar, Zn, Kr, Xe, and Rn show
angular integrations. There are no interference terms betweenremarkably well-developed shells. The plots in Figure94
the 2., orbitals due to the presence of harmonics inthg2p  have been generated by the cubic spline routine of the program
wave functions. In the first three terms of this expression, the GNUPLOT2¢ The plots show the distinct maxima and minima
value of the second integral is equal to 1 minus the value the corresponding to regions within shells and regions between
first integral because all the orbitals are normalized to 1. In the shells, respectively. The positions of the intershell minima in
third term, 3 comes from the presence of thg,2porbitals Figures 4-9 are in good accordance with the positions of the
having the radial part in common. In the fourth term, the second intershell minima reported in the literatute®
integral is the negative of the first integral because the 1s and The values of the shell maxima, corresponding to regions
2s orbitals are orthogonal. The distance from the nucleus, within inner shells, are quite remarkable. These values are
expressed in atomic units given in figures, can be converted torelated to the number of electrons in each shell. The value of
angstroms by 1 aer 0.529177 A. 0.25 for an electron is explained in part Il. The numbers of

The shell structure of the core in carbon is displayed in Figure electrons in the atomic shells are 2, 8, 18, 32, 18, ..., etc,,
2. The core contains only an s orbital. This plot displays a respectively. If 0.25 is multiplied by the numbers of electrons,
distinct maximum corresponding to a region within the inner it will result in 0.5, 2, 4.5, 8, 4.5, ..., etc., respectively. These
shell. The value of 0.5 that the delocalization index has at the numerical values are equal to the values of the maxima
maximum is remarkable and related to the number of electronscorresponding to regions within inner shells, as depicted in
in the shell. If the value of 0.25 for a single electron, explained Figures 4-9. Physically, the sharing of electrons from each shell
in part Il, multiples 2, it gives 0.5. The maximum appears at does not extend to the regions of the outer shells. This is in
0.24 atomic units away from the nucleus. If the average radius agreement with well-known fact that the valence electrons tend
of the Is orbital is considered as a crude indicator of the orbital to be chemically active. Getting insight into part VI, where a
size, the value of 0.28 atomic units for the carbon atom is greatercomparison of the delocalization shell structures in atoms
than that of 0.24 atomic units corresponding to the position of constituting molecules to those in atoms is made, supports the
the distinct maximum. conclusion.

The structure of the core shells in silicon is displayed in  The value ofR at which a distinct maximum appears in the
Figure 3. This plot shows both two distinct maxima correspond- delocalization shell structure is named the radius of the
ing to regions within two shells and a distinct minimum maximum. Note that the shapes of the first two maxima become

Delocalizaton Index
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Figure 4. Delocalization index vs radius for Ne.
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Figure 5. Delocalization index vs radius for Ar.
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Figure 6. Delocalization index vs radius for Zn.
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Figure 7. Delocalization index vs radius for Kr.
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Figure 8. Delocalization index vs radius for Xe.
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Figure 9. Delocalization index vs radius for Rn.

that the radii of the two maxima, in some cases, do not
correspond precisely to a single shell.

V. Contributions of Definite Angular Momenta to the
Delocalization Index

In this section, the decomposition of the delocalization
index into components of definite angular momenta is carried
out. The s-, p-, d-, and f-contributions for Ne, Ar, Zn, Xe, and
Au are shown in Figures 1014, respectively. The delocaliza-
tion indices for these atoms, plotted by smooth lines, are also
given in Figures 1614. The basis set used to construct the
single particle density matrix for Au is taken from the
literature3®

The values of the maxima of the contributions of definite
angular momenta are in agreement with the number of the s (
=0),p(=1),d(=2),andf(=3)electrons in each shell.
Thus, if the value of 0.25 for an electron is multiplied by 2, 6,
10, 14, ..., etc., respectively, it will give the values of the maxima
of 0.5, 1.5, 2.5, 3.5, ..., etc., respectively. By following the
analysis given previously for the total delocalization index, it
follows that the sharing of the $ € 0), p( = 1),d ( = 2),
and f ( = 3) electrons from inner shells does not extend to the
regions of the outer shells. Interference between tHe=s(),
p(=1),d(=2),andf (= 3) contributions to the total
delocalization index is subastantially restricted to the valence
region.

Note that the positions of the maxima of the contributions of
definite angular momenta, corresponding to regions within the

more like broad shoulders going from the top to the bottom core shells, appear at almost equal distances from the nuclei in
along a column of the periodic table of the elements. This meansFigures 16-14. The positions of the intershell minima for gold
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Figure 10. Delocalization index-), s(*)- and p@)-contributions for Figure 13. Delocalization index-<), s(*)-, p(a)-, and d®)-contribu-
Ne. tions for Xe.
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Figure 11. Delocalization index-), s(*)- and p@)-contributions for

Ar. Figure 14. Delocalization index <), s(*)-, p(a)-, d(®), and f@)-

contributions for Au.
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Figure 12. Delocalization index-<), s(*)-, p(a)-, and d®)-contribu-
tions for Zn. Figure 15. The s-contribution for Au.

given in Figure 14 are in good agreement with those of the \/ Ejectron Delocalization in Molecular Systems
radial charge distributid that was constructed for the same

basis set? The intershell minima of the contributions of definite In the previous sections, we developed a detailed picture of
angular momenta to the delocalization index determine spatial the electron delocalization in atomic systems. A natural question
regions in whichthe sl=0),p(=1),d(=2),andf (= to be asked is how the delocalization index is modified when

3) electrons are essentially localized. atoms are incorporated into molecules. First, we expect that the

An additional observation with respect to the delocalization delocalization of the core electrons remains essentially un-
shell structure of the gold atom deserves our attention. The changed. Second, we expect modifications of delocalization in
delocalization index shows five pronounced maxima, as depictedthe valence region.
in Figure 14. On the basis of the assignment of electrons to  The results reported below are based on calculations at the
orbitals, a sixth maximum might be expected to arise from an QCISD/6-3H+G** level of approximations (including core)
electron in a 6s orbitalt Hence, the s-contribution for Au is  using the GAUSSIAN 9% suite of programs. The optimized
given in Figure 15. The sixth maximum of about 0.25 is firmly molecular geometries are used. The atomic overlap integrals
established. are calculated by using the program ATOMREI.
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Figure 16. The shell structure for Li(*) and LK) in LiH. Figure 17. The shell structure for O(*) and @j in H.O.

The atoms of interest are the heavy atom3%j,, O 3P,, C
3Py, Si3Py, N 4S;0, and P*Sg» in the molecules LiH, HO, CHa, core electrons do not share in the valence shell. Four additional
SiHs, NHz, and PH, respectively. Figures 21 give the electrons from hydrogens increase the value of the second
delocalization shell structures about the heavy atoms in the maximum of the delocalization index in the valence region in
molecules (symbola) and about the corresponding isolated CH, in comparison to that in C.
atoms (symbols *).

The delocalization shell structure about Li in LiH is given in 2
Figure 16. The core shell structure of the electrons in LiH is
similar to that in Li. A pronounced maximum of the delocal-
ization index of 0.5 within the inner shell is in agreement with
two electrons residing in the core. Hence, the sharing of the
core electrons does not extend to the outer shell. As we approach
the minimum between the core and the valence region, a
difference between the two curves becomes apparent. The
impact on the delocalization shell structure in LiH of a donating 05
electron from hydrogen, in comparison to that in Li, is clear in
the valence region where the second maximum has the value
of a bit less than 0.5. It is interesting to note that the value is o5 5 3 . p
not exactly 0.5 which is expected for two electrons forming R (atomic units)
the Li—H bond. The decomposition of the delocalization index
into components of definite angular momenta performed for Figure 18. The shell structure for C(*) and @) in CHa.
single atoms in section V showed clearly that interference effects
between these components occur and the effects are restricted The delocalization shell structure about Si in $ikl given
to the valence region. There is little interference in the shells in Figure 19. The delocalization of core electrons remains
of the core. The interference effects cause the value of theessentially unchanged by bonding four hydrogens to Si and
maximum within valence shell to be a bit less than 0.5. For forming SiH, in comparison to that in the single Si atom.
instance, in the LiH molecule, the explanation of the interference Following the two curves in the immediate vicinity of the second
between the 1s and 2s orbitals of Li is possible by means of intershell minimum in Figure 19, the deviation between them
simulated natural orbitals used. In the expression used tobecomes recognizable. The addition of four electrons from
construct the delocalization index as a functorRah section hydrogens increases the value of the third maximum of the
I, the interference term between the 1s and 2s orbitals of Liis delocalization index in Sikdin the valence shell in comparison
negative because the 1s and 2s orbitals are orthogonal. Thgg that in Si.
negative term lowers the delocalization index in the valence

15

Delocalization Index

shell. The inclusion of the hydrogen 1s orbital would lead toward 4
further lowering of the delocalization index in the valence
region.

The delocalization shell structure about O igQHs given in 37

Figure 17. The core shell structure of the electronsj® Himost
overlaps with that in O indicating that the core electrons have
sharing which does not extend to the valence region. A slight
difference between the two curves occurs roughly at the
intershell minimum. Two donated electrons from the hydrogens
forming the bonds in KD increase the value of the second
maximum of the delocalization index in the valence shell in 05
comparison to that in O. 0k
The delocalization shell structure about C in {sigiven in ° ' 2R(mm umsf ! ’
Figure 18. An overlap of the two curves in the inner shells both
of C in CH; and of the single carbon atom indicates that the Figure 19. The shell structure for Si(*) and Si{ in SiHa.

Delocalization Index
~
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The delocalization shell structure about N in Nkl given in section V has revealed that interference effects between these
Figure 20. The inner shell structure in BlEImost overlaps with components, restricted solely to the valence regions, lower the
that in N showing that the delocalization of core electrons values of the delocalization indices in the valence regions.
remains unchanged by bonding three hydrogens to N. The The inclusion of correlation at the QCISD level of ap-
addition of three electrons from hydrogens increases the valueproximation in the wave function probably lower the values of

of the second maximum of the delocalization index inJNif the delocalization indices in the valence region.
the valence shell in comparison to that in N. On one hand, the inspection of the positions of the last
maxima, corresponding to regions within the valence shells of
2 the heavy atoms in the molecules, gives the following distances

from the nuclei, 3.88 au in LiH, 1.45 au in,B, 1.85 au in
CHy, 2.77 au in SiH, 1.53 au in NH, and 2.65 au in P§
respectively. On the other hand, the bond lengths between the
heavy atoms and the hydrogens are 3.94 au in LiH, 1.82 au in
H,0, 2.06 au in Cl, 2.79 au in SiH, 1.91 au in NH, and
2.67 au in PH, respectively, for the optimized geometries. The
general trend is that the radii of the maxima within the valence
shells around the heavy atoms in the molecules are a bit less
than the bond lengths between the heavy atoms and the hydro-
gens. These deviations are expected because the bond lengths
represent the distances between the two centers of bonded nuclei.
The delocalization shell structure in the heavy atoms consti-
tuting the molecules shows the bonding regions in Figures 16

©n
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Figure 20. The shell structure for N(*) and M() in NHs. 21. The broadening of the valence peaks in the molecules with
respect to those in the isolated atoms can be viewed as the
The delocalization shell structure about P ingR$igiven in signature of the bonding.

Figure 21. The delocalization of the core electrons in each shell  The core shell structure of the electrons in the molecules is
is pronounced within that shell and unchanged by bonding three similar to that in the single atoms indicating that the delocal-
hydrogens to P. In the proximity to the minimum between the ization of the core electrons remains substantially unchanged
core and the valence region, the delocalizaton index ia PH by incorporating the atoms into the molecules. Hence, our
shows a slight deviation from that in P. The addition of three intuition from the beginning of this section is supported.
electrons from hydrogens increases the value of the third An additional aspect deserves our attention. The fundamental

maximum of the delocalization index in Bl the valence shell  idea underlying the concept of sharing of an electiora many
in comparison to that in P. electron system is that an electron, as a generalized wave, is
delocalized over all the atoms in a molecule. The point-point
4 sharing amplitudéd;¢'Chehaves much like the wave function in
s | ] the ordinary interpretation of quantum theory. The sharing am-

plitude is a function of eight (6 spatiat 2 spin) coordinates.

For singlet states, this complexity can be simplified somewhat

25} ] by the fact that the dependence®ft’' Con the spin coordinates

iS 0p = a(0)a*(0") + S(0)f*(0") so that the amplitude is given

by a function of six spatial coordinates. To make the amplitude

15 suitable for the visualization purposes, one coordirfatean

1 ] be fixed. Call this variable the fixed point. By fixing one point and

restricting the system to a singlet, the amplitddlg’ Cremains

a function of three spatial coordinates. On the basis of the spec-

ok : : : * p tral representation of the density mattfxthe amplitude may
be written, in terms of natural orbitatsn(%), as

R (atomic units)

3

Delocalization Index
N

Figure 21. The shell structure for P(*) and R} in PHs. [@;g'ﬁxedgz ngm@)am
m

The second maxima of the delocalization indices }OHCH,
and NH; have the values of less than 2, a value which is whereay = Y m(Nom)Y2@(E"). By writing the natural orbitals
expected for eight electrons in the bonding regions. The third as linear combinations of atomic orbitals, the (one fixed point)
maxima of the delocalization indices in Sjdnd PH have the sharing amplitude may be interpreted in terms of traditional
values of less than 2, even though eight electrons reside in theconcepts such as hybrid orbitals. The (one fixed point) sharing
bonding regions. Recall that the delocalization indices from amplitude has a rich nodal structure which can be used for
spherical volumes of various radii about the heavy atoms O, C, characterizing chemical bonds in various classes of molecules.
Si, N, and P in the molecules,B, CH,, SiHs, NH3, and PH, The positions of the nodal surfaces are an invariant property of
to outside those volumes are calculated, respectively, but athe amplitudes. In some respects the nodal structure is remi-
spherical volume about the nuclei is not a satisfactory ap- niscent of the nodal structure of orbitals. Orbitals sometimes
proximation to an atomic surface in the valence region where mimic that structure. The idea has been elaborated in a greater
bonding between atoms occurs. detail#2-45> The present study provides the needed information

The heavy atoms in the molecules have a lowered symmetry.to locate important fixed points of the sharing amplitudes which
The decomposition of the delocalization index into components can be used in determining the finer details of electron behavior
of definite angular momenta carried out for single atoms in by the sharing amplitudes in the bonding regions of various
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classes of molecules. In such fashion, the delocalization index
s Luken, W. L.Croat. Chem. Actd 984 57, 1283.

will be directly employed to ferret out connections between thi
delocalization and the chemical behavior of molecules.

VIl. Conclusions

The delocalization index is a quantitative measure of the
degree of sharing of an electron between two disjoint volumes

in a many electron systehiThe delocalization index is invariant

under transformations of the orbitals in terms of which the wave
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