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Abstract: The one-center expansion technique is applied to analyze the electronic structure of molecules in terms of
angular momentum eigenfunctiorss f, d, ...) of the participating atoms. That is, by scanning through a continuous

set of spherical neighborhoods of a given atom, the surrounding molecular electronic structure is characterized by
functions of radius from an otherwise unbiased atomic point of view. These functions include (a) radial densities/
populations of angular momentum eigenfunctions, (b) their responses, e.qg., to structural changes, and (c) the extent
to which the one-particle density matrix can locally be described in terms of a preset number of “natural” orbitals
(study of hypervalence). Covalence and delocalization, which by definition are not attributable to a single atom, are
characterized by the degree of electron sharing between angular momentum eigenstates referring to different atomic
neighborhoods. A concept of hybrid orbitals in chemical bonding with no other ingredients than principles of quantum
mechanics and (spherical) atomic neighborhoods is outlined. The proposed approach is applicable to any approximation
of electronic structure that allows the construction of a one-particle density operator in terms of an arbitrary one-
particle basis set. Elementary applications to éthane, |, and benzene and a thorough analysis of the electronic
structure of PEare presented. The main results with respe@4psymmetric PE are the following: (a) a model

of (spectroscopicyp’d hybrid orbitals at phosphorus is inappropriate; (b) a Rundle model with three two-center
two-electron bonds and one three-center four-electron bond does not apply; (c)3gparticipation at P in covalent
bonding with all five fluorine atoms creates different delocalization patterns instead; (d) a description of the valence
region of phosphorus by only four orbitals is unsatisfactory (octet rule violation), and is best improved by an additional
orbital of locald character; (e) the correspondidgopulation is only weakly bound to phosphorus, and should not

be considered as chemically bonding.

I. Introduction postulates (subspace quantum mechanics) that are not universally
accepted. A partitioning based on generalized atomic polar
tensors has been proposed by CioslowskKinally we want to
mention Becke’s electron localization function (ELFRNhich
beautifully condenses qualitative aspects of electronic (de-)-

The electronic wave function of a molecule, as well as its
response to perturbations (including changes in molecular
structure), is the principal source of information about chemical
bonds and about the characteristics of the atomic fragments T . ST
which participate in them. Unfortunately, the latter entities are localization mto a single function in space. )
not observables that could unambiguously be represented by Here we introduce another tool for analyzing molecular
linear operators, let alone be measured experimentally. Nev_electr_onlc wave functions in thms of chara_ctenstlcs of chemical
ertheless, most chemists will agree that the question whetherPonding and of the participating atomic fragments. Our
two atoms A and B are linked by @—p. bond is chemically ~ aPProach adheres to the following principles: .
meaningful. 1. Itis applicable to any type of electronic wave function,

Conventionally such information is retrieved from electronic &nd in particular makes no reference to the type of basis set
wave functions by means of population analys#s.Common used, be it atom-centered functions, plane waves, etc.
to the popular schemes is an empirical partitioning of the 2. There is naa priori partitioning into atomic domains.
electronic one-particle density matrix into atomic and overlap 3. All quantities used for a characterization of electronic
contributions. A non-empirical partitioning of a molecule into ~ Structure are obtained non-empirically as expectation values of
atomic domains has been worked out by Badérbut it linear Hermitian operators.
necessitates certain extensions of the basic quantum mechanical 4. Chemical concepts like valence,—p, bonds, and
delocalization will be accommodated.

® Abstract published ifAdvance ACS Abstractsuly 15, 1996.
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of atomic neighborhoods in molecules. At the end of each The amplituddn|iCof MO |iCat positionr may be expressed in
section we exemplify our approach by some elementary units of bohr32 and the quantity
applications.
Section V provides an extensive analysis of the electronic p(r) = Zm“mim“[.: mD|r0 )
structure of PE  This well-known molecule serves as a non- — = - -7
trivial example of how our approach, Sections-IV, may be
applied to elucidate molecular electronic structure. We show measured in boh®, defines the electronic density at position
that three-center four-electron boA%%' between phosphorus . 0 < n, < 2 is the occupation of MGQiL] The one-particle
and the axial fluorine atoms are misleading as a description of density operator
electronic structure in Rfand in this way we contradict older
textbook wisdom that is upheld in a recent revigw. D= im )
Standard Computational Techniques. All results reported Z !
here have been obtained within the SCF/SVP approximation
unless stated otherW|s_e. Th(_a acronym SCF/SVP gtan_ds forhas been introduced for later convenience. This is textbook
(closed-shell) self-consistent field thedty* (SCF) applied in quantum chemistr§? It is equally permissible to express MO
conjunction with the TURBOMOLE split valence basis8et liClin terms of a one-center expansi®h:
including one shell of polarization functions per atom (SW¥P). '
The basis set label TZV2d1f relates to TURBOMOLE trigle- -
valence basis séfs!8augmented by polarization functions taken li0= ZZ]; dr |A;rimUIA;rim|i0] (5)
from Dunning’s correlation consistent triple-basis setd? m
Correlation effects have been probed, Section lll, by the hybrid
density functional B3LYP? All SCF and B3LYP calculations ~ Here|AjrimUlabels an eigenfunction of radius and of angular
have been performed with the program system TURBOM®LE ~momentum (operator§ andl?) with eigenvalues, I(I + 1),

on workstation computers. andn? (in atomic units). mwill be given a positive or negative
sign, depending on whethéA;rimOis chosen to behave like

Il. Radial Densities and Populations of Atoms in cosine or like sine with respect to a reflection at ¥zeplane.

Molecules The indexA refers to a Cartesian coordinate frame which in

. . . chemically relevant applications will be centered at the position
Consider the molecular orbitals (MOB)Jof an SCF wave ¢ 5y cleus. In this way the eigenfunctiom§rimCrelate to

function or, more _generally, natural or_b|t%ﬂ3)f an arbltr_ary real spherical harmonics, centered at nucléysnd |A:r,2,—
wave function. Without loss of generality we may restrict our 10may also be addressed s dyL]

consideration to closed-shell systems, that is, we disregard spin.
The MOs |iOusually are represented as functions in three-
dimensional space:

(A;rim|iOwill be referred to as an amplitude expressed in
units of bohr'2, and again

() = i0 0 palr L) = 5 AIm|im DA ImI= ArimDIArImO  (6)
1

The vector represents a point in three-dimensional space. The efines an electron densityia(r,I,m) is the number of electrons
continuous set of position eigenfunctiom§fforms a complete per bohr having distance from nucleusA, total angular

and orthogonal basis in one-particle space, and one may a|5°momentun1(l + 1), squared magnetic angular momentu

write the identity and symmetric i positive) or antisymmetricni negative)
properties with respect to reflection at tkeplane?®
i0= [ [ [dr|rE)iD ) We further define
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Figure 1. (a) Electronic radial densities(r,l) taken with respect to a hydrogen nucleus in(BCF/SVP approximation; the bond length is 75
pm), given in units of boht, plotted as functions of radius< 200 pm, and labeled bg; p, d, ... according to total angular momentum quantum
number = 0, 1, 2, .... (b) Electronic radial populatiohsg(r,l) obtained by integratingu(r,l), eq 8. (c) Responseod(r,l)/dRun (in units of bohr?)
of the radial densityu(r,l) to an increase in the HH bond lend®. (d) Radial densitiepn(r,l) evaluated for a hydrogen atom in ethane (SCF/
SVP approximation; the CH bond length is 109 pm).

total angular momenturf{l + 1) within a sphere of radiuR Figure 1c displays @h(r,,0)/0R4n, that is, the response in
around nucleug\. The sum hydrogen radial densitigs(r,l,0) to a change in the internuclear
distance Ryy measured in atomic units). A strong depletion
NA(R) = ZNA(R,I) (9) of s density in the neighborhood of the hydrogen nucleus can
be diagnosed. This response to the stretching of the HH bond

is almost an order of magnitude stronger than any responses in
the other radial densitiep,(d, ...). The dominant orbital
expansion is typical of am orbital taking the greatest share in
the covalent bond. There is an additional twist to Figure 1c.
R N R First-order properties are generally obtained as first derivatives
PAR) = ZZPA(R-I!m) = Zz Jo dr |ArimIAm| (10) of the total energyE with respect to a corresponding perturba-

m m tion. Applied to radial densities this means

is the total electron population within the aforementioned sphere.
Na(R) may also be obtained as the expectation value of the
projection operator

Elementary Applications. We start with H. The calculated
HH distance is 75 pm. At each nucleus a coordinate system is
chosen with the axis pointing at the other nucleus. Figure la
shows radial densitiesy(r,]) = pu(r,1,0) as seen from one of
the hydrogen nuclei. Thp density, i.e.o4(r,1), is at least an
order of magnitude smaller than tisedensity. Only near or
beyond the distance where the second nucleus resides,5 £ e
pm, does one notice a small admixture of higher angular dpa(r,|,my/dE = E** = E* 12)
momentum densities. This is a consequence of the orbital cusp
at the other nucleus, and of the slightly elongated charge cloud!n the case of i A= H and& = Rin. According to eq 12 the

pa(r,l,m) = E* = dE/dA, (11)

provided A|A;rimA;rim| has been added to the Hamiltonian
as a perturbatio®’ Let £ denote some molecular structure
parameter (bond distance, bond angle, ...). Obviously one has

of H,. The radial dependence of the partial populatiNpéR|), curves in Figure 19 thus show the (negative of the) iqternuclear
Figure 1b, shows the integrals of the curves from Figure 1a, force (along coordinatg) that results when the electronic system
and confirms the higk character of the molecular orbital when (27) In the many-electron case a sum over operators for each electron

seen from any one of the two hydrogen atoms. has to be written.
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Figure 2. (a) Electronic radial densitigs(r,I,m) for a carbon atom in ethane (SCF/SVP approximation; the bond lengtti&are 109 pm,Rcc

= 153 pm). The labels, p, d refer to total angular momentuim= 0, 1, 2;0, 7, 0, refer to|m| and mark the symmetry behavior with respect to
the CC bond. (bpg(r,l,m) for a fluorine atom in i (SCF/TZV2d1f approximation; the bond length is 133 pm). (c) Respopge,im)/dRcc of the
carbon radial density in ethane to a CC bond stretch. feljr ¢,m)/dRer in F».

is perturbed by A;rimA;rlm|, for any choice ofr and| and
for m = 0. For example, if we destabilize electrons at a
distancea ~ 55 pm from the first hydrogen nucleus in,Hhen
Figure 1c tells that a rather strong repulsive force will tend to
drive the hydrogen atoms apart.

Figure 1d shows radial densitieg(r,l) of hydrogen in the
calculated equilibrium conformation of ethar&:; = 109 pm,
Rcc = 153 pm). Owing to similar bond polarity, tredensities

carbon is immediately evident from Figures 2a and 2b.
However, the fluoring, density is relatively diffuse as it relates

to the compararively long FF single bond. Figures 2c and 2d
show @a(r,I,m)/dRaa, AA € {C,H, in the ethane and fluorine
molecules, respectively. In the case of ethane, the elongation
of the CC bond is accompanied by a depopulatiop,&nd—to

a lesser degrees density. As was true for § these density
responses correspond to an expansion oRHend2p, orbitals

in Figure 1a,d can be superimposed onto each other withoutwhich participate in the CC bond. Out-of-phase with these

difference forr < 30 pm. At larger radii there is slightly more
s density around H in ethane than in.HThe (radial) position

density changes (that is, at280 pm larger radii) one notices
also a depletion i, density, but the major contribution to this

of the carbon core at 109 pm forms a striking feature, Figure effect is obviously the other GHragment dragging its share

1d, in the higher angular momentum densitigg(r,l), | = 1.
This signals outer limits of a meaningful interpretation of
,OH(r,l).

Figures 2a and 2b depict radial densitiegy,l,m), | < 2, of
carbon in ethaneA = C, and of fluorine in E A = F,
respectively. The axis at each non-hydrogen atom is chosen
to point toward its corresponding bond partner, andxlaes
are parallel. One notices thiscore electrons of at radiir <
40 pm and the valence densities peaking beyond. At large radi

of the o bond behind. The case of fluorine, Figure 2d, shows
characteristic differences. Here it is only thg density, not
thes density, which reveals the characteristic orbital expansion
upon FF bond stretching. This is in agreement with established
knowledge: the FF single bond is composed mainly of the
atomic 2p, orbitals. The changes is density exhibit the
characteristic nodal structure of tBsorbital (minimum at 15
pm), and represent contraction of tAgorbital. This may be
i,interpreted as a response to the nuclear descreening brought

r = 140-160 pm, the cores of the neighboring atoms show up about by the depletion of the, density. The response @f,
in pa(r,d,). Hydrogen bond partners indicate their presence by densities to a CC (FF) bond stretch is weak in ethane {pa$

the broad peak ipc(r,dy), r ~ 110 pm. Here we have used
the notationgl, andd, for d2 andd,y (or d,2—?), respectively,

the corresponding orbitals are not engaged in a covalent bond
between these atoms. As a minor effect there is a slight decrease

and will continue to do so in related cases. The much more in fluorine p,, densities at small radii upon elongation of the FF
concentrated valence shell of fluorine as compared to that of bond. For a rationalization imagine that one destabilizes the
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p- orbitals of fluorine at small radii; the response will be an
expansion of these orbitals (lone pair expansion); this in turn
will increase the repulsive lone pair interaction ig; Rs a
consequenc&* < 0 whereé is the FF bond distance.

Clearly, E** curves like those in Figures 1c and 2c,d give
indirect evidence of chemical bonding, but other effects show
up, too. Adirect probe for covalence will be introduced in
Section IV.

Ill. Characterization of Atomic Valence in Molecules

Atomic Neighborhood Natural Orbitals (ANNO). To
obtain a more detailed picture of the electronic environment in
which atomA is embedded we strive to represent the electronic
one-particle density in a neighborhoodfby as few orbitals®
|AR;6as possible. That is, for arbitrary radiRswe choose
M orthonormal orbital$AR;a0a = 1, 2, ...,M, for which the
projector

M
PA(M,R) = Z |AR6LTA,R; & (13)
&
has the properties
PAM.R) = PA(MRIPA(R) = Py(RIPMR)  (14)
and
traceDP,(M,R)) = maximum (15)

For R— « the natural orbitaf are recovered. For arbitrary
radiusR the orbitalg A R;&are a straightforward generalization
of natural orbitals-in fact they are natural orbitals in a spherical
neighborhood ofA—and they will henceforth be called atomic
neighborhood natural orbitals (ANNO). They are solutions to
the eigenvalue equations

PA(RDPA(RIAR &= |ARAM (AR (16)
The eigenvalues & ny(A,R) < 2 are the occupancies of the
ANNOs |AR;a] Computationally it is more convenient to
consider the equivalent eigenvalue probfém

DY, (RO AR o= |ARam (AR) 17)
which is obtained from eq 16 upon the substitution
IARa=n (AR VDYP,(RIARGD  (18)

With respect to closed-shell SCF wave functions the orbitals
|AR;a0with largest occupations,(A,R) are best-localized in
a neighborhood oA with radiusR. Thus|A R;a0would best
be denoted as an atomic neighborhood localized orbital (ANLO).
It is often inconvenient to use different acronyms for entities

J. Am. Chem. Soc., Vol. 118, No. 3173296

We will characterize ANNOs by how muahpy, dyy, ..., €tc.
population they contribute in a neighborhoodAfthat is, we
evaluate

n (ARI,m) = AR DYP,(RI,mMD"ARal]
= n, (ARARP,(RIMARED (19)

It is important to understand that(A,R|,m) as a continuous
function of R € (0;0) characterizes a continuous set of orbitals
|AR;a0or |AR,al] This continuous set of orbitals is referred
to by the label.. The reader should be aware that we will use
the acronym ANNO when we refer to individual orbitals
|A,Ral] that is,R is fixed, and when we adress a whole class
of orbitals |A,R;alJ R € (0;).

The ANNO approach is rigorously built on first principles
of guantum mechanics, the mathematical definition of a spherical
neighborhood, the definition of angular momentum eigenfunc-
tions, and the one-patrticle density to be scrutinized. What comes
out of it arefunctionsof radius likeny(A,R,I,m) that characterize
the molecular electronic structure from an atomic point of view
or, in other words, that characterize the one-particle density
operator in any spherical neighborhood/of Thesefunctions
may serve as a first-principles basis of a comparison between
“atoms” in molecules.

Pictorial Interpretation of ANNOs. Hypervalence. Vi-
sualize a small spherical neighborhood of radRisaround
nucleusA. Imagine that as you scan through larger and larger
radii R you sample an increasing fraction of the electronic
environment surrounding nucleus At eachradiusR you
ask: How many orbitals are necessary to represent the one-
particle density inside that neighborhood&fwhat is the error
of that approximation, and what are the properties of these
orbitals? Clearly these questions relate to the role of (hyper-)
valence atA.30

The above-posed problem can be adressed by utilizing the
orbitals|A,R;aor |A R, [JANNOs) 3! They are characterized
by their compositionn,(A,RI,m) and occupatiomy(AR) =
3 1ma(ARI,M) inside any spherical neighborhood @f with
radiusR. Abberations from, e.g., the octet rule simply relate
to the difference

M

ANAM,R) = Ni(R) — Z‘”a(A, R) (20)

between the total electronic populationfatind the electronic
population that is representable in termd\brbitals. To test
the octet ruleM would have to be chosen equal to the number
of core and valence atomic orbitals of the isolated atam

For isolated atomé the derivative of the functiom,(A,R)
is closely related but usually not identical to radial distribution
functions of individual spectroscopic orbit&fs33

Labeling of ANNOs. The ANNOs |AR,adoften display
nodal characteristics of atomic orbitals. We use the |alets
1s 2s ..., 3p, 30y, ... correspondingly. For example, if an

that are largely equivalent. Therefore one may use the acronym
ANNO for both|A,R;aCand|A,R,alJunless a distinction is really
necessary.

(28) An orbital is an occupied one-electron state function. Orbitals in a
rigorous sense exist only in one-electron systems or if electronic correlation
is neglected. Spectroscopic orbitals characterize some mniéference
between initial and final many-electron states difference that can
approximately be expressed within a one-patrticle picture. The one-particle
density of asinglemany-electron state can best be approximated by a limited
number of partially occupied orbitali, natural orbital®® are considered.

In the following text we build upon the natural orbital concept as opposed
to the spectroscopic orbital concept.

(29) The equivalence is restricted to non-zero eigenvaésR).

(30) An atom of a main group element may be said to be engaged in
hypervalent interactions, if the octet rule is violated. The octet rule is violated
if a corresponding number of orbitals does not provide a qualitatively
satisfactory description of the molecular electronic structure surrounding
the nucleus. To quantify the importance of hypervalent interactions, it is
necessary to consider their energetic effects, too. First steps in that direction
are taken in a later discussion of bonding insPF

(31) For closed-shell SCF wave functions the amplitudes of ANNOs
|AR,6Cand of ANLOs|A,R;aare proportional to each other inside a sphere
of radiusR centered af. Outside that atomic neighborhood the amplitude
of ANNOs is zero while that of ANLOs is continuous.

(32) For the H atom u,(H,R)/dR corresponds to the quantity depicted
in Figure 21-3 of the following: Pauling, L.; Wilson, E. Bitroduction to
Quantum Mechani¢cdMcGraw-Hill: New York, 1935.
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Table 1. Atomic Neighborhood Natural Orbitals (ANNO$E,R;alof Carbon in Staggered Ethane (SCF/SVP)

o I,mP 10 20 30 40 50 60 70 80 90 100

1s s 0.7355 1.6059 1.9091 1.9824 1.9972 1.9995 1.9998 1.9999 1.9999 1.9999

2s s 0.0000 0.0000 0.0000 0.0115 0.2240 0.3916 0.5880 0.7971 1.0052 1.2013
o 0.0005 0.0104 0.0427 0.0934 0.0004 0.0000 0.0000 0.0002 0.0006 0.0010
3-3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0003 0.0011 0.0025 0.0049
3,0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0004 0.0013 0.0030 0.0061

2p, s 0.0001 0.0049 0.0317 0.0907 0.0003 0.0000 0.0000 0.0001 0.0005 0.0008
o 0.0000 0.0000 0.0000 0.0111 0.1957 0.3109 0.4428 0.5886 0.7452 0.9081
dz2 0.0000 0.0000 0.0000 0.0000 0.0010 0.0029 0.0069 0.0140 0.0252 0.0413
3-3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0004 0.0011 0.0022
3,0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.0006 0.0014

2p, Py 0.0005 0.0104 0.0431 0.1059 0.1992 0.3164 0.4510 0.5992 0.7570 0.9181
dy, 0.0000 0.0000 0.0000 0.0001 0.0004 0.0012 0.0029 0.0060 0.0107 0.0174
Oy 0.0000 0.0000 0.0000 0.0001 0.0007 0.0020 0.0049 0.0099 0.0177 0.0285
3,2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.0007 0.0018 0.0036

3d,, Py 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0003 0.0007
dy, 0.0000 0.0000 0.0000 0.0000 0.0002 0.0006 0.0014 0.0031 0.0060 0.0108
Oy 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.0003 0.0006

3-1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0003 0.0011 0.0026

3d2 s 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0002 0.0006
[ 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0004 0.0010
dz 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.0004 0.0007 0.0012
3,0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001

aEach ANNO is characterized by its partial populationgC,R,I,m), eq 19, forR = 10, 20, ..., 100 pm (numbers are truncated after four
postdecimal digits). Symmetry-redundant orbitals have been omitted. The bond distanRes ar&09 pm andcc = 153 pm.P Carbon atoms
are on thez axis.

ANNO |AR;aChas no radial nodes for a reasonable choice of carbon nucleusR < 20 pm, is well-represented by only one
R, and ifny (AR dxy) =~ nu(AR), then we refer to it apA,R,3d,L] orbital. The second point we wish to mention is an “avoided
This is not a matter of principle, but merely a notation. crossing” between th2s ANNO and the2p, ANNO nearR =
Elementary Applications. Figure 1b shows the populations 41 pm. The second-most populaiedype ANNO, i.e. the one
Nu(RI) = Ny(R|1,0) for the hydrogen atom in +has a function that bears the labéls, is a continuous set of orbitals pf type
of radiusR and angular momentuim In this simple case only  for R < 40 pm, and oftype at larger radii. If one is interested
one MO exists, and thudy(R1,m) = ny(H,R|,m) wherea. labels only in hypervalence at carbon one may dispose of such less
the only existing ANNO. Since,(H,R) ~ ny(H,R,0,0) = relevant information by just comparing the total electronic
ny(H,R,s), we may speak of agtype ANNO of hydrogen. If population, her&c(R), to its hypervalent share, hefdNc(5R),
we were to probe its nodal characteristics, cf. Figure la, we eq 20.
would find that the notatiom = 1swere appropriate. In Section V phosphorus ANNOs in RRand Pk will be
As a second example consider ANNOSs of carbon in ethane, studied.
Table 1. Coordinate frames are fixed to the carbon atoms so
that thez axes point at each other, ardxes are parallel. Then V. Covalence and Delocalization: Electron Sharing*
the ANNO labeledp, is symmetry equivalent to2p, ANNO. It is well-known that the density matri®(r,r') in configu-
Only the former is included in Table 1. Its composition up to  ration space, defined through T
R =100 pm is almost entirely gd, character, with very minor

contaminations frond andf functions. Contributions from even A 3 3, g
higher angular momentum functions are exceedingly small, and D= fffd Efffd I rD(r,r)E| (21)

are not shown in Table 1. The hypervalent ANNO labedg provides a measure of delocalization. For example, in extended

(and its symmetry-equivalent partn8d,,) is rather weakly . . . ,
occupied, and relates to the CH bonds at the other carbon atom.Crystalllne systems with completely filled bandB(r.r')|

i — r'| — 35 1
The well-known result that the electronic structure surrounding decreases exponentially gs— r'| — . In metals|D(r.r')|

. . . . 2 decreases only like an inverse power|in— r'|.3¢ Unfortu-
a carbon atom in ethane is well-represented by five orbitals is N S ; == X
. X . nately,D(r,r') is a six-dimensional field, and inconvenient for
immediately evident from Table 1. —'—

We address two chemically less relevant features in Table 1  (34) In case of an SCF wave function an electron may be said to be

that will endow us with a deeper understanding of the ANNQ shared between two one-particle state functi@fisand |bL]if and only if
in eachorbital representation of the many-electron wave function at least

approach. The ANNO labe_leﬁs r_epresents the_ s_pectroscopic one orbitalliChas non-zero overlap with botaCand|bLl It may be shown
core orbital of carbon, providel is chosen sufficiently large.  that this condition is equivalent to the existence of an orbital representation
For smaller rad"R < 40 pm, thels ANNO is a Superposition for the SCF wave function in which one and only one orhjitahas non-

- : : b zero overlap withjaOand |b[] and that it is also equivalent to the one-
of the spectroscopits orbital with a valences orbital so that electron operatot(jallb| + [blIl) having a non-zero expectation value.

the density within radiu® is maximized. As a consequence The latter expectation value may serve as a straightforward quantification
the one-particle density in the immediate neighborhood of the of electron sharing betwegaland |bCin the case of general (real) wave
functions. The expectation value ¥f(|alb| + |ba]) may also be said to
(33) In many-electron atoms there is a@riori unique way to separate, measure one-electron coherence or delocalization betyaeand |bLl
e.g.,1sand?2sorbitals. Any such distinction refers to a particular type of  Traditionally, the term electron sharing is often appliedaifland |bOare
measurement. Here we subject the atomic electronic structure to the atomic functions that participate in a covalent bond. Delocalization, on the

continuous set of projection operatoPa(R), R € (0;). Each choice oR other hand, relates to electron sharing phenomena among atomic functions
will in general recover slightly different “naturall'sand2sorbitals. Thus, that in part are well separated. Here we use electron sharing (or electronic
while for each choice oR the occupatiomy(AR) refers to a single orbital coherence) as a general term, and covalence and delocalization in a more

|AR;aLthe functiomy(AR), R € (0;), refers to a continuous set of orbitals  restricted sense.
ARG R € (0;0). The same holds in molecules, except that now even the (35) de Cloizeaux, FPhys. Re. A 1964 135 685.
distinction between, e.g- andp-type orbitals will be lost. (36) Monkhorst, H. J.; Kertesz, MPhys. Re. B 1981, 24, 3015.
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direct analysis of molecular electronic structure. Instead we thez axes point at each other, while thexes (and thg axes)
propose to consider molecular delocalization phenomena on theare parallel. p, functions centered & andB respectively then

basis of the one-center expansion technique:

b=§ J3dr, [ drg AT A A0 061 p Tl )
IalsMamg
B;rglgmgl| (22)
where the density matrix

D pp(F ol M T lMe) = AT My i Bir gl (23)
I

makes reference to two possibly different centers (atéxzs)d
B.

was May alternatively be obtained as an expectation value
of the Hermitian operator

OAB(rAIIA'mA;rB!IB!rr]B) = 1/2(|A;rA|AmA[HB;rB| gMgl +
B;rglgMgIAT ol amal) (24)
through

D pg(F ol M Ty sMg) = traceD Opg(r pyl o MyiT,leMe) (25)

The two definitions, egs 23 and 25, appear identical, provided
the MOs (or natural orbitals) are real or can be brought to real
form.3” Comparison to eq 6 reveals

DA Al ao AT sl asMR) = PA(F ol asTR) (26)
In general,wag Will not be a density as it may be negative.
Equations 24 and 25 tell us that, for exampleg(ra,dxz"'s,Px)

have lobes of positive sign pointing at each other—p,
electron sharing would then be qualified as “bondiimgterms
of a Hickel model if wap(ra,pzre,py) has a positive sign (for
reasonable choices af, rg). A more rigorous approach is
possible: if we amplify electron sharing specifically by forcing
a corresponding constraint upon the electronic wave function,
we may find (upon subsequent relaxation of the molecular
structure) a shortening of thB distance (which would indicate
“bonding” electron sharing), or we might find the contrary or
some other response of the molecular structure characteristic
of the type of delocalization phenomenon affected. We plan
to report about the application of such techniques in another
contribution.

Elementary Applications. For the hydrogen molecule
treated in the SCF approximation

WM Al AMai Tl ME) = WM al Mt aile M) (27)
and using eq 26,

wpg(rL,mirL,m) = pa(r,l,m) (28)
Figure la thus depicts the electron sharing function(s)
wap(r,l,m;r,I,m) of the hydrogen atoms in H In the immediate
neighborhood of each hydrogen nucleus, 30 pm, one notices
1stype waves sharing their electrons. Figure 1c shows
dwas(r,l,m;r,l,m/dRag.  Without proof we mention that if
electronic correlation is properly accounted for ip then eqs
27 and 28 will no longer hold. In that caggg = O in the
limit of an infinite nuclear distance (electron sharing is given
up in favor of left-right correlation, i.e., two isolated hydrogen
atoms form) even though in the restricted Hartréeck (SCF)

is the average product of amplitudes for the one-electron Statesapproximation one still hasag(r,,mir,l,m) = pa = 0.

|A;rad0and |B;rg,pxl] In other wordsmag(ra,0xzrs.px) mea-
sures to which extent one-electron states tgeat atomA and
px at atomB are populatedn phase(share electroié) as a
function of two radii,ra andrg, that refer to the nucleh and
B, respectively. A function likewag(ra,dxzre,px) will be
addressed as a{—p,) electron sharing function oA and B
(in the example the axis runs fromA to B).

Electron sharing is anecessaryingredient of covalent
bonding. On the other hand, electron sharing (or one-electron
coherence) as quantified by eq 25 is not exclusively restricted
to covalent bond partners, but is characteristic of electron
delocalization phenomena of all kingfs.

Consistent with that insight, it is not easy to assign attributes
like “bonding” or “antibonding” to features of an electron
sharing function likewag(ra.0xzr's,Px). This is not so much a
problem of our definition as it is a consequence of the potential
complexity of electron delocalization phenomena. If attributes
like “bonding” or “antibonding” apply at all, one expects to be
able to distinguish between these two possibilities using the sign
of was(ra,dkzre,px). This sign depends on the coordinate
systems (and more generally phase conventions) chosen upo
construction of the operat@as. Unless mentioned otherwise,
we choose the coordinate systems at the nuckndB so that

(37) Otherwise only the real part afag will be recovered b)(A)AB; the
imaginary part is the expectation value of the Hermitian operQigr =
(1/2)(|A;r Al amaB;rglgmg| — |B;ralsmeIA;ralamal). Additional complica-
tions arise, if a (magnetic) gauge field is added to the Hamiltonian. In that
case thephaseof off-diagonal density matrix elements liKe(r,r') may
adopt any value, and in this way is revealed to be non-observable. However,
the problem is alleviated by introducing the correct gauge-dependencies
into the non-local operator®ag and Qap, and by using these gauge-
dependent operators to evaluatgs as the expectation value. We will not
track the subject of non-real wave functions further.

n

Equation 28 is a special case of

| ag(l sl Mol B ME) | = pA(rAllA'mA)llzpB(rB!lB'rnB)llz (29)

This inequality is a consequence@having only non-negative
eigenvalues.

Delocalization in fluorine (k) is analyzed in Figure 3a. The
curve labeledp,—p, refers to thep,—p, electron sharing
function wee(r,ps;r,ps) of the two fluorine atoms F and'F
wee(r,por,Po) is largest wherer(r,p,) peaks, cf. Figure 2b, at
and slightly beyond = 40 pm. If the different scales of the
drawings, Figures 2b and 3a, are taken into account, one will
notice thatog(r,ps) =~ wre(r,pesr,Ps), corresponding to “perfect”
pP.—Ps electron sharing between F and Bt least forr < 50
pm. s—p, electron sharing becomes significant only for larger
radiir. If we imagine a pair of electron sharing hybrid orbitals
in F,, then each hybrid orbitalto be consistent with the electron
sharing functions-will display almost purg, character at small
radii, r < 40 pm, whereas at larger radii someharacter will
be mixed in (improving directionality).

s—s electron sharing in Fis (Hickel) antibonding at small
radii, Figure 3a, and may be said to be nonbonding in total. It
is remarkable thatwee(r,sr,s), Figure 3a, shows the same
qualitative behavior as-dpg(r,s)/dRer, Figure 2d. In Section

Il this behavior has been attributed to a contraction of ghe
orbital upon bond-breaking, in part caused by a descreening of
the fluorine nucleus. Figure 3a offers an additional or alternative
explanation: the valenceorbital contracts upon bond-breaking,
because its outer fringes are no longer needed foonding.
Admittedly, every reader should be suspicious when it comes
to “because”; any rigorous analysis of an electronic wave
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() of the order of 1 kJ/mol, which is one order of magnitude less
than the torsion barrier.

orp(rLm;r,l’,m)
Y This example demonstrates the evaluation of energies that

09 relate to changes in electron sharing properties. Similarly we
0.8 1 could require thap,—p, electron sharing at = 40 pm in K
0.7 + be weak at the equilibrium distance, e @r=(r,psr,ps) = 0.2,
0.6 A compare Figure 3a. This would probe #gergetiamportance
05 of electron sharing in £ However, since we have not yet
adapted our program for an application to correlated wave
04 ¢ functions, a meaningful study of covalent bond breaking (at the
0.3 equilibrium bond distance) is not feasible at present.
0.2 For similar reasons it will not be investigated here how much
014 energy is necessary to destroy delocalization in benzene, but
0 we will nevertheless close our elementary applications by
considering electron sharinggr sein this prototypical aromatic
-0.1 1 molecule. As customary we denote pythe p-type functions
024 perpendicular to the molecular plane, and look at phep,
electron sharing functiomag(r a,px:r'e,px) of two carbon atoms
(b) A, B. For our intentions it is sufficient to restrict such analysis
occthmr,l’m) to the maxima of |wag(rapxre,p-)| wWhich occur at radii
09 -+ rmaf{AB) =ra =rg. For an SCF/SVP wave function one finds
08 1 Qag = wap(rmaxA,B),PmImaxAB),px) = 0.58 wherA = B, Q1
PoPs = 0.40, Qi3 = —0.01, andQ;4 = —0.17383° Numbers
0.7 1 obtained within a simple Hukel model would be very similar.
0.6 Obviously there is no electron sharing betwggnfunctions
05 | that belong to carbon atoms metapositions 21 3). Delocal-
04 ] ization of thesr system in benzene is testified by electron sharing
' betweenp,, functions inpara positions Q14). These results
03+ imply that any perturbation applied tgog orbital at one carbon
02 ¢ atom will coherently affect also the, orbital in the para
01l position while ap,; orbital in themetaposition can be influenced
only indirectly; this rationalizes substituent effects in electro-
0 4 r e L . . - «
100 philic substitutions. Population analyses (which utilize “over-
0.1 1 lap” rather than the operat@sg) have difficulties in revealing
021 ds-s para p,—p- electron sharing, since the overlap between 1,4-
Figure 3. Electron sharing between one-electron states|,mdand positions is marginal.
|B;r,I',mCat atomsA andB, expressed by the electron sharing functions Pairs of Electron Sharing Atomic Neighborhood Orbitals.
wag(r,l,mr.I',m), egs 24 and 25. The curve labeleep,, for example, As previously indicated for the example @bonding in ethane

refers towas(r,s;r,ps) plotted as a function of. (a) A andB are two
fluorine atoms in £ (SCF/TZV2d1f). (b)A andB are two carbon atoms
in ethane (SCF/SVP). Dashed curves referrtimteractions.

and F, electron sharing between two one-electron states like

|A;ralamadand |B;rglsmgImay appear more pronounced, if

hybrid states (superpositions of real spherical harmonics) are

function will at best reveafacts (like Figures +3) whereas considered at each atom. In general one may searcMfor

causesare harder to come by (they more or less depend on orthonormal orbitals|A,Ra;h0) and for the same number of

some additional context). orthonormal orbitalgB,Rs;hC] subject to the following condi-
Figure 3a furthermore indicates minmy—p, electron sharing tions:

of Huckel antibonding character. For a rationalization recall

thatzr-type lone pairs of Fmay form bonding and antibonding

linear combinations (in terms of 'ldkel theory), and the

antibonding combination will have larger amplitudes in the - A

vicinity of the nuclei. = %IA,RA;hm.RA;hIPA(RQ (30)
When we apply a similar analysis to the carbon atoms in h=

ethane, Figure 3b, we observe significpntps, S—ps, ands—s . . N . .

electron sharing. The relative weights of these phenomena ZA|B’RB;hD]B’RB;h| = PB(RB)ZA|B!RB;hD]BrRB;h|

almost exactly correspond to twap,® hybrids engaged in a h< n< g o

covalent bond, 40 pnz r < 70 pm. While it is not immediately = %|B,&;hﬂB,&;h|PB(RB) (32)

obvious from Figure 3b we note that complementsi(y-p,) HE

hybrids would show little electron sharing. Unlike in, ,—

p- electron sharing in ethane is weakly (¢kel) bonding. This and

delocalization effect may be attributed to the engagement of

the carborp, orbitals in the CH bonds. The effect is slightly a A _ .

stronger irr1pstaggered ethane than in the eclipsed conformation traceDO,g(M,Ry,Rg)) = maximum (32)

(not shown), but it is not the source of the torsion barrier: if (38) The radirma(A.B) are 98, 103, 45, and 74 pm. respectively.

the degree of,—p electron sharing in staggered ethane is  (39) The carbon atoms are numbered from 1 to 6 according to IUPAC
constrained to that in eclipsed ethane, the energy rises by onlyconventions.

ZA|A,RA;H[[IARA;H| =PA(RY) ZA|A,RA;HDJA,RA;FI|
< h=<
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where (a)
A 1 =~ ~ pp(r,l,m)
Ope(M\RyRe) = 7, ZMOA,RA;hD]B,RB;hl +
H=

|B,Rg;hIAR,;hI) (33)

15 ¢+

|A,Rx;h0and |B,Rs;h0thus represent a pair of hybrid orbitals
that are restricted to the atomic neighborhoods characterized ¢ 1
by the nucleiA, B and by the radiiRa and Rg, respectively.
These hybrid orbitals are required to maximize their mutual
electron sharing properties, eq 32. Suclpar of electron
sharing hybrid orbitals will be called PESHO. PESHOs may

0.5 1
be obtained by solving the eigenvector equations

PA(RY)DPs(Re)DPA(RY)IA Ry A=

IARLAE (ARLBR:)? (34) 0.
0
in conjunction with
o R i b
|B,Rg;hC= Pg(Re)DIARLNE(ARGBRy) ™+ (35) prax(rslym)

By choosingn(A,Ra;B,Re) as a positive number one fixes the 24
relative phases oB,Rg;hJand |A,Ra;h
As a further relation we wish to mention 1.6

Y trace((ARyhIB,Ry; M| + |B,Ry; TA,R,;A)D) = 12 ]
Onn?n(ARAB,Rg) (36)

that is, hybrid orbitals from different PESHOs do not share
electrons.

Nonequivalent Bond PartnersA, B. The simple applica-
tions considered so far have been restricted to electron sharing
phenomena between pairs of equivalent atoms. As a conse- 9
quence we have been content to focus our attentiomw Qn
(r,]a,ma;r,lg,mg), that is, on functions of one continuous variable
r. If the bond partneré\ andB are nonequivalent, it will be
safest to consider two-dimensional “electron sharing maps”
which would showwag(ra,l a,mMa;r's,18,Me) as contour lines. The
data compression from three-dimensional MOs to two-dimen-
sional electron sharing functions is still considerable.

0.8

V. The Electronic Structure of PFs

The electronic structures of hypercoordinate compounds like
Sk and Pk historically have been rationalized by the participa-
tion of 3d orbitals in chemical bondinff An alternative
explanation of hypercoordination involves three-center four-
electron bonds, for example in the lineagFP—Fax subsystem
of PR.11 Recent work~44 denies the existence sf*d hybrids
at phosphorus to the point where “tderbital concept is now
redundant at best, inaccurate and misleading at wétsThe Figure 4. (a) Radial densitiegs(r,l,m) of phosphorus iDa-symmetric

consensus is t_hat_BFs a high_ly ionic compound with some  pg, (SCF/SVP approximation; the bond lengths Rigeq= 154 pm,
covalent contributions including a three-center four-electron Reye,= 157 pm).p, points from phosphorus to an axial fluorine atom.

bond#> (b) Radial densitiepra(r,l,m) for an axial fluorine atom in R (c)
We will rigorously prove in this section that a delocalized Difference densitiepredr.|,m) — pra(r.l,m) between equatorial and
three-center four-electron bond in the lineasFP—Fay sub- axial fluorine atoms in P&

system of PF does not exist. While we emphasize the _ _
importance of ionic bonding, we show thifitelectron sharing has to be acknowledged. An attempt will be made to reconcile
is considered, some violation of the octet rule at phosphorus this view with recent work that denies violation of the octet

ruleA1-43.46
40) Pauling, L.The Nature of the Chemical Bon8rd ed.; Cornell . . . . . .
Un(i\,ezsity pregss: Ithaca, New York, 1960. Atomic Radial Densities in PFs. Figure 4a shows radial
(41) Reed, A. E.; Schleyer, P. v. R.Am. Chem. S0d.99(Q 112, 1434. densities of phosphorus in RFThe labelsy, 7z, ando refer to
(42) Magnusson, EJ. Am. Chem. S0d.99q 112 7940. the linear Rx—P—Fax subsystem. The labekf(Feq is meant

43) Cioslowski, J.; Mixon, S. Tlnorg. Chem.1993 32, 3209. . . .
§44; Cooper, D. L.; Cunningham T? P Gerrat 31. Karadakov. p. B.: tO refer to the axial (equatorial) fluorine atoms. The calculated

Raimondi, M.J. Am. Chem. Sod 994 116, 4414.
(45) Kutzelnigg, W.Angew. Chem., Int. Ed. Engl984 23, 272. (46) Reed, A. E.; Weinhold, RI. Am. Chem. S0d.986 108, 3586.
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(SCF/SVP) bond distances aRpreq = 154 pm andRprax =
157 pm#%” The maxima of phosphorysdensities at ~ 130

"sefa

of someAB bond @A = phosphorusB, C = fluorine). In Pk
these responses are on average one order of magnitude smaller

pm, Figure 4a, are buried deep within the valence shells of the than the direct responsegdlr,|,m)/dRas. In the presence of a

fluorine atoms, Figure 4b, giving testimony of high polarity of
the PF bonds. The phosphomsdensity is slightly larger than
the p,; densities since two fluorine atoms,fJinteract with the
3p, orbital of phosphorus whereas three fluorine atomg) (F
interact with two 3p, orbitals. Outside the core region of
phosphorus, that is, far > 60 pm, the phosphorysdensities
take a position between tledensity and thel, density. The
d, density bears little resemblance with the far more diffdse

three-center four-electron bond between the two axial fluorine
atoms (kx and Ry) and phosphorus, one would intuitively
expect a comparatively strong response in radial densities of
Fax when the PE bond is stretched. On the contrary, this
indirect response is the weakest of all indirect responses, Figures
5d-5g. There is, however, comparatively strong coupling
betweenp, densities at axial (equatorial) fluorine atoms and
the stretching of a Rf (PFy) bond, Figure 5e,f. An under-

densities of excited states of isolated phosphorus atoms (notstanding of these effects will emerge later.

depicted), and a model of bonding build on corresponding
spectroscopisp’d hybrid orbitals would thus be inappropriate,
as is well-knowrt:2

Figure 4b shows radial densitipsa(r,I,m) of an axial fluorine
atom. Thep, density atr = 40—60 pm is somewhat reduced
when compared to thg, densities, a consequence of the,;PF
bond. This reduction in fluoring, density is small when
compared to that in £ Figure 2b, in agreement with the high
degree of bond polarity in RF p, densities in g, Figure 4b,
are slightly reduced when compared to those inFigure 2b.
For a rationalization recall that, states of fluorine in Ftend
to share electrons in an antibonding mode, Section Il (lone
pair repulsion in E). In PF no lone pair repulsion exists
between g and P. In this way fluorine lone pairs are allowed
more space in Rfthan in K. An additional cause of the lone
pair expansion atf&would be accumulation of negative charge.

Figure 4c compares radial densities of;Bnd Ry With
respect to the-type orbitals there is surprisingly little difference,
that is, there are no indications thatR&nd Pkq bonds harbour

Phosphorus Hypervalence in PE. Figures 4a and 5a,b gave
testimony of non-negligible densities of phosphorus at radii
larger than 50 pm. From these data it is not clear whether
functions at phosphorus are merely polarizing the phosphorus
valence shell or are of hypervalent character. For example, the
most conspicuous phosphords density in Figure 4a (recall
that the labelo is meant to refer to the linear &—P—Fax
subsystem) could result from admixture ofiafunction to the
phosphorugsorbital. The occupancies of the atomic neighbor-
hood natural orbitals (ANNOs) of phosphorus insPFable 2,
show that on the contrary, practically all of tkg population
of phosphorus at radii between 50 and 90 pm is hypervalent in
character, and concentrated in the ANNO labeBel. Ac-
cording to the population ratios in Table 2 there is no clear
distinction between the four valence ANNOs and the (hyper-
valent)3dz ANNO. Notable is the relatively highpopulation.

Structural effects ofl function participation, here related to
phosphorus hypervalence in RR&re often probed by deleting
d-type basis functions (from phosphorus), and by subsequent

different bonding mechanisms. However, there are differences reoptimization of the molecular structure. Since this approach

with respect to ther-type lone pairs at & and kg thepy (py)
lone pair at kqis more (less) diffuse than th®, lone pairs at
Fax. As arationalization recall thatfPF.qbond angles of 120
in the yz plane relieve gy lone pair at ky of repulsion from
other fluorine substituents.

Responses of Radial Densities to Structural Changes.
Figure 5 shows responses of atomic radial densities srupén
changes to the bond lengths RBnd Pk, Figures 5a and 5b
demonstrate only minor differences betweegp(dl,m)/dRprax
and ¢be(r,I,m)/dRereq The reduction in phosphoruls densities
is slightly more pronounced if an axial fluorine atom is pulled

uncontrollably introduces basis set superposition errors, we use
it only as a starting point for further consideration. In the SCF/
SVP approximation applied to Bene hasop(r,d2) = 0.8 for

r = 60 pm { direction aligned withCz symmetry axis), the
equilibrium structure constants beiRgrax= 157 pm anRegeq

= 154 pm. These characteristics changed®0pmg2) = 0.3,
Rerax = 159 pm, andRereq= 154 pm, if the phosphorudz
basis function is deleted from the SVP basis set. In an effort
to reduce the influence of basis set superposition errors on
structure parameters while maintaining an electronic structure
which largely forbids a significantlz population near phos-

off phosphorus as compared to a situation where an equatorialphorus, the electronic and molecular structure of PBS

phosphorus atom is pulled offs densities show the inverse
trend. The involvement of phosphordsiensities is striking,
but should not be over-emphasized for the following reasons:
(1) In general, responsespglr,l,m)/dRag, wWhich relate to
“bonds” between heteroatomsB, are likely to be strong when
electrons in the stat@;rimCare only loosely bound té, and
thus are easily carried away By (2) Significantf densities at

subsequently been optimized subject to the consaiBOpme2)

= 0.3, using the original SVP basis set. This ledRgax=

164 pm andRereq= 155 pm?8 Quite obviously the structural
effects of phosphorugdz participation appear to become
significantly stronger as soon as basis set superposition effects
inherent in basis function deletion procedures are largely
eliminated. By the way, the constraip#(r,d2) = 0.3 forr =

phosphorus radii larger than about 90 pm, Figure 4a, indicate 60 pm raises the energy of PBy 101 kJ/mol.

that “out there” it may no longer be helpful to speak of

On a per bond basis, the energetic effects of phosphorus

phosphorus orbitals because the electronic structure in thisd_type basis functions are notuchlarger in P than in PF.42:49

regime is more strongly influenced by the potential troughs of
the fluorine atoms; what is visible from Figures 5a and 5b for
r = 90 pm is the movement of electronic density bound to
fluorine. By the same standards, phosphquyslensities are
easily carried away upon stretching of PF bonds. Figure 5c¢
shows that the only significant response in fluorine radial
densities to a PF bond stretching motion is depletion opjts
density.

Figures 5d@-5g display responses in radial densitigs(d,!,m)/
dRap of atomsC that are not directly involved in the dissociation

(47) Respective experimental values are 153 and 158 pm.

To be explicit, we follow Magnussdhand view phosphorug
function participation in Pfas a characteristic of PF bonds
that is transferable to RF Under this premise one can estimate
a d-related stabilization energy of phosphorus insHby
multiplying the correspondind-related stabilization energy in

(48) We wish to mention that under these constraintgrax(fmaxPo
rmaxPo) = 0.041. Breaking oD3, symmetry has not been considered.

(49) We would like to caution readers about energetic effectstgpe
basis functions as analyzed in ref 44. In ref 44 sets of six Cartebian
functions are used, that is, their deletion from the basis set involves the
removal of anstype basis function. This forbids conclusions that
subsequently obtained energy differencesdedfects.
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Figure 5. Responses of radial densities of atoms i RFchanges in bond lengthi&gax 0r Rereq Each time only one of the RFor PR4 bonds
is stretched. Cartesian reference frames are specified in the insets where necessary. For parts e and f the reference frames given in Figure 4c apply.

PF; by 5/3. Such an extrapolation underestimade®lated No Three-Center Four-Electron Bond in PFs. It has long
stabilization in PE by 58 kJ/mol® or more®! that is, a factor been suspected that the lineagP—Fa subsystem irDz;-
of 2 would be more appropriate than a factor of 5/3. These symmetric PE exhibits characteristics of a three-center four-
energies are in harmony withpopulationsNs(R|1=2) that are  electron bond!1245 Now, an indispensable characteristic of
about a factor of 2 larger in Bfthan in Pl. ANNO analysis  chemical bonding is electron sharing (electronic coherence)
applied to the phosphorus atom ing¥hows a much reduced  peqween its participating atoms. In case of a three-center four-
hypervalent population in this compound as compared t0 the gjectron hond of the general tye-A—B' such electron sharing
situation in Pk, cf. Tables 2 and 3. should also occur between atomic statesBaand B', i.e.,

(50) d-type basis functions have been omitted from phosphorus only, betweemB;rlmDanq |B';r'lmL) as otherwise one could hardly
but otherwise the SCF/SVP description is maintained. As a result of the SPeak of a delocalized system. The absence of such delocal-

deletion of a singlel shell the total energy of RFises by 454 kJ/mol, that ization may rigorously be proven by showing thptgg-
of PR by 238 kJ/mol. - . 1 52
(51) From ref 42 one infers 100 kJ/mol; in that case the basis set at (r’l’m’r ’l'm)| is near-zero for all reasonable values aindr’.

fluorine did not include polarization functions. It turns out that a well-defined maximum @bgg(r,|,m;r',|,m)|
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Table 2. Atomic Neighborhood Natural Orbitals (ANNO$#p R;o.l0of Phosphorus in R SCF/SVP)

o I,mP 10 20 30 40 50 60 70 80 90 100

3s s 0.0000 0.0000 0.0021 0.0154 0.0551 0.1315 0.2445 0.3871 0.5504 0.7265
dz 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0002 0.0003 0.0003
3,3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.0008 0.0026 0.0073
4,0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.0011 0.0038

3p Py 0.0000 0.0000 0.0010 0.0060 0.0212 0.0534 0.1071 0.1836 0.2813 0.3969
Oy 0.0000 0.0000 0.0000 0.0001 0.0007 0.0024 0.0064 0.0147 0.0305 0.0584
3-1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0005 0.0017 0.0048

3p. p: 0.0000 0.0000 0.0011 0.0066 0.0232 0.0586 0.1179 0.2030 0.3133 0.4467
3,0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0005 0.0018 0.0057 0.0156

30y py 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.0006 0.0018 0.0045 0.0100
Oy 0.0000 0.0000 0.0000 0.0003 0.0015 0.0046 0.0111 0.0225 0.0401 0.0647
3-1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0003 0.0009

3d, Oz 0.0000 0.0000 0.0000 0.0003 0.0012 0.0038 0.0093 0.0193 0.0357 0.0609
3,2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.0005 0.0015

3dz2 dz 0.0000 0.0000 0.0001 0.0013 0.0052 0.0158 0.0383 0.0800 0.1497 0.2570
3,3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0003 0.0012 0.0038 0.0100
4,0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0004 0.0015

aEach ANNO is characterized by its partial populatiopd R,I,m), eq 19, forR= 10, 20, ..., 100 pm (numbers are truncated after four postdecimal
digits). Symmetry-redundant orbitalg,( dy,, and d-y2 are symmetry-equivalent tp,, dy,, anddyy, respectively) and core orbitals have been
omitted. The bond distances aéRerax = 157 pm andRereq= 154 pm.? Fo—P—F4 0N thez axis.

Table 3. Atomic Neighborhood Natural Orbitals (ANNO#p R;o.l0of Phosphorus in PRSCF/SVP)

o [,mP 10 20 30 40 50 60 70 80 90 100
3s s 0.0000 0.0001 0.0032 0.0231 0.0819 0.1914 0.3453 0.5261 0.7147 0.8969
[ 0.0000 0.0001 0.0006 0.0030 0.0101 0.0251 0.0494 0.0818 0.1182 0.1525
dz 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0002 0.0004 0.0006 0.0009
3p, py 0.0000 0.0001 0.0008 0.0044 0.0155 0.0390 0.0782 0.1343 0.2061 0.2916
Oy 0.0000 0.0000 0.0000 0.0001 0.0004 0.0014 0.0036 0.0080 0.0164 0.0310
dy, 0.0000 0.0000 0.0000 0.0002 0.0009 0.0028 0.0070 0.0151 0.0293 0.0526
3-2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.0006 0.0020 0.0057
3p, s 0.0000 0.0000 0.0002 0.0008 0.0027 0.0072 0.0156 0.0289 0.0472 0.0695
[ 0.0000 0.0000 0.0010 0.0062 0.0219 0.0547 0.1080 0.1821 0.2750 0.3846
dz2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0003 0.0006 0.0014
3,0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.0006 0.0018 0.0048
3,3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0002 0.0008 0.0024 0.0064
3dy py 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0002 0.0005 0.0014 0.0035
Oy 0.0000 0.0000 0.0000 0.0002 0.0009 0.0026 0.0063 0.0131 0.0238 0.0395
dy, 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0002 0.0004 0.0007 0.0012
32 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.0006 0.0018 0.0046
3d,, py 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0002 0.0006 0.0014 0.0028
dy, 0.0000 0.0000 0.0000 0.0001 0.0003 0.0009 0.0021 0.0044 0.0079 0.0131
3-2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0003 0.0007 0.0015
3-1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.0006 0.0018 0.0045
3d2 s 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0002 0.0005
[ 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0002 0.0007
dz 0.0000 0.0000 0.0000 0.0002 0.0007 0.0022 0.0053 0.0110 0.0205 0.0348
3,0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001 0.0002 0.0006 0.0014
3,3 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002 0.0006 0.0016 0.0040

aEach ANNO is characterized by its partial populatiopé® R,|,m), eq 19, forR = 10, 20, ..., 100 pm (numbers are truncated after four postdecimal
digits). Symmetry-redundant orbitals and core orbitals have been omitted. The bond dis@sce K57 pm.P z axis is symmetry axisszplane

is mirror plane.

is attained at some radiusax = r = r', close to wherepg-
(r,I,m) has its maximum (this holds in our applications, Table
4, whereB and B' are symmetry-equivalent atoms of some
electronegative element). In Table 4 we compasg(rmax,
I,m;rmaxl,m) for a number of prototypical systems. As expected,
electron sharing betwedhandB' shows up in ther system of
KrF, or in thexr system of CQ, Table 4. Similar, albeit less
significant, is electron sharing amopgstates at fluorine atoms
in BF3, giving testimony of weak Y-conjugation in that system

P—Fa subsystem in R Table 4. This result holds for the
simple SCF/SVP method of calculation, but is also true when
the basis set is further expanded, or when the B3LYP density
functional is utilizec®® A similar result, though not quite as
clear-cut, is obtained for SF

In principle it is possible that the sole reason for the absence
of three-center four-electron bonding in 8 an extremely
high polarity of the PF bonds. For example, the somewhat more
covalent compound P&éxhibits minor signs of delocalization

(the degree of electron sharing is relatively small due to high within the linear Cli—P—Cl. subsystem, Table 4. To

polarity of BF & bonds). In the hypothetical molecule jF
constrained to point-group symmetDg,, the same hallmarks

of a three-center four-electron bond can be found in the linear

Fax—N—F3 subsystem as in KgFor CO,. Amazingly, virtually
no delocalization of this kind can be detected for the linegrF

(52) In general some consideration will have to be given to the possibility
of choosingl,m differently for B,B'. In our applications these choices are
so obvious that we do not elaborate on that issue.

contradict a purely ionic explanation let us deldtg/pe basis
functions at phosphorus in BF wraxrax(fmaxPeifmaxPs) then

(53) We are not aware of a physically sound basis that would justify the
evaluation of non-local one-electron properties simply from keSham
orbitals. Nevertheless, the numbers presented in Table 3 for the B3LYP
density functional have been obtained as if the oper@ter were a local
one-electron operator. Such an “uncoupled” approximation usually forms
the basis of any discussion of electronic structure in terms of orbitals within
the framework of density functional theory.
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Table 4. Electron Sharing Functiomgg (I max!,mM;rmax!,m) of Two Nonbo
B—A—B' Subsystem (Exception: BF

J. Am. Chem. Soc., Vol. 118, No. 3173996

nded Atom®,B' in MoleculesABBC, That Contain a Linear

molecule method AB AC? B—A-B' I,mP Mmax @ea (I mas! ,M;Fmaxl,M)
CGo, SCF/SVP 113.7 6C-0 o8 42 —0.238
BF; SCF/SVP 129.8 FB—F ol 36 —0.093
KrF; SCF/SVP 182.5 FKr—F o 36 0.304
NFs SCF/SVP 154.5 131.1 N-F Po 36 0.225
PR SCF/SVP 157.3 154.1 -F o 45 0.012
SCF/Svy e e 39 0.029
SCF/Tzv2d1f 156.0 151.9 30 0.007
B3LYP/SVP 160.0 157.5 30 0.004
B3LYP/TZV2d1f 159.4 155.8 24 0.002
PCk SCF/SVP 214.7 203.4 €P-Cl Ps 72 0.066
SCF/Svy e e 75 0.096
Sk SCF/SVP 154.8 FS-F po 37 0.037
SCF/Svy e e 37 0.074

a Calculated equilibrium bond distance in php; refers to Cartesiap functions at8 andB' oriented perpendicularly to tH&—A—B' subsystem;

po is oriented toward\. ¢ rmaxis the radius at which the electron sharing

functieBs (I mas!,M;rmaxl,M)| attains its maximum< SCF/SVP basis set

with d-type basis functions omitted & ¢ SCF/SVP equilibrium geometry.
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0.6 ]

05 1

sd 2*-hybrid
0.4 4 @ Ty

03 1+
0.2 4
01 +

04

0.1 +

024
Figure 6. Degree of electron sharingerafr,l,m;rcaxp2) between one-
electron statefP;r,|,mCat phosphorus and state|Faxreaxsp;Jat one
of the axial fluorine atoms. The radiug.x is held fixed at 45 pm. The
radiusr is varied between 0 and 100 pm (abszissa). Local Cartesian
coordinate frames are fixed to both atoms withxes pointing head
on.

rises from 0.012 (the SCF/SVP result) to 0.029 (the result
labeled SCF/SVp in Table 4%, that is, the characteristic
delocalization of a three-center four-electron bond involving
the p, orbitals of the axial fluorine ligands is partially re-
established.

Toward a Consistent Interpretation of Bonding in PFs.
It has become evident that bonding insPRay not be regarded
as purely ionic, does not involve (spectroscoipdd hybrids
at phosphorus (even though hypervalent interactions are non
negligible), and cannot be explained by a three-center four-
electron bond model. To obtain a positive description it is
helpful to consider the electron sharing functiog:a(r,l,m;r',p,)
of one-electron state?;rimOcentered at phosphorus apg
states centered atf Figure 6. On the side of fluorine £{f
we restrict our analysis to a fixed radius, heres 45 pm; results
obtained for other reasonable choices'@fre basically identical.
As it turns out, for phosphorus radii 20 pmr < 50 pm one
haswpra(r,SI',ps) ~ wpralr,Psil’,ps). At larger radii, 50 pm
< r < 80 pm, there is an increasing contribution fresgrax
(r.dsr',ps) SO thatwpralr,dsr'\Ps)? + wpFaXr S;F'Ps)? A WPFax
(r,psir',ps)2  The square root of the left-hand side is depicted

of wpralr,peil’,ps) by this dashed line is the primary reason
(on the covalent side) for the absence of a delocalization
fingerprint from three-center four-electron bonding in the linear
Fax—P—Fa( subsystem. Obviously the participation of a
phosphoru8stype orbital is more important for electron sharing
between phosphorus and the axial fluorines than the participation
of a 3d,-type orbital.

The strong involvement of a phosphorBstype orbital in
PF.x bonding (partially by forming a hybrid with 8d, state)
implies two alternative consequences: (1) delocalization be-
tweenp, states of axial fluorine atoms,fon one side ang,
states of equatorial fluorine atomsqfon the other side; and
(2) participation of a phosphor&d,-type orbital in covalent
interactions between P andqF While point 2 holds to some
degree, as may be demonstrated by a comparison of Figures 5a
and 5b, it is also clear from these figures that phosph8dys
participation in covalent interactions between P and iE
somewhat smaller than that between P apd Fhus it is not
surprising that significant delocalization betwegnstates at
Faxand Rqis detected in P wraxred maxPo;maxPs) = —0.130
for rmax= 36 pm (note thap, here corresponds to a Cartesian
p function at fluorine that is pointed toward phosphorus). This
finding not only is in agreement with the ratios between ANNO
populations, Table 2, but it also explains whtgl(r,p,)/dRprax
Figure 5e, and ekadr.p)/dRereq Figure 5f, have larger mag-
nitudes than gear,p)/dRprax, Figure 5d (note again that the
local z direction at each fluorine atom has been chosen so that
p: = po is oriented toward P).

Discussion. We discuss our results on bonding insFR
_the light of recent publications from other workers. The high
bond polarity in PE is a rather well-established fact that has
most recently been re-emphasized by Cioslowski % a\s a
consequence of a formal phosphorus charge of 3.37 Cioslowski
et al. count only 1.63 valence electrons at phosphorus and
conclude that the octet rule at phosphorus is not violated. This
is a dangerous conclusion. For example, if we look at a
neighborhood of phosphorus in £fhat accommodates 1.63
valence electrons (a radius between 80 and 90 pm would be
appropriate), we find little comfort in neglecting the hypervalent
3d2 population as it is of the same magnitude as 8#®
population, Table 25

(55) Even if fewer than eight valence electrons are counted in some

as a dashed line in Figure 6. The rather good approximation neighborhood of an atomic nucleus (formally by calculatingttaee of a

(54) Practically the same result is obtained, if théasis function only

projected one-electron density operator), it may still be impossilen
in an approximate sens¢o accommodate them in four (space) orbiteds

is deleted at phosphorus, but this is not too surprising in view of the situation that arises in BFIn that case aumof seemingly less than 8
phosphorus ANNOSs, Table 2, or in view of phosphorus radial densities, electrons refers to fractional contributions fromore than 8 different
Figure 4a. electrons, and the octet rule is violated.
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Our investigation is in harmony with recent results by Cooper
et al*in that all of the PF bonds in Rfook largely the same,
and this contradicts claims of localized hybrids in the linear

"sefa

hypervalent populations are reduced by some mapping onto
other atoms. A particularly transparent example in this respect
is the generalized atomic polar tensor approach applied by

Fax—P—Fax subsystem as well as the three-center four-electron Cioslowski® In the latter approach it is not so much important

bond model (the latter point is not addressed by Cooper et al.).

Reed and Weinhofd previously have emphasized the
importance of central ators orbital involvement in covalent
bonding in Sk. They also found that “the qualitative influence
of d orbitals ... in stabilizing hypervalent compounds ... cannot
be neglected*® Kutzelnigg has come to similar conclusions
before?> Needless to say we agree.

Reed and Schley®r write: “The role of d functions in

at which location electronic structure resides, but how it is
correlated with movements of atoms.

In contrast, in this work we took Ecal point of view, and
found that the electronic structure surrounding the phosphorus
nucleus in PFis not well describable in terms of four orbitals
(for simplicity we ignore core electrons). A description
involving a fifth occupied orbital of (locallyliz-type appears
equally appropriate, Table 2, even though this means violation

hypervalent molecules is to provide orbital space at the central of the octet rule. Efforts to preserve the octet rule by a partial

atom to accept electronic charge from the ligands.” According
to this view hypervalend populations may be regarded as

suppression of the phosphorws population imply non-
negligible corrections to the energetic stabfttyand to the

parked in a neighborhood of phosphorus without much energy molecular structure of RF Nevertheless, the hypervalem

gained or expended. Qualitatively this is nicely confirmed when
a fluorine atom is pulled off Pf Figures 5a and 5b: First of
all the phosphorugi, density is reduced, subsequently the
phosphorusp, density (if seen in comparison to the static
densities, Figure 4a), and to a lesser degree the phosphorus
density.

If one likes to think of a potential trough farelectrons near
phosphorus in Pfthen Figures 4a and 5a,b tell that it must be
shallower than a corresponding trough for valepedectrons,
etc. Inthe case of the compound P(H we have thoroughly
pursued this line of thouglit. We represented the phosphorus
core electrons by an effective core potentfagnd added the
spherically averaged Coulomb potential and the centrifugal
potential (I + 1)/(2r?). The resulting effective one-electron
potential for valences electrons displays a trough at~ 60
pm, a more shallow trough for valenpelectrons, yet no trough
for d electrons. d electrons would experience only a level

population is rather weakly bound to phosphorus, and its
participation in covalent interactions with the fluorine ligands
should not be qualified as covalent bonding, in particular, as a
potential well for the thelz population appears to be missing.
The relative ease with which the phosphod#spopulation is
depleted indicates that a different view of atoms in moleette®
which partitions molecular electronic structure according to its
correlation with nuclear movementsnay well confirm the octet
rule for phosphorus in RF

VI. Conclusion

In chemistry the analysis of molecular electronic structure
in terms ofs, p, d, ... functions of a participating atom is
generally acknowledged. From quantum mechanics it is known
that most physical properties will not be compatible with the
corresponding angular momentum operators. One property

potential at radii between 50 and 90 pm from phosphorus and which is compatible with angular momentum is radius or any

would neither be strongly bound nor dispelled. First-row atoms
exert a fairly repulsive effective potential ondcelectrons6:58
As there seems to be no potential troughdaglectrons in the
neighborhood of phosphorus (in phosphorus compounds),
seems justified to reject the entire concept of phosphadrus
orbital involvement in chemicabonding cf. Magnussor?

function thereof. In this way the willingness to speak of atomic
angular momentum eigenfunctions implies a restriction to
sphericalatomic neighborhoods (characterized, e.g., by radius

it and origin). By scanning through a complete set of neighbor-

hoods of a given atom, the surrounding molecular electronic
structure may be featured by functions of radius from an
otherwise unbiased atomic point of view. These functions may

While there is a continuous transition between covalent bonding ) e . .
on one hand and weaker electron sharing interactions on theS€rVve as a first-principles basis of a comparison between atoms

other hand, it is necessary to use different qualifiers at some " molecules. Among them are radial densities/populations of

point of such a transition.

There is some disagreement between our notion of hyperva-

lence in Pk and that of other workers who have previously
concluded that the octet rule is not violatBd? It is implicit

to partitioning techniques used in population analyses that locally

(56) Haser, M. Manuscript in preparation.

(57) Kahn, L. R.; Baybutt, P.; Truhlar, D. @. Chem. Phys197§ 65,
3826.

(58) Nevertheless, even compounds of first-row elements may exhibit
(small) hypervalend populations and, moreover, non-negligible stabilization
energies that relate ttype basis functions, cf. ref 42. We do not think

that this is merely an artefact of a mathematical description based on atom-

centered basis functions. We offer the following explanation (see also:
Cruickshank, D. W. 3J. Mol. Struct.1985 130, 177): “Inert” orbitals like

lone pairs, when they extend to some other atom in a molecule, may no

longer decay unperturbed and exponentially into the infinite. They try to

avoid energy penalties brought about by othogonality constraints. This can

electrons with specific angular momenta, their responses to
changes in molecular structure, as well as measures to what
extent the one-particle density matrix can locally be described
in terms of core and valence orbitals, Sections Il and Ill.
Phenomena like covalent bonds and electronic delocalization,
that by definition are not attributable to a single atom, are
characterized on an equal footing by probing the degree of
electron sharing between angular momentum eigenstates con-
tained in atomic neighborhoods of different atoms, Section Ill.
It has been outlined how this line of thought leads to a concept
of hybrid orbitals in chemical bonding with no other ingredients
than principles of quantum mechanics and spherical atomic
neighborhoods.

The proposed approach is not a black box method as it
requires careful interpretation. For example, nothing has been

be achieved by populating those angular momentum eigenfunctions at thebuilt into the approach that would tell beyond which maximum
other atom that do not relate to its occupied orbitals. This process may sjze it is no longer useful to consider atomic neighborhoods.

become important well before such angular momentum eigenfunctions at

the other atom are sufficiently low in energy for a covalent bond to form.
If we disfavor this possibility, for example, by omission dftype basis
functions, or, more directly, by applying constraints @mensities, then

the total energy is bound to rise. Note again that a continuous transition
from this type of behavior toward “genuine” bond formation exists; the
level radial potential ofl electrons in phosphorus probably is intermediate
in this transitior?®

Fortunately this information is signaled by the molecular system
under scrutiny by the emergence of high angular momentum

(59) In addition to the results about Piote thatd-type basis functions
offer the crucial extra stabilization needed to stabilizg &fainst dissocia-
tion, cf.: Magnusson, El. Am. Chem. So&993 115 1051. ANNO analysis
indicates a dominantly hypervaledtpopulation at sulfur.
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populations. The latter demarcate outer limits to atomic thinking involving a 3dz orbital at phosphorus are accounted for. No
in molecules. reference is made to the diffuse spectrosc@uorbital of an

So far all applications have rested on single determinant isolated phosphorus atom; rather the precise meanirgpef
approaches using atom-centered basis functions. This is ainvolvement is as follows. If in the spatial neighborhood of
consequence of implementational limitations. The analytic tools phosphorus electronic structure is represented by as few orbitals
proposed are applicable to any kind of approximation of as possible, one finds besides core and four normal valence
molecular electronic structure for which the one-particle density orbitals yet another significantly populated orbital of lo8dk
operator can be constructed. character. This orbital population is depleted preferentially

Some of the applications presented would benefit from an when a fluorine atom is pulled off RF Probably it is not held
inclusion of electronic correlation in the approximation of their in place by a potential trough at or near phosphorus (up to radii
electronic structures. Most of all, this applies t§ RrF,, and of 100 pm)%6 but its form and existence is caused by donation
probably NE. In these compounds it may be expected that from the ligands and by the reluctance of phosphorus to dispel
one-particle delocalization phenomena that appear strong in theit. This form of electron sharing implies only a moderate
self-consistent field approximation are partly replaced by stabilization. While this wording tends to emphasize some
correlation phenomena. However, our discussion of phosphorusqualitative difference between the (locatz orbital and normal
pentafluoride (PE) will hardly be invalidated. valence orbitals at phosphorus it should be clear that the different

The analysis of the electronic structure ofsPBection V, behavior of valences, valencep, and the hypervalen8dz
illustrates how the proposed methods go together to produce apopulations merely marks signposts of an otherwise continuous
coherent picture of bonding. An astonishing discovery is the transition between covalent bonding on one side and weaker
absence of electron sharing betwegrorbitals at axial fluorine electron sharing interactions on the other.
atoms. As there is no three-atom delocalization in the system FORTRAN Code. A FORTRAN source code for the
Fax—P—Fax 0ne should not speak of a three-center four-electron calculation of matrix element@;rim|vC] where|vlis a linear
bond, and the picture of such a bond together with localized combination (contraction) of Cartesian Gaussfunctions, is avail-
two-center two-electron bonds between equatorial fluorine able via ftp (file transfer protocol) at internet address “ftp.che-
atoms (kg and phosphorus is wrong. This result is largely a mie.uni-karlsruhe.de” with login-ID “anonymous” in the direc-
consequence of strong phosphoBsparticipation in covalent  tory “pub/OCE/FORTRAN".
bonding withp, orbitals from all five fluorine atoms. A further
consequence of thdseffect is electronic delocalization between
axial and equatorial fluorine atoms, also manifest in responsesmanuscript Financial support came from the Deutsche Fors-
of densities at k& (Feg to perturbations [bond stretching] chunas erﬁeinschaft (Ha 2127/1-1)
regarding kq (Fay). Any residual delocalization left between 9sg )
axial fluorine atoms disappears as soon as hypervalence effectgA953109T
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