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The bonding in a large number of hypervalent molecules of P, As, S, Se, Te, Cl, and Br with the ligands F, Cl, O,
CHs, and CH, has been studied using the topological analysis of the electron localization function ELF. This function
partitions the electron density of a molecule into core and valence basins and further classifies valence basins
according to the number of core basins with which they have a contact. The number and geometry of these basins
is generally in accord with the VSEPR model. The population of each basin can be obtained by integration, and
s0, the total population of the valence shell of an atom can be obtained as the sum of the populations of all the
valence basins which share a boundary with its core basin. It was found that the population of the V(A, X) disynaptic
basin corresponding to the bond, where A is the central atom and X the ligand, varies with the electronegativity of
the ligand from approximately 2.0 for a weakly electronegative ligand such as CHs to less than 1.0 for a ligand
such as F. We find that the total population of the valence shell of a hypervalent atom may vary from close to 10
for a period 15 element and close to 12 for a group 16 element to considerably less than 8 for an electronegative
ligand such as F. For example, the phosphorus atom in PF5 has a population of 5.37 electrons in its valence shell,
whereas the arsenic atom in AsMeb has a population of 9.68 electrons in its valence shell. By definition, hypervalent
atoms do not obey the Lewis octet rule. They may or may not obey a modified octet rule that has taken the place
of the Lewis octet rule in many recent discussions and according to which an atom in a molecule always has fewer
than 8 electrons in its valence shell. We show that the bonds in hypervalent molecules are very similar to those
in corresponding nonhypervalent (Lewis octet) molecules. They are all polar bonds ranging from weakly to strongly
polar depending on the electronegativity of the ligands. The term hypervalent therefore has little significance except
to indicate that an atom in a molecule is forming more than four electron pair bonds.

1. Introduction. by Lewis, it was suggested that the bonding in hypervalent
molecules is in some way different from that in “ordinary”
molecules that obey the octet rule. The octet rule as proposed
by Lewis is an empirical rule based simply on the known
formulas of a large number of molecules. There is therefore
no fundamental reason there should not be exceptions such
as Sk and PG, as, indeed, Lewis recognized. Initially, these
exceptions were accepted as such, and the bonding was
described in terms of 8@ hybrid orbitals?® as opposed to

sp' orbitals used to describe the bonding in “octet rule”

Musher originally defined hypervalent molecules as those
formed by the nonmetals of groups-188 in any of their
stable valence states higher than 3, 2, 1, and 0, respectively.
More simply and more comprehensively, a hypervalent
molecule may be defined as a molecule in which there are
more than four pairs of electrons around the central atom in
the conventional Lewis diagram of the molecule. Because
the majority of molecules obey the octet rule as formulated
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molecules. However, ab initio calculations showed that d natural population analysis (NPA) based on 6-31*G ab initio
orbitals play only a very small role in the bonding in calculations to obtain natural bond orders in a large number
hypervalent molecules® Accordingly, other bonding mod-  of hypervalent molecules. They found the total bond order
els have been suggested that are in accord with the octeto be less than 4.0, with the highest value being 3.96 for
rule, such as the 3-cented-electron (3e-4e) bond modé# H3PS, while all other molecules which had more electrone-
or Pauling’s proposal of combinations of resonance structuresgative ligands, such as F and O, gave smaller values; in other
involving four covalent bonds and additional ionic bofds. words, they found fewer than 8 electrons in the valence shell
These descriptions were formulated to be in accord with the of the hypervalent atom. Cioslowski and Mixoaetermined
octet rule and also with the polarity of the bonds. They imply bond orders based on the atomic overlap matrix (AOM) and
that the bonding electrons are not equally shared; that is,also concluded that the total bond order did not exceed 4.0
they do not contribute equally to the valence shells of both for all the hypervalent molecules they studied. For example,
bonded atoms, contrary to the assumption made by Lewis.in SK;, the SF bond order was found to be 0.64, so that the
In formulating the octet rule, he assumed that each bondingtotal bond order is only 3.84, and there are 7.68 electrons in
pair of electrons contributes fully to the valence shell of both the valence shell of the sulfur atom. An approximate
bonded atoms irrespective of the polarity of the bond. The description of the electron distribution in S€orresponding

Lewis structure for a diatomic AB molecule is written to the atomic charges and the total bond order is given by
L an appropriate combination of the following two types of
- AB: resonance structures in each of which the sulfur atom forms

either three or four covalent bonds and either four or three
and both atoms obey the octet rule irrespective of the polarity ionic bonds:
of the bond. However, if, for example, we take account of
the bond polarity by describing the bond in terms of the two F F
resonance structures | |
F;;S?)—f— F@ — F782+ F9
AB and A B e R
F° F
then while the more electronegative atom B has an octet of
electrons, A has fewer than 8 electrons in its valence shell, In a recent paper, Molina and Dobdfstudied a large
the number depending on the weights assigned to the twonumber of hypervalent molecules with fluorine ligands using
structures. The values of the charges on the two atoms may ELF. They found that in every case the valence shell
similarly range from O tat1 depending on the weights of  population of the central atom was less then 8.
the two structures. So, it has become rather generally accepted that the
So, the introduction of the concept of polarity led to a number of electrons in the valence shell of the central atom
fundamentally different way of counting electrons, and this in a hypervalent molecule is less than 8; in other words, the
led, in turn, to a subtle change in the meaning of the octet modified octet rule is obeyed. However, the number of
rule. The original rule due to Lewis, which took no account electrons in the valence shell of a hypervalent atom, when
of bond polarity, states that the atoms in a Lewis structure they are counted in this way, depends on the electronega-
of a molecule (except hydrogen) all have 8 electrons in their tivities of the ligands. When the difference between the
valence shell. When bond polarity was taken into account, electronegativities of the ligands is relatively small, this
the rule was modified to state that the octet rule is obeyed if number closely approaches 8 as found, for example, by Reed
the valence shell of an atom contain® more than8 and Schleyér for HsPS and Cioslowski and Mixdnfor
electrons. This rule is obeyed by all atoms in molecules that CIF,+. So, it appears that with even less electronegative
obey the original Lewis octet rule, but it can only be obeyed ligands this number might exceed 8.
by a hypervalent atom if the ligands are sufficiently elec- In this paper, we again address the following questions:
tronegative. (i) How many electrons does the valence shell of the
With the advent of ab initio calculations, it has become central atom in a hypervalent molecule contain, and is this
possible, at least in principle, to determine the number of always less than 8?
electrons in the valence shell of an atom. So, ab initio studies (i) How should the bonding in a hypervalent molecule
have been carried out with the object of determining if be described, and is it different from that in a similar
hypervalent molecules obey the modified octet rule and have nonhypervalent molecule?
generated much controversial discussion, as summarized, for We base our discussion on the topological analysis of the
example, by Reed and SchleyeThese authors used the electron localization functiofELF proposed by Becke and
Edgecombé®!? This function is particularly suited to
answering these questions because it displays separate basins
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(8) Pimentel, G. CJ. Chem. Physl951, 19, 446-448. 5403.
(9) Cioslowski, J.; Mixon, S. Tlnorg. Chem.1993 32, 3209-3216. (12) Silvi, B.; Savin, A.Nature 1994 371, 683-686.

Inorganic Chemistry, Vol. 41, No. 8, 2002 2165



Downloaded by UNIV NAC AUT DE MEXICO UNAM on September 2, 2009 | http://pubs.acs.org

Publication Date (Web): March 20, 2002 | doi: 10.1021/ic011003v

Noury et al.

corresponding to the core electrons and to the shared andn the von Weizseker functional®
unshared (lone pair) electron density of the valence shell.
So, it gives a description of a molecule that corresponds to
the Lewis structure and to the electron pair domains of the
VSEPR model. Moreover, the electron population of each
of the basins can be determined by integration so that we 5 pointed out by Tal and Bad&f,the von Weizgeker
can obtain the total popqlation of the valencg shell by finding fynctionals is a lower bound to the positive definite local
the sum of the populations of all the basins (both shared yjnetic energy which is locally approached at the Hartree
and unshared) that have a contact with the core of the atom.pck level when a single orbital makes the dominant
Thus, we can get a direct measure of the number of electrons,onribution to the density in the same region of space. The
in the valence shell of the central atom in a hypervalent \,o, weizsaker functional is also the positive definite local
molecule without having to make use of arbitrarily define.d kinetic energy of a system of noninteracting particles of
bond orders, and so, we can obtain an answer to the f'rStdensity,o" for which the Pauli repulsion has been switched
question. Moreover, the populations of the separate basinsyff, Therefore,D, has the significance of the local excess
provide us with im_portant. information about the nature of ¢ kinetic energy due to the Pauli repulsion. In the regions
the bonding and, in particular, enable us to compare the ot snace dominated by an antiparallel spin pair character,
bonding in hypervalent molecules with that in nonhyper\(alent the Pauli repulsion is weak, and therefoE4,F is close to
molecules, and so, we can answer the second question. 1 Near the boundary between two such regions, where same
It is commonly believed that hypervalent molecules are spin electrons necessarily come close together, they exert a
only stable if they have very electronegative ligands such significant Pauli repulsion which decreases the value of the
as F, Cl, and O, as has been the case in all the hypervalenkELF function to low values. The kinetic interpretation of
molecules studied in previous work. But not all hypervalent ELF enables its definition to be generalized to exact wave
molecules have such electronegative ligands as shown, forfunctions, and it emphasizes the role of the kinetic energy
example, by the known molecules RKE)s, AsMe;, and density in the bonding proceds.
TeMe;.'® So, we have also included this type of molecule in 1.2, Basins of theELF Gradient Field. The topological
our study in addition to many of the molecules with more analysis of theELF gradient field relies on the formal
electronegative ligands that have been studied previously.analogy of this field with a velocity field; i.e.y #(r) =
1.1. ELF Function. The ELF function was designed by dr/dt. For each point of the molecular space, the time
Becke and Edgecombe to provide an orbital independentintegration determines a unique trajectory which starts and
description of the electron localizatiéhThe expression for  ends in the neighborhood of points for whishz;(r) = 0,
ELFis the o- and w-limits, respectively. Such points are called
critical points. They are characterized by their indit@s)
n(r) = 1 @ (the number of positive eigenvalues of the second derivative
D,\? matrix). A point of index 0 is a local maximum attractor,
1+ (D_;) and the set of trajectories ending to this point defines the
basin of the attractor. The basins are separated by surfaces

in which D, andD? represent the curvature of the electron (S€paratrix) which do not belong to any basins.

pair density for electrons of identicalspins (the Fermi hole) There are two types of basins. The core basins centered
for, respectively, the actual system and a homogeneousOn nuclei (withZ > 2) and on the valence basins in the
electron gas with the same density. The analytical form of fémaining space. The structure provided by the core basins
ELF confines its values between 0 and 1. The original closely matches the inner atomic shell structure. A valence

derivation of theELF function considers the laplacian of the Pasin is characterized by its synaptic order which is the
Hartree-Fock conditional probability of finding a-spin ~ number of cores to which it is connectégrovided these

11Vp° )P

DU = T:[p] - Z pg(l)

@)

electron at positiom, when a first electron is located Bt core basins are surrounded by the same localization domain.
A localization domain is a volume limited by one or more
N Vo'(1)2 closed isosurfacegy(r) = f. If a localization domain
5 , 11V Q) o . :
D, = (VP2 (1,2 = Vo, ——— (2) surrounds more than one attractor, it is reducible; otherwise,
= 4 (1) it is irreducible. Upon the increase of the value i)

defining the bounding isosurface, a reducible domain splits
As discussed earliéf,this expression is formally identical  into several domains, each containing fewer attractors than
to the difference between the positive definite local kinetic the parent domain. The reduction of localization occurs at
energy of a system of noninteracting fermiong[p] ap- turning points which are critical points of index 1 located
pearing in the KohaSham equatioft and that appearing  on the separatrix of two basins involved in the parent domain.
Ordering these turning points (localization nodes) by increas-

(13) Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, Mdvanced
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ing n(r) enables tree diagrams reflecting the hierarchy of  An atomic valence she¥l, is just the union of the valence
the basins to be built. A monosynaptic basi{Xx), corre- basins which have a boundary with the core basin of atom
sponds to a lone pair or a group of lone pairs of the atom A:
labeled by X, a disynaptic basi(X, Y) to a two center
bond between X and Y, a trisynaptic basi(X, Y, Z) to a
three-center bond, and so on. This technique of analysis of
the bonding has been extensively usgt. 30

1.3. Basin Populations and Related PropertieQuan-
titatively, basin properties are calculated by integrating the
relevant density of property, say(r), over the basin volume
denoted byQ;, i.e.,

V, = V,(A) UVyA) U..V(A B)UV(A, C)U... (8)

Atomic shells defined in this way mutually interpenetrate
through the polysynaptic basingA, B, ...). Sometimes what

is expected to be a monosynaptic (unshared) be@) of

a ligand is merged with the expected disynaptic (shared)
basinV(A,B) to give a resultant formally disynaptic basin
V(A,B). In such situations, the valence shell of atom A
encompasses the core of ligand C(B). To compare this latter
type of bonding with standard cases, it is convenient to define
an effective valence shell population as the difference of the
valence shell population of atom A and the number of
electrons in the valence shell of the free ligand atom, in other
words, the core net charge of B.

Nert(A) = Ny(A) — ; Z, — N(C(B)) 9)

AL, = [, palr)dr @)

whereA stands for the 1 electron operator associated with
the property. In the case of bielectronic properties, the
integration is either performed twice on the same basin
volume or over two different basins:

(Gl 0 = fgi dr fgj pe(r.r)dr’ (5)

The Simp'est integrated property is the basin popu|ati0n The definition of this quantity is purely intuitive because eq
N(Q), which can be written as the sum of its spin 9 relies on an arbitrary choice. Therefolys should be
contributions in the case of open shell systems: understood as only indicative.

1.4. Computational Method. The ab initio calculations
have been performed at the hybrid Hartré®ck density
functional level B3LYP* 37 with Gaussian94 softwaféThe

Combining the AIM ancELF analysis 23t is possible to geometries have been optimized with the 6-8G(2df)% 42

define atomic sub basins as the intersection of a localizationP2Sis set. Though extensive calculations have been carried
basin with an atomic basin. The contribution of atom A to °Ut at the HF, MP/2 levels or with different DFT schemes

theQ; basin populatiof? s the integral of the electron density and implying an eclectic choice of basis functidhminly
over the sub basi®NQx: the B3LYP/6-31#G(2df) results are reported here, as they

never significantly differ from the “best” calculation of each

N(Q) = [, p(ndr = N"(Q) + N(Q) (6)

NQ)IA = [, o, PO

The notationN(Q))|A has been proposed by Jangén.
The analysis of theELF function fulfills an essential

requirement as it distinguishes core and valence basins an

unshared and shared basins of the valence shell.
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@) system. The analysis of tHeLF function has been carried

out with the ToPMoD program developed in our group at

the Laboratoire de Chimie Theque de I'UniversitePierre

et Marie Curie***®>and the visualization of thELF isosur-

c]‘aces has been done with the SciAn softwire.
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Table 1. Properties of the AX Bonds in Reference Molecules:
Disynaptic Basin Populatiok(A, X), Ligand Monosynaptic Basin
PopulationV(X), Monosynaptic Basin Populatiovi(A), Valence Shell
PopulationNy(A), Effective Valence PopulatioNes(A)

V(A, X) V(X) V(A) Ny(A) Neit(A)
NFs 0.84 6.83 256 5.08
NCls 1.23 650  2.56 6.26
HNO 1.99 516 255 6.62
PFs 0.84 6.97 212 464
PCk 1.28 659  2.13 5.96
PMe; 1.90 2.16 7.86
HPO 2.02 5.46  2.28 6.35
PHMe (H) 1.97 2.11 7.88
(Me) 1.83
AsFs 7.81 235 2577 5.16
AsCls 0.99 6.90 235 5.32
AsMe; 1.85 2.48 8.03
AsH,Me (H) 2.01 2.35 8.13
(Me) 1.76
HAsO 7.47 254 121 6.21
Sk 0.60 7.03 224 5.68
SCh 0.97 6.62 232 6.58
Sek 0.15 751 234 4.97
SeCh 0.90 6.75  2.39 6.58
CIF 0.49 620  6.39 6.88
BIF 0.15 654  6.63 6.78
BrCl 0.84 6.64  6.68 7.52

2. Results and Discussion

To provide a basis for comparison with the hypervalent
molecules, a group of similar nonhypervalent molecules were

studied first. Nonhypervalent molecules are those that obey

the Lewis octet rule; so, we will for convenience call them
Lewis octet molecules. Not all the molecules of the two

groups have been observed experimentally; nevertheless

their structures correspond to minima of the Bef@ppen-
heimer energy surface.

The core basin populations of the second and third period
elements are very slightly larger than the number of core
electrons {0.1 electrons), and they increase from N to F
and from P to CI. The core populations of the fourth period

elements are slightly less than 28: 27.75, 27.76, and 27.82
for As, Se, and Br, respectively. This can be interpreted as
a consequence of the radial extension of the 3d subshell into
the valence shell. This trend has been previouly evidenced

for free atoms by Kohout and Savih?8
2.1. Group 15 Molecules. 2.1.1. Lewis Octet Molecules.
The results of th€ELF analysis of the electron density for

the molecules studied are given in Table 1. Figure 1 shows

the localization basins for the BFPCE, and PMe molecules.
For each atom in the molecule, there is a core basin C(A)
containing close to 2 electrons for the period 2 atoms and

10 electrons for the period 3 atoms. Around the phosphorus

atom in each of the PxXmolecules, there are three disynaptic
basinsV(P, X) corresponding to the three bonds and a

monosynaptic basin corresponding to the phosphorus lone

pair. The population of th&(P, X) basins decreases with
increasing electronegativity of the ligand from 1.90 in RMe
which is close to the ideal Lewis value of 2.00, to 1.83 in

(46) Pepke, E.; Murray, J.; Lyons, J.; Hwu, T.-&cian Supercomputer

Computations Research Institute, Florida State University: Tallahassee,

FL, 1993.
(47) Kohout, M.; Savin, Alnt. J. Quantum Chenl996 60, 875-882.
(48) Kohout, M.; Savin, AJ. Comput. Chenl997, 18, 1431-1439.
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V(F)

V(P)

V(P,CH,)

V(Cl)

Figure 1. Localization domains of PHa), PC} (b), and PMe (c). Core
domains are represented in magenta, valence monosynaptics in brick red,
valence disynaptics in green.

PHMe, to 1.28 in PG, and to 0.84 in P& This decreasing
bond population reflects the increasing polarity of the PX
bond as more density is transferred to the ligand with
increasing ligand electronegativity. For the monatomic
ligands, we see that the monosynaptic population increases
correspondingly from 6.54(Cl) to 6.96 (F). We see only one
monosynaptic basin with the form of a torus containing
between 6 and 7 electrons for the Cl and F ligands and not
three separate lone pair basins as expected from extrapolating
the Lewis structure. In fact, as tleLF function is totally
symmetrical, the shape of the localization basins is mostly
driven by the symmetry of the local electrenucleus
electrostatic potential which is determined by the number
of nearest neighbors. In the case of a terminal bond, this
potential has a cylindrical symmetry, and therefore, off axis
attractors are degenerated on a circle yielding a toroidal basin.
The population of the monosynaptic basitiP) remains
almost the same in all the molecules?.13), a value only
slightly greater than the Lewis expectation of 2.0. The
phosphorus valence shell population is the sum of the
populations of all the basins that share a common boundary
with the phosphorus core, namely, the three disynaptic basins
and the monosynaptic basin. This population decreases from
7.86 electrons for PMgeto 5.96 electrons for Pglko 5.08
electrons for Pfgas the ligand electronegativity increases.
It is close to 8 for PMgin which the bonds are expected to
be nearly purely covalent given the similar electronegativities
of C(2.5) and P(2.1) and as shown by the population of the
V(P, C) basin of 1.90 electrons. All these molecules obey
the modified octet rule, which is to be expected because they
also obey the Lewis octet rule.

We see similar trends in the molecules As&hd AsMe.
Although there is a disynaptic basin and a monosynaptic
basin around each chlorine atom in Ag@hd around each
fluorine atom in PE; this is not the case for AgRwhere
there are only disynaptic basins around each fluorine. The
expected monosynaptic (unshared) basins have merged with
the disynaptic (shared) basin to produce a disynaptic basin
that is primarily located on the fluorine atom. Thus, in this
case, the unshared electron density cannot be distinguished
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Y(P) Table 2. Properties of the AX Bonds in Group 15 Hypervalent
Molecules: Disynaptic Basin Populatidf(A, X), Ligand Monosynaptic
Basin Populatio’V/(X), Valence Shell Populatiohl,(A), Effective
Valence PopulatiofNes(A)

V(A X) V(X) Ny(A) Nefi(A)

NFs Fag® 0.79 7.20 4.61
Feq 1.01 6.75
PR Fap 1.03 6.82 5.33
Feq 1.09 6.78
PCk Clap 1.33 6.56 7.13
Cleg 1.49 6.43
PMes Megp 1.86 9.42
() Meeq 1.90
PR:O F 1.06 6.80 5.13
o 1.95 5.88
Vi PCkLO cl 151 6.43 6.33
o} 1.80 5.93
PFQ F 1.03 6.83 451
¢} 1.74 6.13
PCIO, cl 1.62 6.36 5.22
V(P,0) o) 1.80 6.04
Figure 2. Localization domains of RRa), PRO (b), PFQ (c), and PMe PH;CH; H 2.01 8.52
(d). Core domains are represented in magenta, valence monosynaptics in C 2.49 1.20
brick red, valence disynaptics in green. PRCH: E zllgi 6.82 7.07
. . . PMeCH.  Me 1.94 8.41
from the shared density. This type_of topology B F is _ e CH, 259 121
observed for large central atoms with very electronegative AsFs Fap 7.88 39.45 5.03
ligands. It clearly corresponds to a very ionic bond. The sum Eelq I-i’g 676 610
of the populations of the three disyna}ptic basins gives t.he ° CI:Z 1.6 6.72 '
total number of valence shell electrons in the molecule, which  AsMes Meap 1.90 9.68
is ideally 26 but is found to be 25.77 electrons. In this case, ASEO 'ﬁeeq %-98% aL61 .
we cannot determine the arsenic valence shell population, o 798 ' '
but we can obtain an approximate value, which we N&fﬂ AsCl0 Cl 1.27 6.71 11.71 5.82
i ; 0 7.89
by subtracting the number (_)f electrons in the valence shell ASFO, F 784 23.76 510
of each of the free neutral ligand atoms, namely €(X) o 7.96
=9 - 213=6.87 for X=F. AsCIO, (o] 0.83 7.10 16.73 4.95
o 7.95

The unshared “lone pair” basins on arsenic in A#SCh,
and AsHCHjs each have a population of 2.35 electrons, and, 2 The abbreviations ap and eq refer to apical and equatorial positions of
in AsMes, a population of 2.48 electrons. These values are e substituent
larger than those for the corresponding period 3 moleculesanalysis for the A%, AX30, AXO,, and AX=CH, mol-
(2.13 electrons) and significantly larger than the ideal Lewis ecules studied.
value of 2.00. Bond lengths increase with increasing size of  The population of the disynapt\(P, X) basins increases
the central atom, and the extent of sharing of the electron with decreasing electronegativity of the ligand from 1.01 (ax)
density decreases so that the population of the shared basimnd 1.03 (eq) in PFthrough 1.33 (ax) and 1.49 (eq) for
decreases and those of the unshared basins of both the ligand3Ck to 1.86 (ax) to 1.89 (eq) for PMeThese increasing
and the central atom increase accordingly. In the limit of a values reflect the decreasing polarity of the bond, and they
very long covalent bond, the population of the shared basin approach the ideal Lewis value of 2.00 for a pure covalent
would approach zero, and the population of each monosyn-bond as observed previously for the same bonds in the Lewis
aptic basin would increase by 1 electron. octet molecules. The similar values for the population of the

The valence shell population of the central atbh{A) disynaptic basirvV(A, X) for the same bond in the Lewis
increases with decreasing electronegativity of the ligand from octet molecules and the hypervalent molecules shows that
5.32 in AsC} to 8.03 in AsMg and 8.13 in AshMe, the bonds in both types of molecules are very similar, ranging
suggesting that the bonds in these two latter molecules arefrom very polar bonds in the fluorides to nearly pure covalent
essentially purely covalent, consistent with the approximately bonds in PMe and AsMe. There is nothing unusual about
equal electronegativities of C(2.5), As(2.2), and H(2.1).  the bonds in hypervalent molecules.

2.1.2. Hypervalent MoleculesAll the group 15 hyper- The population of the valence shell of the phosphorus atom
valent molecules are formally pentavalent and have five pairs N,(A) varies from 4.51 in PF@to 9.44 in PMeg, that is,
of electrons in the valence shell of the central atom in the from values less than 8 to values greater than 8, depending
Lewis structure. Figure 2 shows the localization basins of on the electronegativity of the ligand. The effect of elec-
four representative molecules: £PRO, PFQ, and PMe. tronegativity of the ligand is seen clearly in the series, PF
We see a disynaptic basin for each of the bonds in all four PCk, and PMg, for which the phosphorus valence shell is
molecules and a monosynaptic basin on each F or O ligand.5.37, 7.15, and 9.44 electrons, respectively. The molecules

Table 2 gives the information obtained from thE&F PMe;, PH;CH,, and PMgCH,, of which the last is a known
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polarity of these bonds. However, because the disynaptic
basin populations are roughly twice the value of the
correspondingV(P, F) basin assigned to a single bond in
these molecules, the bond can reasonably be considered
to be polar double bonds. They can be described by
appropriate weight of two resonance structures, a covalent
structure and an ionic structure:

Vip,C)

Figure 3. Localization domains of EPCH,. Core domains are represented P=0 |:7?+o2 -
in magenta, valence monosynaptics in brick red, valence disynaptics in

reen. .
g The common representatiod PO~ corresponds to an equal

molecule, all have a phosphorus valence shell population mixing of the two former structures which does not allow
which exceeds 8 as a consequence of the weak electronefor the fact that the charges may be less than or greater than
gativity of the H, Me, and=CH, ligands. These molecules *1.
are therefore exceptions to the modified octet rule. The population of the valence shell of phosphorus in these
The bonding in the PMemolecule is rather well repre-  molecules ranges from 4.51 electrons in ,PGo 9.42
sented by the structure where the bonds represent equallyelectrons in PMg and the three molecules PM&H;CHo,
shared electron pairs, that is, essentially pure covalent bondsand PMgCH, all have more than 8 electrons in the valence
with 10 electrons or 5 pairs in the valence shell of the shell of phosphorus. These molecules therefore do not obey
phosphorus atom. The more ionic molecules Piay be the modified octet rule.

represented by an approximately equal mixture of the  of the molecules of arsenic in Table 2, there are only two
following two types of resonance structures with either two tpat haveV(As, X) disynaptic basins that are separate from

or three covalent bonds: the ligand monosynaptic basins. These are Asfich has
an arsenic valence shell electron population of 6.10, and
F© F© AsMes, which has an arsenic valence shell electron popula-
ot F 34..F tion of 9.68, which exceeds the value of 8. In the other
F-P +"F A Fo P ~F molecules, the disynaptic basin is merged with the mono-
synaptic basin so that the number of electrons in the arsenic
F® F© valence shell cannot be determined. The calculatl

. o values range from 4.95 to 5.82 which are consistent with
This description implies an average of 2.5 covalent bonds large electronegativities of the ligands.

consistent with a population of 1 electron or half a pair for
each bond, as observed.

The population of the/(P, C) basin in BPCH, of 4.01
electrons is larger than that for a correspondirgPbond
(e.g., 1.90 in PMg and is equal to the ideal Lewis value
for a double bond consistent with the customary formulation
of the model with a B=C double bond. The population of
theV(P, C) basin in PkCH; is, however, only 2.46 electrons.
The geometry around the C atom in §&H, is nonplanar
(the angle of the PC direction with the Gidlane is 145),
and there is a monosynaptic basin on the carbon atom which
has a population of 1.2 electrons (Figure 3). The population
of the V(P, C) basin and the presence of the monosynaptic 2.2.2. Hypervalent Molecules.The data from theELF
basin on phosphorus is consistent with a description of the @nalysis of these molecules are given in Table 3. The

2.2. Group 16 Molecules. 2.2.1. Lewis Octet Molecules.
In the AX; molecules, there are two monosynaptic basins
and two disynaptic basins as expected from the Lewis
structure. The monosynapt¢A) basins have rather similar
populations ranging from 2.24 in $t 2.39 in SeGJ, which
are larger than the Lewis population of 2.0 electrons (Table
1). The shared/(A, X) populations are small, ranging from
0.15 in Sekto 0.97 in SCJ, consistent with the expected
polarities of these bonds, while the populations of the ligand
monosynaptic basin is correspondingly large, up to 7.51
electrons in the very polar Sgkolecule.

molecule by means of the two resonance structures. localization domains of S~ TeMe;, SCh, and SQF; are
shown in Figure 4. In each case, the number and geometry
H,P=CH, |-|3p+—c|-|2* of the disynaptic and monosynaptic basins in the valence
shell of the central atom is the same as the number and
In contrast, the moleculesP=CH, is planar with a P-C geometry of the domains of VSEPR model, except for very

basin population of 4.0 electrons, and there is no monosyn-polar bonds where the disynaptic basin is merged with the
aptic basin on carbon. It appears that the electronegativemonosynaptic basin, as, for example, in $dR the AXs

fluorine atoms hold two pairs of electrons in the-@ molecules, the populations of t¢A, X) disynaptic basins
bonding region and thus prevent them from delocalizing into increase from 0.36 in Sgfo 1.15 in SeGlto 1.83 in SeMg
the nonbonding region of the carbon atom. and from 1.03 in SEto 1.21 in SCJ, with decreasing

The P-0O disynaptic basins have populations ranging from electronegativity of the ligand. The disynaptic basins in the
1.74 in PFQto 1.95 in PEO which are much smaller than  sulfur molecules have larger populations than those in the
the Lewis population of 4.00, reflecting the considerable corresponding selenium molecules, consistent with the
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Table 3. Properties of the AX Bonds in Group 16 Hypervalent Table 4. Properties of the AX Bonds in Group 17 Hypervalent
Molecules: Disynaptic Basin Populatiaf(A, X), Ligand Monosynaptic Molecules: Disynaptic Basin Populatidf(A, X), Ligand Monosynaptic
Basin Population/(X), Monosynaptic Basin Populatiovi(A), Valence Basin Populatio’/(X), Monosynaptic Basin Populatiovi(A), Valence
Shell PopulatiorN,(A), Effective Valence PopulatioNgs(A) Shell PopulatioriN,(A), Effective Valence PopulatioNgs(A)
VA, X) V(X))  V(A)  Ny(A)  Ner(A) V(A X) V(X) V(A) Ny(A) Nert(A)
Sks 1.03 6.80 6.18 CIF3 Feq 0.52 7.30 5.12 5.98
Sek 0.36 7.54 2.18 Fap 0.17 6.98
SCk 1.21 6.68 7.26 Bri; Feq 0.38 7.18 5.12 20.62 6.86
SeCk 1.15 6.80 6.9 Fap 7.56
SeMeg 1.83 10.98 CIFs Fap 0.91 6.93 2.54 5.38
TeMes 1.85 11.10 Feq 0.49 7.24
Sk Feq 0.87 6.92 2.30 19.56 5.80 BrFs Fap 0.79 7.08 2.55 34.50 6.90
Fap 7.76 Feq 7.79
Sek Feq 7.07 2.47 33.58 6.06 L . .
- 7.82 a2 The abbreviations ap and eq refer to apical and equatorial AX bonds.
SCly Clegq 1.36 6.54 3.22 20.42 6.56
Clap 7.24 .
SeClh Cleg 120 672 249 2038 650 (b) vich
Clap 7.79
SFO F 7.76 2.39 19.80 6.02
SekRO F 7.73 2.62 25.75 6.13
SCLO Cl 1.01 6.86 2.40 6.09
SeChO Cl 0.85 7.00 2.64 11.93 6.04
SK0; F 0.88 6.94 5.64
SeR0O; F 7.86 31.70 6.14
SCLO> Cl 1.48 6.67 6.60
SeChO; Cl 1.24 6.81 18.18 6.38
SO O 1.89 5.77 2.39 19.80 6.02 (Br)
SekRO 0 7.67 2.62 25.75 6.13 Figure 5. Localization domains of Bri-and ClIFs. Core domains are
SCRO o 167 5.85 2.40 6.09 represented in magenta, valence monosynaptics in brick red, valence
SeCO O 7.59 264 1193  6.04 disynaptics in green.
SO, 1.82 5.58 2.90 6.54
gﬁz%z o I s P HE 6B approach the ideal Lewis value of 12, suggesting that the
SeRO, O 7.07 31.70 6.14 Te—C and Se-C bonds in these molecules are close to pure
SCO, O 182 6.0 6.60 covalent single bonds, consistent with the similar electrone-
SeChO, O 7.85 18.18 6.38

gativities of carbon and the central atom (C, 2.5; Se, 2.5;
@The abbreviations ap and eq refer to apical and equatorial AX bonds. Te, 2.0).
The expected lone pair basin is observed in theA®nd

%) (b) AX,0E molecules and has a population in the range-2.30
2.39 for the sulfur molecules and from 2.47 to 2.69 for the
. Se molecules, except for the unexpectedly high value of 3.22
electrons for the S atom in SCI
In the AX4E molecules, the monosynaptic basin on the
. ligand is merged with the disynaptM(A, X) basin so the
VS, F) V(Te, C) true valence shell population of A cannot be determined.

The NS values range from 5.80 to 6.56, consistent with the
large electronegativities of the F and CI ligands.
(€) v(s) (d) 2.3. Group 17 Hypervalent MoleculesThe only known
hypervalent molecules of the group 17 elements are inter-
halogen molecules with a more electronegative halogen as
the ligand. We have studied the GIBrFs, CIFs, and Brk
molecules. The data from th&LF analysis of these
molecules are given in Table 4. The localization domains
for the Bri; and CIks molecules are shown in Figure 5. For
V(s, 0) BrFs;, we see two monosynaptic basins in the equatorial
. . . positions, and in CI§ we see one monosynaptic basin, in
Faure . ocalzaton domainsof ). TeMs (1), S04 0, 41 SE0: s vAgreement with the VSEPR model. In BrSeparate shared
brick red, valence disynaptics in green. domains are not observed, as they are merged with the
fluorine unshared domains. In GlFa shared basin is
greater electronegativity of sulfur than selenium. In the opserved in both the apical and equatorial positions. Each
molecules for which the group 16 element valence shell of these unshared basins has a population of approximately
populationN,(A) can be obtained, the values range from 2.18 2.5 electrons. As in all the other molecules studied, the
for Sek through 7.26 for SGlto 11.0 for SeMgand 11.1  population of each “lone pair” basin is significantly greater
for TeMe;, consistent with the electronegativities of the than 2. The BrF and CIF disynaptic basins have a population
central atom and the ligand. The values for Telsled SeMe of less than 1 electron, with the axial bond in €having a

» Cl)
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lower population than the equatorial bond in agreement with  In our topological analysis of the electron localization
the VSEPR model which predicts that the axial bonds are function ELF for a number of hypervalent molecules with
longer and weaker than the equatorial bonds, as has beetigands of varying electronegativity, we found that the total
observed experimentally.In CIFs, theV(Cl, Fs) basin has  valence shell population of the central atom in a hypervalent
a larger population than the equatoigCl, F.) basins, again ~ molecule, that is, the sum of the populations of the disynaptic
in agreement with the VSEPR model which predicts that the or shared and monosynaptic or unshared basins, may be less
equatorial bonds will be longer and weaker than the axial than or more than 8. With relatively weakly electronegative
bonds, as has been observed experimentally. the two ligands, this number may approach 10 in a group 15 molecule
cases where the valence shell population can be obtained, iand 12 in a group 16 molecule. Clearly, these molecules do
is considerably less than 8; the value for €i§ 6.98, that not obey the Lewis octet rule in either its original or modified
of CIFs is 6.90, and no examples of molecules WN[{A) form.
greater than 8 are expected. We found the population of the disynaptic basin corre-
sponding to a given AX bond to be very similar in both
hypervalent and nonhypervalent (Lewis octet rule) molecules.
The octet rule as defined by Lewis in 1916 states that the Thus, the bonds in hypervalent molecules are not signifi-
valence shell of each atom in a molecule contains 8 electronscantly different from the bonds in the corresponding non-
when each shared pair is counted as contributing fully to hypervalent molecules, and for both classes of molecule, they
the valence shell of both bonded atoms; in other words, eachrange from essentially nonpolar to very polar bonds. There
bond is treated as a fully covalent bond. Lewis knew that is, therefore, no real reason to consider hypervalent molecules
there were exceptions to his rule, and since that time, manyas a special case that is different from nonhypervalent (Lewis
more exceptions have been found. These exceptions haveyctet) molecules. It is worth noting that recent spin-coupled
been described as hypervalent when an atom has more thagalculations of hypercoordinated chlorine species lead to the
8 electrons in its valence shell, commonly 10 or 12 as in same conclusioff. They are simply molecules in which one
PCk and Sk, and as hypovalent when there are less than 8 atom, generally the central atom, forms more than four bonds
electrons, commonly 6 as in Bh its valence shell. Over  in the Lewis sense. Such molecules are relatively common
the years, many attempts have been made to formulate thefor the elements of groups #4.8 of period 3 and beyond.
electronic structures of hypovalent and hypervalent moleculesThis is because the atoms of these elements are larger than
so that they obey the octet rule. For example, in the case ofthose of period 2 elements and can accommodate more than
hypervalent molecules, the polarity of the bonds has beenfour pairs of shared electrons in their larger valence shells
allowed for by using descriptions based on resonance and because there is sufficient space to pack more than four
structures involving no more than four covalent and the ligand atoms around the central atéhi? The octet rule
proper number of ionic bonds, so that the octet rule is obeyed.remains a useful rule for beginning students as an aid for
With the advent of ab initio calculations, it became writing Lewis structures provided it is recognized that there
possible, at least in principle, to determine the electron are many exceptions. However, there is no need to replace
population of the valence shell of an atom. For formally the octet rule by the modified rule, according to which an
single bonds, the bond order as determined from the atom may contain no more than 8 electrons in its valence
population of the molecular orbitals was found to be equal shell, because there are also exceptions to this rule and it is
to, or less than 1, depending on the electronegativity of the not a useful aid for writing Lewis structures. In conclusion,
ligands. For hypervalent molecules in which the ligands were it is worth noting that, although great prominence has been
all strongly electronegative, the total bond order was found given to the octet rule over many years, Lewis himself
to be almost equal to, or less than, 4, depending on therecognized the limitations of the octet rule, which he
electronegativity of the ligands. Hypervalent molecules have, originally called the rule of 8, when he stated that in his
therefore, been said to obey the octet rule, although in factopinion the rule of 2, (electrons in stable molecules are nearly
they obey a modified octet rule according to which an atom always found in pairs) is more important, although he was
may haveno morethan 8 electrons in its valence shell. unable to give an explanation for this observation.
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