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Intramolecular X-O bonds and charge distributions in X(X = Si, P, S, Cl, and Ge, As, Se, Br) oxyanions

were investigated with topological analyses of the electron density in the frameworks of the theories of atoms
in molecules (AIM) and of the electron localization function (ELF). The optimized geometries and wave
functions of all oxyanions were obtained at the B3LYP/6-8GI3df) level. AIM analyses recover a significant
concentration of electrons at (31) bond critical points increasing from S{© (0.12 au) to CIQ' (0.37 au)

and from Ge@ (0.14 au) to Br@~ (0.27 au). Perchlorate is the only oxyanion exhibiting true shared
interactions in the sense of AIM with a large and negative Laplacian of the electron density at the bond
critical point. All other oxyanions are intermediate to shared and closed-shell interactions with positive values
of the Laplacian of the electron density. ELF analyses tend to support the conclusions of AIM by localizing
disynaptic basins between 3rd row X atoms and O with electron populations ranging froe(3i6§") to

1.84e (CIO4Y). The X—0O bonds are also shown to be of donacceptor type. Fourth row oxyanions have
highly delocalized and small disynaptic basin populations ranging frome{&30,") to 0.3C (BrO,'")

with GeQ*~ as the only oxyanion without any formally defined disynaptic basin. The attractive forces in
these oxyanions are thus mostly of electrostatic nature. All ELF disynaptic basins have strong cross-contributions
with the lone pair monosynaptic valence basins of O. These latter basins contain about three electron pairs
(6.1%) for ClO4'™ to about four (7.96) for GeQy*. Finally, the Merz-Kollman scheme was used to determine

point charges that can reproduce the electrostatic potential of the oxyanions. Their values are however notably
different than those obtained by AIM.

1. Introduction can be unstable in the isolated stté! it remains of interest
Oxyanions of the form X@are of interest to a wide range to' document their glgctronic's.tructures'and to compare th.ese
of disciplines. Their binding capacities are of notable importance With systems containing stabilizing media (e.g., water) or with
and have been the focus of a large number of stidEhese stable oxyanions in the isolated state. Several main-group
studies reveal important trends in the affinity of 3rd and 4th €lement and transition-metal %@xyanions have been inves-
row main group oxyanions for protons and metals in aqueous tigated by density functional methods and interpreted with
solutions. Perchlorate, for instance, resists protonation in molecular orbital theory and Mulliken population analy$&s3
extremely acidic conditions, while the dominant species of The latter approach, although simple, yields notably lower
silicate are partially protonated in alkaline solutions. The atomic oxidation states than the formal expected values of X
differences in charge of oxyanions, going frerl for ClIO1~ and O. The objects of this study are (1) to interpret the nature
and BrQ!~ to —4 for SiO;*~ and Ge@*~, and the concomitant  of X—0O bonds in main-group Xgoxyanions (X= Si, P, S, Cl
larger X—0O bond lengths are obvious causes for these observa-and Ge, As, Se, Br) and (2) to determine intramolecular charge
tions but not the only ones. The nature of ® bonds must be  distribution by analyzing the topology of the electron density
also understood. In the framework of Pauling’s bond valence with (1) the theory of atoms in molecules (AIM) of Bader
theory? each X-O bond should have a bond valencevof= and (2) Silvi and Savin’® adaptation of Becke and Edge-
ZICN, wherez is the formal oxidation state of X and CN 4 combe’d6 electron localization function (ELF). AIM interprets
is the coordination number. From this perspective, the residual bonding in terms of the properties of the “(3L) bond critical
charge on oxygens; — 2, can be an indicator of the overall  point”, namely, the point in space where the electron density is
affinity of an oxyanion for cations, for instance. This approach at its minimum along a bond patHinking two nuclei and where
has been used to determine the charge of lattice-bound oxygenst is maximum perpendicular to it. The topology of the electron
at metal oxide surfaces and to partition the charge of adsorbategjensity can also be used to delineate atomic basins that can in

between Helmholtz planes in electric double-layer mo8&ls.  tum be integrated in terms of their electronic population. The
The effects of X-O bond lengths can also be accounted for gl F on the other hand, quantifies the repulsion between

with actual bond valencésThis approach has notably been used gjectrons due to the Pauli exclusion princiflend thereby

to predict the affinity of aqueous monomers for proténs. identifies regions of space where electrons are alone or present
A more explicit treatment can be achieved with quantum- 4q nairs of opposite spin. These regions define basins represent-

chemical calculations. Although some main-group oxyanions jnq'either core or valence electrons, where valence electrons
* To whom correspondence should be addressed. Phér: 1 632 located between two nuclei are seen as the “pieces of Hlue”

6394. Fax: +41 1 632 1088. E-mail: boily@erdw.ethz.ch. making a chemical bond. A population analysis of these basins
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provides an insightful view on the nature of a chemical bond  2.1.2. ELF.The ELF approach consists of quantifying the
and, at the same time, on the (de)localization of electrons within electron density in the whole molecular space in terms of the
a molecule. Such analyses have already been carried out omormalized local excess kinetic energy of electrons due to the
perchloraté? AIM and ELF electronic populations cannot, Pauli exclusion principlé$—17

however, be condensed to point charges at the nuclei because
such values do no reproduce the quantum-chemical electrostatic

potentials?® Alternative values are presented for comparison by
fitting point charges to the quantum-chemical electrostatic
potential of the oxyanions with the MerKollman method?~22

2. Methods

2.1. Topological Analyses2.1.1. AIM.AIM * explores the
topology of the electron density, of molecules. The most
revealing information is found close to planes defined by atomic
centers. The electron density at the<{3) bond critical point,
p(ro), that is, the point at which the electron density is at its
minimum along a bond pathand maximum perpendicular to
it, is of particular interest. The eigenvalues of the diagonalized
Hessian of(r¢) yield one positive value parallel to a bond path
(A3 = 9%0(rc)/02%) and two negative values perpendicular to it
(A1 = 3%0(r)l0x3; Az = 3%o(rc)/ay?). A chemical bond thus results
from the competition of (1) the parallel expansionppfwhich
separates charges in their respective atomic basihsahd (2)
the perpendicular contraction pftoward a bond pathig,4,).

If the former dominates, the ratig$;|/A3 and |1,|/A3 are <1,
while if the latter dominates, the ratid;|/A3 and |A2|/A3 are
>1. The dominant effect is measured by the Laplaciap-of

(ro):
V2o(r) = Ay + Ay + Ag )

WhenV?p(rc) < 0, charge is concentrated at the critical point,
while whenV2p(r¢) > 0, charge is locally deplete®?o(r.) takes

10 =5 o @
1+ (U_)

DY(r)

whereDy(r) is the local excess kinetic energy density due to
Pauli repulsion and makes use of a single determinental wave
function built from Hartree-Fock or Kohi-Sham orbitals, and

D, is the a reference homogeneous electron gas of the same
density, which acts as a renormalization factor. Thus, a value
of n(r) = 0.5 corresponds to a homogeneous electron gas,
whereas larger values, up to a maximum gf) = 1.0,
correspond to larger probabilities of finding electrons alone or
in pairs of antiparallel spins in a given region of space. The
gradient field of the ELF is used to partition space into ba¥ins.
Basins can represent core or valence electrons, denoted as C(X)
and V(X,...) for atom X, respectiveRp. Valence basins are
categorized according to their synaptic order, namely, the
number of core basins with which they share a common
boundary. A monosynaptic valence basin, V(X), encompasses
nonbonding electrons while di- or polysynaptic valence basins,
V(X,03,...,Q), encompass electrons involved in bi- or multi-
centric bonds. The presence of di- or polysynaptic basins is thus
indicative of shared interactions (covalent, dative, metallic
bonds), while the absence of these basins is indicative of closed-
shell interactions (ionic, hydrogen, van der Waals bonds),
provided that the atoms are indeed bound. Synaptic basins can
be visualized for any given range of isodensity valueg©j

= f, which in turn enclose regions @fr) = f.

even deeper roots by measuring the balance between the The electronic population of a synaptic badihis obtained

(positive) kinetic energy densityG(re), and the (negative)
electronic potential energy density(r):
Y,V%0(r) = 2G(r) + V(1) 2)

Thus, if V2o(ro) is large and negative, the electrons are

as the integral of the one-electron density over the basin. The
variance of the basin populatias?(N), represents the quantum-
mechanical uncertainty of the basin population and is a result
of the delocalization of electrori§lt is also written as the sum
of the contributions of all other basins and is used as a
normalization factor to represent the cross-contribution between

concentrated at the bond critical point and possess a value oftwo specific basins on a percentage ba%eguantity that will

V(r¢) that is more than twice the value Gi{r). Conversely, if
V2o(r.) is large and positiveG(r.) is in excess. The ratiG(r)/
p(rc) is also a good indicator of the average kinetic energy
associated with bond critical point electrons. TypicallyG(fc)/
p(ro) > 1, electrons possess excess kinetic energy, whiérif)/
p(re) < 1, electrons are concentrated. In summary, if bond
critical points possess large valuesgfc) and —V2p(rc) and
values ofG(rc)/p(rc) < 1, |41)/Az > 1, and|i,|/A3 > 1, electrons
are locally concentrated and result in a “shared interaction”
(covalent, dative, metallic bonds) of electrons between two
atomic centers, as envisioned by Le##s?* Conversely, if bond
critical points possess small valuesgff.) and large values of
V2o(ro) and values of5(ro)/p(re) > 1, |A1l/As < 1, and|A2|/A3

here only be alluded to on a qualitative basis. Last, the relative
fluctuation of a basitf can be expressed as
A= d*(N)/IN (5)
namely, the variance of the basin normalized for the electronic
population. This will be used to describe the degree of
delocalization, where values above 0.45 denote delocalized
electrong?®
2.2. Computational Details. Geometries of all X@ oxy-
anions were fully optimized with the MP2(fulf and the
B3LYP methodd"28 using the Cartesian 6-3%1(d) and
6-311+G(3df) basis set® Wave functions obtained asfn

< 1, electrons are not concentrated at this point and tend tofiles were generated at the B3LYP level with the Cartesian

separate in their respective atomic basins resulting in a “closed-

shell interaction” (ionic, hydrogen, van der Waals bonds).
Finally, the local electronic energy densiBi(rc), adds further
insight on the stability of an interaction:

Erd = G(ro) + V(rd ©)

where values ofEq(r¢) < O are indicative of a stabilizing
accumulation of charge.

6-3114-G(3df) basis set with a tight convergence criter#dn.
The stability of the single-determinant wave functi#3 and
frequency calculations were furthermore tested for each oxya-
nion. Last, atomic charges were fitted on the electrostatic
potential of each oxyanion with the MetKollmar?24nethod

on 10 layers with 300 points per34i.e., about 50 000 points

in total). The default van der Waals radii of Gaussia®®8re
taken as such, except for Ge (2.25 A), As (2.00 A), and Se
(2.00 A). All calculations were carried out with Gaussiar?98.
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TABLE 1: X —O Bond Lengths (A) TABLE 2: AIM Analysis at the B3LYP/6-311 +G(3df) Level
B3LYP MP2=full o(f)?  V2(r® A G(p(rd)p(rdd  Edroe
6-311+G(d) 6-31H-G(3df) 6-31H-G(3df) experiment ClO2~ 0.37 —0.93 1.61 0.90 —-0.71
- — SO~ 0.28 0.14 0.44 1.37 —-0.33
ClOgt 1.501 1.458 1.457 1.4311.457839
sor 1527 1.502 1505  1.4641.552049 PG?" 019 057 027 1.54 —0.06
Po43— 1.603 1.588 1.592 1.4971.6040-61 SiO447 0.12 0.61 0.21 1.62 0.05
SiOf~ 1721 1.701 1.707 1.5951.64(¢2 67 BrOst~ 0.27 —0.01 0.51 0.98 —0.27
BrO,~ 1.654 1.630 1.607 1.601.6289.68 SeQ? 0.22 0.20 0.39 1.11 —0.16
Seqz— 1.691 1.667 1.669 1.6351.6539.69-70 ASO437 0.18 0.38 0.29 1.22 —0.07
AsO2~ 1.750 1.739 1.746 1.6541.691-73 GeQ* 0.14 0.47 0.23 1.31 —0.06
GeQ~ 1.836 1.811 1.813 1.7471.894-80

aElectron density in alf Laplacian of the electron density (eq 1)

. . in au. ¢ Ratio of the eigenvalues of the Hessial erpendicular
The win files are used for topological analyses of the elec- (i1 = 45) and paralleli) to the X—O bond pathﬂ?gfgﬁ Rstio of the

tron density in the frameworks of AIM with the program gjectronic kinetic energy density and the electron density in au.
MORPHY98? and of ELF with the program TopMoFs. e Electronic energy density (eq 3) in au.

MORPHY98 is used to localize (3,1) critical points of X-O
bonds?*~* to characterize these in terms of (d(yo), (2) 41, of p(ro), this separation of charge is however not fully
A2, A3, (3) V2p(rc), and (4)G(rc),* and to calculate the electronic  characteristic of closed-shell interactions. Rather, theOX
population of the atomic basif%.3” TopMoD is used to identify  bonds are best seen as intermediate to closed-shell and shared
synaptic basir§8and to obtain correlative values df 0% interactions with (1) an increasing degree of shared interactions
(N), andZ on a working grid of 0.1 au. Visual representations going from SiQ* to CIOt~ and from Ge@*~ to BrOsL™, (2)
of the synaptic basins are obtained at a resolution of 0.4 au. C|0,~ as the only oxyanion exhibiting true shared interactions,
and (3) BrQ!™ at the threshold of a truly closed-shell interaction.
This is also well-illustrated in Figure 1, especially for 3rd row
3.1. Geometry Optimization. Geometry optimization cal-  oxyanions, where the contour lines of negative value¥?f
culations give support tdq symmetry for all of the oxyanions  progressively encompass the molecule, rather than separate
considered in this study, except for G£Q Frequency calcula-  atoms. Values oEq(r¢) also show that the accumulation of
tions of GeQ* with a forcedTq symmetry yield two imaginary ~ charge at the bond critical points tends to be stable.
frequencies, while the fully optimized Ge® with a distorted The Laplacian ofp also recovers four “(3;3) critical
geometry only yields real frequencies. Frequency calculations points™4in each oxygen valence shell. These are points where
also confirmed the optimal geometries of all other oxyanions the eigenvalues of the diagonalized Hessiavaf indicate a
to correspond to the energy minima. The stability of single maximum from all approaches, namely, a concentration of
determinant wave functiofs*was confirmed for all oxyanions charge. One of these points is located along the bond path
at the B3LYP/6-313+G(3df) level, except for Ge® and between X and O, corresponding to a local concentration of
SiO;*". Topological analyses gf were nonetheless carried out  yonding electrons. The three other points are invariably located
on these oxyanions for comparative purposes. at 0.35 A from the nucleus of O and are diametrically opposite
All calculations at the 6-3TEG(3df) basis set give bond 4 the X—0 axis, that is, pointing toward the surface of the
lengths close to experimental values of solid oxyari®ri8 molecule. Electrons located around these critical points can be
(Table 1), with increasing deviation for oxyanions of larger ¢oan as part of three nonbonding electron pairs, further sug-
charge. This discrepancy results from the larger charge differ- gesting the absence afbonding in these molecules. They also

ence between free oxyanion molecules and those of the solid . . .
: . - > ~obeyCs, symmetry about an axis defined by2O. The dihedral
bulk, where charge is neutralized. B3LYP calculations with betxe;n g planeyformed by two () critig;I points and the

fewer polarization functions or with basis sets of double- . s .
. ) O nucleus and a vector formed by the third critical point and
quality (cf. ref 12) or both tend to overestimate bond lengths. the O nucleus ranges from 14®r CIO,~ to 127 for SiO~

The wave functions used to analyze the topology of the electron and from 152 for BrO,~ to 143 for GeQ#~. The centers of

density of oxyanions were therefore generated with the CarteSianthe regions occupied by nonbonded electron pairs are thus closer
6-311+G(3df) basis set, using the B3LYP method. 9 pied by P

3.2. AIM Bonding Analysis. The properties of the electron together for oxyanions of larger charge, but this has no direct

density at the (3;1) bond critical points are reported in Table inference on the. volumes gccgp|ed by these el_ectrons._

2. All values of p(r¢) suggest significant concentrations of ~ 3-3. ELF Bonding Analysis.Figure 2 shows typical localiza-
electrons at the bond critical point, with values decreasing acrosstion domains of the oxyanions. All but GgO possess the same
Cl through Si and Br through Ge oxyanions. Furthermore, 21 ELF basins, namely, five monosynaptic core basins, C(X)
becausel; = A, these electrons spread symmetrically on the and C(O), four disynaptic valence basins, V(X,0), and 12
two planes perpendicular to the bond path. The ellipi¢ipf ~ Monosynaptic basins representing O valence electrons pairs,
the bond is then said to be zero, suggesting the absenge of V(O). GeQ*" does not formally possess disynaptic basins but
bonding in these oxyanions. The bond critical point electrons has the 17 other basins. Visual representations of 3rd row
(shown as solid squares in Figure 1) of most oxyanions are in OXyanions are typical of Figure 2a with the clear presence of
regions of positive values d¥2p(r¢) and therefore possess an V(X,0) basins. Each O has the three V(O) basins merged to
excess (positive) local kinetic energy dens®r.) (eq 2). The form a pierced sphere oriented toward C(X) and with the most
values ofG(r¢)/p(re) > 1 furthermore support this concept, with  localized electrons forming a torus the plane of which is roughly

3. Results and Discussion

decreasing values across both series down to exceptidb@ly perpendicular to the XO axis. Fourth row oxyanions are
p(ro) < 1 for CIOst~ and BrQ!~. The ratios|A1|/As and|12|/A3 strikingly different with the notable absence of V(X,0) basins
are all well below the nominal value of 1, except for GO at any values ofy(r) and with three merged V(O) basins

and BrQ!~, which results from the parallel expansionedway surrounding C(O) in a sphere-like fashion but polarized toward
from the interatomic surface. Given the relatively large values C(X). The a priori interpretation would thus classify 3rd row
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Si04%4 PO43-

SO42- ClO4!-
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Figure 1. Contour maps of the Laplacian of the electron densifp, at a plane defined by the nuclei of X and of two O. Solid squares show the
positions of the (3;1) bond critical points irp. Solid lines represent negative values and dashed lines positive values. Small open circles represent
out-of-plane oxygens. Maps were produced with MORPH¥®®m Gaussian 98 win files generated at the B3LYP/6-3:G(3df) level.
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population of the V(CI,0) basin, shown in Figure 3a, decreases
C(O) (hidden) from 1.84 at 1.46 A to 1.64 at the threshold of the €lO
?\ bond break (1.591.71 A), while that of each of the three V(O)
<~ 3 basins increases accordingly from 2@d 2.1G This phenom-
enon is also recovered from the original ELF results from;SiO
to ClO41~, with the only exception that the smaller nucleic
charges of Si, P, and S result in smaller V(X,0) populations
than that of V(CI,0). A catastropfoccurs between 1.59 and
1.71 A with the replacement of the V(CI,0) basin with V(CI).
The electron population of V(CI) ranges from 1e6@.71 A)
to 1.64 (2.00 A), with that of V(O) converging toward oxygens’
nominal six valence electrons. The transformation of the synaptic
order of a basin during bond breaking is known daw@omor-
- phic diffeosynapti® process and is indicative of a dorer
C(Ge) acceptor type CtO (dative) bond, as shown in ref 19.
(” \ ‘. The disynaptic population of fourth row oxyanions is not only
' - y nearly insignificant (about O€} but is also highly delocalized
‘m_,.-./ with strong cross-contributions with the VV(O) basins. ELF results
at various Br-O bond lengths (Figure 3b) show essentially the
b) same features as CJ© but on a more dramatic scale. The
) V(Br,0) population increases from 02t 1.61 A to 0.4@ at

) o ) ) 1.67 A. The basin is then replaced by V(Br), a monosynaptic
Figure 2. Electron localization basins determined by ELF for (a) - - :
ClOs~ and (b) Ge@ both at an isodensity of = 0.74 produced b%s.lT] repk:esentlngl V.alence eleCtr%rg;)Zf(%’Athg population of
with TopModfe at a grid step of 0.4 au from Gaussiar?®#n files which subsequently increases to @8 2. - Lnce more,
generated at the B3LYP/6-3315(3df) level. All V(O) basins are of  this is a tautomorphic diffeosynaptic process with the only
identical volume but do not appear as such due to perspective effects.difference that the population of the new V(Br) basin increases

] o ) . dramatically from about Oelto 1.3% to reach similar values
oxyanions as characteristic of shared interactions and 4th rowas those of V(Cl) at X O bond lengths greater than 1.8 A. Last,
oxyanions as mostly of closed-shell interactions. the variations in the V(O) populations are consequences of the

The results of Table 3 show the core populations of 3rd row changes in V(Br,0)/V(Br) and also converge to their nominal
element oxyanions to be highly localized with= 0.04-0.06 2e at great X-O bond lengths. From this analysis, the weak
and withN = 10.02-10.0%, as expected for the L-shell. The  shared interactions in BfO can be seen as dative but the more
excess of 0.020.0% is ascribed to some mixing of some  jmportant bonding process is of closed-shell nature.
valence shell electrons to the cdfeThose of the 4th row 3.4 Intramolecular Charge Distribution. AIM and ELF can
elements are also highly localized, with= 0.04 but with 0.15 yrovide information on the statistical distribution of electrons
0.2 less than the expected value from the electronic config- within a molecule. The increase in the negative charge on O
uration [X] = [Ar 3d of 28e. This phenomenon has been fom clO,t- to SiQ* and from BrQl~ to GeQ#-, ascribed
tentatively asiribed to some mixing of 3d electrons in the {4 the transfer of charge from the disynaptic V(X,0) to the
valence sheft: The populations of all core oxygens are mongsynaptic V(O) basin, is also recovered by the integration
invariably at 2.05-2.07% and are highly localized with = 0.17. results of the atomic basins defined by AIM (Table 4). Indeed,
The more significant differences between oxyanions are found 55 the degree of shared interactions in theOXbond lessens,
in the valence shell electrons. All disynaptic basins V(X,0) have ¢ tends to gain its four electron pairs and consequently the net

']

C(0) (hidden)

-
- _

electron populations that are lower than thed? Lewis®*?*  ajm charge converges toward its formal value-e2. However,
with values ranging from 1.%§SiO;*") to 1.84(CIOs*") and  given the large values qi(re), AIM integrations necessarily
from Ce (GeG™) to 0.3® (BrO4"). These electrons are  agcribe electrons to the valence shell of X and therefore
furthermore highly delocalized with = 0.67 for 3rd row and  jnrinsically imply a lower oxidation state, noting also that the

A = 0.90 for 4th row oxyanions and exhibit strong cross- gjectrons do possess a local excess of kinetic energy. It is
contributions with V(O). Each O has three V(O) basins fyrthermore noteworthy to mention that although the same
containing roughly 8the centers of which are all invariably at  ¢oncjusions can be reached with a Mulliken population andlysis
0.58 A from the nucleus and only 0.23 A from {3) V% (also Table 4) AIM remains more reliable given its more
critical points of AIM. The strong delocalizatiod ¢ 0.5) and  yigorous definition of atomic basins and its relative insensitivity
strong cross-contributiof of these three ELF basins (not g the choice of basis set®.

shown) provide justification to merge these into one superbasin  noqyithstanding the explicit notion of intraatomic electron

of about six to eight electrons that are in this context seen as gisyipytions in AIM and ELF, long-range electrostatic potentials
localized ¢ = 0.17-0.24). The population of the_se basins  cannot be reproduced if these charges are condensed to point
depends on the nature of the X0 bonds. Monosynaptic electron 41690 The Merz-Kollman scheme was therefore used to
populations of 3rd row oxyanions range from €12 6.3, fit point charges located at the atomic nuclei with the electro-
that is, close to Lewis’ three electron pairs, and those of 4th ;.- potential. The results, shown in Table 4, are indeed

row oxyanions range from 7.6%0 7.9%, that is, close to Lewis’ significantly different than those of AIM and Mulliken popula-
four electron pairs. tion analyses.

Third row X—0O bonds are characteristic of polarized shared
interactions with the center of disynaptic basins closer to O than
Xin the order Si> P > S> Cl, as expected from the differences
in electronegativities. ELF results at various bond lengths  The concepts of AIM and ELF tend to concord on the nature
(Figure 3) provide additional informatidi. The electron of the X—0O bond of 3rd and 4th row main-group element

4. Conclusions
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TABLE 3: ELF Analysis at the B3LYP/6-311+G(3df) Level

J. Phys. Chem. A, Vol. 106, No. 18, 2002723

basin Ne o¥(N)b A(N)e basin Ne o¥(N)b A(N)e
Clot~ c(cl 10.02 0.59 0.06 Br C(Br) 27.78 1.19 0.04
C(0) 2.06 0.34 0.17 C(0) 2.05 0.34 0.17
V(CI,0) 1.84 1.21 0.67 V(Br,0) 0.30 0.27 0.90
V(0) 6.12 1.25 0.24 V(0) 7.69 1.56 0.20
SQ2 C(S) 10.02 0.53 0.05 Sed C(Se) 27.81 1.10 0.04
C(0) 2.06 0.35 0.17 C(0) 2.06 0.34 0.17
V(S,0) 1.77 0.49 0.67 V(Se,0) 0.28 0.23 0.89
V(0) 6.16 1.44 0.23 V(O) 7.67 1.44 0.19
PQS" C(P) 10.03 0.48 0.05 Asp C(As) 27.85 1.04 0.04
C(0) 2.07 0.35 0.17 C(0) 2.06 0.34 0.17
V(P,0) 1.61 1.08 0.66 V(As,0) 0.27 0.25 0.90
V(0) 6.30 1.42 0.22 V(0) 7.69 1.37 0.18
Siof C(Si) 10.05 0.40 0.04 Gey C(Ge) 27.80 0.97 0.04
C(0) 2.07 0.35 0.17 C(0) 2.06 0.34 0.17
V(Si,0) 1.56 1.04 0.67 V(O) 7.99 1.33 0.17
V(0) 6.39 1.44 0.23

a Electronic populationd).  Variance ofN. ¢ Relative fluctuation of\.
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Figure 3. ELF analysis of (a) CIg~ and (b) BrQ!~ for different

Cl—-0 and Br-O bond lengths, respectively. The V(O) basins are those
of (a) CIO,*~ and (b) BrQ!~. The populations of the disynaptic basins
of the other XQ oxyanions are also shown as diamonds but not those

of their correlative V(O) basins.

oxyanions. AIM analyses suggest that perchlorate is the only
oxyanion with true shared interactions while all others are

intermediate to shared and closed-shell interactions with increas-
ing character for the latter in the series Si through Cl and Ge

TABLE 4: Atomic Charges (€) at the B3LYP/6-311+G(3df)
Level

AlMa Mulliken MK®b
X (e} X (e} X (e}
ClO4~ 3.05 —-1.01 154 —-0.64 0.98 -—-0.50
SO2 3.58 —1.39 1.33 —0.83 1.59 -0.89
PO2~ 3.62 —1.65 1.66 —1.16 236 —1.34
SiOf 3.09 —-1.77 3.23 -—-1.81 464 -—2.16
BrO,~ 2.77 —0.94 1.9 —-0.73 0.62 -0.41
SeQ?% 2.85 -1.21 1.77 —0.94 1.18 -0.79
AsOz3~ 3.65 —-1.41 143 -—-1.11 153 -1.13
GeQ* 4.29 —1.57 4.07 -2.01 1.34 -0.67

aThe error on the integration of the AIM atomic basin is less than
0.0%e. ® Merz—Kollman method with 300 pointsfon 10 levels.

be noted that while AIM analyses of S{& and Ge@*~ are
similar, those of ELF yield markedly contrasting interpretations.
Otherwise, both approaches are rather complementary to one
another.

ELF analyses have also shown the V(O) populations to be
larger for oxyanions with stronger closed-shell character. Such
oxyanions therefore tend to have four electron pairs localized
in the valence shell of each oxygen, a result that is also recovered
in the analysis of the Hessian &%p. The atomic oxidation
state obtained by AIM furthermore suggests values lower than
the formal values. Last, point charges optimized according to
the Merz-Kollman scheme can reproduce the electrostatic
potential of the oxyanions with, however, notably different
values of the AIM atomic charges.
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