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Oxyacids of the form EXO,4 (X = CI, S, P, Si and Br, Se, As, Ge) were investigated with (1) the theories
of atoms in molecules (AIM) and the electron localization function (ELF) at the B3LYP/6-313(3df,pd)

level and with (2) G2 calculations. AIM and ELF analyses classifyxXbonds of 3rd-row oxyacids as
o-bonded shared interactions with ELF disynaptic basin populations ranging from 1.39 & Phbse of
4th-row oxyacids have no ELF disynaptic basin populations, sav®M bonds with smaller values ranging

from 0.67 to only 1.0&. Both bonds are classified as mosthbonded closed-shelled interactions. The oxygen
valence shell electron population in 3rd-row oxyacids range from 5.76 te&d@ from 7.86 to 7.96in

their 4th-row counterparts, and all OH disynaptic basin populations range from 1.70¢0Thé8e populations

have no correlation with the wide range of acid strengths of the oxyacids. The concept of underbonding,
whereby the oxygen valence shell electron population is said to be proportional to acidity, therefore does not
hold from this perspective. Acidity is better rationalized in terms of the electrostatic potential at H sites.

1. Introduction with AIM and ELF to document the changes in the nature of
X—0 bonds and charge distributions upon the protonation of
their conjugate bases. This study builds upon a previous %tudy
reporting the nature of XO bonds in XQ main-group
oxyanions and a variety of charge distributi®¥s° One
important goal consists of testing the concept of underbonding
as a rationalizing concept for acidity using results from gas-
phase G# calculations and aqueous-phas&’p. While other
thermochemical calculatiofs 14 have already outlined some
salient trends in oxyacid acidity, topological analyses of the
electron density have not been considered in this context. These
results may notably impact the application of the concept of
underbonding in predicting the acidity of basic moieties, such
as it has been done for metal (hydr)oxide surface functional
groupst®

Intramolecular distributions of electrons can provide clues
on the nature of chemical bonds and on the reactivity of
moieties. The concept of partial charge has notably prevailed
in rationalizing chemical reactions. Charge distributions based
on the concept of bond valenééhave, for instance, been used
to rationalize trends in acidities of aqueous monorhargd,
more recently, relationships between modes of oxyacid coor-
dination at metal (hydr)oxide/water interfaces and proton
exchangé.In this approach a central cation is said to distribute
its charge either equally (Pauling bond valeéfag unequally
(actual bond valenégto its coordinated ligands. The degree
of “underbonding” of a coordinating ligand, determined from
the residual charge (i.e., the formal charge of the moiety minus
the charge contribution of the cation), is then said to be
indicative of the reactivity of the ligand. In this context, a basic 2. Methods
moiety with a small residual charge would, for example, be more
acidic than one with a larger charge. 2.1. Topological Analyses2.1.1. AIM.The theory of AIM

A more rigorous approach involves a quantum chemical reveals insightful information on the nature of bonds. A«(B)
investigation of molecular geometries and their associated chargecritical poinf of the electron density(r), located between two
distributions. Analyses of the topology of the electron density atomic centers denotes the presence of a bond. Charge density
obtained from theoretical wave functions can be carried out with at such a point is referred agrc). Topologically, this corre-
Bader’s theory of atoms in molecules (AIM)This approach ~ sponds to a point in real space where the gradiens(nj,
can give information on the nature of bonds, on the number Vp(rc), is zero and where the curvature pfrc), expressed
and position of (non)bonding electrons, and on atomic electronic through three eigenvalues of the diagonalized Hessiaref
populations. Silvi and Savirfstopological analysis of the is positive g3 = 3%0(rc)/d7%) for an eigenvector linking two
Becke-Edgecombe electron localization functiofELF) also atomic centers, and negativé; (= 3%o(rc)/ax?% A2 = 8%p(rc)/
retrieves populations of electrons localized in atomic cores and dy?) for the two others perpendicular to it. Unequal values of
in (non)bonding valence shells of atoms. Both approaches 41 and/; at (3,—1) bond critical points denote an anisotropic
provide an explicit notion of the (statistical) distribution of spread of electrons quantified through the concept of elliptfcity:
electrons within molecules and even atoms (for ELF).

In this study, oxyacids of the form M0, (X = Si(IV), P(V), €e=Mlh,—1 @)

S(VI), CI(VIl) and Ge(IV), As(V), Se(VI), Br(VIl)) are analyzed . o
(with 41 > A,) where values ot > 1 can be indicative ofr

* Phone: +41 1 632 6394. Fax:-41 1 632 1088. E-mail: boily@erdw. ~ 00nding. A bond pathis defined as a curve linking two atomic
ethz.ch. centers through a trajectory where valuep@}) are the largest
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possible. A chemical bond is then said to result from the of electrons (covalent, dative, or metallic bonds), while its
competition of the expansion @fr) toward respective atomic  absence denotes a closed-shell interaction (ionic, van der Waals
centers and the contraction pffr) toward the bond path. If the  or hydrogen bond). If a valence basin contains one proton, its

former dominates the ratias;|/A3 and|1,|/A3 are < 1, while if synaptic order is increased by one such th#DHor example,
the latter dominates, the ratios ard. The Laplacian op(r¢), has two V(O,H) disynaptic basins, in addition to one C(O) and
V2p(r¢), measures the dominant effect with two V(O) basins (lone pairsy. ~
The electronic population of a synaptic badiy,is obtained
Vo(rd) = Ay + Ay + Ay 2 as the integral of the one-electron density of the basithe
variance of the basin populatioil, represents the quantum
Itis also related to the (positive) kinetic energy dens@yc), mechanical uncertainty dd and is related to the delocalization
and to the (negative) electronic potential enengfr.), with of electrong! The relative fluctuation of a bash:
1,V0(r) = 2G(ro) + V(r)) ®) a0 ©
expressed in atomic units. Thus wh&fp(rc) < O charge is N
locally concentrated and possesses an absolute valM@df s a good measure of electron delocalization where values greater
that is more than twice that @(rc). Conversely, wheiv?p(rc) than 0.45 typically denote a significant degree of delocaliza-

> 0, charge is locally depleted. Typically, a shared interaction tjon.1°
of electrons (covalent, dative, or metallic bonds) is identified  2.2. Computational Details.The geometries of all oxyacids
with a (3,-1) bond critical point of a large(rc), a large and  were fully optimized from different starting geometries with
negativeVp(rc), and ratios ofG(rc)/p(re) < 1,41l/As > 1 and B3LYP22 using the Cartesian 6-33H-G(3df,pd) basis set with
|A2l/23 > 1. A closed-shell interaction of electrons (ionic, van the program Gaussiang8Additional calculations were carried
der Waals, or hydrogen bonds) is identified with a sméil), out with the Cartesian basis sets 6-31G, 6-31G(d,p),
a large and positive2p(r¢), and ratios ofG(rc)/p(re) > 1,|A1)/ 6-311++G(d,p), 6-311G(2d,pd), and 6-3%G(3df,pd) for
A3 < 1,and|Z2l/A3 < 1. Also, the local electronic energy density, H,SiO, oxyacids, mostly to investigate the effects of diffuse
Ee(ro): and polarization schemes on the outcome of the interpretations.
Frequency calculations at the B3LYP/6-31-1G(3df,pd) level
Efrd =G(ro) + V(r) (4) were carried out on all oxyacids to confirm that the stationary
points correspond to minima on potential energy surfaces. The
o> X stability of the wave functio#f-25obtained at the same level of
a destabilizing accumulation of ch?rgeﬁg(rc) > 0. theory was also confirmed for all oxyacids. Gaussian98-
Last, a (.3'_3) critical point in —VZp(r) corresponds to local .formatted wave function (.wfn) files were then generated for
concentration of charge, ora yalence shell charge concentrationa |\ ang ELF topological analyses of the electron density. Last,
(VSCC). These points are of interest as _th’ese can re}/7eal loci Ofthe electrostatic potential at nucleic positions was determined
local charge concentration, akin to Lewis’ lone pafrs. using the PRISM algorithr¥f as implemented in Gaussian98.
2.1.2. ELF.The ELF has been suggested to be a measure of The program MORPHYS8 was used for all AIM analyses

denotes a stabilizing accumulation of charg&dfrc) < 0 and

the Pauli repulsiorft® to obtain values of (1p(ro), (2) V2o(to), (3) Ax, A2, ands, and
1 (4) G(rc). The program TopMoB? was used for ELF analyses
n(r) = W ) to identify synaptic basins and their respective orders and to
9 calculate (1N, (2) 6?N, and (3) on a working grid of 0.1 au.
Dgo(r) Visual rendering of synaptic basins are carried out using .stf

files of TopMod2® MORPHY9&” is also used to calculatgr)
whereDy(r) is the local excess kinetic energy density due to in predefined trajectories in some oxyacids.
Pauli repulsion and,(r) is the kinetic energy density of a The gas-phase enthalpy of acidiy?° AaciagHo, for the
reference homogeneous electron gas of the same electromeaction at 298.15 K:
density, a value that essentially acts as a renormalization factor.
Values ofy(r) thus range from 0 to 1 with larger values denoting HA=H' + AY” (7
larger electron localization, i.e., a higher probability of finding
electrons alone or in pairs of antiparallel spin. The gradient field
of the ELF, Vx(r), can be also used to partition space into
localization basin§.Each of these basins contains a—3)
critical point of(r), also referred to as an attractor, which may
or may not contain an atomic center. Basins are visualized for
any given isodensity value @{r) = f, which in turn encompass
regions ofy(r) = f < 1.

Basins are classified as either (1) core basins, C(atom),
encompassing a nucleug ¢ 2) and core electrons, or as (2)
valence basins, V(atom(s)), encompassing valence shell elec- 3.1. Geometry Optimization. Protonation exerts important
trons!® Valence basins are furthermore categorized by their changes in X-O(H) bond lengths and the geometry of oxyacids,
synaptic order which refers to the number of core basins with while O—H bond lengths are invariably in the range 0.961
which they share a common boundary. A monosynaptic basin, 0.974 A (Tables 1 and 2). Moreover, all=>O bond lengths
e.g., V(X), encompasses lone pairs (not necessarily exagtly 2 reported in this study are close to the range of experimental
while a polysynaptic basin, e.g., V(X10.., @), encompasses  solid-state valueg:
electrons involved in bi- or polycentric bonds. The presence of  Protonation breaks th& symmetry of XQ anions to yield
a di- or polysynaptic basin is indicative of a shared interaction three different X-O bond lengths in HX® (Figure 1). The

where HA is a neutrally-charged acid and-Aits conjugate
base, is obtained from @2calculations of HR and A~ with

the program Gaussian98.This value includes zero-point-
vibrational-energy corrections as well as a thermal correction
to the electronic energies due to translational, rotational, and
vibrational contributions. The same is applied to quantify the
acidity of singly charged anions.

3. Results and Discussion
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TABLE 1: Bond Lengths and AIM Analyses of X—0O(H)
Bonds (B3LYP/6-311+G(3df,pd))

Boily

TABLE 2: Bond Lengths and AIM Analyses of O—H Bonds
(B3LYP/6-311+-+G(3df,pd))

V2 il G(p(re)) Ee
(o)t Ad¢ p(re) (ro)

0.402—0.633 0.943 0.057 1.259—0.67
0.396—-0.701 1.062 0.071 1.279-0.68
0.254—0.363 0.818 0.075 0.546—0.23
0.312 0.642 0.331 0.046 1.7970.40
0.307 0.581 0.341 0.055 1.75G-0.39
0.202—0.239 0.803 0.020 0.806—0.22
0.217 0.853 0.251 0.031 1.809-0.18
0.223 0.926 0.246 0.042 1.87G-0.19
0.135 0.223 0.334 0.045 1.134-0.10
0.138 0.734 0.204 0.015 1.739-0.06
0.146 0.813 0.202 0.033 1.813-0.06
0.082 0.299 0.225 0.021 1.246-0.03
0.284 0.024 0.494 0.030 1.078-0.30
0.279 0.025 0.494 0.036 1.063-0.29
0.189 0.008 0.513 0.085 0.702-0.13
0.241 0.273 0.370 0.026 1.22}+0.23
0.246 0.302 0.364 0.032 1.254-0.23
0.161 0.096 0.433 0.074 0.826-0.11
0.193 0.492 0.275 0.018 1.338-0.14
0.199 0.528 0.271 0.025 1.374-0.14
0.122 0.196 1.055 0.055 0.94%0.07
0.145 0.516 0.225 0.008 1.3570.07
0.150 0.552 0.224 0.018 1.39%0.07
0.087 0.218 0.259 0.035 1.00%0.03
0.329 0.873 0.293 0.010 1.963-0.43
0.238—0.058 0.558 0.082 1.122-0.28
0.242 1.136 0.227 0.007 2.03+0.21
0.166 0.450 0.296 0.066 1.42%+0.12
0.163 0.981 0.193 0.012 1.9570.07
0.105 0.481 0.221 0.056 1.486-0.04
0.259 0.370 0.341 0.004 1.330-0.25
0.187 0.112 0.440 0.098 0.935-0.15
0.215 0.635 0.256 0.005 1.47%+0.16
0.149 0.294 0.315 0.078 1.108-0.09
0.167 0.671 0.214 0.005 1.498-0.08
0.109 0.330 1.062 0.062 1.169-0.05
0.256 1.318 0.213 0.001 2.163-0.22
0.192 0.650 0.282 0.081 1.619-0.15
0.178 1.152 0.185 0.001 2.094-0.09
0.127 0.669 0.220 0.077 1.675-0.05
0.227 0.719 0.246 0.001 1.542-0.17
0.173 0.404 0.300 0.082 1.244-0.11
0.182 0.780 0.207 0.000 1.596-0.09
0.133 0.479 0.236 0.071 1.336-0.06
0.146 0.838 0.214 0.088 1.832-0.06
0.152 0.611 0.227 0.077 1.466-0.07

r
B2 (P e
1.412
1.421
1.658
1.449
1.458
1.675
1.540
1.525
1.755
1.663
1.638
1.874
1.593
1.600
1.800
1.635
1.624
1.827
1.696
1.682
1.902
1.787
1.770
2.006
1.421
1.594
1.489
1.657
1.596
1.769
1.597
1.757
1.646
1.811
1.725
1.907
1.463
1.590
1.559
1.690
1.620
1.774
1.688
1.832
1.635
1.766

HCIOL  CI-0
Cl-0Oy
CI-OH
S-0
S—0Oy
S—OH
P—0Oy
P—-0
P—OH
Si—Oy
Si—0O,
Si—OH
Br—0O,
BT*OH
Br—OH
Se-0y
Se-0O,
Se-OH
As—0Oy
As—O,
As—OH
Ge-0y
Ge-0O,
Ge-OH
S-0O
S—OH

HSOt~

HPOs2~

HSiO437

H BI’O40

HSeQ!~

HASO4?~

HGeQ?~

H2SOP

HoPOy~
P—OH
Si—0
Si—OH
Se-O
Se-OH
As—0O
As—OH
Ge-O
Ge-OH
P-0O
P—OH
Si—0
Si—OH
As—O
As—OH
Ge-0O
Ge-OH
Si—OH
Ge-OH

H,Si02~
H,SeQP
HASO~
H.GeQ?~
H3POL
H3SiOst
H3AsO,°
H3:GeQyl™

H4SiOfL
H.GeQP

aBond length (A).> Electron density¢ Laplacian of the charge den-
sity. 9 Ratio of the eigenvalues of the Hessianpgf;) perpendicular
and parallel to %-O. ¢ Ellipticity. f Ratio of the electronic kinetic energy
density and the electron densigiocal electronic energy density. All
AIM values are reported in atomic units. See entire caption of Figure
1.

X—0H bond (i.e., protonated oxygen) elongates 6:0&0 A,
while the three remaining XO bonds (i.e., unprotonated
oxygens) contract 0.029.063 A relative to their respective
XO4 bases. The proton in HSO, HCIOL, and HBrQP is

G(p(re))/

(A2 p(r® VP(rde Al e p(rdf  Edro
HCIOL 0.974 0.353 —2.500 1.731 0.016 0.188 —0.69
HSO~ 0.965 0.364 —2.498 1.741 0.012 0.214 —-0.70
HPOZ 0.963 0.367 —2.484 1.735 0.011 0.231 —-0.71
HSIO2~  0.966 0.362 —2.419 1.715 0.005 0.240 —0.69
HBro,° 0.975 0.351 —2.475 1.725 0.012 0.192 —-0.69
HSeQ™ 0.967 0.361 —2.495 1.741 0.013 0.214 —0.70
HAsO2~ 0.966 0.363 —2.435 1.733 0.016 0.233 —0.69
HGeQ3~ 0.968 0.360 —2.382 1.712 0.005 0.242 —0.68
H,SOL 0.970 0.354 —2.532 1.705 0.012 0.188 —0.70
H.,PO~  0.963 0.364 —2.519 1.734 0.018 0.215 —0.71
H,SiO2~ 0.963 0.365 —2.445 1.725 0.007 0.236 —0.70
H,SeQ® 0.972 0.352 —2.495 1.713 0.012 0.194 —0.69
H,AsO,/~ 0.966 0.361 —2.476 1.736 0.010 0.218 —0.70
H,GeQ?~ 0.965 0.363 —2.402 1.721 0.007 0.238 —0.69
HsPQO,° 0.965 0.356 —2.541 1.692 0.007 0.195 —0.70
HsSiO~ 0.961 0.364 —2.486 1.728 0.006 0.224 —0.70
HsAsO,° 0.967 0.356 —2.515 1.710 0.009 0.200 —0.70
H:GeQl~ 0.963 0.364 —2.465 1.734 0.008 0.227 —0.70
H4SiO° 0.960 0.361 —2.551 1.694 0.004 0.205 —-0.71
H,GeQ® 0.964 0.359 —2.513 1.714 0.007 0.208 —0.70

aBond length (A).PElectron density¢ Laplacian of the charge
density.¢ Ratio of the eigenvalues of the Hessiarp@f) perpendicular
and parallel to X-O. ¢ Ellipticity. * Ratio of the electronic kinetic energy
density and the electron densigiocal electronic energy density. All
AIM values are reported in atomic units.

two remaining unprotonated -XO bonds contract further
0.028-0.067 A relative to HXQ oxyanions due to the combined
effects of reduced formal charge and protonation on adjacent
O atoms.

The X—OH bonds in HXO4 molecules are contracted by
0.067-0.085 A and X%-O contracted by 0.0260.037 A relative
to HXO,4 oxyanions. The shortest+D, Si—0O, As—0O, and
Ge—-0 bonds also occur in these molecules.

The HXO4 molecules have protons oriented toward what
could be seen as the nonbonding orbitals of neighboring
protonated oxygens. The newly protonateg GH bond elon-
gates 0.0760.077 A, while the remaining XOH bonds
contract 0.0550.058 A relative to HXO,.

3.2. The Nature of X—O(H) Bonds. AIM Analyses.The
properties of (3;71) bond critical points of X-O(H) bonds
calculated at the B3LYP/6-3#1+G(3df,pd) level are reported
in Table 1. All X—O(H) bond critical points display a significant
concentration of electrons wig{rc) ranging from 0.138 to 0.400
au for HSiO, to HCIOL, and from 0.145 to 0.284 au for,8eQ,
to HBrO,°, respectively. These values are close to those aof XO
oxyanions with 0.12 to 0.37 au for Si® to ClIO,~, and from
0.14 to 0.27 au for Ged to BrO4~, respectively®. A closer
inspection, however, reveals additional insight into the nature
of these values. As noted in the previous sectionrXbonds
undergo a slight contraction at each protonation step. Two

oriented mid-way between two adjacent unprotonated oxygensunprotonated oxygens of perchlorate, for instance, undergo a

(Figure 1). These two oxygens (IChave also slightly longer

contraction in bond length of 0.037 A at the first protonation

bond lengths than the remaining one. The proton in all other step and display a concomitant increasep(r) from 0.37 to

HXO,4 molecules is oriented directly toward only one unpro-
tonated oxygen. This oxygen (Phas then a slightly longer
bond than the two remaining ones.

The HXO4 molecules have both protons oriented toward a
different unprotonated oxygen. In this protonation step and in
all subsequent ones-XOH bonds undergo a contraction relative

0.396 au. Figure 2a,b illustrates the resulting power or expo-
nential relationships between->O(H) bond lengths and(rc),

in agreement with similar relationships already shown in
previous studie? 3% In fact, the results of Gibbs et.&d-340on
neutrally-charged Si(IV) and Ge(lV) hydroxyacids (B3LYP/
6-311G(2d,p)) are in good agreement with their charged

to their conjugate bases due to the reduction in the formal monomeric counterparts considered in this study. This result

negative charge of the molecule. InXD, molecules the
contraction is of 0.0840.103 A relative to HXQ. X—OH bond
lengths are nonetheless always longer thanOXbonds. The

also suggests that while it is possible that negatively charged
gas-phase molecules yield exaggerated calculated longer bonds
(thereby increasing the closed-shell nature of an interaction
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HC1040
HBrO40

)
o

HSeO41-
HAsO42-

o o

H3ASO40 H4Si040 H4GCO40
H3GCO4 1-

Figure 1. Optimized geometries of oxyacids considered in this study. The smallest circles (open, gray, and black) are loci of VSCC determined
by (3,—3) critical points of—V?p(r). X—0 bonds in HXQ are denoted as X0, and X—0Oy;, where the former denotes that only one bond has this
specific distance and the latter denotes that there are two bonds with another specific distance.

through a redistribution of electrons in oxygen valence shells), 4), giving rise to a more stable accumulation of electrons at the

the trends in X-O bonds outlined here and in a previous bond critical point at small XO bond lengths. At even smaller

publicatiorf are chiefly due to the nature of X. bond lengths, nucleic repulsion should give rise to a reversal in
The effects of basis sets on the AIM analyses are shown for this trend.

HSiO4 oxyanions in Figure 2c. The results show larger basis  1p¢ (3—1) bond critical point properties of the oxyacids

sets to yield larger values pfrc). Basis sets of triple:-quality (Table 1) thus show the nature of>Q interactions to remain

%’l'ﬁgﬂgﬁg(;?;djgé d“?jﬁgﬁ eellgrr:(()az?s a‘?hglfrf:ri?air?i?]% Zgﬁ;;:;'(;?esimilar to those of XQoxyanions. Indeed, the significant values
. ; 2 > <
therefore based on the results of the calculations with the of p(rc) along with values oVp(r¢) > 0, A4/As = 1, G(p(rc))/

6-311++G(3df.dp) basis set p(re) > 1, andE(re) < 0 point to an interaction intermediate to
Figure 3a b, shows the rélationship betwee?p(r;) and closed-.shell and ;hared T‘a“”e- H@@mains an excep.tion,
X —O(H) bond lengths, which are also similar to those of Si(IV) where its bond critical point properties suggest shared interac-

and Ge(IV) hydroxyacids reported by Gibbs ef%# Positive tions. The nature of the XOH bond is also similar to tha_lt of
(negative) values of2p(r¢) decrease (increase) and appear to X —O bonds, although the longer>OH bond, likely resulting
converge toward values intermediate to 0 and 0.2 at the largestTom X—H repulsion, yields smaller values @fr), ranging
X—O(H) bond length considered in this study. The large from 0.082 to only 0.254 au for #8i0, to HCIO,®, and from
negative values of Cl also show a minimum at a bond length 0-087 to only 0.189 au for #eQ, to HBrO . Values ofvp(rc)

of 1.45 A and a strong increase at smaller bond lengths. DespiteandG(p(rc))/p(rc) are also smaller than those ofO bonds in
the general increase &2p(r¢) with increasingo(r) the overall X0, and values oV %p(rc) are even negative in HSO and
energy of bond critical point electrons decreases, as shown inH2SQO. Although this would point to a smaller kinetic energy
Figure 3c,d. In other words, the decreas¥(n;) with decreasing density for (3;-1) bond critical point electrons, valuesBf(rc)
bond length is more important than the increasés{n:) (eq are not as negative as those of-® bonds.
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Figure 2. Electron density (in atomic units) at the {31) bond criti-

cal point as a function of XO bond lengths for (a) 3rd- and (b)
4th-row oxyacids (Table 1) and oxyanidhsbtained at the B3LYP/
6-311++G(3df,dp) level, and (c) EBiO, oxyacids ¢= 0 to 4) obtained
with B3LYP and different basis sets. The data for Cl and Br oxyacids
were augmented by additional calculations ong6®yanions at various
hypothetical X-O bond lengths. The data of Gibbs et3&* for
neutrally-charged Si and Ge hydroxyacids are also shown for com-
parison.
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4. Third-row oxyacids possess one large V(X,0(H)) disynaptic
basin per X-O(H) bond with populations ranging from 1.39 to
2.17e, which are also power or exponential functions of &
bond lengths (Figure 5a). In contrast, most 4th-row oxyacids
possess small disynaptic basin populations only rOH
bonds, with values ol ranging from 0.65 to only 1.G¥ ELF
therefore classifies 3rd-row oxyacids as shared interactions and
their 4th-row counterparts as mostly closed-shell. This result is
also relatively insensitive to the choice of basis set, with the
notable exception of the small 6-31G basis set which hardly
recovers V(X,0(H)) basins (Figure 5b). All basis sets recover
C(X) and C(O) core populations close to their respective noble
gas configuration with B3LYP/6-31+G(3df,pd) values of
2.04-2.07e (A = 0.17) for O, 10.0%+10.0% (1 = 0.04-0.06)

for 3rd-row elements, and 27.727.8% (1 = 0.04) for 4th-

row elements. Deviations from the exact noble gas core
populations have already been ascribed to some partial mixing
of valence shell electrons with the core of O and 3rd-row
elements and of the opposite in 4th-row eleméhts.

Monosynaptic basins of unprotonated oxygens, V(O), range
from 5.76 to 6.12 (ca. 2 pairs) in 3rd-row oxyacids, and from
7.86 to 7.9@ (ca. 4 pairs) in 4th-row oxyacids. These V(O)
basins are, in fact, superbasins encompassing up to three highly
correlated and delocalized & 0.43-0.55) sub-basins whose
(3,—3) critical points ofy(r) are coordinately close to those of
—V2p(r) (Figure 1). V(O) superbasins in unprotonated oxygens
of most 3rd-row oxyacids possess two V(O) sub-basins of
roughly 2.8-2.9% and 3.2-3.3e, while those of their 4th-row
counterparts have larger values of about-38®e and 4.2~
4.3e as a result of the absence of V(X,0) basins. Some
exceptions include POt~ and HSiO,2~, which have only
onex(r) attractor per O, and $¥$Q,° and HGeQ@*~, which have
three. As all XQ oxyanions possess three V(O) sub-basins per
oxygen, protonation tends to reduce the number of V(O) sub-
basins without, however, dramatically affecting the overall
superbasin population.

V(O) superbasins of protonated oxygens have smaller elec-
tronic populations of 4.364.8% in 3rd-row oxyacids and of
5.35-6.26 in their 4th-row counterparts as a result of the
presence of the V(O,H) basin, to be discussed in Section 3.3.
These two V(O) superbasins possess two sub-basins of equal
electronic population of about Z24ach in 3rd-row oxyacids
and up to 3.& each in 4th-row oxyacids.

Valence Shell Charge Concentration (VSCThe relative
positions of VSCC in the different oxyacids and their conjugate
bases along with the ELF population analysis provide further
clues on the nature of the-XO(H) bonds. Most VSCC shown
in Figure 1 are coordinately close to {3) critical points of
5(r), i.e., close to V(X,0(H)) basins along a bond path and V(O)
basins near oxygens. All VSCC along bond paths of 3rd-row
oxyacids possess large values€f), negative to neutral values
of V2p(r) and tend to be spatially closer to X in the expected
order of electronegativity, as also noted for oxyani®As the
population of V(X,0(H)) basins does not exceezleXcept in
X—0 bonds of HSiOs* and HPO,°, 3rd-row X—0O bonds can

Last, protonation also induces small increases in values of be mostly described as polarized shasdabnds. Those in 4th-

ellipticity in both X—0O and X-—OH bonds, not larger than=

row oxyacids are rather closed-shelbonds. The reduction in

0.098. Such values, however, only suggest small asymmetricthe number of V(O) sub-basins and VSCC from three insXO
spreads of electrons in the two planes perpendicular to the bondto two in most oxyacids is also accompanied by a slight

path, that are at any rate not deemed to be physically significant.

ELF Analysis.The results of the ELF analyses at the B3LYP/
6-311++G(3df,pd) level, reported in Table 3, provide further
insight into the results of the AIM analysis. Examples of typical
localization domains found in the oxyacids are shown in Figure

migration of these points away from the bond path. Indeed, the
angles] X—0O—VSCC of 98-114° in XO4 increase about-15°

at each protonation step tok0,4°, suggesting the absence of
7 back-bonding. %O bonds in HS@~, HPQZ~, HSIO2#~ and
X—0OH bonds in HSIO#Z~, H3SiO4~ possess an additional
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Figure 3. Laplacian ofp(r¢) and local electronic energy density (in atomic units) at-@, bond critical points for (a,c) 3rd- and (b,d) 4th-row
oxyacids (Table 1) and oxyaniofiss a function of X-O bond lengths. All data are obtained at the B3LYP/6-B315(3df,pd) level. The data of
Gibbs et aPf?3*for neutrally-charged Si and Ge hydroxyacids are also shown for comparison.

TABLE 3: ELF Synaptic Basin Population (N) and Relative Fluctuation, (1) (B3LYP/6-311++G(3df,pd)), N (1)

C(X) C(0) V(X,0) V(X,0)  V(X,OHP  V(OH) V(0) V(0) V(OH)P
HCIO, 10.03 (0.06) 2.05(0.17) 1.93(0.66) 1.93(0.66) 1.40(0.70) 1.79(0.48) 6.00(0.25) 5.96(0.25) 4.87 (0.32)
HSQOt 10.01 (0.05) 2.06(0.17) 1.90(0.65) 1.83(0.65) 1.41(0.68) 1.77(0.49) 6.07(0.24) 6.01(0.24) 4.80(0.32)
HPQ2 10.03 (0.05) 2.06 (0.17) 1.83(0.64) 1.72(0.65) 1.43(0.65) 1.72(0.50) 6.07(0.23) 6.08(0.24) 4.83(0.32)
HSIO2 10.04 (0.04) 2.06(0.17) 1.78(0.63) 1.76(0.63) 1.39(0.66) 1.74(0.51) 6.11(0.23) 6.10(0.23) 4.89(0.32)
H,SQP 10.02 (0.05)  2.06 (0.17)  2.04 (0.64) 1.52(0.66) 1.77(0.48) 5.89 (0.25) 4.65 (0.34)
H,POM~  10.03(0.05) 2.05(0.17) 2.03(0.63) 1.60(0.63) 1.75(0.49) 5.85(0.24) 4.65 (0.34)
H,SiO2~  10.05(0.04) 2.04(0.17) 1.98(0.61) 1.63(0.62) 1.73(0.51) 5.88(0.24) 4.63(0.33)
HaPQO 10.03 (0.05)  2.06 (0.17)  2.16 (0.62) 1.71(0.62) 1.76(0.48) 5.76(0.25) 4.47 (0.35)
H:SiOf~  10.04 (0.04) 2.06(0.17) 2.17 (0.60) 1.73(0.60) 1.70(0.49) 5.77(0.25) 4.47 (0.34)
H.SiO°  10.05(0.04) 2.05(0.17) 1.83(0.60)  1.75(0.49) 4.36 (0.36)
HBro° 27.79 (0.04)  2.04 (0.17) 1.07(0.80) 1.79(0.49) 8.00(0.19) 7.97 (0.19) 5.20 (0.31)
HSeQ~  27.85(0.04) 2.05(0.17) 0.93(0.79) 1.76(0.49) 7.96(0.17) 7.96(0.17) 5.36 (0.31)
HAsOZ~  27.85(0.04) 2.05(0.17) 0.97 (0.76) 1.75(0.51) 7.98(0.16) 7.91(0.15) 5.32(0.31)
HGeQ?  27.83(0.04) 2.06(0.17) 0.72(0.81) 1.78(0.51) 7.94(0.16) 7.88(0.16) 5.56 (0.30)
H;SeQ®  27.80(0.04) 2.06 (0.17) 0.71(0.82) 1.78(0.49) 7.97 (0.18) 5.53 (0.32)
HAsO;~  27.81(0.04) 2.05(0.17) 0.80(0.79) 1.75(0.49)  7.96 (0.16) 5.48 (0.32)
H,GeQ?~ 27.82(0.04) 2.06(0.17) 0.79(0.79) 1.75(0.51) 7.88(0.15) 5.55 (0.30)
H:ASO  27.85(0.04) 2.05(0.17) 1.76 (0.49)  8.00 (0.16) 6.23 (0.27)
H:GeQl~ 27.83(0.04) 2.05(0.17) 0.67(0.81)  1.73(0.49)  7.96 (0.15) 5.59 (0.30)
H.GeQ?  27.83(0.04) 2.06(0.17) 1.75 (0.49) 6.23 (0.25)

aValues of Nare electronic population8 Synaptic valence basins of protonated oxygens.

VSCC along X%-O(H) bond paths (Figure 1). The VSCC closest HPQy!~, three VSCC are in trigonal symmetry about the@®H

to O on the bond path has AIM properties similar to two other axis (shown as solid gray circles in Figure 1) and the three others

VSCC of oxygen pointing outward from the molecule. This are at the antipodes of P (shown as solid black circles). These

VSCC is, however, not associated with a«3) critical point VSCC have, however, small values @f= 0.05 au and-V?p

of n(r) and is therefore not an attractor in its own right, but it = 0.07 and are not recovered as maximavin(r). The same

does underscore an important charge transfer to O. holds for the five VSCC in lPQ,1~, with nearly identical AIM
P-containing oxyanions have additional VSCC outsideXX properties. The PO bond in HPQ, has three VSCC in trigonall

bond paths that could suggest other bonding schemes. Insymmetry about the axis that are closely related to three (3,
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HPO42-

@,

Figure 4. Typical ELF localization domains for HR&, H,PO, ™,
and HPO,° at isosurfaces ofy(r) = 0.85.

3) critical points ofy(r). These attractors correspond to three
highly correlated V(P,0) basins with about®(Z = 0.81) each.
Once coalesced to one superbasin, the population 02416

= 0.62) may suggest a slight contributiono-obonding but the
distribution of electrons remains highly isotropic, given the near-
zero values o€. The same observations also hold for the Si
bond in HSiO,1~. P—O and Si-O bonds have also the largest
angles X—0O—VSCC of 126.8 and 140.0, respectively,
showing that the shorter bonds repel the most V(O) basin
electrons. Their associated V(X,0) populations of 2:26L7
and their correlative V(O) populations of about 557 7e thus
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Figure 5. Disynaptic basin populatioref as a function of X-O bond
length for (a) 3rd-row oxyacids and oxyanidhsat the B3LYP/
6-311++G(3df,pd) level, and (b) for kIO, (z= 0 to 4) with different
basis sets.

thus likely to be oriented by the negative charge of nonbonding
electrons of neighboring O without, however, resulting in an
interpenetration of van der Waals raglii.

ELF AnalysisAll V(O,H) basin populations range from 1.70
to 1.7% and have similar values of delocalization= 0.48—
0.51) with strong cross-contributions with their respective V(O)
basins. The basin populations are larger for species of lower
protonation level and of larger charge; for example, among
HXO, anions,N tends to decrease in the order €IS > P >
Si and Br> Se > As > Ge. Values ofN are also larger in
longer O-H bonds. These trends are, however, the result of
only small variations, and in a global sense the bonding nature
and electronic population of ©H bonds in all oxyacids can
be said to be insensitive to the nature of ® bonds.

suggest that even the shortest distances are chiefly explained 3 4. Acidities. G2-calculated gas-phase enthalpies of acidity

by shareds bonds.

3.3. The Nature of O-H Bonds. AIM Analysis. The
properties of the (3;1) bond critical points of @H bonds are
reported in Table 2, and all have properties close to those
previously described for hydroxy?sAll bonds have (1) distances
ranging from 0.960 to 0.975 A, (2) values pfr¢) from 0.351
to 0.365 au, (3) values d¥%p(r;) from —2.532 t0—2.419 au,
and (4)A1/A3> 1, G(p(re))/p(re) < 1, andE(re) < 1. The bond
is therefore typical of shared interactions, with insignificant
values ofe, ranging from 0.004 to 0.018. The absence of(3,

1) bond critical points between H and neighboring O atoms also
show the lack of intramolecular hydrogen bonding. Protons are

are reported in Table 4. The values for HQIOH,SQ,°, and
H3PQ,° compare well with the few experimental values avail-
able3® Aqueous-phase Ky's also correlate well with G2-
calculated values (Figure 6a), despite expected effects from
solvent interactior® (illustrated for, for example, oxyacitfs 14

and superacid9. Figure 6b also shows that G2-calculated
enthalpies of acidity correlate well with ab initio molecular
electrostatic potentials at H sites (Table 4). Various attempts
have previously been made to apply simple electrostatic models
to predict acidity?13using point charges condensed to nucleic
coordinates (e.g., natural bond order chatyasd electrostatic
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TABLE 4: G2-Calculated AgciggH%os (kd/mol) (G2), pK4's, 1.0
and Electrostatic Potentials (kJ/mol) at Ht Sites for
Neutrally- and Singly-Charged Oxyacids
Aacid(g)H 0298 pKa(exp? V(H +)
HBro.° 1229.9 —2364.2 HCIO4
Hese0r era 0 huoso 0 all other —\| HBO4
208 . - . n(r _
HSO0 1297.2¢ (~1.98] 23945 “E“traléy
H3AsO,° 1360.5 2.24 —2474.0 charge
H3POL 1366.2 2.15 —2464.5 oxyacids
H.GeQP 1457.6 9.3 —2567.8
H,SiO° 1470.0 9.86 —2564.9
HSeQ!"~ 1828.0 1.7 —2979.8
HSO,~ 1867.4 1.99 —3002.8
HoASOs 1880.3 6.96 —3024.6 0.0
HPO 1909.3 7.2 —3033.2 O H 7.0 a.u.
1— —
:22%?1‘, %gggg ig? _ggggg Figure 7. Values ofy(r) along the G-H axis in all neutrally-charged

3rd- and 4th-row main-group oxyacids considered in this study (B3LYP/
a Experimental resuf® 1200 kJ/mol "Experimental result? 1282+13 6-311++G(3df,pd)).
kJ/mol. ‘Experimental resti®:1295+11 kJ/mol.9Experimental result:
i;flggz;iﬁ ‘;Jlé”fso';'is:gﬂgf ftr%ﬁr:;g”;éi;l;fjtmfgefé?k;? If(;ﬂrc‘ proposed as part of a rationalizing tool to predict protonation
streng.th off = 0 at 298.15 K. sites in base#} In all thes_e_ cases, mtramoleqular d!smbutmns
of electrons are determining in understanding acidity. In the

a) 2200 simpler application of underbonding, intramolecular distributions
of electrons are obtained from semiempirical actual bond
2000 H H,pO,! HiSi0," valences. As ELF domains provide an explicit notion of
3 HSO@,/;;;@“‘”’ZEOIGG) intramolecular distribution in terms of electron populations, these
§ 1800 - o will here be used to test the concept of underbonding by
4 considering populations in conjugate acids and bases of main-
% 1600 1,507 group oxyacids.
%” 1400 - Classic explanations of acidity invoke the interplay of
< electronegativity and molecular size, whereby the electron-
1200 - withdrawing capability of a base competes with the increased
delocalization of electrons on larger-sized bases (e.g., the trend
1000 ‘ ‘ ‘ ‘ in increasing acidity in Group 16 £ molecules). The concept
-10 -5 0 5 10 15 of electron withdrawal is specifically taken into account in the
pK, concept of underbonding. In the case of oxyacids, a center X is
expected to withdraw a given number of electrons from the
b) 2000 isor valence shell of oxygen and thereby tap into the pool of electrons
Ho0, NG A;cid(g)“°='°~959‘ V@) -1011.2712 available for stabilizing ©H bonds. Results of the ELF
_ H,As0, BN 1 1 =0:9980 analyses, however, show that this may be otherwise. Indeed,
g 1800 | V(O,H) basin populations not only are limited to a very narrow
E range (1.70 to 1.7 but also are larger for longer-€H bonds
2 1600 - and larger for stronger acids, a counterintuitive result also
5 encountered in hypophalous aciddvioreover, profiles of;(r)
2 along O-H bonds in all neutrally-charged oxyacids, shown in
j 1400 Figure 7, confirm the insensitivity of these results on acid
strength, save the two slight outlying curves for HEl@nd
HBroOL. There is, therefore, no significant positive correlation
1200 between V(O,H) populations and the large range of acid

-3200 -3000 -2800 -2600 -2400 -2200 strengths in main-group oxyacids. Likewise, the variance on
V(H") (kJ/mol) the glectronic population of _V(O), herg _quantified through tr_\e
) . o . relative fluctuation (eq 6), fails at providing any clear trends in
Figure 6. G2-calculated enthalpies of acidity (a) as a functionkif® acidity through the concept of electron delocalization.
for neutrally- and singly-charged oxyacids, and (b) as a function of i - ] )
the electrostatic potential at the site of protons calculated at the B3LYP/  In contrast to the largely insensitive V(O,H) basin populations,
6-311L++G(3df,pd) level. those of V(O) and V(X,0(H)) undergo more dramatic changes.
We first note that the exponential relationships between 3rd-
potential-derived point charges). Mer8ingh—Kollman'© charges row V(X,0(H)) electronic populations and-XO bond length
were calculated for the oxyacids considered in this study (not have also been reported fofrc)3?2¢ (Figure 5) and with actual
reported here) but, much like the results of similar stuéfies, bond valences i.e., the value used to quantify underbonding.
relationships with calculated gas-phase enthalpies of aciditiesWe, however, note that while values gff ;) for a given X-O
or with pKy's are ambiguous. Good correlations have also been distance are larger for centers X of larger electronegativity, those
reported for nitrogen and phosphorus bases with the propertiesof V(X,0(H)) basin populations show the opposite trend. Some
of V2o(ro)*t and one-electron potentid. The electronic reconciliation to this counterintuitive observation can, however,
population of monosynaptic basins of basic moieties was also be found in the following observations.
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Figure 9. Electronic populations of monosynaptic and protonated
disynaptic basins of O as a function of those-®& disynaptic basins

in all 3rd-row main-group oxyacids considered in this study (B3LYP/
6-311++G(3df,pd)). This relationship cannot be shown for 4th-row
oxyacids due to the constant V(O) population of about 788Ce.

2.2

(1) Values ofy(r) along the X-O axis (Figure 8) reach a
maximum closer to X in the order Si P < S < Cl, i.e., with
increasing electronegativity.

(2) The volumes of V(X,0) basing; (not reported here),
decrease in the order S$i P > S > Cl, i.e.,, with decreasing
X—0 bond length. The volume of a V(Si,0) basin, for example,
is about®; times larger than that of a V(CI,0) basin of equal
electronic population. ~

(3) The mean electronic density of V(X,0) basips+= N/v
(not reported here), increases in the order$ < S < Cl and
is constant for any given X. The mean electronic density of
any V(Si,0) basin, for example, is aboi times smaller than
any V(CI,0) basin of equal volume.

The electronegativity of X thus controls the approachyof
(r) maxima and values @ in V(X,0) basins. The population
of V(X,0) basins, however, result from the interplayméand
X—0 bond length: oxyanions with X of smaller electronega-
tivity but of larger disynaptic basin volumes may thus have
larger values oN of although lowp. In addition, recalling the
relationship shown in Figure 5a, it should be noted that within
a class of oxyanions of cemt¥ a protonation-induced increase
in X—OH bond length will result in a decrease in volume and
N(V(X, 0)), thereby increasing (V,0)). This redistribution of
electrons is also reflected by a linear relationship between
V(X,0) and V(O(H)) populations shown in Figure 9, but has
no apparent relationship to acidity. Moreover, as 4th-row
oxyanion V(O) basins all possess about #8300, i.e.,
irrespective of their acid strengths, V(O) basins populations

main-group oxyacids. The concept of underbonding may
therefore warrant further investigations.

4. Summary

AIM and ELF analyses have shown—->O(H) bonds to be
characteristic ob-bonded shared interactions in 3rd-row oxy-
acids but ofo-bonded closed-shell interactions in their 4th-row
counterparts and to have nonbonded electron populations
resulting from the nature of XO bonds. These important
differences do not, however, affect acidity trends among same-
group homologous molecules. The results of the ELF analyses
do not support underbonding as a rationalizing argument for
trends in acidity. In fact, trends in gas-phase enthalpies of acidity
and [Kj's are better described with the electrostatic potential at
the site of the proton.
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