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Multiply charged anions (MCA’s) are unstable relative to electron autoejection; however, the repulsive Coulomb
barrier (RCB) provides electronic stability. In view of their interest in biological systems, the behavior of
isolated AsO4

3-, PO4
3-, SO4

2-, and SeO42- in the gas phase and in solution has been studied. To calculate
the RCB values, the electrostatic and point charge modelstwo methods currently used in the literaturesare
applied, together with a recently introduced Conceptual Density Functional Theory (DFT) based approach.
The relative stability of the above-mentioned MCA’s is compared. The trends of the RCB are analyzed by
including analogous compounds from the second and third row and by passing from dianionic to trianionic
systems. Considering the effect of solvent, using the SCI-PCM solvent model, the evolution of the RCB
when passing to higher dielectric constants is evaluated. The RCB is related to the properties of the system
as polarizability/softness. Both a numerical and a conceptual correlation between the RCB and the global
softness is found.

Introduction

Multiply charged anions (MCA’s) are common in the
condensed phase and play an important role in chemistry,
material science, and biochemistry. Many familiar inorganic
MCA’s in the gas phase are for example present as stable entities
in proteins, where they are stabilized with respect to electron
emission through the numerous interactions with the enzymatic
environment. An example recently studied by our group1 is the
stabilization of the negative charge of the dianionic substrate
arsenate complexed to the enzyme arsenate reductase (ArsC).
Upon binding, due to the several ArsC-arsenate hydrogen
bonds, negative charge from arsenate is transferred to ArsC by
which the dianionic arsenate passes into an intermediate form
between the mono- and dianion. Phosphates, sulfates, and
selenates are other examples of inorganic compounds that are
present as stable multiply charged species in proteins such as
phosphatases, sulfate-binding protein, and molybdenum en-
zyme.2

In the gas phase, however, one has to deal with the
“electronic” instability of MCA’s. The strong intramolecular
Coulomb repulsion due to the excess of negative charge makes
MCA’s very fragile and sensitive to electron autodetachment.3

Therefore, MCA’s have rarely been observed in the gas phase
until very recently, when increasingly sophisticated experimental
tools based on photoelectron spectroscopy (PES) and electro-
spray ionization have become available.3,4

The experimental observation of MCA’s can be explained
by the existence of a repulsive Coulomb barrier (RCB) hindering
the emission of one of the excess electrons. Starting from an
N-electron reference system with chargen, the escaping electron
experiences both a valence-range attractive potential that acts
to bind the electron and a long-range Coulomb repulsive
potential caused by the remaining (n - 1)-charged anion. If in
the valence region the attractive valence potentials are stronger

than the repulsive Coulomb potentials, the lowest bound state
of the n-charged anion lies below the lowest state of the (n -
1)-charged anion, and then-charged anion is electronically
stable. On the other hand, when the Coulomb repulsive potential
is strong enough to outweigh the attractive potentials, the
n-charged anion is electronically unstable with respect to the
(n - 1)-charged anion. However, the existence of the RCB
stabilizes theN-anion through which a metastable anion of
chargen results5 (Figure 1). The RCB requires the departing
electron to overcome a potential barrier to escape, which can
be a very unlikely process. Consequently, relatively long but
finite lifetimes can be observed for metastable species.5-7

Since arsenate, phosphate, selenate, and sulfate are of
biological interest, these MCA’s are often target for theoretical
studies of enzymatic processes.8,9 Consequently, it is of
fundamental chemical and physical significance to understand
the behavior of these MCA’s in the gas phase.

The increase of computational power during the last few
decades has allowed us to perform detailed theoretical studies
on realistic enzymatic systems. A combination of these theoreti-
cal studies and well-established experimental investigations
(structural investigations, pH rate profiles, kinetic isotope effects,
...) provides a better understanding and more precise information
on both structural and kinetic aspects of enzyme action.
However, due to their size, quantum-theoretical investigations
of biosystems still call for the use of model systems, in which
stabilizing interactions of the environment are often reduced or
sometimes left out to ensure high computation accuracy, the
most extreme case being the isolated species in the gas phase.

In the present study, RCB’s are calculated for trianionic
arsenate (AsO43-) and phosphate (PO43-) and dianionic sulfate
(SO4

2-) and selenate (SeO42-). Two methods currently used in
the literature are applied: the electrostatic10 and the point charge
(PCM)6,7 model. A third approach, based on Conceptual Density
Functional Theory (DFT),11 including the softness, Fukui
function, ... of the (n - 1)-charged system, is introduced to
calculate the RCB.
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The relative stability of the mentioned MCA’s toward each
other is compared and the question is addressed how to relate
the RCB to the nature of the studied systems. The trends of the
RCB are analyzed by including analogous compounds from the
second and third row and by passing from dianionic to trianionic
systems. Since the studied anions are highly polarizable, the
relationship between the trends in the RCB values and the trends
in the global softness (S)12 is explored.

Also, the stabilizing effect of solvent on MCA’s is investi-
gated.

Theoretical Background

Although the RCB is clearly dominated by the electrostatic
interaction between the outgoing electron and the residual anion,
it is emerging from a nonlocal and energy-dependent potential.6,7

An exact theory for the RCB can be derived in the framework
of Green’s function theory, in analogy to scattering potentials,
to which the RCB is closely related. The Green’s function (GF)
obeys a Dyson equation, relating the GF for the total system to
the free GF’s of the unperturbed anion via its self-energy. The
self-energy corresponds to the exact potential experienced by
an electron when it is emitted from the electronically unstable
MCA, and can thus be identified with the RCB. The exact self-
energy is not straightforward to compute, and due to its nonlocal,
energy-dependent, and probably complex nature not easily
depictable.6,7 Therefore, approximations have to be made.

Simons et al. have shown that a simple Coulomb-energy
model can be applied to roughly estimate the height of the RCB
of compact stable and metastable MCA’s.5

Beyond this simple Coulomb model, the RCB can be
computed in the framework of local ab initio approaches, which
are meaningful approximations for the true RCB, when the
system under investigation is spatially extended.6

A straightforward and natural way to estimate the RCB is to
compute the total energy of the (N - 1)-system in the presence
of a negative point charge, which may represent the outgoing
electron. If the negative point charge is placed at varying
distancesr to the monoanion, one readily obtains a complete
potential barrier profile. The RCB determined by the point
charge model (PCM) potential, denoted asVPCM(r ), is then
obtained from the equation

with E0(r) being the total energy of the (N - 1)-system in the
presence of the negative point charge at positionr , while E0 is
the total energy of the (N - 1)-system.6,7

Note that when using atomic units, the charge of an electron
(absolute value) equals 1, so energy and potential are numeri-
cally equal here and will be used together throughout.

The point charge model correctly describes the remaining
(N - 1)-anion at large distances between the point charge and
the remaining (N - 1)-anion, but possesses some weakness at
short distances. By fixing the approaching electron at a certain
positionr through which this electron becomes distinguishable
from the otherN - 1 electrons of the system, the PCM model
loses accuracy. When the electron approaches, the (N - 1)-
system becomes statically polarized. This can only happen when
the electron approaches with high velocity. Because this is not
necessarily the case, the static polarization of the (N - 1)-system
makes the PCM model less rigorous. (For an extensive discus-
sion see refs 6 and 7.)

The electrostatic model10 calculates the RCB as the potential
energy of interaction between an electron and a charged sphere.
This potential energy is largely governed by the polarization
and the long-range Coulomb repulsion and is given by

Equation 2 is the generalization of eq 1 of ref 11 and gives the
case of a multiply charged sphere,R is the polarizability (in
Å3), Q (in au) is the remaining charge of the sphere after the
electron has left, andR (in Å) is the distance between the center
of mass of the charged sphere and the leaving electron. The
conversion factor 14.4 is given in eV Å.

Within the framework of Conceptual DFT,11 our group
proposed a methodology to calculate the interaction energy
between a molecule and a single point charge, based on first-
order perturbation theory to the electron density.13 This method
was originally used to calculate interaction energies in adsorption
processes of zeolites13 and is applied in this work for the first
time to calculate RCB’s.

The interaction energy∆E(R) of a molecule and a single point
chargeq is given by

where V(R) can be identified as the classical molecular
electrostatic potential (MEP)14 at positionR. In a point charge
model and for molecules at large distances, the first term of eq
3 reduces to the Coulomb term of eq 2.

ω(r ,r ′) stands for the linear response function ({∂F(r )}/{∂υ-
(r ′)})N. According to the Berkowitz-Parr relation,15 ω(r ,r ′) is
equal to

∆E2(R) includes the response of the system’s density to the
change in potential due to the leaving electron as seen from its
exact expression for∆E2(R)

whereδυ(r ) stands for a variation in the external (i.e. due to
the nuclei and, in the MCA case, the leaving electron) potential.

Writing the external potential due to the leaving electron as

ands(r ,r ′) as usual simplified to16

Figure 1. Schematic potential energy curves showing both the binding
energy of an electron to a (n - 1)-charged system as well as the
repulsive Coulomb barrier (RCB). (A) Originaln chargedN-electronic
system is stable; (B)N-electronic system is metastable.R) the distance
to the ejected electron.
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where f(r ) is the electronic Fukui function andS the global
softness,∆E2(R) can be written as13

This term is a correction term arising from the change in
electron density of the MCA when the excess electron is emitted
and involves besides global properties, such as the global
softness (S), also two local properties: theN-derivative of the
electronic part of the electrostatic potential ({∂Vel(R)}/{∂N})υ
and the electronic Fukui functionf(r ) ) ({∂F(r )}/{∂N})υ, being
theN-derivative of the electron density function, both evaluated
at constant external potential.

For a wave function obeying the Hellmann-Feynman
theorem,∫{f(r )}/{|r - R|2} dr is the nuclear Fukui function17

Φ(R) and can be written as|({∂F(R)}/{∂N})υ| whereF(R) is
the force due to the electronic Fukui function acting on a unit
charge placed atR.

The response of the (N - 1)-system’s density to the departing
electron is fully included into the PCM model,7 while an
additional approximation (eq 7) has to be made on eq 5, itself
derived from first-order perturbation theory, to obtain the
working eq 8. Therefore, the DFT based expression can be
considered as less exact in comparison to the PCM model, but
has the advantage of being expressed in terms of molecular
reactivity descriptors, describing the evolution of a system when
passing fromN - 1 to N electrons and vice versa.

∆E2(R) explicitly demonstrates a dependence onS, which
was seen to be proportional toR,16,18yielding a correspondence
with the R-4 term in eq 2.

Computational Details

Calculations were performed on AsO4
3-, PO4

3-, SO4
2-, and

SeO4
2-. The geometries of the consideredN-charged anions

were optimized by using the B3LYP19 exchange-correlation
functional with a 6-31+G** basis set.20 All further calculations
were carried out on these optimized geometries at the B3LYP/
6-31+G** level. To ensure a constant external potential needed
in the calculation of the DFT descriptors, calculations on the
(n - 1)-charged systems were also performed on the optimized
geometries of then-charged systems.

The polarizabilityR appearing in eq 8 was calculated as the
arithmetic average of the diagonal elements of the polarizability
tensor

obtained analytically.
The global softnessS present in eq 3 is given by the finite

difference approximation

whereI andA are the ionization energy and the electron affinity,
respectively.

In eq 10, the ionization energy (I) and the electron affinity
(A) are set equal to zero when negative values are found.
Consequently, for SO42- and SeO42-, S is approximated by the
inverse of the ionization energy while for PO4

3- and AsO4
3- S

is undefined (bothI and A are negative). To overcome this
problem, the equality of the ratio of the global softness of the

(N - 1)-system and the (N - 2)-system (SN-1 and SN-2,
respectively) with the ratio of their polarizabilities (RN-1 and
RN-2) is used

This equality is based on the proposed proportionality
between S andR.16,18

({∂Vel(R)}/{∂N})υ and |({∂F(R)}/{∂N})υ| are calculated by
using the finite difference approach in which∆N is set equal
to 1.

The electrostatic model yields a spherically averaged poten-
tial, while both the PCM model and the DFT based model
provide direction-dependent potentials. As a consequence, when
using the PCM model and the DFT-based model, potential
curves for electron emission can be obtained for all possible
directions. For the tetrahedral anions considered here, the RCB
was calculated into the positive and negative direction of one
of the four equivalent 3-fold X-O axes (X) As, P, S, Se) and
in the direction of one of the two equivalent 2-fold X-Y axes
(with Y the midpoint between two oxygen atoms) (Figure 2).

To investigate the stabilization of MCA’s in solvent, the SCI-
PCM21 solvent model was used.

All calculations were performed with the GAUSSIAN 0322

package.

Results and Discussion

Electronically Unstable MCA’s. The electronic instability
of AsO4

3-, PO4
3-, SO4

2-, and SeO42- can be seen through both
their positive HOMO energies found in agreement with ref 23
(Table 1) and their negative ionization energies, implying that
the anion An- at its optimal geometry has a higher energy than
the corresponding anion A(n-1)- with lower charge at the same
geometry.

Figure 2. Directions into which potential curves for electron emission
are calculated for the tetrahedral anions XO4

2-/3- with X ) S, Se, As,
and P. Color code: threefold axis, X-O (positive direction), black;
threefold axis, O-X (negative direction), blue; twofold axis, O-Y (Y
is the midpoint between two oxygen atoms), red.

TABLE 1: Calculated (B3LYP/6-31+G**) Ionization ( I ) and
HOMO ( EHOMO) Energies (au) of SO4

2-, SeO4
2-, AsO4

3-, and
PO4

3-

I εHOMO

SO4
2- -0.0478 0.132

SeO4
2- -0.0247 0.105

PO4
3- -0.2636 0.332

AsO4
3- -0.2357 0.298

SN-1

SN-2
≈ RN-1

RN-2
(11)

s(r ,r ′) ≈ Sf(r )δ(r - r ′) (7)

∆E2(R) ≈ S((∂Vel(R)
∂N )

υ

2

- ∫ f(r )

|r - R|2
dr) (8)

R ) (Rxx+ Ryy+ Rzz)/3 (9)

S≈ 1
I - A

(10)
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Calculation of the RCB. As mentioned before, the existence
of the RCB stabilizes the MCA’s through which these MCA’s
receive a metastable nature.6,7 The RCB’s calculated with the
PCM model6,7 (eq 1), the electrostatic model9 (eq 2), and the
DFT-based approach (eqs 3 and 8) are given in Table 2 and
Figure 3.

The RCB values calculated with the electrostatic and the PCM
model are of comparable magnitude. The values calculated with
the DFT model are about three times larger than the other
estimations of the RCB, but qualitatively, the three calculation
methods for the RCB give similar results. From the graphs
presented in Figure 3, it is seen that when the barrier height
decreases, the position of the barrier is slightly shifted to a longer
distance from the nucleus. The RCB values obtained for the
dianionic systems are considerably lower than those for the
trianionic systems. This is in agreement with the statement by
Dreuw and Cederbaum6,7 that the magnitude of the RCB
strongly depends on the electrostatic repulsion between the
excess negative charge and the escaping electron. Therefore,
higher negatively charged species, e.g., trianions, in general give
rise to higher repulsive Coulomb barriers than less charged
species, e.g., dianions. For a given ionic charge, the RCB values
decrease when the global softnessSof the considered systems
increases.

The direction dependence of the RCB can be studied with
the PCM model and DFT based models, because these models
provide direction-dependent potentials. It appears that the
difference in molecular environment experienced by the electron
emitted along the different directions shown in Figure 2 is
relatively small when the PCM model is used. A larger
anisotropy is seen when the DFT-based model is used. (Figure
4)

In the literature, RCB values of both monoatomic and more
extended systems were computed with several methods.5-7,10

However, to the best of our knowledge, no studies have been
performed yet on the highly symmetric tetrahedral MCA’s
considered in this work, with the exception of SO4

2-. Hydrated
SO4

2- was extensively studied by Yang et al.10 Their RCB
values of water-solvated SO4

2- obtained with the electrostatic
model varied from 2.8 to 1.2 eV, when the number of added
water molecules was gradually increased from 4 to 50. These
values are in excellent agreement with photon-energy-dependent
PES spectra derived RCB values,10 decreasing from 2.4 to 1.7
eV when the number of water molecules increases from 4 to
18. Using the electrostatic model, we obtain an RCB value of
3.6 eV for SO4

2- in the gas phase, in agreement with the
stabilization and the decrease of the RCB of MCA’s in solvent.
The RCB values for SO42- obtained with the PCM and the DFT-
based model in the gas phase are in line with this principle too.

The PCM model is strongly basis set dependent:6 the RCB
gradually decreases with increasing diffuseness of the basis set,
hindering a direct comparison with values reported in the
literature. Nevertheless, the RCB values we obtain for the
tetrahedral anions are higher than those reported for monatomic

systems such as O2- and F2- (refs 6 and 7). This is in
accordance with chemical intuition: the larger the system, the
more stable it is and thus the lower the RCB value.

Correlation between the RCB and S.The well-known trend
of increasing softness when passing in analogous compounds
from the second to the third row11a,g,24is accompanied by the
decrease in the RCB values (Table 2).

For the electrostatic model, this result is expected, since from
eq 2 an expression, explicitly including the chargeQ of the (N
- 1)-system, ofR in terms of the RCB can be written10

with R the polarizability of the (N - 1)-system, given in Å3,
and the RCB given in eV. Introducing the proportionality
between the polarizabilityR and the global softnessS, put
forward first by Politzer,18 and later on derived by Vela and
Gázquez,16 one obtains from eq 12

with S the global softness of the (n - 1)-charged system. The
expected correlation was not found whenS is calculated with
eq 10 combined with eq 11. To overcome this,I andA of eq
10 can be approximated by respectively the energy of the
Highest Occupied Molecular Orbital (εHOMO) and by the energy
of the Lowest Unoccupied Molecular Orbital (εLUMO), making
use of a Koopmans’25 type of approximation yielding forS

This methodology was proven before, among others by our
group, to give reliable results8,26 in applications of conceptual
DFT.

WhenSis calculated with eq 14, a fair correlation as expected
by eq 13 is now found betweenS and RCB3- (Figure 5,R2 )
0.69). The here-discussed problem illustrates the inherent
difficulties of evaluating S for highly negatively charged
systems.

By introducing the proposed27 correlation betweenR andS3

in eq 12, the following relationship between RCB andS-1 can
be written

Using this proportionality, a better linear correlation between
the RCB andS-1 is found (Figure 6,R2 ) 0.86) arguing in
favor of the proportionality betweenR and S3, in agreement
with Ghanty and Ghosh,27 on the condition that eq 12 holds.

Turning to the PCM model, from eq 1, no direct evidence
for a correlation between the RCB and the global softnessSof
the (N - 1)-system is given. Nevertheless, the similarity between
the results obtained with the PCM model and those obtained
with the electrostatic model provides evidence that the inverse
correlation between the RCB andSremains valid. A very good
linear relationship between the RCB values of the dianionic and
trianionic systems and the inverse of the global softness
(calculated with eq 14) of their (n - 1)-charged counterparts is
indeed obtained (Figure 6,R2 ) 0.93 for dianions,R2 ) 0.99
for trianions). Note that because of the charge dependency of
the RCB values, di- and trianionic systems are treated separately
here. As a consequence, for the trianionic systems, only three
points are available implying that the obtained correlation has
to be treated with the necessary caution.

TABLE 2: RCB’s (eV) Calculated (B3LYP/6-31+G**) with
the Electrostatic (Eq 2), the PCM (Eq 1), and the DFT
Based (eqs 3 and 8, withS calculated with eq 10, see
discussion) Models Compared with the Global SoftnessS
(au, calculated with eq 14) of the (n - 1)-Charged System

RCB electrostatic
model RCB PCM

RCB DFT based
model S(n - 1)

SO4
2- 3.62 3.85 11.81 16.18

SeO4
2- 3.07 3.40 10.69 17.57

PO4
3- 8.25 8.28 25.79 17.09

AsO4
3- 7.37 7.79 25.14 18.49

R ) 629.86

RCB3
Q4 (12)

S≈ RCB-3Q4 (13)

S) 1/(εLUMO - εHOMO) (14)

RCB≈ S-1Q4/3 (15)
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Note that the discussed correlation curves are obtained for
the studied anions supplied with an extra series of anionic
systems (S2-, O2-, N3-, HAsO4

2-, and HPO4
2-), to have a

broader range over which the correlation can be made.
In all three approximations used in this work, the nonlocality

and energy dependence is not considered. With Green’s function
theory, nonlocal and energy-dependent RCB’s can be obtained.
Exact GF results are, however, very difficult to calculate and
moreover very hard to interpret with use of the softness concept.
Since the relation between the RCB and the global softness of
the system is the purpose of our work, we opted for a
methodology involving approximations for the RCB from which
a direct relationship with the global softness emerges.

Although qualitatively the results obtained with the DFT-
based model are similar to those obtained with the electrostatic
and the PCM models, the numerical correlation between the
RCB calculated with the DFT-based model andS-1 is lost. The

importance of the DFT-based model can be found in the explicit
presence of the global softness of the (N - 1)-system in the
equation. Numerically, theS-dependent term dominates in eq
3. Although showing qualitative agreement, the behavior of the
potential, calculated with the DFT-based model, withRdeviates
quantitatively from that of the potential curve calculated with
the two other models (Figure 3). In the DFT-based model, the
shape of the potential curve is largely dependent on the
polarization term of eq 3, a local model of the softness kernel
s(r ,r ′). It is also not excluded that these discrepancies are due
to the inherent difficulties of evaluatingS for highly negatively
charged systems. In addition, we have to mention that the
relation between S andR is not exact, from which further
deviations can occur.

Softness or its inverse, hardness, describes the ability to retain
electronic charge once the charge has been acquired. Further,S
can be approximated as the inverse of the ionization energy

Figure 3. Study of the RCB potentials of SO42- (blue), SeO4
2- (pink), PO4

3- (green), and AsO43- (light blue) in the gas phase obtained with (1)
the electrostatic model (eq 2), (2) the PCM model (eq 1), and (3) the DFT based model (eqs 3 and 8), withScalculated with eq 10. In the case of
nonspherically averaged potentials, results are given (A) along the 3-fold axis and (B) along the 2-fold axis.
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(when very small or negative values of the electron affinity are
neglected in eq 10), which is a measure of the system’s stability
toward electron emission. As a consequence, through eq 3, the
RCB is expressed in terms of properties describing the ease of
the evolution of a system fromN- to (N - 1)-electrons.

Stabilization of MCA ’s. The significant reduction of the
RCB of solvated MCA’s relative to bare ones and the continuous
decrease of the RCB as more solvent is added has been
described before.10,28In analogy to these studies, the stabilization
of the prototypical MCA SO42- in solvent is followed. Instead
of adding solvent molecules in a discrete model, the dielectric
constant of the continuum model is changed. RCB values are
calculated with both the electrostatic model (eq 2) and the PCM
model (eq 1). Both methods demonstrate a decreasing RCB
when the dielectric constant increases (Figure 7), implying that
the higher the dielectric constant, the more the multiply charged
anion is stabilized. Although the same behavior of the RCB in
the function of the dielectric constant is found for both
calculation methods, the RCB decreases faster and disappears
finally when the PCM model is used. The stabilization of the

multiply charged SO42- in solvent is in line with the litera-
ture10,26 and in agreement with the positive and increasing

Figure 4. Anisotropy of the RCB potentials for SO4
2-. The RCB values

are obtained with (1) the PCM model (eq 1) and (2) the DFT based
model (eqs 3 and 8), withScalculated with eq 10. Color code: twofold
axis, green; threefold axis, negative direction (O-X), orange; and
threefold axis, positive direction (X-O), black.

Figure 5. Correlation betweenS (au, calculated with eq 14) of the (n
- 1) charged system and RCB3- (eV-3) obtained with the electrostatic
model.

Figure 6. Correlation between the RCB (eV) calculated with (1) the
electrostatic model (eq 2) and (2) the PCM model (eq 1) andS-1 (au-1,
calculated with eq 14) of the (n - 1)-charged system. Numbering of
the data points: 1) AsO4

3-, 2 ) SO4
2-, 3 ) PO4

3-, 4 ) SeO4
2-, 5 )

HAsO4
2-, 6 ) HPO4

2-, 7 ) N3-, 8 ) S2-, and 9) O2-.

Figure 7. Study of the RCB potential of SO42- obtained with (1) the
electrostatic model (eq 2) and (2) the PCM model (eq 1) (threefold
axis, X-O direction) for different values ofε. Color code: ε ) 1.43
(argon), blue;ε ) 2.247 (benzene), pink;ε ) 4.9 (chloroform), orange;
ε ) 10.36 (dichloromethane), light blue;ε ) 20.7 (acetone), red;ε )
78.39 (water), green.
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ionization energies, and the negative and decreasing HOMO
energies found when the dielectric constant of the solvent
increases (Table 3).

Conclusion

RCB’s have been calculated for the biologically important
tetrahedral MCA’s AsO43-, PO4

3-, SO4
2-, and SeO42-. Values

of comparable magnitude are found with the electrostatic and
the PCM models. Qualitatively, the RCB obtained with the DFT-
based model displays the same pattern, but quantitatively it
depends highly on the calculation of the global softnessS, a
property that is nontrivial to evaluate for MCA’s.

The RCB values for the dianionic systems are considerably
lower than those for the trianionic systems, in accordance with
the strong dependence of the RCB on the electrostatic repulsion
between the excess negative charge within an MCA.

An inverse correlation between the RCB and the global
softness of the (n - 1)-charged system is deduced from eq 2.
A numerical relationship is found between the RCB andS-1

when the RCB is calculated with the electrostatic and the PCM
models.

This relation is not found when the RCB values are obtained
with the DFT-based model. This approach, however, has the
advantage of expressing the RCB in terms of molecular
reactivity descriptors, describing the evolution of a system when
passing fromN- to (N - 1)-electrons and vice versa.

A decreasing RCB, implying an increasing stabilization of
MCA’s, is found when increasing the dielectric constant in a
continuum solvent model.
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TABLE 3: Ionization ( I ) and HOMO (EHOMO) Energies (au)
and RCB Values (eV) Evaluated at the B3LYP/6-31+G**
Level into the Positive Direction of the Threefold X-O Axis
of SO4

2- with the Electrostatic (eq 2) and the PCM (eq 1)
Models for Different Values of E

ε I εHOMO

RCB
PCM

RCB electrostatic
model

0 -0.048 0.132 3.847 3.627
1.43 0.035 -0.157 1.154 3.305
2.247 0.105 -0.203 0.638 2.973
4.9 0.172 -0.248 0.157 2.451

10.36 0.202 -0.267 0.041 2.158
20.7 0.215 -0.276 0.0005 1.929
78.39 0.225 -0.283 0.0001 1.675
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