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Abstract

The role of solvent interactions in modifying the electronegativity ( xy) and hardness (n) of bonded atoms has been
studied. The simple virtual charge model of a homogeneous polar medium was chosen for the description of the solvent
properties. Molecular y and n indices show minor dependences on the solvent polarity. The hardness of ions decreases with

increasing solvent polarity whereas the electronegativity index decreases for cations and increases for anions.

1. Introduction

Electronegativity has been a classical and empiri-
cal parameter quantifying the tendency of atoms to
attract electrons; it has recently found theoretical
justification and support from density functional the-
ory [1]. Electronegativity was proved to be identical
to the negative chemical potential of the electronic
gas and the first derivative of the energy functional
by the electron density function. The second deriva-
tive has been identified with the hardness property,
first introduced by Pearson in his hard and soft acids
and bases rule (HSAB or Pearson principle) [2].
Quantum chemical calculations of electronegativity
and hardness indices for bonded atoms have recently
been proposed [3,4]; the method has also been ex-
tended to produce indices for chemical groups [5].

This present study is focused on the analysis of -

atomic electronegativity and hardness indices for
molecules in a homogeneous polar medium - a
solvent. Quantum chemical procedures that include

the solvent effect have been well known (see e.g.
Refs. [6-29]). Most of them follow from the model
of a continuous dielectric by Onsager and Kirkwood
[30-32]. Formally, these models introduce an energy
operator F as

F=F°+V, (1)

where F° stands for the energy operator for a free
molecule, and V is the electrostatic potential pro-
duced by the solvent molecules. Calculation tech-
niques differ only in the choice of form for V. This
present work employs the simple virtual charge model
(VCM) of Constanciel and co-workers [17-19]. In
this approach, the solvent is represented by a set of
polarization charges (g™'). characteristic of a respec-
tive atomic center as follows:

qKOl=_(1—fA)qu(e)’ (2)

where the dielectric function f(€) is related to the
dielectric constant by

fle)y=1-€'7 (3)
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g, 1is the net charge on the atom A, € denotes the
permittivity of the solvent and f, is the screening
factor of atom A that characterizes steric inhibition
to solvation due to the specific neighbourhood at
atomic center A [33].

2. Electronegativity and hardness from the
Hartree—Fock—Roothaan model

The electronic energy for a closed shell system,
given the energy operator F® = H° + G and the dis-
turbing potential V is

E=Y Y P ,(H\+05G,+V,). (4)
ko

The procedure developed in earlier works [3—5] leads

to the following energy derivatives:

Xy =0E/3P, =Fj + Wi

where

W= Z Ea( Pmnvmn)/aPkl' (5)

“Then the electronegativity of a bonded atom be-
comes

XA=K;_\1 Z ZXklaklzf\/A(Fo) +AXA(V)’

keA I
(6)

where
XA(FO)= _K;l Z ZFkolakl

keA |
and
Ax (V) = _K;l Z ZWkIakl'

keA |

The physically relevant part of the hardness, the
valence hardness, becomes

e = (F) + Any(V), (7)
where
"Txal(FO) = _KXI Z ZFkolbkl
keA I
and
Any(V) = =K' X X (Wb, +W,a,).
keA |
W, =W, /dN.

When the disturbing potential V is due to the solvent,
the terms A x(V) and An(V) represent the primary
solvent effect on electronegativity and hardness, re-
spectively. Important parameters a,, and b,; may be
found under Koopmans’ theorem as [3,4]

By = %(C,%UMOCILUMO + CIE'IOMOCIHOMO), (8)
bk[ — %(C,E‘UMOCILUMO _ CFOMOCIHOMO), (9)

K, =0N, /0N correspond to the Fukui indices and
may be found from

Ky= Y XSuay, (10)
keA |
where S,, is the overlap integral.
X, and my*' can be combined to give molecular
electronegativity and valence hardness:

XM= ZKA XA > 771‘:/?1= ZKA"?/‘\IM- (11)
A A

Expressions for x, and 7, derived above (Egs. (6)
and (7)) contain the effect of the external potential
under V. The energy operator F° is formally identi-
cal to that of a free molecule; its matrix elements,
however, are different, inasmuch as the wavefunc-
tion departs from the one of a noninteracting
molecule. Therefore, the corresponding electronega-
tivity and hardness x,(F°) and 7,(F°) are not
necesssarily identical to those for atoms in a free
molecule (secondary solvent effect).

3. Primary solvent effects

The solvent effect may be directly introduced by
including the dielectric function f(e) into two terms
related to the external potential in Egs. (6) and (7):
A x(V) and An(V) according to the adopted VCM
model.

AXA(V)=_f(E)Z(‘IB_NB)7ABv (12)
Any(V) =f(€)K;1DAZ(qB —Np) Vs
—2f(€) X KyYap» (13)

where D, = X, c o b, and y,p is the Coulomb inte-
gral. Two additional effects must be included into
the energy of a molecule in a polar medium (Eq. (4)):

the charge—medium (e
(m-m) interactions. Re
the following form (see

E"=—-fle) L X Z
A B

E"™=05 () X
Al

The primary solvent eff
and hardness of the bom

Table 1

Calculated values for electrome
are shown for bonded atom im
effects (Egs. (16) and (17)) ase

Molecule Atom

LiH
NaH

BeH,
BH,
NH,
PH,
H,0
H,S
HF
HCl
HCN
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LiF
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the charge—-medium (c-m) and medium-medium
(m—m) interactions. Respective energy terms have
the following form (see Refs. [17-19]):

EF-M= —f(é)Z ZZA‘IBYAB’ (14)
A B

E"™=0.5 f2(€) X Y. qndsYas- -(15)
A B

The primary solvent effect of the electronegativity
and hardness of the bonded atom is now contained

Table 1

in the explicit expressions for Ay, and Am, (cf.
Egs. (6) and (7)):

AXA=f(€)[f(€)_2]ZqB7AB’ (16)
B
Am, =f(e)[f(e) —2]

X(KXIDAZ‘IB'YAB'*' ZKBYAB)- (17)
B B

For a monatomic ion, the change in electronegativity
and hardness becomes attractively simple and re-

Calculated values for electronegativity and hardness in a polar solvent ( f(¢) = 0.88, water). Electronegativity ( (4,5 and hardness (n("g‘fl's))
are shown for bonded atom in a free molecule, the secondary changes are shown as y(F %) and 7(F?), respectively. The sole primary

effects (Eqs. (16) and (17)) are shown as A y and An

Molecule Atom Electronegativity (V) Hardness (V /¢)
Xgas) x(F°) Ax Tigas) 7"*(F®) An
LiH Li 2.40 1.55 1.27 0.71 0.27 —-3.04
H 8.42 6.85 6.58 8.38 6.93 2.25
NaH Na 1.13 0.51 0.70 0.58 0.04 —-2.63
H 6.71 6.40 8.07 6.70 5.42 3.86
BeH, Be 5.87 5.47 0.50 5.46 4.56 -3.03
BH, B 5.27 5.25 -0.13 3.65 3.59 —3.74
NH, N 7.75 7.45 1.47 9.00 8.41 —4.86
PH, P 6.68 6.62 -0.42 7.46 7.17 3.97
H,0 (6] 8.99 8.61 2.41 10.46 10.86 -4.73
H,S S 7.10 7.05 0.57 7.80 7.54 —4.28
HF F 11.81 11.68 2.62 13.32 13.94 —-5.30
HCI1 Cl 9.18 9.24 1.06 9.71 10.39 —4.44
HCN N 8.35 7.30 2.50 9.22 9.42 —4.04
C 0.56 1.57 -0.87 2.76 2.10 —-3.66
H 13.48 15.85 —1.85 13.48 15.84 —5.38
LiF Li -0.05 -0.19 2.03 0.25 0.27 —4.18
F 10.26 9.50 9.68 10.27 9.61 4.24
NaF Na -0.18 -0.22 1.19 0.31 0.23 —3.18
F 8.50 8.28 10.99 8.50 8.32 5.80
CcO C 5.93 6.23 —0.48 6.36 6.26 —4.18
(o) 4.88 3.42 1.81 5.38 5.05 —4.32
H,CO (@) 8.81 7.05 3.92 8.65 8.51 -2.73
C 0.88 2.90 —1.22 0.34 0.51 —-3.46
OH™ (o) -2.72 —2.88 14.16 6.12 5.58 1.34
CN™ C —3.51 -2.99 8.41 5.64 5.69 —4.05
N 4.73 6.23 7.74 6.44 6.61 —6.02
SH™ N —-1.51 —1.44 9.99 4.98 4.89 -0.18
H304r o 21.23 21.24 —-8.77 17.25 17.27 —10.60
CHj} C 15.60 15.69 -9.09 1.46 1.12 —1.44
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Table 2 flects the electrostatic m
Calculated solvent effect on the electronegativity and hardness of molecules and bonded atoms. Ph = phenyl ring, 0-C, m-C and p-C denote sis is founded: &
ortho-, meta- and para-carbon, respectively (Pearson’s [35] experimentally found data are given in parentheses)
Molecule Atom Electronegativity (V) Hardness (V /e) AXA = ( E) [f ( e) i ﬂ
X(frce molecule) X (f(E) 5 088) n(frec molecule) n (f(e) = 088) = (1 e I/f)ﬁ]
PhCH, 5.1 5.69 5.46 222 A =5 9rE ) -
0-C 3.45 334 2.96 2027 w=A)A() =2
m-C 276 2.44 223 —-1.18 ,
p-C 11.12 11.12 11.10 7.90 ; =
PhF 6.09 5.68 538 2.20 The electronegativity 2
F 11.48 11.51 11.48 8.88 molecule in a polar st
o-C 3.96 3.75 2.98 0.09 appropriate summation,
m-C 291 2.48 1.79 -1.23
p-C 11.48 11.08 11.98 7.84
PhCI 6.03 5.67 535 2.20 i
ca 11.38 11.29 11.38 8.94 4. Results and discussi
o-C 3.59 3.54 2.60 —0.08
m-C 252 2.40 1.38 -2.26 Calculations of the el
p-C 11.38 11.07 11.38 7.88 were based on the semi-¢
PhOH 5.82 5.66 5.36 2.15 as previously described
o) 11.20 11.37 11.20 8.80
o-C 3.68 374 3.06 0.08 terms were added acons
m-C 2.55 2.40 1.84 =191 Results are presented
p-C 11.20 11.04 11.20 7.81 . molecules, and in Tabl
PhNH, 5.30(3.30) 5.44 (3.28) 5.02 (4.40) 2.14(1.68) derivatives selected as @
N 10.32 10.73 10.32 7.94 The of *
o-C 3.43 3.81 3.04 0.20 0 0—0@! 3 ﬂ.‘ ) o
m-C 1.27 1.58 0.76 -2.02 was 0.0-0.88; this m
p-C 10.32 10.58 10.32 752 mon solvents including |
PhCN 6.27 6.06 5.20 2.18 hardness values found fio
c 5.25 0.94 3.96 —3.54 sent extreme, physically
N 7.12 6.55 6.23 2.76 f and molil
7 Ior atoms
o-C 5.60 4.90 4.40 0.88 Resul g
m-C 6.77 7.70 5.80 427 esults collected im.
nC 6.23 6.43 5.16 2.63 ondary effects (change |
PhNO, 7.19 6.22 5.14 2.11 x(F°) and 7(F®)) rath
N 2.05 0.84 —2.05 —3.96 solvent effect, which
o-C 9.53 8.45 8.42 466 : -
electrostatic effect mclae
it 11.58 10.70 11.29 763 60 mi (i) ﬁ "
p-C 2.05 1.21 —2.05 3.99 oy - In genera
benzene 5.86 (4.02) 5.78 (4.03) 554(5.22) 2.20(2.53) solvent on the electrone;
C 5.86 5.78 5.54 2.20 molecules was found, &
pyridine 5.87(4.33) 5.95(4.31) 5.47 (4.94) 1.96 (2.61) compounds (alkali salts).
N 8.40 0.89 8.12 —431 of the anion increases s
| o-C 275 6.78 1.98 2.92 S
\ m-C 407 9.74 338 6.29 Pty secondary ¢
' p-C 0.73 0.57 -0.29 -388 that change. For free me
pyridine oxide 5.86 5.75 4.50 1.88 hardness is always negati
N 262 5.08 0.30 0.76
s. (18) an . 8
0-C 6.92 5.46 5.89 174 ;Eq 3 g ) | " (12» i 4
m-C 5.12 5218 0.90 174 Ounc lor polyaton
p-C 498 4.96 336 1.29 CHJ).

The impact of solves
studied in more detail
demonstrated by the data
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flects the electrostatic model, upon which this analy-
sis is founded:

Axy =f(5)[f(5) _2]‘1A')'AA

=~(1_1/6)qA7AA9 (18)
An, =f(€)[f(f) ~2]')’AA =-(1- 1/€)ya <0.
(19)

The electronegativity and hardness of the entire
molecule in a polar solvent may be obtained by
appropriate summation, according to Eq. (11).

4. Results and discussion

Calculations of the electronegativity and hardness
were based on the semi-empirical GRINDOL. method
as previously described [3,5,34). Solvent dependent
terms were added according to Egs. (16) and (17).
Results are presented in Table 1 for a set of simple
molecules, and in Table 2 for a set of benzene
derivatives selected as a convenient reference group.
The range of f(e) function chosen for calculation
was 0.0-0.88; this covers the realistic range of com-
mon solvents including water. E]ectronegativity and
hardness values found for €)= 0.88 (water) repre-
sent extreme, physically achievable values of y and
1 for atoms and molecules in focus.

Results collected in Table 1 indicate that sec-
ondary effects (change in the wavefunction and in
x(F°) and n(F°)) rather weakly contribute to the
solvent effect, which is dominated by the primary,
electrostatic effect included in Ax, and Ap, (Egs.
(16) and (17)). In general, only a minor effect of the
solvent on the electronegativity of atoms in neutra]
molecules was found, in contrast to typical ionic
compounds (alkali salts), where the electronegativity
of the anion increases significantly with f(e): the
primary and secondary effects equally contribute to
that change. For free monatomic ions the change in
hardness is always negative while the electronegativ-
ity increases for anions and decreases for cationg
(Eqgs. (18) and (19)). A similar strong effect was
found for polyatomic jons (OH",CN-, SH ~,H,0",
CH}).

The impact of solvent on x and m has been
studied in more detail for benzene derivatives. Asg
demonstrated by the data in Table 2, the electronega-

tivity varies slightly with solvent polarity and the
atomic hardness decreases uniformly by 2-3 eV/e
for most ring carbons, except for more polar
molecules: nitrobenzene, pyridine and pyridine ox-
ide. The polar solvent effect on ring atoms in pyri-
dine is impressive: nitrogen becomes much less elec-
tronegative and considerably softer, while the elec-
tronegativity of meta-carbon increases and the atom
also becomes harder.

Qualitative conclusjons of this work agree per-
fectly with the work by Pearson [35]. This author
studied changes in ionization energy (1) and electron
affinity (A) due to hydration. The author notes that
neutral molecules do not change their electronegativ-
ity in water while thejr hardness decreases. Anions
become poorer electron donors (here more elec-
tronegative), cations become poorer electron accep-
tors (here less electronegative). However, as noticed
by the author, all the results were derived from
experimental values of the free enthalpy of solvation
which invariably contain the entropy contribution,
This makes the resulting 7 and A values for solution
(hence y and 7) impractical for predicting the direc-
tion and possibly the amount of electron transfer
when two molecules (atoms, jons) interact,

The shortcomings of the latter work have been
overcome by the calculation method proposed in this
present study. All the results for X and 7 are based
on free energies, hence their predicting power is as
good as those for free molecules. Direct confronta-
tion between the results of the two approaches is
possible for aniline, pyridine and benzene as shown
in Table 2. While the values of y are Systematically
higher here by =~ 2.0 eV, the n values differ by less
than 1.0 eV and the changes from the gas to solution
values of y and 7 are close in the two works,

The key issue of directly adopting the available X
and 7 parameters in reproducing experimentally ac-
cessible data still remaing to be resolved. DFT the-
ory, despite its spectacular successes in understand-
ing atomic and molecular systems has not yet been
allowed to reach much further beyond the early
Pauling result on the relation between the ionic

- bonding energy and electronegativity difference. The

Pearson HSAB principle has never been quantified
so far (see Ref. [4] for a discussion of that subject). It
has been suggested [3.4] that not the X and 1 values
themselves but rather the interaction energy of two
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electronic systems derived therefrom (charge transfer
affinity) is the proper parameter for experimental
correlations; successful relation to the Hammett sub-
stituent constants has then been demonstrated [5].
The progress in such studies is crucially dependent
on the development of procedures that open access
to a body of data (e.g. x and 7)), now rooted in the
DFT, whose practical utility is yet to be discovered.
This Letter is a step in this direction.
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