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Abstract

The role of solvent interactions in modifying the electronegativity ( x) and hardness (ł) of bonded atoms has been
studied. The simple virtua| charge model of a homogeneous polar medium was chosen for the description of the §olvent
properties. Molecular x and q indices show minor dependences on the so|vent polarity. The hardness of ions decreases with
increasing solvent polańty whereas the elecnonegativity index decreases for cations and increases for anions.
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1. Introduction

Electronegativity has been a classica| 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 [l]. Electronegativity was proved to be identical
to the negative chemical potential of the electronic
gas and the first deńvative 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 (HSłg or Pearson principle) [2l.
Quanfum chemical calculations of e|ectronegativity
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
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the solvent effect have been well known (see e.g.
Refs. [6-29]). Most of them follow from ńe model
of a continuous dielectric by Onsager and Kirkwood
[30-32]. Formally, these models introduce an energy
operator F as

F:FO+V, (1)

where Fo 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 (qPl) characteristic of a respec-
tive atomic center as follows:

sr': -(1-f)sofG), Q)
where the dielectric function /(e) is related to the

dielectric constant by

/(e):l-e-I/2. (3)
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qo is the net chźuge on the atom A, e denotes the
permittivity of the solvent and ń is the screening
factor of atom A that characterizes steric ińibition
to solvation due to the specific neighbourhood at
atomic center A [33].

2. Electronegativity and hardness from the
Hańree-Fock-Roothaan model

The electronic energy for a closed shell system,
given the energy operator F0 : H0 t G and the dis-
turbing potential V is

E: D Dpo,(H|,+o.5cłl +vtt). G)
kl

The procedure developed in earlier works [3-5] leads
to the following energy derivatives:

Xo, : 6E /óP *t 
: 

.FŁ, 
* Wt t,

where

W o, 
: D |a1 r.,v_,) / óp *t.

'Then the electronegativity of a bonded atom
comeS

xe: Ki' L DXo,ołt: xl(Fo) + 
^xo(r/),k€.A l

where

xo(ro): -r<;' L DF!,oo,
k€A l

and

^xA(V 
): -,K;' t DW*tałt.

keA, l

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

łi"': łi"'(ro) + Ało(Y),
where

ł;"'(Fo) : -K;' L DFŁ,bo,
k€A. l

and

^q^(v 
): -rK;' D I (wo,bo,*wi,,ar),

kF-A, l

Wi,: óWo,/óN.

When the disturbing potential V is due to the solvent,
ńe terms Lx(J) and Aa(V) represent the primary
solvent effect on e|ectronegativity and hardness, re-
spectively. Important parameters ao, and b, may be
found under Koopmans' theorem as [3,4]

"o,: ł(CŁu"o6rUMo + cf;oMoc,HoMo), (8)

bo,: ź(CŁu'ocruMo - CJ{oMoCnoMo), (9)

K^:aN^/aN correspond to the Fukui indices and
may be found from

Ko: I DSo,o*t,
keł l

( 10)

where So, is the overlap integral.

xo md ł;u' can be combined to give molecular
electronegativity and valence hardness:

xu: DKe xe, łilf': f,Kołi"'
AA

( l l)

Expressions for 1o and Tł derived above (Eqs. (6)

and (7)) contain the effect of the external potential
under V. The energy operator F0 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 ao(lo'o) and 4o(F0) 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 /(e ) into two terms
related to the external potential in Eqs. (6) and (7):

^x@) 
and Ał(V) according to ńe adopted VCM

model.

the charge-rredirm (a
(m-m) interactims, Bc
the following form (s

AB

E--':0.s/'(e)Ęl
Al

The pńmary solvenr cfi
and hardness of tbe bc

Tóle I

calculated values fm clefiq
are shown for booded aln L
effects (Eqs. (16) and (l7D -(5)
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(7)
^ 

x^(V ) : -/(.) D (s" - N")7or,
B

^To(y 
) :fl .) Ki' DoD (s, - Nu)7ou

B

- Zf(r)DKryor,
B

where Do: Eł= oboo and 7łs is the Coulomb inte- sH-
gral. Two additional effects must be included into H.O*

the energy of a molecule in a polar medium (Eq. (a): cHj



ńe chargć-medium (c-m) and medium-medium
(m-m) interactions. Respective energy terms have

the following form (see Refs. [17-19]):

in the explicit expressions for Aln
ąs. (6) and (7)):
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and Aąo (cf.

Lxo : f(.) [/(.) - ZlDsryor,

Aąo :/( e ) [/( e) - Z]

( l6)

( l7)

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

łó""ir,
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Ec-^ - -f(r)DLZnsrlor,
AB

E'-' : 0.5,f2( r)D Lsoqflor.
AB

The primary solvent effect of the

and hardness of the bonded atom

( l4)

.(15)

electronegativity
is now contained

, ("r'DnEq,7o" * 
?."r^").

Table 1

Calculated values for electronegativity and hardness in a polar solvent (/(e): 0.88, water). Elecuonegativity ( Xten"l) ana łlardness (ri1!l'r;)

arc shown for bonded atom in a free molecule, the secondary changes are shown as x(Fo) and 4(Fo), respectively, The sole pńmary

effełs (Eqs. (t6) and (l7)) are shown as Ał and Ał
MolecuIe Etectonegativity (V) Hardness (V/e)
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Table 2
Calculated solvent effect on the electronegativity and hardness of molecules and bonded atoms. Ph : phenyl ring, o-C, m-C and p-C denote
ortho-, meta- and para-carbon, respectively (Pearson's [35] expeńmentally found data are given in parcnńeses)

Molecule Atom Electronegativity (V) Haldness (V/e)

łfrcc nolccule) x (l(e):0.88)
'furce moteculc) ł (l(e):0.88)

ftctsńe
sb is fmee
A5^:fle)[fle}

: _(l -|le
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ko"no* §§aT"'a'fitrostatic 
model, upon which tlris analy_

sł^ :"f(.) [/( . ) - 2l q oyoo

l1"ilr. "lb: slightly with solvent polarity and theatomic hardness decreases uniformĘ iy Ź-i 
"V7"for most ring carbons, except for 

-more 
polarmolecules: nitrobenzene, pyridine -a pvrialn" o*-ide. The polar solvent effia 

"" 
.iń-;tJ;;in py.i-dine is impressive: nitrogen becomes much less elec-tronegative and considerably softer, *iil" ń. .rc"-tronegativity of meta-carbon in"."u."r'-i iJ u,o.nalso becomes harder.
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4. Results and discussion

Calculations of the elecronegativity and hardnesswere based on the semi-empirica-I GRIŃDOL ;;;;as previously,dercribed 
Iz,s,s ą]. Solvent a"ń;;;;telms were added according to Eqs. (16);.J-il;;., Results are presented in ta6le l ro, a set of simple: molecules, and in Table 2 ro. u ."t of benzenederivatives ."].!!"9 as a cornlenient reference group.The range :j 4.) function ;;" for calculationwas 0.0-0.88;.this covers trr" ,"urirti" range of com-mon solvents including water. Elecronegativity andhardness values foundTor X.) - Ó.ss (water) repre_s€nt extreme, physically ańievable va|ues of a and4 for atoms and molecule. in ro"u..

Results collected in Table r-lnai"ur" that sec-ondary effects 1:!.-g" in tne waverunction and inx(Fo) and ą(ro))_ńP.. *"Jiy'*rrbute to thesolvent effect, rłhich is aomin#a by the primary,electrostatic effect_includ.a irr ł[ and A4o (Ęs.(l0) ana (tz)). n general, only u iłno. effect of thesolvent on fte electronegatiuiiy-oi'uto.s in neutralmolecules wa_s found, in 
"on"t ^t 

io typical ionic

:ię""Ttjalkali 
salts), where the 

"l""t 
o*affi

pJimary -d *:'Ji;§ :iiJ:l"illjl,;'*"ff]"i;
that change. For free monatomic ions the change inhardness is always negative while tłre electronegativ-' ity increases r."i @", il;;;;res for cations(Ęs. (ts) and (l9)). o ,ń''"."r*"ng effect wasfound for polyatomic ions (oH , cŃ:, SH-, H3o+,cHł).

Ine lmpact of. so.I_vent on a and 4 has beenstudied in more detail for U"nin" i"rivatives. As, demonstrated by the data i" i;;2; the 
"I""t 

on"gu-

: -(l - l/e)qoyoo, (l8)
Ąqn:f(e)[{.) - Zlyoo: -(1- l/e )7oo <O.

( 19)
The electronegativity and hardness of the entiremolecule in a polar solvent ,u|-l""oń"O Uyappropriate summation, according to eq. rill.' Qualitative conclusions of this work agree per-fectly with tłle work by Pearson" riSl, rr,t authorsfudied 9hlses in ionization 

"";* (rj uno 
"l""t 

onaffinity (a) aue to hydration. ffi'";;; notes thatneutral molecules do not chang. *,"ir-Jl.""t onegativ-ity in water while their hilr;, ;;;;;;;.. Anionsbecome poorer electron donors (here more elec-tronegative), cations become poo* 
"ń.oon accep-tors (here less electrolegative). However, as noticedby the author, all the 

-resul;, 
*";; j.r'""o no-experimental values of the free .il;ip;;; solvationwhich invariablv cr

Thl; ; ;;;fi"":Jiffi ", *: T T:iJ. Jr.T:ii:,:T
1,1"_"": ł -d 1)impraćtical f", p;;;ń;the direc-tlon and possibly the amount ;f ;il;; ransferwhen two molecules (atoms, i""J i"".#'
overcome by the calculation method pńo*"a in tr,i.present sfudy. All the results for a and-f L Uur"aon flee energies, hence their p..Ói;; 1oi.. i, u.good as those for free molecules. Direci confronta-tion between the res
possible,". *iir., oi'ji;: T"i ffi#:.r.ffi-'iin Table 2. While the v_alues 

"r ł -"1}.ńaticallyhigher here by = 2,0 
,eY, 'r," 

, iuIiJ."i#io O, 
'"r,

than 1.0 eV and tr,e 
"trange, 

fro. il;;# solutionvalues of X and q are clóse in tł,. tr3 ,oik..The key issue of directly aaopting ;e'ui,uilub'" ,and 4 parameters in reproducing 
"*i".lrn"niully u"-cessible data still .".uin. t" b";;;;j'. ih *"-

:y, 9:rpj'" its spectacular *u"."r.". ln uńerstand-mg atomic and molecular systems r,"*'""i'v", U"*allowed to reach ,u"ł, n ń".'i.i*i'ri" .*',pauling result on the relation between the ionicbonding gnergy and electronegativity difference. ThePelso1 HSAB principle.. has';; beeri o'uin,'O"Oso far (see Ref. [a] for a discussion of that subiect). Ithas been suggested t:,ł1 1,1 |ofil;;#luIu".
themselves but rather ń" int"ru.iiońi.ii 

", 
,*o
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electronic systems deńved 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 sfudies is crucially dependent
on the development of procedures that open access
to a body of data (".g. x and 4), 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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