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A Simple Approach to the Ionic-Covalent Bond Based on the 
Electronegativity and Acid Strength of Cations. Part One: 

Calc미ation of the Electronegativity and Acid Strength

Josik Portier and Guy Campet
ICMCB-CNRS, Chateau Brivazac 162 avenue Dr. A. Schweitzer, 33608, FRANCE

ABSTRACT. A simple relation exists between electronegativities of cations and their oxidation states and 
ionic radii. An empirical law is proposed: % n 0.274 z-0.15 z r-0.01 r+l+a, z being oxidation number, r ionic 
radius in A and a a term related to the atomic number. This relation permits to calculate an electronegativity 
scale covering a large set of electronic and crystallographic situations. An application to the calculation of acid 
strengths of cations is presented.

KNOWLEDGE AND CREATION

"Anticipate discovery by though" wrote Mer- 
leau-Ponty. Applied to the domain of the chem
istry or physics of solids, this d이iberately Carte
sian approach should be manifested by the fol
lowing process of innovation: the engineer 두，ishing 
to utilize a material with certain functions in a 
component addresses his request to the chemist of 
solids; the chemist, utilizing rigorous physical 
models, determines the ideal chemical composition 
that satisfies the desired criteria and synthesizes 
the new material. In practice, it is not that way at 
all; knowledge rarely precedes creation. The 
discovery of new materials results more or less 
from chance, chance sometimes disguised as 
"intuition of the chemist".

The conceptual background of materials chem
istry nevertheless seems sufficiently developed. 
Quantum mechanics and different models of des
cribing the chemical bond deriving from it, such as 
the model of the strong bond in the case of ionic- 
covalent materials, should lead to a band structure 
describing the new energetics and electron den
sities involved based on a chemical formula. This 
scheme should allow predicting the properties of 
the invented solid. In practice, the route is reversed: 
a solid is synthesized, its structure is determined, 
its electronic properties (optical, magnetic, tran

sport properties) are characterized. Finally, an ap
proximate band model is proposed that takes into 
account the experimental reality. Quantum mechan
ics in its current state thus does not seem to be an 
initial tool for creation, but instead an instrument 
for phenomeno-logical description. Of course, 
there is not doubt that in the near future, modeling 
tools useful for creation will be produced by 
theoreticians.

While awaiting the time when thought will really 
anticipate discovery, the chemist who creates ma
terials needs simpler, undoubtedly less rigorous, but 
more predictive concepts. Two can be cited here: 
the electronegativity and strength of Lewis acids.

In the following lines, we will study these two 
concepts. We will attempt to give a version a- 
dapted to the reality of ionic-covalent materials. Fi
nally, in a second part, based on some examples, 
we will demonstrate their utility for interpreting 
the properties of solids and the creation of new ma
terials.

ELECTRONEGATIVITY AND IONIC 

RADIUS

The electronegativity is undoubtedly the concept 
most widely used by chemists. Proposed by Paul
ing in 19321 as “the power of an atom in a molec

-427 -



428 Josik Portier and Guy Campet

ule to attract electrons," this idea has undergone 
numerous developments.2 It has evolved from the 
notion of atomic electronegativity (a numerical da
tum per element) to a more general concept that 
takes into account the electronegativity of the ele
ments in their different states of oxidation to fi
nally end in orbital electronegativity characteristic 
of an environment (degree of oxidation, symmetry 
of the occupied site which determines the hy
bridization of the orbitals involved).

The physical meaning of electronegativity nev
ertheless is still very vague. As Mullay reported,2 
the different scales proposed correspond to dif
ferent concepts:

Pauling1 (energy)

Mulliken3 energy

Allred-Rochow4 force

Gordy5 energy/electron

Sanderson6 dimensionless

Given this theoretical fuzziness, it seemed in
teresting to make up a new empirical scale based 
on incontestable experimental data and accounting 
for the properties of ionic-covalent materials.

In practice, the difference in electronegativity 
between anion and cation is used as a criterion of 
covalence: The smaller the difference is, the more 
covalent the bond is. For a given anion (O2~, for 
example) whose electronegativity is much higher 
than the electronegativity of cations (/o=3-5 in 
Pauling's scale), we only take the electronegativity 
of the cation into consideration. For example, it is 
believed that the covalence of the cation-anion 
bond increases with the degree of oxidation of the 
cation; this statement implies that the elec
tronegativity of the cation increases with its charge. 
It is also assumed that the covalence, and thus im
plicitly the electronegativity, increases when the 
coordination decreases. The same is true for the 
spin state: a cation with low spin establishes a 
more covalent bond with opposing anions than the 
same cation with high spin.

In addition, crystallography shows that the ca
tionanion interatomic distances are also a function 

of the coordination, degree of oxidation, and spin 
state. This observation led to tables of ionic radii 
such as Shannon's6 by arbitrarily assigning a con
stant anionic radius (Ro~=1.40 A, for example). 
These tables correspond to the different electronic 
(degree of oxidation, spin state, ...) or crys
tallographic (coordination) situations observed. It 
should thus be possible, given the previously men
tioned relations between covalence and electrone
gativity, to compile an electronegativity table cor
responding to all "cases" of cations encountered in 
practice.

The correlation between electronegativity, 
charge number, and ionic radius is shown in Fig. 1. 
It shows the variation of %/r as a function of z/r 
for ions with charges of 1+, 2+, and 3+ (% is the 
electronegativity expressed in Pauling units, r is 
the ionic radius in A, and z is the charge number). 
The ionic radii used are those proposed by Shan
non for Ro =1.40 A.6 The electronegativity scale 
is the one proposed by Zhang for ions in their dif
ferent valence states.7 We derive from this:

在/r》A(z)z/r+B(z).

A⑵ and B(z), terms dependent on the charge 
number, can be determined by linear regression:

A(z)1/z + 0.274 and B(z)n 0.15 z + 0.01.

Finally, an approximate value of the electronega
tivity is obtained:

Zo 二 0.274z — 0.15zr -O.Olr + 1 (1)

On average, a satisfactory correlation is obtained 
with the Zhang electronegativity. However, diff
erences exist in the case of d transition elements in 
particular. In the case of iron, for example, it has 
been noted that the values obtained are much low
er than those proposed by Zhang for the degree of 
oxidation of 3+ and coordination of 6:

Zo=l-53, Xzhang=l-687

Note that the difference - /zhang) varies as a 
function of the atomic number of the element, like 
most periodic properties (atomic or ionic radius, 
ionization potential, etc.).8 It thus seemed neces-
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sary to add a correcting term a such that: We first estimated a for a given element as the 
difference (/o 一光zhang), then graphically adjusted it

(2) with the graph o너0Q (ZA=atomic number) so

Table 1. Values of a Used for Calculation of %

Element a Element a Element

H 0.830
Li -0.160
Be 0.000
B 0.150
C 0.290
N 0.45
F 0.720
Na -0.132
Mg -0.101
Al -0.061
Si -0.030
P 0.018
S 0.060
Cl 0.117
K -0.123
Ca -0.091
Sc -0.110
Ti -0.136
V 0.030
Cr 0.120
Mn 0.150
Fe 0.180
Co 0.220
Ni 0.240

cu
zn
Ga
Ge
AS
sem

Rb
srY

zr
Nb
MO
RU
Rh
pd
Ag
cd
In
stl
sb
Tel

cs

0.300 -0.048
0.160 -0.047
-0.015 0.000
-0.010 0.030
0.000 0.030
0.005 0.015
0.008 0.000
-0.103 -0.040
-0.069 0.000
-0.086 0.015
-0.103 0.030
0.050 0.030
0.130 0.000
0.180 -0.020
0.190 -0.030
0.222 -0.045
0.240 -0.045
0.090 0.102
0.000 0.145
-0.050 0.200
-0.070 0.230
-0.090 Ir 0.230
-0.102 Pt 0.240
-0.082 Au 0.250

Hg
Tl
pb
Bi
po
At
Fr
Ra
AC
Th
pau

NP
pu
Am
cm
Bk
cf
ES
Fm
Md
NO

0.060 
0.050 

-0.008 
-0.050 
-0.060
-0.070 
-0.050 
-0.009 
0.000 

-0.010
0.000 

-0.002
0.000 

-0.005 
-0.015 
-0.005 
-0.002
0.000 

-0.002 
-0.003 
-0.005 
-0.010
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that it varies monotonically within different blocks 
(blocks s, p, d, f) as well as within different 
periods (Table 1).

Satisfactory agreement was finally obtained with 
the Zhang scale. In addition, good coherence was 
found with the ideas concerning the ionic-covalent 
bond. As an illustration, consider nickel:
一 with a given coordination, the electronegativity 
increases with the degree of oxidation:

/Ni2+=1.57, /Ni3+=1.80, /Ni4+=2.04 (CN=VI).

Table 2. El: element; z: Charge number; CN: Coor
dination number; r: ionic radius according to [6] (rO-=l. 
40 A); c: electronegativity; ICP: Ionic-Covalent Paramet
er (acid strength); est: estimated; SQ: square plot; PYR: 
pyramidal; HS: High Spin; LS; Low Spin

El z CN r(A) % ICP Comment

Ac 3 6 1.12 1.307 0.649 IR

一 with a given degree of oxidation, the elec
tronegativity decreases when the coordination in
creases:

/Ni2+ (IV)=1.64, /Ni2+ (V)=1.59, /Ni2+ (VI)=1.57

—the spin state is also taken into consideration:

/Ni3+(HS)=1.79, ^Ni3+(LS)=1.80.

We thus have an electronegativity scale cor
responding to all cases encountered in the chem
istry of solids (Table 2).

Table 2. Continued

El z CN r(A) x ICP Comment
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Table 2. Continued Table 2. Continued

El z CN r(A) x ICP CommentEl z CN r(A) % ICP Comment
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Table 2. Continued Table 2. Continued

El z CN r(A) y ICP CommentEl z CN r(A) % ICP Comment
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Table 2. Continued Table 2. Continued

El z CN r(A) x ICP Comment El z CN r(A) % ICP Comment
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Table 2. Continued TMe 2. Continued

El z CN r(A) % ICP CommentEl z CN r(A) % ICP Comment
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ACID STRENGTH OF CATIONS BASE 

STRENGTH OF ANIONS

The electronegativity is not a sufficient paramet
er for describing an ionic-covalent solid. There is 
no evident correlation, for example, between the 
electronegativity and a fundamental property such 
as the forbidden band width of an oxide. It is thus 
necessary to investigate other parameters. We sug
gest using the acid 아］'ength of cations considered 
as Lewis acids.

Pearson proposed an empirical classification of 
Lewis acids and bases (HSAB principle, Hard and 
Soft Acids and Bases) (Table 3).9 Cations and an
ions can be divided into “hard,” “soft,” or 'bor
derline." As an example, the O~ ion is a strong 
base, Al3+ and Li+ are strong acids, Cs+ and Ba2+ 
are weak acids. "Hard" cations tend to give stable 
combinations with 'hard" anions and vice versa.
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Table 3. Comparison of Acid Strengths (H=hard, B드borderline, S=soft) of Some Cations Proposed by Pearson, Zhang, 
and Those Calculated in the Present Study (ICP). The Cations Are Classified by Decreasing ICP

Cation Pearson Zhang ICP Cation Pearson Zhang ICP

B 0.39 0.681
H 0.307 0.666
S -0.58 0.636

S -1.063 0.602
s -0.108 0.566
B 0.293 0.525
H 1.526 0.511
B 0.356 0.510
S -1.18 0.431
B 0.177 0.410
S -1.191 0.387
S -0.821 0.345
s -0.637 0.299
s -0.067 0.226
s -0.339 0.193
s -1.24 0.00

H 2.504 1.899
H 1.769 1.214
H 3.042 1.004
H 1.402 0.971
H 1.974 0.943
H 3.064 0.918
H 1.697 0.917
H 1.167 0.866
H 2.043 0.818
H 1.593 0.792
H 1.026 0.738
B 0.656 0.718
H 1.382 0.707
H 0.852 0.704
H 1.417 0.696

Be2+
si4+
Al3+&

Li+
Ti4+
sc3+
Ga3+
zr4+
ca2+
In3+
zn2+
Na+
La3+
sr2+

For example, the following reaction is observed:

Lil + CsF—>LiF + CsI
hard-soft + soft-hard—> hard-hard + soft-soft

Zhang proposed a numerical classification of the 
acid strength of cations.7 He conelates the acid 
strength of cations with parameter Z:

Z = P-7.7z + 8 (3)
where / is the electronegativity and P is the po

larizing power z/F, where z is the formal charge and 
r is the ionic radius. In a previous publication,10 we 
proposed another parameter called ICP (ionic-co
valent parameter), implicitly correlated with the acid 
strength as:

ICP = log(P) - 1.38% + 2.07 ⑷

where P is calculated with the ionic radii pro
posed by Shannon for ro2-=l-40 A, % is the elec
tronegativity, defined previously, and the zero of 
the scale corresponds to the Au+ ion in coor
dination VI. ICP is a dimensionless number.

ICP is representative of the ionic-covalent bond. 
In effect, it involves forces of the electrostatic type 
which tend to attract electrons from the anion to 
the cation; these forces can be described by the po
larizing power z/r2. They are combated by forces 
of the covalent type which on the contrary tend to 

distribute valence electrons in the orbitals of the an
ion and cation. The latter are represented by the 
electronegativity

It is interesting to compare the results of the 
three classifications (Table 2). The numerical val
ues proposed by Zhang are in good agreement 
with Pearson's empirical classification. The values 
that we propose are also in agreement with the 
preceding values for the hardest (Be2+, Si사, Al3+, 
...) or softest cations (Cu+, Ti+, Ag+, Au+, ...). 
However, there are some differences. As an ex
ample, the K+ion, considered as hard by Pearson 
and Zhang, would tend to be soft in our clas
sification. We will see below that in the case of ox
ides, our proposition better accounts for effects of 
polarization of the O2 counterion.

DISCUSSION

Pearson also proposed a classification for Lewis 
bases as a function of their base strength:

HARD BORDERLINE SOFT

F , O； OH~, 
PO43 , Cl Br S>, I , H

We could ask whether this classification has 
any meaning in the case of ionic-covalent solids. 
In effect, it is logical to think that the basicity of
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Fig. 2. Variation in the acidity of cations as a function of the optical basicity for some s and p oxides.

a given anion will be a function of the acidity of 
the countercation which will induce its po
larization. As a consequence, anions should have 
different base strengths as a function of the op
posing cation.

In the case of oxides, this was clearly es
tablished by Duffy, who experimentally measured 
the basicity of the oxides with the chemical shift 
of the ultraviolet spectrum of a probe such as Pb2+ 
incorporated in an oxide.11

Fig. 2 shows the variation in ICP as a function 
of the optical basicity A for some s and p oxides. 
Note that these two parameters are linearly cor
related by the relation:

ICP=-0.64 A +1.42 (5)

We find that potassium, classified as hard by 
Pearson and Zhang, in fact seems to be soft if its 
optical basicity or the acidity (ICP) of K+ is taken 
into consideration. This finding seems to justify 
the use of ICP [Equation 4] instead of Z [Equation 
3] for calculating the acid strength of cations, at 
least in the case of ionic-covalent compounds.

Equation 5 shows that ICP or / can be used in
differently for describing an oxide. In effect, an ox
ygen ion of low base strength will correspond to a 

cation with high acid strength and vice versa. We 
will use ICP rather than A in the remainder of this 
study. The data concerning the last parameter are 
in effect limited, while we have a complete set of 
ICP values.
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