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A new electronegativity table of elements in covalent crystals with different bonding electrons and the most
common coordination numbers is suggested on the basis of covalent potentials of atoms in crystals. For a
given element, the electronegativity increases with increasing number of bonding electrons and decreases
with increasing coordination number. Particularly, the ionicity of a covalent bond in different environments
can be well-reflected by current electronegativity values; that is, the ionicity of chemical bonds increases as
the coordination number of the bonded atoms increases. We show that this electronegativity scale can be
successfully applied to predict the hardness of covalent and polar covalent crystals, which will be very useful
for studying various chemical and physical properties of covalent materials.

1. Introduction

The concept of electronegativity (EN) was originally defined
by Pauling as “the power of an atom in a molecule to attract
electrons to itself”.1 Pauling first established a quantitative EN
scale using thermochemical data that is predominantly used in
chemistry. For more than 70 years, many definitions and
interpretations of EN have been introduced.2 EN provides a
simple and efficient way to predict the nature of chemical
bonding and to rationalize a large variety of chemical phenom-
ena. More importantly, it can be applied to explain and predict
various properties of materials and to further explore new
materials.3,4 Recently, perovskite-based inorganic yellow-red
pigments were successfully synthesized by simple composition
adjustments according to the EN values of constituent elements.5

Because the EN of an element in any particular compound
depends in detail on its environment, we more recently proposed
an EN model based on effective ionic potential, by which we
quantitatively calculated EN values for 82 elements with
different oxidation states, spin states, and coordination numbers
(CNs).6 These EN values were satisfactorily applied to estimate
some useful physicochemical parameters of ions and to predict
the structure and property of ionic materials, such as to estimate
the Lewis acid strength for main-group elements, the hydration
free energy of transition-metal cations and the charge-transfer
energies of trivalent lanthanides in inorganic compounds.6,7

However, for covalent materials, the environment of their
constituent atoms is quite different from that in ionic materials
because of the different bonding characters; therefore, an EN
scale for covalently bonded elements is needed.

Indeed, in the present work, we propose a new EN scale for
58 elements in covalent crystals by including the number of
bonding electrons of an atom and its coordination polyhedron.
Applying this EN scale to hard and superhard materials, most
of which are covalent or polar covalent crystals, we quantita-
tively calculated the hardness values of these materials, and the
results obtained agree well with the experimental values. The
current EN scale will thus be very helpful for predicting various
properties of covalent solids.

2. Calculation Model

Among various scales of EN, Luo and Benson proposed a
quite simple and useful EN scale called the “covalent potential”,
which is defined as the ratio of the number of valence electrons
nx of an atom x to its single-bond covalent radius rx.8 This scale
can be used satisfactorily for estimating group parameters, heats
of formation of alkyl derivatives, bond dissociation energies,
and other properties for molecules. However, because the
chemical environment of an atom in a crystal, including the
hybridization state of the bond orbital, the number of bonding
electrons, and the coordination number, differs greatly from that
in a molecule, the covalent potential of an atom in a crystal
can be particularly defined as9

φj )
nj

Rj
(1)

where nj is the number of bonding electrons of an atom j and
Rj is its crystalline covalent radius in a given coordination
polyhedron. The current covalent potential �j reflects the energy
of attraction between the atomic nucleus, which is shielded by
the core electrons, and the valence electron at the crystalline
covalent radius. To obtain more commonly acceptable values,
an EN value of 2.500 (Pauling scale) is assigned to tetrahedral
carbon, the most typical covalently bonded element, and
therefore, the ENs of other elements can be determined by the
equation

�j )
2.500
5.195

φj ) 0.481
nj

Rj
(2)

where the value of 5.195 is the covalent potential of tetrahedrally
coordinated carbon. Herein, this new definition of EN is
generalized to 58 elements of the periodic table.

3. Results and Discussion

By using eq 1, the covalent potentials of elements in crystals
with different numbers of bonding electrons and different CNs
were calculated (data are taken from refs 1 and 10). As
illustrated in Figure 1, there is an excellent linear correlation
(R ) 0.997) between the current covalent potentials �j and

* Corresponding author, Tel./Fax: +86-411-88993623. E-mail: dfxue@
chem.dlut.edu.cn.

J. Phys. Chem. A 2008, 112, 7894–78977894

10.1021/jp8012738 CCC: $40.75  2008 American Chemical Society
Published on Web 07/25/2008



Luo-Benson’s values Vx for main-group elements with numbers
of bonding electrons equal to their group numbers, providing
strong support for the reasonableness of the new EN definition.
(Because the most characteristic CN for covalent solids is four,
tetrahedrally coordinated �j is selected herein.) It can be seen
that, for most elements, �j is larger than Vx (Table 1), which
can be attributed to their larger covalent radii in molecules due
to the inter- and intra-atomic interactions between the lone pairs
in the valence shells of the elements.11 The largest deviations
are for nitrogen, oxygen, and fluorine owing to their relatively
strong lone-pair effects.

The EN values of elements in various chemical environments
were calculated according to eq 2, and an EN table for covalently
bonded elements in crystals is provided in Table 2. This new
scale is reasonable because it follows the general rules of EN.
For main-group elements, the EN values show a systematic
increase from left to right across periods and a general decrease
down groups. For a given element, the EN increases with

increasing number of bonding electrons. Moreover, the EN of
an element decreases with increasing CN, which can be
attributed to the fact that the higher the CN of an atom in a
crystal, the larger its covalent radius, which, in turn, leads to a
lower covalent potential at the covalent boundary. The elements
nitrogen, oxygen, and fluorine have the highest ENs among the
main-group elements, and the EN of nitrogen is higher than
that of chlorine, which well satisfies the criteria for an acceptable
EN scale.12 The seven considered metalloid elements (B, Si,
Ge, As, Sb, Te, Bi), that separate the metals from the nonmetals,
have a very narrow range of EN values, and most metals have
EN values less than that of silicon (for example, Al < Si, Ga
< Si, Ge < Si), which follows the so-called silicon rule.12 In
addition, the EN values of the chalcogens (O, 4.375; S, 2.776;
Se, 2.533; Te, 2.187) reveal distinct properties between oxides
and the corresponding compounds of other chalcogen ele-
ments.13 For transition-metal atoms, the obtained ENs fall in a
narrower range of values than do those of the main-group atoms.
EN values of the third transition series are comparable to those
of the second transition series, which might be due to the larger
relativistic effects in the third-row transition metals.

4. Application

The current EN scale of covalently bonded elements was used
to predict the hardness values of hard and superhard materials,
most of which are covalent or polar covalent crystals. It was
found that bond density, bond strength, and degree of covalent
bonding are three determinative factors for the hardness of a
covalent material.14 Higher bond density, greater bond strength,
and higher degree of covalency result in greater hardness.
Recently, we found that EN can be used to characterize the
hardness of materials.9 Herein, for an AsB covalent bond the
strength can be characterized by √xAxB , where �A and �B are
EN values of atoms A and B, respectively. √xAxB reflects the
binding power of a covalent bond to an electron pair. Two
bonded atoms that have larger ENs bind electron pairs more
tightly, making the covalent bond harder to break. Therefore,
the hardness of a covalent material can be expressed as

H) a
N
Ω√�A�Bfc

δ + b (3)

Here, N/Ω is the bond density, where N is the number of
covalent bonds per unit cell and Ω is the volume of unit cell.
fc is a covalency indicator, given by fc ) 1 - fi, where fi is an
ionicity indicator defined as fi ) 0.25|�A - �B|/√xAxB , and a,
b, and δ are constants. For good agreement with experimental
Knoop hardness values, Hk, of purely covalent crystals, viz.,
diamond and silicon, a and b were determined to be 106 and
-3.4, respectively. The constant δ should be 2.4, which was
chosen to fit the experimental Knoop hardness values for InSb
and ZnTe crystals having relatively low covalency and low
hardness among the typical polar covalent crystals. For the
crystals AmBn with average CN (CN) e 4, the hardness can be
calculated by eq 3, where CN ) (mCNA + nCNB)/(m + n).
For crystals with CN > 4, a correction factor of κ ) 4/CN is
introduced into the first term of eq 3 considering the combined
effects of the three factors of hardness that are all closely related
to CN. In the case of a complex crystal, the hardness can be
calculated as the geometrical sum of all binary systems in the
crystal.9 For spinel nitrides γ-M3N4, M occupies both the
tetrahedral and octahedral sites of the cubic lattice, which thus
contain two types of bonds, namely, 32 MtsN and 96 MosN
bonds. The hardness of γ-M3N4 materials can be expressed as

Figure 1. Comparison between current covalent potentials �j and
Luo-Benson’s Vx for main-group elements with numbers of bonding
electrons equal to their group numbers.

TABLE 1: Data on �j and Vx for Main-Group Elements
with the Numbers of Bonding Electrons Equal to Their
Group Numbers

element �j Vx �j - Vx

Be 1.887 2.08 -0.193
Mg 1.429 1.54 -0.111
B 3.409 3.66 -0.251
Al 2.381 2.40 -0.019
Ga 2.381 2.38 0.001
In 2.083 2.00 0.083
C 5.195 5.19 0.005
Si 3.419 3.41 0.009
Ge 3.279 3.24 0.039
Sn 2.857 2.83 0.027
Pb 2.740 2.60 0.140
N 7.143 6.67 0.473
P 4.545 4.55 -0.005
As 4.237 4.20 0.037
Sb 3.676 3.62 0.056
Bi 3.425 3.29 0.135
O 9.091 8.11 0.981
S 5.769 5.77 -0.001
Se 5.263 5.13 0.133
Te 4.545 4.38 0.165
F 10.938 9.915 1.023
Cl 7.071 7.04 0.031
Br 6.306 6.13 0.176
I 5.469 5.25 0.219

Electronegativities of Elements in Covalent Crystals J. Phys. Chem. A, Vol. 112, No. 34, 2008 7895



T
A

B
L

E
2:

E
N

V
al

ue
s

(�
j)

of
E

le
m

en
ts

in
C

ov
al

en
t

C
ry

st
al

sa

II
A

II
IB

IV
B

V
B

V
IB

V
II

B
V

II
IB

1B
II

B
II

IA
IV

A
V

A
V

IA
V

II
A

Pe
ri

od
II

B
e

B
C

N
O

F

(2
,te

)
0.

90
8

(3
,te

)
1.

64
1

(4
,tr

)
2.

61
9

(5
,tr

)
3.

56
5

(6
,tr

)
4.

56
1

(7
,te

)
5.

26
4

(3
,o

c)
1.

41
5

(4
,te

)
2.

50
0

(5
,te

)
3.

43
7

(6
,te

)
4.

37
5

(7
,o

c)
4.

55
2

(4
,o

c)
2.

34
7

(5
,o

c)
3.

08
5

(6
,o

c)
3.

75
0

(7
,c

u)
4.

43
3

Pe
ri

od
II

I

M
g

A
l

Si
P

S
C

l

(2
,te

)
0.

68
8

(3
,te

)
1.

14
6

(4
,te

)
1.

64
5

(5
,te

)
2.

18
7

(6
,te

)
2.

77
6

(7
,te

)
3.

40
3

(2
,o

c)
0.

63
8

(3
,o

c)
1.

11
1

(4
,o

c)
1.

56
5

(5
,o

c)
2.

07
4

(6
,o

c)
2.

53
3

(7
,o

c)
3.

00
8

(2
,c

u)
0.

60
2

(6
,c

u)
2.

46
8

(7
,c

u)
2.

92
9

Pe
ri

od
IV

C
a

Sc
T

i
V

C
r

M
n

Fe
C

o
N

i
C

u
Z

n
G

a
G

e
A

s
Se

B
r

(2
,o

c)
0.

54
4

(3
,o

c)
0.

96
2

(2
,o

c)
0.

64
6

(3
,te

)
1.

15
5

(2
,te

)
0.

70
3

(2
,te

)
0.

74
1

(2
,o

c)
0.

78
2

(2
,te

)
0.

80
4

(2
,s

q)
0.

69
2

(1
,li

)
0.

40
8

(2
,te

)
0.

73
5

(3
,te

)
1.

14
6

(4
,te

)
1.

57
8

(5
,te

)
2.

03
9

(4
,o

c)
1.

37
5

(7
,te

)
3.

03
5

(2
,c

u)
0.

52
0

(4
,te

)
1.

48
1

(3
,o

c)
1.

04
6

(2
,o

c)
0.

65
9

(2
,o

c)
0.

69
7

(4
,o

c)
1.

60
4

(2
,o

c)
0.

72
9

(2
,o

c)
0.

69
2

(1
,te

)
0.

35
7

(2
,o

c)
0.

69
7

(3
,o

c)
1.

07
7

(4
,o

c)
1.

54
0

(5
,o

c)
1.

92
5

(6
,te

)
2.

53
3

(7
,o

c)
2.

65
3

(4
,o

c)
1.

41
5

(3
,te

)
1.

18
3

(3
,te

)
1.

18
3

(2
,c

u)
0.

62
5

(3
,o

c)
1.

11
1

(1
,o

c)
0.

34
4

(6
,o

c)
2.

29
2

(7
,c

u)
2.

59
1

(4
,c

u)
1.

34
6

(3
,o

c)
1.

08
6

(3
,o

c)
1.

13
7

(3
,o

c)
1.

18
3

(4
,o

c)
1.

59
1

(2
,te

)
0.

78
2

(6
,c

u)
2.

22
1

Pe
ri

od
V

Sr
Y

Z
r

N
b

M
o

T
c

R
u

R
h

Pd
A

g
C

d
In

Sn
Sb

T
e

I

(2
,o

c)
0.

49
1

(3
,o

c)
0.

85
9

(4
,te

)
1.

32
8

(3
,te

)
1.

07
7

(4
,o

c)
1.

32
8

(4
,te

)
1.

50
4

(2
,o

c)
0.

72
4

(2
,o

c)
0.

68
3

(2
,s

q)
0.

73
5

(1
,li

)
0.

34
6

(2
,te

)
0.

65
0

(3
,te

)
1.

00
2

(2
,o

c)
0.

54
7

(5
,te

)
1.

76
9

(4
,o

c)
1.

26
7

(7
,te

)
2.

63
2

(2
,c

u)
0.

48
4

(4
,o

c)
1.

30
1

(3
,o

c)
1.

03
1

(6
,o

c)
2.

17
1

(4
,o

c)
1.

36
5

(3
,o

c)
1.

11
1

(3
,o

c)
1.

09
4

(2
,te

)
0.

70
8

(1
,te

)
0.

31
7

(2
,o

c)
0.

58
7

(3
,o

c)
0.

96
2

(4
,te

)
1.

37
5

(5
,o

c)
1.

68
3

(6
,te

)
2.

18
7

(7
,o

c)
2.

29
2

(4
,c

u)
1.

23
4

(4
,o

c)
1.

54
0

(4
,o

c)
1.

57
8

(2
,o

c)
0.

67
8

(1
,o

c)
0.

28
3

(2
,c

u)
0.

53
8

(4
,o

c)
1.

32
8

(6
,o

c)
1.

99
1

(7
,c

u)
2.

21
6

(4
,o

c)
1.

46
9

(6
,c

u)
1.

92
5

Pe
ri

od
V

I

B
a

L
a

H
f

T
a

W
R

e
O

s
Ir

Pt
A

u
H

g
T

l
Pb

B
i

(2
,o

c)
0.

44
8

(3
,o

c)
0.

77
2

(2
,o

c)
0.

58
7

(3
,te

)
1.

06
9

(4
,o

c)
1.

30
9

(4
,te

)
1.

48
1

(2
,o

c)
0.

72
4

(2
,o

c)
0.

67
8

(2
,s

q)
0.

73
5

(1
,te

)
0.

32
1

(2
,li

)
0.

74
6

(1
,o

c)
0.

22
9

(2
,o

c)
0.

52
3

(5
,te

)
1.

64
8

(2
,c

u)
0.

44
6

(4
,te

)
1.

31
9

(3
,o

c)
1.

03
1

(6
,o

c)
2.

17
1

(4
,o

c)
1.

35
6

(3
,o

c)
1.

09
4

(3
,o

c)
1.

09
4

(2
,te

)
0.

70
3

(3
,s

q)
1.

03
1

(2
,te

)
0.

65
0

(1
,c

u)
0.

21
3

(2
,c

u)
0.

48
8

(5
,o

c)
1.

53
3

(4
,o

c)
1.

29
2

(4
,o

c)
1.

50
4

(4
,o

c)
1.

52
8

(2
,o

c)
0.

67
3

(4
,o

c)
1.

37
5

(2
,o

c)
0.

58
7

(3
,te

)
0.

98
2

(4
,te

)
1.

31
8

(4
,c

u)
1.

24
2

(4
,o

c)
1.

46
9

(2
,c

u)
0.

53
8

(3
,o

c)
0.

90
8

(4
,o

c)
1.

28
3

a
� j

ca
lc

ul
at

ed
fr

om
eq

2.
V

al
ue

s
in

pa
re

nt
he

se
s

ar
e

nu
m

be
rs

of
bo

nd
in

g
el

ec
tr

on
.

li
(l

in
ea

r)
de

no
te

s
C

N
)

2;
tr

(t
ri

go
na

l)
,

C
N

)
3;

te
(t

et
ra

he
dr

al
)

an
d

sq
(s

qu
ar

e)
,

C
N

)
4;

oc
(o

ct
ah

ed
ra

l)
,

C
N

)
6;

an
d

cu
(c

ub
ic

),
C

N
)

8.

7896 J. Phys. Chem. A, Vol. 112, No. 34, 2008 Li et al.



Hk ) 106
2
Ω

×

[32√�Mt
�Nfc(MtsN)

2.4 × 96√�Mo
�Nfc(MosN)

2.4 4
4.8]1⁄ 2

- 3.4 (4)

where 4.8 is the average CN of the octahedral units in γ-M3N4

crystals. By using eq 3, we quantitatively calculated the Knoop
hardness values of typical covalent and polar covalent crystals.
We also calculated the hardness values of γ-C3N4 and γ-Si3N4

using eq 4. The related parameters and the calculated results
are listed in Table 3. (Unit cell volumes were taken from the
Inorganic Crystal Structure Database.15) It can be seen that the
calculated ionicity indicators of MosN bonds are larger than
those of MtsN bonds, in agreement with the general viewpoint
on solid-state materials that the ionicity of chemical bonds is
enhanced as the CNs of the bonded atoms increase. For
comparison, the experimental Knoop hardness values are also

given. (Data were taken from refs 14 and 16-18.) We found
that there is a good agreement between calculated and experi-
mental hardness values, and the accuracy of this model is
expected because of the incorporation of the actual environment
of atoms in covalent crystals.

5. Conclusions

A comprehensive EN scale for covalently bonded elements
in crystals is presented that includes the number of bonding
electrons and the actual coordination of the bonded atoms.
Because the bonding environment of the atoms is fully
considered, the bond strength and bond ionicity of a covalent
bond can be reasonably reflected by the current EN values.
Combined with crystal structure data, these EN values can be
employed to quantitatively calculate the hardness values of
covalent and polar covalent materials. The calculated values
for these materials compared favorably with the available
experimental data. This EN scale provides important insights
into the structure-property relationships of covalent solids and
thus offers a simple and powerful way to both predict the
properties of various covalent materials and design new materi-
als with desired properties. In addition, it should be noted that
each EN scale has its own theoretical basis and is more accurate
in its own area of use; therefore, EN values of different scales
should not be mixed in real cases.
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References and Notes

(1) Pauling, L. The Nature of the Chemical Bond, 3rd ed.; Cornell
University: Ithaca, NY, 1960.

(2) Suresh, C. H.; Koga, N. J. Am. Chem. Soc. 2002, 124, 1790.
(3) Wahl, U.; Rita, E.; Correia, J. G.; Marques, A. C.; Alves, E.; Soares,

J. C. Phys. ReV. Lett. 2005, 95, 215503.
(4) Mizoguchi, H.; Woodward, P. M. Chem. Mater. 2004, 16, 5233.
(5) Jansen, M.; Letschert, H. P. Nature 2000, 404, 980.
(6) Li, K.; Xue, D. J. Phys. Chem. A 2006, 110, 11332.
(7) Li, K.; Xue, D. Phys. Status Solidi B 2007, 244, 1982.
(8) Luo, Y. R.; Benson, S. W. Acc. Chem. Res. 1992, 25, 375.
(9) Li, K.; Wang, X.; Zhang, F.; Xue, D. Phys. ReV. Lett. 2008, 100,

235504.
(10) (a) Batsanov, S. S. Russ. J. Inorg. Chem. 1991, 36, 1694. (b) Burns,

G. Solid State Physics; Academic Press: Orlando, FL, 1985; p 63.
(11) Gillespie, R. J.; Robinson, E. A. Inorg. Chem. 1992, 31, 1960.
(12) Murphy, L. R.; Meek, T. L.; Allred, A. L.; Allen, L. C. J. Phys.

Chem. A 2000, 104, 5867.
(13) Lin, G. Q.; Gong, H.; Wu, P. Phys. ReV. B 2005, 71, 085203.
(14) Gao, F. M.; He, J. L.; Wu, E. D.; Liu, S. M.; Yu, D. L.; Li, D. C.;

Zhang, S. Y.; Tian, Y. J. Phys. ReV. Lett. 2003, 91, 015502.
(15) Inorganic Crystal Structure Database; Fachinformationszentrum

Karlsruhe: Karlsruhe, Germany, 2005.
(16) Simunek, A.; Vackar, J. Phys. ReV. Lett. 2006, 96, 085501.
(17) Dubrovinsky, L. S.; Dubrovinskaia, N. A.; Swamy, V.; Muscat, J.;

Harrison, N. M.; Ahuja, R.; Johansson, B. Nature 2001, 410, 653.
(18) CRC Handbook of Chemistry and Physics, 87th ed.; Lide, D. R.,

Ed.; CRC Press: Boca Raton, FL, 2006-2007; pp 12-212..
(19) Simunek, A. Phys. ReV. B 2007, 75, 172108.
(20) Mattesini, M.; Ahuja, R.; Johansson, B. Phys. ReV. B 2003, 68,

184108.

JP8012738

TABLE 3: Hardness and Parameters Related to Hardness
Calculations for Typical Covalent and Polar Covalent
Crystals

crystal fi Ω (Å3) Hk,calc (GPa) Hk,expt (GPa)

diamond 0 45.37 90.1 90
Si 0 160.17 14.0 14
Ge 0 181.09 11.4 11.3
Sn 0 273.26 5.1 4.5
SiC 0.105 82.77 28.4 29
c-BN 0.189 47.28 48.1 48
BP 0.072 93.45 25.3 32
BAs 0.054 108.94 21.5 19
AlN 0.289 43.2 13.8 12.25
AlP 0.164 159.22 7.6 9.4
AlAs 0.146 179.31 6.5 5.0
AlSb 0.109 231.47 4.5 4.0
GaN 0.289 45.73 12.9 10.8
GaP 0.164 151.25 8.1 9.5
GaAs 0.146 167.1 7.2 7.5
GaSb 0.109 226.53 4.7 4.5
InN 0.328 119.97 6.7 9.0
InP 0.200 199.89 3.9 5.4
InAs 0.181 221.23 3.4 3.8
InSb 0.144 272.02 2.3 2.2
ZnS 0.357 160.46 1.8 1.8
ZnSe 0.329 183.93 1.4 1.4
ZnTe 0.286 230.46 0.8 1.0
OsB 0.064 20.65 18.4 18.5a

TiC 0.128 80.23 24.3 24.7
WC 0.148 20.75 21.0 18.8
hex-OsC 0.112 20.17 26.3 24.3a

NbN 0.288 84.84 12.4 17
c-Zr3N4 0.237 306.18 16.4 17.5a

c-Hf3N4 0.235 300.9 16.9 18.7a

Stishovite 0.280 44.5 31.3 32
BeO 0.435 28.2 11.8 13
Al2O3 0.370 232.35 16.5 19
ZrO2 0.338 69.83 12.3 12
Y2O3 0.453 1184.89 3.1 7.5
SnO2 0.328 71.47 13.4 13.8a

MgO 0.503 76.8 3.0 3.7
�-Si3N4 0.198 147.47 21.2 21
γ-C3N4 0.080t,b 324.3 73.1 73.5a

0.096o

γ-Si3N4 0.188t,b 452.37 29.7 30
0.202o

a Because there are no experimental values, other calculated
values are given as a comparison.14,19,20 b t and o, respectively,
denote that M is tetrahedrally and octahedrally coordinated by N in
γ-M3N4 (M ) C, Si) crystals.

Electronegativities of Elements in Covalent Crystals J. Phys. Chem. A, Vol. 112, No. 34, 2008 7897


