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Appendix 

Although they are not conventionally used, it is possible to 
describe the vibrational motion (in this case the in-plane 
motion) of a square-planar D4h system in terms of central force 
coordinates. Teranishi and D e c i d 2  treated a planar XY3 
system in this manner, while has dealt with the 
nonlinear XY,, tetrahedral XY4, and octahedral XY6 systems. 
Generally, treatment of the vibrational problem by central 
force coordinates leads to simpler G matrices and simpler 
expressions for the normal frequencies and may be of use in 
the study of mean-square amplitudes of vibration because of 
the mean amplitudes of nonbonded  pair^.^^^^ 

The internal coordinates used in this case are simply the 
changes in the directly bonded (Adi) and nonbonded (diagonal) 
distances ( A D i ) .  The resulting symmetry coordinates con- 
structed from these internal coordinates are given in Table 
XIII. For a D4h system, the generalized (central) force field 
is expressed as 

Teranishi, R.; Decius, J. C. J. Chem. Phys. 1954, 22, 896. 
Cyvin, S. Acla Polytechn. Scand., Phys. Zncl. Nucleon. Ser. 1960, 6, 
1. 
In the central forces potential field the force constants are defined as 
follows: fd, chalcogen-chalcogen stretch (directly bonded); fdd, 
stretch-stretch interaction (adjacent); f d J ,  stretch-stretch interaction 
(opposite); fB chalcogen-chalcogen stretch (diagonal); fDB stretch 
(diagona1)stretch (diagonal) interaction; fdo, stretch (directly bond- 
ed)-stretch (diagonal) interaction. 

where the force constants are defined in ref 5 4 .  A simple 
solution to the vibrational problem may be achieved by re- 
strictingfDD and f d D  to zero. The resulting values of the force 
constants and the potential energy distributions are given in 
Tables XIV and XV, respectively (supplementary material). 
Of course, the central force constants may be easily obtained 
from the valence -force constants with incorporation of the 
approximations in the respective potential fields given above 
with use of the following expressions, which relate the different 
types of force constants: 

f, + 2frr + fr l '  = f d  + f D  + 2 f d d  + fdd l  + f D D  + 4(21J2)fdD 

f, - 2f,r + fil' = f d  - 2fdd + fdd l  

4fa - 8fua + 4fu,' = f D  - f D D  

f, - f r r  - 4fra + 4f,,k + 2fa - 2faa' = f d  - fddl 

Registry No. Se42+, 123 10-32-6; Se4(S b2F4) (SbzF5) (S bF,),, 
82434-40-0; Se4(ASF&, 535 13-64-7; Se4(A1C14)2, 12522-25-7; Se4- 

HS2O6F, 23754-83-8; S4(S03F)2, 82582-30-7; Te42+, 12597-50-1; 
Te4(A~F6)2, 12536-35-5; Te4(SbF6),, 82292-92-0; Te4(A1C14)2, 
12522-27-9; Te4(A12C17)2, 36645-21 -3; t ran~-Te~Se~~+,  68652-59-5; 
tram-Te2Sez2+( s b3FI7-) (s bF6-), 6879 1 -83-3. 

Supplementary Material Available: Listings of the central force 
constants (Table XIV) and potential energy distributions (Table XV) 
for the S42+, Se:+, and Te42+ polyatomic cations (2 pages). Ordering 
information is given on any current masthead page. 

(HSz07)2,35025-26-4; s4(szo$)2,82582-32-9; KSZO~F, 14325-72-5; 
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The electronegativities of the elements in valence states are calculated on the basis of electrostatic force by using observed 
ionization potentials and covalent radii as main parameters. The ligand field stabilization, the first filling of p orbitals, 
the transition-metal contraction, and the lanthanide contraction are reflected in the relative values of the electronegativity 
scale. It is concluded that the electronegativities for the elements situated after the transition series produce the series 
second period >> third period = fourth period > fifth period = sixth period. 

Introduction 
Electronegativity is a important concept in understanding 

the chemical bond. It has unique and valuable applications 
to the interpretation of a vast area of common chemistry. 

Pauling first defined electronegativity and suggested 
methods for its estimation in 1932.' Over the years, various 
other methods have been proposed for evaluating the elec- 
tronegativity values of the elements. Only one method, pro- 
posed by Allred and Rochow,* has been widely accepted as 
an alternative to Pauling's thermochemical scale. Nevertheless, 
the concept of electronegativity is not precisely perfect and 
remains largely qualitative. As we shall see, the electroneg- 
ativity values so determined can only be average ones for an 

atom's most common valence state and oxidation state cannot 
be appropriate when applied for quantitative applications. 
Besides, as the effective nuclear charges adopted in the All- 
red-Rochow method are from the simplified Slater rule,3 in 
which the variations in atomic orbitals with increasing nuclear 
charges are ignored, this method cannot yet conform itself to 
some chemical facts; for instance, its electronegativities of the 
post-scandide elements (from Ga to Kr) are too high and those 
of the post-lanthanide elements from T1 to Rn) are too low. 
Although the concept is qualitatively valuable, the attempts 
to derive a comprehensive quantitative scale of electronegativity 
have been disappointing because of the lack of correlation 
between experimental quantities and the scale over a wide 
front. 

(1) L. Pauling, J. Am. Chem. Soc., 54, 3570 (1932). 
(2) A. L. Allred and E. G. Rochow, J .  Znorg. Nucl. Chem., 5,246 (1958). (3) J. C. Slater, Phys. Reu., 36, 57 (1930). 
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Electronegativities of Elements in Valence States 

In the present work we have tried to devise a electronega- 
tivity scale for elements in valence states in terms of observed 
ionization potentials. Such a scale is referred to as empirical, 
meaning "based upon experiment". So a wide range of 
chemical phenomena such as the ligand field stabilization, the 
first filling of p orbitals, the transition-metal contraction, and 
the lanthanide contraction can be reflected. When we come 
to discuss strengths of Lewis acids in our next paper, it will 
be seen that such electronegativity values can have considerable 
predictive value. 
Data and Calculations 

Pauling originally defined electronegativity as "the power 
of an atom in a molecule to attract electrons to itself". Ac- 
tually, when an element possesses different valence states, the 
electronegativity of the element is a function of their oxidation 
numbers. The higher the charge number of an element in a 
compound, the more strongly its atom attracts electrons. 
Hence, the electron-attracting power of an element is entirely 
different when it is in different valence states. Cr2+ is a rather 
positive metal, but Cr6+ is much like a nonmetal. Thereupon, 
we can more physically define the electronegativity of the 
element in valence states as 'the electrostatic force exerted 
by the effective nuclear charges on the valence electrons". 
According to electrostatics, the force F between the valence 
electrons and the effective nuclear charges 

(1) 
Z* F a  - 
r2 

where Z* is the effective nuclear charge and r is the covalent 
radius. 

According to Slater, the ultimate ionization potential for 
outer electrons is 

Inorganic Chemistry, Vol. 21, No. I I ,  I982 3881 

Z*2 
I,  = R- 

n*2 
where R is the Rydberg constant, R = 27r2pe4/h2 = 13.6 eV, 
and n* is the effectibe principal quantum number. We now 
have 

Z* = n*(IZ/R)'I2 (3) 
Substituting (3) into ( l ) ,  we then obtain 

n*(I,/R)'I2 
rz (4) F a  

where n*(Ix/R)1/2 is the effective nuclear charge exerted on 
the outermost electrons at the covalent boundary, r, of the 
atom. We plotted Pauling values of X,  against n*(Iz/R)'/2/$ 
in Figure 1 .  The best straight line is obtained by the method 
of least-squargs 

n*(IZ/R)'l2 

rz + 0.775 (5) X ,  = 0.241 

where r is mainly from Pauling4 and Dean,' I, is from Huheep 
and the remainder is calculated from the improved Slater 
method by Zhen Nengwu:' I = R(Z - u)2/nR + b(Z - Zo) 
(where I is the ionization potential, R = 2dp?/h2 = 13.6 eV, 
n'is the effective principal quantum number, u is a screening 
constant, b is a relative increase factor, Z is the atomic number, 
and Zo is the atomic number of the first element of each 
electron configuration specified in the periodic table). For the 
effective principal quantum number n*, we adopted the fol- 

(4) L. Pauling, J.  Am. Chem. Soc., 69, 542 (1947). 
(5) J. A. h n ,  "Lmge's Handbook of Chemistry", 1 lth cd., McGraw-Hill, 

New York, 1973, pp 3-118. 
(6) J.  E. Huhecy, "Inorganic Chemistry: Principles of Structure and 

Reactivity", Harper 8r Row, New York, 1972, p 40. 
(7) Zhen Nengwu, Ro Hsueh Tung Pao, 22 (12), 531 (1977). 

I I I I 
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n * m  /r2 

Figure 1. Correlation of electronegativity, X,, with n*(I,/R)'/*/$.  
(The numbers in parentheses are oxidation states.) 

lowing average values based on ref 7 (n* values 0.85 and 4.99 
were obtained by the extension method): 
n 1  2 3 4 5 6 I 
n* 0.85 1.99 2.89 3.45 3.85 4.36 4.99 

The electronegativity values calculated from eq 5 are listed 
in Table I. :. 
Results and Discussion 

The stability of a metal complex (the strength of the 
metal-ligand bond) should be the function of the electron- 
attracting power of the metal. Consequently, we may identify 
the electronegativities for dipositive metal ions by the Irv- 
ing-Williams order,* according to which the stability of com- 
plexes increases in the order 

Mn2+ < Fe2+ < Co2+ < Ni2+ < Cu2+ > Zn2+ 

The electronegativity values from eq 5 are 

Mn2+ (1.426) < Fe2+ (1.438) < Co2+ (1.467) < 
Ni2+ (1 S02) < Cu2+ (1.51 7) > Zn2+ (1.428) 

which follow the order. 
Table I indicates that the electronegativities from eq 5 for 

the post-scandide elements are close to those of the elements 
in the corresponding group in the third period but not as high 
as those from the Allred-Rochow method.2 In order to prove 
this, the author has compiled the following evidence. The 
post-scandide elements in the fourth period that follow after 
the-;first filling of a set of d levels are affected by increased 
effective nuclear charge and exhibit higher ionization poten- 
tials. In addition, for the elements in the third period that 
follow after the first filling of a set of p orbitals the same effects 

(8) H. Irving and R. J. P. Williams, J .  Chem. Soc., 3192 (1953). 
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of incomplete shielding (though less pronounced to be sure) 
presumably are operative here as in the post-scandide elements. 
For example, the effects cause the electronegativity of Na+ 
(0.956), following immediately after Ne, to be higher than that 
of its lighter congener Li+ (0.943). In both cases the effects 
of unshielded nuclear charges lead to the electronegativities 
of two periods to be close with each other. Furthermore, this 
may be illustrated by the fact that, in many ways such as in 
chemical structure, the post-scandide elements in the fourth 
period resemble their lighter congeners in the third period more 
than their higher congeners in the fifth period. For instance, 
for group 3, gallium oxide exists in a and @ forms corre- 
sponding to a-AI2O3 and @-A1203; moreover, like aluminum, 
gallium forms the hydroxides Ga(OH), and GaO(0H). In- 
dium and thallium, however, do not exist in these forms. For 
group 4, silicon and germanium can form binary hydrogen 
compounds, which have the general formula MnHzn+2 (M = 
Si or Ge) and are known as silanes and germanes. Tin and 
lead, on the other hand, form only the single-metal compounds 
SnH4 and PbH4. For group 5,  arsenic trioxide and pentoxide 
resemble the phosphorus oxides in being entirely acidic, and 
they give rise to the arsenate(II1) and arsenate(V) ions, re- 
spectively. Antimony trioxide is amphoteric and will yield not 
only the antimonate(II1) species but also the antimony ion 
SbO+. 

The electronegativities calculated from eq 5 for the post- 
lanthanide elements, as shown in Table I, are approximate to 
those of the elements in the corresponding group in the fifth 
period, but they are neither as low as those from the Allred- 
Rochow method based on electrostatic force nor as high as 
the values from thermochemical data? This may be explained 
by the fact that both the ionization potentials and the electron 
affinities of the post-lanthanide elements are slightly greater 
than those of their corresponding lighter congeners in the fifth 
period as might be expected as a result of the addition of 14 
poorly shielded protons across the lanthanide series. For in- 

(9) A. L. Allred and E. G. Rochow, J. Inorg. Nucl. Chem., 5,269 (1958). 

stance, for group 3, the chemistry of indium is more similar 
to that of thallium than to that of aluminum and gallium, 
because indium and thallium tend to retain the ns2 shell but 
aluminum and gallium have a slight tendency to form uni- 
positive compounds. Aluminum and gallium form the am- 
photeric oxides and hydroxides, but indium and thallium 
sesquioxides are completely basic. For group 4, the melting 
point for carbon is extremely high and the values for silicon 
and germanium are high, resulting from the very stable ar- 
rangement of a diamond type of lattice. The melting points 
for tin and lead are low and indicate that they do not use all 
four outer electrons for metallic bonding. Generally, small 
atoms attract eIectrons more than large ones and are therefore 
more electronegative. The covalent radii increase down the 
group, but the difference in size between silicon and germa- 
nium and between tin and lead are small, so the difference in 
electronegativities between silicon and germanium and between 
tin and lead are also small. In addition, as would be expected 
from increasing size and decreasing ionization potentials, the 
basicity of the elements increases on descending through the 
group. Nevertheless, the basicity of lead and bismuth are not 
very great, and even of the lead(I1) and bismuth(II1) com- 
pounds, there are few containing discrete Pb2+ and Bi3+ ions. 
Hence, the electronegativities of lead and bismuth are not very 
low. Then the series for group 4 calculated from eq 5 reads 

C4+ (2.536) >> Si4+ (1.769) I Ge4+ (1.799) > 
Sn4+ (1.583) L Pb4+ (1.557) 

Generally, it is concluded that the electronegativities for the 
elements situated after the transition series produce the series 
second period >> third period = fourth period > 

fifth period = sixth period 

Conclusion 
Whatever the explanations, it appears that the electroneg- 

ativities of elements in valence states do describe a wide range 
of chemical phenomena in a quantitative way. This will be- 
come clearer when we discuss specific examples in later papers. 
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A scale for the Lewis acid strengths has been calculated from the dual parameter equation Z = Z/r? - 7.7Xz + 8.0. One 
parameter, Z/rk2,  where Z is the charge number of the atomic core and rk is the ionic radius, is related to electrostatic 
force. Another parameter, the electronegativity of elements in valence states, X,, is related to covalent bond strength. 
Satisfactory agreement with unexpected experimental evidence and several examples of the applications of the scale values 
are given. 

Introduction 
Lewis acid-base interactions are involved in chemistry that 

is very important and relevant to everyday life, e.g., organic 
and inorganic syntheses, catalytic activity, biological appli- 
cations, etc. Lewis acid-base interactions also play an im- 
portant role in understanding chemical bonds, reactions, and 
equilibria. 

Ahrland, Chatt, and Davies' deserve credit for the concept 
of the classification of metals and metal ions into class a, class 

b,.and border region. They stated that class a are those which 
form their most stable complexes with the first ligand atom 
of each group, class b are those which form their most stable 
complexes with the second or subsequent ligand atom, and the 
border region is around the core of pronounced class b ac- 
ceptors in the periodic table. It seems that Schwarzenbach 
invented the concept earlier,z but his paper was in German 
and was published in a journal not widely read. 

Pearson has extended these concepts to a wide range of acids 
and bases.3 He has introduced the terms "hard" and "soft" 

(1) S. Ahrland, J. Chatt, and N. Davies, Q. Reu., Chem. SOC., 12, 265 
(1958). 
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(2) G. Schwarzenbach, Experientia, Suppl., 5, 162 (1956). 
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