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Electronegativity ( x )  and hardness ( 7 )  indices have been derived for a set of typical substituents, from the linear 
dependence between quantum chemical electronegativity and group charges. The two indices may be combined 
into a single-parameter description of the electronegative character of a group either by the charge transfer 
or by the charge-transfer affinity (CTA), derived in the framework of the density functional theory. A correlation 
between the charge-transfer affinity (polar bonding energy) and the field Hammett constant has been demonstrated 
for substituents bonded to the phenyl reference. 

1. Introduction 

Rationalization of the electronegativity concept for chemical 
groups has been an important task since the foundation of the 
modern theory of A comprehensive review 
of works on group electronegativities is a~ai lable .~ 

From the chemical point of view, it seems straightforward to 
compare the bonding effect of polyatomic groups and atoms 
(monoatomic groups). Substituent effects of organic chemistry 
are typically discussed jointly for mono- and polyatomic entities. 
When it comes to electronegativity, a vital difference in dealing 
with groups and atoms has been hampering the efforts. A bonded 
atom possesses its undisturbed pattern for which the electrone- 
gativity has long been known and understood. This free-atom 
property may be modified by the promotion energy or the bonding 
potential, but otherwise, it is considered an inherent property of 
the atom. Its linear relation to atomic charge was first proposed 
by Sanderson4 and has since become a subject of extensive studies 
aimed at the hardness of the chemical  specie^.^.^ 

For a polyatomic cluster, such a comfortable reference point 
as a free group would have no meaning for a chemist, who can 
only observe a group through its bonding effects. Formally, 
though, if the electronegativity function for a group were known, 
X G ( q ) ,  it might still be interpolated to produce X G ( q = O ) .  The 
real obstacle is the need for an unequivocal definition of XG in 
terms of parameters for the component atoms. Most contem- 
porary studies use the electronegativity equalization (EE) 
principle, though partial electronegativity equalization, or no EE 
at all, has not been uncommon in earlier studies.7-* 

Three major trends stem from the EE principle. First is due 
to Sanderson himself in the form of the geometrical mean formula 
widely used to mimic the electronegativity of small  molecule^:^ 

xAB = ( X ~ X ~ ) ” ’  for diatomics (1) 
Parr and Bartollotti provided theoretical support to this formula.9 

Another approach was explored by HuheeyIO and has recently 
been brought to a more sophisticated level by Mortier and van 
Genechten.” It starts from the linear relation for component 
atoms: 

(2) 
where a, and b, correspond to the electronegativity and hardness 
for free atoms, respectively. Electronegativity equalization in a 
cluster is then sought by appropriately adjusting the atomic 
charges q,. 

An analytical formula of considerable theoretical importance 
was independently obtained by several authors.l2-I5 The elec- 
tronegativity of a molecule (or any other cluster of interacting 

X I  = a, + b,q, 
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atoms) is expressed in terms of the electronegativities and softness 
of component atoms: 

(3) 

The softness parameters, u (or the inverse hardness), are available 
on the basis of the density functional theory (DFT).l5J6 The 
latter equation has rarely been used in practice, due to the 
ambiguities concerning the softness parameters. 

Quantumchemical methods have been recognized as a possible 
way to electronegativities as early as 1963.2 Of all the efforts, 
Ponec came closest to a working definition of the group 
electronegativity in his concept of the global e1ectronegati~ity.I~ 
A review of quantum chemical works may be found in ref 3. 

This present work explores the novel, quantum chemical method 
elaborated by Komorowski and Lipifiski.18 It produces both 
electronegativity and hardness (softness) for a bonded atom as 
well as for any given part of the molecule, without refemng directly 
to the EE principle. 

An ultimate goal of this study is to provide a hint that the 
language of the physical-theoretical chemistry ( x ,  7) can 
adequately describe the same properties that are typically 
expressed by the Hammett substituent constants used to classify 
the substituents in organic chemistry. The problem has been 
first addressed by Huheey in 1966;19 its resolution might bring 
considerable progress to physical+rganic chemistry. 

2. Electronegativity and Hardness of Bonded Chemical 
Entities 

Electronegativity of the molecule (XM) can be decomposed 
into contributions from the component atoms (xA)18 

where 

XA are the electronegativities of bonded atoms, and K A  stands for 
the Fukui function indices.*O 

Equation 4 is not limited to molecules; the electronegativities 
of any cluster of atoms may be decomposed in the same way into 
a sum of contributions from its parts: orbitals, atoms, or groups. 
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Then, for a group of atoms (G), we have 

dNG dNA 
&=--  - E-= EK. since E N ~  = N~ (6) 

dN AEGdN A E G  

This leads to a simple definition of the group electronegativity: 
G 

XG = 7 (7 ) 

C K A  
Equation 7 is strictly equivalent to the well-known eq (3) ,  where 
Fukui indices (KA) replaced the softness parameters via the proven 
relation UA = K A / ~ M ; ' ~  VM stands for the hardness of the molecule. 

The electronegativity of molecule may be, alternatively, 
decomposed into a mixed representation of groups and atoms in 
the form 

Qrnum atoms 

Equation 7 provides the much needed and tractable formal 
definition for the group electronegativity. It can be directly 
calculated by any LCAO MO-type quantum method using results 
from a single SCF HF run for a molecule (for details, see ref 18). 
The electronegativity (x) for a bonded atom, when calculated 
under the NDO approximation, may be decomposed into the 
standard electronegativity term (xo) and the bonding potential 
(v): 

X A  = XAo(qA) + V(qB+A) (9) 
The linear (statistical) relation of xo to independently calculated 
Mulliken charges established for atoms leads to the average 
electronegativity (i) and hardnesses ($ that are obtained as 
correlation parameters: 

Equations 8 and 9 are potential sources of standard electrone- 
gativity parameter for a group: 

C K "  A 

When a group becomes identical to the entire molecule, then 
XKA = 1, q M  = 0, and eq 11 is identical to eq 4. 

Equation 11 opens a route to straightforward calculation 
patterns for the standard electronegativity (xo )  of any group 
actually bonded to a molecular skeleton and bearing the charge 
q G .  SCF HF results for a molecule, on the basis of atomic orbitals, 
provide all the necessary data. Koopman's theorem is an essential 
approximation warranting equivalenceof the results for molecular 
electronegativity to Mulliken 1/2(1+ A).I8 Then, the x and 7 
parameters for a group become accessible, when xo(qc) results 
are plotted for a series of molecules containing the group G, eq 
10. The group charge (qc) comes from the same SCF HF 
procedure; the Mulliken approximation has been tested as a 
reliable source of atomic charges for this purpose. 

3. Results and Discussion 
Details of the calculation procedure have been presented 

elsewhere.l8 The semiempirical, all-valence INDO method was 
explored in actual calculations.*' The relation between xo and 
q for a chosen group or element has been based on the result for 
a set of molecules, selected in order to cover a broad range of q 
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Figure 1. Sample relationship determined between the standard elec- 
tronegativity (xo) and charge from Mulliken population analysis (4) for 
CF3 and CH3 groups. 

TABLE I: Inherent Group Electronegativities and 
Hardnesses 

group xva v i j ,b  V/e P no. of moIec 

F 16.87 12.80 0.970 21 
CF3 14.86 17.78 0.848 21 (20) 
CI 12.73 8.15 0.949 20 
Br 11.58 7.28 0.962 12 
NO2 11.31 'f 0.59 ( < I )  IO 
I 10.22 6.88 0.998 7 
COOH 8.93 T 0.41 (1.8) (0.964) 8 (4) 
NH2 8.65 5.84 0.846 12 
O H  8.63 T 0.61 (3.7) (0.976) 24 ( 5 )  
C H O  8.45 (4.7) (0.885) 6 
co 8.10 3.42 0.823 24 
CH3 7.95 16.52 0.860 23 (22) 
2-furan 7.58 3.23 0.940 7 (6) 
3-furan 7.48 0.81 0.982 7 (6) 
p-pyridine 7.19 7 0 . 4 3  (1.1) (0.739) 12(10)  
H 7.18 6.40 0.999 IO 
2-pyrrole 7.02 2.21 0.878 8 (7) 
3-pyrrole 6.83 0.72 0.975 8 (7) 
m-pyridine 6.67 T 0.22 ( < I )  I2 
o-pyridine 6.63 T 0.22 ( < I )  12 
CCH 6.55 11.03 0.844 23 
C N  6.50 9.30 0.950 12 (IO) 
Ph 6.14 0.95 0.887 9 (7) 

Standard deviation is shown when x was determined as an average 
of all points in the group. Parentheses denote less accurate determi- 
nations. A number in parentheses gives the actual number of points 
used in the correlation. 

for a given group. This makes resulting and quantities more 
general than other commonly used group parameters, usually 
derived for a well-defined property but limited toa single molecule 
or a reaction., 

3.1. Group Electronegativity and Hardness. An example of 
the xo(q) dependence is shown in Figure 1 for CH, and CF3. The 
results for all groups studied are collected in Table I, in the 
sequenceof decreasing electronegativity. The results for halogens 
are also included in Table I. Conceptually, the resulting 
electronegativity and hardness parameters (i and i )  are closely 
related to Huheey's a and b constantsi9 calculated for atoms as 
well as for groups. There are, however two remarkable differences. 

(i) a and b parameters were derived for free atoms only. The 
valence state was arbitrarily specified; ionization energy (I) and 
electron affinity ( A )  served as attachment points for the E ( N )  
relationship. Thus, Huheey's parameters do not describe actually 
bonded atoms.22 

(ii) Group parameters by Huheey were subject to another 
limitation, of which the author was well aware. The groupcharge 
was only an internal parameter of the method calculated on the 
basis of the electronegativity equalization principle. This led to 
identical parameters for isomeric groups. 

The and parameters resulting from this present method for 
bonded atoms have been previously compared with Huheey's 
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TABLE II: Charge Transfer (AN, in Electrons) between the 
Substituent and the Reference Methyl (Me) and Pbenyl (Ph) 
Calculated with Equation 12 using Datn from Table I 

F 0.152 
C FI 0.101 
CI 0.097 
Br 0.076 
NOz 0.096 
I 0.048 
COOH 0.027 
NH2 0.016 

0.390 OH 0.017 0.268 
0.233 C H O  0.009 0.193 
0.362 CHI 0 0.052 
0.330 H -0.017 0.071 
1.326 CCH -0.025 0.017 
0.260 CN -0.028 0.018 
0.507 Ph -0.052 0 
0.185 

historic a and 6 indices. No regular relation between both sets 
of data has been observed. They were not, however, considered 
as contradictory. While a and 6 are for free atoms, and are 
for bonded ones. In all cases, atoms appear to be considerably 
more softer, when bonded. 

Comparison with the vast body of experimental scales for group 
electronegativitie~~.~~ should be done with caution. All chemical 
scales from the %est” data by Wells24 attempt a description of 
the group by one single parameter, while this present study rooted 
in the density functional theory offers a two-parameter image. 
It is not surprising toseea rather poor correlation between average 
electronegativities in Table I and a majority of scales; reasonable 
correlations were found with the Sanderson25 ( r  = 0.888) and the 
Bratsch scale26 ( r  = 0.836). 

Hardnesses for the chemical groups can hardly be compared, 
as no data (except by Huheey) are available for groups. The 
intuitive expectations are confirmed. The hardest groups in this 
collection are CH, and CF, followed by CCH, CN, and the 
halogens in the proper order. &Systems are the softest, which 
is expected, since q provides a measure for the HOMO-LUMO 
energy gap.27 An intriguing feature was discovered for furanes 
and pyrroles: the position vicinal to the heteroatom is remarkably 
harder than the other. No correlation was found between the 
group hardnesses and group refraction data. Such a relation has 
long been anticipated, on the basis of the chemical approximation, 
an electrodynamical model for an atom.15 

33. Charge Transfer. A meaningful comparison between the 
results presented in Table I and other measures of electronegativity 
is possible only after conversion of i, i )  into a single-parameter 
representation. (The importance of such a conversion has recently 
been stressed by R. Drago in a related field.28) Since electrone- 
gativity ex definitio represents a measure of electrostatic (ionic) 
interaction, the charge transfer (ionicity) may serve as the first 
reference point for all scales, very much in the spirit of the original 
Pauling definition. The direct measure of electronegativity by 
charge transfer was once proposed by Taft et a1.*, and then pursued 
by Datta.29 

Parr and Pearson’s formula may be used to convert i and 
into the charge transfer:30 

where R stands for a reference. Methyl and phenyl have been 
chosen as two limiting references for this study, hard and soft, 
respectively. Charge transfers between each group and the 
reference were calculated (Table 11). Charge transfer to the 
hard methyl group was in all cases lower than to soft phenyl. The 
HSAB principle is well illustrated in Table 11: AN to hard methyl 
is highest for hard F and CF3, while the soft NO2 group gives its 
largest AN to soft phenyl. 

Correlation of the charge transfer (AN) with a handful of 
theoretical and experimental electronegativity scales was tested. 
The resulting correlation coefficients were markedly improved 
for some scales (Huheey,Io Mullay’). However, the significance 
of all correlations was low, r < 0.9. The lackofcorrelation between 
AN and the weighted scale of Wells was striking, as this scale 
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Figure 2. Charge-transfer affinity (CTA) for thecharge transfer between 
a group and the methyl reference, determined by eq 13, using electrone- 
gativities and hardness parameters from Table 1. Ax on the abscissa 
stands for the electronegativity difference between a given group and 
methyl, on the Bratsch scale [ref 261 in Pauling units. 

has been shown to correlate very well with atomic charges on 
hydrogen in the H-X pair (ab initio calculations).23J9JI 

3.3. Charge-Transfer Affinity. The predictive power of the 
electronegativity concept suggested by Pauling had been limited 
to the bond polarity between two bonded atoms or, more rigorously, 
to the polar energy contribution to this bond. This energy has 
been recently discussed in termsof electronegativity and hardness 
and identified as the charge-transfer affinity (CTA).32 An 
analysis has been presented as to how the polar energy fraction 
(CTA) may be expressed by electronegativity and hardness 
indices. The commonly used formula given by Parr and Pearson’O 
is a convenient first approximation: 

Extension of this equation to include the polarization terms 
was also proposed.32 Pauling’s original formula may be considered 
a zeroth-order approximation to eq 13, by neglecting the hardness 
effect, CTA - (XR - X X ) ~ .  

Equation 13 leads to an important suggestion: the electrone- 
gativity difference alone is insufficient to determine the bond 
polarity. The CTA energy provides an opportunity to include 
the hardness effect in the interaction of chemical species. 

There are two limitations in exploring the CTA as a measure 
of interaction. (i) Its meaning is purely e lec t r~s ta t ic ;~~J~ hence, 
only polar effects will be reflected by CTA. (ii) A set of 
transferable x and rl parameters for atoms and groups is needed. 

Group electronegativity and hardness parameters derived in 
this work conform to the transferability requirement. Concep- 
tually and formally, they are identical to corresponding atomic 
parameters presented elsewhere.I8 

It was possible to calculate the CTA energies for a collection 
of 15 substituents (including halogens) using again methyl and 
phenyl as standard references. They were correlated with the 
square of the electronegativity difference. The best fits obtained 
in this group were for the Bratsch scaleZ6 (methyl) and Mullay 
scale7 (phenyl), Figure 2. 

CTA(X-Me) = 0.233(Axe,,,,,h)2 ( r  = 0.977) (14) 

CTA(X-Ph) = 3.158A(~,,,,,,)~ + 0.646 (r  = 0.946) (15) 

A similar correlation with the Wells scale was found at r = 0.791. 
The two scales with the best observed correlation are in fact 

modern mutations of old electronegativity scales, adopted to the 
group concept. The Bratsch scale contains generalized Mulliken 
electronegativities, while the Mullay scale is based on the concept 
of G ~ r d y - ’ ~  as well as Allred and Roch~w.)~  Both Bratsch and 
Mullay included the valence-state analysis into their electrone- 
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gativity indices, which brings their concepts more closely to bonded 
atoms. Finding the newly derived indices and for bonded 
groups (Table I) properly related to these two realistic scales is 
very encouraging. It does suggest that the CTA energy may 
indeed be a common ground for all scales of electronegativity. 
The Bratsch and Mullay scales appear to have the hardness effect 
indirectly built in. A similar effect has been observed for the 
Pauling scale of atomic electronegativities.32 

3.4. Substituent Effect. Common descriptions of substituents 
by means of the Hammet-type constants (a) have been an early 
alternative to the electronegativity concept. It is also based on 
an energy analysis. Experimental parameters (log k, log K ) ,  
directly related to AG, for a chosen standard reaction, are 
expressed as linear functions of the parameter u for a substituent 
distant from the reaction site. The complexicity of u is a well- 
known fact and much research has been done in order to find the 
"best" ~values .3~ One of the most easily interpreted contributions 
to the u parameter is the field constant (uF) .  Its meaning is 
purely electrostatic, and its value has been experimentally 
established for situations where substituents affect the reaction 
site by pure through-space electrostatic interactions. Then 

where only U F  varies with the substituent (X). Such a linear 
relation between the energy (AG,) and U F  parameter suggests, at 
the level of pure electrostatics, that U F  may have the meaning of 
a potential. This conclusion has been proven for a set of 
monosubstituted benzene derivatives.I8 When substitution takes 
place at a fixed position, the change in distance to the reactive 
site of the molecule is insignificant. The substitution effect may 
be reduced to changing the charge (4) formally assigned to the 
attached group or atom (X): 

AG, = p,'q(X) (17) 
The p; constant is formally also modified by the substitution, due 
to the countercharge (3) transferred to and from the substituent 
group from and to the separating molecular skeleton. Nearly 
constant reaction constants ( p ) ,  which are typically observed for 
a given type of molecule and reaction, may be understood when 
the countercharge is diffused over many atoms of the skeleton. 
In such a case, only the field constant ( U F )  would approximately 
reflect thevariation ofcharge transferred toand from the reference 
by substituent X: 

UF(x) - d x )  (18) 
At this point, a relationship between the charge-transfer affinity, 

the substituent (X), and the molecular skeleton (R, usually the 
phenyl ring) is expected: 

CTA(R-X) - q(X)' - uF(X)* (19) 
A linear relation has indeed been found between the CTA energy 
(q 13), calculated with the electronegativity and hardness 
parameters in Table I, and the squared substituent constants, UF 

(Figure 3), when the phenyl ring has been chosen as a reference: 

(20) 
The non-zero intercept arises from arbitrarily setting UF = 0 for 
hydrogen, while the CTA correctly predicts a small polar energy 
contribution to the H-Ph bond. A slightly less satisfactory relation 
with F 2 developed by Swain and Lupton36 has also been found: 

CTA(Ph-X) = 1.072F - 0.205 
( r  = 0.932, C N  group ommited) (21) 

It is well-known that UF constants are purely field indices, while 
F contains also an inductive increment, which could explain the 
decreased correlation between CTA and F and especially the 
strong deviation for the CN group. 

CTA(Ph-X) = 3.086uJX)'- 0.734 ( r  = 0.953) 

-1 15 CTA 
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Fipre3. Charge-transfer affinity (CTA) for thecharge transfer between 
a group and the phenyl reference, determined by eq 13, using electrone- 
gativities and hardness parameters from Table I. U F  on the abscissa 
stands for the field Hammett constant, as given by Taft et al. [ref 231. 
Two sets of U F  reported by the authors were used. 

The relationship involving a square of the Hammett constant 
has already been observed for another energy parameter. Taft 
et al. have determined a linear function for Jcc(ux2), where JCC 
is the ipsoortho, carbon4arbon NMR coupling constant in a 
series of Ph-X molecules, and ux is the inductive Hammett 
constant for substituent X.23 Taft et al.'s results and the finding 
of this present study suggest that the substituent effect on the 
energy of the molecular system may be more adequately given 
by &,at least for charge-related interactions: field and inductive. 
The most important resonance effects have not yet been the subject 
of similar analysis. 

4. Conclusions 
The primary result of this work, electronegativity and hardness 

for a set of common substituents, should not be taken just as an 
alternative measureof electronegativity for chemical groups. The 
role of hardness has been clearly exposed. A coherent description 
of chemical groups can no longer escape the definition of group 
hardness, which is equally as important a parameter as elec- 
tronegativity. While numerical values of x and need further 
studies that would unveil the role of valence states and possible 
symbiotic effects, the need for a two-parameter description of 
chemical groups can hardly be questioned. Also important is the 
observed relation to existing scales of group electronegativity. 
Conceptually, they all may be unified by the polar energy 
parameter CTA, even though rigorous correlation was found only 
for a handful of modern scales. It is suggested that the various 
scales of group electronegativity indirectly contain the hardness 
effect. 

A technique for avoiding the hardness analysis is exemplified 
by the latest paper by Reed and Allen.37 These authors take the 
bond polarity index (BPI, equivalent to the CTA energy in this 
work) for the direct measure of the electronegativity difference. 
This in itself contradicts the original Pauling definition and its 
theoretical support by the density functional theory.'8-32.33 The 
hardness effect remains hidden in BPI energies; its role is further 
minimized by derivation of A x  for selected references only. 
Challenged with substantial differences in ordering of groups by 
means of BPI for various references, Reed and Allen argue for 
choosing CH3 as the standard reference. This introduces an 
arbitrary element to the resultant scale of group electronegativity 
which may be found attractive for practical purposes but does 
not bring understanding into the complex mosaic of electrone- 
gativity scales. 

An intriguing result of this work, thedirect relationship between 
polar bonding energy CTA and the square of the polar substituent 
constant (uF) ,  finds interesting context in other works in the area. 
Contrary to an early suggestion,2* group electronegativities could 
not be directly related to Hammett substituent constants, unless 
the hardness effect is taken into account. Charge-transfer affinity 
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was found to describe adequately the substituent effect. Rela- 
tionships exist between CTA and U F ,  as well as between CTA and 
Ax for other scales, which strongly suggest that the languages 
of inorganic chemistry ( x ,  7) and organic chemistry (u) ,  may 
eventually provide equivalent descriptions of chemical observa- 
tions. 

Acknowledgment. This work has been sponsored under Project 
KBN203229101. Weareindebtedtoarefereeforhismeticulous 
corrections. 

References and Notes 
( I )  Iczkowski, R. P.; Margrave, J. L. J. Am. Chem.Soc. 1961,83,3547. 
(2) Hinze, J.; Whitehead, M. A.; Jaff-5, H. H. J. Am. Chem. SOC. 1962, 

(3) Mullay, J. Struc. Bonding 1987, 66, 1-26. 
(4) Sanderson, R. T. Science 1955, 121. 207. 
(5) Pearson, R. G. J. Org. Chem. 1989, 54, 1423. 
(6) Pearson, R. G .  Inorg. Chem. 1988, 27, 734. 
(7) Mullay, J. J .  Am. Chem. SOC. 1985, 107, 7271. 
(8) Reynolds, W. F.; Taft, R. W.; Topsom, R. D. Terrahedron Lef t .  

(9) Parr, R. G.; Bartollotti, L. J .  Am. Chem. SOC. 1982, 104, 3801. 
(IO) Huheey, J. E. J .  Phys. Chem. 1965,69, 3284. 
( I  I )  van Genechten, K.; Mortier. W. J .  Chem. Phys. 1987, 86, 5063. 
(12) Ray, N. K.; Samuels, L.; Parr, R. G. J. Chem. Phys. 1979,70,3680. 

85, 148. 

1982, 1055. 

(13)  Perdew, J .  P.; Parr, R. G . ;  Levy, M.; Balduz, J. L., Jr. Phys. Reu. 

(14) Nalewajski, R. F. J .  Phys. Chem. 1985, 89, 2837. 
( I  5) Komorowski, L. Chem. Phys. 1987, 114. 5 5 .  
(16) Gasquez, J. L.; Ortiz, E. J. Chem. Phys. 1984,81, 2741. 
( I  7) Ponec, R. Theorer. Chim. Acra (Berlin) 1980, 59, 629. 
(18) Komorowski, L.; Lipinski, J. Chem. Phys. 1991. 157, 45. 
(19) Huheey, J .  E. J. Org. Chem. 1966.31, 2365. 
(20) Berkowitz, M.; Parr, R. G. J .  Chem. Phys. 1988, 88, 2554. 
(21) Lipinski, J. Int. J .  Quantum Chem. 1988, 34, 423. 
(22) Huheey, J .  E. Inorganic Chemistry: principles of structure and 

(23) Marriot, S.; Reynolds, W. F.; Taft, R. W.; Topsom, R. D. J. Org. 

(24) Wells, P. R. Prog. Phys. Org. Chem. 1968,6, I I .  
(25) Sanders0n.R.T. PolarCoua1ence;AcademicPress: New York, 1983. 
(26) Bratsch, S. J .  Chem. Educ. 1985, 62, 101. 
(27) Pearson, R. G. Coord. Chem. Reu. 1990, 100,403. 
(28) Drago, R. Inorg. Chem. 1990, 29, 1379. 
(29) Datta, D. Proc. Indian Acad. Sei. (Chem. Sci.) 1988, 100, 549. 
(30) Parr, R. G . ;  Pearson, R. G. J .  Am. Chem. SOC. 1983, 105, 7512. 
(31) Datta, D.; Singh, S .  N. J. Phys. Chem. 1990, 94, 2187. 
(32) Komorowski, L. Z .  Naturforsch. 1987, 42a, 767. 
(33) Komorowski, L. Chemical Hardness. Hardnesslndices for  Freeand 

Bonded Aroms; Structure and Bonding Series; Mingos, T.. Sen, T., Eds.; 
Springer Verlag: Heidelberg, in press. 

(34) Gordy, W. Phys. Reo. 1946, 69,604. 
(35) Allred, A. L.; Rochow, E. G. J. Inorg. Nucl. Chem. 1958, 5 ,  264. 
(36) Swain, C. G . ;  Lupton, E. C., Jr. J .  Am. Chem. SOC. 1968, 90,4328. 
(37) Reed, L. H.; Allen, L. C. J .  Phys. Chem. 1992, 96, 157. 

Lerf .  1982, 49, 1691. 

reacriuify; Harper and Row: New York, 1983. 

Chem. 1984, 49, 959. 


