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The entha lpy AH of general d isplacement react ions 
A B + C D A D + C B 

is der ived w i t h the a id of the ion ic app rox ima t i on to chemica l bond ing . T h i s entha lpy compares 
favourab ly w e l l w i t h Pau l ing 's cor responding equat ion AH—— 46 (%B— ̂ d ) (%A — XC)- These ex-
pressions are used as a basis to discuss var ious aspects of chemical r eac t i v i t y : reversals i n react iv i ty , 
ambident react iv i ty , the Hammet t re la t ion, the McDan ie l -Y i ngs t equat ion, the Drago E —C equa-
t ion , the resolut ion of ac id st rength, the p ro ton af f in i t ies of negat ive and neu t ra l species and the 
ha rd and soft acid-base ( H S A B ) ru le . Qua l i ta t i ve ly , and i n some cases even quant i ta t ive ly , 
reasonable results are obta ined, demons t ra t ing the great f l e x i b i l i t y of an electronegat iv i ty-based 
theory of chemical react iv i ty . 

1. Introduction 

During the last decade a significant progress has 
been made towards an understanding of chemical 
reactivity on a very sophisticated basis, both quali-
tatively (the Woodward-Hoffmann rules*) and 
quantitatively (Klopman's GP approach2 with spe-
cial emphasis on the HSAB principle 3 ) . Never-
theless, much remainis to be done, especially in the 
field of solvent interactions. Well-known examples 
of empirical approaches to reactivity are the linear 
free energy relationships in various f o rms 4 which 
seem to bring some order into the vast amount of 
experimental data about chemical reactivity. 

The present study is devoted to an ionic approxi-
mation to chemical reactivity and equilibrium: in 
fact, and surprisingly enough, ionic reaction mecha-
nisms are most widely used in organic chemistry. 
W e also tried to introduce an explanation for reac-
tions where the simple Pauling bond energy equa-
tion 5 does not apply. Since this equation can for 
instance not be used to account for solvent effects, 
we have applied our recently introduced scheme 
for incorporating such effects completely consistent 
with the scheme proposed earlier for atom-atom, 
ion-molecule, ion-ion and donor-acceptor inter-
actions 6. Indeed, Pauling's bond energy equation 

DAB = (1 /2 ) (DAA + DBB) + 23 (XB - Z A ) 2 (1 ) 
does not apply to two electron transfer reactions 
such as H + + H 2 0 - ^ - > H + H 2 0 , (2 a) 

BF3 + Et 20 BF3 • Et 20 (2 b ) 
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which are key-reactions in any discussion about 
chemical reactivity. Apart from accounting for an 
equation such as ( 1 ) , the ionic bonding approxima-
tion yields consistent expressions for the enthalpies 
of reactions ( 2 ) . 

These relations will allow us to account system-
atically for a number of peculiarities observed on 
chemical reactions such as ambidency, reversal of 
the sign of the reaction constant o in the Hammett-
relation, reversals of nucleophilic orders etc. 

2. Theory 

Displacement reactions such as 

AB + CD — A D + CB (3) 

represent the larger part of the material the experi-
mental chemist is confronted with. Its enthalpy can 
be calculated if a suited expression for the valence 
electron energy e A B is available. According to the 
ionic approximation to chemical bonding 6, sA B for 
a two-centre two-electron bond AB is 

EAB = IEA + 1 EB + a2EAA+b2 EAB (4 a) 

= a2 (I EA + EAa) + b2 ( / EB + EAB) + e2/rAB 

(4 b) 

= I Ea + I EB + EAB (4 C ) 

where EAB(=—DAB) is the bond energy, I EX 
and EAx respectively represent the energy of the 
valence electron and the electron affinity of element 
X and r A B is the equilibrium bond length, a2 and b2 

measure the relative contributions of the ionic struc-
tures A~B+ and A+B~ respectively to the ground 
state of the diatomic molecule AB and obey the 
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relationships a2 + 6 2 = l and b2 — ar = IAB. This The enthalpy AHABCD of reaction (3) is then 
latter quantity, the polarity of the AB bond, is given given by 
by 

/AB= (EAb-EAa)/(EAa + EAb) (5) 

which fixes the values of a2 and b2. wherein 

ABCD = 2 (EAB - EAD) (EAA - EAC) K A B C D ( 6 a ) 

K ABCD 
(EAX + EAC)EABEAD+ (EAB + EAY) EAA EAQ 

(EAA + EAb) ( E A c + EA») (EAA + EAD) (EAC + EAB) 
< 0 . (6 b) 

It is directly seen that Eq. (6 a) is completely 
consistent with Pauling's equation 

ABCD = - 4 6 (XB ~ Xd) (XA - Xc) (?) 

provided we put £ A bcd ~ — 1 and £ x = — EAX/23. 
The basic results of the discussion to follow applies 
qualitatively as well to the Pauling Eq. (7) as to 
Equation (6 a) . 

By making the usual approximation — RT\nK 
= AGABCD~^#ABCD> Eq. (6) is the starting point 
for our discussion of chemical equilibrium. 

Before proceeding as such, a brief description of 
how solvent effects will be accounted for has to be 
given. The crude assumption is made 6 that the 
larger part of solvent-solvent interactions may be 
characterized as donor-acceptor bonds between do-
nor and acceptor functions present in the individual 
solvent molecules S, respectively represented as Sd 
and S \ • 

For the total energy £gg of such a bond one ob-
tains, in analogy with Equation (4) : 

«ss = / ESA +1 £sd + a 2 EASa + b2 EASJ) ( 8 ) 

and a bond energy 

ESASA = 1 E*X 
-EASA(EA,B -EASA)/(EASA+EASJ)) ( 9 ) 

where / £ s d an(^ EA^ refer to the donor function 
Sd of the solventmolecule S, and I E$A and EA$a to 
its acceptor function Sa . In particular, these last 
two quantities are the enthalpies of the reactions 

S A + e SA~, 
SA~ + e - ^ S A ~ (10 a, b) 

Representing a solvation or ionic dissociation proc-
ess as 

AB + So ->- A + S d + B~Sa (11) 
the enthalpy 

AHABS, = 2 (EAB - EAFTO) (EAA - EASA) KABSS 

(12) 

is obtained, conform with the general Equation ( 6 ) , 

This simple example illustrates the wide appli-
cability of this attack of solvent effects. Indeed, if 
AB in reaction (11) is a donor-acceptor bond, a 
completely similar enthalpy may directly be written 
down. 

3. Results and Discussion 

3.1. General Trends in Reactivity of Chemical 
Species 

As a guide for the rather qualitative discussion 
of reactivity in this section, the simplified Pauling-
like Eqs. (6 a) and (7) will be used. The latter 
equation is well known in the literature since it has 
been applied for obtaining group-electronega-
tivities 7 , and it has been used by Pearson8 as an 
argument in favour of the HSAB rule8 and as a 
criticism of Pauling's approach. This latter point is 
of course of importance in the present context. 

On the working condition that in Eq. (6 a) 
K zu — 1, AH ABCD of reactions (3) may be repre-
sented as in Fig. 1, if as reference reagents C and 
D are kept constant and given an electronegativity 
of — 2 and — 3 eV respectively. Using the explicit 
value of K, as given in Eq. (6 b ) , would simply 
cause a systematic distortion in the sense that all 
straight lines drawn in Fig. 1 should be replaced by 
slightly curved lines. 

A glance at Fig. 1 reveals that there are four 
regions of interest: 

1. |A' < jC|; |B|<|D| exothermic 
2. |A|<|C|; |B|>|D| endothermic 
3. |A| > |C|; jB| < jDj endothermic 
4. |A| > |C|; B > D exothermic 

Thus, the reaction 

Csl + LiF - > Lil + CsF 

if |X| = \EAx\ 

(13) 

with A < C and B < D| is predicted to be exo-
thermic, although experimentally it is found to be 
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F i g . 1. P lo t of AH/1 K | versus EAB f o r several values of 
EA\. Numbers near s t ra igh t l ines are corresponding EA\ 

values. 

endothermic with an enthalpy of about + 1 0 kcal/ 
mole! Reactions of this kind might therefore illus-
trate the HSAB principle8 , since the hard-hard 
(LiF) and soft-soft (Csl) combinations are pre-
ferred and it seems that everything goes wrong 
with a Pauling-like approach. In fact, Eqs. (6 a) 
and (7 ) predict, in accordance with Pauling's view 
about chemical bonding, that the formation of CsF, 
the "hard-soft" combination, is always the more 
exothermic one. 

This would be a dramatic situation if it were not 
so that out of the 12 possible reactions of Csl with 
other alkalihalogenides only 2 are endothermic (just 
two involving L i ! ) , the remainder 10 being exother-
mic in agreement with Eqs. (6 a) and ( 7 ) ! (See 
Table 1.) 

Tab le 1. En tha lp ies of reac t i on» fo r C s l + A B - * - CsB + A I . 

A B AH A B AH A B AH A B AH 

L i F 
L i C l 
L i B r 

+ 6.4 
+ 1.3 
- 0 . 4 

N a F 
N a C l 
N a B r 

- 4 . 7 
- 1 . 2 
- 2 . 0 

K F 
K C l 
K B r 

- 5 . 2 
- 1 . 5 
- 1 . 9 

R b F 
R b C l 
R b B r 

- 4 . 0 
- 1 . 0 
- 3 . 0 

a En tha lp ies are g iven i n kca l /mo le and are taken f r o m a 
comp i l a t i on by B. F iese lmann and R . Fer re i ra , A n . Acad . 
bras i l . Cienc. 44 , 217 [ 1 9 7 2 ] . 

It may thus be asked whether the HSAB rule for 
these gas-phase reactions is not the rule for the 
exceptions rather than the rule. We will return to 
this problem later on. 

These qualitative considerations about Fig. 1 can 
also be extended to the problem of reversals in 

reactivity, which are on the basis of what is now 
known as the HSAB rule. Assume there is a shift 
Ax in AG = AH ± Ax, which may be due to an extra 
entropy term, a solvent effect not operating through 
the donor-acceptor mechanism, a rearrangement in 
one of the reagentia, steric hindrance appearing in 
one of the species, a specific lone electron pair 
repulsion effect in a m o l e c u l e . . . Figure 2 repre-

•6 

0 
x < 

i - 6 
i <i 

- 1 2 

F i g . 2. P lo t of AH/\K\+Ax versus EAB fo r several d i f -
fe rent EAC values C x , C2 and C3. 

sents such a situation, where we have assumed 
Ax<. 0 as an example. Thereby A and D are now 
kept constant and given an EAx value of respec-
tively — 2 and — 3 eV. 

It is directly verified that, if the bases 
B j , Bo, . . . , B„ under these circumstances react in 
the order Bj < B 2 < . . . < B ; l (as for instance ex-
pected from their electronegativity) towards a given 
acid C j , these very same bases will react in com-
pletely reversed order, i. e. Bw < . . . < B o < B 1 to-
wards another acid C2 . This is a phenomenon well 
known to inorganic chemists (see introduction to 
Klopman's paper 2 and also his book 9 ) but also to 
organic chemists, since it is known that, as an 
example, the nucleophilic order may be reversed 
upon varying the nature of the acid. 

This situation is best illustrated in the following 
way: assume AH proportional with the quantity 
log kfk0 and the sequence of B's roughly parallelling 
Hammetts's substituent constants o 4 a , then Fig. 2 
is simply a plot of Hammett relations the slope of 
the straight lines in the figure being related to the 
reaction constant Q (for a detailed discussion, see 
following section). 
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Therefore, one should conclude that the elemen-
tary Eqs. (6 a) and (7) are sufficiently flexible to 
express various experimental data consistently. 

Finally, consider the question of ambident reac-
tivity, which can occur when at least one of the 
reacting molecules is a polyatomic one, containing 
n active sites (atoms) C x , C 2 , . . •, Cn . Figure 2 
also reveals that a particular nucleophile, say , 
will preferentially react with an active site C 3 , 
whereas another one, B 2 , will most probably react 
with a different site Q of the same molecule, in 
agreement with Equation (6 ) . Numerous cases have 
indeed found where such situation occurs9 and it 
would be of interest to see whether the present 
theory is quantitatively in agreement with such be-
haviour or not. 

In the following sections, more specific results 
will therefore be discussed although our major aim 
was to demonstrate that Eq. (6) is indeed useful as 
a framework to discuss chemical reactivity in its 
relation with electronegativity. 

3.2. Hammett's Relation 4a 

As pointed out above, Pauling's equation (7) 
cannot be applied to various reactions of basic 
interest: as a specific example, we mention the dis-
sociation of an acid HX in a solvent S, being the 
refence material for the widely used Hammett rela-
tion. This example was already worked out in Sect. 2 
as an illustration of our approach to solvent effects, 
therefore Hammett's relation can directly be rewrit-
ten in terms of the quantities appearing in Equa-
tion (6 ) . 

Thus the reaction 

AB + S 2 - > A + S d + B"S a (14) 

may be compared with a standard 

A0B0 + S 2 - > A 0 - S d + B 0 -S a (15) 

which upon combination leads to competition be-
tween 

AB + A 0 +S d + B0" SA - > A0B0 + A + S d + B " S A . 

If A = A0 = H (dissociation of acids), one obtains 

HB + B0" SA - > HB0 + B"SA (16) 

for which the enthalpy is 

^#hbb,~8a = 2 (EAb — EABo) (EAR - EA$a) ^HBB0"SA • 
(17) 

If entropy-differences cancel, Eq. (17) compares 
well with Hammett's relation for equilibria 

\ogK/K0(oc 4H0-AH) =oo. (18) 

Indeed, when the nucleophiles B and B0 are for 
instance a substituted benzoic acid and benzoic 
acid, one recognizes a Hammett substituent constant 
o related to (EAB — EABo) and a Hammett reaction 
constant Q related to the remainder of the factors in 
Equation (17 ) . 

Moreover, the influence of the medium (the sol-
vent) is represented by EAsA, the electron accepting 
power of the solvent molecule, whence Q will be a 
function of EAg^ as found experimentally4a. An-
other factor influencing the value of Q as it is found 
in the literature is the scaling procedure used to 
construct the Hammett o-series. In fact, the effect 
of an X-group in para position to the acid function 
will be larger for - C O O H than for - C H 2 C O O H : 
for example, the ^-values for the ionization of the 
acids phenol, benzoic acid, phenylacetic acid and 
-propionic acid are respectively: + 2 . 0 0 8 , 1.000, 
0.471 and 0.212 4a. 

Once the sequence in o-values has been fixed by 
a given reference, one should in principle be able 
to account for the reactivity constant Q both in 
magnitude and in sign, which is a very difficult 
question 4a. Reminding that in practice ^-values are 
mainly determined by the detailed reaction mecha-
nism (the rate-determining step) and that the pres-
ent formalism applies to equilibria in the first place, 
we will only tentatively give some applications of 
our theory to this rather complicated question. 

First of all, all ionization processes mentioned 
above should of course have the same positive Q-
values and all these were obtained on equilibrium 
data. Now consider consecutively reactions (19 a, b 
and c) for which the ^»-values given in parentheses 
wrere derived from rates: 

a) the alkaline hydrolysis of ethylbenzoates in ace-
tone 4a ( o a = + 2 . 3 7 3 ) 

RaEt + NaOH - > RaNa + EtOH; (19 a) 

b) benzylchlorides with iodide (£>b= + 0 . 7 8 3 ) 

RbCl + Nal RbI + NaCl; (19 b) 

c) phenolate with ethyliodide (Qc = —0.991) 
R cNa + EtI - > RcEt + N a l . ( 1 9 c ) 

Denoting the unsubstituted products by R0 we 
have the following competitive reactions 
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a) R,Et + R 0 iNa-^ R0aEt + R;iNa , (20 a) 

b) RbCl + R 0 b I - > R 0 C l + R h I , (20 b) 

c) R cNa + R0 E t R 0 c N a + R c Et. (20 c) 

The enthalpies of these reaction are in the same 
order 

AH& = 2 (EARA - EANJ (EAET - EANA) K , , ( 2 1 a ) 

AHH = 2 (EARB - EARJ (EACI - EA:) KB, ( 2 1 b ) 

AHC = 2 (EAUC - EARJ 0 E A N A - EAET) KC, ( 2 1 c ) 

and it is easily concluded that the sign of Qc must 
be opposite to that of £>a and ob since in fact 
\EAET\ > ! ^ x a | ; MCI > i ^ i l a n d EANSCj < \EAETj. 

This might possibly explain various alterations in 
sign of the reaction constant g, although conclusive 
evidence can of course not be given on account of 
the difficulties mentioned above. 

A final remark in this section concerns a specific 
solvent effect, which is usually explained in terms of 
classical solvation theories. Considering again Eq. 
(17 ) , it is readily deduced that altering the solvent 
will alter EA$A. Hence, in general, ionization proc-
esses of acids, such as (14) , will be less endother-
mic when the solvent's EAGA value becomes more 
negative, but the same effect is also produced when 
the ionization potential of the solvent molecule is 
reduced. However, for displacement reactions like 
(16) only the effect of altering EA$A remains. This 
latter effect is well known to analytical chemists as 
resulting in the resolution of acid strength upon 
altering the solvent10, n . This point will be dis-
cussed more fully in Section 3.5. 

3.3. The McDaniel-Yingst Equation 12 

The equation proposed by McDaniel and Yingst12 

for an acid HL reads 

1.364 PK, - 23.06 E°= DEL - (1/2) (DRE + Z)LL) = A 

(22) 

wherein A is given by the Pauling relation (1) as 

^ = ÖHL - (1/2) (Z)HH + £>LL) = 23 ( Z L - Z H ) 2 . 
(23) 

In this way chemical reactivity, as determined by 
PKZ and E°, the standard oxydation potential, is 
related to electronegativity Xx i n a very elegant 
way. Therefore Eq. (22) is of special interest for 
the present topic, although the equation itself was 

not originally proposed for a discussion of chemical 
reactivity in the first place. 

Pauling's bond energy Eq. (1) shows many 
drawbacks, one of these appearing directly from 
Eq. (22 ) , i .e . the occurence of negative values for 
the so-called "extra" ionic resonance energy A, 
defined as in (23 ) . Such negative zl-values were 
already found earlier for alkalihydrides and have 
not yet been explained satisfactorily. The McDaniel-
Yingst equation however is well founded and the 
presence of negative zl-values therein makes Pau-
ling's bond energy equation rather suspicious. 

Equation (22) was indeed derived by equating 
the following enthalpies of reaction (for the com-
plete cycles see Ref. 12) : 

H+ • HoO + L"• H 2 0 — HL (H 2 0) . (24 a) 

H + H o O + L - - H 2 0 ~ ( 1 / 2 ) H 2 ( H 2 0 ) 
+ (1/2) L2 (HoO) (24 b) 

H ( g ) + L ( g ) — HL(g ) (25 a) 

H (g) + L (g) — (1/2) Ho (g) + (1/2) Lo (g) 
(25 b) 

AH - — AH = AH% — AHG. (26) 

From (26) , Eq. (22) may be derived directly. 
The result is that more cases are found with nega-
tive A, which are not accessible from thermochemi 
cal data through Equation (23) . 

Applying our general bonding equation to the 
processes (24 a) and (24 b) directly leads to the 
value 

AH5-AH10= ( 1 / 2 ) (EAL-EAHY-/(EAE + EAL) 

(27) 

which was introduced earlier in the electronegativity-
equalization theory13 as the expression for the extra 
ionic resonance energy, defined as 

EnL-(l/2)(EHR + ELL). 

This latter quantity also equals the right hand side 
of Eq. (26) ; thus our treatment consistently repro-
duces the McDaniel-Yingst equation. 

However, in process (24 b) a significant contri-
bution to the enthalpy AHI0 comes — especially in 
the case of halogens — from the appearance of lone-
electron-pair (LEP) repulsions. Consider for in-
stance the F~ ion which on oxidative coupling trans-
forms into Fo . The EFF = —37 kcal/mole is much 
lower than the value expected from the bonding 
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power of fluorine towards elements carrying no 
LEP's in their valence shell, such as the alkali's 14. 
Reminding that the EAx values in (27) are esti-
mated ones 14, one can introduce LEP repulsion or 
any other disturbing effect specific to the homo-
nuclear bond by a characteristic Xx, defined as 

xx = EAexp - EAx ~ Dxx - -Dxx(exp) • (28) 

In this way, Eq. (27) transforms into 

AH- - AH10 = (1 /2 ) (EAh - EAr) 2/ (EAe + EAh) 

-(1/2)(XE + XL) (29) 

leading directly to 

AH-—AHn= (1 /2 ) (Z>LL(exp) +^HH(exp)) - ^HL(exp) 
(30) 

if the results of an earlier paper 14 are introduced, 
i. e. 

ÖHL(exp) = ( 1 / 2 ) (DRR + DLL) (1 + / 2 ) (31) 

where 1 is the polarity of the HL bond, defined as 
in Eq. (5) and where the "estimated" Dxx a r e 

strictly proportional to the original Pauling electro-
negativity-values ^x 14* 

Since Eq. (30) also stands for the difference 
AH3 — AH8 , we correspondingly deduce for hetero-
nuclear HL bonds 

1.364 pK&- 23.06 £ ° = (1 /2 ) ( . D L L - D E E ) 2 / 

(ÖHH + ^LL) — 1 8 . 0 + ( 1 / 2 ) z l (32) 

since ^H was approximately deduced as —36 kcal/ 
mole 14. The result is shown in Fig. 3, which may 

3 

LL) 

'o 2 v CL cn o 1 
o 

0 

Fig . 3. P lo t of 0.059 p K ^ - E 0 versus (DLL-#HH)2/2(DHH + 
DLL) + Z H , L w i t h X H , L = ( 1 / 2 ) (XH+ *L ) • V a l u e s f o r A t h e 
ext ra ion ic resonance energy for Se and Te may be obta ined 

by the ex t rapo la t ion , ind ica ted i n the f igure. 

be used to compute unknown Dxx values which will 
still be proportional to / x • These findings therefore 
support the idea that zl-values, defined by (23) 

should always be positive. Very often however, this 
essential feature is masked by very large disturbing 
effects, such as LEP repulsion. In this way, Pauling 
2x-values are shown to have built-in contributions 
from LEP repulsions in the first place. 

Hence, negative zl-values will experimentally be 
found when DLL ~ ^HH and when simultaneously 
a*L tends to zero, which is indeed the trend observed 
as to be seen from the values of A for iodine and 
tellurium. 

3.4. Drago's E and C Parameters 

We have recently fully discussed Drago's E — C 
equation4 e (which is a modified linear energy 
relationship as the Swain-Edwards equat ion 4 c ' d ) 
for ionic and donor-acceptor reactions 6 ' 1 5 . It was 
found that under appropriate conditions an equation 
resembling the E — C equation of Drago can be 
regenerated from our ionic bonding theory. 

As ionic and donor-acceptor interactions involve 
two-electron transfers, one readily obtains from 
Eq. (4 a) the following enthalpy for such processes: 

AHAB = EAB = eAB - (I EB + EAB) ( 3 3 ) 

= / Ea — a2 (EAB — EAA) . (34) 

In order to obtain an E — C equation of the form 4e 

— AHAB = EAEb + CaCb (35) 

one could rewrite Eq. (34) as 

AHAB = EAB (EAA + EAB) - 1 (7 EA - EAA) 

+ EAA (/ EA + EAA) (EAA + EAB) - 1 (36) 

in which the E — C parameters can be recognized, 
but which also clearly shows that for instance EB 

and CB are functions of the properties of A. 
Now, a recent justification of the E — C equation 

by Marks and Drago 16 indeed shows that some of 
the parameters of one bonding partner depend on 
the properties of the other. A similar conclusion was 
obtained f rom the ionic bonding approximation 15. 

However, let us write down the enthalpy of reac-
tion (3) as given by Drago's E — C equation: 

^7/ABCD = (EB - ED) (EA - EC) 

+ (CB-CD)(CA-CC) . ( 3 7 ) 

This equation ressembles the general Eq. (6) and 
even Pauling's Eq. (7 ) but it is difficult to assess 
the exo- and endothermic boundaries for a given 
series of reactions: only in one case the predictions 
of both approaches will be the same, i. e. when the 
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differences EX — EY run parallel (also in sign) with 
the differences Cx — Cy • 

Since it is assumed by Drago that a four param-
eter equation is needed to account for a process 
such as 

A + + B~ —^ AB (38) 

with an enthalpy 
AH = I E A - E A B + EAB ( 3 9 ) 

two out of the four E — C parameters should simply 
be related to IEA and EAB which are completely 
independent quantities. Therefore, the conclusion 
that EAB be expressible as a function of two inde-
pendent parameters only, one characterizing A, the 
other B, which is our working hypothesis [see for 
instance Eq. ( 3 1 ) ] , is directly deduced f rom 
Drago's hypothesis. In a reaction such as (3) all 
terms I EX and EAX of course cancel, leaving only 
four independent parameters to describe its en-
thalpy. Equation (37) contains no less than 8 pa-
rameters which at least looks like an over-parametri-
zation. However, if Eq. (37) would yield correct 
enthalpies, the procedure could still be acceptable. 
The fact that Eq. (37) for instance gives the correct 
enthalpy of the reaction 

Csl + LiF - > Lil + CsF (13) 

is taken by Drago as being in favour of his ap-
proach4 6 . If, as a generalization, all 12 reactions 

Csl + A X - > CsX + AI (40) 

are considered, for which the enthalpy reads 

^#CSIAX= (EX-EI) {EA-ECS) 

+ (Cx~Cl) (CA - Ccs) (41) 
it is seen that they are all predicted to be "endo-
thermic", although the major part is exothermic 
(vide supra), since Eq. (41) contains nothing but 
positive (or zero) factors! Therefore, the E — C 
equation, in spite of the four parameters occuring 
in it, can not account for the finer details of the 
chemical behaviour. Moreover, comparison of 
Drago's E — C equation with Hammett's rule sug-
gests the number of E — C parameters be reduced 4e . 
In fact, Hammett's relation is a simple two param-
eter relation, to be compared with Eq. ( 3 7 ) , and 
there is no difficulty whatsoever in making it com-
patible with the present approach. 

Finally, we shall further illustrate the difficulties 
inherent to the E — C procedure, by considering the 
results of the recent justification of the E — C equa-
tion by Marks and Drago 16. Their analysis resulted 

in the rather familiar expression 

-AHAB=[(B-A)2 + 4abyi* (42) 

likely to be obtained from any quantumchemical 
procedure, by solving the secular equation and putt-
ing overlap integrals equal to zero. Klopman's con-
tribution 17 shows for instance how well EAB values 
and hence AHABQT> values can be calculated with the 
use of such formulas. 

However, squaring each individual AHAB value as 
g i v e n b y ( 4 2 ) a n d a d d i n g as AHAD +AH2B- AHAB 

— AHQD leads to a quantity X equal to 
X = 2 ( B - D ) (A-C) + 4 ( b - d ) (c-a) (43 ) 

very similar to the Drago expression (37 ) , but 
where the relation between X and AHABQD is not 
simple. 

3.5. Study of Acids and Bases in Different Solvents 
and the Resolution of Acid Strength 

The influence of the solvent in acid-base chem-
istry has long been recognized as a very important 
question for the analytical chemist. W e already 
mentioned in section 3.2. the resolution of the acid 
strength as a function of the properties of the sol-
vent molecules. 

Recapitulating the process of dissociation of an 
acid HX in a solvent S as 

HX + S2 H + • S D + X " • SA (44 ) 

gives the enthalpy 

= 2(EAx — EAsd) (EAe-EASa) KHXs2 . 
(45 ) 

Although the extension to p K a is not straightfor-
ward at all, one can conclude that a relatively im-
portant term in determining p K a will be this 
enthalpy, hence 

p £ a cx (EAx - EASD) (EAR - EASa) KUXSi. (46) 

A reduction of the ionization potential —EAs D of 
the solvent molecule will reduce p K A , as is very 
well known by the effect of substituting NH3 for 
HoO as a solvent for the study of very weak acids, 
being characterized by a relatively small E A x . In-
deed, the ionization potentials of the ammonia and 
water molecules are respectively 10.15 and 12.6 eV. 

However, as remarked in Sect. 3.2, alterations in 
Z^gpwi l l in general be accompanied by alterations 
in EAgA whence the situation may not always be as 
clear as one could expect from Equation ( 4 6 ) . 



G. Van Hooydonk • Reactivity, Equilibrium and Electronegativity 835 

There is, nevertheless, a very simple way of ex-
tracting the influence of EA§ K alone by considering 
the well known displacement reaction of the kind 

H X + X 0 " S A HX 0 + X - S A (47) 

a classical example 18, for which the enthalpy reads 

^HXXTSA = 2 (EAX - EAX,) (EAH -EASA)£HXX,"SA 

(48) 

independent of the EAgjy of the solvent molecule. 
The resolution of acid strengths can be given a 

Hammett-like expression such as 

(p^aHX - pKaHX.) Si = R (pKaHX ~ P^aHX,) S, (49) 

wherein Sj and S2 are different solvents and R, the 
resolution of acid strength, is defined as the ratio 
of differences in dissociation constants for the same 
pair of acids. This resolution R has been the subject 
of several papers and the qualitative explanations 
for it remarkebly parallel the ones dictated by our 
approach. In fact, it has been found that, if S2 is 
water and S t an aprotic solvent, such as DMSO, R 
for non-orthosubstituted benzoic acids is 2.4 n . The 
main cause is ascribed to considerable solvation of 
the anions in water in comparison with aprotic 
solvents, which, according to Eq. (48) is mainly 
due to the relatively large EA$Aoi water, as demon-
strated in its ability to form hydrogegn bonds, or 
to accept electrons. Therefore, the ionic bonding 
approximation even seems to give a rationale to 
discuss the resolution of acid strength for closely 
related systems. 

3.6. Ion-molecule Reactions 

By all means the most powerful method to obtain 
quantitative and detailed information about solvent 
effects is the study of solvation of ions in the gas 
phase by means of ICR techniques 19 ' 20. We already 
accounted for the bulk hydration enthalpies of sev-
eral cations 6 , although we were not able to resolve 
the finer details of ion solvation. Anyhow, a sum-
mation of the enthalpies of the separate solvating 
steps leads to a set of enthalpy-values completely 
consistent with those measured in solution 21. After 
all, it should be reminded that solvation processes — 
and practically all of the displacement reactions 
studied above — are reactions between relatively 
complicated polyatomic molecules, for which the 
ionic bonding approximation has not yet been 
adapted. 

Under these restrictions, it is, nevertheless, pos-
sible to write down the valence electron energy of 
a (diatomic) ion-molecule bond, such as H + M, 
where M is a neutral, carrying a LEP: 

£h+m = / EE + I EX + a2 EAR + b2 EA^ (50) 

wherein EA^[ now represents the negative of the 
ionization potential of M 6 , i. e. EA ji = — I.P. 
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F i g . 4. P lo t of exper imen ta l p ro ton a f f in i t ies P A ( M ) versus 
exper imen ta l ion iza t ion potent ia ls I .P . of M whereby theo-
re t i ca l curve has been d r a w n ( O : negat ive M ; # : neu-

t r a l M ) . 

Gas-phase basicities P A ( M ) , the proton affinities 
of neutral species M are thus readily obtained for 
the reaction 

H + + M H + M (51) 

— P A ( M ) = AFFN+M = / E R 

-EAB(EAM-EAH)/(EAH + EAM) . ( 5 2 ) 

The curve representing P A ( M ) as a function of 
— EAu is given in Fig. 4, where also various ex-

perimental values are indicated, calculated with 
EAR = EMI = 104.5 kcal/mole 30. 

Although the observed trend is correctly repro-
duced for the whole range of neutral M and anions 
X~, i .e. P A ( M ) in general decreases with increasing 
ionization potential of M, large discrepancies are 
found quantitatively in that P A ( M ) c a i c > P A ( M ) e x p > 
the difference increasing as —EAM increases. 
At least, the theory predicts too large P A ( M ) values, 
indicating that relatively large disturbing effects 
might be present in the singly solvated species, in 
agreement with the remarks given above. Moreover, 
it should be reminded that the bulk hydration 
enthalpy of cations is very much larger than that of 
the singly solvated species A + - H 2 0 , so that sub-
sequent introduction of solvent molecules is still a 

I.P. ( Kcal/mol 
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relatively large exothermic process. This inherent 
possibility of repulsion terms, together with the fact 
that solvated species are polyatomic ones, will be 
the major cause for the divergences found for the 
absolute PA (M) values. 

Nevertheless, the general trend of P A ( M ) to 
decrease with increasing ionization potential of M, 
as predicted by Eq. (52 ) seems no longer obeyed 
by the anions, especially the halogens. Indeed, these 
experimental values largely depend on the electron 
affinity of the halogen, the PA values for HF, HCl, 
HBr and HI being respectively 370, 333, 324 and 
314 kcal/mole2 2 . This drastically violates the gen-
eral trend and would indicate a possible revision of 
the EAx values, as remarked previously 23. 

As no activation energy is present for gaseous 
displacement reactions such as 

H + M 0 + M - > H + • M + M 0 (53) 

our general enthalpy Eq. (52) may directly be ap-
plied to yield 

^H+M.M = 2 E A H 2 ~ E A M ) I 
(EAR + EAMO) (EAR-EAU) (54) 

indicating that reaction (53) is exotherm when 
EAsi0\ > EAyi or when M is a better donor than M 0 . 

In order to verify Eq. (54) we have selected a 
series of P A ( M ) for which the disturbing term 
P A ( M ) c a i c - P A (M) exp for each M is as small as 
possible. Table 2 represents the results for the 
amine-series, which has by far the largest P A ( M ) 
value. 

Although still discrepancies remain, it is surpris-
ing that this very simple approach to ion-chemistry 
yields results comparable with experimental data. It 
should also be remarked that P A ( M ) values re-
ported in the literature may vary according to the 
authors. For instance, P A ( M ) values for Me2NH 
and Me3N of respectively 224.9 and 229.1 kcal/ 
mole have been reported by Aue et alii 25. 

It might be useful to recall in this context the 
impact of solvent effects going from the liquid to 

the gaseous phase. In fact, the reaction in solution 

HB + B 0 - S a - > H B 0 + B - S a (55) 

where it is assumed that only "s ingly" solvated 
species occur, has an enthalpy 

^#HBB."SA = 2 ( E A Z - E A B , ) 
X (EAe-EASa)Kebb-Sa. (56) 

In the limit EA$a-+ 0, one obtains the gas-phase 
enthalpy 

AHEBB- = 2 EAe2 (EAB - EA*,) / (EAe + EAB) 
x(EAh + EABo) (57) 

or, gas-phase displacement enthalpies represent up-
per limits to the liquid phase enthalpies, the di-
minishing factor being the acidity or the electron 
accepting power of the solvent molecules. There-
fore, if only singly solvated species occur, reversals 
in proton affinities when going from the gaseous to 
the liquid phase should not occur. The fact that in 
some cases like the alcohols reversals are observed 26 

is a well-known anomaly and suggests a breakdown 
of the diatomic bond approach in these cases, as rep-
resent in reaction ( 5 5 ) . Nevertheless, other im-
portant results on solvation effects can be accounted 
for by our approach (vide supra), such as for in-
stance the ESP (elimination of solvent procedure 2 ' ) . 

It is also readily verified that any gas-phase 
cation solvation process 

A + + M - ^ A + M (58) 

should give the same order of cation affinity for a 
given series of M as obtained for P A ( M ) , since for 
the corresponding enthalpy of displacement one 
obtains 

^A+M„M = 2 EAa2 (EAm, - EAU) / (EAyU + EAa) 
X(EAu + EAa). (59 ) 

Such a situation is actually found for the methyl 
cation affinity series, showing again a decrease in 
cation affinity with increasing ionization potential 
of M 28. Some reversals however are found, which 

Tab le 2. Expe r imen ta l and ca lcu la ted enthalp ies of d isp lacement react ions H + , N H 3 + R n N H 3 _ n - ^ - H + - R „ N H 3 - « + N H 3 a. 

RraNH3_n — AH exp —AH calc — EAa PA (M) exp b PA (M) calc-PA (M) exp 

NHS 0 0 235 207 66 
MeNHj, 9.3 5.8 206.8 216.3 63 
Me2NH 15.4 9.8 190.0 222.3 61 
MesN 19.6 12.4 180.3 226.6 59 

a A l l values i n kca l /mo le . b Taken f r o m Ref . 24. 



G. Van Hooydonk • Reactivity, Equilibrium and Electronegativity 837 

will be due to the relatively complex nature of the 
species involved (polyatomic molecules). Loss of 
planarity of the CH 3 + species is also important in 
these reactions in comparison with H+-reactions. 

3.7. The Hard and Soft Acid Base (HSAB) Principle 
and the Classification of Chemical Species 

The fact that our very simple analysis thus far 
seemed qualitatively in agreement with a variety of 
experimental data (of which those supporting the 
Hammett-rule for instance are not the least) calls 
for a comparison with another scheme introduced 
for a qualitative description of chemical reactions: 
the HSAB rule 3 . This is an intriguing question 
since, as we indicated in Sect. 3.1, the HSAB rule 
and the present, electronegativity-based, approach 
very often represent two extremes: Pearson's rule 
states that always the hard-hard and soft-soft com-
binations are preferred over the hard-soft ones, 
whereas the present theory, with Pauling, leads to 
the opposite result. The HSAB rule is however 
closely connected with reactions in solution. As 
pointed out above, it fails for several gas-phase re-
actions indeed, and it was even shown by Klopman 
explicitly2 that the HSAB rule makes no sense if 
systems are considered in the gaseous phase. For 
instance, neglecting all solvation terms in Klop-
man's quantitative measure for hardness and soft-
ness 2 yields basically a classification of species just 
in function of I EX and EAX quantities, obviously 
related to orbital electronegativity, for which the 
hard-soft rule should accordingly be applied. If the 
HSAB rule makes no sense in the gaseous phase but 
only when solvents come into play, its position be-
comes even more precarious as we see that a con-
siderable part of solvent effects can be treated in a 
Pauling-like way, i. e. with preference of the hard-
soft combination throughout. This may be further 
illustrated by the following argument: the solvation 
enthalpy of any cation is given by 

A + + HoO A + • H*0 , (60) 

= IEa- EAx (EAR20d - EA A) / 
(EAU20d + EAa) . (61) 

This enthalpy should compare well with the desol-
vation-energy calculated by Klopman 2 as the im-
portant terms to determine the relative hard- and 
softness of species. For cations with a charge larger 
than unity, it is readily conluded that the solvation 

enthalpy (61) will roughly parallel I E A values, 
especially when the EAA values are comparable with 
the corresponding value for HoO, i. e. — 12.6 eV. 
On the other hand, for very low EAA values, IEA 

will also be a good measure for the enthalpy of 
solvation. 

Correspondingly, we have plotted the solvation 
energies, calculated by Klopman 2 , versus I E V 

values of cations. The result is shown in Figure 5. 

AO 

in 
<D 

^20 
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1 0 

0 

F ig . 5. P lo t of desolvat ion enthalp ies A HIES of d i f ferent 
cat ions, ca lcu la ted by K l o p m a n 2 , versus t he i r ion izat ion 
potent ia l . Least squares fit shown fo r O : h a r d and border-

l i ne acids, and fo r # : soft acids. 

It is remarkable to see that all so-called hard and 
"borderline" acids obey the simplified Eq. ( 61 ) , 
the situation for the so-called soft acids being such 
as to reveal an "anomalous" shift to low solvation. 
This is illustrated by the characteristics of the 
straight lines, calculated by a least squares fit: 

a) all acids: intercept 3 .16 ; slope 0 .90 ; 
fit r2 = 0 .94 ; 

b) hard and borderline acids: intercept 1 .07 ; 
slope 0 .95 ; fit r2 = 0 .97 ; 

c) soft acids: intercept 4 .14 ; slope 1 .01 ; 
fit r2 = 0.96. 

These results first of all support our approach to 
solvent effects but indicate once more that Pearson's 
HSAB rule seems to be the rule for the exceptions 
rather than the rule. 

Therefore, according to the results reported 
above, the " ideal" chemical species should be char-
acterized by its electronegativity alone (which 
roughly parallels a simplfied hard-soft scale) and 
the rule regarding their relative reactivity is that 
the species with the larger electronegativity (hard) 
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prefers bonding with the one having lower electro-
negativity (soft ) . 

4. Conclusion 

In the absence of activation energy contributions 
and of specific rate-determining steps, a general 
conclusion from this report is that a Pauling-like 
formulation of chemical reactivity provides an un-
expectedly consistent but still qualitative framework 
to discuss chemical reactivity, even in some of its 
finer details. For instance, reversals in reactivity, 
ambidency, . . . are qualitatively accounted for. Un-
expectedly, experimental results f rom various fields 
of chemistry (inorganic, organic, analytical and 
physical, including donor-acceptor bonding and to 
some extent ion-molecule bonding) can consistently 
be interpreted. Moreover, the complete theory should 
also provide estimates for bond lengths and dipole 
moments 29, but further work on these lines is still 
needed. The rather unusual treatment of solvent 
effects turns out to be completely consistent with 
more classical approaches. 

Detailed reaction mechanisms have not yet been 
discussed although the theory could — if disturbing 
effects are absent — probably indicate which are the 
rate-determining steps in a given reaction. In fact, 
the first step in any ordinary displacement reaction 
(3) is always some kind of dissociation of bonds in 
the reacting molecules, a basically endothermic 
process, giving rise to an "activation energy" in the 
first place. 

An essential point in favour of our approach is 
the relative ease with which the occurence of ions in 
chemical reactions is allowed f o r : ionic reaction 
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