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Ionic Character 
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The concept of ionic character in a and z bond systems is considered in the light of recent 
definitions of orbital electronegativity [6, 1~]. 

Le caract~re ionique des liaisons a et zes t  discut~ en tenant compte des d6finitions r@cen- 
tes de l'61ectron6gativit5 des orbitales. 

Das Konzept des ionischen Charakters in a und ~ Bindungen wird im Lichte neuerer 
Definitionen yon Orbitalelektronegativit~ten diskutiert. 

I-~INZE, WHITEHEAD and  JArFE [6] used the Principle of the Equal iza t ion  of 
Orbital  Electronegativi t ies  [1, 6, 7, 12] for two atomic orbitals forming a covalent  

a bond  to define the ionic character of the bond  as 
0 0 ZA - ZB 

i = 2(cA+ ca) (1) 

in which Z ~ represents the atomic orbi tal  electronegativi ty of the a tom prior to 

bonding,  cA and  CB are constants.  
The orbital  electronegativities are expressed as a l inear funct ion of the number  

of electrons n in an orbital. Thus  for the bonding atomic orbital  of a tom A : 

Z ~ = bA + 2CAnA (2) 
and  likewise for a tom B. 

This applies to the format ion of a covalent  a bond, a co-ordinate covalent  a 

bond  and  a ~ bond  [5]. The energy of an orbital  7', occupied by  nj electrons is given 

by [5, 6, 7]. 
E ( n j ) -  a + bn i + cn~. (3) 

The orbital  e lectronegat ivi ty defined by:  

aE 
Z ~  - b + 2cnj (4) 

is a proper ty  of the a tom before bond  formation,  and hence can only have nj = 0, 
A = 0 and  B 2 defines a co-ordinate a bond, and  or 2. The combinat ion  of n~ n j  = 

niA = I with n B = I a normal  covalent  a bond. I n  the ease of ~ bonded systems 
A and  B both  n j  n j  can be 0, ~ or 2 independent ly .  

The two electrons in  the bond,  formed by  the overlap of two atomic orbitals, 
mus t  be in equi l ibr ium and  each electron sees the same potential ,  Z, on atoms A 

* and  n~ [2, 6, 9] are defined and  B. Thus  the equi l ibr ium occupation numbers  n~ 
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Z@ 

f r o m  

z* (~]) = z* (~D. (5) 
The sum of n~ and n~ is 2 for a a bond (covalent or co-ordinate) but  m a y  be 

i, 2, 3 or 4 for a n bond. 
Thus a plot of %.4 (hA) against nA and similarly for n B  gives Fig. ~, where the 

intersection of  the two lines gives the equilibrium values n ]  and n~. 
The case where nA varies from 0 to 2 
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Fig. 1. The clectronegat ivi t ies  of  a toms A and  ]3 in 
an  AB bond as a funct ion of n A  and  n/~. The lines 
are designated by  m where m = n A  + riB. The sig- 
nificance of  the pa ramete r s  is discussed in the tex t  

aS •B goes from 2 to 0 is the normal  a 
covalent or co-ordinate bond [6]. The 
dot ted lines for ZtA equal to 3 or 4 are of  
course hypothet ical  since the Pauli  Prin- 
ciple would be violated, and in all actual  
cases the lines are found to cross where nei- 
ther  nA nor n B  actually exceeds 2. 

Since ionic character is the amount  by 
which transfer of  charge mus t  occur to 
equalize the orbital electronegativities, 

which is the ionic character for a a or 
bond depending on the values of  the n* and 
n. Since the clectronegativities are equal 
[equ. (5)], then 

bA -~- 2CAnA = bB -~ 2CBnB (7) 

and nA and nB are related by  

nA + nB -- m (8) 

where m can have all possible values of one 
through four. I n  a ~ bond system with 

nA = n B  = 0 there is of course no bond;  with nA = n B  = 2 the a bond electronega- 
t iv i ty  changes result in equalization of  the p electronegativities such tha t  the two 

orbitals retain two electrons each; but  for all other combinations of zt A and ZtB, 
ionic bond character occurs. Combining equations 7 and 8 

bA -~- 2CAnA = bB -~ 2CB ( m  - -  hA) 

from which the occupation number  for orbital A m a y  be found to be 

bn - -  bA + 2 cBm 
n A  (9) 2 (cA + cB) 

The ionic character is given by  ] n ]  - -  n A  I" Substi tut ing for hA, 

i = (bA+2CAn*a) - - (bB+2CB[m- -n*] )  F [. (lo) 

The equilibrium values for n~ can va ry  from 0 to 2 and m from l to 4. I n  all 
possible combinations of  n~ and m this equation reduces to 

z~-z~ i (~) i =  ~(cA+c~) ! 
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which demons t ra tes  t h a t  ionic cha rac te r  m a y  be defined for bo th  a and  ~ bonds  
of  the  covalent  and  coordina te  t y p e  [9], in t e rms  of  the  e lec t ronega t iv i ty  differ- 
ence. 

W h e n  the  ionic charac te r  of a a bond  was defined as in equa t ion  i [6, lg ] ,  
eva lua t ion  of  the  cons tants  CA and  CB was no t  deemed  possible.  However  know- 
ledge of the  ioniza t ion  potent ia l s ,  Iv, and  elect ron affinities, Ev, of the  orbi ta ls  
on the  a toms  of interest ,  pe rmi t s  bo th  t he  cons tants  CA and  CB, and  bA and  bB 
[of eq. (2)] to be t abu l a t ed .  F r o m  equa t ion  (3) the  energies of the  orbi ta ls  con- 
ra in ing  one, E (t) ,  two, E (2) or zero electrons,  E (0) can be defined:  

E (0) = a;  E ( l)  = a + b + c; E (2) = a + 2b + 4c. 

B y  definition, the  ionizat ion po ten t ia l  of  an  orb i ta l  is 

L ,  = E (1)  - E (0)  (12)  -3 

while the  electron aff ini ty  is 

Ev = E (2) - -  E ( i ) .  (13) 

Therefore E v = b §  and  I v = b §  and  ~_ 
.b the  cons tan ts  are  given b y  -~ 

c = ( E v -  Iv)/2 (14) ~" 

b = (3 so  - ~ ) f 2  = z ( 0 ) .  (~5) 

These cons tants  have  been eva lua ted  for t he  
e lements  f rom hydrogen  to chlorine in the  
per iodic  table ,  for the  valence s ta tes  of  the  
a toms  for which the  Iv and  Ev were avai lab le  
[5]. They  are shown in Tab.  t in Mull iken 
electron vol t  uni ts  for the  no rma l  valence 
s ta tes  of  the  monova len t  a toms,  since equa- 
t ion  (1) is i m m e d i a t e l y  appl icab le  to  these.  

The p a r a m e t e r  c* has  a s l ight  parabol ic  

I I I I 
0 20 z!0 60 80 % I00 
s hy/Jr/d/2a/ion in chlof/}Te bozo'/nfl orb#el 

Fig. 2. The var ia t ion  of  the pa r ame te r  c of 
equat ion (2) against  the percentage s charac ter  
of  the ~ bonding orbital of  the chlorine a tom 

dependence  on the  s charac te r  of  the  bonding  orb i ta l  on the  a t o m  under  consi- 
dera t ion ;  for mos t  a toms  the  value  of  c is a lways  nega t ive  and  the  parabol ic  de- 
pendence so sl ight  t h a t  i t  can be t r e a t e d  as a cons tan t  no t  dependen t  on hybr id i -  
zat ion,  (Fig. 2). 

As values  of  t he  pa rame te r s  CA and  CB were not  avai lable ,  I-Ix~zE et  al. [6] and  
subsequen t ly  WHITEHEAD and  JAFFE [14] assumed  t h a t  ]CA + CB ] = i in the  
case of  ionic a bonding,  for all  t he  cases t r e a t e d  in  the i r  papers ,  using Pan l ing  
uni ts  for Z' W e  have  found  t h a t  the  ind iv idua l  values  of  c for orbita]s  combining  as 

bonds  range f rom - 0 . 7  to  - 3 . 3  and  t h a t  in all cases ]ca -t- CB ] >> i .  This  is 
also t rue  of  z bonding  where the  values  of  c range f rom - 0 . 1 9  to  --3.62.  The 

* all values used for Z, b, c in the text are in Pauling units which are obtahled from the 
Mulliken units given in the tables using 

7,P~iing = 0.336 (g~umken - 0.615) , 
bF~ling = 0.336 (b~uni~ - 0.615) , 

and cP~i~g = 0.336 Cl~[ulllkeu 
See HINz~, J., and H. t{. J~t~'F]~: Can. J. Chem. 41, t315 (t963). 

18" 
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ionic characters calculated with the correct values of [ CA + CB 1 are therefore sub- 
stantially lower than those using i~ = 1/2 I ZA -- ZB1 which is the equation resulting 
from equation (1) with 1 CA + CB ] = t, and identical with that  due to GoI~DY [3]. 
A comparison between the values of io calculated from equation (l) with CA and 
CB from Tab. l ,  and other assessments of i~ for diatomic molecules is shown in 
Tab. 3. The values of Z used by PAUI~I~G [9] and I-IA~CAr and S~rrTI~ [4] are 
naturally PA~I~ING'S original atomic electronegativities and not the orbital elec- 
tronegativities used in this paper. The results obtained by the above theory 
(Tab. 3) are in marked disagreement with those calculated with the same, or 

Table 1 

b and c values/or the valence state orbitals o] the monovalent atoms in (y bond/ormation 

The orbital  being considered has no superscript designation of i~s occupation since occupation 
numbers of 0, 1 and 2 are used to calculate Iv  and E~ (see reference [5]). 

Atom 

H 
Li  
Na  

Cl 
Br 
I 

Valence 
state 

8 

S 

8 
s 2 p2 p2 p 
s2 p2 p2 p 
s2 p2 p2 p 
s ~ p2 p2 p 

Ionization 
Potent ial  

(e.v.) 

13.60 
5.39 
5A4 

20.86 
15.08 
13.10 
12.67 

Electron 
Affinity 

E~ 
(e.v.) 

0.75 
0.82 
0.47 
3.50 
3.73 
3.70 
3.52 

b ~ 

(e.v.) 

20.02 
7.67 
7.47 

29.54 
20.75 
17.80 
([7.25 

e* 

(e.v.) 

- 6.42 
-2 .28  
-2 .33  
-8 .68  
-5 .67 
-4 .70  
-4 .57  

* Mulliken Scale 

Table 2 

b and c values/or the valence state orbitals o/selected atoms ]orming ~ bonds 

The orbital  being considered has no superscript designation of its occupation since occu- 
pat ion numbers of 0, l and 2 are used ~o calculate I ,  and E ,  (see reference [5]). di is a s p  hybri-  
dized orbital and tr a s p  2 hybr id  orbital  while ~ designates the p orbital  used in z bonding 
independent  of it, s occupation number.  In  Be and B the z orbital  is empty, in C and  1~o) 
singly occupied and in ~N(~), F and C1 doubly occupied in the atom. 

Atom Valence 
state 

Ionization 
Potent ial  

Iv  
(e.v.) 

Electron 
Affinity 

E~ 
(e.v.) 

b* 

(e.v.) 

C* 

(e.v.) 

Be-  
B -  
C 
C 
N(1) 
N+r 
F+ 
Cl+ 

di ldi l~ 
trltrltrl~ 
d i ld i l~ l z  
trl trl trlz 
tr~trl tr~ 
tr~trltr~ 
82p2p~ 

s2p2pZ~ 

+0A6 
+1 .06  

+ l l A 9  
+ I i . 16  
+14. i2  
+28.7i  
+39.67 
+26.36 

-0 .99  
-5 .32  
+0.10 
+0.03 
+i .78 

+ t t . 9 5  
+~[8A1 
+t3.38 

-0 .25  
-1 .07  

+16.73 
+16.72 
+20.29 
+37.09 
+50.45 
+32.86 

-0 .58  
- 3 . t 9  
- 5.54 
-5 .56  
-6 .17  
-8 .38  

-10.78 
-6 .49  

* Mulliken Scale 
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Table 3 
I o n i c  character in  some d ia tomic  molecules  

The orbitals on Li, Na and H are assumed to be pure s and on the halogens pure p. The results 
from this paper and for the Gordy equation used orbital electronegativities g ~ whereas 
HA~srAu and SMYTJX were using atomic electronegativities. The C d #  di  1 ~z ~ ~ and C tr ~ tr ~ tr ~ 

show slightly different values of I.P, E.A and g since they are different valence states: see 
for instance C. A. CouLso~ "Valence" O.U.P 1961 page 206. 

i i i 
~Iolecule This Paper GOEDu HANNAY and S~YT~[ 

% % % 

LiH 
NaH 
HF 
HCI 
HBr 
HI 
FC1 
BrC1 

23.4 
24.8 
t6.6 

8.9 
8.2 
6.9 
9.9 
1.9 

68.5 
73.5 
84.5 
37.0 
30.5 
25.5 
47.5 

6.5 

21.8 
24.2 
43.0 
t7.2 
12.9 

7.0 
:19.5 

3.3 

Pauling electronegativities, using the Gordy relationship. This is due to the fact  
tha t  the relationships would be identical if I CA § CB I = t in the denominator  of 
equation (l i) .  For  the cases considered, the calculated values of [ CA + CB ] range 
from 2.9 to 5.i. I t  is concluded tha t  in most  cases, est imation of  the ionic character  
of ~ bonds using the  Gordy equation results in values which are too high. 

Somewhat  bet ter  agreement  is noted between the  values calculated by  the 
H a n n a y  and Smyth  relationship of ionic character and electronegativity (atomic) 
and our values. This is not  surprising since at low values of  electronegativity 
difference their relationship 

i = 0 . i 6  - z .  l +  0 . 0 3 5  I - ! (16)  
reduces to 

= 0 . i 6  I zA  - I.  (17)  

The range of  I 1/[2 (CA + CB)] I for the cases considered, is 0.t0 to 0.17, which 
explains why  the results of  IIa~z~AY and S~YT~ approximate  to ours. Of course 
the assessment of the constant  0. t6 of  I t A ~ A Y  and SMYT~ was made using atomic 
eleetronegativities and if the orbital electronegativities of  this paper are used in 
their formula the agreement between the i f rom equations (~l) and (16) becomes 
very  much worse. 

This is because the ZA and ZB of Ha~xAY and S~u being derived f rom bond 
dissociation energies, include any  hybridizat ion present in the orbitals of the 
a toms in the bond dissociated, whereas the Z ~ used are the pure s or p orbital 
electronegativities. The disagreements are worst for the ionic characters of t I F  
and tiC1. These are precisely the eases where any  hybridizat ion on the halogen 
would increase the 0 ghalozen and raise the value of io f rom equation (11) toward  
the value from equation (16) using Z Paining atomic" In  the ease of  C1, Br and I 
such hybridizat ion can be roughly  est imated from nuclear quadrupole resonance 
da ta ;  prel iminary calculations on HCl using this data  show tha t  s hybridizat ion 
of  the bonding chlorine orbital would give io as 22%, in closer agreement with 
H A ~ A Y  and S~YTE at 17~ . The factor  0 . 0 3 5  I ZA - -  Z B  12 in equation (i6) is a 
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factor necessary to correct for the fact  tha t  the value of  t / [ 2  ] CA d- CB 1] is not  a 
constant,  and tha t  the o ghybrids used in equation ( l i )  differ f rom compound to 
compound,  neither of which is taken into account  explicitly in equation (i6). Thus 
the method  of  H A ~ A u  and S~aYT]Z is almost equivalent to ours for the diatomic 
molecules considered. 

The present approach has the advantage tha t  changes in the electronegativity 
of  the bonding orbital of  an a tom in different molecules (such as carbon in ethane, 
ethylene and acetylene) can be accounted for, since Z, b and c can all be calculated 
for any  normal  valence states (s, p, di, tr and te) for the a toms under  considera- 
tion, and for all intermediate hybridizations, readily est imated [6]. Whereas the 
Pauling Z are only valid for a toms whose bonding orbitals are of  exactly the sume 
hybridized character  as in the molecules f rom whose dissociation energy the Z 
were derived. 

The second advantage  is tha t  equation ( l i )  is applicable to polyatomic and 
z -bonded  systems, t / ~ z n  et al. [6] demonst ra ted  tha t  the effects of  the groups 
A, B and C upon the electronegativity of  the bonding orbital of  a tom 1% in ABC1%- 
can be taken into account  and equation (13) applied. The technique of  handling 
polyatomic molecules has been generalized and simplified and the results ibr 
these together  with 7~ bonded systems will be given in the next  paper. I n  general, 
it is concluded tha t  the factor  [CA ~-CB] varies f rom molecule to molecule, 
substantiat ing previous qualitative arguments  [1, 6, 8] t ha t  there can be no 
unique curve relating ionic character to electronegativity difference. 

We wish to acknowledge financial support from the National Research Council of Canada. 
One of us (N.C.B.) thanks the council for the award of a studentship. 

References 

[1] F~RREmA, R. : Trans. Faraday. Soc. 59, 1064, 1075 (1963). 
[2] FRAGA, S., and B. J. RANS~: J. chem. Physics ~ ,  727 (196i). 
[3] GORDY, W. : Discussions of Faraday Soc. 19, t4 (1955). 
[4] HANNAY, N. B., and C. P. S~Y~: J. Amer. chem. Soc. 68, 171 (1946). 
[5] H~ZE, J., and H. H. J~FE:  J. Amer. chem. Soc. 84, 540 (1962). 
[6] - ,  M. A. WmTEHEAD, and H. H. JAFFE: J. Amer. chem. Soe. 85, 148 (1963). 
[7] ICZKOWS~:I, R. P., and J. L. MARGRAVE: J. Amer. chem. Soe. 88, 3547 (1961). 
[8] LAKATOS, B. : Z. Electrochem. 61, 944 (i957). 
[9] MULLIKE~, R. S. : J. chem. Physics 28, 1833, 1841, 2338, 2343 (i955). 

[10] PAVLING, L. : "Nature of Chemical Bond", Cornell U.P. 1948 2nd Edition P. 64, 70. 
[11] PRITC~D, H. O.: J. Amer. chem. Soe. 85, 1876 (1963). 
[12] SANDERSON, R. T. : J. Amer. chem. Soc. 74, 272 (i952). 
[13] W~TE~EAD, M. A. : J. chem. Physics 36, 3006 (1962). 
[14] - ,  and H. H. JAfFa: Theoret. Chim. Aeta. (Berl.) 1, 209 (1963). 

(.Received April 27 / June 5, 1964) 


