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ABSTRACT
The overlap factors for bond electrons in various diatomic halides are
calculated making use of a simple relation where the overlap factor is an
inverse exponential function of the difference between the two atomic radii
of the molecule concerned. These overlap factors together with the
hybridization values of 15 percent for C1, and 10 percent for Br and I
are used to calculate the ionic characters for various diatomic molecules
from the values of the nuclear quadrupole coupling constants obtained
by earlier workers. These ionic characters are then plotted against
electronegativity differences and the points are found to be fairly well
represented by a smooth curve. It is shown that this curve can in general
be used for the determination of the ionic characters in the halogen containing single bonds of certain polyatomic molecules. The quadrupole
coupling constants are calculated from the ionic characters obtained from
the curve and are compared with those observed. The effects of the distortion of the closed shells and of the neighbouring ions on eQq are
discussed.
INTRODUCTION
THE purpose of this paper is to discuss the method of obtaining the ionic
character in halide molecules in gas phase from the nuclear quadrupole
coupling constants. 1, ~ These coupling constants which are obtained from
the quadrupole hyperfine structure are denoted by eQq, where e represents
the electronic charge, Q is the nuclear quadrupole moment and q =

~zg.

is the gradient of the electric field at the nucleus due to extranuclear charges
and depends primarly on the electrons in the p orbit of the valence shell;
z is the co-ordinate along the symmetry or bond axis.
The quadrupole coupling constant for a halogen atom forming a hybrid
bond with a negative ionic character of amount t3, is given by 3
eQqmoa0cu~e= ( - 1 + s - d -- S ~) (1 --/3) eQqAtom
(1)
where s and d represent the respective contributions of the corresponding
electrons in the bonding orbital of the halogen atom which is given by
* Aligarh Muslim University Research Scholar.
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7tm~oge, ---- (1 -- s -- d)89 7tp 4- s~ 7is q- d89Wd
S represents the overlap factor j'TJATt~*d, for two atoms A and B of the diatomic molecule, and eQqatom is obtainable from atomic data?
Since it is very hard to distinguish quantitatively the effects of s character
from those due to d character, it is not necessary to retain separate symbols
for them as in (1), and one may use the symbol a for the combination (s -- d).
If the bond is positively ionic that is when the halogen ion is positive,
two electrons are missing from the valence shell of the halogen atom, and
therefore the number of unbalanced p electrons will increase to 2, giving
rise to a gradient 5 of the electric field equal to 2q+. Here q+ represents the
gradient of the electric field due to one valence p electron when the atom is
positively ionic, and is somewhat greater than the corresponding ' q ' when
the atom is neutral. This is because the interaction between a valence p
electron and the nucleus is somewhat larger in this case than in the case of
the neutral atom. The ratio of q+ and q is taken as (1 + E), where E is nearly
0.25 for most atoms. 3 Hence the eQq of a halide molecule for a positive
ionic state will be given by -- 2 (1 + E) eQqatom, where the hybridization has
been neglected because of the increase of promotional energy required.
Therefore, the quadrupole coupling constant for an atom with a positive
ionic character of a m o u n t /3 is given by
eQqmal. = [ ( - 1 + ~ - S 2) (1 - / 3 ) - 2 (1 + E)/3] eQqAtom

(2)

The exact value of/3 can be obtained from (1) and (2) if the values of a and
S 2 are known. Gordy6, 7 assumes that both a and S 2 are negligible, but the
following difficulties arise with such an assumption :-(I) The ionic characters for FC1 and FBr with such an assumption come
out to be about 26 percent and 33 percent respectively* from equation (2),
whereas from Gordy's graph 7 they should be about 50 percent and 60 percent respectively. Gordy says that this inconsistency could be avoided if
one assumes hybridization in C1 and Br atoms of FC1 and FBr in the positive
ionic state. To explain this inconsistency one has to assume the hybridization for positive ionic importance to be 31 percent and 28 percent in FC1
and FBr respectively, t as the hybridization has to be taken as negligible for
covalent importance according to his views. This seems to be improbable.
* From Gordy's formula (21) (ref. 7) the values of ionic character come out to be 28 percent
a n d 35 percent for FC1 a n d FBr respectively.
~" If Gordy's assumption is correct, formula (2) 1,.as to be rewritten as
eQqmoa. = - [(1 - / 3 ) + 2 (1 + 9 - a)/3] eQqAtom
If/3 for FC1 and F B r has to come out as 50 percent and 60 percent respectively from
this formula, a has to be taken as 31 percent, a n d 28 percent respectively.
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(2) The ionic character for BrCI molecule considering the coupling
constant for C1 nucleus comes out to be 5.6 percent, whereas it comes out
to be 12 percent while considering Br nucleus.
(3) Gordy 7 points out that in obtaining ionic characters for diatomic
molecules from dipole moment data, one need not find it necessary to take
hybridization into account, which he says is in support of his assumption that
hybridization is negligible. But one should remember that the hybridization effect on nuclear quadrupole coupling constant is different from that on
molecular dipole moment. Moreover, the effects of hybridization of the
two atoms in a diatomic molecule act in opposite directions for dipole moment
considerations.
Dailey and Townes 3 took a into consideration and neglected S 2, because
no satisfactory calculations of the overlap effects seemed feasible. They
followed a simple rule that the halogen bonds have 15 percent s character
whenever the halogen is bonded to an atom which is more electropositive
than the halogen by as much as 0.25 unit, and 0 percent otherwise. If one
generalizes this rule and makes it applicable to C1 in BrC1 where Br is more
electropositive than C1 by 0.2 units, the value of 13 neglecting S 2 comes out
to be negative which does not have a physical meaning. It is probably for
this reason that they restricted 15 percent hybridization to cases where the
halogen under consideration is more electronegative than the bonding atom
by more than 0-25 unit.
The hybridization in a positively ionic state is suppressed due to increase of promotional energy and therefore it may be assumed to be 0 percent for the positively ionic importance only. But Dailey and Townes 3
assumed 0 percent hybridization even for covalent importance:~ in their
calculations on FC1, FBr, etc., all of which have only partial ionic character.
In this present paper both ~ and S 2 will be taken into consideration.
The values of ~ and S 2 will be based on certain general assumptions keeping
the physical ideas in mind, as it would be difficult to obtain these values more
precisely. In this paper the assumptions of Dailey and Townes 3 regarding
hybridization will be modified, so that the difficulties pointed out above will
not arise. Further the modified assumptions could also be extended to the
case of polyatomie molecules.
This they do giving the reason that if the resonance energy between the covalent and ionic
states is to be maximum, it is necessary that both states possess the same amount of hybridization.
If this reason is correct the hybridization has to be taken as something between 0 and 15 percent
and certainly not 0 percent because in the molecule considered, the covalent character is more
predominant than the positive ionic character.
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ASSUMPTIONS REGARDING OVERLAPPING AND HYBRIDIZATION

(a) Overlapping in diatomic molecules:--Ovcrlapping is essentially a
measure of the amount of interpenetration of the bond-electron distributions of the two atoms, s and has a finite value whenever a bond exists between
the two atoms. Thus one can start with the assumption that the overlap
factor S is a decreasing function of either Rab or Ira -- rb [, where Rab
represents the distance between the two nuclei, and ra and rb represent the
radii of the two atoms forming a diatomic molecule. N o w using the atomic
radii given by Slater 1~ and assuming Rab ---- (ra + rb), the overlap factors for
various homopolar molecules are obtained from the tables
given by
Mullikcn et al., lo and are given in Table I. Here only those molecules in
which the atoms have one electron in the outermost orbit of ground state
TABLE I

Overlap Factors in Homopolar Molecules
Molecule

Overlap factor

Rab in A

Ira -- r~ I in A

1.

Is

..

0" 407

2" 24

0

2.

C12

..

0"385

1-92

0

3.

AI,

..

0"385

2"74

0

4.

Naz

..

0.375

4.34

0

5.

F2

..

0.320

0.82

0

6.

B~

..

0.320

1.64

0

7.

Li~

..

0.456

3.26

0

8.

H2

..

(0.586)

1.06

0

were considered and it was assumed that the overlapping takes place only
between these two electrons which are also assumed to form the covalent
bond.
This table (I) shows that the variations of S with Rab are small, and the
values in different homopolar molecules are fairly constant. Thus it appears
that S can be more correctly represented by a function of [ra -- rb ] than
by that of Rab. Therefore assuming that S becomes negligible as Ira -- rb [
becomes extremely large, a simple functional form of S 2 is
S 2 = A e - a t,r~-r~,~

(3)
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where A is a constant. The value of this parameter A is found to be 0.21
from the coupling data for BrC1, taking the ionic character fl to be 6 percent, n and assuming a for C1 in this molecule to be 15 percent. 3, 12 This
value of A introduced in (3) yields S = 0.45 for a homopolar molecule in
fairly good agreement with the average value of S from Table I.

(b) Hybridization. When the bond is purely covalent, a for the halogen atom in question arises due to the mixing of the valence p orbital with
the s or d orbitals of the same atom. It will be fairly correct to assume that
for the covalent importance the a for a particular halogen atom has the same
value in various molecules of the same halogen, but may have different values
for different halogens; for example, a for Br and I will probably be smaller
than for C1, because the d character in a for Br and I is greater than that
for C1.
The promotional energy required for positively ionic state of the atom
will be increased and hence the hybridization is reduced, so that it can be
assumed that for this positively ionic importance the hybridization is suppressed to 0.
Considering C1 in ICI and assuming 15 percent a for C1, the ionic
character in the molecule was found to be 21 percent.
Now considering
the iodine atom in IC1 and keeping/~ as 21 percent the value of ~ for I is
found to be 9 percent. An approximate round figure of 10 percent will
therefore be taken as the value of ~ for I in different molecules. Following
a similar procedure the value of a for Br in different molecules is taken as
10 percent.
Incidentally it may be mentioned that the above assumptions would
enable one to predict the eQq in the molecules L, Br3 and CI~ in gaseous
phase to be -- 2420 inc., 811 me. and -- 109-5 inc. respectively.*
CALCULATIONS OF IONIC CHARACTERS IN DIATOMIC HALIDES

The values of S ~ have been calculated for a number of diatomic molecules
from (3) using the atomic radii given by Slater, 9 and are included in Table II.
Using these values of S 2, and assuming a for C1 to be 15 percent and that for
* These values of eQq for these homopolar molecules are calculated from the equation
1
eQqmol. = - (1 - a) (2
1 + ~ ) eQqAtom
which, when S2is small, reduces to the equations (1) and (2), where/3 is to be taken as 0 for homopolar molecules.
The eQq in gas phase for these molecules are not observed so far but the corresponding
observed values 1 in solid state are -- 2153 mc., 765 mc. and -- 108 -95 InC. for I2, Br., and C1z
respectively.
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Br and I to be 10 percent, the ionic characters for the various molecules
have been calculated from (1)and (2), and are also given in Table II.
These values of the ionic character obtained are plotted against the electronegativity differences (I Xa -- Xb [), and the shape of the resulting curve is
shown in Fig. 1. The values of ( I x a - - xb l) used for all except T1C1 are
those given by Huggins. z3 Since Huggins has not given the value of electronegativity for T1, the corresponding value calculated by Gordy 6 from a force
constant relation has been used.
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IONIC CHARACTER IN ALKALI HALIDES

From equation (1) one expects that the magnitude of the quadrupole
coupling constant for halides molecules should decrease asymptotically towards zero with the increase of ionic character which in turn is an increasing
function of [ Xa -- xb I. On the other hand as the electronegativity difference
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increases the quadrupole coupling constant in the chloride molecules, as
shown in Table II, decreases in magnitude up to KC1 where it changes its
sign and increases in magnitude from KC1 to CsC1. This change in alkali
chlorides can be explained in the following manner : The contributions to q in molecules14 come from,
(a) the valence electrons associated with the atom under consideration,
(b) the neighbouring ions and atoms, and
(c) the distortions of non-bonding closed shells of electrons around
the nucleus in question,
of which the first is the most predominant. If D represents the effect on
quadrupole coupling constant due to distortions of the closed shells around
the halogen nucleus, and i represents the effect due to presence of adjacent
ions or atoms, the equations (1) and (2) for coupling constants can be
more precisely rewritten as

eQqmol.= [ ( - 1 + ~ - S ~) (I - / 3 ) + (D -- i) t3] eQqAtom
(negatively ionic state)
(4)
eQqmo1 = [ ( - 1 + a - S ~) (1 - 13) - 2 (1 + ~) fl - (D -- i) fl] eQqAtom
(positively ionic state)
(5)
From (4) it is clear that when fl approaches 1, the term ( D - i)/3
eQqAto~ becomes appreciable and will be responsible for the change in sign
of the quadrupole coupling constant if the distortion effects are greater than
those of adjacent ions. This explains the change in sign of eQq for KC1
and its increase in magnitude from then on up to CsC1. The best values of
/3 as obtained from the curve in Fig. 1 are 99.5 percent for KCI and RbC1
and 100 percent for CsC1. With these values of /3 the factor ( D - i)/3
eQqAt0,n can be calculated to be equal to 0-44 mc. for KC1, 1.24 mc. for
RbC1 and 3.00 mc. for CsC1. As /3 ~ 1 here, this shows that ( D - i) is
increasing with the increase in interionic distance, which is quite understandable as the term i decreases rapidly with the increase in interionic distance. The presence of the factor ( D - i) in (4) explains why quadrupole
coupling constants as calculated from the simple formula (1) for alkali
halides come out to be higher in general than those observed.
It is interesting to see that, in the case of FBr where Br is partially positively ionic and where the ionic character is about 40 percent the quadrupole
coupling constant as calculated from (2) comes out to be also higher than
that observed. This is understandable from (5) which is applicable to FBr
if the factor (D -- i) is taken as negative. This would mean that the effect
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of the neighbouring ion in the ionic state of the molecule is larger than the
distortion effect, whereas it is smaller in alkali halides, which is reasonable
because the interionic distance in FBr is much smaller than that in any
alkali halide. It is to be pointed out that the effect of the term (D -- i) is
also noticeable in FC1 in a similar way as in FBr but in a smaller degree as
/~ for the former is smaller than for the latter. From the deviations between
the observed and calculated values of eQq, it can be estimated that the effect
of the term (D -- i) in the ionic states of FC1 and FBr is to decrease the
quadrupole coupling constant by about 8 percent and 12 percent respectively. Thus the combined effect of neighbouring ions and of the distortion
of closed shells is in general to decrease the eQq in diatomic molecules.
IONIC CHARACTER IN POLYATOMIC MOLECULES OF HALOGENS

The ionic characters for the single bonds containing halogens in various
polyatomic molecules have been calculated from (1) neglecting the overlap
effect'~ and the corresponding values obtained are given in Table III. These
values are plotted in Fig. 1 and are marked with cross (•
It is interesting
to see that all the points in general fit in fairly well with the curve drawn for
the diatomic halides.
In the case of polyatomic molecules, the effect of the involved double
bond character 15' 16 on eQq should be taken into consideration besides the
other effects discussed for diatomic halides. In this paper we are, however,
considering molecules involving a small percentage of double bond character
only. The effect of the double bond character is to increase eQq,16 but the
combined effect of the distortion of closed shells and the neighbouring ions
as mentioned earlier is to decrease eQq. The fact that the ionic characters
calculated from (1) fit in general with the curve in Fig. 1 shows that the
effect of the double bond character is approximately compensated by that of
the term (D -- i). Therefore, it appears that the ionic character for a single
t Considering a molecule like H3C--C1 one can see that because the carbon atom for covalent importance forms single bonds with each of the other four atoms of the molecule, the atomic
orbital ~r/aua of CI will have certain possibilities of overlap with each of the bonding orbitals
~V, W2~+~r and t/'t2~a of carbon. These possible overlap factors are proportional to
shr/u tr/*sp~ dz, Shr/2~+ r~r/*spr dz and S~tt2pcr~*3pcrdz.
But
SY-t2,a//*s~ dz ~ 1[a/3 ~httz~r~tt*3~crd~ ~s' and ~rJ2~ 5: rr~r/*8~ d7
can be shown to be zero. Thus the average value of the overlap integral for the C-C1 bond is
small compared with ~r/~cr W*3v~dz which usually represents the overlap factor for a diatomic
molecule. S2 may therefore be neglected for approximate purposes in such kind of polyatomic
molecules as considered in this paper.
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TABLE III

Ionic Characters and eQq for Polyatomic Molecules in Gaseous Phase
Molecule

Hybridization

Ionic
Ionic
Character Character
calculated
in ~
in ~
from graph

/ xo-- x~/

Observed

Calculated

(Huggins)

eQq

eQq

in mc.

in inc.

e l ~5

H3C-C1
H3Si-CI
HaGe-C1

i5
15
15

i9.5
57
51

2i
54.5
54.5

0~55
1.25
1.25

HaC-Br

It3Si-Br
H3Ge-Br

i0
10
10

i6-5
51-5
45

i3
44
44

0:35
1.05
1.05

H3C-I
H3Si-I

io
10

6
40

"i.5
30

0:05
0.75

Br 79

a
b
c
d
e
f
g
h

--109.74
--75-3
--40-0
--46.0
769-76
577"3
336-0
380.0
--2292.84
-1934
--1240

..
--73"7
--42.4
--42"4

a,b

66i'7
388-0
388"0

a,c

-2032
--1448

Gordy, Simmons and Smith, Phys. Rev., 1948, 74, 243.
Karplus R. and Sharbaugh, Ibid., 1949, 75, 889, erratum 1449.
Sharbaugh, A. H. and Mattern, J., 1bid., 1949, 75, 1102.
Sharbaugh, A.H., 1bid., 1948, 74, 1870.
Sharbaugh, Bragg, Madison and Thomas, Ibid., 1949, 76, 1419.
Sharbaugh, Heath Thomas and Sheridan, Nature, 1953, 171, 87.
Dailey, Mays and Townes, Phys. Rev., 1949, 76, 136.
Sharbaugh, Prichard, Thomas, Mays and Dailey, Ibid., 1950, 79, 189.

b o n d involving a h a l o g e n a t o m in a p o l y a t o m i c molecule can be approximately obtained f r o m the curve d r a w n for diatomic halides. T h e ionic
characters obtained b y this p r o c e d u r e are given in Table IV for the single
TABLE IV

Calculated Ionic Characters and e Q q for Certain Polyatomic Molecules,
the eQq for which is not so far observed in the Gaseous Phase
Molecule

SnC14
PCla
AsC1 a
SbCla
SnI~

..
..
..
..
..

Ionic
Character in
percentage
from graph

eQq

eQq

in mc.
calculated for
gas phase

in mc.
observed in
solid state

Ref.

54.5
41
44
46
30

--42-4
--55.0
--52.4
--50-4
--1448

--48.2
--52.3
--50.5
--40.2
--1363

a
a
a
a
b

a Livingston, R., See ref. 1, p. 366.
b Dehmelt, It. G., Naturwiss.,1950, 37, 398.

Ref.

d
g
..
e
h
..
a
f
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bonds in different polyatomic molecules along with the corresponding calculated eQq. As the coupling constants for these molecules in the gaseous
phase are not yet known, those observed for the molecules in solid phase are
included in the table for comparison.
The authors wish to express their thanks to Dr. A. N. Mitra for helpful
discussions and to Professor P. S. Gill for his kind interest in the work.
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