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The Electronic Structure of the Hydrogen Fluoride Ion 
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In order to throw light upon the hydro-

gen bond, the author has taken up the 

[FHF]-ion that is the simplest one in a 

theoretical treatment, and has carried out 

quantum-mechanical calculations for this 
ion. 

As is well known, the hydrogen fluoride 

ion exists in such ionic crystals as sodium, 

potassium, and ammonium hydrogen fluo-
rides and consists of the F-H-F hydrogen 

bond. An X-ray study1) of potassium hy-

drogen fluoride has given the F•cF distance 

of 2.26A. It has hitherto been a question 

whether the proton is at the center of two 

fluorine atoms or not. Peterson and Levy2) 

have recently found by the neutron diffrac-

tion study that the proton occupies the 

central position in the linear F-H-F ion. 

Based on this fact, the "LCAO SCF MO 

method" developed by Roothan3) was ap-

plied to the ground state of the [FHF]-

ion and the nature of the F-H-F . hydro-

gen bond was discussed. 

Outline of Calculations 

The calculation was carried out by 

taking the eleven atomic orbitals f, f', s,

s', σ, σ', π+, π+', π-'π-' and h into con-

sideration, which stand for 1s, 2s, 2pσ*,

2pπ+ ard 2pπ- orbitals of two fluorine

atoms and is orbital of the hydrogen atom, 
respectively. All the electrons were as-
signed to MO's extending throughout the 
ion and the interactions between them 
were explicitely included, while the is 
electrons of two fluorine atoms were treated 
as the inner-shell of the ion, because of 
the very small mixing with the valence 
electrons. 

The AO's used were the analytical SCF 
AO's4) for neutral fluorine, fluorine anion 
and hydrogen. The one-center integrals 
of fluorine atoms were evaluated as the 
arithmetic mean values of those for neu-
tral fluorine and fluorine anion, using these 
SCF AO's. This procedure is based on 
the fact that each fluorine atom in this 
ion is considered as F-1/2. The evaluations 
of the two-center and the three-center 
integral using the SCF AO's are, however,. 
very cumbersome and it was, therefore, 
assumed that the use of Slater-type AO's**

1) L. Helmholz and M. Rogers, J. Am. Chem. Soc., 
61, 2590 (1939). 

2) S. W. Peterson and H. A. Levy, J. Chem. Phys., 
20, 704 (1952). 

3) C. C. J. Roothan, Rev. Modern Phy., 23, 69 (1951).

*The 2ρ σ and 2ρσ' orbitals are pointed to-

wards the central atom along the molecular 

axis, respectively. 

4) F. W. Brown, Phys. Rew. 44. 214 (1933); Hamanoa, 
Bull. Tokyo Gakugei University G, 9, (1955).
**h=(1/π)1/2exp(-r)

,

f=(z13/π)1/2exp(-21r),

s=(z25/3π)1/2exp(-22r),

σ=(z25/π)1/2exp(-Z2r) rcos θ,

π±=(z25/π)1/2exp(-22r) rsin θ exp(± φi)

where z1=8.75, z2=2.47.
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TABLE I 

SYMMETRY ORBITALS

Symmetry species 

Symmetry orbitals

TABLE II 

LCAO MO

instead of the SCF AO's gives satisfactory 
approximations to these integral values. 
The greater part of the two-center inte-
grals and a few one-electron three-center 
.integrals*** were exactly calculated. The 
other two-center and three-center inte-
grals were obtained by Mulliken's approxi-
mation 6). The numerical values of these 
integrals are given in the appendix. 

The [FHF]-ion is a linear ion belonging
to the symmetry group D∞h. The LCAO

MO's were chosen so that they belong in 
sets to irreducible representations of the

group D∞h. It is corveniert to introduce

symmetry orbitals. These were given in 
Table I with the irreducible representa-
tiors of the group D∞h.

The LCAO MO's were made up by taking 
linear combinations of symmetry orbitals, 
as shown in Table II. 

Here the order of increasing number 
for the MO's within each symmetry species 
is the order of increasing energy. K refers 
to MO's made up of inner shell electrons 
only. 

The ground state of this ion is to be
1Σ+g

, resulting from configuration (K(σg))2,

(K(σu))2, (1σg)2, (1σu)2, (2σg)2, (2σu)2, (1πu)4,

(1πg)4.

The total normalized wave function is 
then built up as an anti-symmetrized pro-
duct of these LCAO MO's. The require-
ment that the electronic energy should be 
an absolute minimum leads to the follow-
ing matrix equations:

(H+G)ai=εiSai (1)

As the definitions of these notations are 

given in detail by Roothan3) and Mulligan7), 
they will not be repeated here. The pro-
blem of finding the best LCAO MO's for

the ground state thus reduces to the solu-
tion of the secular equation (1). This 
is attained by repeating a self-consistent 
field procedure.

Results and Discussion 

The LCAO SCF MO's of the lowest 
energy state obtained by the SCF pro-
cedure are given in Table III.

TABLE III 

LCAO SCF MO

Except 3ƒÐg orbital, they are filled by two 

electrons with paired spins in the ground 

state. 

The "LCAO orbital energies" obtained 

for these LCAO SCF MO's are also shown 

in Table III. These orbital energies re-

present good approximations to the ioni-
zation energies of the corresponding elec-

tron shells. Unfortunately, the experi-

mental values of the ionization energies of 

the [FHF]-ion have not yet been obtained. 

The calculated minimum ionization energy 

in the present work is 15.99eV. This value 

is somewhat lower than that of a fluorine 

atom (17.42eV)8) and that of a hydrogen***These integral values were calculated 

by Oohata's methods). 
5) K. Oohata, Busseiron Kenkyu, 50, 38 (1952). 
6) R. S. Mulliken, J. Chim. Phys., 46, 500, 521 (1949). 
7) J. F. Mulligan, J. Chem. Phys., 19, 347 (1951).

8) C. E. Moore, "Atomic Energy Levels", Vol. 1, Nat. 
Bur. Standards, Circ. 467, U. S. Department of Commerce, 
Washington (1949).
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fluoride (19.38 eV)****. But this value 

seems to be too high considering that this 

ion is an anion. This is considered to be 

caused by the increasing inter-electronic 

repulsion compared to fluorine atom and 

hydrogen fluoride, because this ion is an 

anion. 

It is convenient to adopt an equivalent 

orbital representation to indicate localized 

features of the electronic distribution in 

molecules or ions. The localized equiva-

lent orbitals can be obtained by a unitary 

transformation of the above MO's. In the 

case of this ion, the localized equivalent 

orbitals for the a-direction can be derived 

from the four occupied MO's lƒÐg, 2ƒÐg, lƒÐƒÊ, 

and 2ƒÐƒÊ as linear sums of these MO's: 

the two (bƒÐ), (bƒÐ)' which have a bonding 

character, the other two (lƒÐ), (lƒÐ)' which 

have a lone pair character. These orbitals 

obtained are given in Table IV. 

TABLE IV 

EQUIVALENT LOCALIZED ORBITALS

As is seen from this result, the lone-
pair orbitals have mainly s-character. 
On the other hand, in the bonding orbitals, 
only the a-electron has a bonding property 
with the is orbital of hydrogen. This in-
dicates that the fluorine orbitals of the F-H 
bonds have the almost pure p-character. 

As a rough estimation of the electron 
distribution throughout this ion, the pola-
rity of the [FHF]- ion has been examined. 
The result from the present calculation 
indicates that the charge densities of the 
[FHF]-ion may be formulated as F-0.78 
H+0.56F-0.78. It would be expected that the 
polarity of the bond in this ion may be 
very great, because of the large difference 
of electronegativity between the fluorine 
and the hydrogen atom. The above 
result agrees with this expectations and it 
indicates that this hydrogen bond is also 
electrostatic. The special strength of this 
hydrogen bond is, therefore, considered to 
be based on the contributions of strong 
ionic character as well as covalency. 

The conclusion obtained may be qualita-
tively correct, but should not be taken as 
final. The reasons are as follows: (1)

The approximate atomic orbitals were used. 

(2) Most of the values of energy integrals 

were approximately evaluated. (3) A con-

figuration interaction was neglected. (4) 

The MO method was applied to the large 

distance such as was the case for this 

ion. For example, the SƒÐh value in this 

work was 0.2671, while the SƒÐh value using 

the SCF AO's for fluorine and fluorine 

anion are 0.3525 and 0.4287, respectively. 

In view of these factors, the quantum 

mechanical treatment of the hydrogen 

bonds seems to be more troublesome than 

that of normal chemical bonds. It is de-

sirable that the improvement of these 

points should be done in future. 

The author wishes to thank Professor K.. 

Kozima and Mr. H. Tsubomura for their 

kind criticism and Mr. J. Higuchi and Mr.. 

S. Maeda for their helpful advice and 

discussion.

Appendix 

Numerical Tables of Energy Integrals:-
Values for all but the overlap integrals. 
are given in atomic units (1 atomic unit= 
27.204eV) . In the Tables, the energy 
integrals marked by an asterisk are the 
approximate values. We shall list the 
following notations for the many types of 
energy integrals. 

Overlap integrals:

Kinetic energy integrals:

Nuclear attraction integrals:

Coulomb integrals:

Exchange integrals:

Hybrid coulomb-exchange integrals:

TABLE V 

ONE-CENTER INTEGRALS

****This values9) was obtained by the same method as 

this work. The experimental value for this molecule 
has not yet been obtained. 

9) H. Hamano, J. Chem. Soc. Japan, Pure Chem. Sec., 
77, 985 (1956). 
10) R. S. Mulliken, J. Chem. Phys., 46, 497, 675 (1949).
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TABLE VI

TWO-CENTER INTEGRALS

TABLE VII 

THREE CENTER INTEGRALS

Chemical Laboratory Tokyo Gakugei 

University, Koishikawa, Tokyo.


