
August, 1965] A Molecular Orbital Treatment of Hydrogen Bonds 1263

A Molecular Orbital Treatment of Hydrogen Bonds. 

I. Preliminary Results

By Keiji MOROKUMA, Hiroshi KATO, Teijiro YONEZAWA 
and Kenichi FUKUI

(Received September 2, 1964)

The hydrogen bond, a weak bonding between 

a hydrogen donor, such as hydroxyl and amino 

groups, and an acceptor, such as oxygen and 

nitrogen atoms, has long attracted the attention 

and interest of many researchers, in both the 

experimental and theoretical fields.1,2) 

As to the theoretical study, Coulson and 

Dannielsson3) calculated semiempirically the de-

localization energy of the hydrogen bond in 

a fictitious O-H•cO fragment. Tsubomura's 

nonempirical study was carried out on water.4) 

Arranging existing theoretical treatments, 

Coulson5) tabulated the contribution of various 

kinds of energy to the hydrogen-bond stabili-

zation of water, thus emphasizing that the 

delocalization energy plays an important role 

in the stabilization. 

This series of papers will attempt to discuss 

the stabilization energy and other changes in 

electronic structures by the hydrogen-bond for-

mation from the point of view not of the

fictitious fragment but of the whole molecule. 
In the present paper, as a preliminary dis-

cussion, we will calculate the changes in the 
electronic energy and the charge distribution 
upon the hydrogen-bond formation, by using 
the simple LCAO MO method extended by 
Hoffmann,6) in which all valence atomic orbitals 
(AO) are taken into account. The Coulomb 
integral, H,r, of an atomic orbital is the nega-
tive value of the ionization potential of the 
valence state of the neutral atom,7) which is 
tabulated in Table I. The resonance integral,

TABLE I. COULOMB INTEGRAL OF VARIOUS 

ATOMIC ORBITALS (eV.)

Hrs, between the rth and the sth AO's is 

given by the following equation :

1) "Hydrogen Bonding," Ed. by D. Hadzi, Pergamon 
Press, London (1959). 

2) G. Pimentel and A. L. McClellan, "The Hydrogen 
Bond," W. H. Freeman & Co., San Francisco (1960). 

3) C. A. Coulson and V. Dannielsson, Arkiv Fysik, 8, 
239, 245 (1954). 

4) H. Tsubomura, This Bulletin, 21, 415 (1954). 
5) C. A. Coulson, Research, 10, 149 (1957).

6) R. Hoffmann, J. Chem. Phys., 39, 1397 (1963). 
7) H. O. Pritchard and H. A. Skinner, Chem. Revs., 55, 

745 (1955).
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where K=1.75 and S,, is the overlap integral 

between the AO's. Calculation is carried out 

on formic acid and its dimer, acetylacetone 

and salicylaldehyde (with a hydroxyl group as 

a proton donor and with a carbonyl group as 

an acceptor), and also on benzyl alcohol and 

allyl alcohol (with a hydroxyl group as a 

proton donor and a ƒÎ electron system as an 

acceptor). 

The program was coded so that, on giving 

tables of the Coulomb integrals of every kind 

of atom included, of the three-dimensional 

coordinates of atoms, and of the effective 

nuclear charges of atomic orbitals, the overlap 

integrals can be calculated with Slater AO's 

by means of the formulae of Mulliken et al.,8) 

the resonance integrals can also be calculated, 

and the secular equation can be diagonalized 

to give the eigen-values and eigenvectors, the 

total energy, the atomic orbital populations, 

and the atomic populations. The effective 

nuclear charges employed were ZB=1.0, ZC= 

3.25 and Zo=4.55. 

In all compounds, except for those noted, 

the atomic distances were taken as follows:9) 

C-H : 1.09A, C-C : 1.54A, c=c: 1.34A, C-C 

(aromatic) : 1.40A, C-O: 1.231, C-O (alcohol) : 

1.43A, C-O (carboxylic acid) : 1.36A, O-H : 

0.96A. The bond angles are assumed to be 

120•‹ for an unsaturated carbon atom, the 

tetrahedral angle for a saturated carbon atom.

The Electronic Structure of 

Non-Hydrogen-Bonded Molecules 

Prior to discussing the hydrogen bond, a 

brief review of the calculated electronic struc-

tures of some carboxylic acid, of ketone, of 

aldehyde and of alcohol will be given in this 

section, since the extended LCAO MO method 

has not previously been applied to such polar 

compounds. 

Figure 1 shows the net charge on each atom 

of formic acid and salicylaldehyde. One can 

see in the figure that, though the general 

tendency of the polarization is well visualized, 

the net negative charge on each oxygen atom 

seems to be too large, whereas the population 

on the hydroxyl hydrogen atom is unexpected-

ly small. In this approximation the polarity 

of a polar bond seems to be overestimated. 

This is because the Coulomb integral of an 

atomic orbital was kept constant although it

Fig. 1. Net charge of formic acid and 
salicylaldehyde.

might really be more positive when the popu-
lation on the atom increases. It is indispens-
able for this extended LCAO MO method to 
decide the Coulomb integral of an atomic 
orbital in a polar group not merely by the 
ionization potential of the neutral atom but 
also by the population on the atom. On this 

point we will give a detailed discussion is a 
following paper. 

The total energy of methyl alcohol is 
calculated for various configurations in Table 
II. As to the rotational isomers, the con-

TABLE II. TOTAL ENERGY OF METHYL ALCOHOL 

AND ACETYLACETONE

figuration I, in which the OH bond takes the 

trans conformation to the CH bond in the 

C-O-H plane*, is predicted to be a configu-

ration of local minimum energy.

(I) (II) (III)

Keto and enol forms of acetylacetone are 

also compared in Table II. The keto form is 

more stable than the enol form, contrary to 

experience. This is either due to the inap-

propriate parametrization in this method, men-
tioned in the previous section, or to a sub-

stantial defect involved in the present method,
8) R. S. Mulliken, C. A. Rieke, D. Orloff and H. 

Orloff, J. Chem. Phys., 17,1248 (1949). 
9) Tables of Interatomic Distances and Configuration 

in Molecules and Ions, Special Publication No. 11, The 
Chemical Society, London (1958).

* In the figure , the bonds drawn with full lines 
denote those lying in the C-O-H plane, the atoms 
indicated by wadges being above the same plane and 
those by dotted lines, below that plane.
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where electronic and nuclear repulsion energies 
are not explicitly taken into account. 

Energy and Electron-distribution Changes 
Caused by Hydrogen-bond Formation 

In this section will be calculated the energy 
and electron distribution changes caused by 
the hydrogen-bond formation. The configu-
rations on which the calculations were carried 
out are shown in Fig. 2, as are the coordinates 
and the numbering of the atomic orbitals. 
They include some configurations in which 
the hydroxyl hydrogen is located near the car-
bonyl group (IV, V and VIII) or near the 
conjugated system (XI and XIII).

Overlap Integral.-Table III shows some 

values of the overlap integral between the 

hydroxyl hydrogen or the hydroxyl oxygen of 

a formic acid monomer and the carbonyl 

oxygen of the other monomer at various O3-O7 

and O7-H6 distances. One can see from the 

table that a considerable amount of overlapping 

exists between the hydrogen, H6 and the oxygen, 

Os. (Compare the 1s-2s overlap integral in a 

normal O-H bond, 0.5076.) The overlap be-

tween O3 and O7 is very small. 

Delocalization Energy.-Tables IV, V and VI 

give the total electronic energy of each con-

figuration of the formic acid dimer, of salicyl-

aldehyde and of acetylacetone respectively. In 

the tables "tetra" means the tetrahedral angle, 

109•‹28'.

TABLE III. OVERLAP INTEGRALS BETWEEN PROTON ACCEPTORS AND DONORS 

IN FORMIC ACID DIMER

TABLE IV. DELOCALIZATION ENERGY OF HYDROGEN BOND IN FORMIC ACID DIMERa)

a) •ÚCOH was assumed to be tetrahedral.

TABLE V. DELOCALIZATION ENERGY OF HYDROGEN BOND IN SALCYLALDEHYDE

TABLE VI. DELOCALIZATION ENERGY OF HYDROGEN BOND IN ACETYLACETONE
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TABLE VII. ORBITAL ENERGIES AND ATOMIC ORBITAL COEFFICIENTS

Fig. 2. Configurations compared.

In the present treatment, the delocalization 
energy due to hydrogen bonding, Ed, is given 
by the difference in the total electronic ener-
gies between a configuration with a hydrogen 
bond and a configuration without it. 

For the formic acid dimer, the delocalization 
energy is calculated in Table IV as the differ-
ence between the total electronic energy of two 
monomers and that of a dimer. Model 2 
(O...O distance 2.7A and O-H distance 0.96A)

is the most stable from the viewpoint of the 

delocalization energy. It is interesting that 

the approach from 2.7A to 2.6A makes the 

dimer more unstable, though the O•cH overlap 

gets larger. As was discussed in the preceding 

section, factors other than the delocalization 

will participate in deciding the most stable 

configuration of the hydrogen-bonded species. 

However, it is noteworthy that, in this example, 

the observed O•cO distance in the gaseous 

dimer, 2.72-2.731,10) corresponds well with 

the prediction. Model 3 shows that a also 

shortened O•cO distance decreases the stabili-

zation, though it also causes an increase of 

the oxygen-hydrogen overlap (Table III). The 

delocalization energy of model 2 is 0.164 eV., 

3.77 kcal./mol., whereas the observed stabili-

zation energy, •¢H, of two hydrogen bonds 

in the gaseous dimer is ca. 7.1 kcal./mol.11) 

Coulson estimated the contribution of the de-

localization energy to the stabilization energy 

of the hydrogen bond of water to be 8 •} 4 

kcal./mol.4,5) The value obtained in this ap-

proximation might be somewhat too small. 

There may be two reasons for this in addition 

to the one stated in the preceding chapter: 1) 

As was stated in the previous section, since 

in this approximation the polarity of a bond 

is emphasized too much, the delocalization of 

electrons on the proton acceptor to the proton 

donor seems to be hindered. 2) In this ap-

proximation the delocalization energy is ex-

clusively attributed to the a electrons (includ-

ing so-called lone pairs), and not at all to the

π electrons.  Since a hydrogen atom has no

10) J. Karle and L. O. Brockway, J. Am. Chem. Soc., 
66, 574 (1944) ; O. Bastiansen, Tids. Kjemi. Bergvesen Met., 
4, 81 (1944), cited in Ref. 2. 

11) Average value of data collected in Ref. 2.
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OF FORMIC ACID AND ORBITAL ENERGIES OF ITS DIMER (MODEL 2)

π orbital,  the direct overlap between oxygen

atoms is very small, as is shown in Table III. 

This small overlap contributes almost nothing 

to the stabilization energy. 

The contribution of the vacant 2pƒÎ orbital 

on the intervening hydrogen atom, which might 

play the role of a stepping stone between two 

oxygen orbitals, will be discussed below. 

There is another possibility of the ƒÎ-electron 

stabilization. The transfer of the ƒÐ electron 

on the carbonyl oxygen to the O-H bond 

(see the next section) will actually change 

the Coulomb integral of their r orbitals. This 

effect may cause a variation in the total r 

electron energy of the system. As was shown 

in the previous section, this effect was not 

taken into account in the approximation 

employed here. 

For salicylaldehyde the energy of the hydro-

gen-bonded configuration (V) is lower than 

those of other configurations (VI and VII). 

The delocalization energy is of the order of 

0.07 eV. When the COH angle, i.e., the dis-

tance between the hydroxyl hydrogen and the 

carbonyl oxygen, is decreased, the delocalization 

energy seems to increase with the formation 

of a stronger hydrogen bond, though the total 

energy decreases. For the enol form of acetyl-

acetone, the delocalization energy of model 1 

referred to that of model 2 is 0.081 eV. Model 

3 is the configuration in which the hydrogen 

atom, H15, is situated between two oxygen 

atoms, with the COH angle tetrahedral, and 

in which the molecule has a normal plane of 

symmetry, with the C-O bond length of 1.33A 

and the C-C bond length of 1.441. The 

calculation shows this configuration to be very 

unstable. 

Orbital Energy.-Table VII shows the energy

levels and their atomic orbital coefficients of 

the formic acid monomer, with the correspond-

ing energy levels of its dimer. In the extended 

LCAO approximation every atomic orbital can 

conjugate with other atomic orbitals ; therefore, 

no completely localized molecular orbital (lone-

pair orbital) remains. In the present calcu-

lation, the highest occupied orbital is a sigma-

type bond, and the next highest orbital seems 

to correspond to the lone-pair orbital. This 

point seems to be a difficulty which might be 

overcome by an SCF technique. 

In the present calculation, each level of the 

monomer splits into two levels upon the dimer 

formation, one being higher and the other 

lower than the initial level, as may be seen 

in Table VII, which may cause a red shift for 

both ƒÎ-ƒÎ * and n-ƒÎ* types of transitions in 

contradiction to the experimental finding by 

Barnes and Simpson (J. Chem. Phys., 39, 670 

(1963)). They observed that the spectrum 

undergoes a blue shift upon dimerization. As 

to salicylaldehyde, the calculated sequence of 

the lone pair, the ƒÎ and the ƒÐ orbitals does 

not agree with the order expected from the 

references.12) Hence, the present result is un-

successful in predicting the shift of their 

transition. 

This discrepancy probably stems from an 

inappropriate parametrization of the lone-pair 

atomic orbitals. The Coulomb integral of the 

2p lone pair atomic orbital of oxygen remains 

at -17.76 eV., too low to be compared with 

the experimental results. 

Population Analysis.-The atomic orbital pop-

ulation, Nr; the atomic population, Mx; the 

atomic orbital bond population, Nrs and the

12) E. S., J. W. Sidman, Chem. Revs., 58, 689 (1958).
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bond population Mxy, are defined as follows: 13)

where Cri is the coefficient of the rth AO in 

the ith molecular orbital. Figure 3 shows 

the increase in the AO population and in the 

atomic population caused by the hydrogen 

bonding. The population on the carbonyl 

oxygen decreases, while, on the other hand, 

the population on the hydroxyl group in-

creases. This is what one may expect. One 

can see in Fig. 3, in the case of formic acid, 

that the population on the 2px orbital, the 

orbital directing to the hydrogen atom of the 

partner molecule, plays a dominant role. An 
inspection of the orbital coefficients of the 

formic acid dimer makes it clear that the pop-

ulation transfers not within a monomer but 

from the carbonyl group of one monomer to 

the hydroxyl bond of the other. It is inter-

esting that the increase in the population takes

a) Formic acid (difference between the 
model 2 and monomer)

b) Salicylaldehyde (difference between the 
models 1 and 3) 

Fig. 3. Increase of population by hydrogen 
bond.

place at the oxygen atom, not at the hydrogen 

atom. The population on the hydrogen atom 

increases in some cases (e. g., formic acid) and 

decreases in other cases (e. g., salicylaldehyde). 

The bond populations of several interesting 

bonds are also given in Fig. 3 in italic letters. 

The bond population, NO...H, between the car-

bonyl oxygen and the hydroxyl hydrogen is 

positive, showing that there is a weak "bond" 

between them. The ratio of the AO population 

of the 2s atomic orbital of the oxygen to the 

sum of those of the 2px and 2py orbitals is 

approximately 1 to 2.2. On the other hand, 

the bond population, No,,, of the hydroxyl 

group decreases. In the case of formic acid, 

for instance, the Not of the monomer, 0.458, 

decreases by (0.028) about 5% of the initial 

value. 

These results qualitatively correspond to the 

lowering of the O-H stretching frequency in 

the infrared spectrum.1) 

The Contribution of the 2pƒÎ Orbital on the 

Hydrogen Atom.-As has been stated previously, 

the vacant 2pƒÎ orbital on the hydroxyl hydro-

gen was taken into consideration in order to 

see the effect of the direct conjugation of ƒÎ 

electrons through the hydrogen atom.14) The 

Coulomb integral of the orbital is taken to be 

-3 .4 eV. on the basis of the spectroscopic 

date,15) with the effective nuclear charge being 

Z= 1.0. The energy levels thus calculated are 

shown in Table VIII. (The 2pƒÎ orbital is 

considered only on the hydroxyl hydrogen.) 

The a delocalization energy, which was 

-0 .0002 eV. without the orbital, rises to 0.002 

eV. when the 2pƒÎ orbital is included ; the 

amount is still negligible, however. Thus, we 

can hardly expect the delocalization energy 

due to the 2pƒÎ conjugation through the hydro-

gen atom. 

Paoloni16) discussed the contribution of the 

2po orbital on the hydrogen atom to the de-

localization energy. In this paper this effect 

is not considered. 

The it Hydrogen Bond.-It has been recogniz-

ed that x electron systems, such as the phenyl 

group or the olefinic group, can be proton 

acceptors when they interact with proton 

donors. Benzyl alcohol and allyl alcohol, for 

instance, are known to have a ƒÎ hydrogen 

bond. The stabilization energy, •¢H, due to 

a •¢ hydrogen bond has been estimated to be 

1 to 2 kcal./mol.,2) smaller than that of usual 

hydrogen bonds. 

With respect to benzyl alcohol and allyl 

alcohol, we made the same calculation as was

13) R. S. Mulliken, J. Chem. Phys., 23, 1833, 1841, 2338, 
2343 (1955). The notation is a little different from that 
of Mulliken's paper.

14) D. N. Shigorin, Ref. 1, p. 191 (1959). 
15) L. C. Moore, "Atomic Energy Levels," National 

Bureau of Standards. 
16) L. Paoloni, J. Chem. Phys., 30. 1045 (1959).
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TABLE VIII. ƒÎ ENERGY LEVELS OF FORMIC ACID AND ITS DIMER 

WITH 2p ORBITAL ON THE HYDROGEN ATOM

TABLE IX. ENERGY OF ƒÎ HYDROGEN BOND IN BENZYL ALCOHOL AND ALLYL ALCOHOL 

Benzyl alcohol

carried out in the previous sections. The 
geometrical data of the molecules calculated are 
collected in Table IX. The overlap integrals 
between the hydroxyl hydrogen, H,o, and the 
nearest sp2 carbon, C4, for instance, in model 
3 (with the hydrogen bond) and model 4 
(without the hydrogen bond) of allyl alcohol 
are as follows :

The magnitude of these overlap integrals for 
model 3 is of the same order as for the dimer 
of formic acid (Table III). 

In spite of this large overlap, the delocali-
zation energy calculated is extremely small. 
For the most stable CCO and COH angles

(models 1 and 2) of allyl alcohol, the hydrogen-

bonded configurations, XIII, is a little more 

unstable than the nonbonded configuration, 

XIV. There are two factors affecting the de-

localization energy. One is the energetic con-

tribution of the methylol group to the total 

electronic energy. Referring to Table II, in 

which the total energy of methyl alcohol is 

given with respect to three configurations, it 

may be considered that the methylol group in 

the configuration XIII of Fig. 2 makes a smaller 

contribution to the total energy than that in 

the configuration XIV of the same figure. 

The other factor is the stabilization due to 

the formation of a ƒÎ hydrogen bond. On 

comparing models 1 and 2, since the C4•cH10 

distance is rather large and since, therefore, 

the delocalization energy is small, and is, 

furthermore, in this approximation estimated
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to be too small, the former factor overcomes the 

latter. If we shorten the C4. H,o distance by 

reducing the CCO or/and the COH angles, 

the energy of the configuration XIII referred 

to that of XIV becomes more stable, as is shown 

in Table IX. 

Thus, the small stabilization energy of a ƒÎ 

hydrogen bond seems partly due to the com-

pensation with the energy difference between 

the configurations,. such as I and II. 

The change in atomic and bond population 

upon the hydrogen bonding, that is, the pop-

ulation difference between models 3 and 4 of 

allyl alcohol, is shown in Fig. 4. One can 

notice that the population transfers from the 

allyl group to the hydroxyl group. However, 

the change amounts to only 10% of that in a 

usual hydrogen bond (Fig. 3).

Fig. 4. Increase of population by ƒÎ hydrogen 

bond (difference between the models 3 and 4).

Discussion 

In discussing the changes in electronic struc-
tures by the hydrogen-bond formation, some 
defects of the extended LCAO MO method were 
revealed : 1) The absolute value of the Coulomb 
integral of the so-called lone-pair atomic orbital 
is too large. 2) A change in the population 
on a orbital does not affect the Coulomb 
integral of the orbital. Accordingly, the sta-
bilization energy is very small. 

These two defects may be overcome if the 
Coulomb integral is varied according to the 
AO population on the atomic orbital and ac-
cording to those on the other atomic orbitals 
on the same atom. This correction may mean 
considering the electronic interaction implicitly.

Finally, a certain apparent parallelism be-

tween the delocalization energy and the ex-

periments is observed ; the electronic and 

nuclear repulsion energies are, however, not 

taken into account explicitly, as has been 

pointed out above, in the present treament. 

The agreement should be checked by further 

investigation. These improvements, together 

with the problems of the parametrization of 

the resonance integral, will be reported on in 

the near future. 

Summary 

1) The changes caused by hydrogen bonds 

in the electronic structure of several molecules 

have been discussed by the use of the extended 

LCAO MO method. 

2) The delocalization energy have been 

calculated to be 3.8 kcal./mol. 

3) The frequency shifts in the ultraviolet 

spectrum cannot be explained. 

4) In the formic acid dimer it has clearly 

been shown that the population transfers from 

the carbonyl group to the hydroxyl group and 

that a small bond population arises between 

them. 

5) The 2pƒÎ orbital on the hydrogen atom 

contributes almost nothing to the ƒÎ delocali-

zation energy. 

6) The ƒÎ hydrogen bond has also been 

discussed. 

7) The defects in the extended LCAO MO 

method in treating molecules with polar groups 

or lone pairs have been pointed out, a method 

for improvement suggested, and some critical 

discussion of the present treatment added. 

The calculation was carried out on the IBM 

7090 at the Japan IBM Co., with the permis-

sion of the UNICON Committee, whose kind-

nees we hereby acknowledge.
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