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Effects of the excess charges at the donor and acceptor atoms on the properties of the hydrogen bond were
studied in a simple three-center four-electron model for a hydrogen bond system using CNDO/2 type molecular
orbital calculation. It was shown that three types of hydrogen bonds, normal, proton transferred and abnormal,
are possible according to the value of the excess charges. The dependence of the hydrogen bond distance, proton
equilibrium distance, frequency of proton stretching vibration and hydrogen bond energy on the excess charges
were calculated for the normal type hydrogen bond. The correlations between these quantities obtained by chang-
ing the amounts of the excess charges are in good agreement with the experimental results, suggesting that the
excess charges at the donor and acceptor atoms primarily determine the correlation. The potential of proton
movement at the equilibrium hydrogen bond distance is shown not to have double minima for any value of the
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excess charges, indicating that the excess charges are not essential for producing a double well potential.

Many theoretical works have been carried out on
the hydrogen bond (HB) which can be classified into
two categories, those based on the simplified three-
center four-electron model using the valence bond
(VB)1-% or the molecular orbital (MO)#% method and
those on the calculations for total HB systems using
the non-empirical’~® or the semi-empirical® MO
method. The early works belong to the former cate-
gory, but the main trend in recent works seems to be
in the latter one. Morokuma and Pedersen”? and
Kollman and Allen,® from their non-empirical cal-
culation for total HB systems, emphasized that electron
reorganization within them is important, and the simple
three-center model has nothing to do with the explana-
tion of the properties of the HB. Their criticism is
sound as far as the original simple three-center model is
concerned. However, they seem to underestimate the
usefulness of a suitably modified three-center model in
explaining the properties of the HB. The three-center
model can be modified to incorporate some effects of
the residual part of the HB system into its parameters.
Such modifications of the three-center model were
studied for the HB in ice with positive and negative
defect, the HB coupled with # electron system® and
the HB with donor and acceptor atoms of varying net
charges.®

We have studied the effects of the excess charges at
donor and acceptor atoms on the properties of the HB
by means of the three-center model and semi-empirical
MO calculation. Change in the net charges at the
donor and acceptor atoms is considered to be one of
the most important factors of the residual part of the
HB system which would strongly affect the properties
of the HB. The model was studied by Hasegawa
et al.®) with use of the VB method. However, their
calculation was not extensive enough to confirm the
importance of the change of the net charges at the
donor and acceptor atoms. We have shown that this
model can satisfactorily explain the empirical correla-
tions between the HB distance, proton equilibrium
position, frequency of proton stretching vibration and
HB energy. A comparison of the calculations for this
model and those for total HB systems provides a quan-
titative estimation of the dynamical effects of the

residual part of HB system which cannot be renor-
malized into the effect of the net charges of the donor
and acceptor atoms.

Model and Method of Calculation

We take the three-center four-electron model of the
HB system (Fig. 1) and consider the case in which
donor A, acceptor B and proton H are arranged linearly,
both A and B being oxygen atoms. The HB MO is
constructed from the three atomic orbitals (AO), the
Is AO of H and the two AQO’, one from A and the
other from B each extending toward H. The hy-
bridization of the AO’s of A and B is assumed and
fixed to be sp3. Four electrons, two from B and one
from A and one from H, enter into the HB MO. The
electrons in the other hybridized AO’s of A and B
are treated as the source of external charges, and they
are not constrained to be the integers 5 and 4 respec-
tively. The excess charges at A and B are denoted
by dse and dge respectively. The 1s cores of A and
B are treated as the points with charge of 6e. In the
following, we use the term “the core of A or B” meaning
that it represents the ls core and the electrons in the
hybridized AO’s at A or B not involved in the HB
MO.
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Fig. 1. Three-center four-electron model of hydrogen
bond with excess charges.

The HB MO was calculated by CNDO/2 approxima-
tion.1® To obtain consistency with CNDO/2 approxi-
mation, the core-core interaction between A and B
should be estimated by
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Eo= O 4 i (5-80(4=6)—6(5—6)—6(4~3n)),
(1)

and the electron-core inter:ctions by

Via = (14+64)7ia

Vis = (2+08)7is

where i is either A, B, or H. The values of the ioniza-
tion potential 24.39 eV and electron affinity 6.11 eV
were used for the sp3 AO’s involved in HB MO after
Hinze and Jaffé.!V

Calculations were carried out for the mesh of R and
r with a 0.1 A interval and that of 8, and dp in the
range from —1.0 to 1.0 with a 0.2 interval. The
equilibrium distance R, of A-B and 7. of A-H, the
potential energy E., and the stretching frequency » of
proton at the equilibrium position of proton were
calculated by an interpolation of the four mesh points
of R and r around the energy minimum. The HB
energy AE, at the equilibrium position of A, B, and
H was calculated by

)

1 84, 8B
(Eeq+—hvs) .o

AE E lh 84y 88

2 "/R=R,
taking into account the zero point energy of proton
motion since the frequency shift due to it is not negli-
gible when 4, or d5 is large.

Results

Three Types of Hydrogen Bonds in Relation to the Excess
Charges at the Donor and Acceptor Atoms. The depend-
ence of AE, on 8, and dg is shown in Table 1. We
see that an attractive HB occurs in the region of .
and dg with opposite signs. The region may be divided
into regions I, II, and III (Fig. 2). When d, and ds
satisfy the relation

6A = 63 + l’ (4)

we see from Egs. (1) and (2) that the cores of A and
B are equivalent and the system becomes symmetric,
viz., the potential curve of proton is always symmetric
for any value of R. For two points in regions I and
1T which are mirror images of each other with respect

DEPENDENCE OF E, (¢V) ON THE EXCESS
CHARGES J, AND g
Symbol + denotes the repulsive HB without equilibrium R.

Y

TABLE 1.

r10 -08 06 -041-02| 00| 02| 04| 06| 08]10
1.0]-17.41{-13.78/-1039|- 7.28|- 4.44[- 191 + + + + +
0.8|-14.31|-11.43|- 8.46|- 5.78|- 3.41|- 1.35] + + + + +
06[-11.95- 911 |- 659|- 440[-251|-092| + + + + +
0.4[-9.20|- 685[-4.84|-3.14|-1.74]- 058 + + + + +
02]-6.54|-4.72|- 3.23|-204|-1.09|-035| + + + + +
00|-4.28/-276| -1.79| - 1.07|-056|-020| + + + + +
-02]-1.75]- 1.00| - 053/~ 0.26|- 0.13]-0.10{ - 0.13{ - 020{ - 0.28| - 0.37|- 047

0.4 + + + + + |-0.05/-032|-060[-090(-1.22|-1.55
-06 + + + + + [-002|-051[-102|-1.56/-212|-2.70
08| + + |+ + + + [-071[-145[-224/-306/-391
-10] + + + + + + |-090[-1.89|-2.93|-4.01/-5.15
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Fig. 2. Three regions of attractive HB.
I: normal HB, II: proton transferred HB, III: abnormal
HB.

to the straight line (4), the potential curves of proton
for the two systems are mirror images of each other
for any value of R.

Region I corresponds to the normal HB in the form
of A%*-H---B¥~ where the equilibrium position of H is
on the side of A. Region II corresponds to the HB in
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Fig. 3. Dependences of the hydrogen bond energy AE(a),
the shift of proton equilibrium distance 4r, (b) and the
shift of frequency of stretching vibration of proton Av,
(c) on the A-B distance R. Typical cases are repre-
sented;

1(6,=0.4, 55— —0.4) and III (§,=—0.4, 55,=0.4).

the form of A%*---H-B¥~ in which the effect of the excess
charge is so strong that the equilibrium position of
H is shifted toward the side of B, namely, the HB
of proton transferred state. The HB in the region
III is of the form A% -H---B¥* and abnormal. The R
dependence of AE, Ar, and Av, for typical systems in
regions I and III is shown in Fig. 3, where AE, Ar,
and Ay, are respectively the HB energy and the shifts
of r., v being due to HB at A-B distance R. For the
HB system in region I, 4r.>0 and A4»;<0 at R=R,
exhibit the normal character of HB (Fig. 3). Distance
R giving the maximal Ar, and Av, coincides with R,
in a weak HB with a small AE_, while Ar, and Ay
at R, tend to be somewhat smaller than their maximal
values in a strong HB with large 4E,. This seems to
be the effect of compression of R, in the strong HB.
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Fig. 4. Correlations between the hydrogen bond dis-
tance R,, the proton equilibrium position r,, the shift
Ar, of r, due to formation of HB, the frequency of proton
stretching vibration v,, the shift 4Avg of vy and hydrogen
bond energy AE,. The correlations shown are those
between —AE, and — A4y, (a), R, and —A4v, (b) r, and
— Ay, (c), 4ry and — Ay, (d), v and R, (e) and between
R, and r, (f).

The values of the excess charges J, and Jg are dis-
criminated by the following symbols;
3,=—0.2(@), 0(0), 0.2(A), 04(A).
o5=0(1), —0.2(2), —0.4(3), —0.6(4), —0.8(5),
—1.(6).

The solid line in (a) is the experimental curve given
by Badger and Bauer!® for water and alcohol.

The points x in (b) and (e) are the experimental
points compiled by Nakamoto et al¥ for O-H---O
bonds and those in (f) are the data compiled by Hamil-
ton and Ibers!® for O-H--O bonds in solid.

The dashed line in (f) represents the case of symmetric
HB with r,=R,/2.

On the other hand, for the HB system in region III,
we have A4r,<0 and 4y, >0 at R=R, exhibiting an
abnormal character in contrast to the normal HB.
Correlation between the Hydrogen Bond Distance, Proton
Equilibrium Position, Frequency of Proton Streiching Vibration
and Hydrogen Bond Energy. We may obtain the
theoretical correlation between R, 1., 4re, »s, Avs and
AE, for the normal HB by adjusting 8, and 6z within
region I. The results are shown in Fig. 4. The
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theoretical correlation plots including 7, or » are
shifted toward larger values of 7, and »; (Figs. 4e and
f). However, when we subtract the constant amounts
of 0.2 A and 1300 cm~! from r, and v, respectively,
the theoretical correlation plots overlap the observed
ones. Apart from these constant deviations of r, and
v, agreement of the theoretical correlation plots with
the observed ones is good. The deviation of theoretical
values of 7, and »¢ in a larger direction than the ob-
served ones is already present in the isolated A-H
system and seems to be due to a failure of the CNDO/2
method to give a correct potential for the covalent
bond.

In some of the observed correlation plots, the ex-
perimental points exhibit a considerable scattering
(Figs. 4b, e, and f). However, if the experimental
points are selected in such a way that either one of
the acid or base is fixed and the other changed, then
the correlation plot, which exhibits considerable scat-
tering when both acid and base are arbitrarily changed,
becomes a smooth one. This behavior is also re-
produced in the present calculation. When either one
of 4 or dg is fixed and the other changed, then the
theoretical correlation plot becomes a smooth one, but

N3 (a)
(ev)]

10 . 20 r(A)

Fig. 5. The proton potential curves at various AB
distances R.
(a) The symmetric system with §,=0.2, 65=—0.8
(b) The asymmetric system with §,=0.0, 5=—0.6
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the correlation plots with different values of the fixed
d are not identical, and each of the theoretical correla-
tion exhibits a spread (Fig. 4).

The good agreement between the theoretical correla-
tion plots and the experimental ones strongly suggests
that the correlation plots are primarily determined by
the excess charges at the donor and acceptor atoms.

Potential Shape for Proton Movement. Many studies
have been carried out concerning the potential shape
for proton movement in the HB system, particularly
the existence or non-existence of double minima.
Hardly any MO calculations carried out so far on total
systems with a single HB between oxygens led to a
double well potential at theoretical R, although it may
be obtained at larger R. Clementi® emphasized in
his non-empirical calculations that a coupling between
more than two HB’s would be a necessary requisite
for the second minimum to occur. Nevertheless, the
factors principally responsible for occurrence of double
minima do not seem to have been determined.

The present model does not give a double well
potential at R, for all values of §, and dg. If §, and
0 are close to the symmetric system satisfying Eq.
(4), then a double well potential appears at slightly
larger R than R, (Fig. 5a). For the system in region
I, the minimum of the potential well is on the side
near A, but for that in region II it is on the side near
B. If the asymmetry of the system becomes large, the
R where the double well potential appears shifts toward
much larger R than R, (Fig. 5b). Thus, the excess
charges at the donor and acceptor atoms are not the
essential factor to produce a double well potential
although the excess charges with the signs 6, >0 and
05<0 stabilize the configuration A---H-B and facilitate
occurrence of the second minimum.

Mechanism of the Effect of Excess Charges on the Hydrogen
Bond and Proton Transfer. We now consider the
mechanism of how the excess charges with the signs
0,>0 and 03<{0 enhance HB and proton transfer.
As represented in the scheme A-H--B—A%-H- B%,
formation of the HB leads to an increase in the electron
density at A and a decrease at B. This change in
the electron density is due to an increase of the lone
pair electron density at A by transfer of the lone pair
electrons at B to the antibonding orbital of A-H as
seen from the HB MO (Fig. 6b). Let E|(z) and E (2)
respectively be the energies of the lone pair in A~ or

Fig. 6. A change in molecular orbitals induced by HB.
Isolated state (: ) and hydrogen bonding state
(——). Bonding orbital (a) and lone pair orbital (b).
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core charge(Z)

Fig. 7. Dependences of the lone pair energy E; and the
single bond energy E on the core charge.

B and the single bond A-H or H-B* regarded as the
functions of the core charge z. We show their z
dependence in Fig. 7. The energy loss by the process
A-H—A- may be related to E;(146,) —E(1+64).
Since the effect of the core charge is greater for the
lone pair electrons than those in the single bond, a
greater change is induced in E;(1+6,) than in E|
(1464) by an increase in d,. Thus it follows that
E(1)—E (1) >E | (14064) —E;(1464) for 6,>0 (Fig.
7). This means that the energy loss accompanied by
the process A-H—A- is smaller for 6,>0 than for
6,=0, and the HB and proton transfer are made
easier by the excess charge d,>0.

As site B, HB formation leads to a decrease of the
lone pair density and to an increase of electrons in
the single bond H-B+. The energy gain by the pro-
cess B>H-B* may be related to E;(2-40dz) —E (2-+8s).
As seen in Fig. 7, E|(2-+0s) —E (2+6s) >E|(2) —E,(2)
for 6g<{0. This means that the lenergy gain accom-
panied by the process B—H-B* is greater for 63<0
than dg=0, and HB and proton transfer are enhanced
by the excess charge d3<0. As both processes occur
in the HB, the quantity

4 (5A, 53) = {El(l +5A) —E(1 +5A)}
- {E1(2+5B) _Es(2 +5B)}

may well be related to the power of the HB. Since
there is an approximately linear correlation between
AE, and 4 (Fig. 8), a very simplified picture of the HB
regarded as a combined process of 'A-H—A- and
B—H-B+ might explain the dependence of HB strength
on the excess charges, though it might fail to explain
more detailed properties of the HB. The functional
dependence of 4(d,0s) on dx and g is similar to
AE, when either one of d, or dz is changed, but it
leads to a different ordering of HB energy from that
of MO calculation when both d, and dg are changed.
For instance, 4(8,=0, dg=—0.2)>4(6,=0.2, 6z=0)
although the MO calculation leads to AE.(d,=0,
0p=—0.2)A4E . (6,=0.2, 6g=0). A similar correla-
tion between AE, and 4 is obtained for the calculation
on the total HB systems.?

In the process of proton transfer, A-H—A- and
B—H-B* occur to a greater extent than in the normal



January, 1974]

AEe
(ev) O
O,
1 “ l
A O2
-1 403
2
A
Lol K
-3F 3
A
5 10 5 Alev)

Fig. 8. Correlation between AE, and 4.
J4 and J; for each point are discriminated by the same
symbols as Fig. 4.

HB. Thus, the above interpretation for the effect of
the excess charges is more applicable to the systems
in region II.

Discussion

In contrast to our result, Hasegawa et al.®) obtained
a double well potential in their VB calculation with
changing orbital exponents using a similar model to
ours. They calculated the potential at an R near the
experimental one without confirming whether it was
close to the theoretical equilibrium distance or not.
However, even if the R they chose was the one deviated
from the theoretical R,, the extent of the appearance
of the double minima was more enhanced than that
in the present result. Thus, either the electron correla-
tion or the change of the orbital exponent, which are
not taken into consideration in the present MO cal-
culation, might be important for producing the double
well potential.

In the present model the amounts of excess charges
04 and dy are fixed parameters, but in a real hydrogen
bond system they may be changed by the dynamic
polarization of the molecules caused by HB formation.
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It seems possible that the dynamic polarization affects
the HB dominantly through a change of the excess
charges at the donor and acceptor atoms. The present
model may be utilized as a reference system to evaluate
validity of such mechanism. If the dynamic polariza-
tion affects the HB mainly through a change of the
excess charges, the correlation plots between the
quantities such as R, 7. efc. obtained for the system
with the effect of dynamic polarization should be
almost the same as those obtained for the present
model. A good agreement of the theoretical correla-
tion plots in the present model with the experimental
ones offers indirect support for such a mechanism.

The shape of the proton potential, in contrast to
the correlation curves, is affected by the change of the
excess charges due to dynamic polarization. It is of
interest to see how the proton potential is affected by
dynamic polarization.
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