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A new potential function based on spectroscopic results for diatomic molecules is presented and applied to the 
hydrogen bonding systems. The potential energy of interaction is supposed to have electrostatic, polarization, dis
persion, repulsion and effective charge-transfer contributions. Estimates of the effective charge-transfer quantity 
have been made based on the average charge of the proton donor and the acceptor atoms. For dimers such as 
water, methanol, acetic acid and formic acid, the vibrational stretching frequencies and dimerization energies are 
calcula ted and dicussed in connection with Badger-Bauer rule.

Introduction

There is a great deal of works about the hydrogen bond
ing because of its significant role in determining the struc
ture and properties of molecular systems of importance 
to chemistry and biology. The phenomenon of the hydrogen 
bonding has been investigated extensively by a variety of 
spectroscopic and other physical methods and by theoretical 
considerations1*8.

In early theoretical works, it had been suggested by 
Coulson et al?'10 and independently by Tsubomura11 that 
the significant nature of the hydrogen bonding is brought 
about by a complicated superposition of the following four 
contributions which are of similar magnitude; (a) electro
static energy, (b) exchange repulsion, (c) polarization energy, 
(d) dispersion energy and (e) charge transfer energy or 
covalent contribution.

They thought that the success of the electro아atic models 
in the calculation of the hydrogen bonding energies in cer
tain systems is pos저bly due to the fact that the other con
tributions are not significant, which met exactly other 

calculations.12*13
On tb.e ba어s of these interpretations, first we will pro

pose a new empirical potential function for diatomic mole
cules, and next calculate the vibrational frequencies and the 
interaction energies for several dimers by using this function.

Potenial Energy Function

In earlier papers14-18, a number of authors have examined 
various potential functions for diatomic molecules with the 
spectroscopic measurements, but there are few simple forms 
to satisfy fairly w이 1 those results.

In the present work, we suggest a new function;

叩"{[—(子)*-%)}? (1)

where r is the internuclear di아ance, re is the equilibrium 
internuclear distance and De is the dissociation energy. Here 
two constants n and a are obtained from the following 
i■이 ation 아lip;

are~n + dx/2 (2)
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where K is a constant obtained from the following relation;

k~bQ+bdave • (13)

Here we used bq and b as 一 85.93 kcal -A/mole and 
— 329.2 kcal-A/e.c.u. mole, respectively, and Jave denotes 
the average charge of the hydrogen acceptor and the 
donor atoms.

Results and Discussion

We have obtained constants in eqs. 4 and 5 as follows; 
De and re are taken from the experimental values of water 
molecule26, and n and a are known from these values and 
with the following condition and eq. 2.

亿t〃矛人q=。 (14)

Now it is assumed that re* is equal to re due to no 
available information. «*, a* and De* are obtained from the 
experimental data of water dimer27'28 and the eq. 14. All 
constants used in this work are illustrated in Table 2.

On the basis of eq. 3 and the following condition, we 
can calculate IR stretching vibrational frequencies and 
interaction energies for the dimers shown in Table 3, i.e.,

&H=g/eq. (15)

It is assumed that the OH 아retching is to be harmonic, 
and for the water dimer we obtained the value 3544 cm-1 
compared with the experimental result 3547.5 cm-1.29 The 
results for the other dimers, methanol, acetic acid and for
mic acid, are 3135, 3128 and 3117 cm-1 compared with the 
experimental values, 3245, 3027 and 3110 cm"1, respectively, 
within 사｝e error limits of the order of ±100 cm-1.30-32

For the structures of acetic and formic acids, we take 
the cyclic configuration from the microwave spectroscopy33 
and gas-phase electron diffraction.34135

TABLE 2: Constants Used in the Potential ED and

Potential ED Potential Ea

Dt 117.8 kcal/molefl D* 38.0 kcal/mole
n -50.0 “* 2.936
a -47.625 A"” a* 1.454 A-1
rg 0.96 Aa r* 0.96 A

“Data from ref 26.

In case of methanol, the gas-phase dimer has not been 
observed experimentally, thus the linear configuration based 
on the crystal structure is taken.36 Also for water dimer, 
the linear configuration found by the microwave spectro
scopy is used.

The resulting energies for the intermolecular interaction 
imhiding the hydrogen bonding are 아］own in Ta비e 3. The 
calculated values of the dimerization energies 흠ive reasonable 
agreement with experimental results.

The IR spectroscopy of hydrogen bonding involves the

Figure 2. 기ot of vibrational wave number shift Jy against 
dimerization energy. Jy is obtained from the difference be
tween the vibration of free OH group (3707 cm-1) and the 
hydrogen-bonded species.

TABLE 3: Energy Components and Vibrational Frequencies for dimers^

Dimers
Energy components (kcal/mole) Vibrational frequencies (cm"1)

Ea Ed Eou Eg Ed-r EL Etot 比H

Water -7.00 0.00 45.64 -1.88 0.09 -41.85 -5.OO(-5.O)6 3544 (3457.5/
Methanol 一 13.38 1.91 34.28 一 2.81 0.98 -32.54 -11.56 (一6.1 〜一9" 3135 (3245/
Acetic acid -25.39 3.82 35.34 -2.46 1.62 -28.94 一 16.01 (-16.08+0.2/ 3128 (3027)*
Formic acid -24.11 3.82 33.10 -2.24 1.42 -26,08 -14.09 (~15.O8±O.3)e 3117 (3110/

"Values in parentheses in Etot and 比h correspond to experimental ones. 5Ref 41, crefs 39 and 40, Jrefs 37 and 38, 'ref 33, zref 29,
ffref 30, Aref 31, 'ref 32.
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Badger-Bauer rule; the wave number shift between the vib
ration of free OH group and the hydrogen-bonded ones is 
proportional to the hydrogen bonding intera이ion energy.42 
We plot the relationship between the experimental wave 
number shift and the dimerization energy in Figure 2, which 
consequently shows the validity of our calculators for 
hydrogen-bonded dimers.

Although the temperature dependence of the vibrational 
frequencies has not been considered, we obtain reasonable 
results by using the appropriate conditions. The calculated 
vibrational frequencies and interaction energies for dimers 
are in reasonable agreement with the experimental ones. 
This supports that our simplified considerations based on 
the molecular structure are likely to represent fairly the 
other hydrogen-bonded system.
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Alkyl and alkenyl substituent effects on nonbonded interactions of hexatriene were examined using CNDO/2 
method. The results showed that: (1) rapid rate of therm시 electrocyclization of 3-vinyl hexa-1, 3, 5-triene is due 
to increased overlap population between atom pair reacting resulting from strong electron repelling interaction 
of vinly group on the triene moiety; (2) stability of a conformer is determined by additive effect of composite 尤 

아ructures; (3) a substituent on positions 2 and 3 increases the HOMO AO coefficient of sites 1 and 4 considerably 
and activates interactions with these sites.

Introduction

Recently Spangler and his co-workers1 have reported 
effects of alkyl and alkenyl substitution on the rate of 
therm시 electrocyclization of 1,3,5〜hexatriene (HTb) to 
cycl ohexa-1,3-diene.

Their study showed the extrem이y fa아 thermal electrocy- 
이izali이! of 3-vinyl substituted HTE, which was over 30 
limes faster than the rate of ring closure of the ethyl 
substituted HTE.

They have attributed the accelerative effect of the 3-vinyl 
substituted to anchimeric ?r-bond participation of the vinyl 
group in the electrocyclization transition state, (2).

However they found no such z-bond anchimeric rate en
hancement with 3-allyl substituent for which homoallylic 
花一bond participation2, (4), may be expected; electrocycliza
tion rate and activation parameters for 3-allyl and 3-propyl

analogues were very nearly the same 시though in the latter, 
(5), homoallylic 丸-bond participation is not possible (see 
Tabic 1). Thus anchcmeric 勿—bond participation does n아 

offer a complexly satisfactory explanation of the extraor
dinary rate enhancement of the 3-vinyl substituent.

Wc liave recently developed simple i•니les for predicting 
intramolecular nonbonded interactions based on the frontier 
orbital (FMO) theory3: (1) nonbonded interactions between 
end-to-end atoms are significant only in crowded forms; 
(2) nonbonded interactions become appreciable only in 
crowded 兀一conjugated (or 兀-isoconjugate) systems; (3) non

bonded interactions can be assessed by the signs of the 
products of AO coefficients of two end atoms in the high- 
e아 occupied (HO)MO. The 4N+2 electron system has 
attractive, while 4N 兀 electron system has rep니sive inter
actions. Systems with 4N-I-1 and 4N—1 丸 electrons are at
tractive but stabilizing effects are smaller than that for 
4N4-2 system, we have also poi마ed out that the interact
ing atom pair may be considered to form a loose center 
(or bond) which acts either as an electron source (donat
ing) when there is a repulsive interaction, or as an electron 
sink (withdrawing ) when the interaction is attractive. We 
have adopted a notation of (wtt/w) to represent nx elect
rons delocalized over m atoms or centers, and have shown 
that the effect of stabilizing (attractive interaction) and des
tabilizing (repulsive interaction) composite it structures within 
a molecule is additive. According to these rules, 3-vinyl 
group on HTE6 forms a (4찌4) repulsive center (triene mo
iety itself forms a (6兀/6) attractive center) which will act as 
an electron repelling center (shown by arrows as <——>)at 
the intcra니ing site i (which is position 4 in this case) and

hence will increase the overlap population,尸％, of the 
electrocyclization center. On the other hand 3-allyl, (7), and 
3-pr아pyl, (8), substituents, when isoconjugate 尤 structures 
of methylene groups are taken into consideration, give a 
repulsive site at position 2 from a (4찌4) structure and an 
attractive (shown by arrows as <——>)site at position 4 from 
(5찌5) and (6찌6) respectively.

Attractive interaction leads to electron withdrawl from 
the main triene moiety and hence decreases overlap po- 
p니lalion, p16jr, of the electrocyclization center.

N이e that there is an extra (4찌4) system in (8), which 
does not interact directly with the triene moi리y; it will



New Empirical Potential Function to Hydrogen Bonding

TABLE 1: Average Percent Errors in Various Quantities

This work Var아Lippincott* Levinef

|U-Urkr|〃L, average
error 2.06 2.30 2.21 1.99

IU-Urkr 1/D,, standard
deviation error 1.27 1.43 1.37 1.05

Vibration-rotation interaction
constant, a/ 0.0 15.6 13.8 11.1

Anharmonicity constant,
16.3 14.6 12 고 14.5

flData from ref 17, 언ata from ref 16, 'data form ref 18. 
JSee refs 15 and 16 for the detailed explanation.

——0——
Donor Acceptor
«-r—>
<--------R--------->

Figure 1. A scheme proposed for the hydrogen bonding.

where J means Sutherland parameter. With w=0, eq. 1 
becomes the Mores type.

The relative accuracy of the potential may be determined 
by calculating the vibration-rotation interaction constant 
J and the anharmonicity constant a)% for molecules15 and 
by comparing them with the experimental results. Also the 
potential energies are compared with those obtained from 
the Rydberg-Klein-Rees (RKR) method based on the first- 
order Wentzel-Kramers-Brillouin (WKB) approximation for 
19 states of diatomic molecules.17-18

The average percent errors in |(J-URKR\/De, ae and 
a)f%e for them are listed in Table 1 and compared with 
other works.

We find that the function of eq. 1 gives an average error 
in I U~Urkr| /De for those states of 2.06% as compared with 
2.21 % for the Lippincott function16, 2.30% for the Varshni 
function17 and 1.99 % for the Levine function18. Also in 
Table 1 we see that eq. 1 gives the best prediction of ae, 
but the slightly larger values of a?% than other works. 
From this result we may judge the present function to be 
suitable for the various states of diatomic molecules (except 
for too small distance).

Model Based on a Pot이Function

The potential function eq. 1 is applicable to a model of 
hydrogen bonding provided that it be modified suitably, 
which is illustrated in Figure 1 for OH…O bonding as 
shown in Lippinc아t et al? and Reid.8

The potential energy for this model consists of the sum 
of three contributions

U~ED-\-EA-\-EQt (3)

where Ed and are the potential energies for the hy
drogen donor and the acceptor bonds, respectively, based 
on eq. 1 as follows;

Ed=z" 1 — (『) "-이 2 (4)

and
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为=以* {1- (二엎*)}2_” (5)

where De and De* denote the dissociation energies for the 
hydrogen donor and the acceptor bonds, respectively; r and 
R> bond distances for those bonds; and r/» their 
equilibrium distances; nt a, n* and a* are constants.

And £0 denotes the interaction energy between the hyd” 
rogen-bonded molecules without considering the interactions 
between the atoms which directly form the hydrogen bond
ing. For the sake of an efficient calculation, we assume £0 
only to be the interaction energy between the hydrogen 
donor and the acceptor atoms, since their charges and 
polarizabilities represent different aspects of the electronic 
environment in hydrogen-bonded molecules.

Accordingly, we have expressed Eq by using the empirical 
potential functions19"21 and an additional term, Eect, due to 
the effective charge-transfer through the hydrogen bonding;

EouEcou + Epoi + Ed—r+Eect (6)

where

E =0通끄丄 (7)Jcou R \f J

1 —> —>
Epol = — 专 g(£o)2+aD (當)2}, (8)

and

S=& 서-資+(1 ―备)(1-■好) Cexpf-a지 (9)

Here and dD mean the net charges of the hydrogen 
acceptor and the donor atoms, respectively; 曲 and the 

—> —>
polarizabilities; and the electric fields.

In eq. 9, & and 如 are constants for the calibation of 
the potential depths, Na and ND are the number of valence 
electrons in the hydrogen acceptor and the donor atoms, 
and constants Bt C and a are 0.214 kcal/mole, 4.7X 104 
kcal/mole and 12.35, respectively.

And Z value in eq. 9 is obtained from the following 
relations, i.e.,

Z=R]Ro (10)

and

&= J(2瓦〃 2 瓦) (11)

where _心 and RD are the van der Waals radii of the hy
drogen acceptor and the donor atoms, respectively.

Also the other specific property of hydrogen bonding is 
the charge transfer phenomenon. The dipole enhancement 
upon hydrogen-bond formation and the infrared O-H stre
tching intensity enhancement can be used to explain this 
specificity6, but since the amount of transferred charge in 
molecular associations can not be directly measured and 
hence usually semiempirical or ab initio calculations are 
applied6*22-25, We consider the effective charge-transfer 
contribution as eq. 12, since it is roughly proportional to 
the square of molecular overlap and hence falls off very 
much more rapi이y with increasing distance R,


