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molecular Interaction of Polyatomic Molecules

V.A.Zubkov, B.I.Kolegov, and T.M.Birshtein

In the present review, the results of quantum-chemical calculations of the energy of the interaction of polyatomic molecules
are discussed for the case of dimers. The main theoretical approaches used in the calculation of intermolecular interaction, the
self-consistent field method (supermolecule approximation) and perturbation theory, are analysed briefly. The range of
applicability and the advantages and disadvantages of these main approaches are evaluated. The results of non-empirical
calculations of the interaction of molecules forming dimers of different kinds: with the participation of hydrogen bonds,
donor-acceptor complexes, and others, are examined. The accuracy of non-empirical calculations and the influence of the
basis set used are discussed, and recommendations for improving the non-empirical data are given. The possibility of
constructing analytical potentials (including atom-atom potentials), which can be used to study many-particle systems, from
the results of non-empirical calculations is analysed. In addition to non-empirical calculations, the possibilities provided by
semi-empirical methods of calculating the intermolecular interaction of polyatomic molecules both in the self-consistent field
approximation and using perturbation theory are also examined. The bibliography contains 202 references.
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I. INTRODUCTION so that extensive use has been made of theoretical approaches
to the estimation of IMI using the most varied approximations

Intermolecular interactions (IMI) play an important role in and methods, from empirical atom-atom potentials to non-
many physical and chemical phenomena. The existence of empirical (ab initio) quantum-chemical calculations. The
liquid and solid phases, the effects of the self-organisation of most reliable data are obtained from precision non-empirical
biological molecules and more complex structures, solution calculations, in which the wavefunctions are constructed using
and adsorption processes, etc. are determined by IMI. a sufficiently broad set of basis functions (extended basis)

One of the main tasks in the theoretical study of IMI is and, in addition, account is taken of electron correlation.
the study of the potential energy surface for the interaction These calculations are extremely laborious, and up to the
of two molecules—a dimer. The total intermolecular potential present it has been possible to use them to study only the
can be obtained from the experimental data only in rare cases, interaction of atoms and various small molecules. To analyse
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the IMI of polyatomic molecules, it is necessary to carry out
less rigorous non-empirical calculations using restricted basis
sets. For complex molecules, however, even these calcula-
tions are extremely laborious, and often present an insoluble
computational problem, and it is then necessary to resort to
the semi-empirical methods of quantum chemistry; the results
of non-empirical calculations for model molecules with a small
number of atoms can be used to estimate the reliability of
semi-empirical methods.

Data on the potential energy surface of the dimer make
it possible to proceed to the study of a system of many mole-
cules and to study the structure and properties of liquids
and solids. A natural step on going from the dimer to a sys-
tem consisting of a large number of molecules is the construc-
tion of analytical pair potentials of the atom-atom type, car-
ried out on the basis of information on the potential energy
surface, obtained non-empirically. The analytical potentials
found in this way are used to calculate various characteris-
tics of polyatomic systems; in a number of cases, the Monte
Carlo method is used.

Considerable experience of non-empirical calculations of
IMI has now accumulated, calculations have been carried out
for a large number of dimers with different types of bonding,
and definite ideas exist on the most effective methods of cal-
culation and their accuracy and ranges of application. In the
present review, the results of non-empirical calculations of
IMI, different methods of constructing analytical IMI potentials
on the basis of ab initio calculations, and the results of IMI
calculations obtained by various semi-empirical quantum-chem-
ical methods are discussed. The review deals chiefly with
the results of calculations on polyatomic molecules; the large
number of papers dealing with the interaction of atoms and
diatomic molecules of the type H.. ,H + , H. . .H, H 2 . . . H 2 ,
He.. .He etc. are not examined in the present work.

I I . NON-EMPIRICAL METHODS FOR CALCULATING INTER-
MOLECULAR INTERACTIONS

There are two main approaches to the calculation of the
energy of IMI. One is based on the variation principle.
This principle is applied in a system consisting of several
molecules, which is regarded as a single quantum system—a
supermolecule. The energy of the interaction is calculated
as the difference between the energy of the ground state of
the supermolecule and the total energy of the corresponding
isolated molecules. Since the most widespread method for
estimating the energy and constructing the wavefunctions of
molecules is the method of molecular orbitals (MO), which are
determined from the solution of the Hartree—Fock-Roothaan
equations, often called self-consistent field (SCF) equations,
this approach will subsequently be called the SCF approxima-
tion or the supermolecule approximation. In the second
approach, the energy of the interaction of the molecules is
determined using perturbation theory, whose application
requires a knowledge of the wavefunctions and energies of
not only the ground states but also the excited states of the
isolated molecules.

1. The Method of Molecular Orbitals and the Basis Sets Used
in Non-empirical Calculations

Molecular orbitals are usually constructed as linear com-
binations of atomic orbitals (LCAO) and are determined from
the solution of the SCF equations. The principles of SCF
theory have been described in detail in many monographs

(see, for example, Refs.1-4), so that only those points nec-
essary for the subsequent discussion will be considered here.

The wavefunction of the system is represented in the form
of a Slater determinant, constructed from the MO with allow-
ance for the spin properties of the system. This wavefunc-
tion with energy E^CF i s a n approximate solution of the
Schrodinger equation corresponding to the ground state. To
obtain a better approximation to the solution of the Schro-
dinger equation, it is necessary to take account of electron
correlation. Although the energy of electron correlation
£cor makes up only a small fraction of the total energy,
allowance for this energy is nevertheless important in the
examination of many properties of molecules, The value of
JEc o r is determined either by the method of configurational
interaction (CI) or from perturbation theory.

The accuracy of non-empirical calculations of E^CF a n ( j
£cor depends on the type and number of the basis AO used
in the construction of the MO. If Slater orbitals (Φ§τθ)
are used as AO, completely satisfactory results are obtained
if each AO is represented by a linear combination of two
ΦετΟ (double zeta basis, DZ). A basis set in which there
is one φβχο f° r each AO is called a minimum basis set.

In the Slater basis, however, it is difficult to calculate
a number of integrals appearing in the SCF equations. In
most cases, therefore, non-empirical calculations are carried
out with Gaussian orbitals (Φϋ)· Since these functions
decrease too rapidly with distance, to obtain results equiva-
lent to those obtained with Slater orbitals, each of the func-
tions Φ§ΤΟ * s represented in the form of a sum of several
functions φβ, leading to an increase in the number of SCF
equations. Grouping of some of the functions Φο (contrac-
tion) makes it possible to decrease the number of SCF equa-
tions. The most widely encountered basis sets, consisting
of Gaussian functions, and the methods for contraction are
described in Refs.5 and 6.

To find a wavefunction close to the Hartree-Fock limit,
basis sets consisting of a large number of functions are
required. At the present time, this procedure can be car-
ried out only for small molecules. Calculations for polyatomic
systems are usually carried out in restricted basis sets. In
particular, extensive use is made of the minimum STO-3G
basis set 7, in which there are three Φο for one Φ3ΤΟ· T n e

basis set 4-31G,8 in which the orbitals of the valence shells
are divided into two groups, is close to the DZ Slater basis
sets. There are also basis sets containing polarisation
functions P, describing AO of the d and f type for atoms of
the second period (for example, the basis sets 6-31G* and
6-31G**).9 The selection of the optimum basis set represents
one of the most important problems in non-empirical calcula-
tions .

2. The SCF Approximation

In SCF methods, the energy of intermolecular interaction
is calculated using the equation

(1)

where Ε SCF
AB '

SCF SCF
Ε Λ , and Eg , represent respectively the

Hartree-Fock energies of the supermolecule AB and the iso-
lated non-interacting molecules A and B. Eqn.(l) makes
it possible to obtain only an approximate (Hartree—Fock)
value of the energy of interaction, and for the further refine-
ment of the energy of interaction it is necessary to take
account of correlation corrections: E{nt

 = = £^5iF +^corF" T n e

correlation energy is made up of the intramolecular and inter-
molecular correlation energies. The most significant for
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IMI is allowance for intermolecular correlation, which at
large distances is equivalent to the dispersion energy
1 0 obtained in perturbation theory.

Calculations in the SCF approximation can be divided into
three classes, depending on the nature of the basis set used.

1) Calculations in Hartree-Fock basis sets taking complete
account of correlation. The accuracy of the results of these
calculations is comparable with that of experiment, but the
calculations can only be carried out for small systems. Cal-
culations of this kind have been reviewed in Ref . l l .

2) Calculations in DZ +P extended basis sets, and also in
the basis sets DZ, 6-31G**, etc., are restricted to compara-
tively small systems, but their range of applicability is
expanding rapidly.

3) The most widely encountered calculations are those in
restricted basis sets (of the type 4-31 G) and particularly
in minimum basis sets. As shown below, calculations in
minimum basis sets can be applied to fairly complex systems.

In calculations in extended, restricted, and minimum basis
sets, allowance for electron correlation usually reduces to
the calculation of the dispersion energy.

The accuracy of calculations in restricted basis sets can
be increased if the basis set superposition error (BSSE) is
eliminated; this error arises because the basis set in the
calculation of the supermolecule AB is broader than that in
the calculation of the isolated molecules A and Β. To elim-
inate this error, the calculation of and

h
is carried

out in the basis set used for the system AB (the counter-
poise (CP) method 1 1 ' 1 2.

For the analysis of the physical nature of IMI, it is of
considerable interest to separate E. into its components,
although this separation is somewhat arbitrary. The prin-
cipal components of £ r ^ F a r e the electrostatic energy
(i£ el_ s t), the exchange energy (Eexch)> the induction (or
polarisation) energy (E^^) , and the energy of delocalisation
or charge transfer (EC{), so that it is possible to write:

Ε \ + Ε h + Ε· Λ + Ε t ( 2 )

Effective methods exist1 3 1 6 for separating Ejnt into its
components. Usually, Ect is determined as the difference
£ in t (£el-st + £ exch +Eind)· ^ is only in the improved
scheme proposed in Ref.14 that Ect is calculated directly, and
an additional component is introduced, Emix = E i n t - ( E e l - s t +

^exch +Eind +Ect)> in which account is taken of interactions
of higher orders between different components.

The MO LCAO SCF approximation is now the principal
method in non-empirical calculations of IMI for polyatomic
molecules, since there exist well developed procedures for
solving the Hartree-Fock-Roothaan equations. On the other
hand, the procedure for calculating IMI using perturbation
theory is still not fully developed (see below). Another
advantage of the SCF method is the possibility of studying
the interaction of molecules at short distances.

3. The Approximation of Perturbation Theory

In perturbation theory (PT), the Hamiltonian
system AB is written as follows:

VAB = Hn 4- VAR

of the

Β Ο)

where HA and Ηβ are the energy operators of the isolated
molecules A and Β, VAB the operator of the interaction,
regarded as a perturbation, and Ho= H^+ HQ. For large
intermolecular distances (0.5-0.8 nm) it is possible to use as
the basis functions of perturbation theory the products of
the wavefunctions A.°.Bj of the isolated molecules (i and j are
the indices for the states). This method makes it possible

to estimate the long-range components of Ejnt : E ei-St in first-
order perturbation theory, and Efod and Edisp in second-
o r d e r 1 1 ' 1 7 " 1 9 . At distances close to the van der Waals mini-
mum (0.3-0.4 nm), it is necessary to take account of exchange
effects, and as functions of zeroth order it is necessary to
take the antisymmetrised products •^(Aj.B.0), which, however,
unlike the products A^.Bi are not eigenfunctions of the Hamil-
tonian Ho. This leads to difficulties in the construction of
the series of perturbation theory.

In the "symmetrical" approaches to this problem, the oper-
ator HAB is divided more or less arbitrarily into H° + VAB
[H° ΦΗΟ, V A B =£ YAB> c o m P a r e w i t n Eqn.(3)] in such a way
that the antisymmetrised products ^(Α°.Β.°) are eigenfunc-
tions of the operator H 0 . 1 8 ' 2 0 ' 2 1 This makes it possible to
take account of exchange effects using ordinary perturbation
theory. The "non-symmetrical" formalism starts from the
natural choice of Ho and V^B [Eqn.(3)], but in the expansion,
forced antisymmetrisation of the wavefunction is carried out
by means of the appropriate projection operators. Different
"non-symmetrical" perturbation schemes differ from one
another in the choice of projection operators and the method
of applying them 2 2 " 2 7 . Although the two approaches in
principle give equivalent results 1 8, the "non-symmetrical
approaches" have been more widely used.

Different versions of perturbation theory have been used
to carry out detailed studies of interaction in the simplest
systems (H. . .H, He...He). The results obtained, in par-
ticular the ratio of the contributions of second and third
orders, make it possible to s tate 1 8 ' 2 6 ' 2 8 that in the attraction
region the interaction between molecules with closed shells
can be explained by restricting the treatment to terms of
second order, that is by representing approximately the IMI
energy in the form:

where ΔΕ^1) =Eel-st + £ exch is the first order contribution,

Λβ(2) = £ i n d + j E d i s p + £ exch t n e s e c o n c l order contribution,

and E e x c n the second order exchange energy, taking account

of the exchange corrections to Ejn(j
 a n d £disp· This conclu-

sion is confirmed by calculations for more complex systems 2 9 ' 3 0.

The different versions of perturbation theory generally
(2)differ only in the expressions for β
exch

Precise calculations of the interaction H.. .H and He.. .He
have shown18 that the contribution of E^2) represents a few

PT e x c npercent of E.
int' This contribution has not been estimated

for more complex systems, but a precise calculation for the
dimer (H2O)2 showed30 that satisfactory values of E P T are

int
obtained without taking account of E exch· ^ m a v be
assumed that the part played by Ε . is also small in the

GXCfl

case of the interaction of polyatomic molecules. A rigorous
analysis of £j nd 2 8 showed that in the range of non-negligible
overlap, allowance for induction interaction requires the
introduction of significant ionic terms into the wavefunction.
This means that for the correct calculation of E?T it is nec-

md
essary to use as basis functions the wavefunctions of excited
states, which contain ionic terms, that is states with charge
transfer.

Thus in the calculation of the interaction energy from per-
turbation theory in extended basis sets which make it pos-
sible to take account of ionic states, it is possible to restrict
the treatment to the contributions Eel-st> £exch> ^ind' a n d

£ disp · If however the basis set of the excited states is
restricted and does not contain ionic terms, it is necessary
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to take direct account of the contribution of Εοχ. This quan-
tity is used in explicit form in the perturbation theory
developed by Murrell and co-workers3 1, and also in the "sym-
metrical" theory 2 0 .

The possibilities provided by perturbation theory and the
?CFSCF method can now be compared. Unlike E?~ , the quan-

tity E. contains directly. For the other components,

for exact (correlated) wavefunctions, the calculation of the
electrostatic and exchange energies from perturbation theory
and in the SCF approximation leads to identical results. The
differences for the Hartree—Fock limit are also negligible. In
the calculation in a basis set containing ionic terms, E^T cor-

i n d

responds to the sum of Ε ^ and E°~ r from Eqn.(2) (it must
md ct

SCF SCF
be borne in mind that E--, and Ε also contain added
terms from higher order contributions). In the calculation in
restricted basis sets without ionic states, EpT i s compared

SCF m d

only with E.,, 2 9 but in this case it is necessary to estimate

, for example according to Ref. 31. It is suggested1 8 that

corresponds to a certain fraction of Ε ? ^ ·
There are grounds for assuming that the SCF method and

perturbation theory give equivalent results 2 9 ' 3 0 ' 3 2 , particu-
larly in calculations in extended basis sets 3 0 . The methods
of perturbation theory have as yet been little tested for
polyatomic molecules, and at present, the great majority of
non-empirical calculations of IMI for complex molecules are
carried out by the SCF method.

The questions dealt with in this section are examined in
more detail in monographs 1 1 ' 1^ and reviews1 8 '1 9. The most
complete analysis of "unsymmetrical" perturbation theory is
given in Refs. 19, 26, and 27.

I I I . NON-EMPIRICAL CALCULATIONS FOR DIMERS OF
DIFFERENT CHEMICAL CHARACTER

The IMI calculations discussed in this section were carried
out chiefly in restricted basis sets. As indicated above,
this means that the data obtained in the calculations on the
equilibrium geometry and energy of interaction may differ
slightly from the experimental results.

1. Hydrogen Bonding

Systems with a hydrogen bond have been studied in detail,
both theoretically and experimentally (see published mono-
graphs 3 3 " 3 5 and reviews3 6 '3 7). The interest in these systems
is due to the fact that they include such materials as water
and biopolymers. From the theoretical viewpoint, it is of
interest to determine why the hydrogen bond is generally
stronger than other types of IMI, and has a definite direction
in space.

The water dimer can be considered first. Non-empirical
calculations have been carried out for this dimer, which have
made it possible to determine the three-dimensional structure
and bond energy of the dimer and to distinguish the most

t See also I.G.Kaplan, "Vvedenie ν Teoriyu Mezhmoleku-
lyarnykh Vzaimodeistvii" (Introduction to the Theory of
Intermolecular Interactions), Izd.Nauka, Moscow, 1982.

important factors determining the stability of the dimer. Cal-
culations for the dimer (H2O)2 have been carried out in differ-
ent approximations as far as the use of Hartree-Fock basis
sets with allowance for correlation. All non-empirical calcu-
lations , irrespective of the choice of basis set, indicate that
the most favourable of the three possible structures—linear,
crossed, and cyclic (Fig.l)—is the linear structure with a
distance between the oxygen atoms RQ—Q close to 0.3 nm.
This result agrees with the experimental data 3 8, according to
which R o - 0 = 0.298 nm and θ = 60°. The magnitude of the
energy of interaction depends on the method of calculation.
The results of a detailed calculation for the dimer (H2O)2 by
the SCF method and perturbation theory in a basis set close
to the Hartree-Fock set are given in Ref.30. The calcula-
tion using perturbation theory gave the components E e i_ s t,
^•exch > ^ind > a n d £disp · Since the basis functions used to
calculate £i n d contained functions of the charge transfer
type, E^d in Ref.30 in fact took account of the contribution
of Ect- It is natural to compare the sum E' = E e i - s t +

£ e x c h + £ i n d w * t n t h e quantity Ε.^ calculated in the same

basis set. It was found (Table 1) that for distances greater
than 0.275 nm, E?^F j s reproduced with a good accuracy by

the quantity Εί , τ · The distance RQ-Q = 0.3 nm corresponds
SCF

to the minimum values of E · . and E S C F - Ifi 2£ int - ~ 1 6 · 2

kJ mole 1 , Ε'ρτ =-16.1 kJ mole x . According to Ref.39, the

Hartree-Fock limit for E ? ^ F i s 16.3 + 1.1 kJ mole"1. The fact
SCF

that the minimum values of E. and E' coincide provides

evidence that the two approaches to the calculation of IMI,
based on SCF theory and on perturbation theory, are equi-
valent. The discrepancies between E?^F a n d E'T at short

SCF
distances is attributed to the presence in E. . of corrections

of higher orders, and various other characteristics of the

SCF method29. When allowance is made for E d j s p from per-

turbation theory (see Table 1), the value of Requil i s found
SCF

to be 0.286 nm, and E i n t = E i n t + £<iisp =-24.3 kJ mole"1. 3 0

The data from Ref.40, obtained for the dimer (H2O)2 in an
extended basis set with allowance for correlation by CI meth-
ods are: E?JR.F =-18.1 kJ mole"1, E?9F = -3.6 kJ mole"1, and

=-21.7 kJ mole"1.
From experimental data it is known that the bond energy in

the water dimer lies in the range -16 kJ mole"1 to -28 kJ mole"1

li,38,4i^ rp n e c a i c u i a t i o n gives satisfactory values for the
bond energies, but the scatter in the experimental data makes
it impossible to determine which is the best method for taking
account of the correlation correction to Eft[+ ·

The results of calculations carried out for a linear dimer
using perturbation theory in a basis set close to the Hartree-
Fock set3 0 and by the SCF method in different restricted basis
sets with separation of E ? ^ F into its components'*2 are com-
pared in Table 2. The data in Table 2 make it possible to
follow the influence of the basis set on the results and to ana-
lyse the nature of the bond in the dimer (H2O)2. It follows
from Table 2 that the greatest contribution to the bond energy
is made by the electrostatic interaction, and the contributions
of Ect and E ^ ^ are less significant [E^isp =-6.4 kJ mole"1

(Table 1) is also not decisive]. In the STO-3G basis set, the
contribution of E ei_ st is lowered, and the role of Ect is
increased. The calculation in the basis set 4-31G leads to an
increase in the bond energy in (H2O)2 as a result of an exces-
sive value of the electrostatic attraction. More balanced data
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are obtained in the basis set 6-31G**, which contains polari-
sation functions, but in this case also the role of Ect is
increased. It should be noted that the minimum basis set1*3,
optimised for calculating IMI, in the case of the linear dimer

^ F 1

of water gives =-18.6 kJ mole"1 for Ko-0 = 0 · 3 n m >

which is close to the results of the calculation in the Hartree-
Fock basis set 3 9 . The influence of the basis set on the cal-
culated values of Ε^ζ^ will be considered below,

mt

Η Η

Figure 1. Linear (a), crossed (b), and cyclic (c) configura-
tions of the water dimer1*2.

Table 1. Energy characteristics of the IMI, found by the
SCF method and from perturbation theory (PT) for the
dimer (H2O)2.

Λθ-Ο> n m

0.212
0.233
0.254
0.275
0.300
0.370
0.476

54.8
13.6

—5,3
—13.4
—16.1
—12.0

—4,8

144.9
44.9

3.8
—11.G
—16.2
—12.4

—4.8

^disp

—60.5
—35.2
—20.5
—11.9

- 6 . 4
—1.3
—0.2

£ ' § r t F + £'<iiSp

84.4
9.7

—16.7
—23.5
—22.6
—13.7

—5.0

Other examples of small molecules with a hydrogen bond
have been examined in a large number of studies. Some of
the results obtained in the SCF approximation for different
basis sets are given in Table 3 (the data in Table 3 were
taken from Ref.43, which gives references to the original
papers). The values of E?CFobtained for (H2O)2 and (HF)2

in Hartree-Fock basis sets are the most reliable. The bond
energies for the systems HOH.. .NH3 and H 2O.. .HNH2, calcu-
lated in extended basis sets, are slightly too high1*3 (absolute
values). It may also be noted that a number of calculations
carried out without eliminating the superposition error in
other basis sets (for example in the standard minimum STO-
3G and (7s3p), denoted OLD in Ref.43, in the minimum basis
set NEW, obtained in Ref.43 by optimising the basis set OLD

for the calculation of IMI, in the basis set of intermediate type
4-31G, and in the basis set 6-31G*, containing polarisation
functions) lead to values of #f^ F which are higher than those
obtained using an extended basis set. Elimination of the
superposition error by the counterpoise method in the case of
calculations carried out in the basis sets OLD and NEW gives
results close to those obtained with Hartree-Fock and
extended basis sets. Unfortunately, a correct comparison of
the values of E ^ F found from the calculation with the experi-
mental data is difficult. Firstly, the experimental data are
not always available, and their accuracy is low. Secondly,

a meaningful comparison of Ε"~* with experiment requires at

least an approximate estimate of E^isp. Table 3 gives the
values of E^isp calculated in Ref.43 using an equation of the
London type in terms of bond polarisability. Although these
values of E^jgn are too low1*1*, they nevertheless make up an
appreciable part of the total energy of interaction. Allow-
ance for dispersion corrections improves the agreement
between the experimental data and the calculated bond
energies, obtained by the SCF method in extended Hartree-
Fock basis sets and also in the basis sets OLD and NEW. It
may be noted that different dimers with a hydrogen bond
were also examined in Ref.42 in the basis set 4-31G and with-
out additional allowance for dispersion corrections. The most
characteristic properties of hydrogen bonds, which make them
unique, were discussed in this paper. The authors'*2 stud-
ied different dimers, in which the proton donors were HF,
H2O, NH3, and CH4, and the proton acceptors HF, H2O, and
NH3. It was shown that the bond energy E?CF varies over

a fairly wide range from -68.2 kJ mole"1 for the complex
H 3N.. .HF to -42.0 kJ mole"1 for the complex H3N. . .HF to
-4.6 kJ mole"1 for the H 2O.. .H4C system. An analysis of
the components of the energy ES C.F found using the published

scheme11* led to the following conclusions about the nature of
the hydrogen bond [for the dimer (H2O)2see Table 2].

Table 2, Components of the energy of the IMI in the linear
dimer (H2O)2 with I?o-O = 0 · 3 n m > obtained in different
approximations30'1*2.

Components of the
energy, kJ mole'l

AE°
^el-st

^exch
^ind

Ect

£mix

Perturbation
theory3

—16,1

—29.8

20.5

-6.8d

—

—

SCF methodb

3-31G**

—23.4

—31.4
18.0

, 2.1

—7.2

—0.4

4-31G

-32.2

—37.2
17.6

—2.1
—8.8

—1.7

STO-3 Ο

—21.3

—17.6

6.7
—0.4

—20.1

0.1

Rn-n =Ό - Ο
aBasis set close to the Hartree-Fock set"

0.3 nm, θ = 0° (see Fig. 1).
b R O - O ~ 0 · 2 9 8 n m > θ = 6 0 ° · According to Ref.42, the

results change little with change in Θ.
CAE =EpT in perturbation theory3 0 and ΔΕ = Ε in the

calculation by the SCF method.
^ i n d from perturbation theory contains Ect (see text of

the present review and Ref.30).
eSee discussion of Eqn.(2).
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1) All the hydrogen bonds are electrostatic in character,
that is the stabilisation is determined chiefly by the electro-
static contribution.

2) The relative part played by £ c ^ is slight in strongly
bonded dimers, but increases in weakly bonded dimers.

3) The length and degree of departure from linearity of a
hydrogen bond Y-H.. .X are determined by the ratio of
£exch a n d £disp ·

SOF
Table 3. Energies Ε , kJ mole"1, calculated in different

basis sets for the equilibrium configurations of various dimers
with a hydrogen bond1*3.

Η3Ν·
ΗΟΗ
Η2Ο·
HF··
Η3Ν·
ΗαΟ·

-HF
·-Η,Ν
·Η2Ο

HF
·ΝΗ,
ΗΝΗ2

-59.5
-33.3

31.2
33,1

-15.9
-15.5-11.

NEW 6

-50.4
-27.8
- 2 5 3
-22.2
-12.8

34.7
24.7
25 1
23.0
15.9
17.1

OLD
(CP)C

NEW extended
<cp> [basi

6S.1
37.6
33.9
32.2
17.1
17.1

51.
27.2
23.4

24.7
12,1
7.1

0—49.7
—25.2
—20.4
—15.9
—11.1
, Q 9

—42.0
—21.3

18.6

—12.2
—9.6

8.4

26.3
18.2

—9.6

-16.3
-13.4

—8.1
5.4

—3.6
—2.8

—21.8±6.3

—Is! 8+1! 7

aMinimum basis set (7s3p) from Ref.43,
^Minimum basis set, obtained in Ref.43 by optimising the

basis set OLD for the calculation of intermolecular interaction.
Calculation with elimination of the superposition error by

the counterpoise (CP) method.
^Hartree-Fock basis set.
eValues of £diSp calculated in terms of bond polarisability.
fSee pp.63 and 175 of Ref . l l .

more favourable. The stretching of the strong bond Υ—Η,
however, requires too great an expenditure of energy. Thus
in accordance with published work1*2'1*6, the normal hydrogen
bond is characterised by a definite (linear) direction and
intermediate energy values.

Various other polyatomic systems with a hydrogen bond
can now be considered. A cycle of studies by Pullman and
co-workers'*7"61 (see also references therein) was devoted to
a study of hydrogen bonding involving biological molecules,
in particular their mono- and polyhydration. The calcula-
tions were carried out in the SCF approximation in restricted
basis sets and without additional allowance for £<ϋ8ρ· The
energy of interaction £ § ^ F was analysed by the scheme of
Ref.15, which is simpler than the schemes of Refs.13 and 14.
The contributions Eel-st» £exch» a n d £ i n d + ^ c t were sepa-
rated. The electrostatic energy in some cases was approxi-
mated by the energy of interaction of the point multipole
moments of the molecules, and this simplifies considerably the
estimation of this contribution. Pullman and co-workers have
studied in detail the hydration of amides5 3 ' s l*'5 7, nucleotide
bases'*7, urea and thiourea 5 8 ' 5 9, and the carboxylate anion6 0;
they showed that the characteristic features of the hydration
are determined by the magnitude of the contribution Eel-st»
since Eexch a n d ^ind + ^ct approximately compensate one
another. A more detailed review of this work can be found
in Ref.61.

Many authors have studied hydrogen bonding in formamide
oligomers6 2"6 6, which provides a model of the interaction in
polypeptides and proteins. The most interesting results
were obtained for the description of the interaction of amide
groups in different configurations, which are characteristic
of polypeptides; mention must also be made of the study of
cooperative effects65. It was recently shown66 that the
attraction of amide groups is stronger in an a-spiral than in
a 31 0 spiral, and cooperative effects were detected on going
from the dimer to the trimer.

Both the calculated and the experimental data indicate
that the absolute magnitude of the energy of a normal hydro-
gen bond does not exceed 60-70 kJ mole"1 (ionic hydrogen
bonds NH 3 . . .H+ or FH.. .F~, where the bond energies reach
hundreds of kJ mole"1, are not considered here). Compari-
son of the hydrogen-bonded dimers with the lithium complexes
(LiF)2 and (LiH)2 "*2 and the strong electron donor-acceptor
(EDA) complexes H 3N...BH 3 and BH3...OC,1*5 in which the
bond energy reaches between -150 kJ mole"1 and -300
kJ mole"1, makes it possible to estimate the position of dimers
with a hydrogen bond in the general series of strongly bonded
complexes. The authors 4 2 consider that the unique character
of the hydrogen bond is determined by the fact that in it the
proton donor has a short strong bond Y-H of medium polarity.
Since the bond has medium polarity, the energy of electro-
static attraction is insufficiently large, and therefore does
not compensate the contribution of Eexch» which increases
rapidly as the atoms Η and X approach one another. Since
the atoms Υ and X are insufficiently far apart, and the bond
Y-H is short and its stretching is difficult, the interaction of
the atoms Υ and X also makes a significant contribution to the
exchange energy. In the strong EDA complexes and in the
lithium complexes, the strong electrostatic interaction com-
pensates the exchange repulsion, and the atoms of different
molecules approach one another to distances less that 0.2 nra
[i?N B =0.175 nm in H 3 N...BH 3 , and R L i - > F = 0.180 nm
in (LiF)2]. In the lithium complexes, the bond in the mono-
mer is easily stretched, and this leads to greater possibil-
ities for bond formation in the complex. Thus in (LiF)2 and
(LiH)2, the cyclic structure, and not the linear structure, is

Tcble 4. Components of the energy of IMI in the dimers
(HCONH2)2 and (HCOOH)2, calculated in different basis sets
(from data in Refs.67 and 68).

Components of
the energy, kJ

mole'*

^el-st
^exch
-Mnd

^int

(HCONHjIi

STO-3Ga

46.5

—3.2

—61.2

—63.6

(HCOOH)j

STO-3Ga

—60.0

96.0

—3.5

—97.9

—65.5

minimum basis
set

-94.4C

89.7

—16.7

—46.2

-31.8 d

—99.6

DZ b

-103.6c

142.9
—27.5

-28.0 d

—59.4

aFrom Ref.67, for J ? o _ o = 2.73 A.
DFrom Ref.68, for RQ-Q = 2.7 A in minimum and DZ basis

sets.
cCorrected with allowance for the ratio ycalc^expt» where

μ is the dipole moment.
dNon-empirical calculation using perturbation theory.

The SCF method has been used 6 7 to study hydrogen bond-
ing in the dimers (HCOOH)2, (HCONH2)2, and [B(OH)3]2 in an
STO-3G basis set without additional allowance for
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(Table 4). The value found for E | g F (STO-3G) for (HCOOH^
is close to the experimental value, and amounts to between
-60.8 kJ mole"1 and -73.3 kJ mole" 1 . 6 7 ' 6 8 . It follows from
Table 4 that in the basis set STO-3G, the bond energy in the
dimers (HCONH2)2 and (HCOOH)2 is determined chiefly by the
contributions Eel-st a n d f?ct· In the STO-3G basis set, how-
ever , the contribution Ec^ is too large. This follows from a
comparison of the components of £ ? ^ F in the dimer (HCOOH)2,

obtained in the basis set STO-3G 6 7 and in the DZ basis set 6 8

(see Table 4). According to Ref.68, the greatest contribu-
tion to the bond energy in (HCOOH)2 is made by Eel-st· In
the case of the DZ basis set, to obtain results close to the
experimental data, it is necessary to take additional account
of the dispersion contributions Edisp· It m a v a l s o b e noted
that the data obtained in Ref.68 were used in Ref.69 to con-
struct model potentials (see R.p. 1073). Calculations carried
out in an STO-3G basis set gave satisfactory values for the
enthalpies of formation of the dimers of a number of alcohols
7 0 , and were also found to be suitable for the study of the intra-
molecular hydrogen bond in 7-norbornenol71. Mention must
also be made of the extensive series of studies by Del Bene
(see Refs.72 and 73 and references therein), devoted to the
examination of hydrogen bonds in various systems. Lack of
space makes it impossible to give a detailed description of the
results of recent calculations71*~77 for systems containing a
hydrogen bond, such as nitric acid and ammonia, pyrrole and
acetonitrile, formaldehyde and hydrogen sulphide, and the
sulphide anion and water.

In Ref.78, the HO~...H2O system was studied, and data
were obtained on the influence of the solvent on the relative
acidity of water and methanol.

In most of the work discussed, the MO LCAO SCF approx-
imation was used. Perturbation theory was used in Refs.30,
79, and 80. The last two papers also discuss calculations
carried out by the self-consistent field method for the sys-
tems (H2CO)2, (H2O)2, and (HF)2 in different approximations.
Symmetrical perturbation theory2 0 has been used successfully
3 2 to calculate the bond energy in the systems H2CO. . .OH~
and H,CO...NHo.

2. Electronic Donor-Acceptor Complexes

From Mulliken's model for EDA complexes81 it followed that
in these systems an important part is played by charge trans-
fer; in particular, it was suggested that the structure of a
complex is determined by the interaction between the occupied
MO of the donor and the unoccupied MO of the acceptor.
Semi-empirical calculations for EDA complexes82»83 showed,
however, that £ c t does not make the decisive contribution to
the interaction energy, and the electrostatic interaction is
generally more significant. Non-empirical calculations for
EDA complexes have begun to appear only comparatively
recently. It has been shown81*'85 that in a minimum basis set
and the DZ basis, the equilibrium geometries in the complexes
formed by H3N and (CH3)3N with F2, Cl2, FC1, C1F, SO2, and
O3 are approximately the same, but higher values are obtained
for the bond energy in the DZ basis set. These calculations
showed that the bond energy of the complexes of H3N with F 2,
Cl2, FC1, and SO2 is greater than the bond energy of the cor-
responding complexes of trimethylamine. In contrast to the
complexes H 3 N . . . F 2 and H 3 N...C1 2 , in the case of the com-
plexes H3N...FC1 and H3N...C1F the results depend markedly
on the choice of basis set. From qualitative considerations,
a high bond energy is expected for the complex H 3N.. .C1F,
since in the C1F molecule the Cl atom is positively charged,
and the Ν atom in the NH3 molecule is negatively charged.
According to the results of the calculation carried out in the
DZ basis set, the bond energy in the complex H3N...C1F is
-32.2 kJ mole""1, and the complex H3N. ..FC1 is unstable,
whereas according to the calculation in the minimum basis set,
the complex H 3N.. .FC1 is more favourable. The reason for
this lafck of agreement between the results of the calculation
in different basis sets is apparently that in the minimum basis
set it is not possible to estimate correctly the direction of the
dipole moment in the C1F molecule.

A systematic study of EDA complexes has been carried out
45,1*6,86,87 _ T h e calculations were carried out chiefly in the
basis set 4-31G. For some of the complexes examined, per-
turbation theory was used to estimate the value of Edisp ·

Table 5. Energy characteristics of IMI, kJ mole 1 , for the optimised intermolecular distances (i?equil)> a n d the
classification of the EDA complexes (calculation in the basis set 4-31G).

H3N .. . BH3

OC . . . BH3

(CN2)CO . . . H2O
(CN)2CO . . . H2O

(CN)2CO . . . C6He

(CN)2CO . .. CeH6

(CN)2CO . . . CeH0

~i2 . . • CflH6

Type of
complex

no*

σα*

ηπ
ηπ

nn
ππ
ππ
πα

-Kequil

0.160

0.163
0.270

0.270b

0.360

0.360b

0.320b

0,360

^el-st

—595.4
—254.8

—4'). 6
—17. G

—11.7
—4.0

—6.1

—2.1

^exch

570.3
413.8

18.4
8.4

7.5
2.1

12.5
2.9

^ind

—178.7
—258.6

—4.2
—0.8

—7.1

—0.2
—0.4
—0.4

—220.5

—285.8

^mix

125.1

266.1

-7.5*
-4.6 d

—6.7 | 0.4

-0.6 d

- 3 . 1 d

—3.3 0

—299.2

—119.6
—33.9

—14.6 6

—17.6

-2.7 b

2.9b

—2.9

^disp

_

—

-5.0»

-1.8 a

-10.9
-3.7 a

-23.3°
-2.9»

_

—

—38.9
—16.2

—28.5
—6.4

—20.4
—5.8

Classification

s., el-st

s., ct-ind-el-st
int., el-st

ditto

int., disp-el-st
ditto

w., disp-ct-el-st

Refs.

[45, 46]
[45, 46]

[87]

[86]
[46]

[87]

[89]
[46]

a The value of Edisp w a s calculated non-empirically using perturbation theory.
DSTO-3G basis set.
c The value of Edisp was calculated in terms of bond polarisability.
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Breakdown of the energy E?^F into its components made it

possible to determine the interactions responsible for bond
formation in the complexes. All the complexes examined were
classified according to the values of the bond energy as
strong (s.) with iijnt in hundreds of kJ mole"1, intermediate
(int.) with £int i n tens of kJ mole"1, or weak (w.) with Ε int
in units of kJ mole"1, and according to the nature of the bond
as electrostatic (el-st), induction (ind), and charge-transfer
(ct).

The calculated characteristics of some of the complexes
examined in these studies are given in Table 5. The data in
Table 5 show that the EDA complexes are not charge-transfer
complexes. The influence of charge-transfer is different for
different EDA complexes and does not correlate with the
strength of the complexes. Thus the suggestion81 that EDA
complexes are always charge-transfer complexes was not con-
firmed in the non-empirical calculations. Significant contri-
butions from £ c t were found for the η σ*- and oo**-complexes
formed by polar molecules (H3N, BF3, OC, BH3). These com-
plexes are characterised by strong electrostatic interaction
and short equilibrium distances. With decrease in the polar-
ity of the molecules, the complexes become weaker (H2CO...F2).
It may be noted that the values of the energy fiSCF calculated

J b int
in the 4-31G basis set are found to be too high, since, for
example, in the strong complexes R 3 N...BF 3 and R 3N...BH 3

(R = CH3, C2H5), which have similar bond character, the
experimentally determined values of the bond energy lie in
the range from -110 kJ mole"1 to -150 kJ mole"1. 8 8

Complexes involving molecules containing π-electrons are
of considerable interest. For a complex of the type η π*
[for example (CN)2CO.. .H2O], the most favourable configura-
tion was found to be that in which the water molecule is situ-
ated above the plane of the (CN)2CO molecule86 (Fig.2). Cal-
culations were carried out in this configuration for the
water.. .tetracyanoethylene (TCE) ηTT*-complex. In these
configurations, the stabilisation of the complexes is determined
by £el-st·

basis set it is -38.8 kJ mole The value =-38.9

Figure 2. Configuration of the dimer H 2O.. .(CN)2CO.

The equilibrium distances (0.27-0.30 nm) are greater in
the n7r*-complexes than in the strong na*-complexes, so that
the contributions of Ect and Eind are small. The role of dis-
persion energy in these systems is slight. It may be noted
that the choice of the basis set has a significant influence on
the calculated values of the bond energy. For example, in
the STO-3G basis set the energy Ε-^ζ^οί the complex
(CN)2CO...H2O is -16.3 kJ mole" 1 , " ' 8 7 whereas in the 4-31G

kJ mole 1 is too high, as is typical of calculations in the
4-31G basis set. The experimental value of the bond energy
in the similar system (CN)2CO.. .diethyl ether is -18.4
kJ mole" 1. 8 6

For the TTiT*-complex (CN)2COC6H6 in Ref.87 a "stacking"
configuration was chosen, in which the distance between the
planes of the molecules and the position of the centre of the
benzene ring relative to the C = 0 axis were optimised (in an
STO-3G basis set). A calculation in the 4-31G basis set was
carried out for the equilibrium configuration obtained, with

^equil = ^ ·36 nm.
SCF

The differences in the values of Ε. , for the two basis
int

sets (see Table 5) are due to the characteristic features of
the electron distributions obtained in the different basis sets,
since these influence the values of E ei-St and E^d· The
experimental bond energies for these systems are between
-20 kJ mole"1 and -25 kJ mole" 1, 8 7 which appear to agree only
with the results of the calculation in the 4-31G basis set:SCF
*ant(4-31G) = £i n t (4-31G) + £ d i s p (4-31G) =-28.5 kJ mole"1.
It should be noted, however, that the value Edisp (STO-3G) =
-3.7 kJ mole"1, calculated in the STO-3G basis set using per-
turbation theory, is clearly too low. The calculation of
£ disp in terms of the bond polarisability for the dimer
(CN)2CO. . .C6H6 being discussed gives the value -13.1
kJ mole"1 for R - 0.36 nm. 8 9 Kolos89 points out that if the
more realistic values of Ε^ϊβρ calculated in terms of the bond^ϊβρ

polarisability are added to the values of £?^F(STO-3G) from

Ref.87, then Hequil becomes 0.31 nm, and the bond energy
-20.4 kJ mole""1 (see Table 5). It may therefore be assumed
that the bonding in the dimer involves both dispersion inter-
actions and electrostatic interactions, and the estimate of
their contributions to the bond energy depends on the basis
set (the value of £ el-st i s smaller for the STO-3G basis set,
and larger for the 4-31G basis set).

In conclusion, mention may be made of a paper9 0 describing
a study of charge transfer in the glyoxal-water, (H2O)2, and
H 2O...Li+ systems by different methods (supermolecule,
perturbation theory, etc.).

3. Dimers With Other Types of Bond

There have been comparatively few studies of weakly polar
or non-polar van der Waals systems, whose stabilisation is
determined chiefly by dispersion interactions. Here, mention
must be made of detailed studies 91~91t of the potential energy
surface for the dimers (N 2) 2 and (ϋ 2 Η 4 ) 2 . A significant fea-
ture of these studies is that they examined a large number of
possible configurations of the dimers and obtained fairly com-
plete information on the potential energy surface.

The authors91"9"* used perturbation theory, and repre-
sented the bond energy E^t as the sum of £el-st> £exch»

Eind> and Edisp· The calculations were carried out in DZ

and DZ +P basis sets. It was found that in the systems
studied, the attraction involves chiefly dispersion interac-
tion; the absolute magnitude of the electrostatic components
is several times smaller than that of Edisp· The conclusion
that EdiSp plays a decisive role in the stabilisation of dimers
containing non-polar systems was also reached by other work-
ers , who calculated the energies of IMI in the dimers Ar.. .H2O,
Ar...HCl, A r . . . H F , 9 5 and CH^.-CH,,. ^ In Ref.44, the
results of calculations of E ? r F carried out in different basis

sets were given (Edisp was estimated in terms of the bond



Russian Chemical Reviews, 52 (7), 1983 603

polarisability), and it was concluded that it is appropriate to
use the previously mentioned minimum basis set1*3 for IMI cal-
culations. At the same time, as shown by other authors9 1 '9 1*,
although the attraction is determined by Edisp» t n e structure
of the equilibrium van der Waals dimers depends to a signifi-
cant extent on the energy of exchange repulsion Eexch· The
configurations of the most stable dimers correspond to the
lowest exchange repulsion, and in these configurations the
attraction (Edisp) m a y n ° t be a maximum. For example, for
the dimer (N 2) 2 the most stable structure corresponds to the
crossed (cross-shaped) arrangement of the molecules93'91*,
although the dispersion energy is a maximum in the energet-
ically less favourable linear configuration, in which the
exchange repulsion is large. For a distance R between the
centres in (N 2) 2 equal to 0.4 nm, for the crossed configura-
tion, £ e xch = 0.25 kJ mole"1 and #disp =-1.35 kJ mole"1, and
for the linear configuration Eexch >3 kJ mole"1 and Edisp =
-2.7 kJ mole"1. The absolute minimum on the potential
energy surface corresponds to the crossed structure with
values Ejnt =-1.5 kJ mole"1 and R =0.35 nm.

For the dimer (Ο2Η,,)2, two structures with low values of
Eexch were found to be most favourable92'91*: the staggered
parallel configuration and the screw configuration (bond
energies -5.01 kJ mole"1 and -5.05 kJ mole"1 respectively),
although the value of #disp * s a maximum for the linear
arrangement of the molecules, and the value of Eel-st is a
maximum for the T-shaped structure. Thus in each case
the equilibrium structure of the van der Waals dimer is deter-
mined by a fine balance between the forces of repulsion and
dispersion attraction, and its determination requires a detailed
non-empirical calculation.

These results cast doubt on the reliability of the predic-
tion of the structure of van der Waals dimers on the basis of
simple considerations9 6 '9 7. The use of such characteristics
of the individual molecules as the dipole and quadrupole
moments and polarisability tensors makes it possible to char-
acterise only the long-range contributions of Edisp a n d
Eel-st> which have been shown to be non-decisive. It has
also been suggested that information on the structure of the
free dimer can be obtained from the packing of the molecules
in the crystal, since the relative arrangement of the nearest
neighbours in the crystal should correspond to structures
with a low value of the energy of exchange repulsion. The
most stable structure of the free dimer, however, may differ
from the relative orientation of the nearest neighbours in the
crystal. Of the two most favourable structures of the dimer
(C 2 H 4 ) 2 , only one (the screw structure) resembles the pack-
ing of the C^!, molecules in the crystal; the staggered paral-
lel structure of ( C z H ^ , like the crossed configuration of the
dimer (N 2 ) 2 , differs considerably from the packing of the
molecules in the crystal.

Another important result from these studies92"91* is the
conclusion that for the dimers being discussed, there are a
large number of structures in which the bond energy amounts
to more than 80% of the maximum value. This distinguishes
van der Waals dimers from systems with a hydrogen bond and
from donor-acceptor complexes, for which there are only a
few energetically favourable configurations of the dimers.

Model calculations of the energy of interaction in biologi-
cal systems are of considerable interest. The study of the
interaction of hydroxytryptamines (HT) with the imidazole
(IMD) cation has been described in a series of papers 9 8 " 1 0 0 .
The calculation for a system consisting of these fairly large
molecules was carried out in a minimum basis set in the
"stacking" configuration. Analysis of the components of
gSCF showed that the principal contribution to the stabilisa-

mt
tion of the complex is made by electrostatic interaction. The
same conclusion was reached in a calculation in a 4-31G basis

set with partial allowance for correlation in the interaction of
fragments providing models of HT and IMD.9 9

The interactions in the imidazole-methanethiol system, the
imidazole-methanethiol-formaldehyde system, and the imida-
zole-methanethiol-formaldehyde system in the electric field
created by the charges on the atoms of an α-spiral which
provided a model of the active centre of the enzyme papaine
have been studied 1 0 1 in minimum and extended basis sets. It
was shown that the electrostatic field created by the spiral
is responsible for the formation of an ion pair RS". . .ImH +

from the basic residues Cys 25 and His 159. The anomalous
values of pK for these residues were also explained1 0 1. The
authors 1 0 1 concluded that the α-spirals are important parts of
enzymes and play an important role in the catalytic process.
An analogous problem and similar substances were studied
in Ref.102, where STO-3G and 4-31G basis sets were used to
study the interaction in systems containing imidazole, meth-
anol, formic acid, and methanethiol, which provided models
of the active centres of serine and cysteine proteases. The
number of papers devoted to the non-empirical calculation of
the interaction of large molecules is still small, however; the
calculation of the interaction of such large molecules as tetra-
cyanoquinodimethane (CN)2CC6H1(C(CN)2 and tetrathiofulvene
H2C2S2C2S2C2H2

 1 0 3 as yet represents the exception.

The thermodynamic stability of dimers at finite tempera-
tures is determined not only by the enthalpy of the system,
but also by its entropy. Particular attention was paid to the
calculation of the entropy in Refs. 104-107. In particular,
mention must be made of results101* which showed that even in
polar systems, the role of the entropy term is significant,
and in non-polar systems the entropy determines the behav-
iour of the dimer (see Ref.105). The role of entropy was dis-
cussed in Ref.106, devoted to a study of the nature of the
stationary points of the potential energy surface for the dimer
(HC1)2, and in Ref.107 in a study of the interaction of water
with chloroform, fluoroform, and cyclopropane.

IV. NON-EMPIRICAL ANALYTICAL POTENTIALS

The theoretical analysis of IMI for complex many-particle
systems is carried out chiefly using simple potentials. The
results of non-empirical IMI calculations have recently begun
to be used to obtain analytical potentials. An extensive
cycle of studies has been carried out by Clementi and co-work-
e r s 1 0 8 " 1 3 2 . The structure and thermodynamic properties of
solutions of ions and biological molecules have been studied.
The overall calculation procedure was broken down into three
stages.

1. Non-empirical calculations were first carried out for a
large number (up to several hundred) different configura-
tions of the corresponding dimer, to obtain sufficiently com-
plete information on the potential energy surface for the sys-
tem.

2. A set of pair potentials was then chosen in the form of
functions of a definite type, depending on the parameters.
The parameters were selected to give the best reproduction of
the potential surface obtained in the non-empirical calculation.

3. Finally, the analytical potentials obtained in the pre-
vious stage were used to calculate the thermodynamic and
structural characteristics of the system being studied. Usu-
ally, at this stage, the Monte Carlo method was used for the
calculation.

The procedure described above was used to study the
structure and properties of liquid water 1 0 8. An extended
basis set was chosen for the calculation on the (H2O)2 dimer,
and 216 different configurations were calculated in the SCF
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approximation. The results of the calculation were approxi-
mated by a fairly complex analytical expression consisting of
the sum of pair contributions1 0 8.

A calculation by the Monte Carlo method of the radial dis-
tribution functions in water and their characteristics gave
results close to the experimental data. Particularly good
agreement with experiment was obtained using analytical
potentials1 0 8 approximating the potential surface of the (H2O)2

system found with allowance for correlation by the CI method.
This result clearly demonstrates the possibilities provided by
quantum-chemical methods for estimating various characteris-
tics of many-particle systems.

To investigate the relative role of regular structures in
the overall structure of water, the analytical potentials
obtained were used to study small regular and non-regular
clusters of the form (H 2O) n (n =3-8). It was found that for
the trimer, the most favourable structure is a cyclic structure
with symmetry close to C 3 v ; for n—A and 5, the cyclic struc-
tures are energetically most favourable, and for η = 6, 7, or 8
there are a large number of non-regular configurations with
similar energies. These results, and the fact that the bond
energy corresponding to one molecule increases with increase
in the number of molecules in the cluster, led the authors 1 0 8

to the conclusion that the energy properties of water appa-
rently cannot be described by modelling the liquid phase as
an ideal mixture of small regular clusters.

By studying dimers of the type formed by water with the
ions Li+, K + , F", Cl", Na+, e t c . 1 0 9 " 1 1 2 , and also the interac-
tion of water molecules or ions with fragments of proteins
and nucleic acids (aminoacids in different forms 1 1 3 " 1 1 5 , the
polypeptide core 1 1 6 , nucleotide bases111*'117, and phosphate
groups 1 1 8 ' 1 1 9 ), Clementi and co-workers created a library of
model potentials based chiefly on the results of non-empirical
calculations in a minimum basis set. These potentials, and
the Monte Carlo method, were used to study a large number
of systems. In particular, solutions of ions 1 2 0 ' 1 2 1 and ion
pairs 1 2 2 ' 1 2 3 in water were examined. Particular attention
was paid to the investigation of the structure of water close
to nucleotide bases121*, DNA fragments 1 2 5 ' 1 2 6, aminoacids127'
1 2 8 , and various enzymes 1 2 9 " 1 3 1 . A detailed analysis of the
results of this important cycle of studies is beyond the scope
of the present review; they can be found in a recently pub-
lished monograph by Clementi132. It is appropriate, however,
to deal with various methodological features of these calcula-
t ions 1 0 8 ' 1 1 5 .

In the construction of the analytical potentials, Clementi
and co-workers took account of the fact that the same atoms
in molecules may be present in different valence states (for
example, the states of the oxygen atom are different in the
OH group, in the C = Ο bond of the COOH group, and in the
C = 0 group, where the C atom is in an aromatic ring). For
most systems (except water), the potentials were chosen in
the form of a Lennard-Jones potential with allowance for elec-
trostatic corrections. The reliability of the analytical poten-
tials was estimated from the accuracy of the non-empirical
calculations.

In the opinion of the authors of Ref.44, however, the val-
ues of the energy £^5ΐ are determined more accurately in
minimum basis sets optimised for the calculation of intermolec-
ular interaction (see for example Ref.43), with elimination of
the superposition error by the counterpoise method, than in
standard basis sets of the DZ +P type. It is recommended"*1*'
8 9 that allowance for correlation be made using perturbation
theory, by expressing EgUsp in terms of bond polarisability,
and this has been confirmed by recent results'*1*.

An analogous series of studies was carried out by Jorgen-
sen and co-workers 1 3 3" 1 3 8 . The calculation procedure was
identical to that described above. Systems with hydrogen

bonds (HF)2, (H2O)2, (CH3OH)2, etc. were studied, and the
potentials were taken in the form (12-6-3-1) or (12-6-1). The
calculation for the dimer (HF)2

 133»131( was carried out in the
6-31G basis set for 250 points on the potential surface. The
model potentials obtained were used to calculate the proper-
ties of liquid hydrogen fluoride. The calculations carried
out in the 6-31G basis set, however, give a value for the
energy of attraction which is too large, so that the calculated
heat of volatilisation obtained was too high. Better agree-
ment with experiment was obtained in a calculation for the
dimer (HF)2 in the minimum basis set STO-3G. Similarly, in
the case of water1 3 6, the results of calculations in the STO-3G
basis set also show fairly good agreement with the experimen-
tal data. Jorgensen, like Clementi, recommends the use of
a minimum basis set in calculations for polar systems, and
also that allowance be made for dispersion interactions when
non-polar groups are present.

The pair potentials (in the Lennard-Jones form) used in
these studies should not be confused with the generally
adopted atom-atom potentials, which are capable of reflecting
more or less realistically the interaction of individual atoms.
Fig.3 gives curves 1 3 2 describing the interaction of the oxygen
of a water molecule with a nitrogen atom in different fragments
of biological molecules. It can be seen that for a nitrogen
atom in glycine or asparagine, there is no region of attraction
at all. For nitrogen in guanine or 4-hydroxypyridine, how-
ever, the potential curves show minima corresponding to
equilibrium distances of -0.30-0.31 nm. The potentials
obtained by Clementi and co-workers (Fig. 3) and by Jorgensen
and co-workers apparently must be regarded only as an ana-
lytical approximation to the results of the calculations, making
it possible to go from quantities characterising individual
molecules to macroscopic quantities, and the physical signi-
ficance of individual curves cannot be discussed.

E, kJ mole

Figure 3. Potentials of the interaction between the oxygen
atom of water and a nitrogen atom in different fragments of
biological molecules (J—glycine, 2—asparagine, 3—guanine,
4—hydroxypyridine).132

tial
In another approach, the breakdown of the energy

into its components is used to construct analytical potentials
on the basis of non-empirical calculations. In this case, the
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individual components of E^^ are approximated, and this
method makes it possible to reduce the number of configura-
tions whose energy must be calculated non-empirically.
Moreover, the pair potentials found in this way acquire a
definite physical significance (they can be regarded as non-
empirical atom-atom potentials). This method has been used
to carry out calculations for crystals of carboxylic acids 6 8 ' 6 9 .
In Ref .69, the model potentials for the atoms i and j were
sought in the form

%1 = qwnl + BXY exp (- CXY /-,·/) - DXY exp (-Fr,,) (5)

where r^ is the distance between the atoms i and /; qj and
qj the effective charges on the atoms i and j ; and X and Υ
denote the chemical elements corresponding to the atoms i and
j (Χ, Υ = C , Ο, Η).

The individual terms in the right-hand side of Eqn.(5)
were compared69 with the corresponding components of the
energy EJ-jQ^ determined in Ref. 13, and also with E^jgp ca^~
culated using perturbation theory. The first term in Eqn.
(5) was used to approximate the contribution of Emult> where
Emult is the part of Eel-st which is independent of penetra-
tion effects69; the second term was used to approximate
£ex +£el-st~^mult; the third term is compared with the part
°f £ind + £ disp proportional to #~ 6 ; and the last term takes
account of E c t and the corrections to £ind +^disp- T n e con-
stants A, B, C, D, and F were determined from the results of
non-empirical calculations for 12 configurations of (HCOOH)2

and 16 configurations of the dimer H2CO. . .CH3OP, which is
only one tenth of the number of dimer configurations studied
by Clementi and Jorgensen.

The analytical potentials obtained in this way were used 6 9

to carry out calculations for the dimers of formic and acetic
acids and crystals of formic acid and a- and β-acetic acids.
The structures found for the dimers and crystals of the
carboxylic acids are close to the experimental structures.
Unfortunately, the calculation of the energies gives an error
of 20-30 kJ mole"1 (-30%).

As noted in Ref .69, the errors arising in a calculation of
this kind are of different character: for example, they may
be associated with the use of restricted basis sets and non-
correlated wavefunctions. In addition, errors arise when
the analytical potential is fitted to the energy values obtained
non-empirically. In Refs. 139 and 140, the values of the dis-
persion energy found in Refs.141 and 142 by a non-empirical
method in a DZ basis set for dimers consisting of azabenzenes

were approximated as = Σ Σ
ΧΥ _6

where

i e A / e Β
the distance between the atom i of the molecule A and the
atom / of the molecule B, and Λ Misrepresents the parameters

of the atom-atom interactions (Χ, Υ = C , Ν, Η). An interest-
ing feature is that the values of these parameters were found
to be very close to the empirical atom-atom parameters given
by Williams11*3. An attempt to reproduce the non-empirical
values of the electrostatic interaction between the azaben-
zenes in the form of the sum of atom-atom interactions was
less successful.

Non-empirical atom-atom potentials have been constructed
9 2 ' 9 3 for the dimers (N 2) 2 and (Ο 2Η 4) 2 . Atom-atom potentials
have been used 9 3 to calculate the potential energy surface of
the dimer (N 2) 2 and various characteristics of the α and 3
crystalline forms of molecular nitrogen. Analytical atom-
atom potentials have been used to carry out a calculation for
the ethylene crystal 9 2.

Non-empirical pair potentials have also been constructed
for the complexes formed by water with ammonia11*1* and eth-
anol11*5.

V. ACCURACY OF NON-EMPIRICAL CALCULATIONS OF
INTERMOLECULAR INTERACTION

Analysis of the above results makes it possible to reach
various conclusions about the accuracy of non-empirical calcu-
lations. The best agreement with experiment is given by
calculations with Hartree-Fock basis sets with complete allow-
ance for correlation (see the calculations of the structural
characteristics of water1 0 8). These calculations, which are
close to the exact solution of the Schrodinger equation, can
be regarded as standard. These calculations are not readily
accessible, however, and it is necessary to know what can be
expected from less precise calculations. Here it must be
borne in mind that the value of non-empirical IMI calculations
lies in their giving not only the quantitative characteristics of
IMI but also data on the nature of the bonding in dimers. In
addition, the relative values of IMI characteristics may often
be useful. The calculation of the correlation energy can be
considered first. In the many-configuration approximation,
account is taken of both intermolecular and intramolecular
correlation. These calculations are much more complex than

SOPthe calculation of E · ^ , from both the computational and
theoretical viewpoints. This is related to the fact that there
are serious difficulties in the optimum choice of the excited
configurations included in the CI. The treatment is there-
fore usually restricted to taking account of intermolecular
correlation, and Edisp is calculated from perturbation theory.
To obtain satisfactory values of E^jgp, it is necessary to use
DZ +P basis sets with diffuse polarisation functions Ρ (Ref.
142 and p.60 of Ref. 11). DZ basis sets apparently under-
estimate the value of E^igp only slightly, since published
data11*2 indicate that the DZ and DZ +P basis sets give similar
values for E(jiSp.

Calculations carried out in intermediate basis sets, for
example in the basis set with split valence 4-31G give values
°f £ disp which are 1.5-2 times smaller than the actual val-
ues 8 7 , and minimum basis sets are not suitable for calculating
^disp- Kolos and Clenenti1*1*'89 recommend that in these
cases EdjSp should be estimated in terms of the bond polaris-
ability, although the values of E^jsp obtained are slightly too
low1*1*. The dispersion energy makes up an appreciable pro-
portion of the bond energy (in the case of van der Waals
dimers its role is decisive), but intramolecular correlation may
decrease this contribution slightly. For example, the corre-
lation corrections for (H2O)2 for RQ-Q = 0 · 3 n m in extended
basis sets are -6.4 kJ mole"1 (perturbation theory3 0) and
-3.6 kJ mole"1 (CI 1*°). As yet, however, little is known
about the influence of intramolecular correlation on Ειηχ, 11*6>

1 8 , and this question will not be discussed further in the
present review. The correct calculation of the energies
£el-st a n d £exch requires wavefunctions which provide a suf-
ficiently good description of the multipole moments of the
molecules. These requirements are satisfied by the wave-
functions found in DZ +P basis sets with polarisation func-
tions Ρ localised close to the nuclei. The correct calculation
°f Eirid requires a DZ +P basis set with diffuse Ρ functions,
in which the polarisabilities of the molecules are effectively
reproduced. From what has been said above about the basis
sets required for the correct calculation of Ε ^ δ ρ , it is to
be expected that non-empirical IMI calculations in DZ +P
basis sets with two types of polarisation function should give
reliable results. Calculations of this kind are not very
practicable for complex systems.

Calculations with DZ basis sets without polarisation func-
tions or with polarisation functions of one type (basis sets
6-31G and 6-31G**, and also the basis sets DZ and DZ +P,
described in Refs.92-94) are more readily accessible. The
use of these basis sets for the small systems (H2O)2,

1*2
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(HF) 2 , l l f 7 ( N 2 ) 2 , 9 3 and (C2H l ()2

 92>11<2 has been fairly effective
(see Tables 2 and 3). The calculations already mentioned
for the crystal of ethylene9 2 and molecular nitrogen9 3 also
indicate that the calculation of E x p a n d E ^ p in DZ basis
sets is reliable from the quantitative viewpoint.

Of the intermediate basis sets, the basis set 4-31G is used
most frequently. The energies E ^ F calculated in the 4-31G
basis set are apparently more than double the exact values
(see the data for (H2O)2 in Table 2 and the results of the
calculation for the dimer H 3N.. .BH3 in Table 3). The error
of the calculation of IMI in the 4-31G basis set is to a large
extent related to the overestimation of the electrostatic inter-
action. Calculations in the 4-31G basis set, however, appa-
rently give sufficiently reliable information on the nature of
the bonding in dimers (Tables 2 and 5).

The most widely encountered calculations in minimum basis
sets are those for the dimers of polar molecules, particularly
dimers with a hydrogen bond. It has been found that in
many cases 1 3 5 " 1 3 8 , E^5JF shows good agreement with the

experimental value of the bond energy. This is explained,
firstly, by the relatively small contribution of Ε J j S D *° * n e

energy of the interaction, and, secondly, to the mutual com-
pensation of errors: the energy of repulsion £ exch a n d the
electrostatic attraction are underestimated, and the contri-
bution of £ c t is overestimated1*2. If however the dimers contain
polar and non-polar molecules (for example (CN)2CO...C6H6),
£disp must be taken into account to obtain the experimental
values of the bond energies (see Ref.87 and also Table 5 and
R.p. 1069). No Hartree-Fock calculations have been carried
out for systems of this kind, so that an exact estimate of the
accuracy of the calculations in the minimum basis sets is
impossible. The STO-3G basis set is apparently unsuitable
for calculations for the dimers of non-polar molecules (for
example the calculation for (C2H l4)2 in Ref.91).

The quantitative results obtained in calculations with min-
imum basis sets must be approached with care, but many
other conclusions reached in these calculations (the nature
of the stabilising forces, the most favourable structure of
the dimer) for the case of polar molecules are also obtained
in calculations in broader basis sets.

Kolos, Clementi, and co-workers1*3»'*'' have now pointed out
methods for improving considerably calculations in minimum
basis sets, based firstly on the elimination of the superposi-
tion error and secondly on the use of minimum basis sets
specially optimised for the calculation of IMI. This makes it
possible to obtain in minimum basis sets results close to those
obtained by calculations in extended basis sets not only for
polar molecules (Table 3) but also for non-polar systems
[ (CH^)2],

1*'* if £'disp * s estimated in terms of bond polarisabil-

ity-
Thus comparatively reliable results are obtained in calcu-

lations in DZ basis sets. It is difficult to reach a final con-
clusion about the accuracy of calculations in restricted basis
sets, but several conclusions can be reached, for example

Q /""Ι ϋ

that Ε. χ is overestimated in the basis set 4-31G and that
mt

satisfactory results are obtained by calculating the interac-
tion of small polar molecules in the basis set STO-3G. It
should be noted that a u t h o r s 8 6 ' 8 7 ' 9 8 " 1 0 0 who have used these
basis sets in calculations for large molecules paid particular
attention to the qualitative conclusions. The available data
indicate that different restricted basis sets give values of
the energies £ ^ ^ F and their components which differ from
one another by a factor of more than two, and it is to be
expected that these discrepancies increase with increase in
the size of the systems. Thus the absolute and relative
differences in the values of the components of Egi! » calcu-
lated in the basis sets STO-3G and 4-31G for the dimers

(CN)2CO.. .H2O and (CN)2CO.. .C 6H 6, increase with increase
in the size of the molecules (Table 5), but at the same time
the conclusions about the nature of the bond are independent
of the basis set.

V I . SEMI-EMPIRICAL IMI CALCULATIONS

Semi-empirical IMI calculations retain their importance in
those cases where non-empirical calculations cannot be carried
out, for example for a system containing a large number of
atoms. Like ab initio calculations, semi-empirical calculations
are carried out in the supermolecule approximation and using
perturbation theory. Supermolecule calculations are most
frequently carried out using CNDO, INDO, etc. methods,
which are based on neglect of differential overlap (NDO) and
use SCF equations. In these calculations, no account is taken
of dispersion energy. Unfortunately, the results of most
supermolecule calculations carried out in the NDO approxima-
tion have proved to be unsatisfactory, and the observed dis-
crepancies when compared with experimental data are not sys-
tematic .

Some typical results of IMI calculations in the NDO approx-
imation can be considered. The CNDO/2 method gives a
value of the energy of attraction for ττ-conjugated systems
which is much too high. Thus for the ττπ-complex C6H6...TCE
in the "stacking" configuration this method gives the values
k'int s -520 kJ mole"1 and -Requil = 0-1 7 5 n m > 1 > > 8 whereas
experiment gives Ejnt from -7.9 kJ mole"1 to -18.1 kJ mole"1

and Kequil = 0.33-0.35 nra. l l t 9 On the other hand, for the
dimer (Ο2Η,,)2 the CNDO/2 calculation gives practically no
minimum150. For dimers with a hydrogen bond this method
often gives satisfactory values of Ejnt a n d ^equi l · 1 5 1 A cal-
culation by the MINDO/2 method showed that the ππ-complex
CSH6...TCE should not be stable; satisfactory results were
obtained for the ηπ-complex N H 3 . . . I 2 , but for the πσ-complex
C 6 H 6 . . . I 2 the energy of attraction was too large 1 5 2 . The
MINDO/2 and MINDO/3 methods are not suitable for the
description of the hydrogen bond 1 5 3 .

One of the main reasons for the inadequate results of
supermolecule calculations in the NDO approximation is the
unsatisfactory estimation of exchange terms. In the super-
molecule calculation by the CNDO/2 method, account is taken
of only the repulsion arising as a result of electrostatic inter-
action, parameterised in such a way that it leads to repulsion
at short distances151*. Thus for the complex H2CO...H2O,
according to CNDO/2 estimates13, the energy E i n t = - 2 6 . 3
kJ mole"1, and from the breakdown of Ejnt into its components
according to the scheme in Ref.13 it was found that E ei-St =
20.1 kJ mole"1, £ i n d + £ c t =-46.4 kJ mole"1, and Eexch = 0.
A non-empirical calculation13 for the same system in the same
configuration gives Ejnt =-14.2 kJ mole"1, and the contribu-
tion of the electrostatic interaction is Eel-st =-19.2 kJ mole"1;
the other values are Ecj- +i?ind =~23 kJ mole"1 and Eexch =

28 kJ mole"1. These data show that the values of the indi-
vidual contributions for Eint. obtained from non-empirical
calculations, do not agree at all with one another; in partic-
ular, the values of Eel-st have opposite signs, and Eexch
in the semi-empirical calculation is equal to zero. The
breakdown of the balance between the components of Eint in
the NDO approximation also leads to the random discrepancies
in the results mentioned above. To improve the results, the
CNDO/2 parametrisation is modified by changing the values of
the intermolecular resonance integrals β. Decrease in 3
(absolute magnitude) makes it possible to obtain more realistic
values of Eint for ππ-complexes by the CNDO/2 method1 5 5; at
the same time, increase in the value of β led to satisfactory
results in a calculation for crystals of small molecules (Ο2Ημ,
N2, C2H2, etc.) by CNDO/2 and INDO methods1 5 0.
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In view of these fundamentally unsatisfactory features of
the calculations in the NDO approximation, it must be con-
cluded that the use of NDO methods to calculate the quantita-
tive characteristics of supermolecules is not effective. Cal-
culations of this kind may be useful, however, when dimers
of similar chemical structure are being compared, and it is
sufficient to know only the relative characteristics of the IMI
in these dimers. For example, they have been used to
determine the preferred configuration of approaching mole-
cules in replacement or addition reactions 1 5 6 ' 1 5 7 and to com-
pare the qualitative characteristics of complexes with similar
structures 1 5 8 .

Calculation by the extended Hiickel method (EHM) usually
gives unsatisfactory results. This is related to the fact
that in the EHM, account is taken of only the IMI components
that depend on the overlap integrals, which at distances
equal to or shorter than the van der Waals radius lead to
repulsion. In Ref.159, the results of a calculation for the
complex (N 2) 2 by the EHM were supplemented by calculating
the dispersion energy, and in this approximation, good
agreement with experiment was obtained for various charac-
teristics of a molecular crystal of N 2. This approach has not
been extended further, however. It may also be noted for
excimers and exciplexes 1 6 0 ' 1 6 1.

It is possible to avoid the extensive breakdown of the bal-
ance between the components of Ejnt> characteristic of semi-
empirical IMI calculations in the supermolecule approximation,
if the semi-empirical IMI calculation is carried out using per-
turbation theory. In the first semi-empirical calculations by
purturbation theory, devoted to EDA complexes8 2 '8 3 '1 6 2 '1 6 3 '1 6 1*,
it was assumed that the IMI energy can be represented in the
form Eint = £exch + #ct + £el-st +£ind +£disp (that is the
results of the theory of Murrell and coworkers31 were used).
Murrell's theory forms the basis of the semi-empirical calcu-
lations of IMI using perturbation theory, carried out at the
present time. It is possible to distinguish two approaches
to the estimation of the components of # i n t · Studies in which
the various components of £'int are calculated using the wave-
functions of the isolated molecules, obtained by some single
method (usually the CNDO/2 method), can be considered first.
In Ref. 154, all the integrals appearing in the expression of
the theory3 1 were calculated approximately. The differential
overlap between AO relating to the same molecule was neglected,
and account was taken of the overlap between the AO of dif-
ferent molecules. In Ref. 165, to estimate the intermolecular
integrals containing differential overlap, the Mulliken approx-
imation was used at the AO level, but in Ref. 166 this approx-
imation was applied to the MO. This technique reduces con-
siderably the number of two-electron and one-electron
integrals, and simplifies the structure of the expressions
under the integral sign. The other integrals are estimated
using the approximations characteristic of the CNDO/1 and
CNDO/2 methods.

A detailed analysis of possible versions of the approxima-
tions was carried out in Ref. 154, where it was shown that the
application of the Mulliken approximation to the MO gives
better results than its application to the AO. In the latter
case, the calculated energy Eexch i s too large. (In Ref. 154
it is pointed out that to obtain correct results for the
CH 2 . . .CH 2 system and for various other systems, the value
of E'exch must be decreased by a factor of 10 relative to the
data in Ref. 165!) Ref. 154 gives an optimum set of approxi-
mations, denoted PE-l by the present authors. The appli-
cation of PE-l to the dimers (H2O)2 and C 6 H 6 . . .(CN)2CO gives
results close to those of non-empirical calculations carried
out in an STO-3G basis set (Table 6).

An approximate calculation of all the integrals required
for the application of Murrell's theory was also carried out

in Ref. 167, where complexes of nucleotide bases with hydro-
gen bonds were examined. In Refs. 168-170, devoted to an
analysis of the interaction of molecules containing silicon, the
wavefunctions of the isolated molecules, obtained by the
CNDO/2 method, were used for the semi-empirical calculation
of all the integrals appearing in "symmetrical" perturbation
theory 2 0 . In the works cited above1 5 1*'1 6 5"1 7 0, the wavefunc-
tions of the isolated molecules were calculated by the CNDO/2
method, after which perturbation theory was used. Pertur-
bation theory is used in a slightly different form inthePCILO
method 1 7 1 ' 1 7 2 . Analysis of IMI by the PCILO method in the
CNDO/2 parametrisation gives much better results1 7 3 '1 7 1* than
supermolecule calculations by the CNDO/2 method.

Table 6. Energy characteristics of the IMI, kJ mole 1, for
the dimer C6H6. . .(CN)2CO, obtained by different methods.
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a£disp calculated using perturbation theory in a basis set
of wavefunctions.

b^disp calculated in terms of bond polarisability.

In many calculations, the components of E'int are estimated
using different approximations, corresponding to the physi-
cal nature of the individual contributions. In these calcula-
tions , the representation of the components of Eint a s the
sum of terms characterising the interactions between the
separate fragments of the molecules (atoms or groups of
atoms) is widely used. This approach is based on the pos-
sibility of representing the density matrix of the molecule as
the sum of local charge densities. In the case of the long-
range components Eel-st> £disp» a n d ^ind. the potential for
the interaction between the local charge distributions can be
represented as a multipole series, and it is possible to obtain,
for these components, multipole many-centre expansions,
which reduce to simplified equations. In particular, the
value of £ el-st ^s usually estimated in terms of the energy of
the interaction of atomic multipoles (up to quadrupoles), and
in the calculation of £disp> the treatment is restricted to
dipole-dipole terms, and Edisp is expressed in terms of the
bond polarisability tensor and the effective ionisation poten-
tials. The energy #i n d is expressed in terms of the bond
polarisability and the atomic multipole moments. In the cal-
culation of Eel-st a n c * £ind> the atomic moments are calcu-
lated by a semi-empirical method, suitable for these purposes
(CNDO/2 or EHM),175 and the bond polarisability values for
the calculation of Einci and Edisp a r e taken from experiment.



608 Russian Chemical Reviews, 52 (7), 1983

An analysis of various simplified expressions for the long-
range components is given in various reviews 1 8 ' 1 7 6 ' 1 7 7 and
other works 1 7 8 ' 1 7 9 .

Simplified equations are also used to calculate E exch·
Murrell and co-workers31 showed that the energy Eexch °* t w o

one-electron atoms can be approximated successfully by the
expression CSZ/R, where S is the overlap integral of the
corresponding atomic orbitals. For a polyatomic system, an

expression of more general form is used: 2 S ^ab^ab lRab >
a b

where α and b are the atomic orbtials of the interacting mole-
cules. The constants Cafr are chosen from a comparison with
non-empirical calculations 1 8 ' 1 8 0 ' 1 8 1. Different versions of
simplified equations for £'exch were discussed in Ref.18.

There are no equations expressing the contribution of
Eci to the energy £int a s the sum of the interactions between
local electron density distributions. This term, therefore,
is often not included in calculations using simplified equations
1 8 1 ; alternatively, it is estimated as \kSmn* j 2 /hv m n *, 8 3

where hvmn* i s * n e energy of the charge-transfer transition,
Smn* is the overlap integral of the corresponding MO, and
the coefficient k depends on the chemical structure of the
interacting molecules83.

Calculations using simplified equations (or hybrid calcula-
tions, as they are sometimes called) have been carried out
for different systems. In particular, it has been shown8 3 '1 6 2

that the stability of the EDA complexes C 6 H 6 . . .TCE, p-xyl-
ene. . .TCE, and CBH 6 . . .Hal is determined chiefly by the
magnitude of the contributions E ei-St and Edisp· These con-
clusions about the forces bonding the complexes agree with
the results of non-empirical calculations (Ref.46, see Tables
5 and 6).

Mention must also be made of a study 1 6 2 in which good
agreement was obtained between experimental data and the
calculated bond energies in complexes of tetracyanoethylene
with substituted benzenes. Many studies have been made of
the influence of the long-range interactions Eel-st> £ind> a n d

Edisp between nucleotide bases on the stability of the second-
ary structure of nucleic acids 1 7 9 ' 1 8 2 . The long-range compo-
nents were calculated for two cases, for a hydrogen bond
between the nucleotide bases and for their "stacking" config-
uration. In Ref.183, bond energies for the van der Waals
dimers (N 2 ) 2 , (C 2 H 4 ) 2 , and (C 6 H 5 ) 2 , showing good agreement
with the experimental values, were obtained, but the conclu-
sions reached by the authors 1 8 3 about the structure of the
equilibrium dimers (N 2) 2 and (C 2H 4) 2 differed from the results
of non-empirical calculations92"91*. This is quite natural,
since the non-empirical calculation revealed a large number
of structures with energies close to that of the energetically
most favourable structure, and the semi-empirical calculation
cannot take account of all the fine differences between dimers
with similar energies.

In Ref.180 it was shown that the crystal lattice energy of
benzene is determined chiefly by two contributions: Edisp
and Eexch- Calibration of the parameters in simplified equa-
tions for E e x c h > £disp» and E'ind made it possible181 to obtain
for the dimers of the cations Na+, K + , and NH^ with H2O
results equivalent to the results of non-empirical calculations.
The use of these parameters made possible a successful descrip-
tion of the interaction of ions with more complex molecules.
Various other applications of calculations using simplified
schemes have been described1 8.

In addition to semi-empirical calculations in which account
is taken of all the integrals appearing in the expression for
the energy Eint, and calculations using simplified equations,
there are calculations combining these two approaches. The
complex C6H6C12 has been studied181*. The contributions

a n d £ disp w e r e calculated using simplified equations,

and in the estimation of the values of Eexch a n ( i £el-st»
account was taken of all the integrals appearing in the cor-
responding equations from Ref.31, as was done in Ref.165.
As in Ref.165, the value of £ exch w a s found to be much too
large. In calculations for the systems (C 6 H 6 ) 2 , C6H6...TCE,
naphthalene-TCE,1 8 5 and (pyromellitimide)2,

186 the contribu-
tions £el-st» Eind» and Edisp were calculated using the sim-
plified equations proposed in Refs.176 and 179, and Eexch
and E'ct were calculated using the MO found by the EHM.
These MO in the one-electron approximation were used to cal-
culate the values of the contributions E e x c h and Ect in
accordance with Murrell's theory3 1 (this calculation scheme is
denoted PE-2). The approach used in Ref.187 to analyse
EDA complexes of the ππ type has been justified. The inter-
action of the ττ-electrons was taken into account in explicit
form, and the interaction of the σ-electron cores was esti-
mated in terms of the atom-atom potentials; the agreement
with experiment was satisfactory.

In the analysis of the results of semi-empirical IMI calcu-
lations using perturbation theory, it should be noted that a
successful choice of approximations makes it possible to
obtain useful information on the nature of IMI; the calcu-
lated bond enegies and equilibrium distances are often close
to the experimental values, and the conclusions about the
nature of the forces stabilising the dimers agree with the
results of non-empirical calculations.

Table 7. Dependence of Eint on the distance RQ-O for the
dimer (H2CO)2 in kJ mole"1 (data from Ref.189).

7?O-O> ™

0.28
0.29
0.31
0.33
0.35
0.37

S configuration2

non-empirical method PE-2

9.5
1.9

—1.6
—3.0
-3.4

8.7
1.6

—1.5
—2.7
—3.0

Ρ configuration3

non-empirical
method

4.1
1.4

—0.1
—1.1
—1.3

PE-2

4.3
2.0

—0.1
—0.8

a For configuration notation see Fig.4.

Table 6 compares the results of calculations for the dimer
C6H6...(CN)2CO with allowance for all the integrals (PE-1
approximation151*) and calculations using the PE-2 hybrid
scheme with the results of non-empirical calculations.
Although the semi-empirical methods used differ considerably
from one another, they give results close to those obtained
non-empirically (an exception is the dispersion energy, for
which the value obtained in the calculation in a minimum basis
set is much too low, irrespective of whether the calculation
is non-empirical or semi-empirical).

Calibration of the parameters in semi-empirical schemes
to bring their results closer to the results of non-empirical
calculations or to experimental data can make it possible to
obtain values which are satisfactory from the quantitative
viewpoint, and in this case, semi-empirical schemes can be
used in the same way as non-empirical pair potentials. Cal-
culations using simplified equations are more suitable for
these purposes, since unlike calculations with allowance for
all the integrals, these calculations contain parameters con-
venient for calibration. An example of this approach is pro-
vided by the above-mentioned work1 8 1 in which semi-empirical
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methods were used to examine the interaction of cations with
water molecules and various other molecules. Table 7 gives
the results of a calculation189 for the dimer (H2CO)2 for the
case of antiparallel and perpendicular configurations (Fig.4)
in a non-empirical version in Kolos1 basis set and by a semi-
empirical method using the PE-2 scheme, in which some of
the parameters were calibrated from the results of non-empi-
rical calculations. The semi-empirical scheme not only
reproduces the difference in the IMI energies in different
configurations but also gives results showing quantitative
agreement with the results of a non-empirical calculation.

—0O0—

Figure 4. Parallel (S) and perpendicular (P) configurations
of the formaldehyde dimer1 8 9.

Thus the information that can be obtained from IMI calcu-
lations depends to a marked extent on the size of the system.
If the interacting molecules are small (water, ethylene, etc.)
and it is practicable to carry out non-empirical calculations
in basis sets of the DZ type, it is possible to obtain satisfac-
tory quantitative results both for a dimer and for many-
particle systems.

Non-empirical calculations in restricted and minimum basis
sets, which can be carried out for more complex systems,
give valuable qualitative results, but their quantitative reli-
ability is low, and appreciable departures from the Hartree—
Fock or experimental bond energies (several tens percent)
are possible.

Semi-empirical calculations undoubtedly retain their
importance in those cases where non-empirical calculations
are impossible even in minimum basis sets. Semi-empirical
calculations often give results close to the experimental
data; with appropriate parameterisation they can be used
to obtain results equivalent to ab initio data.

The present state of quantum-chemical IMI calculations
gives grounds for assuming that IMI calculations will develop
in two directions: increase in the accuracy of non-empirical
calculations, associated with the development of computational
technique, and the creation of flexible semi-empirical schemes
making it possible to reproduce experimental and non-empiri-
cal data.

While the present review was being prepared for publica-
tion, two monographs 1 9 0 ' 1 9 1 devoted to the analysis of IMI
were published. It also seems useful to mention some other
recent studies. The influence of the basis set error (BSSE)
on the properties of interacting molecules has been examined
1 9 2 , the breakdown of £ s

r ^
F i n t o its components has been

analysed1 9 3, and it has been shown19"1 for the case of (HF)2

that exchange interactions of second order decrease Edisp by
10%. Exchange repulsion has been analysed 1 9 5 ' 1 9 6; in par-
ticular, SCF calculations of the interaction between valence-
non-bonded atoms have been used to obtain simple atom-atom
potentials for £ e x c h · 1 9 5

It has been shown non-empirically in a 4-31G basis set 1 9 7

that chloroform can bring about the rupture of peptide bonds,
and this possibly explains its anaesthetising action. An
additive semi-empirical scheme181 has been used 1 9 8 ' 1 9 9 to
analyse the interaction of biologically active molecules with
ions. A semi-empirical IMI calculation scheme which uses an
expansion with respect to inverse powers of the intermolecu-
lar distance has been proposed2 0 0. Super-molecule ab initio
calculations and semi-empirical calculations using perturbation
theory have been compared for the case of the hydrogen bond
and ion pairs 2 0 1 . Various present-day theoretical and experi-
mental problems relating to IMI have been examined in a col-
lection of IMI papers 2 0 2 .
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