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In order to avoid the difficulty associated with the paramete-
rization of molecular mechanics (MM) potential functions for mole-
cules containing hetero-atoms, a possibility of switching the stan-
dard from experimental to theoretical is suggested. Advantages and
disadvantages of the ab initio MO-based, transferable force field
are discussed. As the first step toward this goal, the correspondence
between the MM potential energy terms and quantities resulting
from molecular orbital (MO) calculations has been investigated with
the emphasis on extracting the general trend. Stretch, angle bending
and electrostatic interaction energy terms can be computed without
serious difficulties by MO methods. It is suggested that nonbonded
interactions by the through-bond mechanism, especially of the
1,4-type, have been overlooked in the existing MM schemes. Pro-
spects of improving the performance of MM by incorporating
these and other features are discussed.

INTRODUCTION

The current popularity of the molecular mechanics (MM) potential energy
minimization method! appears to rest on the fact that it provides a handy
‘computerized molecular model’. The constituent potential energy terms, and
hence the interpretation of the computed results, well correspond to the
chemists’ idea of the molecule, as envisaged from manipulating framework
models.2 Furthermore, most of the inconveniences of molecular models, like
fixed bond lengths and valence angles, either free or frozen bond rotation, and
unrealistically hard contacts between nonbonded atoms, are removed and
a number of features that can never be realized in conventional models, such
as the attractive van der Waals interaction and geometry optimization, have
been implemented in MM.! The results of MM calculations can be conveniently
appreciated on the color graphic display which allows rotations, enlargements,
contractions and other operations in real time.?

Nevertheless, practical as well as conceptual difficulties persist in the
currently available MM methods. The greatest practical problem is the paucity
of parameters for hetero-atoms, and this arises from the dearth of reliable
experimental data on the structures and energies of hetero molecules, against

*1 Correspondence author.
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which the MM potential parameters are to be gauged. These data are being
accumulated at such a slow rate that we cannot hope to obtain a truly ver-
satile, yet reliable, empirical force field in the foreseeable future.

One way to avoid the hetero-atom problem will be to reconstruct the MM
scheme entirely on the theoretically derived molecular force fields. With the
recent rapid progress in molecular orbital (MO) methods®? equipped with the
gradient-type geometry optimization technique®? theoretical calculations of
vibrational spectra, and hence of intramolecular force field, are quickly
improving, even though the calculated vibrational frequencies still have to
be scaled to achieve a reasonable fit with the observed values.!® Especially,
the ab initio calculations indeed reproduce equilibrium geometries with sur-
prisingly high accuracies,® and perhaps relative energies as well.'* We consider
this method to be the one of choice for producing the transferable force field.

There are reservations, however, which discourage the immediate launching
of a project that aims at constructing the transferable force field based entirely
on ab initio MO results. The most serious objection is the empirical nature
in choosing the basis set and other features.'> To make the situation complex,
a very large basis set and extensive correction for electron correlation do not
necessarily guarantee better results of this method.!®!3 Hence, the preparation
of a ’computed’ standard set for molecular mechanics parametrization must
be preceded by a careful search for computational conditions that provide
results appropriate for our particular purpose. Despite these problems, the
transferable ab initio MO-based force field that we propose has several
advantages over the totally empirical force field constructed to reproduce
experimental values:

(1) Even if the standard set of molecular properties obtained by ab initio
calculations might involve certain defects, these are likely to be uniform and
may be corrected when the sources of defects are known.

(2) The ab initio force field is free from the ambiguity in the definition
of geometry in the purely empirical force field, giving only r. values.'

(3) The geometries in the ab initio force field correspond to the motionless
state at the zero absolute temperature. Hence, it is a straightforward matter
to correct the computed results for zero-point energy and thermal agitation
effects and to add nonpotential terms.'®

Two pioneering works closely related to our topics should be mentioned
at this point. One is paper by Giunchi and Barino,!® wherein a general hydro-
carbon force field is constructed using energies and structures obtained from
ab initio 4-31G calculations as the standards to be reproduced. The resulting
force field, albeit a very simple one, appears to perform as well as the existing
‘experimental’ force fields and certainly encourages similar projects. The
other is Bartell’s paper,'” wherein quadratic and cubic force constants of
ethane have been derived from ab initio 4-31G calculations and the former
compared with those of MM force constants. This work was the first serious
attempt to correlate MO-calculated quantities with the properties of the
empirical force field and clearly demonstrated how many important force
constants were neglected in the existing MM schemes. Though Bartell'® later
developed the 'modified Urey-Bradley’ (MUB) force field series based on this
work, the MUB’s are still of an extensively truncated type.
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A new feature, emerging from the recent growth in computer technology,
is that the MM force field does not have to be oversimplified any more in
order to save computer memory and time, as was demanded at the time when
most of the presently used force fields were written. It certainly appears true
that all the existing MM schemes, including MUB, are too simple to represent
adequately the real molecular force field, containing, on the average, only
six to eight potential functions. The CPU-demanding job of optimizing poten-
tial parameters should also be executed more frequently at places where the
super-fast main-frame computer is available. Therefore, the forthcoming
general force field, either MO-based or experiment-based, will contain a much
greater number of potential terms and force constants, and more elaborate
methods of searching stationary points. (On the other hand, the presently ava-
ilable force fields and their programs will find use in personal computers which
are being rapidly upgraded regarding memory space and computing speed.)

Conceptual ambiguities existing in the MM scheme are also problem. One
of the objections to the MM method in general pinpoints the lack of systematic
and logical evolution, like that observed with the MO method. The well-known
fact that various existing MM schemes, differing significantly in terms of the
number and form of potential functions, usually give good equilibrium struc-
tures and conformational energies, indicates that the MM potential terms may
not be independent but correlated with each other and that the distribution
of intramolecular force among potential terms may have been achieved more
or less successfully within the relatively small standard set of each MM
scheme. This means that the force constants in different MM schemes may not
be transferable! Under such circumstances, before starting the construction
of a preliminary ab initio MO-based force field, we began an extensive study
to seek correspondence between the quantities obtained by MM and MO cal-
culations. We were soon surprised to realize that the interactions between
these two powerful computational methods were limited to the occasional
utilization of quantum chemically derived quantities, such as charge distribut-
ion for parameterization,’® the use of MM optimized structure as fixed or
initial input for MO calculations,?® and the alternate?' or parallel®* uses of
both methods for special purposes. The subsequent part of this paper describes
the results of the initial phase of the correspondence study carried out by
one of us (T. H.).

COMMENTS ON MO METHODS

MO methods can be classified into two groups: ab initio and semiempirical.
Contrary to the MM method, both MO methods are without ambiguity in the
underlying concepts. The ab initio MO scheme is simple in idea exactly
because it is ab initio.*? The following points should be kept in mind for our
purpose:

(a) A large basis-set dependence is observed. Equilibrium geometry can
be correctly predicted within the Hartree-Fock level when polarization funct-
ions are added to the basis-set of double-zeta quality. The charge distribution
is almost satisfactorily predicted at this level of calculation, as judged from
the comparison of the calculated with the measured dipole moments in the

*2 1t does not mean that the ab initio MO is free of parameterization as long
as we use Gaussian expansion of the exact wavefunctions.
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gas phase*3* For polar molecules, however, electron correlation should be
included, as it was discussed for 1,2-difluoroethane.?’ It follows that the cal-
culations are limited to very small molecules.

(b) The ab initio MO packages available at present, GAUSSIAN 8026 for
example, give very little information, excepting total energy, Mulliken populat-
ion analysis and dipole moment. Coding is necessary to derive the other
properties from the calculated eigenfunctions.??

(¢) In the ab initio MO scheme, the partition of the total molecular energy
to »atoms and atom-pairs« is impossible, as a rule, due to the presence of
the electron repulsion integrals over three and four atom-centers. The absolute
magnitudes of the three- and four-centered energy terms are quite small (less
than 1.29 of the total energy in the case of ethane).”® Nevertheless, these terms
cannot be neglected since their changes in conformational energies of ethane
are of comparable order to the change of the total two-center energy and
greater than the change of the total energy itself.?$:2? The significance of three-
and four-center terms calculated by the ab initio MO is a substantial objection
in the use of this method for calibration of MM terms which are basically two-
-centered, i. e. pair-wise additive, even though angle deformation is a three-
-center term and torsion may be regarded as a four-center term.*> There is
however, no reason, for adamantly assuming the pair-wise character for the
MM potentials.

Semiempirical MO methods, such as the CNDO/2,20 INDO,’* MINDO/1
to 3,323 and MNDO,? are constructed to reproduce the observed properties
of up to two-centers. The electron correlation effect is implicitly included
through the parameters. As shown by Pople et al. for the CNDO method,?0:36
the total energy E of any MO method using only one- and two-center integrals
can be reduced to its components as

E=XE;+323E; ®
i i<j
Eij = Eres it Eexc * Eel 2

where E; and E; are one- and two-center energies, and E.., Ee and Eg are
the resonance, exchange and electrostatic terms, respectively.?” This feature
is the strong point of the semiempirical MO scheme for the comparative study
of MO and MM energy terms. The only, but fatal, drawback, however, is
the ad hoc dependence of results on the parameters and the implemented
approximations.

*3 Examples obtained at the 6-31G** level (in debye):

Calc. Obs.
Water 2.15 1.85
1,2-Difluoroethane 2.87 2.67

# While dipole moments need not necessarily be considered as the best
measure of the spatial charge distribution, combination of the Penning ionization
electron spectroscopy? and the gas-phase NMR technique?* should yield more
detailed information on this quantity.

*5 The neglect of intermolecular three- and four-center MO integrals will
not cause serious errors in the intermolecular MM potentials. Total energies obtained
by ab initio calculations have been successfully used to obtain intermolecular
potentials, for example for simulating Sx2 reaction profiles in the gas and liquid
phases: J. Chandrasekhar, S. F. Smith, and W.L. Jorgensen, J. Amer.
Chem. Soc. 106 (1984) 3049.
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SUGGESTED IMPROVEMENT OF MM SCHEME
Conformational energy E can be expressed in the MM scheme as
E=2E, +2E;+2E,;+2E,y +ZE_, 3)

where E,, Eq, Ea, Eix and E,;, are stretching, angle-deformation, electrostatic,
torsional and nonbonded interaction terms, respectively, and the summations
extend over appropriate atom pairs in the molecule. We will discuss E, and Eg4
first, and the others later.

E, and E4

These energy terms can be calculated in terms of the respective force
constants, which can be determined precisely by vibrational spectroscopies such
as IR and Raman. Theoretically, the force constants can be estimated by com-
puting the first derivatives of the energy gradients. At present, the calculation
by the ab initio MO method within the Hartree-Fock level overestimates the
diagonal elements of the force constant matrix by 10 to 20°%, and hence a
scale-down factor must be introduced to obtain quantitative agreement with
experimental values.?® For larger deformation in the bond-breaking and -form-
ing processes, the harmonic oscillator approximation no longer holds.

Since some difficulty in convergence arises in the SCF process of the
MO calculation for these processes, it is necessary to devise some extrapolation
procedure, e.g. curve-fitting with Morse function.?® Lifson*® has demonstrated
dramatic improvements in the precision of vibrational calculations by replacing
quadratic function with the Morse curve for stretch potential, and perhaps
this approach, which will eventually replace the rest of harmonic functions
with the Morse type, appears to be a promising way for our purpose. Bartell
discusses the introduction of the anharmonic part of Morse function into the
MM scheme.!® The transferability of the experimentally or theoretically deter-
mined force constants is obvious from the fact that the IR and Raman peaks,
observed in certain nmarrow wavenumber ranges, have been widely used for
group assignment.

Eely Enb and Erot

These energy terms are basically two-center terms. As discussed above,
there is no direct correspondence between energy terms in the MO and MM
schemes. Thus, some bold assumptions on the correspondence should be
employed to draw useful information from the MO scheme. For this purpose,
the semiempirical MO scheme is more informative than the ab initio one,
since it can tell, though qualitatively, the magnitudes of certain one- and
two-center terms. One should be careful, however, not to step beyond drawing
general trends and characteristics from the semiempirical MO results. Detailed
discussions of each term are as follows.

The E term in the MM scheme is essentially the same as the E in the
MO scheme, and can be calculated from the electron distribution under point-
charge or multi-pole approximation. Since the transferability of the bond
moment has been well established, the electron distribution derived empirically
from the bond moments is generally of good quality. As Allinger et al.
proposed,* a minor adjustment of thus obtained electron distribution can be
made by solving the Del Re type local bond orbital secular equations. A more
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reliable electron distribution for a small molecule can be obtained by the
ab initio MO method with the basis-set of double-zeta quality, plus polarizat-
ion functions. For a large molecule or macromolecules, estimation based on
the ab initio calculation of the small model molecule provides satisfactory
results.4?

Although the E,, in the MM scheme is calculated by equations for the
through-space interaction between the isolated spherical atoms, there is no
a priory rationalization for ignoring the through-bond interaction for atom
pairs separated by two or three bonds (cf. observation of NMR coupling
between these atoms). If the through-bond interaction is to be considered,
the 1,4-type can be implicitly included in E,,; or can be treated separately as
a new term under the name of indirectly bonded interaction, or whatever
appropriate name. The alternative is to re-define the E,, as the energy for
the interaction between the nonbonded atoms. This definition facilitates the
comparison of the E,, with the corresponding terms in the MO scheme, since
the sum of E,.s and E. for the nonbonded atom pair in the semiempirical MO
method is the sum of the through-space and through-bond interactions.

We examined for representative molecules, though not many, the distance
dependence of the sum of the E. and E.. for particular nonbonded atom
pairs. The plots can be classified into two groups according to the number
of intervening bonds: one for the 1,4-nonbonded atom pair and the others
for the nonbonded atom pair separately by more than three bonds. Figure 1

1

1,4-(H--H)

Eres + Eexc (kcal/mol)

_1 1 i
2 - 3 A 5
Distance (A)
Figure 1. Distance dependence of the sum of resonance and exchange terms by the
MNDO MO method for the 1,4-, 1,5-, and 1,6-nonbonded H---H pairs in n-butane
and m-hexane ( ), 1,2-dimethoxyethane (————— ) and 1,2-difluoroethane

(-+).58
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is an example of such plots for H- - -H interactions in n-butane, 1,2-dimethoxy-
ethane and 1,2-difluoroethane calculated by the MNDO method.*® Similar
results were obtained by the CNDO/2 and INDO methods.®® The coincidence
between the curves of the H---H interactions for non-polar n-butane and
polar 1,2-difluoroethane suggests transferability of the thus determined E.,
and also supports the conventional idea that the E,, is the function of the
pairing atom species and of the distance between them. The magnitude of the
thus determined 1,4-E,, is the largest for the H:---H pair, but decreases for
the more electronegative atom pair, the 1,4-E,;, contribution to conformational
energies becoming noticeable when some of the hydrogens in the 1,4-positions
are substituted by heteroatoms.

It should be noted that, irrespective of the pairing atom species, the
1,4-nonbonded interaction contributes to destabilization at synclinal positions
and to stabilization at antiperiplanar positions due to the dihedral angle depen-
dence of the bond order between 1,4-atoms.** Since the conclusion from the
semiempirical MO calculation should be used only for qualitative purpose,
the E,, potential cannot be determined directly from the plots.*¢ Figure 1
clearly indicates that the introduction of a special E,, function for the 1,4-
-nonbonded atom pair is necessary to improve the E,, term in the MM scheme.

The E.: in the MM scheme, defined for rotation about the 2—3 bond in
the 1—2—3—4 atom sequence, is interpreted as the interaction between the
1—2 and 3—4 bonds in the localized MO scheme.*> In the canonical MO scheme,
which is usually referred to simply as the MO scheme, the concept of E., is
not clear. Nor is the concept of E,, in the MM scheme, and, nevertheless, the
major part of conformational energy changes for rotamers comes from this
uncertain term. In the semiempirical MO scheme, the XE,, can be estimated
by computing

total energy — XEq — 2E

as a function of the dihedral angle. To compare this with the XE,, in the MM
scheme, the through-bond part of ZE.;, should be added. The reduction of the
thus determined XE., to certain 1—2—3—4 atom sequences, as is done in the
MM scheme, is a matter of further discussion. One thing obvious at present
from the semiempirical MO scheme is that XE,,, and hence each component,
is not of pure threefold symmetry. This is quite clear from the analysis of
torsional energy curve of molecules lacking threefold symmetry in their internal
rotational axis.

FINAL COMMENTS

The line of work as suggested above has a two-fold meaning. First, the
knowledge of correspondence between MO and MM should serve to upgrade
the MM scheme. In this case, the aim of MM will remain to reproduce expe-
rimental results with the best possible accuracy. An alternative development
of MM is to reproduce the results of costly MO calculations. Though the
first approach will continue to flourish for some time to come, the second
approach has several attractive features. Above all, the ab initio based MM

*6 The MNDO method gives quite satisfactory heats of formation (therefore
the total energies). We found, however, that the ratio of energy components in Eq.
2is not always reasonable. For example, about 50°% of the total two-center energy
for the 1—4 H---H nonbonded atom pair at cis position in m-butane is the E. term.
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will have the same flexibility as the ab initio MO, namely it should be able
to parameterize for hetero atom systems as accurately as for hydrocarbons.
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SAZETAK

O povezanosti energija molekulskih orbitala i ¢lanova empirijskoga
potencijalnog polja

Tsuneo Hirano i Eiji Osawa

Da bi se izbjegle teskote empirijske parametrizacije potencijalnih funkcija za
heteroatome u molekulskoj mehanici (MM), predlozeno je da se uporabe neke teorij-
ske ab initio veli¢ine. U tu svrhu analizirana je korespondencija izmedu pojedinih
¢lanova MM-potencijalne energije i MO veli¢ina. Interakcije koje dovode do iste-
zanja veza, savijanja kutova, a i elektrostatsko medudjelovanje naboja, mogu se
bez vec¢ih teSkota izraCunati s pomoc¢u MO metoda. Istaknuto je da MM sheme
ne ukljuCuju nevezne interakcije na zadovoljavaju¢i nacin, Sto posebno vrijedi
za one 1,4-tipa. Razmatrana je mogucnost uklanjanja ovog nedostaka.





