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Force Field Modelling of Conformational Energies

THOMAS D. RASMUSSEN and FRANK JENSEN*

Department of Chemistry, University of Southern Denmark, DK-5230 Odense, Denmark

(Received November 2003; In final form February 2004)

The ability of five different force fields (MM2, MM3,
AMBER, OPLS, MMFF) to calculate relative conforma-
tional energies of seven molecules is compared to results
at the MP2/aug-cc-pVTZ level. It is found that the quality
of the results deteriorates as the polarity of the molecules
increases for all force fields, strongly indicating that
the use of fixed partial charges for representing the
electrostatic interaction limits the accuracy that can
be obtained.
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INTRODUCTION

Force field methods describe molecules by a classical
ball-and-stick model, and use experimental results or
quantum mechanical calculations to parameterize
the model [1,2]. The force field energy is written as a
sum of terms.

EFF ¼ Estr þ Ebend þ Etors þ Evdw þ Eel ð1Þ

All force fields have the five elements in Eq. (1),
and some also includes cross terms between these
diagonal terms and/or special functions for, e.g.
hydrogen bonds. The stretch and bend energies are
typically written as low order Taylor expansions,
with the parameters having a clear physical
interpretation in terms of equilibrium distances and
angles, and vibrational frequencies. The torsional
energy is written as a low order Fourier series, with
parameters chosen to reproduce rotational energy
profiles. The most popular van der Waal energy
function is a Lennard-Jones function, which contains
a weak attractive dispersion term, and a strong
repulsive part at short distances arising from the
Pauli exclusion principle.

The electrostatic energy is the other component of
the non-bonded energy, and is usually parameter-
ized in terms of a Coulomb expression with partial
charges for each atom.

Eel ¼
XN

isj

QiQj

1Rij
ð2Þ

The dielectric constant 1 has a value of one in
vacuum, but is often given a slightly larger value to
model the implicit screening by solvent or other
molecules. In some cases, it is taken to be distant
dependent, again to model the effect of screening.

While the first four terms in the force field
expression (1) can be parameterized from exper-
imental data, the partial charges in Eq. (2) are
normally assigned by fitting to the electrostatic
potential calculated by electronic structure methods.
The electrostatic potential Vesp at a point r is given by
the nuclear charges and electronic wave function as
shown in Eq. (3).

VespðrÞ ¼
XNnuc

i

Zi

jRi –rj
2

ð
C2ðr 0Þ

jr 0 2 rj
dr 0 ð3Þ

The fitting is done by minimizing an error function
of the form shown in the Eq. (4), under the constraint
that the sum of the partial charges Qi is equal to the
total molecular charge [3]. The electrostatic potential
is sampled at a number of points in the near vicinity
of the molecule.

ErrFðQÞ ¼
XNpoints

r

VespðrÞ2
XNatoms

i

Qi

jRi 2 rj

 !2

ð4Þ

It is well-known that the partial charge model gives
a rather crude representation of the electrostatic
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potential surrounding a molecule [4]. The distribu-
ted multipole method developed by Stone [5,6] is a
systematic method for improving the representation,
and inclusion of electric moments up to quadrupole
moments at nuclei and bond midpoints can yield a
very accurate representation for a fixed geometry.

A fundamental limitation of the energy expression
in Eq. (1) is the neglect of coupling between the five
diagonal terms. A coupling between the first three
terms can be incorporated by adding stretch/bend,
bend/torsional, etc. terms, and this is common
practice in more sophisticated force fields. The
coupling between the electrostatic energy and the
bonded terms is usually generalized as the depen-
dence of the atomic charges (or electric moments) on
the geometry, and it is well-known that both atomic
charges and higher order moments are sensitive to
the geometry [7,8]. The fluctuating charge model
attempts to model the geometry dependence by
allowing the charges to adjust to changes in the
geometry [9]. Although this represents an important
first step, it is clear that higher order moments are
also required to give a systematic approach for
improving the representation of Vesp. Alternatively,
or complementary, a polarizability tensor can be
added to each nucleus, with the electric field at the
nucleus inducing a dipole moment [10]. Since the
induced dipole moment affects the electric field at
other sites, this necessitates an iterative scheme.
Fluctuating charge models and polarizable force
fields are computationally more expensive than fixed
charge models by a factor of 2–10, and have
consequently only seen limited use so far. Force
fields incorporating both higher order multipole
moments and polarizabilities should be capable of
yielding a much better description of the electrostatic
energy, and such methods are currently at the
development stage [11].

In connection with developing force field methods
for modeling chemical reactivity [12–15], we noticed
that the accuracy of conformational energies
depended significantly on the nature of the system,
especially the polarity of the molecules. In the
present paper, we investigate this in a more
systematic fashion. The ability to reproduce
conformational energies should be an important
test-ground for developing force fields with a better
representation of the coupling between the geometry
and the electrostatic energy.

COMPUTATIONAL DETAILS

All force field calculations have been done using the
MacroModel program [16]. Conformational searches
have been done with a Monte Carlo approach [17],
typically using a few thousand trial structures. The
resulting statistics indicate that the searches are

exhaustive. Electronic structure calculations have
been performed with the Gaussian program package
[18]. All calculations have been done in vacuum with
a dielectric constant of one. The quality of the force
field energies is evaluated based on single point
MP2/aug-cc-pVTZ calculations [2] on the force field
optimized geometries.

RESULTS

We have chosen the seven molecules shown in
Table I as our test systems, representing a
progression from non-polar to zwitterionic struc-
tures. The molecules are large enough to have a
non-trivial set of conformations, but small enough
that reasonably high level electronic structure
calculations can be employed to establish a suitable
set of reference data. We have chosen the MP2/
aug-cc-pVTZ level [2] as our reference level. The
root-mean-square deviations relative to this refer-
ence for some other methods are given in Table II.
The semi-empirical methods AM1 and PM3 give
quite poor results, and both HF and B3LYP
calculations gives deviations of 5–10 kJ/mol, with
no clear improvement upon enlarging the basis set
from cc-pVDZ to aug-pVTZ. The use of diffuse
functions at the MP2 level gives a rather large
improvement for Mol7 due to the presence of the
carboxylate group. Based on the differences
between the cc-pVTZ and aug-cc-pVDZ results
relative to those with the aug-cc-pVTZ basis set, we
estimate that the latter gives relative conformational
energies accurate to ,1 kJ/mol, which is of
sufficient accuracy for the present purpose. A
similar level of theory has been used in related
work on alanine tetrapeptide conformations [19].

The correlations between relative conformational
energies for the seven target molecules for five
different force fields are given in Table III, and
Figs. 1–3 show the correlation for the MM3 force
field and Mol1, Mol4 and Mol6, respectively. Table III
lists the correlation coefficient (R 2) and slope of the
least squares fitted line for each combination of
molecule and force field. Both hexane and ethyl-
propyl ether (Mol1 and Mol2) give correlations
coefficients and slopes close to one for all five force
fields, showing that relative conformational energies
are well reproduced. Dimethoxyethane (Mol3) is
problematic for the AMBER and MMFF force fields,
and the MM2 force field has a tendency of
overestimating the high energy conformations.
Mol4, Mol5 and Mol6 are problematic for all of
the force fields, with the MMFF being the least poor.
The zwitterionic Mol7 gives a very good correlation
for all of the force field, although the slopes indicate
that the high energy conformations are systema-
tically overestimated.
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TABLE I Systems used in the present work.

Notation Structure AMBER OPLSA MM2 MM3 MMFF

Mol1 12 12 12 12 12

Mol2 11 11 13 11 11

Mol3 10 10 12 9 10

Mol4 16 19 19 17 20

Mol5 52 46 52 49 55

Mol6 28 18 65 60 44

Mol7 9 6 10 7 12

The entry under each force field refers to the total number of conformations.

TABLE II Root mean square deviations for conformational energies calculated by different electronic structure methods, relative to
MP2/aug-cc-pVTZ results.

Method Mol1 Mol2 Mol3 Mol4 Mol5 Mol6 Mol7

AM1 6.67 12.92 5.57 15.08 7.15 31.13 33.08
PM3 3.88 16.06 7.07 20.16 10.82 14.91 16.99
HF/cc-pVDZ 6.97 4.18 3.15 2.71 5.96 8.67 5.76
HF/aug-cc-pVTZ 6.98 3.95 4.51 4.48 7.16 12.03 19.48
B3LYP/cc-pVDZ 3.99 1.83 2.61 1.05 1.93 3.23 13.69
B3LYP/aug-cc-pVTZ 4.36 2.02 2.70 2.42 3.37 6.55 8.23
MP2/cc-pVDZ 1.13 1.76 3.19 1.91 1.83 1.80 13.02
MP2/aug-cc-pVDZ 0.48 0.50 0.60 1.24 0.70 0.80 1.76
MP2/cc-pVTZ 0.32 0.72 0.90 0.64 0.76 0.70 5.83

TABLE III Correlation between force field and MP2/aug-cc-pVTZ conformational energies.

Force field Fit Mol1 Mol2 Mol3 Mol4 Mol5 Mol6 Mol7

AMBER R2 0.96 0.97 0.69 0.00 0.37 0.53 1.00
Slope 1.00 1.07 0.59 2 0.15 0.44 0.80 1.12

OPLS R2 0.92 0.98 0.90 0.31 0.49 0.80 0.96
Slope 0.96 0.95 1.01 0.93 0.86 0.91 1.22

MM2 R2 0.95 0.92 0.95 0.78 0.65 0.62 0.89
Slope 1.00 1.00 1.40 0.99 0.88 0.76 1.30

MM3 R2 0.97 0.98 0.92 0.53 0.73 0.37 1.00
Slope 1.12 0.87 1.10 0.83 0.82 0.49 1.79

MMFF R2 0.98 0.99 0.39 0.75 0.78 0.81 0.99
Slope 1.20 1.00 0.92 1.14 1.05 0.95 1.07

R 2 and Slope refer to the correlation coefficient and slope of the best least squares line, neglecting the lowest energy point which is used for aligning the energy
scales.
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Table IV shows the ratio of the absolute value of
the electrostatic energy relative to the sum of the
absolute values of all the energy terms in the force
field, averaged over the conformations. Compar-
ing Tables III and IV, it is clear that there is a
strong connection between the performance of a
force field for predicting conformational energies
and importance of the electrostatic energy. For
polar molecules, the latter contributes strongly to
the total energy, and an accurate description
is, therefore, necessary for achieving a good
performance. The good results for the zwitterionic

structure Mol7 are probably due to the highly
localized charges, and the resulting dominance
of the electrostatic energy in the force field
function.

SUMMARY

We have shown that the quality of conformational
energies degrades as the polarity of the molecule
increases, although a zwitterionic structure with
strongly localized charges gives a good correlation

FIGURE 1 Correlation between MM3 and MP2/aug-cc-pVTZ relative energies for hexane (Mol 1).

FIGURE 2 Correlation between MM3 and MP2/aug-cc-pVTZ relative energies for 2-methoxy N-methyl ethaneamine (Mol 4).
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with high quality MP2 calculations. All of the
tested force fields (AMBER, OPLS, MM2, MM3 and
MMFF) display this trend. The analysis clearly
suggest that the use of fixed partial charges for
representing the electrostatic energy is the source of
the poor correlation, and that more elaborate force
fields incorporating higher order electric moments
and polarizabilities is required to improve the
performance.

Acknowledgements

This work was supported by grants from the Danish
Natural Science Research Council and the Danish
Center for Scientific Computing.

References

[1] Burkert, U. and Allinger, N.L. (1982) Molecular Mechanics,
ACS Monograph.

[2] Jensen, F. (1998) Introduction to Computational Chemistry
(Wiley, Chichester).

[3] Williams, D.E. (1991) “Net atomic charges and multipole
models for the ab initio molecular electric potential”, Rev.
Comp. Chem. 2, 219.

[4] Halgren, T.A. and Damm, W. (2001) “Polarizable force fields”,
Curr. Opin. Struct. Biol. 11, 236.

[5] Stone, A.J. and Alderton, M. (1985) “Distributed multipole
analysis methods and applications”, Mol. Phys. 56, 1047.

[6] Stone, A.J. (1996) The Theory of Intermolecular Forces
(Clarendon Press, Oxford).

[7] Koch, U., Popelier, P.L.A. and Stone, A.J. (1995) “Confor-
mational dependence of atomic multipole moments”, Chem.
Phys. Lett. 238, 253.

[8] Koch, U. and Stone, A.J. (1996) “Conformational dependence
of the molecular charge distribution and its influence on
intermolecular interactions”, J. Chem. Soc. Faraday Trans. 92,
1701.

[9] Banks, J.L., Kaminski, G.A., Zhou, R., Mainz, D.T., Berne, B.J.
and Friesner, R.A. (1999) “Parameterizing a polarizable force
field from ab initio data. I. The fluctuating point charge
model”, J. Chem. Phys. 110, 741.

[10] Rick, S.W. and Stuart, S.J. (2002) “Potentials and algorithms
for incorporating polarizability in computer simulations”,
Rev. Comp. Chem. 18, 89.

[11] Ren, P. and Ponder, J.W. (2003) “Polarizable atomic multipole
water model for molecular mechanics simulation”, J. Phys.
Chem. B 107, 5933.

[12] Jensen, F. (1992) “Locating minima on seams of intersecting
potential energy surfaces. An application to transition
structure modeling”, J. Am. Chem. Soc. 114, 1596.

[13] Jensen, F. (1994) “Transition structure modeling by intersect-
ing potential energy surfaces”, J. Comp. Chem. 15, 1199.

[14] Olsen, P.T. and Jensen, F. (2003) “Modelling chemical
reactions for conformationally mobile systems with force
field methods”, J. Chem. Phys. 118, 3523.

FIGURE 3 Correlation between MM3 and MP2/aug-cc-pVTZ relative energies for hexanediamide (Mol 6).

TABLE IV Fraction of electronic energy relative to the sum of all force field energy terms.

Force field Mol1 Mol2 Mol3 Mol4 Mol5 Mol6 Mol7

AMBER 0.24 0.29 0.73 0.50 0.84 0.87 0.93
OPLS 0.41 0.50 0.59 0.66 0.77 0.92 0.91
MM2 0.00 0.00 0.45 0.10 0.38 0.84 0.70
MM3 0.00 0.00 0.58 0.55 0.37 0.72 0.84
MMFF 0.00 0.00 0.50 0.60 0.66 0.83 0.82

The fraction is defined as the absolute value of the electrostatic energy divided by the sum of the absolute value of all energy terms, averages over all
conformations.

CONFORMATIONAL ENERGIES 805

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
2
9
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



[15] Jensen, F. (2003) “Using force field methods for locating
transition structures”, J. Chem. Phys. 119, 8804.

[16] Mohamadi, F., Richards, N.G.J., Guida, W.C., Liskamp, R.,
Lipton, M., Caufield, C., Chang, G., Hendrickson, T. and Still,
W.C. (1990) “MacroModel—an integrated software system for
modeling organic and bioorganic molecules using molecular
mechanics”, J. Comp. Chem. 11, 440.

[17] Chang, G., Guida, W.C. and Still, W.C. (1989) “An internal-
coordinate Monte Carlo method for searching conformational
space”, J. Am. Chem. Soc. 111, 4379.

[18] Gaussian 98, Frisch, M.J., Trucks, G.W., Schlegel, H.B.,
Scuseria, G.E., Robb, M.A., Cheeseman, J.R., Zakrzewski,
V.G., Montgomery, J.A., Jr., Stratmann, R.E., Burant, J.C.,
Dapprich, S., Millam, J.M., Daniels, A.D., Kudin, K.N.,
Strain, M.C., Farkas, O., Tomasi, J., Barone, V., Cossi, M.,

Cammi, R., Mennucci, B., Pomelli, C., Adamo, C., Clifford, S.,
Ochterski, J., Petersson, G.A., Ayala, P.Y., Cui, Q.,
Morokuma, K., Salvador, P., Dannenberg, J.J., Malick, D.K.,
Rabuck, A.D., Raghavachari, K., Foresman, J.B., Cioslowski, J.,
Ortiz, J.V., Baboul, A.G., Stefanov, B.B., Liu, G., Liashenko, A.,
Piskorz, P., Komaromi, I., Gomperts, R., Martin, R.L., Fox, D.J.,
Keith, T., Al-Laham, M.A., Peng, C.Y., Nanayakkara, A.,
Challacombe, M., Gill, P.M.W., Johnson, B., Chen, W.,
Wong, M.W., Andres, J.L., Gonzalez, C., Head-Gordon, M.,
Replogle, E.S., Pople, J.A., Gaussian, Inc., Pittsburgh PA, 1998.

[19] Beachy, M.A., Chasman, D., Murphy, R.B., Halgren, T.A. and
Friesner, R.A. (1997) “Accurate ab initio quantum chemical
determination of the relative energetics of peptide confor-
mations and assessment of empirical force fields”, J. Am.
Chem. Soc. 119, 5908.

T. D. RASMUSSEN AND F. JENSEN806

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
2
9
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1


