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Abstract
In this perspective, we review the theory and methodology of the derivation of force fields (FFs), and their validity, for 
molecular simulations, from their inception in the second half of the twentieth century to the improved representations at the 
end of the century. We examine the representations of the physics embodied in various force fields, their accuracy and defi-
ciencies. The early days in the 1950s and 60s saw FFs first introduced to analyze vibrational spectra. The advent of computers 
was soon followed by the first molecular mechanics machine calculations. From the very first papers it was recognized that 
the accuracy with which the FFs represented the physics was critical if meaningful calculated structural and thermodynamic 
properties were to be achieved. We discuss the rigorous methodology formulated by Lifson, and later Allinger to derive 
molecular FFs, not only obtain optimal parameters but also uncover deficiencies in the representation of the physics and 
improve the functional form to account for this physics. In this context, the known coupling between valence coordinates 
and the importance of coupling terms to describe the physics of this coupling is evaluated. Early simplified, truncated FFs 
introduced to allow simulations of macromolecular systems are reviewed and their subsequent improvement assessed. We 
examine in some depth: the basis of the reformulation of the H-bond to its current description; the early introduction of QM 
in FF development methodology to calculate partial charges and rotational barriers; the powerful and abundant information 
provided by crystal structure and energetic observables to derive and test all aspects of a FF including both nonbond and 
intramolecular functional forms; the combined use of QM, along with crystallography and lattice energy calculations to derive 
rotational barriers about ɸ and ψ; the development and results of methodologies to derive “QM FFs” by sampling the QM 
energy surface, either by calculating energies at hundreds of configurations, or by describing the energy surface by energies, 
first and second derivatives sampled over the surface; and the use of the latter to probe the validity of the representations of 
the physics, reveal flaws and assess improved functional forms. Research demonstrating significant effects of the flaws in 
the use of the improper torsion angle to represent out of plane deformations, and the standard Lorentz–Berthelot combin-
ing rules for nonbonded interactions, and the more accurate descriptions presented are also reviewed. Finally, we discuss 
the thorough studies involved in deriving the 2nd generation all-atom versions of the CHARMm, AMBER and OPLS FFs, 
and how the extensive set of observables used in these studies allowed, in the spirit of Lifson, a characterization of both the 
abilities, but more importantly the deficiencies in the diagonal 12-6-1 FFs used. The significant contribution made by the 
extensive set of observables compiled in these papers as a basis to test improved forms is noted. In the following paper, we 
discuss the progress in improving the FFs and representations of the physics that have been investigated in the years fol-
lowing the research described above.
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1 Introduction

The application of energy based computational methods to 
molecular systems spans more than half a century. From the 
first it was recognized that the value of the method depended 
entirely on the validity of the energy surface or force field 
(FF) employed. Many of the questions addressed over this 
time span are still relevant today. For example:

Why is the hydrogen bond energy described simply in 
terms of electrostatic and van der Waals interactions 
instead of the more complex functional forms earlier 
assumed? What is the physical basis for coupling 
between valence terms and are “cross-terms” required 
to account for this coupling? Do cross-terms contrib-
ute significantly to intramolecular strain energy and 
barriers? Why are combination rules for nonbonded 
constants typically calculated by arithmetic and geo-
metric mean rules and are these valid? Are there more 
accurate rules and what is the evidence for them? What 
is the role of small-molecule crystal data in the deriva-
tion and testing of force fields? What information does 
it provide over that accessible from liquid and gas-
phase data? What role does vibrational spectroscopic 
data play in derivation of force fields? Is it important 
for force fields designed for proteins and biomolecules 
to account for the spectra of model compounds? What 
role can Quantum Mechanics play in helping derive 
biomolecular force fields? How should QM results be 
integrated with experimental observables in the deri-
vation and testing of FFs? How should the spatial elec-
tron distribution be represented? How important are 
atomic multipoles? Can spatial electron density and 
atomic multipoles be determined experimentally by 
X-ray crystallography?

Other issues also touched upon include the representa-
tion and importance of atomic polarizability, charge trans-
fer, anisotropic nonbond interactions, charge penetration and 
the large effect on atomic forces of charge flux (the shift 
in charge on deformation of molecular geometry such as 
bond stretching, angle bending etc.), as well as nonbond and 
polarizability fluxes.

The functional form describing the energetics of these 
interactions have been studied over the years in various force 
fields, as we elaborate below. A great deal has been learned 
about the energetics of intra and intramolecular interactions 
as implied by the questions listed above. Two of the most 
important results of these studies are the construction of the 
extensive experimental data sets employed and documented 
in the derivation and testing of the corresponding force 
fields, and the documentation of where these force fields 
failed to adequately account for the experimental result. 

These data still hold great value today as much work remains 
in FF development. Especially valuable are the problematic 
observables, the accounting of which would (and should) 
serve as a minimal requirement for proposed improved force 
fields (FFs).

The evolution of FFs, how the questions above have been 
addressed, the approximations made, their validity, and ulti-
mately their widespread adoption for biomolecular simu-
lations is the subject of this review. We will focus mainly 
on the progression and advancements that took place in the 
development of biomolecular force fields. The first genera-
tion of these FFs emerged for the most part from the early 
workers in the field, starting, by and large, in the early 1960s 
and culminating, roughly, at the turn of the century. At this 
stage a new generation of force fields began to emerge, with 
two distinct approaches taken for further development. The 
first involved the introduction of torsion error functions, 
either as a Fourier series or grid correction factors, to cor-
rect for discrepancies between FF results and observed prop-
erties. The second stage involved further research into the 
underlying physics of inter and intramolecular interactions, 
and the representation of this physics in the FF. In this paper, 
we review the early research and discoveries, while in the 
following paper we discuss the second stage of development.

2  Early history

From the beginning of the field of chemistry itself, chem-
ists realized that understanding the structure of molecules 
could lead to the understanding of many aspects of chemical 
properties and reactivity. Thus in 1865, the German chemist 
August Wilhelm von Hofmann [1] introduced ball and stick 
models fashioned from croquet balls and sticks obtained by 
cutting up the mallets, to demonstrate structural concepts in 
a lecture at the Royal Society.

The idea of three dimensional structures for molecules 
emerged in the mid nineteenth century. Louis Pasteur’s dis-
covery of molecular chirality and spontaneous resolution 
in 1848 was based on experimental observations of some 
crystals of organic molecules, and led to the foundation of 
molecular chirality [2]. Independently, a key development 
occurred in 1874 with the publications of the Le Bel [3] 
and van’t Hoff [4] theoretical concept of the asymmetrical 
tetrahedral carbon atom, and presentations of conformations 
using “ball and stick” diagrams.

The still familiar space filling and Dreiding models, 
built to scale, made their appearance in the mid twentieth 
century. They were invented to assist in visualization and 
manipulation of molecular structure, and to elucidate the 
implications of these structures on chemical properties. The 
initial specialized, expensive and cumbersome models were 
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then further developed for wider availability, robustness and 
affordability [5–7].

The next stage in the evolution was to introduce quantita-
tive considerations, which occurred as described below in 
the decades between 1930 and 1960 [8–13]. The cornerstone 
of energy based methods such as molecular mechanics and 
dynamics is the analytical expression of the energy surface 
as a function of the molecular coordinates—aka the force 
field. Classical molecular mechanics (MM) techniques are 
based on an empirical representation of the Born–Oppen-
heimer approximation, according to which the ground 
state of molecules is a continuous function of the atomic 
coordinates.

2.1  The first force fields: spectroscopy and the lost 
coupling terms

The earliest articulation of potential energy functions as a 
mathematical expression of internal coordinates significantly 
predated molecular mechanics calculations with papers 
appearing as early as the 1930s and 1940s’ in the field of 
spectroscopy [9, 14–16].

The first applications of these methods investigated the 
ability of the force fields to account for the vibrational fre-
quencies of small common molecules such as ethanol and 
ethyl halides [17, 18]. In the early applications the FF was 
molecule specific. For these applications the overall poten-
tial energy of a molecule, EValence, included harmonic terms 
representing contributions from strain in bonds (b), valence 
angles (θ), as well as the critical ‘cross terms’ which rep-
resent coupling of these internals (usually only coupling 
between internals with a common atom or common bond 
were included [9, 14]). This was commonly referred to as a 
“Valence Force Field (VFF)” and is defined in Eq. (1), where 
Eb and Eθ are the strain energies associated with bond (b) 
and valence angle (θ) distortions from their reference values 
b0 and θ0 and Kbb, Kbθ, and Kθθ are the force constants cor-
responding to the coupling between these internals.

(1)EValence = Eb + E� + ECoupling

(1a)Eb =
∑
b

Kb(b − b0)
2

(1b)E� =
∑
�

K�(� − �0)
2

(1c)

ECoupling =
∑
bb�

Kbb� (b − b
0
)(b� − b�

0
) +

∑
���

K��� (� − �
0
)(�� − ��

0
)

+
∑
b�

Kb�(b − b
0
)(� − �

0
)

Alternatively, the Urey–Bradley force field [15, 16] 
was utilized in which the only coupling accounted for is 
bond–angle coupling as represented by a 1–3 atom–atom 
interaction. 

where r is the ‘1–3’ distance, between these atoms, and Kij is 
the Urey–Bradley force constant. Note that these early appli-
cations treated tetrahedral molecules without torsion angles.

What might be considered one of the first “modern” 
FFs was due to Schachtshneider and Snyder [19, 20] who 
addressed the alkanes and focused on the transferability of 
parameters (force constants). In these applications in addi-
tion to the terms in Eq. (1), torsion strain was accounted for 
by a cosine dependence [21] [the same terms that were to be 
used in contemporary conformational studies, as defined in 
Eq. (3)]. A pictorial representation of the various terms (as 
well as terms which will be discussed later) is given below 
in Fig. 1.

Schachtshneider and Snyder [20] also confirmed the need 
for the complete set of coupling terms, and showed that even 
the Urey–Bradley (UB) enhancement was not sufficient to 
account for vibrational properties—which, we note, describe 
the curvature of the energy surface at a given configura-
tion. To the extent these deviate from experiment, the energy 
surface itself will deviate at some distance as well. These 
authors were also the first to include torsion angles as coor-
dinates in the energy function, which was afterwards the 
common practice in force fields in general.

Although in these applications no van der Waals or 
exchange repulsion terms were included (or needed), the 
force fields for the valence terms used at that time were 
more complete than those used in many MD applications 
today. In fact, the latter diagonal force fields are a subset 
of these, omitting potentially important coupling interac-
tions—known to be crucial to these early spectroscopists.

2.2  Conformational studies

Studies involving conformational properties had a different 
emphasis than the contemporaneous spectroscopic studies of 
small molecules. These studies were focused on the configu-
ration and energies of molecules, which required torsional 
terms. A Fourier expansion, i.e. a series of cosines with dif-
ferent periodicity (n) and phase (s) were the simplest suitable 
functions as shown in Eq. (3), where φ is the torsion angle, 
Kφ is the torsion force constant, s is the phase, and n is the 
periodicity.

(2)EUrey−Bradley =
∑
ij

Kij(rij − r0
ij
)
2

(3)E� =
∑
�

K�(1 + s cos n�)
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In addition, terms representing non-bonded interactions 
were introduced. The non-bonded energy, ENon-bonded, was 
defined as a sum of pairwise interactions between atoms i 
and j:

Or

(4)ENon-bonded =
∑
i<j

E(rij) =
∑
i<j

EvdW (rij) +
∑
i<j

ECoul(rij)

(4a)

EvdW (rij) = EL−J(rij) =
Aij

rn
ij

−
Cij

rm
ij

or

EvdW (rij) = �ij

[(
m

n − m

)( r∗
ij

rij

)n

−
(

n

n − m

)( r∗
ij

rij

)m]

(4b)EvdW (rij) = EBuckingham(rij) = Aijexp(−Bijrij) −
Cij

rm
ij

Or

where EvdW and ECoul are the van der Waals, and Coulombic 
components of the energy of interactions between the atoms 
[22, 23]. The vdW component, composed of a repulsion term 
and an attraction term, can be defined by a Lennard-Jones func-
tion [24], Eq. (4a), or a Buckingham term [25], Eq. (4b). The 
attractive term represents the dispersion forces due to instan-
taneous dipole–induced dipole interactions. These interactions 
fall off as the inverse 6th power of the distance and thus m is 
commonly taken as six. The repulsion term represents forces 
due to exchange repulsion between the electrons. For the Len-
nard-Jones equation, values of n = 12, 9 have been used [26].

(4c)
ECoul(rij) =

qiqj

rijD

(4d)Edipole = 1∕D[�i × �j∕r
3 − 3(�i × r)(�j × r)∕r5]

(4e)r∗
ij
= 1∕2(r∗

ii
+ r∗

jj
) �ij = (�ii�jj)

1∕2

Fig. 1  Graphic representation of the main terms used in mathemati-
cal expressions defining the potential energy of a molecule (or ‘force 
field’), demonstrated on the alanine dipeptide, the basic building 
block of peptides and proteins. The components depending on single 
internal coordinates—bonds (b), valence angles (θ), dihedral angles 
or torsions (φ, ϕ, ω, and χ)—are depicted in yellow rectangles. Non-
bond interactions between atoms separated by more than two bonds, 
at a distance of rij apart, including van der Waals (e.g., 6–12), elec-
trostatic, and explicit hydrogen bond (e.g. 10–12), are shown in blue 
rectangles. Cross terms, or coupling terms between two or more 

internals are highlighted by green ellipses and defined in the corre-
sponding green rectangles: bond–bond (b–b)—with a common atom; 
angle–angle (θ–θ) and bond–angle (b–θ); and angle–angle–torsion 
(θ–θ–φ) with both angles being part of the torsion. Also shown is 
an alternative to the cross terms, the Urey–Bradley term which is a 
function of the interatomic distance, r1−3, between atoms separated by 
two bonds. The standard nomenclature for atom names (N,  Cα,  Cβ, C 
and O) and torsion angles (φ, ϕ, ω and χ) of an amino acid are also 
included and shown in red lettering
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The parameters r∗
ij
 and εij are the van der Waals radius and 

well depth parameters, respectively, as shown in Fig. 2.
Equation (4e) defines the commonly used arithmetic—

geometric combination rules which define the values, r∗
ij
 and 

εij for interactions of mixed unlike atoms i, j from the 
“like–like” parameters. Combination rules are usually used 
to reduce the number of independent parameters, but as dis-
cussed below this form is too simplistic and can be the 
source of non-trivial errors and more accurate rules are 
needed, and have been derived [27].

The electrostatic interactions have generally been rep-
resented by Coulomb interactions between atomic point 
charges qi and qj, (Eq. 4c), where rij is the distance between 
the charges, and/or by the interaction of dipoles (Eq. 4d, see 
also Fig. 1). This is also an approximation of questionable 
accuracy.

2.3  The birth of molecular mechanics and dynamics

Calculations which were the precursor to modern molecu-
lar mechanics and dynamics calculations were first intro-
duced in 1946 by Hill [28] and Westheimer [29], and sev-
eral applications were carried out shortly thereafter [10, 
30]. Interestingly, Dostrovsky et al. [30] recognized and 
included anisotropy of the van der Waals interaction and 
the differences between intra and intermolecular interac-
tions in 1946—aspects only recently “rediscovered” and 
still not accounted for in biomolecular simulations. Several 
of these studies were motivated by the desire to account 
for steric effects in reactions and all were carried out by 
hand. Westheimer described these efforts in a review in 
1956 [31]. He recognized that in addition to spectroscopic 
properties, many of the chemical and physical properties of 
molecules could be calculated if we could generalize the 
spectroscopic force fields to a transferable set of energy 
expressions. Of course, the complexity of the calculation 
limited the application and made this a tedious undertaking. 
Similarly, Allinger [32] used a hybrid of model building and 

calculation in investigating cyclohexane conformations. He 
built the models by hand, measured dihedral angles directly 
by projection on a protractor and then calculated the energy 
using a torsional function as in Eq. (3). These limitations 
were overcome by Hendrickson, who was the first to exploit 
the advent of computers, and published his pioneering study 
of the conformation energetics of cyclic alkanes in 1961 
[13]. He presented the major two components of his funda-
mental strategy (and to a large extent of all MM studies to 
follow), namely, find an appropriate mathematical function 
that expresses the total energy in terms of geometrical vari-
ables, and determine the set of variable values corresponding 
to a minimum energy (i.e. a stable conformation). It is inter-
esting to read his evaluation of the problems facing scientists 
in this field at the time:

This statement of approach to the problem serves to 
underscore the vast complexity of the calculations in 
any molecule of organic chemical interest, since the 
number of independent geometrical variables can be 
overwhelming while the calculation of the total energy 
of any single set of geometric parameters is itself 
extremely ponderous. In order to reduce the problem 
to workable dimensions, it is generally necessary to 
simplify it by certain assumptions of conformation or 
of parameter constancy, and frequently by simplifying 
or simply ignoring certain of the relevant energy func-
tions themselves. These simplifications, however, too 
often so drastically alter the complexion of the prob-
lem as to render the answers either suspect or unrea-
sonable. The basis of the present work is accordingly 
an effort to break through this barrier of undue simpli-
fication by employing machine calculation, thus allow-
ing a far greater magnitude of mathematical effort in a 
reasonable time with untiring accuracy, and a conse-
quent capability of a more intimate probing into these 
problems than is possible with hand calculation.

As we shall see his statement was a prophetic assess-
ment of the development of the field, and remains emblem-
atic of the dilemma facing researchers to the present. There 
is always an insatiable appetite to apply the techniques to 
molecular systems ‘of interest’, which are increasingly larger 
and more complex. Consequently, there is always a conflict 
between keeping the computational requirements practi-
cal and trying to eliminate severe approximations that give 
rise to misleading results. Though the increase in computer 
power since has been immense, the use of approximations 
of varying severity remains. This issue needs to be kept at 
the forefront of considerations in designing and evaluating 
new studies.

Fig. 2  Representation of Lennard-Jones potential
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2.4  The introduction of Cartesian coordinates 
and first derivatives

The landmark calculations of Hendrickson [13] opened 
up new possibilities for practical expansion of molecular 
mechanics based research. Initially calculations were limited 
to hydrocarbons and utilized the simplest possible math-
ematical form. The first studies focused on improvement of 
computational techniques and of the parameters (constants) 
in the mathematical representation of the energy. Wiberg 
[33] recognized that by using Cartesian coordinates as the 
central structural variables, rather than internals, the cal-
culation scheme is greatly simplified and generalized. He 
was also the first to implement a minimization technique, 
steepest descent, for finding the minimum energy structure, 
replacing the ‘trial and error’ procedure used previously 
by Hendrickson. In this method, an iterative process was 
implemented where numerical derivatives of the energy with 
respect to each of the Cartesian coordinates were calculated, 
and the Cartesians incremented by an amount proportional 
to the corresponding derivatives. Iterations were carried out 
until the energy converged. Limitations in computational 
power were a major consideration, and resulted in the intro-
duction of geometrical constrains—fixed CH bond length 
for most of the minimization, and enforcement of symmetry.

As in Hendrickson’s study, the values assigned to the var-
ious parameters were derived from available experimental 
data. Because the calculations were carried out for only a 
few molecules, and these contained only two types of atoms, 
it was feasible to test the parameters using a trial and error 
approach.

2.5  The 1960s: peptides, proteins and the first 
“protein” potential functions in the new age 
of computers

The 1960s were an exciting time, in many ways giving birth 
to the field of modern computational biology. Scientists such 
as Flory, Liquori, Ramachandran, and Scheraga realized the 
possibilities opened up by the emerging computer age for the 
investigation of the conformational properties of proteins 
and other biomolecules.

The studies carried out by these researchers, involving 
conformational properties, had a different emphasis than 
early structural and spectroscopic calculations. In particu-
lar, due to the biological importance of peptides and proteins 
there was much interest in understanding the factors defining 
the conformation of these molecules. Examining the cova-
lent structure of the peptide unit it was observed that con-
formation of peptides and proteins could be characterized in 
terms of the two main chain torsion angles of each residue 
as shown in Fig. 1, (originally called φ, φ′ later defined as 
φ, ψ [34]), while other internals were approximated as rigid.

Ramachandran [35, 36] was the first to apply computa-
tional resources to the investigation of the conformational 
energy surface of the peptide unit. He used geometrical 
considerations i.e., hard sphere contact distances between 
the various atoms, to determine three φ, ψ regions—fully 
allowed, outer limits and disallowed, based on the exist-
ence of favorable short distances between hydrogen bond-
ing atoms or the steric clashes between any other atoms 
(Fig. 3a). For its time the task of calculating interatomic 
distances as a function of the main torsion angles was a large 

Fig. 3  φ, ψ maps for an alanine dipeptide. a Ramachandran [37] dia-
gram: full lines (__) delineate fully allowed region, and dashed line 
(---) enclose ‘outer limits’ of allowed regions. b Scott and Scheraga 

[41] contour map of energy surface of poly-alanine: contours are 
given in kcal/mol, at intervals of 1 kcal
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and challenging undertaking. In addition to working out the 
required analytical equations, the number of calculations 
needed to be carried out was large. In the first stages of this 
research the calculations were done using a desk calculator, 
but soon computers were exploited. Ramachandran’s group 
used an Elliott-803 computer to start with [36] and then 
went on to IBM 1620, CDC 3600 and IBM 7090 models 
[37]. In a subsequent study of favorable helical conforma-
tions of a polypeptide Ramachandran considered formation 
of possible hydrogen bonds in addition to the hard sphere 
collisions. These considerations were also of a geometrical 
nature (i.e.—an N and an O were considered to be hydrogen 
bonded if they fell within 2.6–3.2 Å and the angle between 
N–H and N⋯O is less than 30°) [37]. Later studies [38–41] 
refined this approach, replacing the ‘hard sphere’ model with 
an explicit energy function, and presenting the results in the 
form of energy contour maps rather than sterically allowed 
contours (Fig. 3b).

In 1965, De Santis et al. [38], in what was essentially the 
first energy based calculations of peptide properties, intro-
duced a van der Waals potential, and dipole–dipole interac-
tions to account for hydrogen bonds, to calculate the energy 
landscape of helical peptides. The van der Waals interac-
tions were represented by a mixture of Lennard-Jones and 
Buckingham functions as in Eqs. (5a, b). The minima in the 
maps they derived were shown to be in agreement with those 
derived from fiber diffraction data.

where the variables are defined above in Eq. (4).
The determination of intrinsic torsion parameters was 

problematic. This was addressed in 1965 by Scott and Scher-
aga [40] who introduced a method to calculate the intrinsic 
barriers, E0, from knowledge of the nonbond interactions, 
van der Waal radii, and experimental microwave data. They 
defined the total energy for a rigid molecule as:
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Aij

rn
ij
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Here φ is the torsion angle, Eφ is the intrinsic torsion bar-
rier (the barrier in the absence of nonbonded interactions), 
s is the phase and n is the periodicity. The nonbond term 
(Eq. 6b) is as given above in Eq. (4), where the dispersion 
constant C was determined by the Slater Kirkwood Eq. (6c). 
In the latter, ε0 is the permittivity of vacuum, e and me are 
the electron charge and mass respectively, h is Planck’s con-
stant, and αi and Ni, are the polarizability and number of 
effective outer-shell electrons of atom i, respectively.

Differences in the atomic electronegativities in bonds, 
along with molecular dipole moments were used to deter-
mine the charges, qi, qj in the coulomb term, while the value 
of Bii, the exponent in the Buckingham Eq. (6b) was taken 
from literature values. The mixed exponent Bij, was taken as 
the geometric mean of the homogeneous exponents. Finally, 
the coefficient A in the Buckingham potential was deter-
mined by requiring the 6-exp potential be a minimum at the 
sum of the van der Waal radii, which were taken from the 
literature.

This work was followed with an analysis of the energy 
surface of helical conformations of polyalanine and polyg-
lycine [32] again using torsion functions, a Lennard-Jones 
nonbond potential and partial charges for electrostatics 
with parameters found previously, but they also added an 
explicit hydrogen bond potential based on a modified Lip-
pincott–Schroeder potential [43–45], commonly used at the 
time [46] (Eq. 7).

where D* is the strength of the hydrogen bond, θ1 and θ2 are 
the angles between the H–O bond and the “reference” hydro-
gen bonding direction taken to be 120°. R and R0 are the 
actual and equilibrium N⋯O distances, taken to be 2.65 Å, 
and r and r0 are the actual and equilibrium H⋯O lengths.

Based on the experimental values for the rotational bar-
rier in acetic acid the barrier about ψ was chosen to be 
0.2 kcal/mol. The barrier about φ was more ambiguous due 
to lack of analogous compounds, but by taking into account 
the relative double bond character of the carbonyl and amide 
bonds they concluded that the barrier should be ~ 0.6 kcal/
mol. They tested values of both values by varying them from 
0 to 1.5 kcal/mol and concluded that the torsional constants 
are small and did not have a significant effect on the relative 
stability of the left and right handed α-helices [41]. Their 
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map is given in Fig. 3b and compared to the hard-sphere 
results for the single peptide unit of Ramachandran (Fig. 3a).

Brant and Flory [39] used similar potential functions, 
Fourier torsion, Buckingham vdW and dipole–dipole inter-
actions (Eqs. 8a–c), to calculate the dimensions of random 
coil polypeptide chains from the φ, ψ maps and showed that 
they agreed with experimentally determined values.

The first two terms in Eqs. (8a–c) are identical to those 
described above. In the dipole representation of the electro-
statics, D is the dielectric, µi and µj are the peptide dipoles 
and r is the interdipole distance. They assigned values of 
1 and 1.5 kcal/mol to the torsion barriers about φ, and ψ 
respectively, and similarly to the results obtained by Scott 
and Scheraga [41], found that their conclusions were not 
sensitive to variations in these constants.

The results of the studies described above suggested the 
existence of a small number of possible stable conformations 
of the peptide unit and were exciting as they gave insight 
into the underlying basis for the helical secondary structure 
observed in the then recently published structures of myo-
globin and hemoglobin [47, 48], as well as other allowed 
residue conformations appearing in that protein crystal.

These works laid the foundations for energy based calcu-
lations of proteins and established the basic terminology to 
be used since, in all protein structure related research. Unfor-
tunately, the torsion space representation is not as powerful 
as the Cartesian representation—or as conducive for MD 
simulations, and for the most part has been abandoned for 
modern Cartesian based simulations, though it still plays an 
important role in some docking applications.

3  CFF: the origin of modern force fields

At the end of the 1960s fundamental contributions to the devel-
opment of molecular mechanics (MM) studies emerged from 
the laboratory of Shneior Lifson at the Weizmann Institute in 
Israel. Lifson was focused on the fundamental physical prop-
erties of organic molecules and felt it was necessary to rigor-
ously account for these if accurate results were to be obtained. 
He introduced the concept of a ‘consistent force field’ (CFF) 
defining the scope and strategy for deriving and validating 
force fields [49, 50]. The term ‘force field’ was adopted from 

(8a)E� =
∑
�

K�(1 + s cos n�)

(8b)EBuckingham(rij) = Aijexp(−Bijrij) −
Cij

rm
ij

(8c)Edipole = 1∕D[�i × �j∕r
3 − 3(�i × r)(�j × r)∕r5]

normal mode analysis of molecular vibrations as had been 
used in interpreting vibrational spectra. The term ‘consistent’ 
emphasized the philosophy of demanding that the functional 
form and parameter values simultaneously accounted for 
a wide variety of compound types (i.e. strained, cyclic etc.) 
and physical observables, in this way ensuring that the energy 
surface was accurate and transferable over a large domain of 
configurational space. The initial investigation carried out by 
Bixon and Lifson [51] used a diagonal FF, with contributions 
from bonds, valence and torsion angles and non-bonded terms:

To define the parameters, they followed a similar strategy 
to that of Wiberg, incorporating parameter values derived 
initially from individual observables, e.g., bond and angle 
force constants (Kb and Ka) were taken directly from spectro-
scopic studies, (which did not include torsion or non-bonded 
terms), and the zero strain values, b0, and θ0 were taken as 
experimental values of bond lengths and valence angles. The 
values of the parameters were then modified one at a time to 
optimize the fit to the experimental data.

In further studies, with Warshel [26, 52–54] and Ermer 
[55], Lifson embarked on derivation of a CFF for hydrocar-
bons in a systematic way and introduced a novel methodol-
ogy. The underlying hypothesis was that for each chemical 
family, a limited set of elementary energy functions is asso-
ciated with the types of internal coordinates in the family, 
and should define simultaneously all types of observables 
including conformation, crystal structure, thermodynamic 
properties and vibrational spectra. Another way of stating 
this is that there is only one energy surface determined by 
fundamental physics, and that all the molecular properties 
(e.g. energy, structure, vibrations etc.) are determined by 
this surface. The fundamental physical laws are independent 
of property, phase etc. The functions have to be consistent 
not only with the data from which they were derived, but 
also with all other relevant experimental observables, and, 
importantly, transferable to molecules of the family which 
were not included in the fitting process. In principle, the 
functional forms are chosen so that they have a physical 
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rationale (e.g. strain of internals, interactions between non-
bonded atoms etc.).

The ‘trial and error’ method for testing and optimiz-
ing parameters was abandoned in favor of a least-squares 
algorithm to give the best possible agreement with a large 
amount and variety of observed data. Analytical deriva-
tives of the various calculated quantities with respect to the 
energy parameters helped to facilitate the computational pro-
cedures. In addition to the steepest descent minimization 
technique the Newton–Raphson technique (which involves 
exploitation of the Hessian) [56] was introduced, improving 
convergence near the minimum.

In the first papers with Warshel a Urey–Bradley func-
tional form (UBFF) was used (Eq. 10):

where the variables are defined as above.
As a result of the streamlined methodology Warshel and Lif-

son could optimize the parameter values for the energy function 
used, and by analyzing any remaining deficiencies in accounting 
for the experimental data could evaluate the functional form as 
well as the parameters. Insight from these deficiencies yielded 
information on interactions unaccounted for, such as coupling 
terms that needed to be incorporated into the FF functional form. 
For example—they evaluated the merits of different forms of the 
van der Waals component of the non-bonded term (Eq. 10e). 
Values of n = 12, 9, were tested for the repulsion term, as well 
as an exponential (i.e. the Buckingham function [25]). The 9-6-1 
potential and the exp-6-1 potential were equally successful and 
both were found to be superior to the 12-6-1 form. Since a poly-
nomial function is more efficient computationally than an expo-
nential, the 9-6-1 representation was adopted.
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We note that the almost universally used (to date) 12th 
power was originally introduced simply for computational 
ease since it was just the square of  r6 dispersion dependence 
[57]. However, Warshel and Lifson found it couldn’t account 
for intra and intermolecular interactions simultaneously.

The initial approximations were subject to reevaluation 
when needed. When difficulties were encountered in fit-
ting some observables these approximations were analyzed 
and the missing interaction terms added, resulting in fur-
ther improvements to the FF. For example a coupling term 
between torsions and the two angles contained in the dihe-
dral angle (Eq. 11), was shown to be required to improve 
reproduction of vibrational frequencies [52].

3.1  Introducing coupling terms into an MM/MD FF

In a later work Ermer and Lifson [55] studied a series of 
non-conjugated olefins and introduced a valence consist-
ent force field incorporating an extensive set of coupling 
terms (Eq. 12e), similar to those in traditional spectroscopic 
analysis, instead of the Urey–Bradley term (Eq. 10d). In 
addition, an out of plane term, Eq. (12d), was introduced 
to maintain the planarity of unsaturated groups. A total of 
39 parameters were refined using a least squares procedure 
to fit experimental data comprised of 259 experimentally 
assigned frequencies, 44 structural observables; 10 cis–trans 
energy differences and excess values of heats of hydrogena-
tion. Agreement with experiment obtained with the VFF was 
superior to that obtained with the UBFF [55].
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Further investigations of the highly strained molecule tri-
tert-butylmethane (TTBM) by Hagler et al. [58] with the 
Urey–Bradley and valence consistent force fields pointed to 
the need for the inclusion of an anharmonic bond stretch-
ing (Morse [58, 59]) potential in both force fields and the 
necessity of the stretch (CH)—bend (CCH) interaction term 
(which was previously omitted) in the valence FF [58].

3.2  Extension of the CFF: the first application 
to proteins

After the initial investigations of FF’s for hydrocarbons, 
Warshel et al. [53] extended the CFF to include a partial set 
of parameters related to the amide group and its vicinity, the 
moiety characteristic of the peptide backbone. A Urey–Brad-
ley FF was used, as in their original hydrocarbon FF [26] 
(Eq. 10), but with an added term for out-of-plane angles for 
the amide NH and CO groups, as in Eq. (12d). This was a 
much more limited study—due in part to the limited exper-
imental data available for the amides as compared to the 
alkanes. The FF was optimized to fit the vibrational spectra 
and structures of only three simple amides (N-methyl forma-
mide, acetamide, and N-methyl acetamide), and their deu-
terated analogues. It was then tested on lactams. No strain 
energies or crystal data was included and, unfortunately, 
because of the lack of low frequency vibrational data, the 
important energy parameters describing the φ and ψ torsion 
angles could not be determined. They were transferred from 
the work of Scott and Scheraga [41].

Finally, in a parallel application, not related to the use 
or derivation of force fields but rather to exploitation of the 
program to treat proteins, Levitt and Lifson [60] applied the 
software to the refinement of protein X-ray structures (Myo-
globin and Lysozyme). This study could be considered as a 
feasibility study, reflecting the eagerness to apply molecular 
mechanics techniques to proteins. The goal was to refine the 
structure, but a rigorous CFF for proteins had not yet been 
derived. Instead, a very crude FF was invoked (e.g. all types 
of angle force constants in the protein were taken to be the 
same 30 kcal/rad2), a diagonal quadratic FF was applied and 
the coordinates were restrained to their X-ray values by a 
quadratic restraining potential to correct defects introduced 
by the potential. As they stated ‘No constraining force would 
be necessary if the force-field used was that experienced by 
the protein molecule’.

(12f)EvdW (rij) =
Aij

r9
ij

−
Bij

r6
ij

4  ECEPP

As noted above, the Scheraga lab became interested in the 
conformational analysis of polypeptides and proteins in the 
early 60s [41]. At this time investigations were only pos-
sible if significant approximations were made, e.g.—only 
dihedrals and non-bonded terms were included in the FF, 
bonds and angles were fixed, and amide bond were fixed as 
well in a trans conformation. Similarly, parameters were of 
an approximate nature due to limited availability of experi-
mental information. In spite of this, the results were of quali-
tative interest, and served to emphasize the importance of 
the non-bonded terms. In an effort to refine the force-field 
parameters Scheraga invoked the use of crystal data of small 
organic compounds, and embarked on a series of studies to 
better refine these parameters [61, 62].

4.1  Invoking crystal structure, sublimation energy 
and charges from QM

In 1974 an extensive study was carried out, incorporating 
data from 23 crystals to derive parameters for hydrocarbons, 
amides, amines and acids [63, 64]. The partial charges and 
the attractive term of a hydrogen bond function, were com-
puted by one of the first semi-empirical quantum mechanical 
methods (CNDO) [65] while the coefficients of the attractive 
term of the Lennard-Jones potential were computed by the 
Slater–Kirkwood method, Eq. (6c). The coefficients of the 
repulsive terms of both the Lennard-Jones and of the gen-
eral hydrogen bond potentials were then obtained by varying 
these coefficients until the energy-minimized lattice con-
stants agreed as closely as possible with the observed ones.

This study was extended to compute the structures and 
lattice energies of crystals of various amino acids [66]. 
Although some deviations suggested further improvements 
might be needed, the authors were pleased overall with 
the fit to experiment in most cases, and felt that this FF, 
termed ECEPP, (empirical conformational energy program 
for peptides), opened the way for conformational studies of 
polypeptides and proteins. Over the years ECEPP evolved 
culminating in ECEPP-2 being published in 1983 [67]. The 
improvements, for the most part were based on experimental 
information that became available in the intervening years. 
One of the simplifications introduced involved assigning 
only one (rather than two) set of nonbond parameters to all 
nitrogens, which resulted in the backbone nitrogen repulsion 
being softened. While the changes generally had little effect 
on the computed conformations of the blocked N-acetyl-N′-
methylamide dipeptides of the naturally occurring amino 
acids, a better agreement was achieved with observed side-
chain conformational distributions in peptides and proteins, 
and with infrared and Raman spectra. The availability of 
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more recent data on some sulfur-containing aromatic mol-
ecules, including direct determination of heats of sublima-
tion, allowed a more precise determination of the nonbonded 
Interactions of these atoms. The new parameters improved 
the fit to both the unit cell parameters and the lattice energy.

The improvements to the force field continued, and in 
1992 another version, ECEPP-3, was published [68]. The 
most significant changes were improvements in the geometry 
and the interactions of prolyl and hydroxyprolyl residues, 
on the basis of crystallographic structural data. The struc-
ture of the pyrrolidine ring was revised to correspond to 
the experimentally determined extent of out-of-plane puck-
ering of the ring. The parameters for nonbonded interac-
tions involving atoms in Pro and Hyp were also modified, 
which resulted in improvements in the computed minimum-
energy conformations of peptides containing the Pro–Pro 
and Ala–Pro sequences. In particular, it was demonstrated 
that an α-helix-like conformation of a residue preceding Pro 
became an accessible state. This had important implications 
for calculations of collagen-like polypeptides.

5  MM1 and MM2: coupling terms, hydrogen 
electron offset, anharmonic bond 
stretching and bending, and Taylor series 
for torsions

In the late 1960s, Allinger also noted the implications of 
Hendrickson’s work [13] and launched a similar study [69] 
on a group of hydrocarbons. Allinger exploited the technol-
ogy from the viewpoint of an organic chemist. His goal was 
to be able to accurately calculate the structures of a broad 
range of organic compounds and to be able to relate these 
structures to their physical properties. In this first paper 
Allinger reparametrized a simple diagonal force field for 
~ 20 hydrocarbons and their isomers, and was able to calcu-
late bond lengths, angles, and relative energies of different 
conformations in reasonable agreement with experiment. 
Continuing studies led him to develop an improved hydro-
carbon FF—MM1 in which he introduced an angle-bend 
coupling term and offset the electron density of the hydro-
gen atom by 8%, so that the electron cloud of this atom is 
positioned 0.92 Å from the bonded atom [70]. Again a wide 
range of structural and energetic properties were calculated 
[71]. This work established an approach, similar to Lifson’s 
CFF protocol, which he would follow for FF optimization 
over many decades: namely he invoked a large set of com-
pounds, ~ 20 or more, and demanded that the FF account 
for a variety of fundamental physical properties of these 
compounds. When deviations arose over subsequent appli-
cations, they were collected, and then used to inform the 
derivation of an improved FF, usually involving additional 

terms to account for the physics of interactions or coupling 
previously omitted.

5.1  Systematically collecting and analyzing 
discrepancies to consistently improve FF 
functional form and force constants

In the subsequent years numerous studies were carried out 
where MM1 was applied to a diverse set of organic moie-
ties [71]. By 1977 experience with deficiencies in the FF 
as reflected in problems arising in energetic and structural 
properties led to further significant modificationd of the 
force field and the release of MM2 [72]. The main modifica-
tions to the FF included: adding onefold and twofold (K1 and 
K2) terms to the torsion potential; removing the combina-
tion rule for C/H energy interactions so they were independ-
ent parameters; adding an anharmonic sixth power term, 
k(θ–θ0)6 to the quadratic angle deformation energy in the 
angle bending term; treating bond stretching anharmonically 
with a cubic term added to the simple quadratic bond stretch-
ing energy. The bond–angle cross term was retained, and all 
force constants including the nonbonded parameters were 
reoptimized. The resulting force field is given in Eq. (13).

No electrostatic terms were employed for hydrocarbons, 
and dipoles rather than point charges were assigned to bonds 
of polar groups. Their rational for the latter was mainly 
practical—there are fewer dipole points than partial charge 
centers, and dipole interactions converge faster. In addition 
to an improved fit to structural properties of alkanes, the 
calculated heats of formation of 42 selected diverse types of 
hydrocarbons, yielded a standard deviation from experiment 
of only 0.42 kcal/mol with the improved FF.

They later extended their force field to additional 
functional groups, namely, thiols and thiaalkanes [73] 
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disulphides [74] sulphoxides [75], ethers and alcohols [76], 
acids and esters [77]. Although reasonable fits were obtained 
for all groups, there were limitations on the accuracy mainly 
due to more limited availability of experimental data. For 
example, they reported that though the structures and ener-
gies of alcohol and ethers [76] were reasonable, the agree-
ment was not as good as that obtained for hydrocarbons.

6  CFF for peptides and proteins: deriving 
the Hagler–Lifson electrostatic‑non‑bond 
representation of the hydrogen bond

From the earliest conformational studies, it became clear that 
the non-bonded terms are of crucial importance. Therefore, 
the attention of several research groups turned to an invalu-
able source of experimental data, structural and thermody-
namic properties of crystals. In the mid 1960s pioneering 
studies were carried out by Williams [78, 79] for aromatic 
and non-aromatic hydrocarbons, by Kitaigorodskii [80–84] 
for a variety of organic molecules and by Scheraga [61, 62] 
for benzene and polyaminoacids.

In the early ‘70s Hagler and Lifson embarked on a study 
to investigate the hydrogen bond and derive non-bonded 
parameters for amides and acids [85–88]. They exploited 
the wealth of data available from crystals as elucidated in 
the studies noted above. Though it is now generally accepted 
that the hydrogen bond is essentially electrostatic in nature 
and can be represented by Coulomb and van der Waals inter-
actions this was far from the case before the mid 1970s. The 
most popular function used to describe the hydrogen-bond at 
the time was the Lippincott–Schroeder equation [41, 43, 44] 
alluded to above (Eq. 7). This was widely used, in various 
modified forms, especially with respect to angular depend-
ence [22, 45, 46, 89].

We developed a novel procedure for obtaining parameters 
from crystal data based on minimizing the estimated devia-
tion in lattice parameters from their experimental value as 
obtained by the Newton Raphson method [87]. This obviated 
the need to minimize the crystal structure, with lattice sums 
being calculated only once at the experimental structure, 
thus greatly enhancing the efficiency of the optimization. 
The method was then used to derive an intermolecular force 
field for amides [85, 86] by fitting a set of observables con-
sisting of the unit cell vectors of eight amide crystals, six 
sublimation energies and three dipole moments. The mol-
ecules were kept rigid so that the nonbonded forces could 
be isolated. Thus, the force field optimized was of the form:

(14)

ENon-bonded =
∑
i<j

E(rij) =
∑
i<j

EvdW (rij) +
∑
i<j

ECoul(rij) +
∑
k<l

EHB(rkl)

where rij are the interatomic distances, q are partial atomic 
charges, and A and C are the repulsive and attractive parame-
ters in the van der Waal energy potential. The attractive term 
was represented by the standard inverse 6th power distance 
dependence (m = 6), while values of n = 12, 9 were tested 
for the exchange repulsion term. EHB represents a potential 
describing the hydrogen bond.

6.1  Redefining the functional form 
for the hydrogen bond: the origin 
of the electrostatic‑van der Waals 
representation

Several hydrogen bond functions, which had been proposed 
in the literature, including the Lippincott–Schroeder func-
tion (Eq. 7), were tested in the optimization. Even though 
additional parameters were available in these representations 
of the hydrogen bond, none of them improved the fit. Thus, 
one of the most surprising results that emerged from this 
study was that no explicit function was needed to represent 
hydrogen bonding in these crystals. Instead, the features of 
hydrogen bonding resulted naturally from the usual non-
bonded and electrostatic energy functions. What enabled the 
hydrogen bond interaction was the negligible radius derived 
for the amide hydrogen, which allows a short NH⋯CO con-
tact distance, resulting in a strong electrostatic interaction. 
Although essentially universally adopted today, it was awhile 
before this was generally recognized in the field of protein 
simulations and as recently as the 1990s explicit HB func-
tions were still being employed [90].

In addition, parameters for both 12–6 and 9–6 van der 
Waals functions were derived and both yielded similar fits 
to experiment. They could not be differentiated by this set 
of data. Interestingly, the non-bonded van der Waals radii, 
r*, derived with no a priori assumptions with regard to mini-
mum energy distances or radii, were consistently larger than 
those used at the time for conformational calculations. This 
was a natural manifestation of compression due to intermo-
lecular forces on the observed contact distances.

(14a)

EvdW (rij) =
Aij

rn
ij

−
Cij

rm
ij

or

EvdW (rij) = EL−J(rij) = �ij
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m

n − m

)( r∗
ij

rij

)n

−
(

n

n − m

)( r∗
ij
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)m]

(14b)ECoul(rij) =
qiqj

rij
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6.2  On the power of crystal systems to assess 
the validity, and more importantly 
the deficiencies in force fields

The force field was further tested by full lattice minimiza-
tion on these amides as well as two that were not in the 
training set. Minimization was carried out with respect to 
the lattice parameters and translation and rotation of all mol-
ecules in the unit cell, without imposing symmetry. Several 
conclusions were reached which helped clarify the physical 
nature of the derived FF. In all cases the newly derived FF 
performed as well or significantly better than others which 
included explicit H-bonding potentials such as the Lip-
pincott–Schroeder [44] or Stockmayer [91, 92] potentials, 
while the representation was simpler and involved fewer 
parameters.

Of more importance, however, is the ability provided by 
these systems to analyze the discrepancies of the calculated 
structures from the well-defined experimental structure in 
these relatively simple systems. Here the origin of a defi-
ciency in the FF representation may often be indicated by 
the simple nature of the structural deviation. Compared, for 
example, with protein systems where a deviation in a hydro-
gen bond length might be due to its functional representa-
tion, by packing considerations of the secondary structures, 
by solvent interactions, or by problems with counter-ions 
etc., the errors in these high resolution, simpler systems 
are much easier to analyze. They also provide a much 
more straightforward set of systems to test modifications 
of the interatomic interactions proposed to account for the 
deficiencies.

This situation may also be compared with calculated 
deviations in liquid properties, which don’t give struc-
tural insight into the nature of the underlying defect. (We 

emphasize that this is not meant to say any one method of 
deriving or assessing potential functions is superior in all 
respects or sufficient onto itself—rather they are comple-
mentary and optimally, at this point in time, should all be 
used in concert, along with high level QM results available 
today, as per Lifson’s protocol).

An example of the insight available from crystal pack-
ing analysis is the result obtained from minimization of the 
formamide crystal [86]. A comparison of the minimized 
structure with the experimental structure of the formamide 
crystal is given in Fig. 4a.

As can be seen from the figure the H⋯O=C angle has 
opened up from approximately 125° in the observed struc-
ture to ~ 140° in the minimized structure. These results sug-
gest that the lone pairs may indeed be important and that 
the reason for the discrepancy in formamide may be due to 
the omission of the effect of these orbitals from the force 
field. Significantly, the deviation in angle is essentially inde-
pendent of whether the 6–12 or 6–9 potential is used thus 
indicating it is not in some way due to the van der Waals 
interactions. In addition, the trend in the H⋯O=C angles for 
all the ten amide crystals minimized agrees with the hypoth-
esis based on the analysis of formamide that the orbital posi-
tion may play an important role in determining the H⋯O=C 
angles, further demonstrating the power of crystal struc-
tures to yield information on the accuracy and deficiencies 
in potential functions. This analysis has been borne out in 
more recent studies where it was found that the directionality 
of the H-bond can be accounted for by inclusion of higher 
order atomic moments, including the quadrupole moment, 
effectively reflecting the anisotropic atomic electron density, 
including the lone pair orbitals [93–98].

Fig. 4  The nature of information contained in liquid observables 
compared to that in the crystal. a A comparison of the observed and 
calculated crystal structures of formamide. The molecules in the 
observed structure have solid bonds, while the bonds of the molecules 

in the minimized structure are open. Hydrogen bonds are shown by 
single lines. b Radial distribution function G(r) of liquid formamide 
from X-ray diffraction and simulation (cross: experiment, solid line: 
Cordeiro model, dashed line: OPLS model). From Bako et al. [99]
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6.2.1  Crystal versus liquid observables

The value of crystal data in deriving and validating FFs, as 
compared to liquid data can be appreciated by comparing 
the information intrinsic to the structural data in Fig. 4a with 
that available from the use of liquid formamide as an observ-
able. In Fig. 4b the results of liquid formamide simulations 
of Bako et al. [99] are presented, where calculated radial 
distribution functions are compared with experimental.

Clearly, crystal data provides a far more precise probe 
into the nature of both intermolecular interactions and under-
lying deficiencies in FF representations. This is analogous 
to the revolution in understanding of function provided by 
elucidation of protein structures, as opposed to the previous 
information provided by solution properties of proteins such 
as by light scattering. We note that in addition to structure, 
liquid data invoked in FF optimization mainly consists of 
density and heats of vaporization. The analogous informa-
tion provided by crystals consist of unit cell vectors, and cell 
volume, again the cell vectors providing more information 
than the single density observable from liquids. In addi-
tion, as noted elsewhere, if there are deviations in the liquid 
properties, the structural origins of these discrepancies are 
uncertain, whereas in crystals, if the sublimation energy is 
in error, one can interrogate the corresponding structure as 
e.g. in Fig. 4a, to gain insight into possible errors in the 
FF. Perhaps more importantly, if the energy and densities 
agree, one can readily ascertain that these correspond to 
the experimental structure in the case of crystals, while in 
liquids the thermodynamic observables though in agreement 
with experiment, may correspond to an erroneous structure.

As noted above, the best scenario is to test FFs against 
all possible properties, but if a choice must be made, far 
more information, at a lower computational cost, can be (and 
should be) obtained by invoking crystal structure and ener-
getic observable for the testing and validation of FFs. These 
data are in general as available if not more so, as liquid data 
(perhaps with the exception of sublimation energies, which 
if the case, should certainly be supplemented by heats of 
vaporization.)

A similar methodology was then applied to the carboxylic 
acids [88, 100, 101]. The strategy adopted was to examine 
the transferability of the energy functions from amides to 
carboxylic acids, by seeking the smallest number of addi-
tions to the amide FF that would account for both carbox-
ylic acids and amides. Crystal structure parameters, subli-
mation energies, and dipole moments, taken from a set of 
14 mono- and di-carboxylic acids, were used to derive the 
force field, and again, both 9–6 and 12–6 Lennard-Jones 
potentials were considered. Surprisingly, it was found that 
the 110 observables could be fit with only a single adjustable 
parameter, the charge on the hydroxyl hydrogen. Optimiz-
ing additional force constants rather than transferring them 

from the amides did not lead to a significant improvement in 
fit. Importantly, the hydrogen bond of carboxylic acids like 
that in amides required no special function to describe it, 
being reasonably represented as a balance between van der 
Waals and Coulomb interactions between two polar moie-
ties, and having negligibly small van der Waals parameters 
for the hydroxyl hydrogen. The difference between NH⋯O 
and OH⋯O hydrogen bond lengths and energies emerged 
naturally as a result of the different van der Waals radii of 
N and O.

Following the derivation of the FF Hagler et al. [101] 
introduced the concept of constructing a benchmark of crys-
tal properties for evaluating alternative FFs and using this 
to assess deficiencies and advantages, of different analytical 
representations. In this pilot study a comparison of the CFF 
6–9 and 6–12 functional forms and the MCMS FF derived 
by Momany et al. [63], which utilized a 12–10 hydrogen 
bond function, was carried out. The concept is of general 
importance for several reasons. The first is that those who 
would like to select one of the available FFs at any given 
time should be able to evaluate the alternatives against a 
common set of high resolution, high information content, 
data, appraising for example the tradeoff between accuracy 
and computational efficiency. This is important in that dif-
ferent FFs are often derived in different studies used differ-
ent molecules, methods of derivation and evaluation of the 
functions, making comparison difficult. In addition, such a 
comparison can also be helpful in investigating the physical 
meaningfulness of various terms and approximations in the 
different FFs and the consequences on the calculated prop-
erties of these well-defined systems. Finally, a benchmark 
can help pinpoint artifacts of a particular force field and 
deviations common to various FFs. Analysis of these trends 
can suggest ways to further improve a FF. The benchmark 
constructed for this first study contained an extensive set of 
crystal structures, sublimation energies, and dimerization 
energies derived from 14 carboxylic acid and 12 amide crys-
tals. (This set included all the data included in the derivation 
of the FFs as well as additional crystals as a further test of 
the functions [101]).

The utility of such an analysis is exemplified by the 
results summarized in Table 1 [101]. For example, as seen 
from Table 1, on the whole the 9–6 Lennard-Jones CFF 
gives the best overall fit to experiment; Consistent with our 
previous observations [85], inclusion of an explicit HB func-
tion (in the MCMS FF) did not result in a better fit to experi-
ment in either the acids or amide. In general, the calculated 
amide crystal properties gave a better fit to the experimental 
structures than those of the carboxylic acid in all force fields, 
probably because the amide group forms more extended net-
works of hydrogen bonds in the crystals. Perhaps of most 
importance, there was a significant correlation of the degree 
of fit of most individual crystals between all force fields. The 
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latter indicates common flaws and strengths in the represen-
tations and thus especially gave insights into deficiencies 
in the force field, which could lead to their improvement, 
either, for example, in functional form, or possibly on limita-
tions to transferability.

An example is the β-oxalic acid crystal. The deviations 
in the sublimation energy of this crystal were − 3.3, − 5.1, 
− 5.1  kcal/mol in the 9–6, 12–6 and MCMS potentials 
respectively. These deviations of between 15 and 20% were 
significantly larger than the other crystals where the devia-
tions were around 2 kcal/mol or ~ 10% (Table 1). Thus, this 
pointed to oxalic acid as a test for putative improvements 
in FFs, such as inclusion of lone pair orbitals, polarization, 
anisotropic charge distributions etc. Another characteristic 
which came out of the comparison was the nature of devia-
tions in H-bond geometry. Although the RMS deviations 
in H-bond length obtained with the CFF and MCMS were 
comparable (Table 1), inspection of the individual crystals 
showed dramatically different behavior. Thus, the calculated 
H-bond distances resulting from the MCMS potential were 
essentially all the same, independent of crystal packing. 
Thus, the variation in H-bonds in the individual crystals 

was not reproduced and it was clear from this result that 
the 12–10 H-bond potential was too stiff. The deviations 
observed with the CFF, on the other hand were “random” 
and, based on the formamide analysis, may indicate a need 
for a better representation of the electrostatics, or other the 
factors enumerated above.

6.3  Extrapolation to deviations to be expected 
in protein simulations

Finally, this type of analysis provides some indication of the 
“errors” to be expected in applying these potentials to other 
systems. Though it is difficult to make a direct extrapola-
tion, since the potentials were derived from crystal systems 
and these are in many cases relatively simple it would seem 
clear that when applying such potentials to other systems, for 
example, proteins, one should not expect to get a better rep-
resentation of the energy and structure than the deviations 
obtained for the small molecules. Thus, one should expect, 
minimally, root mean square deviations in interatomic dis-
tances, and energies of the order of 0.3–0.4 Å and ~ 10% (or 
~ 2 kcal/residue) due to the potentials alone. Other compli-
cating factors such as solvent effects, deviations in secondary 
structure packing, effects of less well parametrized func-
tional groups, counter ion effects, etc. would likely worsen 
the deviations.

6.4  Inefficiencies in FF development: the H‑bond, 
a case study

Interestingly, though the Hagler–Lifson (H–L) representa-
tion of the H-bond (vdW-electrostatic with a small to negli-
gible polar hydrogen exchange repulsion) is now essentially 
universally adopted, explicit representations persisted for 
some years [102]. An example is the 12–10 H-bond repre-
sentation introduced by McGuire et al. based on semiem-
pirical CNDO/2 calculations [103]. Its use extended through 
the 1980s [104], and was only abandoned in the ECEPP 
potential in 2006 [105].

The 12–10 form was also adopted in 1984 in the AMBER 
FF [106], only to be abandoned for the H–L representa-
tion in the 2nd generation AMBER FF in 1995 [107]. The 
12–10 H-bond potential was also used in the early appli-
cations of CHARMM [108], and later in 1983 an orienta-
tion dependent function, similar to the Lippincott–Schroder 
H-bond potential was introduced [109]. These forms 
were both abandoned in 1996 [110], replaced by the H–L 
formalism.

These derivations of H-bond functions which were sub-
sequently abandoned clearly represent a misspent effort and, 
along with subsequent applications using these forms, now 
called into question, constitute a significant expenditure of 
resources that could have been better deployed. This is not 

Table 1  Root mean square deviations of properties calculated for car-
boxylic acids and amides by the various force fields

Property Units No. of terms RMSD

12-6-1 9-6-1 MCMS

Acids
 Energy kcal/mol 12 2.486 2.053 2.118
 UCV length Å 42 0.489 0.307 0.604
 UCV angle deg 17 3.456 2.856 4.465
 Volume Å 14 15.911 16.772 18.876
 D < 4 Å 14 0.247 0.190 0.322
 H⋯O dist Å 16 0.062 0.072 0.058
 O⋯O dist Å 16 0.047 0.071 0.041
 C–O⋯O angle deg 16 11.071 9.881 14.048
 O⋯O=C angle deg 16 7.843 7.760 11.786
 H⋯O=C angle deg 16 12.362 12.144 17.985
 180-O–H⋯O deg 16 8.491 7.732 11.710

Amides
 Energy kcal/mol 6 1.574 1.930 8.446
 UCV length Å 36 0.208 0.235 0.261
 UCV angle deg 14 1.824 1.261 2.385
 Volume Å 12 7.057 17.797 13.951
 D < 4 Å 12 0.145 0.145 0.164
 H⋯O dist Å 30 0.049 0.059 0.056
 N⋯O dist Å 30 0.055 0.055 0.076
 C–N⋯O angle deg 22 3.337 3.575 4.071
 N⋯O=C angle deg 22 5.931 5.502 9.257
 H⋯O=C angle deg 30 5.830 5.609 7.329
 180-N–H⋯O deg 30 4.396 3.894 4.093
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because the H-bond functions were flawed, but rather that 
the Lifson paradigm, which would prevent such dead-end 
diversions, were violated. All analytical representations are 
approximations and systematic improvement needs to be 
implemented. Examination of deficiencies in fitting experi-
mental and ab initio data inform on shortcomings in the 
representation of the physics, and can be used to improve 
this representation as shown by Lifson and Warshel [52] and 
Allinger, who continually improved the physics accounted 
for on going from MM2 [72] to MM3 [111] and then to 
MM4 [112]. The key is systematically improving FFs with-
out taking spurious spurs which lead to dead ends requiring 
U-turns to the original point of departure. Lifson’s paradigm 
(and Allingers methodology) ensures this, i.e. by param-
eterizing against a wide variety of compounds and physical 
observables, including all used in deriving previous itera-
tions of the FF. For example, the AMBER FF of 1984 [106] 
modified the H–L [86] nonbond parameters, and introduced 
a 12–10 H-bond potential, based on qualitative considera-
tions, and semi-empirical and minimal basis set HF calcula-
tions, and tested them by comparing with PSILO φ–ψ maps. 
However, the original data set of crystal structure and ener-
gies, as well as a subsequent benchmark [101]. Far more 
powerful probes of these interactions were not included nor 
were the liquid amide densities and vaporization energies 
exploited by Jorgensen. Lifson’s paradigm leads to inclusion 
of both of these observable sets, as well as the additional 
observables introduced in the AMBER study. Inclusion 
of these observables would have revealed the flaws in this 
potential representation, allowed immediate correction, and 
avoided applications of the flawed form and the need for 
subsequent reparametrizations.

Similar considerations hold for the other functional forms 
incorporated in the FFs cited above, all of which have since 
been discarded. The goal is to make systematic incremental 
improvement in each revision of a FF, without dead ends 
such as discussed above, resulting from inadequate training 
and validation sets, such as in Allingers continued improve-
ment of his MMx FFs. This is enabled by including the 
broad range of data prescribed by Lifson. This includes all 
data used to derive the previous versions of the FF that is 
being improved. It is basic good scientific practice to dem-
onstrate that a force field that is purported to improve on, 
and be superior to another FF, whether a previous version or 
competing version, reproduces the observables used in para-
metrizing and validating the original FF better than that FF.

Unfortunately, a similar situation has persisted in FF deri-
vation over the past decades, as described in the second part 
of this perspective [113]. Though it takes a small investment 
in preparing and calculating the broad set of observables 
described above, the return is huge, preventing the wasted 
effort inherent in the subsequent reparametrizations, and 
applications carried out with the soon to be discarded FFs.

7  Early insight from quantum mechanics 
on the functional representation 
of potential energy surfaces

It became clear rather early on that quantum mechanics 
was a valuable resource and could provide complemen-
tary information about the nature of both intra- and inter-
molecular energy surfaces. The first applications of quan-
tum mechanics to biological systems were carried out by 
the Pullmans beginning in the late 1950s when they began 
studying nucleic acid bases [114, 115] by the Hückel method 
developed in 1930 [116]. In 1963 they turned their atten-
tion to amino acids, calculating partial charges by the Del 
Re method [117, 118]. As often occurs in science, converg-
ing developments reach a tipping point and different groups 
initiate similar studies almost simultaneously. An example 
of this occurred in1969, arising from the confluence of the 
emerging interest in proteins and peptides in the early to 
mid 1960s, with developments in semi-empirical quantum 
methods such as Extended Hückel Theory (EHT) and Com-
plete Neglect of Differential Overlap (CNDO) in the mid 
1960s [65, 119, 120]. Thus, before 1969 there had been no 
publications on the applications of QM to peptide conforma-
tion, while just 3–4 years later there were at least 30 from 
different labs in disparate parts of the world.

The first study was reported by Roald Hoffman on cal-
culations of phi–psi energy maps for Glycine and Alanine 
residues using his EHT [121]. At roughly the same time 
1969 Rossi et al. [122] applied EHT to the calculation of 
the relative energies of tetra and pentapeptides of Gly in 
the α-helical and extended conformations, while Kier and 
George [123] exploited EHT to calculate the preferred con-
formations, of glycine, alanine, proline, and phenylalanine 
residues. In the following 2 years Govil published a series of 
five papers in which he applied EHT to the conformational 
preferences of trans and cis Ala and Gly peptides [124, 125], 
the conformational preferences of side chains [126] and both 
EHT and CNDO to the effect of H-bonds and chain length 
on secondary structure [127], as well as structural prefer-
ences of Ser and Thr [128]. The Scheraga lab also embarked 
on a series of QM investigations of various aspects of pep-
tides in 1970, going beyond simply the calculation of phi–psi 
maps. In collaboration with Hoffmann they applied EHT and 
CNDO/2 methods to compute charge distributions, dipole 
moments, energies for internal rotation, and electron spectra 
of a series of amide and peptide analogs [129]. In subsequent 
papers, they applied the semiempirical QM techniques to 
the effect of hydrogen bonding on charge distributions, and 
for the first time determined analytical potentials from QM 
data. They investigated the barrier to rotation about the pep-
tide bond [42], barriers to rotation in model compounds of 
aspartic acid [130], the conformation of Ala and Gly di- and 
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tri-peptides [131], and the hydrogen-bond potential (result-
ing in the r−12 − r−10 form) [103]. Their CNDO/2 studies of 
hydrogen-bonded amide complexes was one of the first dem-
onstrations of the cooperativity of the hydrogen-bond [42].

During the same period the Pullman lab exploited the 
(then) recently developed Perturbative Configuration Inter-
action using Localized Orbitals (PCILO) method [132] to 
carry out similar studies on the energy surfaces of the dipep-
tide model. In the first papers by Maigret et al. the phi–psi 
maps of Ala and Gly dipeptides [133] and Ala preceding 
a Pro residue [134] were calculated. These were then fol-
lowed in the next few years by similar PCILO calculations 
of essentially all 20 amino acids [135]. Numerous refine-
ments of semi empirical methods appeared over the years, 
beyond the scope of this discussion. They were reviewed 
by Beveridge and Pople in their 1970 book [65], and later 
developments, extending to the evolution of Hartree Fock 
and DFT algorithms are also recounted in a recent fascinat-
ing history of the Quantum Chemistry Program Exchange 
(QCPE) by Boyd [136].

7.1  The genesis of modern rigorous ab initio 
methods applications to biomolecular systems: 
Clementi

While the major development and applications of QM to 
organic systems in the 1960s and early 1970s involved 
semi-empirical methods, Clementi, one of the pioneers in 
the development and application of molecular orbital tech-
niques, was focusing his efforts on more rigorous approaches 
[137–139]. In 1967, while at IBM, he developed a program 
for carrying out self-consistent field molecular orbital (SCF-
MO) calculations invoking the now standard approximation 
of expressing the molecular orbitals as a linear combination 
of atomic orbitals (LCAO), which were themselves repre-
sented as a set of Gaussian functions [140]. This program 
was deposited the same year, with the QCPE, the major 
platform for the exchange of computational chemistry pro-
grams at the time [136]. Clementi had an early interest in the 
properties of biomolecules. His first studies in the late 1960s 
early 1970s involved the electronic structure and hydrogen 
bonding of the nucleic acid bases [141, 142]. He also had 
an early and abiding interest in the properties of water and 
its interactions in molecular complexes, carrying out some 
of the first studies on these systems [143–145]. Clementi, in 
the first application of exploiting extensive QM calculations 
to the derivation of intermolecular potential functions, went 
on to determine and apply intermolecular force fields for 
the interactions of water–water and water–peptide systems 
from ab initio calculations, in parallel with the continued 
development of the MO techniques. In 1973 his lab derived a 
water–water potential by fitting the calculated ab initio ener-
gies of 216 different configurations of the water dimer [143]. 

They invoked a large basis set, especially for that time, con-
sisting of 13s, 8p, 2d, and 1f functions on the oxygen and 
6s, 2p, and 1d functions on the hydrogen in order to obtain 
results close to the Hartree–Fock (HF) limit. Analysis of 
the results indicated that polarization played a major role 
in the energetics of the dimer, especially at intermolecular 
distances in the neighborhood of the van der Waal contact.

It is noteworthy that several analytical potential models 
were tested by fitting the energies of these 216 configura-
tions, and the best results were obtained with a charge dis-
tribution corresponding to the Bernal–Fowler model [8] (see 
Fig. 9a), and the analytical form used

corresponded to a Buckingham (exponential) repulsion 
(Eq. 5b) along with a coulomb electrostatic term (Eq. 4c—
with D = 1). No dispersion interaction was included. Monte-
Carlo (MC) calculations of the liquid represented by 27 
water molecules in a cubic box were carried out with this 
potential and the Barker–Watts program [146]. Compari-
sons with experimental H–H, H–O, and O–O pair corre-
lation functions [147] showed reasonable agreement. This 
was followed in 1975 by the inclusion of dispersion forces 
obtained by a perturbation technique [148]. Interestingly it 
was found that one needed not only the inverse 6th power 
of distance to describe the dispersion interactions, but also 
inverse 8th and 10th powers, corresponding to higher order 
instantaneous multipole interactions. Though long known to 
exist, the need and magnitude for such higher order terms, 
has not been explored further in the biomolecular simulation 
community.

7.2  The NCC and NCC: vib water potential—one 
of the most rigorously derived and validated 
water potentials to date

This potential was again used to carry out MC of the liquid, 
this time including 343 water molecules, and again com-
pared to experimental results, including neutron scatter-
ing and X-ray scattering intensities at different scattering 
angles [148]. Over the following years Clementi continued 
to improve the representation of the water potential, carrying 
out ever more extensive quantum mechanical calculations, 
including a configuration interaction study of 66 water dimer 
complexes. This culminated in 1986 with the derivation of 
a flexible water potential (NCC) constructed from the con-
figuration interaction potential (MCY potential) of Matsuoka 
et al. [145] with the intramolecular potential derived by Bar-
tlett et al. [149]. The latter is a quartic potential containing 
all possible bond angle coupling/cross terms up to fourth 
order, derived by fitting the energies of 22 symmetric and 14 
asymmetric configurations of the water molecule [150]. This 
potential was used in an MD simulation in which numerous 

(15)E = A exp (−br) + qiqj∕rij
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properties of the liquid were calculated and compared with 
experiment—including internal energy, heat capacity, pres-
sure, geometry, radial distribution functions and vibrational 
frequencies among others [150]. These studies were fol-
lowed by Corongiu and Clementi whose development of 
water potentials and application to probing an extensive 
array of experimental thermodynamic and kinetic properties 
spanned some 20 years. Both the QM calculations on which 
they were based, and the derived potentials became increas-
ingly rigorous, ultimately resulting in the NCC-vib flexible 
and polarizable potential [151]. These potentials were used 
in numerous studies of both liquid water and ice, probing 
an impressive array of thermodynamic and kinetic proper-
ties and comparing with experimental data—see papers by 
Corongiu and Clementi [151–154] and ref therein.

Simultaneously with the water studies the Clementi group 
began to derive potentials for the interaction of water with 
biomolecules, using similar techniques. In 1977 they pre-
sented a derivation of the Lennard-Jones 6th and 12th power 
coefficients and partial charges to describe water–amino acid 
interactions for 21 amino acids [155]. These were obtained 
by fitting the parameters in a L–J plus Coulomb potential to 
the SCF-LCAO-MO energies of1690 water amino acid com-
plexes. In the same year they went on to exploit these poten-
tials to calculate contour maps of the interaction energy of a 
single water molecule with Lysozyme [155]. Clementi also 
used his platform to calculate and apply potentials for the 
interaction of water with nucleic acids obtaining energy con-
tours for these systems as well [156–158]. Finally in 1992 
he and Corongiu extended the method to the derivation of a 
nonbonded force field for protein–protein, protein–nucleic 
acid and nucleic acid–nucleic acid nonbonded interactions 
[159]. To accomplish this 30,000 SCF interaction energies 
of model compounds were fit to an optimized analytical 
expression. Interestingly the form of the atom–atom inter-
action (where the total energy was the sum over all atom 
pairs in the interacting model compounds) was found to be:

Molecular dynamics calculations of several representative 
protein and nucleic acid systems were carried out with the 
newly derived potential.

In a quirk of scientific research, for some reason Clem-
enti’s work (encompassing several 100 relevant publica-
tions) has been largely overlooked by practitioners in the 
biosimulation and even water communities. It is a puzzling 
phenomenon as this was pioneering work in the derivation of 
nonbonded functions from high level ab initio calculations, 
always at or above state of the art for the time, and many at 
a level beyond those currently being used for similar pur-
poses. The body of work on the MCY and NCC-vib flexible 
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and polarizable water potential, is likely the most extensive 
testing of a water potential against experimental properties 
by MD and MC carried out to date, and the latter may well 
be one of the “best” water potentials available [160]. We can 
only speculate that perhaps this is due to the fact that the 
overwhelming majority of his publications appeared in the 
International Journal of Quantum Chemistry, and J. Chem. 
Phys. rather than the computational chemistry and biochem-
istry journals where most of the papers in this field appear, 
and/or conferences where his work was presented were simi-
larly focused on QM research as opposed to those devoted to 
the computational biology and drug discovery community. 
Whatever the reason it is unfortunate. Several reviews of this 
work have been published and the reader is referred to these 
for additional references and discussion [161, 162].

Though not focused on either potential function devel-
opment or biomolecules, John Pople was perhaps the indi-
vidual most responsible for the wide application of ab initio 
Hartree–Fock and post HF methods to these fields, through 
his Gaussian series of programs [136]. His work focused 
on establishing the concept of “model chemistry” [163], 
essentially analogous to the philosophy for QM method 
development as Lifson’s Consistent Force Field philosophy 
for empirical force field development; namely rigorously 
determining the difference between the chemistry derived 
by a given model and experiment, for many molecules in 
many families, and then applying the model to studies of 
new systems [164]. In 1998 he was awarded the Nobel Prize 
in chemistry “for his development of computational methods 
in quantum chemistry”. His Nobel address also provides an 
informative description of the evolution of the field of quan-
tum mechanics [165]. In 1969, during the development and 
application of the semi empirical models described above, 
Hehre et al. [166] outlined the foundation for one of the most 
widely used ab initio MO programs (the Gaussian series), 
to be used by generations to come. They showed that a sum 
of Gaussian-type orbitals obtained by a least-squares rep-
resentation of Slater-type atomic orbitals (STOs) used in 
SCF-MO calculations could account for ionization energies, 
atomic populations, and dipole moments which converged 
rapidly, with increasing size of the Gaussian expansion, to 
the values obtained for the pure STOs. The first program 
in the series, Gaussian 70 [167], was released to the QCPE 
in 1973 [136]. As noted above, Pople was not focused on 
biological applications, although along with Del Bene he 
carried out some of the first studies of water complexes, 
studying basis set dependence and demonstrating the non-
additivity of hydrogen bonding [168–170].
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7.3  Application of SCF‑LCAO‑MO to peptide 
conformation

In the mid to late 1970s Hagler et al. [171] carried out the 
first applications of ab initio Hartree Fock calculations to the 
peptide conformational problem aimed toward solidifying 
the basis for protein force fields. As had been noted by Scott 
and Scheraga and Brant and Flory there was only limited 
data on model compounds for rotational barriers about φ, 
and essentially no data for the energy accompanying rotation 
about ψ. In order to address the lack of information on the 
nature of the energetics about these critical torsion angles 
we applied ab initio calculations along with experimental 
crystal structure determination, and lattice energy calcula-
tions to a total of 19 amide crystals of the types shown in 
schematics 1 and 2, to determine the barriers to rotation 
about these angles [171].

In addition, as discussed below, we applied the same 
strategy to the study of conformational polymorphism, 
isomorphism, and the relation between crystal forces and 
molecular-conformation [172–174]. These systems contain 
valuable information not only about nonbond force fields 
but also report on the intramolecular energetics. It would be 
well worth revisiting systems such as this to further test and 
derive biomolecular force fields.

Below, we diverge a bit and go into some detail in this 
discussion as the energetics of rotation about φ and ψ, are 
key components in the simulation of the conformational ener-
getics and folding of proteins and have continued to vex the 
developers of protein force fields for many years. In addition, 
though the analysis of packing and packing effects on confor-
mation have been studied extensively in the crystallographic 
community [175–178], the practitioners of biomolecular 
simulations and force field development, for the most part, 
have yet to fully exploit this powerful information source.

7.4  The φ–ψ torsion barriers determined from X‑ray 
structural analysis, quantum mechanics 
and lattice energy calculations

X-ray crystal structure analyses of 12 molecular confor-
mations indicated that the position of the minimum of φ 
(C′–N–C″–H), schematic 1, in the solid state corresponded 
to a methyl C–H anti to the C′–N bond (φ = 180°). In ψ 

(H–C″–C′–N) the minimum was found to be 0°, i.e., methyl 
C–H syn to the C′–N bond, based on analysis of ten molecu-
lar structures of the type given in schematic 2. Variations 
from these rotational minima appeared to be induced by 
crystal forces. In order to exploit these data to quantify the 
rotational energetics, ab initio molecular orbital and empiri-
cal force field calculations of the rotational potential surface, 
along with lattice energy calculations of the effect of crystal 
forces on the conformation were carried out.

The experimental data discussed here and in the original 
paper [171] can provide valuable information to help reduce 
the uncertainty, errors, and wide variability of proposed 
rotational energy surfaces for these dihedrals (see e.g. Hor-
nak [179], and supplementary material therein, Feig [180] 
and Bochevarov [181]).

For those structures in which the hydrogen positions 
weren’t given in the literature, (which was not uncommon 
in the ‘70s), we located them by first refining the positional 
and anisotropic thermal parameters of the C, O, and N (and 
other heavy) atoms with reported structure factors. This 
was followed by computation of electron density difference 
maps on which the hydrogen atoms were evident (Fig. 5) 
and further refinement with isotropic temperature factors 
for these hydrogen atoms [171]. (We were not able to locate 
the hydrogen atoms in the orthorhombic form of acetamide 
by these same techniques indicating it is freely rotating.)

Hydrogen atoms were usually not located by room tempera-
ture X-ray diffraction studies to the precision required to deter-
mined precise molecular geometry in the 1970s (e.g., scatter 
in bond lengths was often of the order of 0.1 Å and in bond 
angles as much as 10°, an order of magnitude larger than for 
heavier atoms). However, for the purposes of this work, these 

Fig. 5  Electron-density difference maps through the plane of the 
three hydrogens in N-methylacetamide. a N-methyl hydrogens; b 
C′-methyl hydrogens
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deviations were not so serious when the hydrogen positions 
are used to determine torsion angles for two reasons. The first 
is that the methyl torsion was determined from three hydro-
gens and thus statistical errors were reduced by the averaging 
process. Secondly, the objective in determining torsion angles 
here was not the precise determination of structure but rather 
of the overall conformation (e.g., the extent of the deviation 
of the methyl torsion angle from the staggered form). Thus, 
determination of this angle to within 3°–5°, which is attainable 
by these techniques, was highly satisfactory for these purposes.

The values of the torsion angle about φ and ω for a series 
of 12 N-methyl amides, contained in ten crystal structures 
(two of which contain two molecules per asymmetric unit) 
are given in Table 2. The torsion angles, φ, as given in 
Table 2 are such that for conformation 1, in which one of the 
C–H bonds is anti to the C′–N bond, φ = 180°. Of these 12 
molecules, six were found to display φ angles of 180° ± 15°, 
while four of the torsion angles deviated by as much as 30° 
from this conformation (φ ≈ 150°) and only the two mol-
ecules of N-methylformamide (in the crystal complex with 
oxalic acid) presented torsion angles of ~ 120° where the 
C′–N bond is eclipsed by a methyl C–H bond.

Variation of ψ in crystals. The values of the torsion 
angles about ψ for ten molecules contained in nine crystal 
structures are given in Table 3. The torsion angles for ψ are 
defined such that for conformation 2, in which one of the 
C–H bonds is eclipsed by the C′–N bond, ψ = 0°. This set 
of molecules also bears out that significant differences in 
the conformation of the methyl group can arise from dif-
ferences in crystal forces. The same molecule, acetamide, 
is contained in four different crystal structures and is found 
to have significantly different values of ψ in these different 
crystal environments. The inherently favored position of the 

methyl in these condensed state hydrogen bonded systems 
appears to be ψ = 0° with the largest value of ψ being − 30° 
found in rhombohedral acetamide.

Since the N-methyl (N–CH3) is fairly far removed from 
the R group (see 2), we expected that the effect of this 
group on the intramolecular torsion potential should be 
small. Thus, it appears that the differences in conformation 
observed in Table 2 are primarily due to the effect of the 
different intermolecular environments on the N-methyl tor-
sion angle in the different crystals. The crystal structure of 
N-methyl-α-chloroacetamide, which contains two molecules 
per asymmetric unit having significantly different φ angles 
(φ = 173° and 156°, while the two values of ψ are 179° and 
166°) as well as the various values of ψ observed in the dif-
ferent acetamide complexes given in Table 3 provide support 
for this argument.

7.4.1  Qualitative conclusions on the nature and magnitude 
of the φ–ψ barriers in peptides

The results presented above would seem to indicate that both 
φ and ψ have inherently preferred conformations in hydro-
gen bonded complexes. For φ, the minimum appears to be 
that conformation in which one of the methyl C–H bonds is 
anti to the C′–N bond, i.e. φ = 180° as defined here. This is 
borne out by both the crystal data and the electron diffrac-
tion results on N-methylacetamide (NMA) [182]. The barrier 
to rotation would appear to be small (≤ 1 kcal) since it is 
observed that crystal forces can cause significant variation 
in the methyl torsion. The small to negligible values of the 
barriers for both φ and ψ, are further supported by the series 
of gas phase electron diffraction studies carried out on NMA 
[182], N-methylformamide (NMF) [183] and Acetamide 

Table 2  Observed 
torsion angles φ and ω in 
N-methylamides (angles in 
deg)a

a For references to these structures see Hagler et al. [171]
b The standard deviation in torsion angle as determined from the scatter of the three individual H–C–N–C′ 
torsion angles

Molecule φ (H–Cα–N–C′) ω (C–C′–N–C) R

N-methyltetrolamide 164 (4)b 0 –C≡CCH3

N-methylacetamide 180 (0) 0 –CH3

N-methylpropiolamide 169 (2) 6 –C≡H
N-methylcinnamide 156 (3) 5 –CH=CHC6H5

N-methylsorbamide 147 (3) 2 –C=CHCH=CHCH3

N-methyl-α-chloroacetamide 173 (2) 1 –CH2Cl
156 (6) 1

N-methylformamide 125 (7) 42 –H
118 (6)

N-methylbenzamide 167 (2) 1 –C6H5

N-methyldipropylacetamide 179 (7) 0 –C(H)(CH2  CH2  CH3)2

N-acetyl-dl-phenylalanine-N-meth-
ylamide

144 (12) 5
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[184], by Kitano and Kuchitsu in 1973 and ’74. As noted 
above, the gas electron diffraction results for NMA indi-
cated that the methyl C–H bonds was anti to the C′–N bond 
(φ = 180°), while the methyl conformations in N-methyl for-
mamide and acetamide were indeterminate, possibly indicat-
ing free rotation and again an extremely small barrier height, 
less than kT (≤ 0.7–0.8 kcal at experimental temperatures).

N-methylformamide in its crystal complex with oxalic 
acid is an exception where the methyl C–H bond is found to 
be syn to the C′–N bond rather than anti. The gas-phase con-
formation of the methyl in this compound was indeterminate 
and the conformation in the crystal was hypothesized to be 
due to the strong amide-acid packing forces. This exception is 
an example of a system which should provide a valuable test 
of proposed inter- and intra-molecular potential functions.

Similar considerations hold for the barrier to rotation 
about ψ. Here the preferred conformation appears to con-
sist of a methyl C–H syn to the C′–N (i.e. ψ = 0) in the solid 
state. In this case, however, as indicated by the apparent free 
rotation of the methyl group in N-acetylglycine in the crystal 
and in one of the methyl groups in diacetamide in the gas 
phase, the barrier to rotation appears to be even smaller (e.g., 
of the order of a few tenths of a kilocalorie).

7.5  Quantum mechanics: bond‑torsion 
and angle‑torsion coupling crucial 
to calculating φ–ψ torsional energies

In order to assess these observations quantitatively, both 
with respect to the approximate size of the rotation barrier, 
the effect of substituent (R), geometry, and the magnitude of 
the effect of the crystal forces, we carried out ab initio and 
empirical force-field calculations of the rotation barrier and 
lattice energy calculations of crystal energy as a function of 
methyl rotation. Ab initio calculations were carried out for 
both minimal and split valence basis sets, which were trac-
table at the time. Selected results for the split valence basis 
set are given in Table 4. As seen in this Table, the minimum 
in the rotation about φ occurs at 180° in agreement with the 
experimental observations, and limited gas phase data. In 
the case of ψ however the calculations predict a minimum 
at ψ = 60° rather than at 0° observed in the crystal. Both bar-
riers are extremely small with the barrier for φ of the order 
of 0.2–0.7 kcal and for ψ being negligible, of the order of 
0.1–0.2 kcal, corresponding to essentially free rotation at 
room temperature, again in agreement with the experimental 
observations.

Table 3  Observed values of 
ψ in ten amides and peptides 
(angles in deg)

a See Hagler et al. [171] for references to these structures
b The standard deviation in torsion angle as determined from the scatter of the three individual H–C–C′–N 
torsion angles

Moleculea ψ (H–C–C′–N) R′

Acetamide (rhombohedral) 29 (9)b –H
Acetamide (oxalic acid complex) 15 (4) –H

14 (6)
Acetamide (allenedicarboxylic acid complex) 0 (3) –H
Acetamide (–5,5′diethylbarbituric acid complex) 5 (4) –H
N-methylacetamide 0 (0) –CH3

N-acetylglycine Free rotation –CH2COOH
Acetanilide 13 (0) –C6H5

N-acetyl-l-tryptophan methyl ester 1 (7)
N-acetyl-dl-phenylalanine-N-methylamide 3 (4)

Table 4  Barriers to rotation 
about φ and ψ: effects of 
substituents, and geometry

Molecule φ° E (φ) – E (180°) (kcal/mol)

N-methylformamide (C′–N, 1.38 Å)a 120 0.33
N-methylformamide (C′–N, 1.29 Å) 120 0.13
N-methylacetamide (ψ = 0) 120 0.73
N-methylacetamidea (NMF geometry) 120 0.25
N-methylpropiolamide 120 0.25

Molecule ψ° E (ψ) – E (0°) (kcal/mol)

N-methylacetamide (φ = 180°) 60 − 0.06
Acetamide 60 − 0.15
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As expected from the structures of the molecules, the 
nature of the R group did not make a difference in the loca-
tion of the barrier though it did affect the barrier height 
somewhat (as much as 0.5 kcal in NMA vs. N-methylpro-
piolamide, Table 4). However, analysis of the calculations 
indicated that in fact the barrier is very sensitive to the amide 
geometry (e.g., the OC′N and C′NC angles) rather than to 
any direct interaction of the N-methyl group with the R 
group. Thus, the OC′N and C′NC angles are slightly smaller 
in NMA than they are in either NMF or NMP and it is this 
difference that leads to the differences in the barrier heights 
in these molecules. The effect of the geometry (as opposed 
to inductive or direct interactive effects with substituents) 
was confirmed by calculating the rotational potential for φ in 
NMA with the geometry of NMF by QM. These results cor-
roborated that the direct effect of the R group on the barrier 
is indeed very small (− 0.1 kcal) and that it is the variation 
in geometry either induced by the different R groups or by 
differences in crystal forces that accounts for the rest of the 
variations in the barrier heights. It was also found that there 
is a coupling between the amide bond length (C′–N) and the 
barrier. Thus, when the barrier in isolated NMF is calculated 
with the bond length observed in the solid state rather than 
the gas phase (C′–N = 1.38 vs. 1.29 Å) the torsion barrier 
was reduced by 0.2 kcal. (These observations once again 
emphasize the importance of coupling between internals, 
and intramolecular potentials as these directly affect confor-
mational energetics. In this case the results also document 
intramolecular coupling with hydrogen bonding as well, as 
the latter is responsible for the change in bond length.)

7.5.1  Lattice energy calculations: intermolecular forces 
induce strain about φ–ψ, and modulate the intrinsic 
rotational profiles through geometric distortions

The experimental observations [171] reproduced in Tables 2 
and 3 demonstrated that although the methyl groups have 
an inherently preferred orientation in φ and ψ, the orienta-
tions are compromised somewhat by the requirements to 
optimize the crystal packing energy. In fact, the conforma-
tion about φ and ψ in a given compound was shown to vary 
in different crystal environments. In most cases the deviation 
from the minimum was less than 30°, but in a few cases this 
was achieved and even exceeded (Tables 2, 3). If the torsion 
energy is of the form V(ϕ) = 1/2Kϕ(1 ± cos 3ϕ), a deviation 
of 30° from the minimum corresponds to an increase of 
1/2Kϕ (or half the barrier height). This puts an upper bound 
on the value of the barrier, as it is limited to the energy avail-
able from lattice forces to induce the observed deformations.

To quantify the lattice energy available to induce defor-
mations about these torsion angles we carried out an analysis 
of the crystal packing energy as a function of rotation about 
these methyl groups. If this is very large, i.e. much greater 

than the barrier to rotation, the crystal forces alone would 
determine the methyl orientation. On the other hand, if the 
lattice energy was insensitive to methyl rotation, the methyl 
orientation would be determined solely by the intramolecu-
lar “inherently preferred” position. From the experimental 
observations, we expected that the change in crystal energy 
with methyl rotation would be of approximately the same 
magnitude as the intramolecular energy (e.g., the barrier 
height). Thus the calculation of minimum crystal energy 
changes as a function of methyl rotation can provide us with 
corroboratory evidence as to the magnitude of the rotational 
barrier as estimated by the quantum calculations, and the 
limited gas phase experimental determinations [182].

Calculations were carried out on N-methylacetamide 
(R=CH3 in schematic 1), which had the advantage of being 
relatively small, yet still contains both C′- and N-methyl 
groups, thus enabling us to vary both φ and ψ. Each of these 
angles was varied by 30° increments, and for each set of φ, ψ 
angles the lattice energy  (ELat) was minimized with respect 
to all crystalline degrees of freedom (i.e., unit cell param-
eters and molecular orientation). This was carried out with 
three force fields (6–9 [86], 6–12 [86], and MCMS [63]), in 
order to avoid, to the degree possible, potential dependent 
conclusions. The results are given in Table 5.

As was expected, the variation in packing energies as a 
function of methyl orientations was indeed small. Despite 
significant differences in the total lattice energy (especially 
in the case of the MCMS potential) this behavior was inde-
pendent of the FF used. The largest energy difference were 
of the order of ~ 0.6–0.7 kcal as calculated with the 6–9 [86] 
and MCMS [63] potentials corresponding to the difference 
between the structures (φ, ψ) = (120, 60) and (150, 0).

The magnitudes of the variations in energy for these 
conformational polymorphs were compatible with data 
available at the time. These included Kitaigorodskii’s esti-
mate of energy difference between polymorphs as well as 

Table 5  Lattice energy of N-methylacetamide as a function of methyl 
rotations (φ and ψ)

φ (deg) ψ (deg) ELat 6–9 
potential 
(kcal/mol)

ELat 6–12 
potential (kcal/
mol)

ELat MCMS 
potential (kcal/
mol)

120 0 − 15.38 (0.62) − 16.58 (0.36) − 11.04 (0.69)
120 30 − 15.71 (0.29) − 16.66 (0.28) − 11.33 (0.40)
120 60 − 16.00 (0.00) − 16.94 (0.00) − 11.73 (0.00)
150 0 − 15.37 (0.63) − 16.49 (0.45) − 10.97 (0.76)
150 30 − 15.50 (0.50) − 16.47 (0.47) − 11.06 (0.67)
150 60 − 15.88 (0.12) − 16.77 (0.17) − 11.50 (0.23)
150 90 − 15.76 (0.24) − 16.73 (0.21) − 11.34 (0.39)
180 0 − 15.67 (0.33) − 16.79 (0.15) − 11.40 (0.33)
180 30 − 15.74 (0.26) − 16.70 (0.24) − 11.32 (0.41)
180 60 − 15.84 (0.16) − 16.64 (0.30) − 11.31 (0.42)
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other contemporaneous determinations, which invariably 
gave energies on the order of 1 kcal/mol between crystal 
forms [185, 186]. The energy difference between poly-
morphs found by these early workers has been confirmed 
by many studies over the intervening years [175, 177, 178]. 
Thus in a review of crystal packing Dunitz and Gavezzotti 
recently stated in a summary of the research on polymorphs 
[177]. “Energy differences between crystal polymorphs are 
extremely small, a matter of a few kJ/mol. Typically, for any 
given molecule, a computational search produces many dif-
ferent periodic arrangements within a narrow window of lat-
tice energies, with unknown energy barriers between them.”

In addition, subsequent more rigorous quantum results 
with significantly larger basis sets have confirmed the con-
clusions based on results in Table 4. Thus for example Guo 
and Karplus carried out extensive calculations of NMA in 
various H-bonded complexes with water and formamide 
[187], Menucci and Martinez [188], and Villani et al. [189], 
also studied NMA and its H-bonded complexes in detail. 
These studies replicated the experimentally observed differ-
ence between gas phase [182] and solid state [190] geometry 
and barrier heights, and all concluded that the barriers to 
rotation in NMA are in the range 0.2–0.9 kcal/mol in agree-
ment with our earlier results.

7.6  The bottom line: Kφ and Kψ are of the order 
of several tenths of a kcal/mol

Based on the above, there is little doubt that the lattice 
energy differences between the rotational conformers of 
NMA are reasonably recapitulated by the results given in 
Table 5. In addition, the difference in energies obtained for 
these conformational polymorphs were in excellent agree-
ment with the ab initio calculations. As noted above, since 
the packing forces affect the rotational state about φ and ψ 
(Tables 2, 3) which display deviations from the minimum 
of as much as 30°, the barrier can’t be much different then 
given by the ab initio energies of approximately 0.2–0.7. 
That is, for a 30° distortion the strain energy induced is half 
the barrier height (~ 1/2 Kϕ), and the barrier must be, at 
most, the same magnitude as the lattice energy available to 
induce the strain. Thus. the barrier about ϕ can be at most 
a kcal or so, and most likely of the order of 0.5–0.7 kcal, 
while it is at most several tenths of a kcal for ψ, consistent 
with the several structures which exhibit free rotation about 
this angle.

7.7  Lifson’s CFF paradigm, Allinger’s approach, 
and the saga of the torsional potentials about φ 
and ψ

As seen from the determination magnitudes of the barriers 
about φ and ψ, there exists information rich experimental 

data which provide fairly tight constraints to validate any 
proposed torsion potential about these angles. Despite this, 
as noted above, these critical torsions have been problem-
atic for practitioners in the field. This has led to numerous 
reparametrizations and to artifacts in the preponderance of 
secondary structures in protein simulations [179–181, 191]. 
We suspect that many of the problems arose due to the use 
of a limited number of experimental or QM data resulting 
in the determination of these parameters. In addition, many 
of these studies optimized ϕ, and ψ to fit high level quan-
tum calculations of oligopeptide conformational energies 
and dipeptide maps, as well as conformational populations 
in proteins—constraining all other nonbond and electrostatic 
parameters to previously determined values. Thus, any errors 
in the multiple intra and intermolecular parameters would 
have to be absorbed in the torsion parameters for the sys-
tems being optimized. These errors in torsion potential in 
turn would cause discrepancies to arise when different or 
additional systems are treated, which has been the histori-
cal experience. Finally, these parameters are being forced to 
account for limitations in the functional form, further exac-
erbating the situation. In hindsight it would appear that much 
of the necessity to reparametrized these torsion potentials 
might have been alleviated, by adopting the Lifson approach 
[49]. Namely, if a wide variety of experimental and quantum 
observables were included, for example the extensive QM 
calculations on NMA [187], dipeptide φ, ψ maps, oligopep-
tide energetics, and crystal data, including that cited above 
and peptide crystals structures available in the literature, 
it is extremely unlikely, if not impossible that the results 
would differ by more than a few tenths of a kcal from those 
reported above. This may well have led to a focus on other 
deficiencies and perhaps to earlier focus on improvements in 
representing the spatial electron densities, polarizability, and 
coupling required to adequately represent the peptide energy 
surface, much as the Allinger approach discussed above.

Another problem, known from the gas phase and crystal 
determinations in the ‘60s and determinations in our work 
[171] and Guo’s [187] is the change induced in the geometry 
of the amide group by hydrogen bonding in the condensed 
phase, and the effect of these geometrical changes on the tor-
sional potential. Thus, the gas phase dipeptide and oligopep-
tide quantum results could be, and were, misleading. Basi-
cally, either a “condensed phase” potential was required or 
a coupling between hydrogen bonding and internals (at least 
C′–N bond length), and most likely a cross term between tor-
sion and bond length would be required to account for this 
behavior. It is likely that a fit of all parameters in the FF by 
least squares to the entire large and diverse set of QM and 
experimental observables referred to above would have led 
to a “consistent force field” [49], elucidating the need for 
these coupling terms, analogous to the way the need for an 
angle–angle–torsion was found by Warshel and Lifson [52].
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8  The hydrogen bond: electronic basis 
for omitting the van der Waals interaction 
of polar hydrogens

The early appreciation of the applicability of QM to biologi-
cal systems was described above. In the early years of force 
field development, we, along with others, recognized the 
additional opportunity provided by QM algorithms to com-
plement experimental data and provide information about 
the description of both intramolecular strain, and electronic 
structure and interactions beyond simple derivation of partial 
charges [192].

In 1976 we exploited the availability of these algorithms 
to carry out an ab initio study of the spatial electron den-
sity in amides, acids and peptides [193, 194]. The primary 
motivation for the study was to examine the validity of some 
of the more common assumptions made in conformational 
analysis. In particular, the spherical atom approximation 
implicit in the functional form of the atom–atom van der 
Waals interaction, the representation of the continuous elec-
tron distribution in the molecule by monopoles placed on the 
atomic center and the transferability of potential constants. 
In addition, and perhaps of most importance, was our obser-
vation on the nature of the hydrogen bond and the finding 
that the amide and acid hydrogens were essentially incor-
porated into the van der Waals sphere of the nitrogen and 
oxygen atoms. That is, O–H and N–H donors “as seen by 
acceptors” could be represented by a single Lennard-Jones 
center located at the heavy atom [85, 86, 88].

To this end, contour maps and three dimensional con-
tours of constant electron density were calculated for both 
total and difference electron density maps of several amide 
and acid compounds [192–194]. An example of the spatial 
electron density surrounding the amide group in N-meth-
ylacetamide (NMA) at two contour levels is presented in 
Fig. 6. while 2-D contour maps of the molecular electron 

density, as compared to the density of superposed spherical 
atoms are given in Fig. 7.

The results shown in Fig. 6, (along with others in the 
study [193]) indicated that the total molecular electron den-
sity was virtually indistinguishable from the electron density 
resulting from superposition of spherical atoms placed at 
their coordinates in the molecule. Thus, aside from a gen-
eral withdrawal of electrons from the peripheral regions of 
the molecule, the general features associated with molecular 
formation, such as the bonding density and carbonyl oxygen 
lone-pair orbitals, are not evident in Fig. 6a. In fact, the 
overall shape of the molecule is very similar to that of the 
density produced by superposed spherical atoms as given 
in Fig. 6b. The similarity between the actual (calculated) 
molecular density and that obtained from superposed spheri-
cal atoms is due to the fact that molecular formation involves 
a relatively small redistribution of electrons (see below). 
The size and shape of a molecule are related to the volume 
excluded to other molecules or parts of the same molecule. 
This factor, is represented by the spherically symmetric 
Lennard-Jones or Buckingham terms (as in Eq. 4). These 
features provide an understanding of why the use of spheri-
cal atoms as a first approximation, to represent the excluded-
volume effect in Eq. (4) seem to give reasonable results. It 
should be noted however, that more recent studies indicate 
that rigorous results require inclusion of anisotropy in this 
interaction [175, 195–199].

8.1  Electron migration from amide and acid 
hydrogens

An interesting situation emerged for the N–H group. While 
in the higher density shape plot (Fig. 7b) the distinct shapes 
of the nitrogen and hydrogen are visible, the shape of the 
molecule emerging from the van der Waals surface is quite 
diffuse, and only a single, slightly distorted, spherical 
shape can be discerned, enveloping both the nitrogen and 

Fig. 6  Contour map of the 
electron density in the amide 
plane of N-methylacetamide as 
obtained with the split valence 
6-31G basis set. a Total density 
as calculated from molecu-
lar wave function. b Density 
obtained from superposition of 
spherical atoms



Journal of Computer-Aided Molecular Design 

1 3

hydrogen. The N–H group appears to be one large atom, 
whose excluded volume may be represented by a single cen-
tral repulsion. This is consistent with, and rationalizes the 
results of Hagler and Lifson [86] in the crystal work where 
the least-squares analysis revealed that the amide hydrogen 
parameters were indeterminate, having standard deviations 
several times larger than the parameters themselves. It was 
found that the van der Waals radii of the hydrogen could be 
ignored and incorporated into the nitrogen when represent-
ing the hydrogen bond, with no degradation in the ability to 
fit the structure and energetic properties of the amide and 
acid crystals.

8.1.1  Electron density and electrostatic interaction

The situation is very different for the electrostatic properties. 
Rather than being dependent on the total electronic distribu-
tion, these interactions arise from the small reorganization 
of electrons that accompany molecular formation. Thus, 
if the molecular electron density were truly represented 
by superposition of spherical atoms it would have a zero 
dipole moment and be apolar. In order to investigate the 
electron migration upon bond formation and the resulting 
nature of the charge distribution, difference electron density 
maps of several amides and acids were examined [193, 200]. 
These maps are calculated by subtracting the sum of the 
component atomic densities from the total molecular den-
sity. Figure 8 depicts the difference density map for NMA 
(N-methylacetamide). Here one can clearly see the common 
features usually associated with molecular formation such 
as migration of electrons into the bond region between the 
atoms in the difference density. In addition, the lone pair 

orbitals on the carbonyl oxygen are a dominant feature. On 
examination, it becomes clear that the total migration of 
electrons on molecular formation is small, especially when 
compared to the total number of electrons.

This may be seen quantitatively in Table 6, which sum-
marizes the electronic population of the bonding and lone 
pair orbital densities in NMA, as obtained by numerical 
integration of the corresponding densities in the difference 
map. From this it can be seen that the integrated positive 
difference density in the lone pair orbitals is only ~ 0.25 
electrons. Even this difference density as seen at low den-
sity, coalesces into a single contour surrounding the oxy-
gen, which, although not spherical, deviates from the usual 
“rabbit ears” schematic representation of the orbitals, and 
constitutes a smaller perturbation on the spherical oxygen.

These plots emphasize the severe approximation implicit 
in atom centered partial atomic charges. Clearly if the elec-
trostatic forces are a major contribution to the properties 
being calculated (as is almost always the case in biological 
systems), this is a major source of potential error. Interest-
ingly models of water have attempted to incorporate the 
features of the deformation density from the beginning. 
Thus the 1933 model of Bernal and Fowler [8] (see below) 
invoked an off atom center of negative charge to calculate 
the properties of ice and water. In 1951 Rowlinson [201] 
incorporated not only multipole moments but also induction 
(polarization) into his treatment of the lattice energy of ice. 
Essentially all water potentials since, and they number in 
the hundreds, have incorporated off atom descriptions of the 
electrostatic interactions of water (with the notable excep-
tions of the SPC [202] and simple “TIP” models [203]). In 
addition crystallographers and others focused on prediction 

Fig. 7  The overall three-dimensional shape of the amide group in 
N-methylacetamide. The carbonyl group is on the right with the oxy-
gen at the top of the figure, while the N–H is trans, directed toward 
the lower border of the plane. a Surface of constant electron density 
of 0.027 electrons/Å3, roughly corresponding to van der Waals radius. 

b Surface of constant electron density of 0.75 electron/Å3. The single 
spherical contour about the N–H atoms at the van der Waals distance 
is consistent with the omission of the vdW interaction of the amide 
hydrogen in the Hagler–Lifson formulation of the H-bond potential 
[86]
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of crystal packing modes also noted the importance of 
higher order models of electrostatic interaction rather early 
on [93, 204], including multipole interactions, and Gaussian 
representations among others [177, 205].

Despite the importance of these more realistic treatments 
of electrostatic interactions the overwhelming majority of 
simulations of protein–ligand systems and other biomol-
ecules, including applications in drug discovery continue to 
use the crude partial atomic charge model. In large part this 
is due to the significant computational cost of more realistic 
treatments. There are indications that this situation may be 
changing however, and though still only sparingly applied, 
recent force field development, such as the SDFF [206–208], 
and the Amoeba potential functions [98, 209] incorporate 
atomic multipoles such as those used in the water and crystal 
engineering force fields.

9  Genesis of protein simulation software: 
divergent evolution of Lifson’s CFF—
CHARMM, AMBER and GROMOS

In the early ‘70s, the CFF program ‘emigrated’ to the US 
and became the basis for the first protein simulation pack-
ages. Outside the Lifson group itself, the first to adopt the 
CFF was the Karplus group at Harvard. Karplus spent a 
semester visiting Shneior Lifson at the Weizmann Institute, 
where he was first introduced to the potential of empirical 
energy functions. The CFF program was then brought by 
Warshel to his lab and this code was subsequently devel-
oped into the CHARMM package (Chemistry at HARvard 
Molecular Mechanics) [109]. Paul Weiner, who had been 
studying as a postdoc with Karplus at Harvard, brought the 
program and associated FF to the lab of Peter Kollman at 
UCSF. This version of the CFF evolved into Assisted Model 
Building with Energy Refinement (AMBER) [210]. Finally 
another branch of the descendants of the CFF emerged when 
van Gunsteren, who studied with Karplus, brought the pro-
gram with him to his and Berendsen’s lab in Groningen, 
the Netherlands, and it evolved into GROningen Molecular 
Simulation (GROMOS).

These groups were all excited by the idea of applying 
molecular mechanics and dynamics calculations especially 
to proteins and other biological molecules. As such their 
primary early focus was on adapting the program to the 
treatment of these large biological systems, rather than on 
the improvement or rigor of the underlying potential func-
tions, and there was an intensive push to develop the tech-
niques and software to enable such application. This led to 

Fig. 8  N-methylacetamide difference map of the total molecular den-
sity as calculated with the extended 6-31G basis set minus the den-
sity of the spherical atoms. a Contour map in the plane of the amide 
group. Solid, dashed, and dotted lines represent positive, zero, and 

negative difference. b The overall three-dimensional shapes of the 
positive difference density. The lone pair orbitals are labeled A, while 
the C′–N bonding density is B, the N–H density, C and the C′–C den-
sity, D

Table 6  Electronic population and perpendicularity (to molecular 
plane) of the bonding and lone pair orbital in N-methylacetamide

Bond/lone pair Population (electrons) Height (Â)

O= (orbital) 0.25 0.97
C=O 0.12 0.6
C–N 0.20 1.1
N–Cα 0.05 0.93
C–C′ 0.17 0.77
N–H 0.13 1.25
C–H (NH methyl) 0.22 0.77
C–H (C=O methyl) 0.28 0.99
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McCammon, Gelin, and Karplus’ classic paper on the first 
MD simulation of bovine pancreatic trypsin inhibitor (PTI) 
“Dynamics of Folded Proteins” in 1977 [211]. (This also 
gives some perspective on the advances in computational 
power in the intervening years—the trajectory for this first 
application consisted of 9 ps of dynamics of PTI (58 resi-
dues) without hydrogens or solvent, as contrasted to the 
microsecond simulations of large proteins in aqueous solu-
tion made possible by the hardware technology of today.)

9.1  CHARMM

The CHARMM FF used in these early protein calculations 
included only harmonic terms for bonds and angles, sinu-
soidal function for torsions, 6–12 NB, and an electrostatic 
term with an optional dielectric (Eq. 10), and a complex 
angle dependent H-bond term [108]. The force constants 
were obtained to a large extent by using literature data by 
Schleyer [212], Lifson and Warshel [26, 54] (for hydrocar-
bons), and by Lifson et al. [53] for amides. Some parameters 
were taken from Gelin’s thesis. A complete set of parameters 
(excluding charges) as used for simulations of the protein 
bovine pancreatic trypsin inhibitor is given by McCammon 
et al. [108]. In addition, the very impactful approxima-
tion (in retrospect) was made that hydrogen atoms could 
be ignored—the so-called united atom approximation. This 
approximation, reduces the number of atoms by roughly 
30%, and the resulting calculation time per iteration by about 
50%, and also reduces the total number of iterations that are 
required to achieve a given convergence criterion, so it was 
quite tempting to use it for investigation of large biologi-
cal systems. However, although widely adopted at the time, 
there was no evidence that this approximation was justified. 
It also introduced complications with respect to retaining the 
chirality of carbon atoms (when the  Hα is omitted). A special 
‘out of plane’ term had to be introduced, preventing the  Cα 
from becoming planar and then racemizing.

9.2  AMBER

The initial functional form and parameters of the AMBER 
force field [210], and the use of the united atom model, were 
taken directly from CHARMM [109]. A few years later the 
parameters were modified, but the functional form was 
retained. The Kollman group first modified the parameters to 
fit observables of small model molecules [106]. The param-
eters for equilibrium bond lengths and angles were taken 
from microwave and X-ray data. The force constants were 
obtained by considering the fit to experimental frequencies 
of 6 small model compounds. Similarly, a FF for nucleic 
acids was also developed. An extension of this work to an 
all-atom force field (i.e. inclusion of all hydrogen atoms) 
was presented in 1986 [213]. They did not attempt to obtain 

a good fit to vibrational frequencies, recognizing that this is 
unachievable without coupling terms. Instead they stated the 
goal was a ‘wish to ensure that the general features of the 
vibrational spectra are reproduced’. Therefore, deviations of 
100–150 cm−1 or more were not a cause for concern.

9.3  GROMOS

The GROMOS FF was also kept to a very simple form, with 
harmonic terms and parameters for the internals also mostly 
transferred from CHARMM [214]. Later non bond param-
eters [215] were chosen similar to those given by Hagler, 
Lifson and Dauber [100, 101]. These were chosen because of 
their compatibility with the SPC water model they developed 
(see below), which adopted the Hagler–Lifson formulation 
of the hydrogen bond [86], i.e. negligible polar hydrogen van 
der Waals, larger donor atom, and similar partial charges.

9.4  OPLS

Following the derivation of the simple 3 and 4 point TIPS 
potentials for water in the early 80s [203, 216, 217], Jor-
gensen’s group pioneered the approach of using Monte Carlo 
simulations of liquids to derive parameters for small organic 
molecules, culminating in a FF for peptides and proteins 
[218, 219] (OPLS—optimized potentials for liquid simula-
tions). In the first application Jorgensen derived potentials 
for amides by carrying out Monte Carlo simulations of liq-
uid formamide, N-methylacetamide and dimethylformamide. 
Densities and heats of vaporization were fit to experimen-
tal values. The structure of amide dimers, in configurations 
observed in the crystal, as well as amide water complexes 
were also calculated to ensure that the potentials provide 
reasonable descriptions of the energy and structure of these 
complexes [218]. This was followed by a very extensive 
study in 1988, in which protein nonbond parameters were 
obtained and tested by Monte Carlo simulations of 36 pure 
organic liquids comprised of alcohols, sulfides ketones, etc. 
representing the side chain functional groups of amino acids 
[219]. Aqueous solutions of organic ions representative of 
the side chains of the charged amino acids were also simu-
lated. Calculated heats of vaporization, and volumes were 
compared with experimental results for the pure liquid, and 
heats of hydration were compared for the solutions. The 
resulting FF was also tested by minimization of crystals of 
five small cyclic hexa- and pentapeptides containing Ala and 
Gly and on the small protein Crambin. In the latter calcula-
tions crystalline waters were also included [219].

The united atom approximation was utilized in these stud-
ies, omitting all non-polar hydrogens.

Bond stretch, angle bend, and torsional terms were 
adopted from the AMBER united-atom force field. A simple 
6–12 Lennard-Jones potential and Coulombic electrostatic 
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were used, and the Hagler–Lifson [86, 100] hydrogen bond 
potential involving only van der Waals and Coulombic inter-
actions, with a negligible repulsion on the donor hydrogen, 
was also adopted in these studies. The resulting fit of calcu-
lated and experimental properties used in the parameteriza-
tion was also adopted as the primary measure for the FF’s 
performance. It was shown that on the whole the modified 
Amber force field with the OPLS nonbond parameters gave 
a better fit to the peptide crystal systems and Crambin than 
the original Amber FF [219].

This very extensive work demonstrated the power of 
using liquid observables for parameter derivation. A down-
side of these systems is that unlike the situation with water 
there are often only two observables per liquid—i.e. the 
density and heat of vaporization. Thus, there is a practical 
limit on the ratio of observables to parameters. Crystals on 
the other hand contain nine or more observables per system, 
including unit cell vectors, orientation of the asymmetric 
unit, intermolecular geometries such as hydrogen bond dis-
tance and angle etc (see Fig. 4). Thus, by exploiting such 
systems for FF optimization, observable to parameter ratios 
of ~ 10:1 or greater can be achieved. The optimal solution is 
to adopt Lifson’s principle and fit or test parameters against 
all available experimental data. Jorgensen et al. [219] in fact 
went a way toward adopting this principle by testing the 
force field against the peptide crystal systems.

9.5  Calculation of a drug receptor complex: first 
valence force field for proteins (CVFF)

While the Lifson and Warshel CFF [53] formed the basis for 
applications to peptides and proteins, it was not complete, as 
it did not address the need for parameters for the functional 
groups in the side chains of amino acid residues. In addi-
tion, for amides only the Urey–Bradley FF was employed. 
In the early 1980s we were interested in carrying out one 
of the first MM and MD studies of the energetics of a drug 
receptor system, the antineoplastic agent methotrexate 
(MTX) and the antibiotic trimethoprim (TMP), bound to 
their target receptor, dihydrofolate reductase (DHFR) [220, 
221], (a project suggested by Joe Kraut at UCSD). In order 
to accomplish this it was necessary to extend the valence 
force field introduced by Ermer and Lifson [55] to account 
for the backbone and for all the functional groups found in 
protein side chains. This was carried out in a preliminary 
study, by fitting geometrical and vibrational data, rotational 
barriers and dipole moments of a limited set of 25 model 
organic compounds incorporating the moieties of the protein 
side-chains (amides, acids, amines, alcohols, ethers, thiols, 
sulfides, disulfides, aromatic and hetero-aromatic com-
pounds). A full valence force field including cross terms 
was derived and published [221] (though the fit to the model 
compounds were not published at the time).

The parameters for aliphatic C′s and H′s were transferred 
from Lifson’s work. All other parameters were adjusted to 
fit experimental data. Typical deviations from experiment 
for these compounds were on average about 0.01–0.02 Å 
for bond lengths (aside from the amide bond where the 
coupling between bond length and hydrogen bonding is not 
accounted for), 3° for angles and 30–40 cm−1 for the vibra-
tional frequencies. A summary of a representative fit to a set 
of amides, including pyrrolidine is given in Table 7.

Though based on a minimal set of model compounds, the 
FF established a starting point for simulating peptide and 
protein systems, it was superior to contemporaneous FFs, 
most importantly because it was an “all atom” FF including 
all hydrogen atoms. In addition, it accounted for coupling 
between angles and torsions, important for accounting for 
rotational barriers and conformational equilibria.

As noted above, we exploited this force field to carry out 
the first calculations of a drug receptor system, the com-
plexes of TMP and MTX, with their receptor DHFR. All 
hydrogen atoms were included explicitly, as were all crys-
tallographically determined water molecules within 7 Å of 
the ligand, as well as those that formed hydrogen bonds to 
at least two protein residues. The energetics, and free energy 
of ligand binding were analyzed for the simulated structures. 
Strain energy induced in the ligand, the corresponding 
entropy loss due to shifts in vibrational frequencies, and the 
role of specific residues in ligand binding were examined. 
Water molecules, even those not in direct contact with the 
ligand, were found to have significant interaction energies 
with the ligand. This constituted the first simulation in which 
the same force field used for small molecules, incorporating 
cross-terms and the explicit inclusion of all hydrogen atoms, 
had been fused for a protein system.

The same FF was also used in some of the first drug 
design investigations where the receptor structure wasn’t 
known. In these studies, molecular dynamics simulations 
were carried out to investigate the conformational space 
available to a peptide hormone and its analogs, e.g. lysine 
vasopressin, as part of a strategy to elucidate the structural 
requirements for binding and transduction [222–224].

9.5.1  Computer resources yesterday and today

It is interesting to note that the minimization of the all-atom 
DHFR complex (10,800 iterations), required about 15 h of 
CPU time on the Cyber 205 supercomputer, one of the fasted 
machines available at the time. To put this in perspective 
the Cyber 205 (~ $18,000,000) processor was ~ 50–80 MHz 
with 32 MB Ram and 16 GB of memory, while the current 
iPhone 7 has two 64-bit 2.34 GHz cores and up to 320 GB 
of memory, and 2–3 GB RAM, so the calculation would take 
only ~ 30 min on a $600 iPhone today.
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9.6  United atom approximation

As we discussed above the united atom model was being 
widely utilized at the time of these calculations. We took 
the opportunity afforded by these simulations to compare the 
performance of this approximation with that of the full-atom 
representation of the DHFR-ligand complex [225]. Both the 
minimized all-atom and united-atom structures were com-
pared to the experimental structure in order to assess the 
effect of omitting nonpolar hydrogens. A superposition of 
each minimized structure onto the experimental structure 
using a least-squares fit of the heavy atoms of the secondary 
structures, i.e., the alpha helices and beta strands was car-
ried out. The root mean square (RMS) deviation between 
several structural segments of interest was then calculated. 
The results obtained are reproduced in Table 8.

As might be expected the united atom model introduced 
significant deviations over those obtained when all hydro-
gens were included. The fit to the experimental structure at 
the active site is of special importance and here we saw that 
the deviations were almost twice as large for the united-atom 
model (Table 8). As noted, though at the time the united 

atom was almost universally used because of the computa-
tional resources it saved, it has now, rightly so, been aban-
doned and essentially all simulations include all hydrogens 
(as well as surrounding water molecules). This serves as 
a cautionary example as often the outcome of approxima-
tions that seem to be required to allow faster achievement 
of results may correspond to “throwing the baby out with 
the bathwater”.

Table 7  Comparison of 
calculated and observed 
geometrical and vibrational 
properties of amides

Molecule b (Å)
(deg)

a

(cm 1)
(debye)

Formamide 0.035 1 54 0.57

Acetamide 0.040 3.2 33 0.57

Propionamide 0.03 1.4 32 0.19

N-methyl-formamide 
(NMF)

0.013 0.7 45 0.44

N-methyl-acetamide 
(NMA)

0.015b

(0.012)
2.3b

(1.5)
21 0.26

N-methyl-propionamide 
(NMP)

20 0.41

N,N-dimethyl-
formamide (DMF)

0.023 30 0.38

N,N-dimethyl-
acetamide (DMA)

17 0.07

Pyrrolidone 20 0.58

Table 8  RMS deviations for heavy atoms and C, atoms between the 
minimized and the observed structures (in Å)

Region All atoms United atoms

All heavy atoms 1.23 1.48
Active site 0.58 1.03
α Helices 1.10 1.50
β Strands 0.82 1.02
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10  Water models

Initially, molecular mechanics studies focused on gas phase 
calculations, i.e. each molecule was considered in isolation. 
It was also possible to simulate crystals and neat liquids. 
However, for applications to systems of biological impor-
tance it is necessary to include the effect of solvent, as all 
biological activity takes place in an aqueous environment. 
Several treatments of water have been discussed above and 
as noted, literally hundreds of potential models have been 
developed for this uniquely important molecule. A thorough 
review of these potentials is well beyond the scope of this 
perspective and the reader is referred to several recent papers 
and the references therein [226–231]. Here we review briefly 
the early work in the field and the evolution of some of the 
most popular water force fields still used in the majority of 
simulations today.

Models for water were suggested as early as the first half 
of the twentieth century, but their validity for solvent simula-
tions was tentative due to limited experimental data. Numer-
ous models have been put forward over time, differing in 
complexity, and the number and placement of interaction 
centers. In general, only one center, the oxygen atom, was 
used for the non-bonded repulsion/dispersion term, positive 
partial charges were located on hydrogen atoms, while dif-
ferent number and locations for the sites of negative charge 
have been offered. A schematic representation of various 
water models is given in Fig. 9.

10.1  1930s and 1950s, Bernal and Fowler 
and Rowlinson models form the basis 
of current water models

A simple model with a pairwise potential energy function 
was first derived in an elegant study by Bernal and Fowler 
in 1933 [8]. Considerations of a variety of experimental data 
including the structure of ice, the diffraction pattern of liquid 
water, as well as the dipole moment, led them to a model 
consisting of three point charges: positive charges on each 
of the hydrogens and a negative charge on the HOH bisector 
0.15 Å from the oxygen (Fig. 9a), with the van der Waals 
interaction centered on the oxygen atoms. This was shown to 
lead to reasonable agreement with the sublimation energy of 
ice along with other physical properties of water [8]. In 1950 
Rowllinson [201] suggested an atomic model which included 
a 6–12 non-bonded function for the oxygen atoms and a 
tetrad of point charges: a positive charge on each hydrogen 
atom and a pair of negative charges near the oxygen atom, 
about 0.5 A in the direction perpendicular to the plane of the 
molecule (Fig. 9c). This was shown to account for the lat-
tice energy and intermolecular spacing in ice. Interestingly, 
Rowlinson included the effects of polarization and induced 
dipoles in his calculation.

Similar models were suggested in the 1970s by Stillinger 
and coworkers. The first, the BNS potential of Ben-Naim and 
Stillinger [232] was exploited by Raman and Stillinger to 
carry out the first molecular dynamics study of water [233], 
exploiting the MD technique first introduced by Alder and 
Wainright in 1959 and’60 [234, 235]. It is worth digressing 

Fig. 9  Schematic of charge sites 
for several early water models. 
a Bernal and Fowler [8], TIPS2 
[203], TIP4P [203]; b SPC 
[202], TIP3 [216], TIP3P [203]; 
c Rowlinson [201]; d Ben-Naim 
and Stillinger (BNS) [232] and 
Stillinger (ST2) [233, 236]. 
The plane of the molecule is 
indicated by a green paral-
lelogram, oxygens are blue and 
hydrogens are red. δ’s are the 
partial charges (+ for charges on 
hydrogens and − for charges on 
or near the oxygen)
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for a moment to read Alder and Wainright’s description of 
their methodology, to gain some perspective on the techno-
logical advances made since the first molecular dynamics 
simulation was carried out.

As the calculation of the motions of the many par-
ticle system proceeds, the history of each particle is 
recorded on magnetic tape. A separate process later 
analyzes this very detailed data for various desired 
quantities. The reason for such a two-step procedure 
is that the size of the computing machine’s memory 
does not allow the analysis to take place at the same 
time the motions are being calculated. However, a few 
easily calculated quantities such as the pressure, colli-
sion rate, and potential energy are obtained during the 
first phase of the calculation. This makes it possible 
to judge when the system has reached equilibrium. To 
conserve tape the positions and velocities of all the 
particles are put on tape only infrequently, but for each 
collision the positions and velocities of the two collid-
ing particles are written on the tape.
The calculation can also be monitored by means of a 
cathode-ray tube which is attached to the computer 
and which forms a picture of the system after each 
time step. On the face of this tube are plotted in plane-
projection the positions of the centers of the particles. 
A camera focused on the face of the tube for a large 
number of time steps will record the trajectory of each 
particle as a succession of dots. A slightly different 
monitoring routine projects an identifying symbol at 
the position of each molecule so that the beginnings 
and ends of molecule migrations can be located [234]

Raman and Stillinger then slightly modified the BNS 
model, resulting in the ST2 potential. Both models differed 
from the Rowlinson model in the positioning of the pair of 
negative charges—instead of placing them directly above 
and below the oxygen atom, they were placed in a tetrahedral 
geometry (Fig. 9d). The major difference between the origi-
nal BNS potential and the ST2 potential was the positioning 
of the negative charges which originally were placed 1 Å 
from the oxygen in the BNS potential and then repositioned 
to 0.8 A in the improved ST2 potential [236]. The latter 
model was widely accepted and utilized in a variety of simu-
lations of biological molecules in aqueous environments.

In 1981 Jorgensen [216] sought to derive a simpler water 
potential that was transferable to solute–solvent systems and 
economical to calculate. He also included van der Waals 
interactions for the oxygen but included charges centered 
only on the hydrogens and oxygen. Not only do the single 
atom centered charges require less computer resources, but 
the potential can be combined straightforwardly with solute 
systems using standard combination rules. The parameters 
were chosen to yield reasonable structural and energetic 

results for both gas-phase dimers and pure liquids and was 
termed TIP3, Transferable Intermolecular Potential, with 
three centers [216] (Fig. 9b).

At the same time, and for the same reason, i.e. “…for 
molecular dynamics simulations of hydrated proteins a 
simple yet reliable model for the intermolecular potential 
for water is required” Berendsen et al. [202] derived the 
SPC (Simple Point Charge) model for water. Like the TIP3 
potential they also included a 6–12 potential for the oxygen 
and three point charges, each positioned on the atomic cent-
ers (Fig. 9b). In this case the values of the parameters were 
optimized by running molecular dynamics simulations with 
varied parameter values, and requiring that both potential 
energy and pressure agreed with experimental values. They 
also calculated the density, radial distribution function, and 
diffusion constant, compared the results to the correspond-
ing experimental values, and concluded that the potential 
satisfactorily accounted for the properties of liquid water.

10.2  The TIP models

Jorgensen et al. [203, 217] subsequently suggested several 
other models—TIPS2 [217], TIP3P [203], TIP4P [203] and 
TIP5P [237]. They then carried out a thorough benchmark 
study aimed at comparing these models and the other exist-
ing models BF, ST2, and SPC [202]. TIP3P was a 3-point 
model, based on their earlier version, TIP3, but with an 
improved set of parameters. Although the three point mod-
els were convenient from a computational point of view 
there were some flaws in reproduction of experimental 
results. TIPS2 and TIP4P models used 4 points to represent 
the molecule: A dispersion/repulsion center on the oxygen 
and 2 positive partial charges on the hydrogens, as in the 3 
point models, but the oxygen charge was moved towards 
the hydrogens, along the HOH bisector. TIP4P and TIPS2 
differ only in their parametrization. Both of these models 
were based on the 4 point model first proposed by Bernal 
and Fowler in [8]. TIP5P adopted the five-site geometry of 
the ST2 form. The parameters for the TIP potentials were 
derived and tested by performing Monte Carlo simulations 
for liquid water in the NPT ensemble at 25 C and 1 atm. 
Comparisons were made with experimental thermodynamic 
and structural data including radial distribution functions, 
self-diffusion constants, density, energy, heat capacity, and 
isothermal compressibilities. All models were successful 
to a degree except for the original BF model, which sig-
nificantly overestimated the density and gave poor structural 
results. They concluded that overall the SPC, ST2, TIPS2 
and TIP4P models gave reasonable structural and thermody-
namic descriptions of liquid water, but the four point models 
were in general superior to the 3 point models especially 
in reproducing density and the radial distribution function.
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10.3  Further water potential developments

This is, as mentioned above, an extremely brief summary of 
water potential development, which continues to this day. 
For example, both the SPC and the TIPS potentials contin-
ued to evolve, serving as a basis for several efforts to further 
improve them. This includes the introduction of polarizable 
force fields through fluctuating charges (FQ) by Rick et al. 
resulting in the TIP4P-FQ, and SPC-FQ models [238], and the 
further extension of this to couple Lennard-Jones parameters 
to the atomic charges in the TIP4P-pol and SPC-pol force 
fields [239]. In 2004 Horn et al. reparametrized the TIP4P 
FF for use with Ewald sums (TIP4P-Ew) [240], and in 2005 
Abscal and Vega reparametrized it by including the properties 
of ice polymorphs (TIP4P/2005) [241]. Bauer et al. further 
modified the TIP4P-FQ potential in 2009, by coupling the 
“hardness parameter” in the charge equalization method to 
the atomic charge resulting in a charge dependent polariz-
ability, the TIP4P-QDP model [242], and then introduced a 
further coupling between the charges and the LJ parameters, 
TIP4P-QDP-LJ [243]. One of the most recent potentials in this 
progression, for use in biomolecular simulations is the devel-
opment of the classical polarization Amoeba model [228] for 
use with the Amoeba Biomolecular force field [209].

The analytical description of the water potential surface 
now spans some 80 years. In many ways, the evolution of this 
field brings to mind Simon and Garfunkel’s famous lyrics 
from The Boxer, “After changes upon changes, we are more 
or less the same.” Thus the first potential for water presented 
in 1933 by Bernal and Fowler was a “4-point” model contain-
ing off-atom charges [8]. This was followed by Rowlinson’s 
potential in 1951, which refined this model to a “5-point” 
potential and included polarizability [201]. Mainly, due to 
the limitations imposed by computational resources, devel-
opment of water potentials turned to less sophisticated (and 
accurate) representations of molecular interactions for many 
years, with simple fixed charge atom centered models being 
optimized. Starting roughly in the 1980s additional charge 
centers were reintroduced, and later polarization effects 
began to be taken into account once again. This summary 
barely scratches the surface of this rich field [244], but hope-
fully gives a feel for the efforts to develop adequate potential 
surface for accounting for the solvation effects of this impor-
tant molecule in biomolecular simulations.

11  Second generation FFs

11.1  Enhancement of the MMX force fields: MM3 
and MM4

In the years following the publication of MM2, Allinger car-
ried out a unique study, cataloging and publishing a list of 

some 25 discrepancies in properties calculated with MM2, 
found in his lab or noted in the literature [111, 245]. This 
is a practice which would benefit, and lead to systematic 
improvements of all force fields and perhaps encourage a 
systematic comparison of FF performance. Indeed, toward 
the end of the 1980s Allinger reformulated the MM2 FF 
to address these itemized deficiencies, which suggested 
problems not only with the force constants, but also with 
the functional form. In addition he adopted the Lifson CFF 
approach [26, 55, 85] and extended the requirements of the 
force field to fit not only structure and thermodynamic data 
but also account simultaneously for crystal packing [246] 
and vibrational properties [247].

Correction of the deficiencies in the performance of 
MM2 required significant elaboration of the functional form. 
While MM2 was approximately a Class I diagonal quadratic 
FF, with the exception of angle–bond interaction coupling, 
and a sixth power angle bending dependence (see Eq. 17b), 
MM3 [111, 247, 248] and MM4 (below) are Class II FFs 
which take into account the extensive coupling between 
internal deformations, similar to those used by Schachsh-
neider [20], Ermer and Lifson [55, 249] Lifson and Stern 
[250] and Dauber-Osguthorpe et al. [225] The MM3 force 
field [111, 247] for hydrocarbons was able to account for the 
structures and energies, including heats of formation, confor-
mational energies, and rotational barriers, of a wide variety 
of hydrocarbons. These included a large number of strained 
and cyclic compounds [111]. In addition the vibrational fre-
quencies of eight simple hydrocarbons [247] and the crystal 
packing of nine saturated and aromatic hydrocarbons [246, 
248] were reproduced. The force field was later extended to 
a large number of important classes of organic compounds 
in a series of subsequent studies. These included, among 
others, functional groups found in amino acid side chains, 
e.g. alcohols and ethers [251], amines [252], thiols sulfides 
and disulfides [253, 254], carboxylic acids and esters [255] 
and aromatic heterocycles [256], as well as molecules rep-
resentative of the peptide backbone [257].

11.1.1  Coupling terms and anharmonicity

Coupling terms that were found necessary to account for 
deficiencies in structures and vibrational frequencies were 
tested and included where helpful. Extra polynomial terms 
were added to the bond and angle terms (Eqs. 17a, b), mainly 
to avoid spurious effects on strained bonds or angles due to 
the negative contributions from odd polynomial terms. The 
stretch-bend coupling term (Eq. 17e) was maintained as in 
MM2, and bond–torsion (Eq. 17f) and bend–bend terms 
(Eq. 17g) were added. A torsion–bend term was considered 
in some studies after the publication of MM2 but found to 
be too small to matter in MM3. The Nonbonded functions 
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were made softer overall by decreasing the exponent in the 
Buckingham potential from 12.5 to 12 (Eq. 17h).

Electrostatic interactions were added to unsaturated 
hydrocarbon carbons and hydrogens (which enabled a stable 
perpendicular packing of aromatic rings) though the charges 
on saturated carbons were maintained as zero. Similarly, 
electrostatic energies were included for compounds con-
taining nitrogen and oxygen. Bond dipoles rather than point 
charges were used as before, except when there was a full 
formal charge. However, a significant change compared to 
MM2 was the omission of lone pairs on these atoms. It was 
found that the observables (especially frequencies) could 
be accounted for as well without these, while eliminating 
the technical problems created by having the ‘virtual atoms’ 
[251, 252]. An explicit, angle dependent hydrogen bond 
function (Eq. 17i) was added in later studies [258].

11.1.2  An explicit hydrogen‑bonding function?

The addition of the H-bond function is a curious choice in the 
development of the MMn force fields. Allinger has done some 
of the best work in the field, characterized by testing against 
perhaps the most extensive set of experimental data used to date 
in force field development. In fact, it would behoove those of us 
who continue to develop advanced force fields to “go back” and 

where Eb and Eθ are the strain energies associated with bond 
(b) and valence angle (θ) distortions from their reference val-
ues b0 and θ0; Eφ is the energy of rotation about the dihedral 
angle φ. Ecoupling and Kcoupling are the energy and force con-
stants of coupling interactions between internals. The hydro-
gen bond function, EHB has the form of a Buckingham vdW 
function, where ε is an H-bond constant, r is equilibrium 
hydrogen bonding distance, RYH is the hydrogen bonding 
distance Y⋯H, cosβ is the cosine of angle X–H⋯Y, RXH is 
the X–H bond length,  R0

XH is the reference X–H bond length 
and D is the dielectric constant. F introduces an angular 
dependence to the hydrogen bonding energy.

11.1.3  MM4

The MM3 FF was continuously improved, and in the mid 
1990s Allinger embarked on a major reparametrization, 
developing a new version, MM4. As done previously defi-
ciencies were noted and collected over the intervening years 
and enumerated in the first paper in the MM4 FF series 
[112]. The first version of MM4 was presented in 1996 
for hydrocarbons [112, 260, 261], and further functional 
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test against the wide variety of MM3 and MM4 data, and ensure 
that the new force fields fit these at least as well as Allinger did. 
The choice of the explicit hydrogen bond potential however 
departed from this paradigm, and instead Allinger relied solely 
on quantum mechanical data, and only the parameters of the 
H-bond potential were optimized. Thus, the parameters in the 
H-bond potential were forced to absorb any existing deviations 
in the FFs inability to fit the QM data (which also might arise 
because the FF was derived from experimental data). Nor was 
the FF back tested against crystals, as had been done previously 
(or on liquid systems). These are some of the most powerful 
experimental observables for assessing H-bonding, as we have 
seen above. Given this, it would have been desirable to apply 
the proposed, more complex function to the experimental data 
establishing that an explicit HB function was indeed necessary 
[87, 259],and that additional parameters were justified.

The resulting MM3 FF is given in Eq. (17).
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groups, including alkenes and conjugated molecules [260, 
261], amides [262], amines [263], ethers, alcohols, and 
carbohydrates [264] were added over the next decade. A 
variety of deficiencies were addressed, including the lack 
of accuracy in vibrational frequencies, errors in rotational 
barriers in congested molecules, inclusion of vibrational 
energy in heats of formation, and some refinement in 
structure, among others. In addition modifications were 
made to account for electronegativity and hyperconjuga-
tion effects (such as the Bohlmann and anomeric effects) 
[261]. The general definition for the cross terms used in 
MM4, ECoupling, is shown in Eq. (18a). The first three terms, 
the torsion–stretch, bend–stretch and bend–bend were car-
ried over from MM3 (Eqs. 17e–g) and again were found 
to be critical. The new terms added in MM4 are defined in 
Eqs. (18b–e) [265].

The improper dihedral angles defining the out of plane 
energy are denoted ω. The torsion–bend, (not regarded as 
important in MM3) was required to explain the effect of tor-
sion on angle behavior and hyperconjugation effects for con-
jugated molecules [260, 265] and for carbohydrates [264]. 
A stretch–stretch and torsion–bend were added as well. For 
the first time, a third order term, bend–torsion–bend was also 
introduced [262] as described by Warshel and Lifson [52]. 
These cross terms were needed in particular to improve the 
fit to vibrational frequencies.

The definition of the out of plane was also modified 
[265]. In MM3 it was defined as a bend, while in MM4 
it was defined as an improper torsion angle as depicted in 
Fig. 10 below. For a planar arrangement where atom B is 
bonded to atoms A, C and D, the out of plane energy is 
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defined as the sum of three energy terms for the three pos-
sible improper torsions,

An explicit hydrogen bond function was used again, but 
an extra functionality was introduced to include not only the 
X–H···Y angle, but also the angle with the lone pair, i.e. the 
H···Y–Z angle where Z corresponds to the lone pair on the 
acceptor, Y [266].

11.2  Conversion to all‑atom FFs

11.2.1  AMBER

As noted above, unlike the MMx and CFF series of FFs, 
AMBER, CHARMm, OPLS, and Gromos, all invoked the 
united atom approximation in their initial incarnations. With 
the exception of Gromos all FFs have since abandoned this 
rather drastic construct. Amber has undergone several stages 
of development following introduction in 1981 [210], and 
reparametrization in 1984 [106]. The first major refinement 
involved the restoration of all nonpolar atoms in 1986 result-
ing in the introduction of the all-atom FF [213]. This FF has 
subsequently undergone many iterations of further modi-
fication, which continues to the present [113]. Several key 
milestones in this second stage of development were the 
PARM94 [267], PARM99 [268] and PARM99SB [179] FFs 
discussed below.

PARM94: In general, “a minimalistic strategy” was used 
in deriving the second generation PARM94 AMBER FF 
[267], both with respect to choosing the analytical form and 
with respect to assigning numeric values to the parameters. 
The function is a simple harmonic, diagonal functional form, 
with no cross-terms nor Urey–Bradley term to take into 
account coupling between internals, and, for the most part, 
a single Fourier term for the torsions. In general, param-
eters were chosen independently by fitting the properties of 
a few simple compounds which determine that parameter, 
rather than using a least squares optimization to optimize 
all parameters simultaneously (which could contribute to 
yielding a more consistent set).

Fig. 10  Out of plane coordinate
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Bond and angle reference values were taken directly from 
X-ray data, rather than deriving them in such a way that 
the minimized values fit the experimental ones. They point 
out that deviations in these internals are not very impor-
tant for conformational studies and that in any case errors 
introduced by this approach were smaller than “the inac-
curacies remaining in the dihedral and non-bonded (charge 
and VDW) parameters.” However, it is known that angle 
deformation has an important effect on the torsional poten-
tials and plays a key role in lowering rotational barriers, so 
this assumption with regard to angle reference values may 
not be fully justified [54, 55, 112, 269].

The force constants for bond stretching and angle bending 
of pure single bonds and double bonds were obtained from 
vibrational frequencies of a few simple model compounds 
such as ethane, benzene, and N-methylacetamide, and all 
others were assigned by interpolation using the observed 
bond length as a measure of the single/double bond charac-
ter. For dihedrals, a single threefold,  V3, term was used for 
bonds with  sp3 hybridization. When partial  sp2 hybridiza-
tion is involved, a  V2 term was used with a force constant 
interpolated between single and double bond according to 
the bond length.

Special emphasis was given to the non-bonded part of the 
potential, with the objective of reproducing condensed phase 
properties. A new method was introduced to determine 
charges by fitting ab initio electrostatic potentials (ESP). 
The derivation differed from the original Weiner et al. [210] 
method by applying restraints to the charges obtained on ill-
defined “buried” atoms. The restraints kept the charges on 
buried non-polar atoms to a minimum and were observed to 
minimize the variability of derived charges with conforma-
tion [270].

The new van der Waals parameters were derived from liq-
uid simulations. Most of these parameters were taken from 
the OPLS potential, but additional Monte Carlo simulations 
were needed to derive parameters for carbon atoms because 
at the time OPLS only provided united-atom parameters. In 
general, simple rules dictated the assignment of vdW param-
eters—the atom type and hybridization determined the type 
of parameters. Exceptions were polar hydrogens, which had 
zero size, and hydrogen-bound  sp3 nitrogens and oxygens 
that required larger atom sizes to compensate for the zero 
size of the hydrogens. The new charges and vdW parameters 
had the consequence that a special HB function (such as 
the 10–12 used in the original Amber FF) was no longer 
needed. Thus the Hagler–Lifson [85, 86] formulation of the 
hydrogen bond was adopted, where the HB interactions were 
accounted for simply by the nonbond and electrostatic inter-
actions with a negligible vdW parameter for the hydrogen 
bonding hydrogen. Finally, a scaling factor was applied to 
charge interactions between atoms separated by three bonds 
(1–4 interactions).

11.2.2  Series of reparametrizations of φ, ψ torsions 
to account for conformational properties 
of peptides

Unfortunately it emerged that application of the force field 
to peptides revealed problems in accounting for their con-
formations, in particular in the (φ, ψ) maps of glycyl and 
alanyl dipeptides [267]. Here, the authors “were forced to 
add explicit dihedral parameters in order to reproduce the 
ab initio quantum mechanical energies for these models.” 
As the authors state, “In the studies described above, the 
major weakness was the necessity of adding dihedral poten-
tials for the φ and ψ of peptides … without obvious physi-
cal justification.” In fact these potentials were later found 
to be much too steep and introduced artifacts into peptide 
conformational studies requiring reparametrization, as dis-
cussed below [179]. This has been a chronic problem in all 
the diagonal quadratic FFs including AMBER, CHARMm, 
and OPLS and there have been ongoing revisions of these 
FFs involving modification of these torsion constants con-
tinuing to the present day.

This is a known problem with optimizing a few select 
parameters to account for deficiencies in a limited set of 
observables without at least further testing on a wide range 
of data. The selected parameters are being required to 
account for all errors, even if they are due to problems in 
different parameters in the force field, and can (and do) lead 
to artifacts. This is one of the reasons to strongly pursue 
Allingers’ method of accumulating numerous deficiencies/
deviations found from applying the FF to numerous other 
systems, and then consistently reoptimizing all parameters 
on an enhanced set of data including all previous observa-
bles—with improvement of the functional form if required.

PARM99: Another round of Amber FF improvements 
(PARM99) was published in 2000 [268]. In this enhance-
ment the torsion energies were further optimized by add-
ing additional Fourier components and defining additional 
torsion types to the Parm94 force field (i.e., reducing 
transferability). For example, the torsional parameter (X—
Csp

3—Csp
3—X) which had been transferable to all tor-

sions independent of “X” was replaced by three specific 
types: CCCC CCCH and HCCH. Two additional Fourier 
terms were also added to the functional form of the torsion 
energy expression. To derive the new set of parameters they 
employed the conformational energies of a set of 34-mol-
ecules, which had been studied by both high-level ab initio 
calculations (GVB/LMP2) and experiment, and an addi-
tional set of 55-molecule for which high quality experimen-
tal data were available. The combined set of compounds was 
comprised of a diverse set of organic compounds represent-
ing ten classes, including model compounds for peptides, 
nucleic acids, and carbohydrates.
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An automated algorithm “parmscan” was introduced in 
this work, in order to systematically scan torsion constants 
and find the best Fourier series and force constants so as to 
reproduce the energy difference for the 82 conformational 
pairs comprising the training set. In this way, a new set of 
torsional functions and force constants were obtained. The 
results were compared to those obtained for the same set 
of 82 conformational energy differences as calculated by 
MMFF, MM3, and CHARMm and it was shown that the 
new FF gave the smallest RMS deviation. A concern with 
the methodology is that in some cases the “… minimized 
conformations of conformer pairs deviate too much from 
reference structures” and in such cases the conformers were 
restrained to the reference structure [268]. Thus although the 
force field reproduced conformational energy differences, 
in some cases it wasn’t able to reproduce the corresponding 
conformation.

11.2.3  One of first inclusions of polarizability (post 
Rowlinson)

In addition to the modified torsion parameters, the effect 
of accounting for atomic polarizability, and improving the 
representation of the charge distribution by adding lone pair 
orbitals to the nitrogen and oxygen atoms were tested. This 
was done by assigning atomic polarizabilities resulting in 
induced atomic dipoles by the field of the rest of the partial 
charges and other induced atomic dipoles as in Eqs. (19a–e),

where αi is the polarizability of atom i, qj is the charge; rij 
is the vector between atoms i and j. Eqs. (19b) and (19c) 
are iterated to self-consistency during the minimization and 
dynamics simulations.

The results of this “enhancement” were disappointing. 
“Without changing the torsional parameters, the use of 
more accurate charges and polarization leads to an increase 
in average absolute error compared with experiment, but 
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adjustment of the parameters restores the level of agreement 
found with the additive model” [268]. Thus, even with the 
addition of supplementary parameters describing the polari-
zation, and additional charge centers, no improvement in 
accuracy could be achieved.

This is a puzzling result, and a hint to the cause may 
be divined from the initial result, where the fit actually 
worsened with the introduction of the new terms when 
the remainder of the force constants were not reoptimized. 
As noted above, errors in the energy representation must 
be absorbed by the limited set of parameters being opti-
mized. Thus, the original parameters were a compromise 
between the “best intrinsic parameters for the given inter-
nal, or charge representation”, and the “effective” param-
eters needed to absorb errors in other terms (such as omis-
sion of polarization, realistic description of charge density, 
inaccurate combining rules, etc.). When the erroneous 
terms or omitted interactions are corrected, the effective 
parameters now introduce errors. Thus, when the torsions 
were reoptimized, the fit improved, although still not bet-
ter than the original non-additive force field. This may well 
be because all parameters weren’t reoptimized, including 
nonbond and internal force constants. These also were/are 
“effective parameters” accounting for the same errors. In 
fact, it is likely necessary to reoptimize the entire force field 
against all previous observables, and additional data, when 
adding additional interaction terms. The problem is that 
the effective terms required to fit deviations don’t have the 
same functional form (distance or coordinate dependence) 
as the missing or erroneous potential terms. Thus, they can 
be forced to fit a limited set of data over a restricted confor-
mational space, but inevitably artifacts will be introduced in 
regions outside the “training set” space. This problem has 
persisted in subsequent attempts to improve FFs by adding 
polarizability, as discussed in the following paper assessing 
the applicability and validity of modern FFs [113]. That is, 
though clearly important in determining the energetics of 
molecular interactions of polar molecules, as Wang et al. 
found [268], attempts to account for polarizability have yet 
to lead to significantly better agreement with experimental 
or QM energetics or structure [113].

Besides the organic molecules in the test set, Wang et al. 
[268] once again re-optimized the φ, ψ torsional param-
eters in peptides. High-level quantum calculations were used 
to obtain a training set consisting of six alanine dipeptide 
conformational energies, and 11 alanine tetrapeptide con-
formational energies. The latter were then used to test the 
parameters. Significant improvements were obtained over 
the results previously obtained with Parm94 [267]. However 
once again only the φ, ψ torsional parameters were opti-
mized, in the context of all other fixed interaction terms, to 
fit a limited set of data. From the above discussion we would 
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expect this to lead to further artifacts, and this was borne out 
by Hornak et al. in their subsequent analysis [179].

PARM99SB: as described above, parameters for the φ, ψ 
torsions were treated separately and were somewhat prob-
lematic. In 2006 [179], Hornak once again set out to reop-
timize these parameters to address limitations which had 
arisen over the years, such as over-stabilization of α-helices 
[179]. However, the same procedure of keeping all other 
force constants fixed was again employed. Three terms in 
the expansion of the dihedral angle potentials were retained 
and the parameters were optimized against high level ab ini-
tio calculation of blocked glycine and alanine tetrapeptides 
(–Gly3–, –Ala3–). The energies of 28 glycine and 51 ala-
nine tetrapeptide conformers were calculated at the level 
QM LMP2/cc-pVTZ (-f) level, and were used in the fitting. 
The RMSD error in energies obtained from the parametri-
zation was 1.17 kcal/mol for the glycine tetrapeptides, and 
1.31 kcal/mol for the alanine peptides. The resulting modi-
fied force field termed Parm99SB, was then exhaustively 
tested against a diverse set of experimental data and com-
pared with a variety of Amber FF variants. The comparisons 
included simulations of peptide conformational preferences, 
which were compared to distributions in the PDB and per-
haps more importantly to results from spectroscopic data 
of di, tri and tetra peptides in solution. In addition, “decoy 
analysis” of longer peptides was carried out to make sure 
that the low energy conformers indeed corresponded to 
the experimental structures. Finally, the FF was tested in 
proteins by comparing calculated dynamics parameters of 
lysozyme and ubiquitin to NMR relaxation experiments. 
The results showed that Parm99SB successfully accounted 
for these properties, showing significant improvement over 
the other Amber FFs, and correcting the known deficiencies 
in them. Subsequent studies however, revealed remaining 
deficiencies leading to continued iteration of this process of 
torsion optimization, one which has to date proved fruitless 
as the deficiencies are almost certainly in the inability of the 
simple quadratic diagonal; 12-6-1 potential to account for 
the physics of biomolecular interactions [113].

11.3  CHARMM

In the same time period the developers of CHARMM [271] 
also recognized the need for explicit hydrogens and improve-
ments in the force field. In this reparametrization of the force 
field the functional form used in the original FF was retained 
[109], namely a Urey–Bradley harmonic, diagonal force 
field with a 6–12 nonbond potential (Eq. 10). As in Amber 
it was recognized that no explicit hydrogen bond term was 
required and the Hagler–Lifson [85, 86] formulation of 
the H-bond was adopted [271] instead of the previously 
employed explicit forms [108, 272]. In some specific cases 
including aliphatic carbons, amide nitrogens and oxygen 

atoms, scaling of the 1–4 Lennard-Jones term was applied. 
The resulting FF was labeled CHARMM22 [271] (as it was 
introduced in the 22nd version of the CHARMM program).

11.3.1  An extensive training and validation set comprising 
diverse observables

Parameter optimization and testing was thorough and 
involved a very extensive set of ab initio and experimental 
data. Optimization was carried out in cycles, starting from 
previous CHARMM nonbond parameters. With these values 
the intramolecular valence parameters, (bond, angle, out of 
plane, Urey–Bradley, and torsion) were optimized using the 
structure and vibrational frequencies of one or two model 
compounds. Given these intramolecular parameters the 
non-bond parameters were optimized to fit condensed phase 
observables. It was found that automated least-squares pro-
cedure often led to a set of “unphysical” parameters that fit 
the training set, in part because of correlation, indicating that 
the parameters were underdetermined. As a result, the steps 
were iterated manually until convergence was achieved.

Optimization of the parameters for the intramolecu-
lar deformations of the protein backbone exploited two 
molecules, N-methylacetamide and the alanine dipeptide 
(Fig. 1). For NMA (schematic 1 R=CH3) the experimen-
tal data included geometries, vibrational spectra, as well 
as thermodynamic data for liquid NMA and for NMA in 
aqueous solution. The dihedral potentials for φ and ψ were 
parametrized mainly based on high-level ab initio calcula-
tions of 15 conformational energies of the alanine dipeptide 
with special attention paid to the  C7

eq,  C7
ax, and  C5 confor-

mations, as well as some information from survey results in 
proteins. The potential parameters for side chains were not 
presented, but were used in the simulation of the various 
training and test systems.

Good agreement was obtained for the geometries of the 
two compounds, though deviations of as much as 10° in 
dihedral angles were observed for the alanine dipeptide. 
There was a discrepancy in the C′–Cα–N angle, which 
was corrected by scaling of the 1–4 nonbonded interac-
tion between nitrogen and oxygen (note this is caused by 
the torsion dependence of this angle [271], a manifestation 
of angle-torsion coupling). Deviations in the vibrational 
frequencies of NMA were typical of those that can be 
obtained by diagonal quadratic force fields with deviations 
of 100 cm−1 not uncommon (e.g. the CCN bend deviated 
by140  cm−1), as opposed to the 30–50 cm−1 or less typi-
cal of force fields including coupling terms [55, 261, 273], 
and as seen in Table 7. A good fit was also obtained to the 
conformational energies of the alanine dipeptide. However, 
a red flag appeared in that the resulting dihedral parameters 
included systematic errors in the observed torsion angles of 
myoglobin. Thus, adjustments were made in order to lower 
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the energy of the αR conformation. As the authors point 
out in regard to discrepancies in φ and ψ, these deviations 
may be due to inherent limitations in the functional form 
of the potential (e.g. a lack of coupling terms, polarization 
effects, atomic multipoles etc. as discussed in following 
paper [113]).

Following this modification, the force field was further 
tested against additional high level ab initio results for the 
energies of seven conformers of the alanine dipeptide. Over-
all good agreement (within ~ 1 kcal/mole) was achieved for 
the low energy regions of the φ, ψ map  C7

eq,  C7
ax, C5, αR, 

and β, which are the most important regions for accounting 
for protein properties. However unacceptably large energetic 
discrepancies of ~ 6 and 3 kcal/mol were found for the αL 
(67.0, 30.2), and β2 (− 130.9, 22.3) conformers, respectively. 
Again, this may be pointing to inadequacies of the simple 
diagonal harmonic functional form of the force field. As 
the authors pointed out, high energy regions may be visited 
during MD trajectories, so this is something to be aware of.

The parameters were also tested against the vibrational 
frequencies of the alanine dipeptide obtained by both 
(scaled) ab initio and experimental frequencies. Overall 
comparison of the empirical and ab initio data, excluding 
NH wagging frequencies, for the  C7

Eq and  C5 structures 
showed rms differences of 33 and 56 cm−1. The aforemen-
tioned NH wagging frequencies showed very large devia-
tions of as much as 400 cm−1 indicating a problem with 
the related force constants. The fact that this frequency is 
well accounted for in NMA may indicate the importance of 
coupling terms which are not included. Comparison with 
the experimental vibrational frequencies was limited by 
the lack of adequate assignments. Five typical vibrational 
modes were compared and in general deviations of the order 
of 100 cm−1 were obtained, consistent with the results for 
NMA.

11.3.2  Testing the CHARMM22 FF against crystal 
observables

The non-bonded parameters (partial charges and LJ param-
eters) were also determined using NMA. “Observables” 
included ab initio interaction energies and geometries of 
complexes of NMA with water and the NMA dimer, as 
well as the dipole moments, experimental heat of vapori-
zation, heat of solvation, and molecular volume of liquid 
NMA. The energies and geometries of the NMA–water 
complexes were found to be in excellent agreement with 
the QM results, though the intermolecular distances were 
too short by ~ 0.2 Å. Heats of vaporization, solvation, and 
molecular volumes were also in excellent agreement with 
experimental values. The force field was further tested by 
MD and minimization studies of NMA and Ala dipeptide 
crystal structures. Good agreement was found for the NMA 

crystals, but some discrepancies were pointed out for the 
dipeptide crystal. While the peptide bonds deviated signifi-
cantly from planarity in the crystal structure, they remained 
essentially planar in the simulations. The authors surmised 
that the potential may have been too steep near the planar 
structure. It was also suggested that expansion in polar–non-
polar distances in the dipeptide crystal might indicate limita-
tions in the corresponding parameters. As the authors con-
cluded, “Despite these limitations, the current parameters 
adequately reproduce the NMA crystal structure and lead to 
a reasonable reproduction of the L-alanine dipeptide crystal, 
although areas for improvement are evident.” The results 
also further emphasize the value of crystal simulations. The 
insight provided by the discrepancies in planarity of the pep-
tide, and polar-nonpolar distances on possible improvements 
to the FF are simply not available from liquid simulations.

The resulting force field was then exhaustively tested 
against a variety of crystal systems, three linear tripeptides, 
six cyclic peptides and three proteins, crambin, bovine pan-
creatic trypsin inhibitor (BPTI), and carbonmonoxy myo-
globin. In general, the results for these test systems gave 
comparable fits to those systems used in the parametrization 
and previous systems simulated. As with the other systems 
problematic areas were pointed out, for example it was noted 
that in the tripeptide crystal simulations, water molecules 
undergo large shifts leading to significant changes in non-
bonded interaction distances. As the authors stated, “this 
may indicate limitations in the force field with respect to 
interactions between water molecules and charged species.” 
The MD simulations of the protein crystal systems resulted 
in RMS deviations of the order of 1 Å demonstrating that 
overall the force field gives satisfactory results in account-
ing for protein systems, though as has been demonstrated by 
more recent results, much longer trajectories are required to 
validly assess FFs from deviations from initial experimental 
structures [274, 275].

11.3.3  Documenting discrepancies for further 
improvements in the FF

Perhaps as important as providing a reasonable, well charac-
terized force field for protein simulations, was the rigorous 
and extensive comparison with well characterized experi-
mental systems. The elucidation of a variety of deficien-
cies in the force field, provide a powerful definition of the 
need, and lay the groundwork for further improvements in 
the functional form.

11.4  OPLS

Jorgensen et al. also abandoned the practice of using united 
atoms for hydrocarbon groups, and upgraded their force field 
to an explicit all-atom representation (OPLS-AA) [276]. A 
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thorough reparametrization was carried out using a large set 
of quantum mechanical and experimental data. As part of the 
upgrade they derived torsional and non-bonded parameters 
for a set of typical organic functional groups occurring in 
proteins. Bond and angle parameters were adopted mainly 
from the AMBER all-atom FF, with some adopted from 
CHARMM. A 3 term Fourier expansion was used to repre-
sent the torsional energy in the FF expression. The torsion 
parameters were determined by fitting to rotational energies 
obtained from QM calculations at the RHF/6-31G*//RHF/6-
31G* level for about 50 organic molecules and ions repre-
senting functional groups found in proteins. They obtained 
a fit to within 0.2 kcal/mol for conformational energies. A 
good fit of structural data was also obtained—the average 
differences between the QM and OPLS-AA results were 
0.01 Å for bond lengths, 2° for bond angles, and 1° for dihe-
dral angles [276].

A 6–12 function was used for the vdW energy and a 
coulomb interaction between point charges centered on the 
atoms represented the electrostatic energy. Atoms sepa-
rated by only 3-bonds had their vdW and coulomb inter-
actions scaled by half. The nonbonded parameters were 
derived using Monte Carlo simulations to compute ther-
modynamic and structural properties for 34 pure organic 
liquids, including heat of vaporization and density as well 
as radial distribution functions where available. The fami-
lies simulated included alkanes, alkenes, alcohols, ethers, 
acetals, thiols, sulfides, disulfides, aldehydes, ketones, and 
amides. In a further enhancement, the Monte Carlo simula-
tions included sampling of all internal and intermolecular 
degrees of freedom. The torsion potentials were recalculated 
with the optimized nonbonded parameters, and if necessary 
an iterative process was implemented to obtain a consistent 
set of parameters. The calculated heats of vaporization and 
densities had average errors of 2% compared with experi-
mental data.

Attempts were made to transfer parameters between simi-
lar groups as much as possible, but with some exceptions. 
An important example is the torsion parameters for ϕ and ψ 
of amino acids, which were not transferred from the model 
compound, NMA, but rather derived specifically from the 
dipeptide N-acetyl-N′-methylalaninamide. These special 
parameters enabled a better fit of the relative energies of four 
low energy conformers of the dipeptide to the corresponding 
energies obtained from high level LMP2 QM results [276].

11.4.1  OPLS‑AA/L: reparametrization of torsion parameters

Due to the limitations that were found on further applica-
tions of OPLS-AA, and the increasing need for a reliable 
FF for biomolecules, an extensive reparametrization of the 
torsion parameters of OPLS was embarked upon in 2001 
[277]. A very large set (more than 2000 points) of high level 

QM calculations at the level of LMP2/cc-pVTZ (-f)//HF/6-
31G** was carried out to determine the relative energies of 
numerous conformers on the energy surface of the dipeptide 
analogs of all 20 amino acids. A least squares procedure 
was used to optimize the torsion parameters to fit the QM 
conformational energies. All other energy parameters were 
transferred from the previous OPLS-AA force field. In addi-
tion, an attempt was made to change as few of the OPLS-AA 
torsional Fourier coefficients as possible, and to maximize 
transferability. The new optimized FF was termed OPLS-
AA/L, (“L” representing LMP2).

In the first stage, parameters for φ, ψ were derived from 
calculations on the alanine dipeptide, and tested on the ala-
nine tetrapeptide. The parameters were then used as a basis 
for deriving parameters for all other amino acids—φ, ψ 
parameters were transferred from Ala and parameters for all 
χ′ s were derived. Nonbonded parameters were transferred 
from the previous force field with the exception of the sul-
fur containing amino acids for which new parameters were 
derived. The validity of these new parameters was tested by 
reproducing heats of vaporization, densities of liquids and 
gas-phase dimerization energies [277].

As noted above, the first system fit was the alanine dipep-
tide. It was immediately obvious that neither the standard 
OPLS-AA nor the OPLS-AA/L were able to reproduce all 
six ab initio alanine dipeptide minima. This is similar to 
the results of MacKerell et al. [271] where in that case the 
αL and β2 conformational energies could not be reproduced 
among the observed low energy Ala conformers. The same 
conformers are problematic in this case, though here the 
deviation in the conformational energy of β2 6.57 versus the 
QM energy of 2.75 kcal is worse than the deviation of the 
αL energy (3.16 vs. 4.31 kcal).

In order to test the transferability of the new φ, ψ torsion 
parameters the conformational energies of ten alanine tetra-
peptide conformers [278] were calculated with no further 
parameter optimization. A good fit was obtained—the RMS 
energy difference between the OPLS-AA/L conformational 
energies and the QM energies was only 0.56 kcal/mol, sig-
nificantly lower than the 1.47 kcal/mol deviation obtained 
with OPLS-AA.

The torsion parameters for all the amino acid side chains, 
χ, were then re-optimized using the same methodology. 
Generally, a good fit was obtained with an overall RMS 
deviation of 0.47 kcal/mol for the dipeptides of the neutral 
amino acids and 0.94 kcal/mol for the charged AAs (com-
pared with 0.81 and 2.20 for the previous OPLS-AA). As 
with the Ala dipeptide, though the overall fit was good the 
exhaustive sampling of the energy surfaces allowed limita-
tions to be characterized. Thus, for example, errors of the 
order of 2 kcal/mol were found for several conformers of 
ASN, and GLN, and deviations in the dihedral angles by as 
much as 20°–30° were observed in a few cases.
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11.4.2  Documentation of limitations of simple functional 
form

Another limitation arose in the treatment of the aliphatic 
dipeptides, it was found that it was not possible to derive a 
single set of torsional parameters that would work well for 
leucine, valine, and isoleucine, and a different type had to be 
introduced for the latter. However, a good fit was obtained as 
a result overall. After the refitting of the torsion parameters 
the RMS error in energy and the dihedral RMS deviation 
from the ab initio data dropped from 0.43 to 0.27 kcal/mol 
and from 10.3° to 6.5°, respectively. The latter is not yet as 
good a fit as one might hope for and in this case, it is tempt-
ing to speculate that the inclusion of coupling interactions 
might improve the transferability.

Overall the reparametrization succeeded in significantly 
improving OPLS-AA and providing a reasonable force field 
for protein simulation, while as with MacKerell et al. [271] 
pointing to limitations in its abilities that can be exploited 
to further improve the functional form.

A secondary objective of the study was to explore the 
capabilities and characterize limitations of the simple func-
tional form. The authors point out that the diagonal har-
monic, static point charge functional form for the energy 
has inherent limitations introducing some errors in energet-
ics that can’t be accounted for [277]. They cite polarizabil-
ity specifically although as we have seen interactions not 
included in this simple form include atomic multipoles and 
coupling between internals among others [199].

11.5  GROMOS

Towards the turn of the century, the van Gunsteren group 
started to release new or improved versions of their FF, 
GROMOS. The overall strategy involved parameterization 
based primarily on reproducing the thermodynamic proper-
ties of pure liquids, free energies of hydration, and solva-
tion in nonpolar systems. Curiously, the united atom model 
continued to be employed [279, 280], unlike essentially all 
contemporary force fields, which had determined that the 
cost in accuracy overrides the savings in computational 
resources accompanying this major approximation [105, 
112, 225, 267, 271, 276, 281].

It was observed that the trans-gauche ratio in alkanes 
was too large in the prior Gromos FF and an optimization 
and refitting of the torsion and 1–4 non-bonded parameters 
was undertaken [282]. This was accomplished by fitting 
the heat of vaporization, pressure and trans-gauche ratio 
for liquids of, n-butane, n-pentane and n-hexane. Shortly 
thereafter it was noticed that the calculated pressure of hex-
ane and larger aliphatic chains was too low. This led to a 
second reparametrization, this time of the  CH2 and  CH3 van 
der Waals parameters [280]. In general, good agreement 

with experiment was obtained for liquid densities, heats 
of vaporization, and free energy of hydration for a set of 
linear, branched and cyclic alkanes. Several notable excep-
tions were pointed out. For example, for ethane, the united 
atom model used could not be parametrized to reproduce 
the density and heat of vaporization simultaneously. Also it 
was found that although it was possible to account for both 
the pressure and volume of cyclohexane and larger rings, 
this was not true for the smaller ones [280]. Whether these 
discrepancies are due to the use of the united atom approxi-
mation is yet to be determined.

11.5.1  Documentation of problems with transferability 
and other deficiencies in functional form

These studies were followed by extending the reparametri-
zation to include polar groups motivated by the observation 
that free energies of hydration of such compounds was con-
sistently underestimated in Gromos and other contemporary 
force fields. Only the nonbond parameters were addressed, 
the valence parameters were left unchanged [283]. The 
parameters were optimized to reproduce the thermodynamic 
properties of 28 pure liquids of small polar molecules con-
taining “biomolecular” functional groups and the solvation 
free enthalpies of 14 amino acid analogs in cyclohexane 
and water. Perhaps the most noteworthy result was that in 
spite of many attempts at optimization it was impossible 
to simultaneously reproduce the properties of the pure liq-
uids, the free enthalpies of solvation in cyclohexane, and 
the free enthalpies of hydration. A different set of charges 
from those derived from pure liquids was required to repro-
duce the experimental free enthalpies of hydration. This was 
rationalized in terms of the higher degree of polarization in 
aqueous solutions [283], which was suggested by others too 
and seems eminently reasonable. These studies provide a 
valuable benchmark for future testing of force fields that are 
derived to include atomic polarizability (as well as testing 
of existing force fields).

Incremental improvements to the force field continued 
to be made, though the united atom approximation was still 
invoked. It was noted that short α-helices were found to be 
less stable than expected. This suggested that the dihedral-
angle parameters of the backbone transferred from the ear-
lier version of the force field were no longer appropriate 
[284]. To address this the torsional angle terms were repar-
ametrized by fitting a large set of crystal structures, and, 
in addition, the non-bonded interaction between the pep-
tide nitrogen and oxygen was adjusted to be less repulsive 
[284]. These modifications were tested against the structural 
properties of four proteins: hen egg-white lysozyme, fox1 
RNA binding domain, chorismate mutase and the GCN4-
p1 peptide. The results revealed large residual deviations, 
with RMSDs of 2.4–6 Å, the latter being for the GCN4-p1 
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peptide, which is only 16 residues long. It is also worth-
while noting that as Beachy et al. [278] point out in discuss-
ing validation of force fields by fitting experimental protein 
structures.

“This procedure is not a reliable test of the ability to rank 
widely different compact structures in the gas phase or in 
solution, as it simply examines whether or not the X-ray 
structure (or a close approximation of it) is a local minimum 
on the force field surface. And, because of packing consider-
ations and the local stability of secondary structure elements 
in the gas phase due to hydrogen bonding, it almost always 
is. The energy of an α-helix or β-sheet conformation does 
not have to be quantitatively (or even qualitatively) accurate 
in order to be a local minimum that survives short simula-
tions… There will be countless other local minima, many 
of which could easily be lower in energy than the native on 
the force field surface.”

Recently another reparametrization was undertaken for 
oxygen containing compounds including alcohols, ethers, 
aldehydes, ketones, carboxylic acids, and esters [285]. 
Again the parameters were optimized against the density 
and enthalpy of vaporization of the pure liquids and the 
free energies of solvation in water, ΔGwat, and in cyclohex-
ane, ΔGchex. This time a single force field was derived in 
an attempt to reproduce the experimental free enthalpies of 
hydration as well as the properties of the pure liquids and 
solvation in the apolar solvent cyclohexane. Not surpris-
ingly the resultant force field was a compromise between the 
results achieved by the two force fields derived previously to 
fit the aqueous, and apolar systems separately. Rather large 
deviations from experiment in the free energies of hydra-
tion were obtained with several values as high as 35–40% 
for alcohols, and numerous deviations of 20% occurring in 
other families. This suggests that the properties of the pure 
liquids and solvation free energies in cyclohexane may have 
been over weighted in the optimization. It is however con-
sistent with their previous conclusion (and those of others) 
that it may not be possible to simultaneously reproduce the 
properties of the pure liquids, the free enthalpies of solvation 
in cyclohexane, and the free enthalpies of hydration with a 
simple quadratic diagonal fixed charge FF.

Yet a further parametrization of the amide backbone 
parameters was carried out in 2012 [286]. Here only the 
properties of NMA, including liquid density and enthalpy 
of vaporization, as well as the Gibbs hydration free energy 
were used in the parametrization. Additional properties were 
calculated from the resulting FF including the self-diffusion 
constant, viscosity, and static relative dielectric permittivity 
of pure NMA. Results were consistent with previous work. 
In particular, it was found to be impossible to simultaneously 
account for hydration free energy and properties of the pure 
liquid. Thus large errors were observed, for example the free 

energy of hydration deviated by 30% (− 7.0 kcal/mol vs. the 
experimental value of − 10.1 kcal/mol) [286].

11.5.2  Summary: A large set of experimental data 
for assessing FFs

In summary, a large and powerful set of data involving 
hydration and solvation has been used in the parametrization 
and testing of the Gromos force field. The good news and the 
bad is that the resulting comparison of the calculated results 
with this experimental data set reveal the inability of the 
model, including united atoms, and fixed charges to account 
simultaneously for polar and nonpolar environmental inter-
actions. This, however, is a major contribution in delineating 
a set of experimental data, which is a comprehensive test of 
these factors in FFs attempting to account for intermolecular 
interactions.

11.6  ECEPP‑05: Off atom‑centered charges 
and crystal packing prediction

In the early 2000’s the Scheraga group undertook a repara-
metrization of their ECEPP force field [105, 287, 288]. The 
rigid geometry formulation in which all bonds and valence 
angles are kept fixed and only torsion angles are variable 
was retained and thus the FF included only torsional and 
non-bonded terms. The torsion energy was defined by 3 
Fourier terms, while the 6–12 Lennard-Jones potential was 
replaced in this updated version by the Buckingham (6-exp) 
potential. The electrostatic energy was defined by the stand-
ard coulomb term. They also abandoned the 10–12 H-bond 
potential and adopted the Hagler–Lifson formulation [86] 
of the hydrogen bond as being accounted for by the electro-
static and van der Waals interaction with negligible H···O 
repulsion. The first step involved parametrization of the 
nonbonded terms—the Buckingham potential and the par-
tial charges for the coulomb term [287, 288]. To this end 
they introduced a novel methodology, combining quantum 
mechanical and crystal data, into the refinement of these 
intermolecular interactions.

The first study involved refinement of the nonbond 
parameters for aliphatic and aromatic hydrocarbons and 
alcohols [287] and this was followed by application to 
amines, imidazoles, amides, and carboxylic acids [288]. In 
these studies point charges were derived by fitting to the 
QM electrostatic potential (of monomers), calculated with 
the 6-31G* basis set using the RESP method [270]. Then 
an initial set of parameters for the Buckingham nonbond 
potential were derived from ab initio quantum mechanical 
interaction energies of dimers calculated at the MP2/6-31G* 
level. This was followed by a thorough refinement of the 
latter parameters to reproduce crystal structures (unit cell 
parameters, positions and orientations of the molecules in 
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the unit cell) and sublimation enthalpies. In an important 
addition they required the experimental crystal structures to 
be the most stable crystal packing mode (global minimum) 
on the potential surface [287, 289].

The crystal structures of a large number of compounds 
were employed for the derivation and testing of the potential: 
For example, 22 amines and imidazoles; 13 amides; and 12 
carboxylic acids [288]. Each was separated into training and 
test sets. For the purpose of derivation of nonbond param-
eters all molecules were kept rigid. For the most part the 
experimental crystal structures are well reproduced. Average 
deviations of the unit cell parameters were less than 4%, and 
the lattice energies agreed with the experimental sublimation 
enthalpies within ~ 2 kcal/mol.

11.6.1  Notable advances introduced in the derivation 
of the ECEPP nonbond potentials

There are two aspects of this work that are worthy of spe-
cial note. The first was the finding that, in agreement with 
the results of Williams [290], electrostatic potentials and 
crystal structures of the molecules containing nitrogen with 
 sp2 hybridization (and with no hydrogens bound) cannot be 
reproduced accurately using only partial charges located on 
atomic sites. They demonstrated that, as suggested by Wil-
liams [290], additional charges located 0.4 Å from the cor-
responding nitrogen with quasitrigonal symmetry, (intended 
to model their lone-pair electrons), significantly improved 
the accuracy of the calculated properties of imidazoles and 
molecules containing aromatic nitrogen. Although multipole 
models and other distributed charge models have been devel-
oped and used in crystal structure predictions [178, 291] this 
was the first incorporation of effects such as lone pairs into a 
“protein force field” (though Krimm’s group also introduced 
atomic dipoles into their polarizable SDFF potential with 
the aim of developing a general biomolecular FF in the early 
2000s) [206, 207]. The importance of better representation 
of the electron density distribution is further brought home 
by the comparison of a number of studies of the structure 
and lattice energy of the acetic acid crystal [288] where 
the best results were achieved with distributed multipoles 
(DMA) [292]. This again demonstrates the power of crystal 
structures for informing potential function derivation.

The second advance in the technology of force field 
derivations was the introduction of the requirement that the 
observed crystal structure must be the lowest energy of the 
crystal packing modes available to the molecule. This was 
accomplished by exploiting the Conformation-family Monte 
Carlo method they developed for the prediction of crystal 
structures of organic molecules [289]. Again, although pre-
diction of packing modes has been an active field of research 
for some years (see ref [178]), and used, at least implicitly, in 
the evaluation of force fields, this is the first implementation 

in the derivation of protein force fields. It provides an addi-
tional rigorous test of these potentials, which could be used 
in future evaluations.

11.6.2  Derivation of ECEPP torsion parameter

The final step in the parametrization was the derivation of 
the torsion parameters [105]. These were derived by fitting 
QM (MP2/6-31G**) rotational energy profiles of small 
molecules representing the side chain functional groups 
in peptides. In this derivation, the charges were first deter-
mined by using the RESP method. The torsional parameters 
were then obtained by fitting a cosine series to the differ-
ence between the QM and MM profiles using these charges 
and the van der Waals parameters initially transferred from 
the work described above. The torsion potentials about the 
backbone angles φ and ψ were determined by fitting blocked 
Ala, Gly and Pro φ–ψ energy maps (in the case of Pro, φ is 
fixed in ECEPP due to rigid geometry). Each point on the 
map was optimized adiabatically at the HF 6-31G** level 
and then the energy of the optimized structure calculated 
with MP2 6-31G**. It was found that the backbone nonbond 
parameters were not transferrable from the previous work, 
so they were included in the optimization of the φ–ψ maps 
with A and B, the 6th power and exponential coefficients, 
constrained to within 30% of their initial values. The result-
ing force field was then tested thoroughly by lattice energy 
minimization, including torsional degrees of freedom, of 
29 crystal structures of terminally blocked and unblocked 
amino acids and di-, tri-, and tetra-peptides.

The authors pointed out that the results indicated some 
limitations in the rigid geometry model. For example, the 
constraint of fixed bonds and angles resulted in large devia-
tions in the energies of some conformations of 1, 2-ethan-
ediol, with an overall rms deviation for all ten conformers of 
2 kcal/mol. Limitations in transferability were also noted, for 
example ethanol torsional parameters were found to be inad-
equate for 2-propanol, and thus separate parameters were 
derived for the latter, and a similar situation was observed 
for acetic and propanoic acids. With these caveats, reason-
able agreement was found for an extensive set of confor-
mational energies of model compounds. Comparison of the 
relative energies of blocked alanine minimum energy con-
formers with the QM values and other force fields yielded 
mixed results (this is true for all force fields as discussed 
above). Thus, for example the  C7ax, and αL energies devi-
ated by 2–2.5 kcal. However, overall, the performance was 
comparable to other common diagonal quadratic force fields, 
with each having problems in the higher energy regions of 
the φ–ψ map [105]. Most puzzling and inexplicable is the 
inability of the force field to account for the φ–ψ map of gly-
cine. Not only was it found that the alanine parameters were 
not transferable to glycine, but even on reparametrization 



Journal of Computer-Aided Molecular Design 

1 3

the rms deviation remained at 5 Kcal/mol [105]. This is a 
common problem of FFs whose origin remains unexplained.

Finally, a rigorous test of the potential functions was car-
ried out by lattice energy minimization of the 29 peptide 
crystals described above. The overall crystal structures were 
reproduced reasonably well with rms deviations in unit cell 
vectors in the range of 3–5% with the highest deviation, 
6.2%, occurring for Val–Gly–Gly. RMS deviations in tor-
sion angles were also reasonable for most crystals though 
several deviations of ~ 13° were observed. Typical deviations 
in interatomic distances of ~ 0.5 Å were observed though 
several instances of deviations of 0.7–0.9 Å were noted. 
These systems provide an excellent test for protein force 
fields and should be considered as one of the components 
of a standard evaluation of these force fields.

12  The ever‑increasing trend 
toward inclusion of quantum mechanical 
data in force field derivation

As discussed above, as soon as semiempirical molecular 
orbital methods were introduced, making it possible to treat 
small molecules researchers including Pullman [114], Hoff-
man [121], Pople [293], and Scheraga [42] began applying 
them to small biomolecular model compounds. Exploitation 
of these methods in FF derivation followed, both in order to 
determine partial charges [131, 294], and to yield informa-
tion on torsion potentials [42]. Cox and Williams introduced 
the use of the electrostatic potentials obtained from HF to 
derive partial charges [294], based on the work of Scrocco 
and Tomas [295]. This method, popularized by the Kollman 
group [296], remains the most widely used approach to date, 
for determining partial charges. In 1976, we, together with 
the Leiserowitz lab, combined information from crystal struc-
ture determination with Hartree Fock calculations to calcu-
late the rotational potential about φ, and ψ [171], and provide 
upper bounds for these barriers. Intermolecular forces were 
also probed early on by HF calculations in a procedure rely-
ing solely on this data pursued by Clementi [155, 297].

The recognition of the need to improve force fields toward 
the beginning of the 1990s spurred an increase in the use of 
QM in their development [298, 299]. This was facilitated 
by the exponential increase in computer power following 
Moore’s law [300], and the application of new QM algo-
rithms such as density functional theory (DFT) [301, 302] 
to “large” organic and biomolecular compounds [303, 304]. 
The early work included HF calculations to refine H-bond 
potentials in MM3 [258], calculating φ, and ψ maps to refine 
these torsions in Amber [267], peptide conformational ener-
gies to help optimize Charmm [271], and rotational poten-
tials to optimize these constants in the OPLS-AA force field 
in 1996 [276].

The early developments marking the utilization of QM 
in force field derivation cited above, involved the calcu-
lation of the energy of the property of interest at several 
geometries, e.g. intermolecular interaction as a function of 
distance, or intramolecular energy as a function of torsion 
angle etc. These energies were then fit to the functional form 
of the potential to derive the force constants. Subsequent 
initiatives such as MMFF and CFF discussed below, have 
continued to build on these early efforts. As MO calcula-
tions with increasing large basis sets have been enabled by 
exponential improvements in hardware QM has become to 
play a central role in FF development.

12.1  Merck MMFF94

In the mid 1990s Halgren carried out an extensive and thor-
ough parameterization of a force field for a wide range of 
organic functional groups called MMFF94 [281, 305–308]. 
Halgren’s approach in deriving MMF94 was, in part, pat-
terned after the approach used in developing the CFF93 
force field described below. Both, for example, exploited 
the Quantum Derivative Fitting technique [199, 309–312] 
using the program PROBE [309, 313, 314] developed in the 
Biosym potential energy function consortium (PEFC) [315], 
to derive force constants, from the information contained in 
a quantum mechanical surface. However, the two approaches 
also differ significantly in a number of ways. Perhaps the 
most significant difference is seen in the functional form 
adopted by Halgren (Eq. 20).

(20)E = Eb + E� + E� + E� + ECoupling + ENon-bonded
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∑
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∑
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where Eb and Eθ are the strain energies associated with bond 
(b) and valence angle (θ) distortions from their reference val-
ues b0 and θ0; (φ) is the dihedral angle and Eφ is the torsion 
energy; Eχ is the strain energy associated with deformation 
of the plane described by the oop angle χ; Ecoupling is the 
bond–angle coupling energy; r*, and ε are the vdW radius 
and minimum energy (see Fig. 2); q is the partial charge; 
D is the dielectric; and N and α are the effective number of 
electrons and polarizability.

Anharmonicity is included through quartic bond stretch-
ing and cubic angle bending terms. In contrast to CFF93 
(Eq. 21), and MM4 (Eq. 16) that included a broad range 
of coupling terms, MMFF94 included only the coupling 
between bond stretching and angle bending. Halgren [307] 
also pointed out that this results in some molecular behavior 
that could not be accounted for by MMFF94. An example 
is the coupling between the torsion and C–N bond length 
in amides, and other similar delocalized bonds which sig-
nificantly effects the torsion energy. These require, and can 
easily be accounted for, by a bond stretching-torsion cou-
pling term as present in both CFF93 and MM4. Another 
significant difference between the MMFF94 formulation and 
essentially all current force fields is the functional form used 
for the nonbond interaction. As seen in Eq. (20g) Halgren 
introduces a “buffered 14–7” functionality as opposed to the 
common 12–6 or 9–6 Lennard-Jones potential function. The 
buffering is invoked to keep the energy finite as the intera-
tomic distance approaches zero [281, 316]. This function 
was derived by fitting to rare gas non bond potentials taken 
from the literature which were in turn derived from a variety 
of experimental data and high level quantum calculations 
[316]. Following the results of Maple et al. [309] the out of 
plane deformation was represented by the Wilson definition 
(Fig. 10) Electrostatics were accounted for by the usual cou-
lomb law, though like the Lennard-Jones it is “buffered” to 
ensure that it remains finite as the distance approaches zero. 
Charges are obtained via a bond increment scheme [317] 
as in CFF93 (Eq. 21p), and coulomb interactions between 
atoms separated by three bonds (1–4 interactions) are scaled 
by 0.75.

As in the case of the CFF93, MMFF94 is derived by 
fitting properties calculated from quantum mechanics. As 
noted below, quantum derivative fitting [199, 309–312] was 
used to derive the harmonic bond stretching and angle bend-
ing terms. At the time this FF was developed, advances in 
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computational capability allowed more rigorous QM basis 
sets to be invoked. Thus, Halgren supplemented the HF/6-
31G* information by properties obtained from extensive 
higher level calculations, including − 360 equilibrium 
conformers derived from full geometry optimization at the 
MP2/6-31G* level, and energies for ~ 380 MP2/6-31G* opti-
mized geometries carried out at the MP2/TZP level using 
a triple-zeta plus polarization basis set, and at the MP2 
and MP4SDQ levels using modified 6-31G* basis sets. In 
addition, single-point MP2/TZP calculations carried out at 
~ 1450 torsionally incremented geometries from MP2/6-
31G* structures were included to sample conformational 
space. Finally, large basis set calculations of intermolecu-
lar interactions in nonpolar systems obtained using highly 
correlated wave functions were carried out. These cover an 
impressive range of organic families including: alkanes, alk-
enes, alcohols, phenols, ethers, aldehydes, ketones, ketals, 
acetals, hemiketals, hemiacetals, amines, amides, peptide 
analogs, ureas, imides, carboxylic acids, esters, carboxylate 
anions, ammonium cations, thiols, mercaptans, disulfides, 
halides (chlorides and fluorides), imines, iminium cations, 
amine N-oxides, hydroxylamines, hydroxamic acids, ami-
dines, guanidines, amidinium cations, guanidinium cations, 
imadazolium cations, aromatic hydrocarbons, and heteroaro-
matic compounds [281].

12.1.1  A novel strategy for FF optimization

Halgren also introduced a novel strategy in his derivation 
of the force field. Previous force fields had all been derived 
using a “functional group” approach where, for example, 
parameters for hydrocarbons are derived by fitting a set of 
alkanes and alkenes, and these parameters are then used in 
the derivation of subsequent families such as the amides 
etc. Halgren instead derived all parameters from the full set 
of extensive computational data on all the families simulta-
neously. It was felt that this would reduce possible hidden 
correlations in the parameters not accounted for in the fit 
to a single family. However, this straightforward approach 
was computationally impractical at the time, so a modified 
protocol was adopted involving a nested optimization of dif-
ferent classes of parameters (e.g. harmonic valence force 
field constants, nonbonded parameters etc.). An additional 
caveat with this approach is that if a problem is found in any 
particular aspect of the force field in a particular functional 
group the entire force field for all families would need to be 
rederived.

The first step in the procedure was derivation of the non-
bond van der Waals radius, r*, and well depth, ε for the 14–7 
Lennard-Jones potential [281, 305]. r* was derived directly 
from the atomic polarizability, αI, while ε was defined by the 
Slater–Kirkwood equation (Eq. 6c) n terms of the polariza-
bility αi and the number of effective electrons, Ni. [305, 316] 
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The nonbond parameters for carbon were taken from previ-
ous work [316] and other heavy atom types are derived from 
compiled values of αI, and  Ni [316]. The ε and r* parameters 
for aliphatic hydrogens were then determined by fitting to 
high quality ab initio data on intermolecular interactions 
for the methane and hydrogen dimers. As noted below Hal-
gren recognized the inadequacies of the commonly used 
combination rules for derivation of nonbonded interactions 
between unlike atoms. Exploiting rare gas data, he derived 
a new set of combining rules based on atomic polarizabili-
ties and number of effective electrons (Eq. 20i) [316]. The 
bond charge increments [317], were first obtained from fits 
to HF/6-31G* dipole moments using the PROBE program 
from the Biosym consortium [309, 313, 315] (HF/6-31G* 
charges are known to be ~ 10–20% too high, which was felt 
to be appropriate for condensed phase calculations). The 
vdW and bond-charge-increment parameters were then 
scaled to best reproduce HF/6-31G* interaction energies 
and hydrogen-bond geometries [281, 305].

The next step in the procedure was optimization of the 
reference bond lengths and angles, which were determined 
from HF/6-31G* geometries [281, 306]. These were then used 
in the determination of the quadratic force constants for bond 
stretching, angle bending, stretch–bend interaction, and out-
of-plane bending [281, 306], determined by quantum deriva-
tive fitting of HF/6-31G* first and second derivatives [199, 
309]. The coefficients for the cubic and quartic bond stretch-
ing term were chosen to fit a Morse Function with an expo-
nent of 2, and the cubic angle bending constant was obtained 
by considering the effect on the angle-bending force constants 
from changes in bond angles, in HF/6-31G* calculations on 
water, ammonia, and ethylene [306]. (We note that in general 
this will also contain contributions from bond–angle coupling 
which is included in MMFF). The force constants obtained in 
this step were then scaled by fitting experimental vibrational 
frequencies, and the reference values refined by fitting MP2/6-
31G* values. These values of the quadratic force constants 
were then used to update the cubic and quartic force constants 
for the next PROBE fit. (In general, three to five such itera-
tions produced a converged set of quadratic force constants) 
[306]. The final step was the derivation of the torsion poten-
tials carried out in the context of the previously determined 
nonbond and valence potential parameters [281, 307]. These 
were obtained by fitting relative conformational energies and 
geometries, determined either from composite “MP4SDQ/
TZP” calculations at MP2/6-31G* optimized geometries (380 
conformers) or from single-point MP2/TZP calculations car-
ried out at 1450 torsionally incremented geometries derived 
from MP2/6-31G*-optimized geometries [281, 307]. As noted 
above, each of these steps was then iterated until a consistent 
set of parameters was obtained.

In addition to fitting the QM data Halgren carried out a 
thorough comparison of the results of MMFF94 with a wide 

range of experimental geometries, vibrational frequencies, 
and conformational energies [281, 305–307, 318]. Aside 
from the fact that different parameters are required for small 
rings an excellent overall fit is achieved to both the quan-
tum and experimental data. Fits to within 0.014 Å, 1.2° and 
61 cm−1 (RMS) for bond lengths; bond angles and vibrational 
frequencies were obtained. Dipole moments were reproduced 
to 0.39D and 5.5°, conformational energies to an RMS of 
0.39 kcal/mol, and torsional energies to 0.5K kcal/mol. Given 
the energy ranges spanned 3.88 and 4.37 kcal/mol respec-
tively, the latter corresponds to deviations of ~ 10%.

12.1.2  Problem with nonbond parameters?

One of the potential weaknesses of the MMFF94 approach 
is the omission of any condensed phase data, either in the 
parameterization or testing. Recall that the nonbond param-
eters are obtained from atomic polarizabilities and the Slater 
Kirkwood equation as described above. Bordner et al. [319] 
report a calculation of sublimation energies of 14 alkanes 
and 11 oxygen containing compounds using both a non-
bond potential they derived and the MMFF94 van der Waals 
potential. Surprisingly the sublimation energies calculated 
with MMFF94 were found to be systematically 30–40% too 
low. This serves to further emphasize Lifson’s “consistent 
force field” approach and the importance of including a wide 
range of experimental data, sampling both intramolecular 
properties and intermolecular interactions, including con-
densed phase, and dimer interactions in the derivation or 
testing of force fields.

12.2  CFF93 and quantum derivative fitting (QDF), 
a novel paradigm for force field development

In the 1980s we recognized that a much larger source of 
information than that contained in the QM energies was 
readily accessible in the QM Cartesian derivatives of the 
energy [309, 320]. The latter provides an abundance of quan-
tum data describing all aspects of the energy surface and 
informs us not only of the value of force constants but also 
provides information on the deficiencies in the analytical 
representation of the FF (functional form), as well as trans-
ferability of the force constants.

This concept gave rise to a proposal to develop a FF for 
molecular simulations of biomolecules involving a new 
approach to the derivation of FFs, and spawned a major 
program supported by a Consortium [315], composed of 
~ 30 Pharma, chemical, and hardware companies, at Bio-
sym Technologies. The goal of the project was to determine 
and contrast the functional forms required to faithfully 
recapitulate the energy of intramolecular deformations and 
nonbonded interactions; to provide an objective method to 
rapidly determine the force constants in the functional form 



 Journal of Computer-Aided Molecular Design

1 3

with a protocol that lends itself to automation; and finally to 
determine the transferability of these force constants [309].

The general form of the energy function to be investigated 
is given in Eq. (21).
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where Eb and Eθ are the strain energies associated with bond 
(b) and valence angle (θ) distortions from their reference val-
ues b0 and θ0; Eφ is the dihedral angle (φ) energy. Ecoupling is 
the coupling energy between valence coordinates b, θ and φ; 
r*, ε, and q are the vdW radius and well depth (see Fig. 2); 
q is the partial atomic charge; and δ is the bond increment 
[317].

The approach differed from methods existing at the time 
in two main respects. The first was that most force fields 
were (and are) determined by fitting a combination of quan-
tum energies and experimental data. Often some of the 
force constants are derived from experiment while others 
are obtained from QM relative energies, sometimes further 
adjusted to account for experimental data. The method has 
been labelled quantum derivative fitting (QDF) [199]. In this 
approach, rather than fitting the QM energies as a function 
of configuration, we fit the first and second derivatives of the 
energy with respect to the coordinates, as well as the energy, 
of a set of distorted configurations (~ 15–20) of a variety of 
molecules (10–20) containing the functional group of inter-
est. For a molecule containing n atoms there are 3n first 
derivatives and 3n (3n + 1)/2s derivatives, for each configu-
ration, characterizing the slope and curvature of the energy 
surfaces respectively. Note the first derivatives are essen-
tially the force while the (appropriately mass weighted) sec-
ond derivatives yield the vibrational frequencies. Thus, from 
a QM calculation of a single configuration of a molecule 
we obtain 4.5  (n2 + n) “quantum observables” describing 
the energy surface, rather than a single observable, energy 
[309, 312, 320]. The force field derived by fitting this surface 
is then scaled in toto to fit experimental quantities [321], 
resulting in a “self-consistent” balanced FF, as opposed to 
using both experimental and QM simultaneously, which can 
result in a compromised FF which fits neither optimally. In 
addition, the requirement on the QM energy surface is less 
stringent—rather than requiring that the QM energy surface 
is quantitatively accurate as necessary when used directly, 
we only require that the relative energy over the surface is 
correct, i.e. the overall shape of the QM surface mirrors the 
experimental surface. The scaling can then bring them into 
confluence.

The second advantage of the method is that it readily 
lends itself to least squares methods, and automation. Thus, 
the fit to the parameters reduces to minimizing the sum of 
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square deviations with respect to the parameters as given in 
Eq. (22);

where S is the sum of squared deviations to be minimized, Eff 
is the (relative) energy of the configuration calculated with 
the FF, ∂Eff/∂xi is its derivative with respect to coordinate 
xi, and ∂2Eff/∂xi ∂xj, its second derivatives. Eqm, ∂Eqm/∂xi, 
and ∂2Eqm/∂xi ∂xj are the corresponding quantities calculated 
by QM, and appropriate weighting factors of each sum are 
given by the corresponding weight “W”. Finally, each sum 
goes over all distorted structures, α, of all model compounds 
of the family or families included in the training set. If WE, 
WH, are set to zero Eq. (22) reduces to a fit of the forces 
sometimes referred to as “force matching [322],” while If 
WE, and WD are set to zero, the result reduces to the Hessian 
optimization technique [323].

12.2.1  Gauging the optimal functional form, importance 
of coupling terms, anharmonicity and out of plane 
coordinates by QDF

In 1988 Maple, Dinur and Hagler published a study dem-
onstrating the method [309], in which QDF was applied to 
the formate anion (HCOO–). Optimal potential constants 
were determined by fitting first and second QM derivatives 
for various functional forms, and the resulting accuracy of 
these force fields, such as those containing anharmonicity, 
coupling terms, and alternative representations of the out-
of-plane deformation of a trigonal moiety, was evaluated 
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[309]. As input data the 1st and 2nd energy derivatives of 
eight distorted structures of the formate ion were calculated 
at the 4-31G* level. These eight single point calculations 
yielded 720 Cartesian 1st and 2nd derivatives (and seven 
relative energies).The potential parameters for six force 
fields, subsets of the generalized anharmonic, coupled FF 
given in Eq. (21), were optimized by least squares, and the 
resulting FFs assessed for their ability to account for the 
quantum energy surface [309].

The first, FF1, was a simple harmonic diagonal force field. 
The second, FF2, contained anharmonic cubic terms for all 
coordinates but the out-of-plane, which has only even terms 
by symmetry. The third force field, FF3, included quartic 
anharmonic contributions, while FFs 4–6 introduced cou-
pling between internals. FF4 is a quadratic FF with quadratic 
cross terms enhancing the usual quadratic diagonal represen-
tation, FF1. Likewise, FF5 and FF6 included cubic coupling 
terms added to the FF2, and FF3 force fields respectively. 
The consequences of the various level of approximation are 
given in Table 9.

For the purposes of this study, only the energy deriva-
tives of the eight distorted configurations were used in the 
optimization of the potential constants. Relative energies, 
equilibrium geometries, and the frequencies were then used 
to test how well the optimized force fields could account for 
properties outside the training set.

12.2.2  Coupling terms contribute significantly to strain 
energy

Several observations were immediately clear from the results 
in Table 9. Both anharmonicity and coupling between inter-
nals play an important role in the energetics of molecular 

Table 9  Formate ion 
calculations

Energy is in kcal/mol, distances are in A, angles are in degrees, and the frequencies, ν, are in  cm−1. Num-
bers of parameters are given in parentheses. OOP is the out-of-plane coordinate.

Force field Distorted configuration Equilibrium geometry

√(s/s0) ΔErms Δrrms Δθrms |Δν|, avg

Diagonal
 1. Quadratic (9) 0.298 2.18 0.17 0.27 155.6
 2. Cubic (13) 0.137 70.1 0.010 0.41 186.6
 3. Quartic (18) 0.125 2.05 0.009 0.62 172.3

With coupling terms
 4. Second order (14) 0.278 1.00 0.010 0.15 88.3
 5. Third order (35) 0.032 0.13 0.002 0.42 31.1
 6. Third + quartic diagonals (40) 0.017 0.17 0.001 0.16 7.2

FF6, different definitions of OOP
 Pyramid height 0.017 0.17 0.001 0.16 7.2
 Improper torsion 0.032 0.53 0.001 0.45 13.4
 Wilson et al. 0.018 0.21 0.000 0.11 11.8
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mechanics and dynamics. In fact, a FF with third order 
coupling terms and quartic diagonals gives almost indistin-
guishable structures, energies and dynamics (frequencies) to 
those obtained with quantum mechanics. It should be noted 
that this was not a consequence of over parametrization as 
a total of 720 1st and 2nd derivatives were used in the fit 
of a maximum of 40 parameters. (In fact, it was observed 
that this could provide an inexpensive method to carry out 
QM structural searches—fit several distorted configurations 
with a coupled anharmonic FF and carry out calculations 
on this surface. This is equivalent to carrying out the QM 
calculations, and structures minimized on this surface were 
virtually indistinguishable from the QM minimum energy 
structures.) The other important observation was that some 
interaction terms contribute more to the energy surface than 
others. For example, the coupled FF4 contained 14 param-
eters compared to the anharmonic diagonal FF3 which had 
18 parameters, yet the former performed significantly bet-
ter including decreasing strain energy deviations by over 
50% (1.0 vs. 2.18 kcal/mol), and vibrational frequencies by 
almost the same (88 vs. 172 cm−1).

The importance of coupling terms in accounting for struc-
tural and energetic properties is not unique to these studies 
and is now well documented, as reflected in several exam-
ples. Similar results were found by the authors for all fami-
lies addressed, including the amides and peptides, the basic 
building blocks of proteins [324]. Furthermore, as noted 
above Allinger found it necessary to include a set of cross 
terms in MM3 [111, 247], accounting for coupling between 
bond, angles and torsions to correct deficiencies found in 
applications of MM2. Another example comes from the 
work of Palmo et al. [325] who found “angle–torsion cross 
terms also to be “fairly important”, affecting torsion angles 
by several degrees and carrying a potential energy of up to 
0.5 kcal/mol in the case of a distorted hexane structure.” To 
put this in context, the oft-stated ultimate goal for accuracy 
in drug discovery/ligand binding simulations is 0.5 kcal/mol 
[326], the energy carried by this single coordinate. Ermer 
has also addressed these issues with similar conclusions 
[249, 327].

12.2.3  Out‑of‑plane representation, a simple 
but consequential correction

The classic representation for the out of plane deformation 
of a trigonal center from the plane of its three bonded atoms, 
such as the peptide nitrogen, out of the plane of its bonded 
 Cα, C′, H(N) atoms in protein FFs is the “improper torsion” 
angle (Fig. 10, left). There is no rationale for this repre-
sentation beyond the fact that the torsion functionality is 
already implemented in MM codes. In fact, it is curious that 
it was ever used, and has persisted, since a more appropriate 
coordinate, the angle between a bond and the plane formed 

by the other two bonds (depicted for a carboxyl group in 
Fig. 10, center) was known since the 1950s [328]. We pro-
posed, what seems perhaps the most logical coordinate for 
this out of plane motion, simply the distance of displacement 
of the central atom, e.g. the carboxyl carbon, out of the plane 
of its bonded atoms e.g. the pyramid height as seen in the 
rightmost panel of Fig. 10 [309].

The QDF technology was exploited to test the appropri-
ateness of these coordinates and the results are given in the 
last 3 rows of Table 9 (FF6 incorporates the pyramid height 
so this line appears twice). Though not huge, the fit to the 
energy surface is significantly better with either the pyramid 
height or Wilson Decius and Cross coordinates for the out of 
plane deformation than with the improper torsion. It would 
seem evident that the improper torsion coordinate should 
be discarded in all FFs in favor of either of the alternatives.

12.3  Derivation of a general consistent ff 
for biopolymers, organic compounds 
and polymers (CFF93)

The QDF method was then applied to derive the CFF93 
series of force fields by fitting compounds containing func-
tional groups from biomolecules, including proteins, and 
polymers [314, 321, 324, 329]. Distorted conformations of a 
large, diverse set of compounds were invoked to describe the 
energy surface of the array of functional groups. The analyti-
cal energy surface (FF) was then fit to the QM derivatives 
and energies of these families of compounds as described 
above (including highly strained members of the fami-
lies). The force field included quartic bond stretching and 
angle bending terms and an extensive set of coupling terms 
(Eq. 21). It was first applied to alkanes where the properties 
of distorted configurations of 16 normal, cyclic and strained 
compounds were fit [310]. The use of QDF on this set of 
compounds resulted in 128,376 “quantum observables,” 
(relative energies, 1st and 2nd derivatives), which were used 
to determine 66 force constants (Eq. 21). Both diagonal har-
monic and the fully coupled anharmonic functional forms 
were considered and it was found that the alkane energy sur-
face was anharmonic and significant intramolecular coupling 
interactions were reflected in its topography.

The resulting force field was then tested by calculating 
structural, energetic and vibrational properties of molecules 
used in the optimization as well as properties of 12 addi-
tional compounds outside the training set [273]. In particular 
the transferability of the parameters was scrutinized, as well 
as the previous conclusion of the importance of anharmonic-
ity and coupling interactions. The results, as displayed in 
Table 10 confirmed the conclusions of the previous study, 
and demonstrated that transferability of parameters was 
superior to those used in diagonal harmonic FFs, in large 
part because additional (“effective”) parameters are required 
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to account for the missing coupling interactions and anhar-
monicity [273] as discussed below.

As in the case of the formate ion, the results show that 
the hydrocarbon energy surface reflects considerable anhar-
monicity and coupling. Significantly, these results verify 
the conclusions drawn from the formate ion that contrary to 
existing dogma, not only does coupling contribute to dynam-
ics, but it makes significant differences in strain energies as 
well.

12.3.1  Transferability

As noted, the anharmonic, coupled functional form of the 
energy surface gives rise to a more transferable set of force 
constants than that obtained typically in harmonic diagonal 
force fields. An example is the adequacy of a single tor-
sion constant to describe rotation about the  sp3 C–C bond 
irrespective of whether it’s primary, secondary, or tertiary, 
as opposed to the multiple parameters frequently needed in 
the diagonal harmonic FFs. This behavior differs from even 
MM4 [330] and MMFF94 [281] as well as essentially all 
other “protein” FFs which require different constants for 
rotation about HCCH, HCCC, and CCCC bonds,. More sig-
nificantly the same energy surface, without parameter modi-
fication, also accounts for the energetics of three and four 
membered rings. It is the only functional form currently able 
to account for both these strained rings and normal hydro-
carbons simultaneously [199].

The ability to treat small cyclic moieties is of more than 
just academic interest for several reasons. First of all, the 
need for different force fields for small rings implies the 
energy surface is discontinuous, with singularities between 
unstrained compounds’ and four membered ring geometries, 
and again between 4 and 3 membered ring geometries—
intuitively unappealing.

That is, at some angle on the path from the bond angle 
in an acyclic hydrocarbon to that in cyclobutane Kθ changes 
discontinuously from its acyclic value to its four-membered 
ring value in FFs that invoke different parameters. Further-
more, the ability to treat highly strained three and four mem-
bered rings gives us confidence that the FF is competent to 

reproduce strains encountered during dynamic trajectories, 
and ligand binding.

Finally many biologically interesting compounds and 
drugs contain both 3 and 4 member heterocyclic and fused 
rings, including the common antibiotics ciprofloxacin and 
the β-lactams such as penicillins and cephalosporins [199]. 
Numerous examples can also be found in the standard Zinc 
[331] and MDDR [332] databases used in virtual screening 
for drug discovery. Clearly these small rings would present 
significant challenges to a FF using different analytical forms 
for small rings. It is difficult to imagine how fused ring sys-
tems would be treated, if different forms were used. For 
example, would internal which are shared between a fused 
4 and 5 or 6—membered ring be treated with the standard 
force constants or the special ones for the 4-membered ring?

12.3.2  Scaling the QM energy surface to account 
for experimental properties: amplification 
of experimental data

Following the derivation of the hydrocarbon CFF from the 
QM derivatives and energies by QDF, it was shown that 
an “experimental” force field could be obtained from the 
“QM” FF by simply scaling it to fit experimental data [321]. 
Results indicated that this could be achieved by using only a 
single scale factor for each type of internal. Thus, only five 
scale factors and two reference values were needed to fit the 
experimental data (Table 11). The small number of param-
eters allowed them to be determined from a small subset of 
experimental observables, for this exercise only 212 experi-
mental frequencies and bond lengths were employed. The 
resulting force field was then tested by comparing the cal-
culated value of a wide range of structural, conformational 
and rotational energies and frequencies, including those of 
small cyclic rings, not included in the fit of the scaling fac-
tors. It was found that the calculated values accounted for 

Table 10  RMS deviations of analytical FF properties from quantum 
mechanics properties

Property QMFF (anharmonic, 
coupled)

Harmonic FF

Bonds (Å) 0.003 0.006
Angles (°) 0.4 0.8
Torsions (°) 1.2 2.3
Energies (kcal/mol) 1.0 3.3
Frequencies  (cm−1) 34 100

Table 11  Seven scale constants and reference values for the hydrocar-
bon force field

Scaling constants

Bond stretching
 Sb (C–C) 0.88
 Sb (C–H) 0.83

Angle bending—Sθ 0.81
Torsion—Sφ 0.84
Cross-terms—Sxt 0.87

Reference values

b0 (C–C) 1.535
b0 (C–H) 1.111
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the experimental values, as well or better than existing force 
fields including MM3 [111, 199, 273].

The scaling described above basically requires that the 
ab initio energy surface recapitulates the relative topography 
of the actual energy surface. This is, in fact, a far less strin-
gent requirement of the QM than implicit in its standard use 
in FF derivations such as those cited above. In those applica-
tions, the QM energies are used directly thus requiring that 
they reproduce absolute values of experimental data, while 
by scaling an ab initio FF all that is required is that surface 
is proportional to the actual surface. This is confirmed by 
the fit achieved [321].

12.3.3  A blueprint for (automated) force field development

The QDF methodology lends itself to automation as well 
as providing a blueprint for FF derivation. A workflow is 
straightforwardly constructed in which model compounds 
are input and distorted configurations generated. These then 
serve as input to a quantum code, and relative energies, gra-
dients and Hessians generated. These then serve as the input 
to a least squares procedure where the force constants are 
optimized to fit the corresponding quantum data. This FF 
could then be used directly, if high enough level QM data 
is used, greatly expanding the chemical species that can be 
treated by MD, or other classical simulation methods, to 
any functional group that can be treated by QM. It is very 
likely to be superior to any method of “automatic parameter 
assignments” used now when parameters are missing in a 
simulation. Finally, the FF can be scaled, leveraging a small 
pool of experimental data, to derive an “experimental” FF.

Over the late 1980s into the early 2000s the QDF method 
was applied to an extensive set of chemical families includ-
ing amides and peptides [324], carbohydrates [329], het-
erocycles [314], aromatic sulfones, sulfonamides, thiols, 
sulfides, and another 25 organic and biological functional 
groups [314]. In addition it was further extended to a variety 
of polymer and materials functional groups such as polycar-
bonates [333], siloxanes [334], silica and zeolite catalysts 
[335], perchlorates [336] and a variety of others [337]. In 
the latter studies, where the FF was renamed “COMPASS”, 
liquid data was included to optimize the nonbond param-
eters, which as discussed elsewhere in this review is a valu-
able test of the FF, though unfortunately the more powerful 
information from crystal structures was abandoned [338]. 
Clearly, the optimal and rigorous protocol is to use both, as 
per Lifson’s paradigm [49, 50].

12.3.4  In conclusion: a widely applicable and transferable 
FF for calculation of structural, energetic 
and dynamic properties of biomolecular, organic 
and synthetic polymers from QDF

The CFF93 force field became close to all encompass-
ing, covering a wider range of chemical species than other 
existing FFs. Though the intramolecular form has been 
thoroughly optimized and accounts for conformational 
energies, rotational barriers, strain energies and dynamics 
(frequencies) extremely well, in large part due to its ability 
to account for coupling and its use of a well-founded out of 
plane functional representation, as with other contemporary 
FFs the nonbonded interactions need to be further elaborated 
to include enhanced description of electronic distribution, 
charge flux, polarizability, nonbond anisotropy, etc [199, 
339–342].

12.4  CFF nonbond parameters: 136 crystal 
structures and 34 sublimation energies

For the reasons described above, crystal structure and 
energetics provide a powerful, and stringent criterion for 
assessing force fields. A question that might be asked of 
force fields proposed for simulating proteins is “before we 
use these FFs for protein simulations can they account for 
the structure and energetics of simple crystals such as ace-
tic acid and oxalic acid polymorphs, N-methylacetamide, 
imidazole, or trithiane?” If these simple homogeneous 
condensed systems present problems one can’t expect the 
FF to be able to yield better results for more complex pro-
tein systems containing the same interatomic interactions, 
among others. Thus in CFF93 the nonbonded force field 
parameters consisting of atomic partial charges and van der 
Waals parameters were derived and tested by predominantly 
fitting crystallographic experimental data as well as dipole 
moments for a broad set of organic compounds [317]. We 
exploited the lattice sum method used in the original study 
of amides invoking the Newton–Raphson approximation to 
predict deviations in the lattice constants [85, 87], because 
of its efficiency. Bond increments were introduced in order 
to account for the dependency of atomic charge on the chem-
ical nature of bonded neighbors [317]. These are analogous 
to bond dipoles, but have no distance dependence. Thus, 
the atomic charge on an atom i, qi, was expressed in terms 
of bond increments, δij, which are the incremental partial 
charges contributed to atom i by all other atoms to which it is 
bonded (Eq. 21p). The  qi0 is a formal charge for atom i. The 
δij are constrained such that δij = − δji. Thus, parametrization 
of the atomic partial charges using bond increments has the 
additional advantage that Σqi = Σqi0 = 0 so that for uncharged 
molecules the sum of the partial charges derived from bond 
increments will always be zero [317].
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The compounds in the fit spanned 11 functional groups: 
alcohols, aldehydes, amides, amines, carboxylic acids, 
esters, ethers, N-heterocycles, hydrocarbons, ketones, and 
sulfur compounds. The data consisted of the lattice con-
stants of 136 crystal structures, 34 sublimation energies, and 
63 gas-phase dipole moments. (Since polarization was not 
included, this yields a compromise between the gas phase 
charges and the polarized charge distribution in the crystals, 
though the latter will dominate due to the preponderance of 
crystal data). Only 11 atom types and 26 bond dipoles were 
needed to fit this large data set corresponding to an observ-
able to parameter ratio of 913:48 or almost 20 to 1. As a test 
of the validity of the derived FF each crystal structure was 
then minimized with respect to the unit cell parameters and 
relative position of the molecules in the unit cells.

As crystals display a variety of packing modes, intermo-
lecular orientations, several molecules in the asymmetric 
unit, and often different polymorphs for the same compound 
[172–174, 343], many different relative intermolecular ori-
entations are encountered (even within a single crystal). This 
diverse structural information is exemplified by the differ-
ent hydrogen bond motifs sampled in the crystals of amides 
and acids as given in Fig. 11. Of course, the geometry of 
these motifs is further varied by the packing constraints 
imposed upon them by the functional groups to which they 
are bonded.

The quality of the fit to the data described above, as meas-
ured by comparing computed and experimental gas-phase 
dipole moments, lattice constants and energies is summa-
rized in Table 12. A reasonable fit to experiment was obtained 

Fig. 11  Hydrogen bond 
schemes in crystals of acids (I, 
II) and amides (III, IV)

Table 12  Fit to experimental 
values (RMS deviations)

a N is the number of molecules; d is the RMS deviation in short interatomic distances
b Excluding the two polymorphs of oxalic acid—see text

Family Crystal structures Lattice energy (kcal/
mol)

Dipole 
moments 
(debyes)

Na Unit cell 
length (Å)

Unit cell 
angel (°)

da < 4.0 Å N RMS  Esublim N RMS

Alcohols 16 0.21 1.63 0.12 8 0.26
Aldehydes/ketones 11 0.43 3.41 0.21 1 1.60 11 0.46
Amides 21 0.50 1.87 0.24 6 1.61 4 0.12
Amines 12 0.16 1.18 0.13 1 0.25 12 0.14
Carboxylic-acids 16 0.34 2.95 0.20 10 1.53b 10 0.32
Esters 5 0.44 2.47 0.19 5 0.17
Ethers 5 0.33 2.12 0.25 7 0.33
N-heterocycles 7 0.61 4.00 0.31 2 0.72 3 0.21
Hydrocarbons 25 0.23 2.56 0.15 12 2.18
Sulphur-compounds 18 0.28 2.27 0.15 2 0.27
Total/average RMS 136 0.35 2.45 0.19 32 1.69 62 0.25
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overall though one would like to see better than a 1 kcal error 
in lattice energies. Lattice energies deviated by 1.7 kcal (or 
~ 5%) and dipoles by 0.25D. The rms deviation for unit cell 
lengths and angles was 0.35 Å, and 2.45°. Perhaps a bet-
ter measure is the deviation of close interatomic distances 
(< 4 Å), and the rmsd for those was 0.19 Å. An even better fit 
was obtained for hydrogen bonding properties (Table 13)—
the rmsd of H⋯A distances and D–H⋯A angles ranged from 
0.05 to 0.12 Å, and 2.2–4.0°, respectively (D = donor atom 
and A, acceptor). The accuracies of the predicted dipole 
moments, crystal lattice energies, and crystal lattice vectors 
are remarkably similar among the functional groups and pack-
ing motifs considered, demonstrating that the same method 
of deriving nonbonded parameters is appropriate to all cases.

The results are similar to those obtained in earlier 
studies of amides and carboxylic acids discussed above 
[85, 101, 344]. The increase in the number of molecules 
in the database affected the fit to experiment to a degree, 
but it remained reasonable, (compare Tables 1, 12), dem-
onstrating the transferability of the parameters in the 
FF. For example, for amides, 21 crystals were included 
compared to 12 used in the original fit to amides [85]. 
The rmsd of the unit cell lengths and angles changed 
from 0.24 Å and 1.26° to 0.50 Å and 1.87° respectively, 
perhaps because such multifunctional compounds as 
N-methyltetrolamide(I), N-methylbenzamide(II), and 
3,6-dimethyl-2,5-piperazinedione(III) were included.

As noted, such compounds give rise to a wide range of 
interatomic interaction environments and geometries sampled 
in the crystal data set. In contrast to the lattice constants, the 
rms of lattice energies improved—from 1.93 to 1.61 kcal/mol.

12.4.1  Systems with large deviations highlight deficiencies 
in FF and point way to improvements in functional 
form and assumptions

We note that there were some outliers which display larger 
deviations than might be expected from the overall fit. As 
pointed out above, these are more important than the sys-
tems fit well, as they provide valuable data for detecting defi-
ciencies in the FF and lay the basis for future improvements. 
An example of this are the two polymorphs of the oxalic acid 
crystal [317]. The calculated sublimation energy for both 
crystal polymorphs deviates by ~ 7 kcal from the correspond-
ing experimental values. It appears that this deviation is due 
to the lack of transferability of the electrostatic parameters 
to this system. Thus, when atomic partial charges for oxalic 
acid are determined from ab initio calculations, it is found 
that the charge on the carbonyl oxygen is appreciably less 
negative in oxalic acid than in the other dicarboxylic acids 
containing a methylene buffer (or even a hydrogen as in for-
mic acid) adjacent to the carboxylic groups [100]. Thus the 
deviation in the calculated lattice energies suggests that there 
is a deficiency in the representation of the electrostatics, 

Table 13  Fit of hydrogen bonds 
in the crystals (RMS deviations)

Distances in Å, angles in degrees
a A and D are the acceptor and donor atoms
b In molecules with bifunctional groups

Family CFF93 CFF70s

H⋯A  distancea D–H⋯A  anglea H⋯A  distancea D–H⋯A 
 anglea

Alcohols 0.05 2.2
Amides 0.06 4.0 0.06 3.9
Acids 0.08 0.07 7.7
Estersb 0.12
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which dominates the lattice energy of the oxalic acid crystal 
[101], perhaps the lack of inclusion of a better description of 
the spatial electron density, polarization, or deficiency in the 
bond increments used to calculate the atomic charges [317]. 
We observed, however, that the relative energies of the two 
polymorphs agree with experiment, so the error affects both 
equally (which would be expected if the error is due to the 
partial charges).

It should be noted that, with the exception of the choles-
terol crystals and aqueous ion solutions discussed below, the 
properties of the systems discussed above were calculated by 
minimization. To be more rigorous these systems should be 
recalculated with MD as in the latter studies, which is very 
tractable with current computational resources. These sys-
tems provide a challenge to current force fields, especially 
as to whether inclusion of polarization effects and atomic 
multipoles, coupled with MD or MC could account for the 
outliers.

12.4.2  Extension to lipids and related molecules

The QDF method was extended to lipids and related mol-
ecules in the early 1990s in a series of studies [345–347]. 
To this end extensive quantum calculations were carried out 
on a set of model compounds followed by derivation and 
testing of a CFF as described above. In the first study the 
energy surfaces of dimethyl phosphate and methyl propyl 
phosphate were studied at the 6-31G* and 6-31+G* levels 
[345]. First and 2nd derivatives were calculated analytically, 
at various points on the energy surface. In addition, all sta-
tionary points were found as well. The structures, relative 
energies and vibrational frequencies were characterized in 
detail. Among other observations it was found that most of 
the critical structural features of phospholipids observed in 
crystals, in the gel and liquid crystal phases, and in solution 
are reproduced by the QM calculations, indicating that they 
are not due to induced structural changes by the medium 
[345]. These calculations were then extended to the charac-
terization of the eight cis–trans isomers of inositol, as well 
as two phosphorylinositols [346]. DFT calculations were 
also applied to compare with the HF methods. Ring confor-
mations and structures as well as relative energies, and free 
energies (calculated from vibrational spectra), were studied.

Following these investigations on lipid model compounds 
a study was undertaken to derive and test parameters for 
cholesterol, one of the major components of cell membranes 
[347]. At this point the only required parameters missing 
from the CFF93 force field were the C–C–C–O torsion 
of the A ring and its cross terms. These parameters were 
determined as described above, from QM calculations of 
the energy surface of 4-hydroxyl-1-butene. Energies, and 
the first and second derivatives of the energy with respect to 
coordinates, for the four energy minima and two transition 

states of this compound were characterized. Reasonably 
good agreement between the force field and quantum results 
were obtained for the properties of these six states. For 
example, the largest deviations were found in one of the 
transition state structures, with a difference in torsion angle 
of 7° (ab initio 128.1° vs. 121.3° in the FF) and a maximum 
relative energy difference of 0.6 kcal/mol (6.1 and 5.5 kcal/
mol for QM and FF respectively).

12.4.3  Simultaneous testing of intramolecular 
and intermolecular force field by MD

The FF was then tested by extensive simulation of both 
the low-temperature neutron-diffraction structure of cho-
lesteryl acetate crystals and the X-ray diffraction crystal 
structure of the cholesterol crystal. It is important to note 
that no new nonbond parameters were required for this test. 
These parameters were transferred from the corresponding 
functional groups derived previously [317], and all valence 
parameters with the exception of the C–C–C–O torsion 
were also transferred. Thus, these studies constituted an 
additional, stringent test of both nonbond and intramolecu-
lar parameters. Both energy minimization and molecular 
dynamics simulations of these crystals were carried out. 
The cell vectors of the low temperature cholesterol acetate 
structure were reproduced to within 2.4% maximum error 
(in the unit cell vector a), while the molecular structures in 
the crystal environment were also well accounted for with a 
maximum rms deviation in positions and torsions of heavy 
atoms in the two molecules of 0.097 Å and 2.35° respec-
tively (the internals containing hydrogen were not fit as well 
with the corresponding quantities being 1.36 Å and 3.32°). 
Interestingly, the rms deviation of all non-hydrogen atoms in 
the unit cell of the time averaged MD structure from experi-
ment was only 0.06 Å, even better than that obtained with 
minimization.

The cholesterol crystal is more complex, with eight mol-
ecules exhibiting considerable flexibility in the asymmetric 
unit, resulting in some molecular regions being ill-defined 
with large B-factors [347]. The observed fit to the crystal 
cell vectors obtained by crystal minimization and by MD 
simulations was reasonable with a maximum deviation of 
~ 1% in the b vector. Several large deviations are observed 
including deviations in torsion angles up to 18° in molecule 
E of the asymmetric unit. However, it was pointed out that 
all the largest deviations are associated with the  C18 atom. 
The experimentally determined position of this atom is 
highly questionable as reflected in its unusually long C–C 
bond length (1.705 Å) as well as the unusual C–C–C angles 
(99.2° and 127.1°) it participates in. Excluding this atom, 
the maximum deviations between experimental and calcu-
lated internal coordinates are 0.07 Å for bond lengths, 6° for 
angles, and 10° for torsions for atoms with B-factors < 10. 
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Though better, these deviations are still large. Interestingly, 
once again MD yields a better fit to the overall structure. 
For atoms with B-factors < 15 Å2, the corresponding rms 
deviations were 0.152 and 0.189 Å for the MD averaged 
and energy-minimized structures, respectively. The fit to the 
more well determined atoms, B-factors < 10 Å2, maintained 
this trend with even better agreement to experiment (rms of 
0.14 Å for the time averaged structure and 0.175 Å for the 
minimized structure).

12.5  Combination rules: as important 
as parameters themselves

The nonbond interactions for unlike atoms are generally 
approximated from the interactions for like atoms by the use 
of combining rules involving the nonbond parameters of the 
like atom–atom pair potentials. This reduces the number of 
parameters dramatically. For the most part, standard assump-
tions for these rules have been adopted in biomolecular force 
fields without investigation. As discussed above the common 
rules routinely used were the so-called Lorentz–Berthelot 
rules derived in the late 1800’s [348, 349]. These consist 
of (1) a geometric mean rule for the well depth, ε, of the 
nonbond potential; and (2) a geometric or arithmetic mean 
rule for the position van der Waals radius, r*, of the non-
bond potential (Eq. 4e, Fig. 2). Not much attention had been 
paid to the nature or validity of these combining rules in 
the early force fields. (In retrospect this is somewhat incon-
gruous as with the exception perhaps of hydrogen there are 
more unlike interactions than like interactions for most inter-
molecular systems). In the early 1980s with more accurate 
experimental data, it became clear that these simple com-
bining rules lead to large errors in predicting the potential 
parameters of mixed rare gas atom pairs. An example of the 
magnitude of the errors introduced by these simple combin-
ing rules is given in Table 14 [27]. This led physicists to 
propose more elaborate combination rules that significantly 
improved the fit of the rare gas data, as well as other simple 
molecular systems [350, 351].

The problem escaped the notice of the molecular mechan-
ics and dynamics community until the early 1990s when 
Halgren derived a new set of combining rules based on high 
quality quantum calculations of rare gas interactions [316] 
(Eqs. 23a, b).
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where as above, r* is the van der Waals radius, ε is the well 
depth, and N and α are the effective number of electrons and 
atomic polarizability respectively. G is a scaling parameter 
determined by requiring that the relationship in Eq. (23b) 
holds for each of the like-pair interactions of the rare gases 
(in this Eq. 23b, k is a unit conversion factor).

12.5.1  Waldman–Hagler combining rules

At roughly the same time we took a graphical approach to 
the combination rule problem [27]. This was in part stimu-
lated, by the fact that the newer combination rules generally 
involved additional parameters such as polarizabilities, ioni-
zation potentials, or dispersion force coefficients [316, 350, 
351] (see e.g. Eqs. 23a, b). Therefore, these combination 
rules are less easily incorporated into molecular force fields 
because they lead, to an excess of parameters that are not 
easily determined for systems other than rare gases.

We showed that the combining rule formulas could be 
reformulated to a single-parameter problem. This allowed 
graphical analysis of the combining rules against experi-
mental data [352]. This analysis technique showed that the 
rare gas potentials do not obey a single combining rule for 
ε, but do follow a single combining rule for r*. However, it 
was shown that a combining rule using both ε and r* could 
be used to predict the ε parameters for the mixed rare gas 
pairs. The resulting combining rules derived [27] and then 
used in the CFF93 [317] and elsewhere (see eg [353–356] 
and references therein) are defined in Eq. (21o).

The resulting fit to the rare gas properties using the stand-
ard geometric combining rule is given in Table 14. It is seen 
by comparing the results given in Table 15 with those in 
Table 14 that the new formulation of the combining rules 
results in a dramatic improvement in accounting for the non-
bond interactions of the rare gases.

One of the important advantages of this formulation lies 
in the simplicity of the equations and most importantly that 
no additional experimental information beyond the values 
of r* and ε is required.

Table 14  Errors introduced in intermolecular energies by use of geo-
metric mean combining rule for ε 

Upper right triangle (italics) is experimental data. Lower left triangle 
is % error

He Ne Ar Kr Xe

He 10.44 19.44 30.01 31.05 29.77
Ne 7.7% 42.00 64.17 67.32 67.25
Ar 28.1% 20.2% 141.5 165.8 182.6
Kr 46.4% 35.4% 0.9% 197.8 225.5
Xe 79.7% 59.5% 7.8% 3.3% 274.0
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12.5.2  Consequences of inaccurate combining rules

Perhaps the more important question is whether the impact 
of the different combining rules on the nonbond parameters 
derived for biomolecular systems is significant. The answer 
is a resounding yes! They indeed have a major impact on 
both the nonbond parameters themselves as well as the fit to 
the model systems used to derive these parameters, as might 
be expected from the results on the rare gases. The effect 
on crystal properties of model compounds as reflected in 
structural properties can be seen in Table 16.

The AG rules give about the same or marginally more 
accurate results only for the amides and amines. For alco-
hols, the deviations with the AG rules are roughly twice 
those obtained with the WH (Waldman–Hagler) combining 
rules, and overall the deviations in unit cell vector lengths, 
angles, and interatomic distances in the crystal are ~ 50% 
greater with the AG combining rules as compared to the 
WH combining rules. The largest errors introduced by the 
commonly used AG rules occur for the sulfur compounds. 
This is consistent with the results for the rare gases where as 

seen from Table 14, the error in the intermolecular energy is 
largest 78% for the He–Xe interaction, i.e. the pair with the 
greatest disparity in atomic radii.

Desgranges and Delhommelle [354] found that the use 
of the Lorentz–Berthelot (AG) rules result in the Gibbs free 
energy of the solution being 7% higher than the value pre-
dicted by the Waldman–Hagler [27] rule. They conclude 
that this “… emphasizes the importance of the combining 
rule for the determination of hydration free energies using 
molecular simulations.”

In a subsequent study, Al-Matar and Rockstraw [353] 
derived a generating equation for combination rules and in 
a comparison of various rules found the WH rule to be gen-
erally superior to others, including the MMFF (Halgren) rule 
[316], which led to large errors in some cases. They recom-
mended using either WH or their generating equation [353].

13  Summary and conclusions

In this perspective, we have reviewed the history of the ori-
gins of biomolecular FFs and the advancements made in the 
twentieth century. The evolution of the rigor of the functional 
form describing the physics, approximations made and their 
effects, have been discussed. A synopsis of some of the sali-
ent points of this history are summarized below. In the fol-
lowing paper, we discuss the advances made since the initial 
FFs and the applications reviewed above.

Table 15  Test of geometric mean combining rule for ε(r*)6 using 
sixth power arithmetic mean combining rule for r*

Upper right triangle (italics) is experimental data. Lower left triangle 
is % error

He Ne Ar Kr Xe

He 10.44 19.44 30.01 31.05 29.77
Ne 6.3% 42.00 64.17 67.32 67.25
Ar − 1.0% 2.1% 141.5 165.8 182.6
Kr − 0.8% 2.7% − 0.9% 197.8 225.4
Xe − 0.2% 0.9% − 2.0% 0.1% 274.0

Table 16  Effect of combining rules on crystal structure: RMS deviation from experimental unit cell lengths, angles and distances < 4 Å with 
Wildman–Hagler combination rules and with arithmetic–geometric mean rules (AG)

Molecular 
family

RMS deviation

No. of crystals Unit cell length (Å) Unit cell angle (°) Distances < 4 (Å)

WH AG WH AG WH AG

Alcohols 12 0.13 0.33 1.91 3.45 0.09 0.17
Amides 12 0.26 0.24 1.78 1.74 0.15 0.16
Amines 9 0.16 0.15 1.09 0.80 0.14 0.13
Carboxylic 

acids
14 0.35 0.62 3.20 4.34 0.20 0.36

N-heterocycles 9 0.41 0.39 1.49 2.46 0.17 0.21
Hydrocarbons 22 0.11 0.16 1.64 2.73 0.21 0.27
Sulfur com-

pounds
15 0.35 0.91 2.50 2.83 0.18 0.47

Total/average 
RMS

93 0.25 0.40 1.94 2.62 0.16 0.25
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13.1  Polarizability, multipoles, nonbond 
anisotropy, and coupling between internals 
recognized and accounted for in calculations 
in the 1930s through the 1950s

We saw that the first “force fields” were inspired by the 
desire to account for vibrational spectra and describe the 
normal modes of vibration in the early decades of the twen-
tieth century [9, 17, 18]. Concurrently there was an interest 
in accounting for the properties of water. The first energetic 
calculations of water (and ice) were carried out by Bernal 
and Fowler in 1933 [8], who included vdW and electrostatic 
interactions, and recognized, even in 1933, that off-atom 
charges were necessary. Rowlinson introduced a 4-point 
model for water in 1950 [201]. Anticipating the refinements 
of this century, he included higher order multipoles and 
polarizability in his calculation of the structure and energy 
of the ice lattice and the second virial coefficient of water.

These were soon followed by the application of the FF 
concept to study conformations and energies of molecules. 
The first calculations were carried out by hand, as were those 
described above, and addressed steric effects, especially with 
respect to reaction mechanisms [28–31]. The modern era of 
classical computational chemistry was ushered in by Hen-
drickson in 1961 [13], who, for the first time, exploited com-
puters to carry out MM calculations (of the conformational 
energetics of medium ring hydrocarbons), and Wiberg who 
introduced Cartesian coordinates, derivatives, and minimiza-
tion in studying strain energies of cycloalkanes [33].

13.2  The forebearers of modern force fields

The potential of applying computers to energetics of organic 
and bio molecules was soon recognized by numerous 
researchers. Scheraga [357], Liquori [38], Ramachandran 
[37] and Flory [39] among others pioneered the applica-
tion of these techniques to peptides. They produced the first 
Ramachandran (φ–ψ) maps, the earliest energetic studies 
of the elements of protein structure. Concurrently, several 
labs addressed the structure and thermodynamics of small 
organic compounds and began to focus on the energy sur-
faces or force fields underlying these properties. Seminal 
advances were introduced by Hendrickson, who carried 
out the first molecular mechanics calculations on a com-
puter [13] and Wiberg, who introduced the use of Cartesian 
coordinates in these calculations [33]. Notable among the 
pioneering works which ushered in the modern era are the 
works of the Lifson [26, 51] and Allinger [69] laboratories. 
Warshel and Lifson’s consistent force field (CFF) paradigm, 
where the principle that a FF should “give the best possi-
ble agreement with a large amount and variety of observed 
data” is a cornerstone of the field. Note, Lifson emphasized 
both size of the compound array; i.e. a large diverse set of 

compounds (~ 10–20 acyclic, cyclic, strained), and vari-
ety; e.g. structure, conformational energies and barriers, 
vibrational frequencies, and lattice energy and structure. 
The accompanying CFF software they developed evolved 
into many of the current biomolecular simulation packages 
used today. Allingers initial work evolved to a decades long 
exploration onto the improvement of the representation of 
molecular energy surfaces. He systematically accumulated 
reported deviations, added these systems to an already large 
set of observables, improved the functional form accounting 
for the physics and reparametrized the FF. This led to the 
important MMn series of force fields and algorthims [358]. 
These were truly pioneering works and still some of the best 
papers on FF derivation. Unfortunately, in more recent years, 
many of the FF reparametrization efforts have strayed from 
these principles, using smaller, and different data sets in each 
subsequent reparametrization.

13.3  The hydrogen bond

Prior to 1974 explicit functional forms representing an ori-
entaional covalent interaction were used to account for the 
Hydrogen bond [46]. Through analysis of crystals packing 
and sublimation energies, Hagler and Lifson (H–L) demon-
strated that in fact electrons about the polar hydrogen were 
shifted along the bond into the more electronegative nitrogen 
atom. This allowed the donor to come closer to the acceptor 
increasing the attraction and accounting for a major portion 
of the H-bond energy [86]. Thus, the H–L representation 
including vdW and electrostatic interactions with a modi-
fied donor in which exchange repulsion of the donor hydro-
gen was significantly diminished or removed, was able to 
account for the properties of these amide crystal systems as 
well or better than the more complex functions with fewer 
parameters [85, 86]. This was subsequently found to hold 
true for the carboxylic acids as well [101]. It has since been 
adopted in essentially all current simulation packages, though 
as pointed out in the text, it is still far from perfect (Fig. 4).

13.4  The power of the Lifson paradigm and Allinger 
methodology

It was seen that, though the H–L form is now essentially 
universally adopted, new complex explicit H-bond poten-
tials, containing additional parameters, continued to be 
introduced and used in applications for some two decades 
after the H–L lattice studies, only to be ultimately discarded 
[102]. This clearly represents an inefficiency of efforts that 
could have been devoted to building upon, and improving 
the representation. It was noted that, had the Lifson para-
digm, or Allinger’s methodology of systematic incremental 
improvements of the functional form representing the phys-
ics based on collected problematic systems, been retained, 
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this inefficiency could have been avoided. Both of these 
protocols call for a large number of compounds and diverse 
properties be included in the training and validation tests, 
and all compounds and properties employed in the deriva-
tion and testing of the previous version of the FF tested with 
the new functional form or parameters. The unproductive 
detours in H-bond derivations involved relatively small 
sets of new different observables, sometimes only qualita-
tive. Had the new proposed functions been tested against 
the crystal properties treated previously, it would have been 
immediately obvious that these more complex functions 
with additional parameters not only didn’t improve the fit 
but often introduced additional artifacts! This could have 
saved 10–20 years of effort that has been deemed flawed.

Though this is history, unfortunately it is important to 
learn from it as similar practices persist. As discussed in 
part II of this perspective [113]. Thus following the Lif-
son–Allinger protocols, and at the very least when deriving 
a new and “more accurate” FF, addressing all observables 
used in deriving and testing the previous FFs which are 
being improved upon, as well as augmenting them, is an ini-
tial investment which will avoid much wasted effort in appli-
cation of flawed FFs and subsequent reparametrizations.

13.5  The pivotal role of QM in FF derivation

It was seen that from the earliest days of FF research QM 
has played a key role in the determination of both force con-
stants and functional forms. Thus, in the early 1970s Scher-
aga exploited semiempirical QM calculations (CNDO/2) to 
determine charges and rotational barriers in peptides [42, 
131]. They also developed the 12–10 H-bond potential by 
fitting CNDO/2 energy surfaces [103]. Clementi was the 
first to exploit rigorous SCF-MO calculations to the deriva-
tion FFs, first deriving a water potential in 1973 [143] and 
water-peptide intermolecular FFs later in the decade [359]. 
He continued these studies for decades producing an impres-
sive body of work in these areas [159]. In 1976 Hagler et al. 
[171] exploited HF calculations in combination with crystal-
lographic structure determinations and MM to demonstrate 
that the rotational barriers around φ and ψ were small with 
the former being of the order of 0.7 kcal/mol, while it is 
likely the intrinsic rotational barrier about ψ is negligible.

Since these early applications, QM has played a role in 
virtually every effort to derive FFs, most often in the deter-
mination of charges and rotational barriers, but it has also 
been applied to all inter and intramolecular terms.

13.6  Adapting the pioneering MM approaches 
to biomolecular systems

The 1980s saw the adaptation of the pioneering work of 
Hendrickson and Wiberg as developed by Allinger and 

especially Lifson’s CFF software, to the development of the 
first biomolecular FFs and simulation software, including 
AMBER [210], the peptide valence FF (VFF) version of 
the CFF [225], CHARMM [109], OPLS [218] and Gromos 
[214]. With the exception of the VFF all these FFs invoked 
the united atom approximation where nonpolar hydrogens 
were omitted in favor of “united” methyl or methylene 
“atoms,” in an attempt to treat large protein systems for 
longer simulation times. In general, again with the excep-
tion of VFF, these FFs were quadratic diagonal FFs and the 
parameters were chosen on a very limited set of data, and in 
some cases taken from the literature, resulting in an incon-
sistent set of force constants.

In the 1990s and early 2000’s the crude FFs incorpo-
rating the united atom approximation were discarded and 
more rigorous parametrizations were carried out. Thus, as 
we described, new versions of CHARMM [271], AMBER 
[268], OPLS [277] and Gromos [280], were all introduced 
in this period. However. unlike the others Gromos has con-
tinued to invoke the united atom approximation. In contrast 
to the early incarnations, these FFs were fit to a large set of 
experimental data and tested against additioanl observables, 
including crystal data, outside the training set. As described, 
the CHARMM22 parametrization was particularly rigorous 
[271], following the Lifson paradigm of including a large 
number of diverse observables, and as noted above, docu-
menting problematic systems indicating deficiencies in the 
simple diagonal quadratic fixed charge functional form char-
acterizing all these FFs [271].

These extensive data sets, and especcially the documen-
tation of discrepancies provided the framework for system-
atic improvement of the FFs following Allingers example. 
Unfortunately, as described in the second half of this per-
spective [113], subsequent “refinements” of these FFs dis-
carded many of these observables, fitting entirely different 
data, rather than adding the additional data to the compre-
hensive sets used previously. This led, as in the case of the 
H-bond potential described above, to flawed FFs and the 
need for many reparametrizations, a situation continuing into 
the present [113].

13.7  Extending the Lifson paradigm: incorporating 
quantum derivative fitting

As we saw, energies, charges, and vibrational properties 
derived from quantum mechanics have played a central role 
in FF development from the beginning. In 1988 and the 
years following, this concept was extended by the Hagler 
lab, who noted that an energy surface (or any surface for that 
matter) can be described by sampling the value, slope and 
curvature (energy, first and second derivatives respectively) 
of points on it [309]. As pointed out by Lifson and Warshel 
[26] these are the first three terms in the Taylor expansion of 
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the energy and correspond to the system’s energy, structure 
and vibrational frequencies respectively. These quantities are 
readily available from QM and can provide orders of mag-
nitude more information, for the same computational cost, 
than, for example simply tracing out the adiabatic energy 
of rotation about a torsion as a function of torsion angle by 
single point calculations, or calculating dimer energies at 
different geometries.

As discussed above, Hagler et al. developed an algorithm 
to fit FF parameters to these quantities by least squares and 
showed that it was a powerful methodology, capable of rap-
idly assessing functional forms in terms of their ability to 
represent the physics of molecular energetics. In addition to 
deriving the corresponding potential parameters, a complete 
FF can be determined by fitting these quantities [309–311, 
313]. For example fitting of the Quantum energy surface 
revealed significant deficiencies in the representation of out-
of-plane distortions by the standard improper torsion angle 
which could be addressed simply by using either the distance 
of the apex atom above the plane of the three atoms it’s 
bonded to, or the Wilson definition [309]. They also dem-
onstrated the significance of cross terms in accounting for 
relative energies. Another attractive feature of this algorithm 
is it can be easily automated to return an entire QM FF. It 
was then shown how this rich source of information on the 
nature of the energy surface could be incorporated into Lif-
son’s methodology by simply scaling the quantum energy 
surface or FF by fitting a small number of scale factors to the 
available experimental data [321]. Unfortunately this scaling 
was not extended beyond the hydrocarbons.

13.8  Partitioning QM energy into atom–atom 
contributions

Dinur and Hagler went on to develop the concept of deriva-
tives noting that the second derivatives extracted specific 
atom–atom interactions from for example the mono-
mer–monomer interaction in dimers [96, 199, 339]. Similar 
reasoning showed that the intramolecular energy could be 
partitioned into individual bond, angle, and torsion strain 
by analogous 2nd derivatives of the quantum energy [312, 
360]. Derivatives also allowed for the derivation of natural 
charges, atomic multipoles, and charge flux, or the impor-
tant geometry dependence of charges [341, 361]. These are 
powerful tools for interrogating the Quantum energy surface 
and teasing out both the functional form of these interactions 
as well as their associated parameters. They also allow us to 
account for such physical phenomena such as charge flux, 
and anisotropy of nonbond interactions, to name two. These 
developments are discussed in more detail in the following 
paper [113]. Unfortunately, with only few exceptions, they 
have not been incorporated into ongoing FF research.

13.9  Combination rules: more important 
than they’ve been given credit for

As outlined, there has been a great deal of attention and 
discussion devoted to the derivation of nonbond parameters. 
However, this effort has focused almost exclusively on the 
like atom–atom interactions. The mixed interactions have 
simply been assumed to follow simple combining rules, such 
as a geometric mean rule for the well depth parameter, ε, of 
the nonbond potential; and a geometric or arithmetic mean 
rule for the well depth position, r*. Further examination 
revealed however, that these rules lead to large errors in the 
parameters for the mixed atom–atom pairs [27]. This was 
noticed and addressed by Halgren [316] and Waldman and 
Hagler [27]. The latter proposed simple combination rules 
based on graphical analysis, though it was shown that the 
rule for ε was a function of r*. These improved combining 
rules have been slow to be adopted in biomolecular simula-
tions, despite their profound effect on structure and energet-
ics [27, 317], though this may be changing.

13.10  In conclusion

The second half of the twentieth century saw the birth of the 
field of conformational analysis and computer simulations 
of organic and biomolecular systems. The early calculations 
of molecular properties by hand gave way in 1961 to Hen-
drickson’s first relative conformational energy calculations 
(of hydrocarbon rings) on recently introduced computers. 
This was followed by rapid adoption by early adopters in 
two schools, the molecular mechanics school who focused 
on structural and energetic properties of small organic com-
pounds, and the peptide conformation school, who applied 
FFs to study the conformational properties of dipeptides 
and peptide helices. The early MM pioneers included such 
names as, Lifson, Allinger, Bartell, while the conformational 
group included Scheraga, Liquori, Ramachandran, and Flory 
among other. The critical importance of the FFs underlying 
these calculations was immediately recognized by these pio-
neers, starting from the first paper by Hendrickson.

The next wave of development, occurring roughly in the 
1980s saw the application of these techniques to proteins 
and the development of the early protein FFs by labs includ-
ing Karplus, Kollman, Jorgensen, Van Gunsteren, Berend-
sen and Hagler among others, while Lifson, and Scheraga 
also continued to expand their efforts in this field. It also 
saw the introduction of software packages from these labs 
to carry out these simulations (CHARMm, AMBER, GRO-
MOS, CFF/Discover, ECEPP) The 1970s and 1980s also 
saw the incorporation of QM into FF derivations, with the 
most extensive application by Clementi, the introduction of 
rigorous methodologies to derive FFs from diverse proper-
ties of large numbers of small model compounds (e.g. Lifson 
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Table 17  Seminal developments in the development of FFs for organic and biomolecular systems

Year(s) Contribution/significance Citations

1930s First FFs described by spectroscopists to calculate vibrational spectra Urey and Bradley [15], Wilson [9]
1933 First water potential—employed off atom charges, realized atom-centered charges 

inadequate
Bernal and Fowler [8]

1946 Calculation of steric effects on reaction. Van der Waals interactions are calculated to 
account for steric effects in reactions. Anisotropy of the van der Waals interaction 
and the differences between intra and intermolecular vdW interactions accounted for, 
aspects still not included in biomolecular simulations

Dostrovsky et al. [30]

1951 Rowlinson water potential. Incorporated multipoles as well as polarizability, anticipating 
these contributions in biomolecular FFs by half a century

Rowlinson [201]

1961 First molecular mechanics calculation by computer Hendrickson [13]
1963 Derivation of transferable (spectroscopic) FF—demonstration of need for coupling 

terms and superiority of valence FF over Urey–Bradley (and diagonal) FFs
Snyder and Schachtschneider [19, 20]

1965 Introduction of Cartesian coordinates as a basis for calculations and use of minimization 
algorithm

Wiberg [33]

1965– Application of energy methods to peptides—first φ, ψ maps Liquori [38], Ramachandran [36], Flory 
[39], Scheraga [362]

1965– First exploitation of crystal structure and sublimation energies to derive intermolecular 
FFs

Kitaigorodskii and Mirskaya [82, 84], 
Williams [79], Scheraga [61]

1967 MM1 FF published. First in Allingers series of MM Allinger et al. [69]
1969 Introduction of Consistent FF paradigm. Objective optimization of parameters (LSQ) 

against numerous observables of different physical observables in different states
Lifson and Warshel [26, 54]

1973 Introduction of coupling terms (VFF) to molecular mechanics energy function—demon-
strating need for these terms and superiority of VFF to Urey–Bradley or diagonal FF

Ermer and Lifson [55]

1973 Clementi water potential derived exclusively from Hartree–Fock calculations of numer-
ous water dimer configurations. First potential derived from HF calculations

Popkie et al. [143]

1974 Hagler–Lifson H-bond. Derived the now commonly accepted H-bond form as a vdW-
coulomb representation with negligible donor radius, and showed it accounted for 
H-bonded systems as any explicit formulation to date (w/I the contest of a n-6-or 
exp-6-1 FF)

Hagler-Lifson et al. [85, 86]

1975 Development of the ECEPP rigid geometry FF for proteins Momany et al. [67]
1976 Intrinsic φ–ψ torsion barriers determined from first HF application to peptide conforma-

tion, along with X-ray structure determination and lattice energy calculations
Hagler et al. [171]

1977 MM2 published: Improves representation of physics to correct discrepancies uncovered 
by extensive application of MM1 by Allinger and others

Allinger et al. [72]

1977 First MD simulation of a protein (PTI, in vacuo, no hydrogens) Karplus et al. [211]
1981 AMBER FF and program published—simplified FF for proteins, no coupling terms, 

anharmonicity or hydrogens (united atom) and a 10–12 H-bond potential
Weiner et al. [210]

1981 TIP3 model for water derived Jorgensen [216]
1982 First simulation of a drug receptor complex and, the first all atom valence FF for pro-

teins developed (CVFF)
Dauber et al. [220, 221]

1983 CHARMM FF and Program published—simplified FF for proteins, no coupling terms, 
anharmonicity or hydrogens and a complex angle dependent H-bond potential

Brooks et al. [109]

1985 OPLS FF united atom FF derived from MC calculations of liquid amides published Jorgensen and Swenson [218]
1986 Restoration of nonpolar hydrogens to AMBER resulting in all-atom AMBER FF. 

Charges derived by fitting ESP, and explicit H-bond potential discarded in favor of 
Hagler–Lifson formulation. Coupling and anharmonicity not included (Diagonal 
quadratic form)

Weiner et al. [213]

1987 GROMOS FF and Program published—simplified FF for proteins, no coupling terms, 
anharmonicity or hydrogens, Hagler–Lifson H-bond

van Gunsteren and Berendsen [214]

1988 Quantum Derivative Fitting method for derivation of FF analytical form and parameters 
presented, comprised of fitting QM energies, Hessians, 1st and second derivatives and 
dipole moments of numerous distorted geometries of multiple diverse compounds in a 
family. Shown to be extremely efficient and easily incorporated into a workflow

Maple et al. [309]
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and Allinger), reformulation of the H-bond potential to the 
current simple vdW electrostatic model (Hagler–Lifson), 
and the introduction of the first simplified united atom FFs 
to allow for the calculation of protein (in vacuo). These 
decades also saw the adoption of molecular dynamics and 
Monte Carlo from the physics community, and the introduc-
tion of aqueous solvent into simulations of proteins (Hagler, 
Clementi). Research continuing into the 1990s saw the aban-
donment of the crude United atom potentials and a rigorous 
reparametrization of the CHARMm, AMBER and OPLS 
FFs, by the Karplus, Kollman and Jorgensen groups respec-
tively, the introduction of a new methodology to derive 
FFs from QM energy surfaces characterized by the (QM) 
energies, first and second derivatives sampled over the sur-
face, along with a complete protein valence FF, CFF, by the 
Hagler group, and more rigorous representations of out of 
plane functions and combination rules (Halgren, Hagler). 
It also saw the first applications of these techniques to drug 
discovery.

For convenience, a summary of the seminal developments 
are given in Table 17.

This was clearly an exciting period, which saw the field 
emerge and develop, side by side with parallel developments 
in hardware capabilities and X-ray crystallography, from 
calculations on small hydrocarbons to large biomolecular 
systems and applications to drug design. In the second half 
of this perspective we will review the continued evolution 
of the field in the twenty-first century.

Acknowledgements We would like to thank Dr. Mike Gilson, for 
reading parts of the manuscript and helpful discussions and Dr. Ruth 
Sharon for reading, discussing and valuable help with editing. We also 
thank Eitan Hagler for help with the figures. Special thanks to the 

editor, Dr. Terry Stouch for his invitation to write this perspective, 
encouragement, and endless patience.

Abbreviations
AG: Arithmetic–geometric; Ala: Alanine; 
AMBER: Assisted model building with energy refine-
ment; AMOEBA: Atomic multipole optimized energetics 
for biomolecular applications; BNS: Ben Naim–Stillinger; 
CFF: Consistent force field; CHARMM: Chemistry at 
HARvard Macromolecular Mechanics; CNDO: Complete 
neglect of differential overlap; COMPASS: Condensed-
phase optimized molecular potentials for atomistic 
simulation studies; CVFF: Consistent valence force field; 
DFT: Density functional theory; ECEPP: Empirical con-
formational energy program for peptides; EHT: Extended 
Huckel theory; FF: Force field; FQ: Fluctuating charges; 
Gly: Glycine; GROMOS: GROningen MOlecular Simu-
lation; Hyp: Hydroxyproline; LCAO: Linear combina-
tion of atomic orbitals; LJ: Lennard-Jones; LSQ: Least 
squares; MC: Monte Carlo; MCMS FF: Momany, Car-
ruthers, McGuire, and Scheraga Force Field; MCY: Mat-
suoka–Clementi–Yoshimine; MD: Molecular dynamics; 
MDDR: MDL drug data report; MDL: Molecular design 
limited; MM: Molecular mechanics; MMFF: Merck 
molecular force field; NMA: N-methylacetamide; 
OPLS: Optimized potential for liquid simulations; OPLS-
AA: OPLS-AA/L OPLS all atom FF (L for LMP2); 
PCILO: Perturbative configuration interaction using local-
ized orbitals; PDB: Protein data base; PEFC: Potential 
energy function consortium (Biosym); QCPE: Quantum 
chemistry program exchange; QDF: Quantum derivative 
fitting; QDP: Charge dependent polarizability; QM: Quan-
tum mechanics; RESP: Restrained electrostatic potential; 

Table 17  (continued)

Year(s) Contribution/significance Citations

1988 The errors introduced by fatally flawed improper torsion OOP representation were char-
acterized and replaced with forms invoking Wilson coordinate, or distance of central 
atom from plane

Maple et al. [309]

1989–1996 MM3-MM4 FFs derived. Improved representation of physics including terms to repre-
sent coupling and anharmonicity

Allinger et al. [111, 265]

1992–1993 Combination rules—large errors in common geometric–arithmetic van der Waals com-
bination rules documented and improved rules derived

Halgren [316], Waldman and Hagler [27]

1993 NCC-vib flexible and polarizable potential for water published. One of most rigorously 
derived and tested water potentials

Corongiu and Clementi [151]

1994–2001 CFF93, a fully coupled anharmonic FF for proteins, employing valid out of plane repre-
sentation and combination rules

Maple et al. [310], Ewig et al. [314]

1996 OPLS-AA all atom harmonic, diagonal OPLS FF published Jorgensen et al. [276]
1996 MMFF94 published. Diagonal anharmonic FF, with 14–7 nonbond, Wilson OOP, and 

Halgren combination rules. Employed PROBE to derive parameters from high level 
QM Hessians, first derivatives and energies

Halgren [281]

1998 All atom CHARMm FF published. Diagonal quadratic FF with Hagler–Lifson H-bond. 
Parametrized and tested against a large set of diverse properties including crystals

MacKerell et al. [271]
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RMS: Root mean square; RMSD: Root mean square 
deviation; SCF-LCAO-MO: Self-consistent field-linear 
combination of atomic-molecular orbital (wave func-
tion); SDFF: Spectroscopically determined force fields 
(for macromolecules); SPC: Simple point charge (water 
model); ST2: Four point water model replacing Ben-Naim 
Stillinger (BNS) model; STO: Slater-type atomic orbitals; 
TIP3P: Transferable intermolecular potential (functions for 
water, alcohols and ethers); TTBM: Tri-tert-butylmethane; 
UB: Urey–Bradley; VDW: van der Waals; VFF: Valence 
force field; WH: Waldman–Hagler
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