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Abstract 

 

This work describes the development of the polarizable force field for proteins based on 

classical mechanics, electronic structure theory and the combined quantum mechanical 

molecular mechanical method. In the first model, the classical force field is augmented 

with the explicit polarization energy term yielding a polarizable intermolecular potential 

function (PIPF). The polarizable atom sites in the system respond to the electric field by 

generating induced dipole moment at each site. The PIPF potential is optimized for 

amides and alkanes which are building blocks of proteins. The molecular dynamics 

simulations using the PIPF potential yield comparable or better energetics and geometries 

of the model compounds. In order to speed up the convergence of the induced dipole 

moments in the PIPF potential when all intramolecular interactions are included, we 

proposed a coupled polarization matrix inversion and iteration method (CPII). We were 

able to achieve convergence within 15 iterations for all the systems under consideration in 

which the iterative method shows divergence or oscillation. The second model, called the 

explicit polarization model (X-Pol), accounts for the polarization and charge transfer 

effects by treating all the fragments of the system using electronic structure theory. A 

variational version of the X-Pol potential is derived which facilitates the calculation of 

analytical gradient of energy needed for molecular dynamics simulations. Furthermore, 

the X-Pol potential is augmented with the buffer zone by calculating the two-electron 

Coulomb integrals between adjacent fragments in protein. The introduction of buffer zone 

in the X-Pol potential improves the convergence and the transferability of semiempirical 

parameters in the X-Pol potential. The molecular dynamics simulation of a solvated 
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bovine pancreatic trypsine inhibitor reveals significant polarization and charge transfer 

effects in the protein.  
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Chapter 1 

Introduction 

 

Computer simulation has become a powerful tool to study the structures and reactivities 

of biological molecules.
1,2

 Presumably, a variety of physical, chemical and biological 

phenomena can be adequately described by quantum mechanical models.  However, the 

application of quantum mechanical models to large molecular systems such as proteins 

has been prohibited by the intractable computational costs.
3-6

 On the other hand, classical 

force fields,
1,2,7-12

 which describe the interactions within molecular systems using simple 

potential functions, have been successfully applied to probing enzyme catalyzed chemical 

reaction mechanisms,
13-23

 protein structure predictions
24-27

 and protein-ligand binding.
28,29

 

In the last two decades, pairwise potential functions have been dominant in the 

construction of force fields due to their simplicity.
7-12

 Thus, many-body polarization and 

charge delocalization effects have been taken into account in an average way during the 

parameterization process of the force fields. However, in highly inhomogeneous chemical 

environment such as ion-water interface, accurate description of interactions requires 

explicit treatment of polarization effects.
 30,31

  

Taking the accuracy of quantum mechanical methods and the computational 

efficiency of the molecular mechanical force fields, the combined quantum mechanical 

molecular mechanical (QM/MM) potential
32-35 

emerged as a powerful tool to study 

chemical and biological phenomena in large systems. In this method, the subsystem of 

interest is described by quantum mechanical models which take into account the many-

body polarization and charge delocalization effects in a natural way; while the 

environment such as solvents and the most part of the protein is described by effective 
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potential using classical force fields.
13-23

 The QM/MM potentials are most efficient when 

the charge delocalization effects for only a small part of the system needs explicit 

consideration, i.e., it does not provide a full description of polarization effects for the 

entire protein.  

Until recently, numerous efforts have been devoted to the development of explicit 

polarizable force fields and encouraging results have been observed from the simulations 

using the polarizable force fields.
36-59

 Among which the most common polarizable force 

fields employ the following methods: point dipole model,
60,61

 fluctuating charge 

model
62,63 

and Drude oscillator model
64

 within molecular mechanics framework. Our goal 

is to assembly an explicit polarizable force field for proteins. The following six chapters 

in this thesis provide descriptions of the contributions I have made toward this end. 

Chapter 2 presents a polarizable intermolecular potential function (PIPF) for amides 

and alkanes. Amides are common organic solvents and the functional groups represent the 

protein backbone. N-methylacetamide has been widely used in the development of protein 

force fields such as CHARMM protein force field.
8
 Alkanes, on the other hand, contain 

the functional groups of protein side chains. PIPF is based on the point dipole model
60,61

 

where each atomic site is assigned an isotropic atomic polarizability tensor which 

interacts with each other. Thole’s damping scheme
61

 is used to smear out the short-range 

polarization effects and to avoid the so called “polarization catastrophe” observed in 

dipole interaction models when two polarizable sites approach a certain distance. The 

potential energy functional form for PIPF is that of CHARMM force field with the 

addition of polarization term. The element specific atomic polarizabilities are directly 

transferred from Thole’s damping model which yields excellent anisotropic molecular 

polarizabilities although only isotropic atomic polarizabilities are used.
 61

 The 
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anisotropicity of the molecular polarizability comes from the geometry of the molecule by 

introducing the interactions between atomic polarizabilites. In the PIPF potential, the 

nonbonded terms such as Coulomb electrostatic interactions between point charges and 

van der Waals energy described by Lennard-Jones potential have been optimized to 

obtain thermodynamic properties of neat liquids.
7
 The valence terms from CHARMM22 

force field are used as initial guess and readjusted to reproduce energetics and vibrational 

frequencies of model compounds.  

Chapter 3 introduces a coupled polarization matrix inversion and iteration (CPII) 

method to prevent the divergence of the induced dipole moments and to speed up the 

convergence. The major merit of Thole’s interacting dipole model
61

 is that the 

anisotropicity of the molecular polarizability can be obtained by the interaction of the 

isotropic atomic polarizabilities. This is especially remarkable for the force field 

development because the number of parameters is significantly reduced since only a 

unique polarizability is assigned to each chemical element. Obviously, all the interactions 

in the molecule should be included to yield the correct anisotropic molecular 

polarizabilites. For example, the interacting dipole model will reduce to an additive 

model, which gives isotropic molecular polarizability if atomic polarizabilities are 

isotropic, if the interaction between atoms separated by one bond is excluded for diatomic 

molecules. The molecular polarizability will be significantly overestimated if some 

intramolecular interactions are excluded which leads to the over polarization in the force 

field. The converged induced dipole moments for a certain configuration of the molecular 

system can be obtained through matrix inversion or an iterative process. The matrix 

inversion is limited to small molecules due to its intractable computational cost. 

Consequently, the iterative process is employed in almost all point dipole polarizable 
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force field implementation to achieve the convergence of the induced dipoles for large 

molecular systems. However, we observed divergence or oscillation of induced dipoles 

when all intramolecular interactions are included. This chapter provides a solution to this 

problem by calculating the intramolecular polarization through matrix inversion (small 

matrices for isolated molecules) and intermolecular polarization by iterations. The CPII 

method is able to converge the induced dipole moments for all tested systems within 15 

iterations when all intramolecular polarization is included. 

In chapter 4, an explicit polarization force field (X-Pol) based on electronic structure 

theory is proposed to treat proteins. In the X-Pol potential, the protein is divided into 

fragments at Cα carbon atoms. The partition of the protein gives rise to two boundary 

atoms for each fragment except N- and C-termini which only have one boundary atom. 

Within each fragment, the interactions are treated using the electronic structure theory; 

while the interactions between fragments are described by QM/MM method with MM 

potential approximated by Mulliken charge analysis
65

 of the wave function of MM 

fragment. In the X-Pol potential, the boundary atoms are treated using a method similar to 

generalized hybrid orbital (GHO)
66

 approach except that there are two active and two 

auxiliary hybrid orbitals for each boundary atom. The electron density of the auxiliary 

orbitals is obtained from the wave function of the fragment where they are active. All the 

hybrid orbitals are optimized when they become active orbitals in the fragment they are 

partitioned to. Note that the Mulliken charges are obtained from the wave functions of 

other fragments so that the wave function of the system needs to be optimized self-

consistently. Consequently, the QM center in the X-Pol potential is rotated over the entire 

protein and QM/MM calculations are performed until the self-consistency is achieved for 

the entire system. 
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Chapter 5 derives a set of self-consistent field (SCF) equations to solve the system 

wave function using variational principle yielding a variational X-Pol potential. The X-

Pol potential introduced in chapter 4 is self-consistent but not variational which gives rise 

to the difficulties involved in the force evaluations needed for molecular dynamics 

simulations. Of course, the calculation of derivatives of the total electronic energy does 

not require the wave function be variational, i.e., forces can be calculated by coupled-

perturbed Hartree-Fock method for nonvariational wave functions; however, this will add 

significant computational cost to the X-Pol potential considering that force evaluation is 

needed at each step of molecular dynamics. To propose an efficient way to calculate the 

analytical forces, we derived a set of equations to optimize the wave function 

variationally. Compared to the previous version of the X-Pol potential, the Fock matrix in 

the variational X-Pol potential has two additional terms due to the variation of Mulliken 

charges and electron density of boundary atoms. Both versions of the X-Pol potential 

gives very similar energetics and structures of the model compounds, however, the 

analytical forces can be calculated efficiently in a standard fashion for the variational X-

Pol potential. 

Chapter 6 provides a smooth transition from the QM region to the MM region in the 

X-Pol potential by introducing a buffer zone where two-electron Coulomb integrals are 

evaluated explicitly. The GHO-like treatment of boundary atoms in the X-Pol potential 

serves as a transition from the QM region to its neighboring MM region. However, close 

interactions between Mulliken charges and the electrons on the boundary atoms are still 

present. Accurate representation of effective potential from the neighboring MM 

fragments requires the explicit treatment of electrons in the neighboring MM fragments. 

In this chapter, we present a method to treat the neighboring MM fragments as buffer 
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zones where the two electron integrals are evaluated. In this buffered X-Pol potential, the 

boundary atoms are treated as two pseudo-atoms each of which has two hybrid orbitals 

and half of the nuclear charge. The X-Pol potential with the buffer zone shows significant 

improvement on the transferability of the semiempirical parameters for boundary atoms 

and gives excellent agreement of predicted geometry of model compounds with 

experiments. Although additional two electron integrals need to be calculated, the X-Pol 

potential with the buffer fragments actually improves the speed of the calculations by 

decreasing the number of steps to achieve the convergence of the wave function.  

In chapter 7, we apply the X-Pol potential with the buffer zone to the molecular 

dynamics simulation of bovine pancreatic trypsine inhibitor (BPTI) solvated in 4461 

water molecules amounting to 14681 atoms. Amino acid residues resulting from the 

partition of BPTI at Cα carbon and each water molecule are treated as QM fragments. The 

electronic structure theory used in this application is the Austin Model 1
67

 although X-Pol 

is not limited to the semiempirical methods. On a single 1.5-GHz IBM Power4 processor, 

we were able to obtain 5 ps of molecular dynamics simulation of the system within 62.6 

hours. Since X-Pol potential describes each fragment in the system using electronic 

structure theory, we were able to analyze the charges and the polarization effects of the 

protein. The X-Pol potential allows charge transfer through the boundary atom. Compared 

to most of classical force field with fixed charges, we observed significant charge 

delocalization and fluctuation in BPTI. For example, the average net charges on the 

carbonyl groups range from −0.04 to −0.15 au. Furthermore, the charge transfer between 

amino acid residues ranges from −0.08 to + 0.10 au. 
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Chapter 2  

Development of a Polarizable Intermolecular Potential Function (PIPF) 

for Liquid Amides and Alkanes 

 

2.1 Introduction  

Molecular mechanical force fields employing effective pairwise potential functions for 

electrostatic interactions are widely used and have been extremely successful in dynamics 

simulations of condensed-phase systems and biopolymers.
1,2

 Undoubtedly, the most 

critical factor that determines the reliability of computational results is the accuracy of the 

potential energy functions. Consequently, there have been continuing efforts devoted to 

explicitly incorporate many-body polarization effects to further improve the accuracy of 

these force fields.
3-24

 A straightforward approach for treating polarization effects in the 

current force fields is to include an induction term that depends on the instantaneous 

positions of the permanent charges and induction polarizations of the rest of the 

system.
25,26

 Our goal is to incorporate explicit polarization terms into the CHARMM22 

force field
27

 by making adjustments to the nonbonded interaction terms and, at the same 

time, by minimizing the need for reparametrization of the internal bonding terms. We 

employ the same approach in the development of these force fields by first studying liquid 

properties of organic compounds representing different functional groups in proteins.
28

 In 

this paper, we describe a polarizable intermolecular potential function (PIPF) for alkanes 

and amides.  

One practical issue in developing a polarizable force field is that polarization effects 

are not uniquely described within the framework of classical force fields.
25,26

 Thus, it is 

essential to first decide the functional form and the associated parameters to evaluate the 
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polarization energy. Of course, molecular polarization is well-defined and can be properly 

treated by quantum mechanics (QM),
29,30

 but its computational costs prevent it from 

applications to large molecular systems such as proteins and nucleic acids in aqueous 

solution.
31,32

 Perhaps, the most widely used approach in molecular mechanics is based on 

the expression
25,26

  

                ∑
=

⋅−=
N

i

o
iipolU

1
2

1
Eµ                                    (2.1) 

where N is the number of interaction sites, o
iE  is the electric field at the ith atomic site 

due to the permanent charges of the system, and iµ  is the induced dipole moment on the 

ith site. The associated parameters are the atomic polarizabilities which are given as a 

tensor. There is no rigorous way of defining these atomic polarizability tensors, and 

contributions due to higher order multipole moments are ignored or implicitly included by 

parametrization of eq 2.1. Despite these shortcomings, eq 2.1 provides a convenient 

approach to treat inductive polarization effectively as demonstrated by numerous studies 

in the past.
3-5,9-14,17,18,25,26,33-36

 The present PIPF potential has been developed based on eq 

2.1. In other studies, multipole moments have also been included in force field 

development.
18,19

  

   A closely related implementation is the Drude oscillator model (also called shell 

model),
20,37

 which was originally introduced to treat dispersive interactions. In this 

approach, the partial charge on a polarizable site is redistributed among a set of off-center 

particles connected harmonically to the atomic site. The positions of these charge particles 

are determined self-consistently in response to the external field, and the charges and 

force constants are related to the atomic polarizability. Thus, the Drude oscillator model 
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can be designed to yield the same results as the induced point dipole model.
20,37

 

Nevertheless, an additional choice must be made with respect to the number and 

distribution of these fictitious particles. The Drude model has been implemented into 

CHARMM, and efforts are being made to construct a complete force field for 

biopolymers.
20,21

  

    Both methods described above do not treat the charge transfer effect, which has been 

suggested to be important for modeling proteins in aqueous solution.
38

 In recent years, the 

fluctuating charge model, which was derived on the basis of the principle of 

electronegativity equalization,
39-43

 has been used by a number of groups to represent 

molecular polarization.
6,8,15,16,22-24,44

 In this model, the values of the atomic charges are 

treated as dynamic variables, which can fluctuate subjected to the overall charge 

constraint and are dependent on the environmental electric field. In principle, the 

fluctuating charge model allows for charge transfer, although charge transfer between 

molecules in this model is often unphysical, and it is typically restricted within the same 

molecule to model charge polarization.
8,15,16,22

 Kaminski et al. experimented with the 

combination of both fluctuating charges and point dipole induction.
15,16,44

 It was 

concluded that the fluctuating charge model alone is inadequate in describing 

intermolecular interactions in a number of cases. The fluctuating charge model has also 

been implemented into CHARMM.
22-24

  

A reasonable question that is often asked and was raised by an anonymous referee is 

whether or not there is a need for developing polarizable force field to study properties of 

systems that require a polarizable model. Indeed, most obvious thermodynamic quantities 

of simple liquids and solutions as well as biopolymers can be adequately described by 

effective potentials;
27,28

 a convincing testimony is the widespread application and success 
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of empirical force fields in biomolecular simulations. On one hand, it was thought that the 

seemingly anomalous behavior of alkylamine solvation was attributed to polarization 

effects,
33

 but it was later shown that a reparametrization of the effective pairwise potential 

can indeed reproduce experimental results.
33e

 On the other hand, the solvation of a 

chloride ion by a water sphere is dependent on the use of a pairwise potential or a 

polarizable model, and only the latter can produce results consistent with expectation.
34

 

Although little experimental information is available, undoubtedly, the simulation of 

protein folding will benefit from the use of a polarizable force field, because the charge 

distribution due to polarization for a fully solvent exposed peptide will be different than 

that when it is folded in the interior of the protein. Pairwise, effective potentials cannot 

capture these internal charge polarizations, whereas a carefully developed polarizable 

force field is more likely to be successful. The answers to these questions will continue to 

emerge as more tests and simulations are carried out using polarizable force fields.  

In the following, we describe the results from molecular dynamics simulations of 

liquid alkanes and amides, making use of the PIPF potential for nonbonded interactions 

and the CHARMM22 force field for the remainder of the energy terms. We designate this 

combined force field as PIPF-CHARMM. Amides represent an important class of organic 

compounds as model systems for peptides, and it is essential to reproduce structural and 

energetic properties of these liquids in order to construct a force field for polypeptides. 

This is reflected in the development of a number of force fields, including the effective 

CHARMM
27

 and OPLS force fields,
28,45

 and the fluctuating charge model within 

CHARMM.
22

 Although both alkanes and amides potentials have been developed, we 

focus our discussion on liquid amides, including formamide (primary amide), N-

methylacetamide (NMA), and N-methylformamide (NMF, secondary amides), and N,N-
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dimethylformamide (DMF, tertiary amide). We first describe the polarization model that 

we use, followed by parametrization and computational details. In section 2.4, we present 

Results and Discussion. In section 2.5, we summarize the major findings of this work.  

 

2.2 Theoretical Model  

We employ the “standard” CHARMM force field plus a polarization term as follows
1,27
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where the potential energy, ( )U R , is a sum over the internal and nonbonded terms as a 

function of the atomic coordinates R. Internal terms include bond ( b), valence angle (θ ), 

Urey-Bradley (UB, S), dihedral angle (ϕ ), and improper angle (ω ) contributions, as 

shown in eq 2.2.  The parameters bK , ϕK , UBK , θK  and ωK  are the respective force 

constants and the variables with the subscript “0” are the respective equilibrium values. 

The nonbonded terms include Coulomb, induction (eq 2.1), and van der Waals 

interactions in the form of the Lennard-Jones potential. The variables in eq 2.2 have 

standard meanings,
1,27

 and they are not explicitly described here in view of brevity.  

We adopt the Thole interaction dipole (TID) model
46

 in the present PIPF potential, 

which yields excellent results in the predicted molecular polarizabilities with a set of 

purely atomic isotropic polarizability parameters. Furthermore, it has been shown that 

these parameters are remarkably transferable and can provide a reasonable estimate of the 
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anisotropy in molecular polarizability even though atomic isotropic parameters are 

used.
46,47

 In the TID model, the induced dipole at the i th interaction site due to the 

homogeneous external electric field o
iE  is given by 

∑
≠

⋅−=
N

ij

jij
o
iii )( µTEµ α                        (2.3)  

where N is the number of polarizable sites, iα  is the atomic polarizability tensor, and ijT  

is the dipole field tensor defined by  
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where I  is the identity matrix, and x , y , and z  are the Cartesian components along the 

vector between atoms i and j at a distance ijr . In principle, all atomic interactions can be 

included within the same molecule, although short-range interactions (1-2, 1-3 and 1-4 

terms) are excluded in the present study.  

To avoid infinite polarization at a distance shorter than 6/1)(4 jiαα  between two 

interacting induced dipoles, a phenomenon called the “polarization catastrophe”, Thole
46

 

introduced a damping scheme in which the dipole field tensors can be derived from the 

first-order elements 

 
3

)(
)1()(

3

ij

pijauD
pij

r
e

r
T −−−=                        (2.5) 

where the subscript p  is a Cartesian component of the vector ijr , and the superscript D  

denotes a damped interaction tensor. The damping scheme is equivalent to considering a 
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smeared charge distribution between two interacting sites whose charge distribution is 

given as follows
46,47

  

 
3

4
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)( ijau

ij e
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=
π

ρ                        (2.6) 

where 6/1)/( jiijij ru αα=  is the effective distance between sites i  and j . The factor a  is 

a dimensionless width parameter of the smeared charge distribution and controls the 

strength of damping. The damping factor used in the PIPF is a= 0.572.  

The modified higher-order T matrix elements can be obtained successively by taking 

the derivative of the preceding lower rank elements: 

3355

)()(3
)()(

ij

pq

ij

qijpijD
qijp

D
pqij

rr

δ
λλ −=∇=

rr
TT          (2.7) 

55

77

])()()[(3
                

)()()(15
)()(

ij

pqrijprqijqrpij

ij

rijqijpijD
qrijp

D
pqrij

r

r

δδδ
λ

λ

rrr

rrr
TT

++
+

+−=∇=

        (2.8) 

where the parameters iλ  are given as follows 

3

3 1 exp( )auλ = − −              (2.9) 

3 3

5 1 (1 )exp( )au auλ = − + −           (2.10) 

3 2 6 3

7

3
1 (1 )exp( )

5
au a u auλ = − + + −                        (2.11) 

 As in the procedure used by Ren and Ponder
17,18

 interactions are damped only 

between interacting induced dipoles, while the electric field due to the permanent charges 

is not affected.  
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Equation 2.3 shows that each induced dipole depends on the polarization of all other 

dipoles. Thus, it must be solved self-consistently. A standard iterative procedure is often 

used such that an initial guess of the induced dipoles (or simply set to 0) is first made to 

estimate a set of induced dipoles, which are inserted into eq 2.3 to yield a newer set of 

induced dipoles. These induced dipoles are then used in the next iteration, and the process 

continues until a predefined convergence criterion is satisfied.
10-14

 Typically, a few 

iteration steps are sufficient to achieve the required accuracy to ensure energy 

conservation, and the iterative procedure provides the most practical, converged results in 

molecular dynamics simulations.
10-14

 Alternatively, eq 2.3 can be rearranged such that the 

induced dipole moments are determined exactly by inverting the dipole interaction 

matrix
10

 

 oEAµ
1−=             (2.12) 

where µ  is the column induced dipole vector, o
E  is the electric field matrix due to 

atomic partial charges, and the interaction matrix A  is defined as 
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 Although eq 2.12 yields the exact results, which is useful for validating the results from 

the iterative procedure, the shortcoming is the unbearable computation costs for large 

systems, which scales as 327 N× to invert the A  matrix ( NN 33 × -dimension).
9
  

If one treats the induced dipoles as independent dynamic variables, the nuclear 

dynamics and molecular polarization can be propagated simultaneously. Sprik and 

Klein,
37

 among others, have used this approach to perform molecular dynamics 
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simulations with an induced polarizable dipole force field. In this case, the Lagrangian of 

the system is extended with a fictitious kinetic term associated with these extra variables, 

and the dynamics of the induced dipole moment is governed by the following equation of 

motion (in matrix form)
48

  

α
µ

µ
Eµm −=��             (2.14) 

where µm  is an “inertial factor” associated with the extra dynamical variables whose 

dimensions are those of mass×charge
-2

, E  is the total electric field, and µ��  is the second 

time derivative of the induced dipole. In comparison with solving the self-consistent 

equations, this approach is a very efficient way of computing induced dipoles with an 

increase in computer time by a factor of about 2.
48

 As pointed out by Van Belle et al.,
48

 

the induced dipoles will fluctuate about its average orientation during the dynamics 

simulations, although the converged induced dipoles are always oriented along the 

direction of the local electric field.  

All three methods have been implemented into the program CHARMM (c33a1) for 

the TID model, and a critical evaluation of their performance and convergence in 

computed thermodynamic and structural properties has been carried out (to be published).  

 

2.3 Computational Details  

2.3.1 Parametrization 

The parametrization of the PIPF-CHARMM force field follows the procedure employed 

previously in the development of the original CHARMM22 force field.
27

 For convenience, 

the internal terms and nonbonded terms are optimized iteratively. Experimental structural 

data and bulk liquid properties for different organic functionalities are used as the primary 



 21 

targets of parameter optimization. Potential energy surfaces, relative energies of different 

conformations, and vibrational spectra calculated from high level QM methods are used as 

Supporting Information where experimental results are not available.  

2.3.1.1 Nonbonded Terms 

Nonbonded terms include van der Waals interactions, which are modeled by the Lennard-

Jones form in CHARMM, Coulomb interactions among fixed (permanent) atomic partial 

charges, and polarization interactions, which include both charge-induced dipole and 

induced dipole-induced dipole contributions. We used the Lennard-Jones parameters from 

the CHARMM22 force field as an initial input for the same types of interaction site,
27

 

whereas the partial atomic charges are scaled to yield the correct dipole moments in the 

gas phase, using the TID model, for the model compounds selected in the present study. 

The original set of isotropic atomic polarizabilities was fitted for H, C, N, and O to a set of 

16 molecular polarizabilities,
46

 and later, van Duijnen and Swart extended the 

optimization set to 52 molecules with halogen and sulfur atoms.
47

 Although different 

optimization schemes were used, they found that the original set was very similar to those 

from the new optimization.
47

 We have also tried to reoptimize these atomic polarizabilities 

and reached the same conclusion. Thus, we decided to directly use the atomic 

polarizabilities from Thole’s work.
46

  

   Then, condensed-phase simulations were carried out by slightly readjusting the 

Lennard-Jones parameters and partial charges to reproduce the experimental heats of 

vaporization and liquid densities. Consequently, the final set of charges and atomic 

polarizabilities do not yield the exact, although very close, gas-phase dipole moments for 

these amides. The optimized parameters are given in Table S2.1, Supporting Information.  
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2.3.1.2 Internal Terms 

Having optimized an initial set of the nonbonded parameters for alkanes and amides, we 

further examined the internal energy terms, including bond stretching, angle bending, out-

of-plane bending, and torsion of dihedral angles, using the original values in the 

CHARMM22 force field.
27

 We focused on the torsional potential energy surface and 

vibrational frequencies of NMA and the conformational energies and the Ramachandran 

map of alanine dipeptide obtained from QM calculations at the LMP2/cc-pVQZ(-

g)//MP2/6-31G(d) level of theory.
49

 Then, we returned to liquid simulations to further 

optimize the nonbonded energy terms until both liquid-phase results and internal energy 

terms are satisfactory. Finally, to match the ab initio Ramachandran map, an energy 

correction map (CMAP)
49

 is also made to the φ, ψ dihedrals using the PIPF-CHARMM 

force field. For additional details of the CMAP procedure, readers are directed to the 

original paper.
49

 The final force field is given as Supporting Information, which can be 

download as the parameter file for CHARMM.  

 

2.3.2 Simulation Details  

Nonbonded parameters were optimized through liquid simulations of four alkanes and six 

amides. In each case, molecular dynamics were executed with the CHARMM program 

using the isothermal-isobaric (NPT) ensemble at 1 atm and a temperature indicated below. 

The temperature is maintained by the Nose-Hoover thermostat,
50

 while the pressure is 

controlled via the Langevin piston method.
51

 The velocity Verlet algorithm was used to 

integrate the equations of motion with a time step of 1 fs.
52

 In the present PIPF potential 

employing the TID model for molecular polarizations, intramolecular interactions 

between atom pairs that form a covalent bond (1-2), a bond angle (1-3), and a dihehdral 
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angle (1-4) are excluded from the dipole interaction tensor. We have also examined the 

possibility to include 1-4 interactions in molecular polarization, but we found that the best 

results are obtained without these short-range terms. We employed the iterative procedure 

to converge the induced dipoles with a criterion of less than 0.0001 Debye per atom. In all 

simulations, a spherical cutoff was used to generate a nonbonded list for all pairs within 

12.5 Å, and the interaction forces are smoothed to 0 by a switching function between 11.0 

and 12.0 Å for Coulomb interactons and a shifted potential for Lennard-Jones 

interactions.
53c

 Although the use of a spherical cutoff for nonbonded interactions may 

introduce some errors in the computed thermodynamic properties, the development of the 

OPLS and the CHARMM22 force fields as well as the SPC, the TIP3P, and the TIP4P 

models utilized even shorter truncation distances at that time. Yet, numerous applications 

suggest that these force fields still perform exceptionally well when long-range 

electrostatics is explicitly included. Certainly, models that are specially derived for Ewald 

calculations have shown improved properties, especially in computed dielectric 

constants.
53

 We are currently implementing the PME-based method for the present model 

to further validate the present parameters. Spherical truncation was made at 12.5 Å for 

interactions involving induced dipoles. All the bonds connecting to a hydrogen atom are 

fixed by the SHAKE algorithm.
54

  

In each case, a cubic box was used, consisting of 256 molecules with periodic 

boundary conditions. The box size varied from about 26×26×26 Å
3
 for formamide to as 

large as 35×35×35 Å
3
 for isobutane. The simulations were run for ethane, propane, and 

butane at their boiling points, which are 184, 231, and 273 K, respectively; for isobutane, 

formamide (FORM), and N-methylformamide (NMF) at 298 K; for acetamide (ACEM) at 

373 K and its boiling point (494 K); for N-methylacetamide (NMA) and N,N-
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dimethylacetamide (DMA) at 373 K; and for N,N-dimethylformamide (DMF) at 298 and 

373 K. Each system was first equilibrated by at least 1 ns, followed by another 1 ns for 

 

Table 2.1 Optimized Parameters for Alkanes and Amides in the Non-bonded Energy 

Terms of the Present PIPF Potential Along with the Original Values in the CHARMM 

Force Field (CFF). 

 

 Rmin/2 (Å) ε (kcal/mol) q (e) α (Å
 3
) 

Atom type  CFF PIPF CFF PIPF CFF PIPF PIPF 

C(R-CH3)  2.040 2.020 -0.078 -0.080 -0.27 -0.09 1.334 

C(R2-CH2)  2.175 2.120 -0.055 -0.060 -0.18 -0.06 1.334 

C(R3-CH)  2.275 2.200 -0.027 -0.035 -0.09 -0.03 1.334 

C(O=C-CH3)  2.060 2.020 -0.080 -0.080 -0.27 -0.09 1.334 

C(N2
○
-CH3)  2.060 2.020 -0.080 -0.080 -0.11 0.02 1.334 

C(N3
○
-CH3)  2.060 2.020 -0.080 -0.080 - 0.05 1.334 

C(O=C)  2.000 1.960 -0.110 -0.110  0.51 0.45 1.334 

O(C=O)  1.700 1.730 -0.120 -0.120 -0.51 -0.45 0.837 

N(N1
○
)  1.850 1.850 -0.200 -0.200 -0.64 -0.68 1.073 

N(N2
○
)  1.850 1.850 -0.200 -0.200 -0.47 -0.49 1.073 

N(N3
○
)  1.850 1.850 -0.200 -0.200 - -0.46 1.073 

H(N1
○
)  0.2245 0.7577 -0.046 -0.015  0.32 0.34 0.496 

H(N2
○
)  0.2245 0.7577 -0.046 -0.015  0.31 0.29 0.496 

H(C=O)  1.320 1.340 -0.022 -0.025  0.08 0.00 0.496 

H(R-CH3)  1.320 1.340 -0.022 -0.025  0.09 0.03 0.496 

H(N-CH3)  1.320 1.340 -0.022 -0.025  0.09 0.06 0.496 

H(O=CCH3)  1.320 1.340 -0.022 -0.025  0.09 0.03 0.496 

 

averaging. Tests suggest that the computed results are sufficiently converged and show 
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little variations at much longer simulation time for these simple liquid systems. Statistical 

uncertainties ((1σ) for the computed properties reported here are determined through 

averages of batches of 50 ps simulations.  

The average energy of the gas-phase molecule was calculated by Monte Carlo (MC) 

simulations of a single molecule at the same temperature as in the corresponding MD 

simulations. Standard Metropolis sampling
2
 was used that included Cartesian moves for 

all atoms. Each Monte Carlo simulation consisted of at least 1×10
6
 configurations of 

equilibration followed by 5×10
6
 configurations of averaging. The energy convergence for 

a single molecule in the gas phase is much better achieved employing Monte Carlo 

simulations than using molecular dynamics where large fluctuations in temperature 

complicate potential energy convergence.  

 

2.4 Results and Discussion  

2.4.1 Polarization 

Optimized nonbonded parameters are listed in Table 2.1. In general, partial charges are 

smaller than those in the CHARMM22 force field. This is expected since the fixed charge 

force field mimics many-body polarization effects in an average way such that the 

molecular dipoles are greater than those in the gas phase. Except for the hydrogen atom on 

nitrogen, the Lennard-Jones parameters in the present PIPF potential are very similar to 

the original values in CHARMM.
27

 The “polar” hydrogen radius was increased from 

0.2245 to 0.7577 Å (for type H only in the CHARMM force field definition in the present 

set of compounds). Atomic polarizabilities for each element are directly taken from the 

TID model,
46

 which were fitted to experimental anisotropic molecular polarizabilities for 

a small set of molecules in the gas phase,
47

 but they require no further modification in 
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liquid simulations. Importantly, only a single parameter (isotropic atomic polarizability) is 

needed for each element for all interaction types. The remarkable transferability of the 

TID model has been thoroughly examined by van Duijnen and Swart.
47

 The transferability 

is a major advantage of the TID model, for which few other polarizable models exhibit 

such a good behavior.  

 

Table 2.2 Dipole Moment and Molecular Polarizability of Amides
a
 

gµ  (gas) totµ  (liquid) indµ  (liquid) α (Å
3
)  

exp
b
 PIPF PIPF QM/MM

d
 PIPF QM/MM

d
 exp

b
 PIPF 

FORM  3.73 3.70 5.3 4.9 1.6 1.2 4.08 4.08 

ACEM  3.68 3.59 5.4, 5.1
c
  1.8, 1.5  5.67 5.91 

NMA 3.72 3.31 5.0 4.7 1.7 0.9 7.82 7.97 

NMF 3.83 3.35 4.9 4.4 1.5 1.2 5.91 5.91 

DMA  3.70 3.31 4.4  1.1  9.63 9.24 

DMF 3.82 3.48 4.4, 4.3
 c
 4.6 0.9, 0.8 0.5 7.81 7.81 

 
a
Dipole moment in Debye, polarizability in Å

3
.
  b

Experimental data are from ref. 42. 

c
Corresponding to simulations at the second (higher) temperature (see text). 

d
Computed 

using the AM1 model for each amide in its liquid treated by the polarizable model in ref 

14. 

 

Table 2.2 depicts the computed molecular dipole moments in the gas phase and in the 

liquid phase along with the average molecular polarizabilities for amides, for which all 

intramolecular interactions are included in the calculation. The computed molecular 

polarizabilities are in excellent agreement with experimental results. Gas-phase dipole 

moments are generally underestimated in the present TID model, with a mean unsigned 
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error of less than 8% in comparison with the experimental data.
55-57

 This is in contrast to 

the effective pairwise potentials, in which the molecular dipoles are typically 

overestimated by 10-20% to account for polarization effects.
1,27,28

 In the present study, we 

decided not to strictly enforce the requirement that gas  phase dipole moments exactly 

reproduce the corresponding experimental data. Our experience from early studies
13,14

 

shows that the increased flexibility allows for condensed phase properties to be better 

described, and similar observations have been made in recent applications.
22

 Clearly, the 

dipole moments are greatly enhanced in going into the liquid phase, although the 

quantitative accuracy of the average dipole moments in the fluid phase is difficult to 

assess because there are no experimental data for comparison. As expected, the 

enhancement in dipole moment for the primary and secondary amides is more significant 

than that for the tertiary amides due to hydrogen bonding interactions in the former, which 

are absent in the latter systems. Previously, a similar trend was observed from Monte 

Carlo simulations of formamide, acetamide, N-methylformamide, and N-methylacetamide 

using a polarizable intermolecular potential function (PIPF-A)
14

 with a set of atomic 

polarizabilities similar to the Applequist
58

 values without considering intramolecular 

polarization interactions. However, the present TID model (Table 2.2) yields induced 

dipoles twice as large as the previous PIPF-A potential.
14

 The present results are in better 

agreement with combined QM/MM simulations in which one solute is represented by the 

semiempirical AM1 method embedded in a solution of the same amide.
14

 For the primary 

and secondary amides the computed induced dipoles are 0.9-1.2 D from the QM/MM 

simulations.
14
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Table 2.3 Computed Energetic Results (kcal/mol) for Alkanes and Amides at Specified 

temperatures.
a
 

species iE∆  elecE∆

 

polE∆

 

intraE∆

 

totE∆

 

(exp)vH∆ b
 )calc(vH∆  

Ethane (184) 3.12 0.00 0.01 -0.03 3.10 3.52 3.46±0.02 

Propane (231) 4.03 -0.01 0.01 -0.04 3.99 4.49 4.45±0.04 

Butane (273) 4.90 0.02 0.01 -0.05 4.85 5.35 5.39±0.05 

Isobutane (298) 4.09 0.01 0.01 -0.02 4.06 4.57 4.66±0.06 

FORM (298)  14.41 7.84 3.51 -0.01 14.40 14.7 14.99±0.03 

ACEM (373)  14.35 6.58 3.41 0.06 14.41  15.16±0.04 

ACEM (494)  12.10 5.38 2.84 0.12 12.22 13.4 13.20±0.05 

NMA (373)  12.83 4.46 2.11 -0.09 12.73 13.3
c
 13.48±0.05 

NMF (298)  12.93 5.21 2.37 0.00 12.93 13.52 13.55±0.04 

DMA (298)  12.24 2.73 0.77 0.21 12.46 12.7 13.05±0.03 

DMF (298)  10.95 2.89 0.65 0.10 11.05 12.00 11.79±0.03 

DMF (373)  9.72 2.54 0.61 -0.04 9.68 10.4 10.42±0.04 

 

a
Temperatues are indicated in parentheses in Kelvin. 

b
Experimental data are from ref. 42 

and 49. See text for discussion. 
c
Reference 62. Experimental heat of vaporization for N-

methylacetamide has been reported 14.2 kcal/mol (ref 57). 

 

 

2.4.2 Liquid Properties 

The computed energetic results are summarized in Table 2.3. The heat of vaporization is 
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related to the total intermolecular interaction energy of the liquid, Ei(l), the intramolecular 

energies in the liquid, Eintra(l), and in the gas phase, Eintra(g), and the work term, which is 

RT for 1 mol of ideal gas 

        
v intra intra

tot intra

( ) (l) (l) (g)

(l) (g)

iH T E E E RT

E E RT

∆ = − − + +

= − + +
                                                      (2.15) 

In computing the intermolecular interaction energy for the liquid, we have included a 

correction for long-range van der Waals interactions beyond the cutoff distance by 

assuming the distribution function is uniform.
14,59

 The correction to the computed heat of 

vaporization due to departure from ideal behavior of the vapor was found to be negligible 

for amides, and thus they are not included.
60,61

 The mean unsigned error in the calculated 

heats of vaporization for the four alkanes and six amides (two performed at two 

termperatures) is 1.4% compared to the experimental data.
55-57,62-66

 For comparison, the 

average error reported by Jorgensen et al. is about 2% for hydrocarbons and amides for 

the OPLS-AA potentials.
28

 Simulation of liquid alkanes and amides using CHARMM 

fixed charge force field yields an error ranging from 0 to 6%.
22

 In a separate study 

employing the PIPF-A potential,
14

 the average error was about 2% for four amides, 

formamide, NMF, NMA, and DMF.
14

 Thus, the present energetic results are comparable 

to or slightly better than the performance of earlier force fields. It should be noted that we 

have used 100% of the trans configuration for NMA and NMF, and they remained in that 

configuration, whereas there are about 2-3% of the cis population in natural abundance in 

experiments.
67,68

  

Table 2.3 also lists the average polarization energies in these liquids. Obviously, there 

is little contribution from molecular polarization in liquid alkanes, whereas polarization 

effects are significant in liquid amides. The largest polarization contributions are found in 
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primary and secondary amides, amounting to about 24% and 18% of total intermolecular 

interaction energy, respectively. For comparison, the PIPF-A model has polarization 

effects between 12 and 14% of the total energy for primary and secondary amides.
14

 In 

that model, the gas-phase dipole moments for these amides are slightly greater than the 

corresponding experimental value except NMF,
14

 whereas they are smaller in the present 

case. 

 

Table 2.4 Computed and Experimental Molecular Volume, Diffusion Constants and 

Dielectric Constants for Simulated Liquids
a
 

 V (Å
3
) D (10

-5
cm

2
/s) ε  

species exp calc exp calc exp calc
b
 

Ethane (184) 91.5 91.3±0.4 4.27 (182) 4.66±0.02 4.27 (182) 4.66±0.02 

Propane (231) 126.0 127.4±1.2 5.13 (243) 4.86±0.05 5.13 (243) 4.86±0.05 

Butane (273) 160.3 162.1±1.6  5.00±0.02  5.00±0.02 

Isobutane (298) 175.1 178.1±2.6  6.89±0.09  6.89±0.09 

FORM (298)  66.3 65.0±0.2  0.41±0.01  0.41±0.01 

ACET (373)  99.9 96.8±0.3  0.75±0.004  0.75±0.004 

ACET (494)   108.0±0.5  2.90±0.03  2.90±0.03 

NMA (373)  135.8 132.4±0.6 1.47 (373) 1.46±0.02 1.47 (373) 1.46±0.02 

NMF (298)  98.3 97.8±0.3 0.85 (298) 0.72±0.01 0.85 (298) 0.72±0.01 

DMA (298)  154.5 153.1±0.3 1.37 (298) 0.57±0.004 1.37 (298) 0.57±0.004 

DMF (298)  128.5 128.9±0.4 1.64 (298) 1.08±0.01 1.64 (298) 1.08±0.01 

DMF (373)  139.0 139.7±0.7 3.93 (373) 2.67±0.02 3.93 (373) 2.67±0.02 

 

a
Temperatues are indicated in parentheses in Kelvin. Experimental data are from ref. 42, 

49 and 50. 
b
Since the simulation is relatively short for computing the slowly converging 

total molecular dipole moment, it is likely that the computed dielectric constants have not 

fully converged. Further simulations are being carried out. 
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Table 2.4 lists the computed liquid density (volume), self-diffusion constants, and 

dielectric constants at various temperatures used in the dynamics simulations. The mean 

unsigned error in the computed molecular volume and liquid density is about 1.3% in 

comparison with experimental data (Table 2.4). Overall, the TID model shows excellent 

results for these organic liquids. We note that during the parametrization process, DMF 

was only considered at 373 K. Interestingly, when these parameters are used to perform 

simulations of DMF at 298 K, we obtain a liquid density and vH∆  within 1% and 2% 

from the corresponding experimental values. The dielectric constants have only been 

averaged for 1 ns of simulation time, and they are almost certain not yet converged. 

Extended simulations with particle mesh Ewald treatment of long-range electrostatics are 

being carried out. The calculated self-diffusion coefficients are somewhat underestimated 

for NMF, DMF, and DMA, while it is in excellent agreement with experiment for 

NMA.
69,70

 For comparison, the CHARMM-FQ model yields a value of D = 1.93×10
-5

 

cm
2
/s for liquid NMA. The effective CHARMM force field produced a value of 2.04×10

-5
 

cm
2
/s.

27
  

 

2.4.3 Radial Distribution Functions 

The structure of the liquids are characterized by radial distribution functions (rdfs), 

)(rgxy , which specifies the probability of finding an atom y at a distance r from atom x. 

All rdfs are normalized to the bulk density. To simplify our discussion, we focus on rdfs 

involving hydrogen bonding interactions. Errors associated with data collection are about 
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half of the width of the bin size, which is 0.05 Å.  
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Figure 2.1 Computed O-H(C), O-H(T), N-O, and O-O radial distribution functions for 

liquid formamide at 25 ºC. H(C) and H(T) specify the amino hydrogen atoms cis and 

trans to the carbonyl group. Distances are in angstroms. 

 

2.4.3.1 Formamide and Acetamide 

Figure 2.1 shows the radial distribution functions for liquid formamide, in which the 

hydrogen atom trans to the carbonyl group is denoted by H(T) and cis to the carbonyl 

group by H(C). The strong first peaks of the carbonyl oxygen and amide hydrogen pairs, 

O-H(C) and O-H(T), centered at 1.95 Å are due to hydrogen bonding interactions. The 

results are in excellent agreement with the peak at 1.9 Å assigned to O-H contacts from 

diffraction experiments.71-74 In an early study using the PIPF potential, the first O-H 

peak in liquid formamide occurs at 1.85 Å.14 The agreement with the OPLS28 and 

CHARMM27 potentials is also good with the first peak occurring at 1.9 Å. Integration to 
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the minima of the first peaks gives 0.9 and 1.0 nearest neighbors around H(C) and H(T). 

For comparison, other studies using PIPF potential give 0.9 and 1.1 nearest neighbors for 

these two hydrogen atoms, respectively.
14

 Hydrogen bonding interactions are also 

  

 
Figure 2.2 Computed O-H(C), O-H(T), N-O, and O-O radial distribution functions for 

liquid acetamide at (a) 373 K and (b) 494 K. 

reflected by the heavy atom distributions, in particular the N-O rdf, which has a strong 

first peak at 2.93 Å. For comparison, the previous PIPF potential has a peak at 2.8 Å in 

the N-O distribution.14 Excellent agreement has been observed with OPLS potential 

which gives a peak at 2.9 Å. Integration of the first peak to the minimum at 4.02 Å yields 
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3.41 contacts. This is greater than the finding from previous PIPF and OPLS potentials, 

which yield a value of 2.5-2.7. Different diffraction studies produced values of 2.9, 3.03, 

and 3.05 Å,71-74 reflecting the uncertainty range from experiments. We note that the 

computed contact number depends strongly on the minimum position in the rdf, which is 

often not precisely defined due to overlap between the tails from the first and second 

solvation layers.  
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Figure 2.3 O-H, N-O, and O-O radial distribution functions for liquid N-

methylformamide at 25 ºC. 

 

The computed rdfs for acetamide are displayed in Figure 2.2 at two simulation 

temperatures, corresponding to 373 and 494 K. The first peaks in the N-O distribution 

function are found at 2.90 and 2.93 Å at 373 and 494 K, respectively, which are slightly 

shorter than a distance of 3.03 Å from a recent X-ray diffraction experiment of liquid 
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acetamide at 346 K.
75

 An important qualitative feature is that the heights of the two O-H 

peaks decrease noticeably as the temperature increases, suggesting greater thermal 

fluctuations and less structured interactions. Figure 2.2a also reveals that the trans 

hydrogen, H(T), dominates hydrogen bonding interactions due to favorable dipolar 

orientations, which is also indicated in Figure 2.1. However, at higher temperature, the 

contributions from both hydrogens in hydrogen bonding interactions become similar. 

Integration of the first peaks in O-H(C), O-H(T), and N-O rdfs to the first minima results 

in 0.8, 0.9, and 2.4 nearest neighbors at 373 K. At higher temperature, the number of the 

first contacts decreases to 0.7, 0.7, and 2.0. 
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Figure 2.4 O-H, N-O, and O-O radial distribution functions for liquid N-

methylacetamide at 100 ºC. 

2.4.3.2 N-Methylformamide and N-Methylacetamide  

The computed rdfs for NMF and NMA are displayed in Figures 2.3 and 2.4. Strong 
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hydrogen bonding in these two liquids is clearly indicated by the first striking peaks in the 

O-H and N-O rdfs. The computed rdf for O-H shows a strong peak at 1.95 Å for both 

NMF and NMA, in good agreement with the neutron diffraction experiment with fully 

deuterated NMF which gives the O-H contact at 1.89 Å.
76,77

 Integration to the first minima 

gives 1.0 and 1.1 nearest neighbors in liquid NMA and NMF, respectively. The other peak 

extensively studied by diffraction experiments is the peak in N-O rdf. The N-O interaction 

due to hydrogen bonding in liquid NMF and NMA are estimated to be 3.02 Å for NMF in 

X-ray diffraction
76,77

 and 3.03 Å for NMA from both diffraction experiment and DFT 
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Figure 2.5 O-C(C), O-C(T), N-O, and O-O radial distribution functions for liquid N,N-

dimethylformamide at 25 ºC. C(C) and C(T) specify the methyl carbon atoms cis and 

trans to the carbonyl group. 

calculations.
78

 Our calculation gives a value of 2.90 and 2.93 for NMA and NMF, 

respectively. In contrast, MC simulations from previous study using PIPF-A force field 
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give the first peak at 1.85 and 2.75 Å for O-H and N-O contact, respectively.
14
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Figure 2.6 O-C(C), O-C(T), N-O, and O-O radial distribution functions for liquid N,N-

dimethylacetamide at 25 ºC. C(C) and C(T) specify the methyl carbon atoms cis and 

trans to the carbonyl group. 

 

We note that the present PIPF potential employing the TID model for polarization 

yields N-O peaks for the primary and secondary amides in close agreement (2.90-2.95 Å 

from simulations vs 3.03 Å from diffraction experiments), which may be compared with 

previous simulations (2.75-2.8 Å) employing a polarizable potential and the Applequist-

like polarizabilities.
14

 Furthermore, it has often been suggested that it is necessary to have 

shorter hydrogen-bonding peaks in liquid simulations with effective pair potentials to 

account for polarization effects by making stronger and shorter hydrogen bonds. For 

example, the OPLS force field has a distance of 2.9 Å at the first peaks in the N-O rdfs for 
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formamide and NMA.
79

 We also notice that the height of the first peak and shape in the 

N-O rdf for NMA, including a shoulder at about 4.5 Å and a broad peak at about 7 Å, are 

found to be in good agreement between the present PIPF and OPLS force field.   

2.4.3.3 N,N-Dimethylformamide and N,N-Dimethylacetamide. 

 Despite the fact that there is no hydrogen bond donor in DMF and DMA, the computed 

rdfs displayed in Figures 2.5 and 2.6 show significant local order due to the interaction 

between methyl groups and carbonyl oxygen in the view of the peaks in O-C(C) and the 

O-C(T) rdfs centered at 3.50 Å and the N-O rdf at 4.55 Å. This is consistent with the 

conclusions of Jorgensen and Swenson using the OPLS-UA potential
79

 and our PIPF-A 

model.
14

 Interestingly, dipolar interactions favor closer contacts between the trans  

methyl group and the carbonyl oxygen in both the present and early PIPF potentials. On 

the other hand, the OPLS-UA potential does not seem to distinguish between the two 

methyl groups in DMF.
79

 In contrast, X-ray diffraction experiments suggest no significant 

local order in liquid DMF and DMA;
80,81

 however, it is difficult to specifically resolve the 

total diffraction pattern into specific pair interactions without significant hydrogen 

bonding interactions and isotope replacement.  

2.4.4 Internal Parameters 

The internal bonded parameters are reoptimized for amides functional groups making use 

of NMA and alanine “dipeptide” as the model compounds. We began with the original 

CHARMM22 force field for all bonding terms, and it was found that all parameters 

associated with bonds and angles and with the improper dihedral angle terms can be kept 

without alteration. The only parameters that were further modified are some torsional 

terms, which are listed in Table 2.5. These values are optimized to reproduce ab initio 
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conformation energies of NMA and the potential energy surface (Ramachandran map) of 

alanine dipeptide.  

 

Table 2.5 Torsional Terms and Parameters That Have Been Adjusted from the Original 

CHARMM22 Force Field for use in Connection with the Present PIPF Potential for 

Amides. 

Dihedral type ϕK  n  δ  

CT3-C-NH1- CT3        1.2 1 0 

CT3-CT1-NH1-C 1.6 1 0 

HA-CT3-NH1-H 0.11 3 0 

O-C-CT3-HA 0.04 3 180 

 

Table 2.6 Relative Energies (in kcal/mol) and Conformations (in deg) of the Alanine 

Dipeptide C7eq, C7ax, and C5 Minima from Ab Initio (LMP2/cc-pVQZ(-g)//MP2/ 6-

31G(p,d)) and Force Field Calculations (ref 49)  

  C7eq C7ax C5 

QM 0 2.05 1.47 

PIPF 0 1.97 1.53 

Conformations (Φ,Ψ) 

QM -86, 78 75, -54 -156, 160 

PIPF -79, 77 69, -73 -152, 156 

 

With these minor readjustments of the CHARMM22 parameters, we found that it is 
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possible to obtain the relative conformational energies for NMA and the alanine dipeptide 

using the present polarizable nonbonded interaction terms. In particular, we found that cis 

conformer of NMA is 2.44 kcal/mol higher in energy than the trans configuration, and the 

rotation barrier about the peptide bond is 21.1 kcal/mol. For comparison, MP2/cc-

pVTZ//MP2/6-31G(d) calculations yield values of 2.39 and 20.5 kcal/mol, respectively.
27

 

NMR studies revealed a rotational barrier of 19.8±1.8 kcal/mol.
82

 The relative 

conformational energies for the alanine dipeptide are given in Table 2.6, which are 

compared with QM calculations at LMP2/cc-pVQZ(-g)//MP2/6-31G(d) level. The relative 

energy of C7ax calculated by the present force field is underestimated by 0.2 kcal/mol, 

while the energy of C5 is overestimated by 0.5 kcal/mol. The largest deviation was found 

in the Ψ angle for the C7ax conformer, which is overestimated by nearly 20 at -73º 

compared to -64º from LMP2/cc-pVQZ(-g)//MP2/6-31+G(d) calculations.  

Ramachandran plot (phi-psi map) computed using the present CHARMM-PIPF 

potential, the original CHARMM22 force field, and the ab initio MP2/TZVP//6-31G(d,p) 

are shown in Figure 2.7, along with a fully corrected energy contour by the CMAP (see 

below) procedure. In comparison with the MP2 results, the CHARMM22 force field 

shows a steep surface at the C5 region, and the energy in the αL region is overestimated. 

The PIPF-CHARMM force field yields somewhat improved features in these two regions. 

As noted elsewhere,
49

 artifacts exist to overly sample the π-helical populations using 

empirical potentials, whereas π-helices are rarely observed experimentally. This problem 

was traced to subtle deviations between the empirical and ab initio Ramachandran maps. 

MacKerell et al.
49

 made a bold proposal by introducing a spline correction map (CMAP) 

to reproduce almost exactly the MP2 results. Now, the CMAP is a standard option in the 

CHARMM22 force field, which significantly improved conformational sampling of low 
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population structures. A CMAP has also been constructed for the present CHARMM-

PIPF potential, which gives a mean deviation from the MP2 results by merely 0.0002 

kcal/ mol. 

 

 

Figure 2.7 Adiabatic alanine dipeptide potential energy surface calculated from (a) 

PIPF, (b) CHARMM22, (c) PIPF with CMAP, and (d) QM. Contour represents 1-10 

kcal/mol with 1 kcal/mol interval, 12 kcal/mol, and 15 kcal/mol. 

 

As in the standard CHARMM force field, we have two options that the users may 

choose from, with and without the inclusion of the CMAP for the PIPF-CHARMM 

potential. The use of CMAP slightly increases computational time. If this is not a major 

concern, it is recommended to include the CMAP procedure because it significantly 
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reduces the tendency to form a π-helix.  

The transferability of the bond and angle parameters from the CHARMM22 force 

field is further tested by vibrational spectral analysis of NMA and three conformers of the 

alanine dipeptide. Calculated frequencies and key characteristic components for each 

mode have been determined for each molecule; these results are given as Supporting 

Information in Tables S2.1-S2.4. Comparison with experimental and ab initio results at 

the LMP2/cc-pVQZ(-g)//MP2/6-31G(d) level of theory suggest that only small differences 

exist for lower frequency modes between the polarizable force field and the CHARMM22 

force field, and the agreement with ab initio force field analyses is are also of similar 

quality both in computed vibrational frequencies and contributing vibrational motions. 

2.5 Conclusions  

A polarizable intermolecular potential function (PIPF) employing the Thole interacting 

dipole (TID) polarization model has been developed for liquid alkanes and amides. In 

connection with the internal force field terms of the CHARMM22 force field, with minor 

modifications of several torsional terms only, the present PIPF-CHARMM potential 

provides an adequate description of structural and thermodynamic properties for liquid 

alkanes and for liquid amides. The computed heats of vaporization and liquid density are 

within 1.4% of experimental values. Although polarization effects are negligible in liquid 

alkanes, they make major contributions to the potential energy of liquid amides. The 

average molecular dipole moments are enhanced by 1.5-1.8 D for primary and secondary 

amides, from gas-phase values of about 3.3-3.7 D to condensed-phase values of 5-5.4 D. 

This represents as large as a 50% increase from induction polarizations and is reflected by 

the computed polarization contributions, ranging from 6 to 24% of total potential energies. 

The average induced dipoles are nearly twice as large as a previous set of polarizable 
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potentials, making use of Applequist-like atomic polarizabilities without intramolecular 

interactions, but they are in closer agreement with combined QM/MM simulations in 

which one molecule of amide was treated quantum-mechanically in a liquid of the same 

amides represented classically.14The ability of the PIPF-CHARMM force field to treat 

protein backbone structures is tested by examining the potential energy surface of the 

amide bond rotation inN-methylacetamide and the Ramachandran surface for alanine 

dipeptide. The agreement with ab initio MP2 results and with the original CHARMM22 

force field is encouraging, suggesting the PIPF-CHARMM potential can be used as a 

starting point to construct a complete polarizable force field for proteins.  
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Chapter 3 

Coupled Polarization-Matrix Inversion and Iteration Approach for 

Acceleration of the Dipole Convergence in Polarizable Potential 

Functions 

 

3.1 Introduction 

A major current effort to improve the accuracy of molecular mechanics force fields for 

biomolecular simulations is the incorporation of explicit polarization terms in the fixed-

charge, pair-wise potentials.
1
 The most common approach for treating polarization effects 

is to include an atomic induction term that depends on the instantaneous electric field 

from the permanent charges and induced dipoles of the rest of the system.
2-11

 However, 

just as partial atomic charges are not uniquely defined and are not experimental 

observables, nor are atomic polarizabilities. Of course, the total molecular polarization is 

well-defined, and this gives rise to a variety of formulation for estimating the polarization 

energy.
1
 Three such approaches have been incorporated into the CHARMM force field, 

including the fluctuating charge model,
12-16

 the drude oscillator representation,
17-22

 and the 

Thole interaction dipole (TID) method.
9,10,23-26

 In other applications, a mixture of these 

methods or the inclusion of high-order multipole terms have been adopted,
27-30

 and a fully 

quantum mechanical model, called explicit polarization (X-pol) theory, has been 

developed.
31-36

 Our goal is to incorporate the TID model
23

 into the CHARMM force 

field
37

 by making adjustments to the non-bonded interaction terms, and at the same time, 

by minimizing the need for re-parameterization of the internal bonding terms.
26

 Because 

of the mutual dependence of many-body polarization effects, the speed of induced-dipole 

convergence is a critical issue both for computational efficiency and for conservation of 
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energy in molecular dynamics simulations.
5,8

 In this paper, we describe a coupled 

polarization-matrix inversion and iteration (CPII) method to accelerate the induced dipole 

convergence of polarizable intermolecular potential functions (PIPF).
9,10,26 

A particularly attractive feature of the Thole interaction dipole model is that the 

anisotropic molecular polarizability can be obtained in good accord with experiment even 

when isotropic atomic polarizabilites are used.
23

 Furthermore, as demonstrated by Thole 

and later by van Duijnen and coworkers,
23,24

 the isotropic atomic polarizabilities are 

dependent mainly on the atomic number with negligible variations due to its bonding 

environment. For example, a single atomic polarizability is sufficient for carbon atom, 

irrespective to its presence in hydrocarbon compounds, a carbonyl group or other 

functional groups. Consequently, it makes force-field parameterization especially simple 

and computationally efficient since only the diagonal terms of the atomic polarizability 

tensor are required for atoms in the molecule in which all atomic polarizabilities interacts 

with each other.
23,24,38

 The molecular anisotropy arises from the pair interactions between 

induced dipoles at a given instantaneous geometry during a dynamics simulation.  

There are three computational algorithms to obtain converged induced dipoles. The 

most widely used scheme is an iterative approach in which the induced dipoles from the 

previous iteration step are used to estimate a set of new induced dipoles until self-

consistency. The direct dipole iterative approach is computationally efficient and can 

yield induced dipoles at any desired accuracy. The second approach is to obtain the 

induced dipole moments exactly by solving the coupled linear equations of dipolar 

polarization. The advantage of this technique is that it does not suffer from convergence 

errors, but the shortcoming is that its computational costs are high because one needs to 

invert the interaction matrix. For large molecular systems, it is not practical to use the 
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matrix inversion algorithm in molecular dynamics simulations. Finally, the induced 

dipoles can be treated as independent degrees of freedom and its convergence can be 

propagated by an extended Lagrangian dynamics method.
5,39

 However, in this case, 

induced dipoles are not self-consistently converged and it is difficult to control energy 

transfer between fast (dipole) and slow (nucleus) degrees of freedom.   

When all intramolecular polarizations are explicitly taken into account including 

covalently bonded atom pairs, the short-range interactions between induced point dipoles 

are usually severely scaled as seen in the TID model
23

 where the damping function used 

to scale the interaction is very short ranged. However, we still observed severe 

convergence difficulties using the direct iterative approach for obtaining induced dipoles. 

This appears to be mainly due to numerical instability in the iterative process since all 

atom pairs are beyond the range of the so-called polarization catastrophe distance,
23

 and it 

is possible to obtain the exact induced-dipoles by matrix inversion. Alternatively, we have 

also implemented the extended Lagrangian dynamics technique into the CHARMM 

program
40

 for the TID model, but it is useful to have an option to carry out molecular 

dynamics simulations employing converged induced dipoles.  In this paper, we describe a 

coupled polarization matrix-inversion for intramolecular polarization and a self-consistent 

iterative procedure for intermolecular interactions to achieve rapid convergence.  

This paper is organized as follows: in section 3.2 we will briefly outline the algorithm 

used to calculate induced dipoles and describe the dipole convergence problem using 

iterative method; section 3.3 will derive a method called the coupled polarization-matrix 

inversion and iteration (CPII) method to solve this problem; section 3.4 will discuss the 

major findings from the CPII method; finally, concluding remarks are given in section 

3.5. 
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3.2 Point dipole model 

We consider a system of N interacting sites (atoms), consisting of static (permanent) point 

charges and polarizable centers on which point dipoles are induced in response to the 

instantaneous electric field at these sites.  Assuming linear response, the induced dipole at 

center i, iµ
�

 is proportional to the total electric field at that position tot
iE
�

.
23,38

 If we 

arrange all induced dipoles as a column vector µ
�

, we have 

 totEαµ
��

⋅=                                     (3.1) 

where tot
E
�

 is a column vector of the total electric field, and α  is a block-diagonal matrix 

of polarizability tensors for the N polarizable sites:  
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The total electric field, totE
�

, has two contributing components, due to the permanent 

partial charges ( oE
�

), and from the induced dipoles at different sites ( indE
�

): 

 indotot EEE
���

+=                     (3.3) 

The permanent and induced electric fields are written in terms of the first-order and the 

second-order interaction tensor, respectively:  

 QTE •= tot
)1(

o
�

                                  (3.4) 

where Q  is a column vector of N partial atomic charges, and 

 µTE
��

•= tot
)2(

ind                       (3.5) 
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In eqs 3.4 and 3.5, the total first and second-order interaction matrices, ( )2,1  ,
)(

=n
tot
n

T , 

are arranged as follows  
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In eq 3.6, 
ij
n)(

T  is the nth-order interaction tensor between interaction sites i and j, which 

is a vector for the first-order term in eq 3.4, and a 3×3 matrix for the second-order term in 

eq 3.5. Thus, the dimension for tot
)1(

T  is NN ×3  and that for tot
)2(

T  is NN 33 × . In general, 

the nth-order interaction tensor between interaction sites i and j is a matrix of order n)3( , 

and its matrix elements are defined as the nth sequential derivative operations over the 

zeroth interaction tensor: 

 
    ...

...
ijiiiiij

TT ωγβαωαβγ ∇∇∇∇=
                      (3.7) 

where the subscripts ) ... , ,( ωγβα  specify a Cartesian coordinate ) , ,( iii zyx  of 

interaction site i, and ij
ij

rT /1=  with ijr  being the distance from interaction sites i to 

interaction site  j, which is the zeroth interaction tensor.
26,29,30

 

 It should also be stressed that a restriction is made in constructing the first-order 

interaction vector tot
)1(

T ; atom pairs that are directly chemically bonded (1-2 pair) or that 

are separated by two consecutive bonds (1-3 pair) are excluded, i.e., the permanent atomic 

partial charges from 1-2 and 1-3 atom pairs do not contribute to the dipolar polarization of 

polarizable sites within the same molecule (eq 3.4). In contrast the second-order dipole 
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interaction tensor tot
)2(

T  does include all intramolecular atomic pairs.  Thus, short-range 

intramolecular interactions are accounted for in the mutual dipolar polarization, including 

induced dipole-induced dipole interactions. We note that a similar convention is used in 

the Drude oscillator model in CHARMM.
20 

With the above definition, eq 3.1 can be rewritten as follows  

  ( )µTEαµ
���

•+⋅= tot
)2(

o                        (3.8) 

There are two ways of solving these coupled linear equations. Rearranging eq 3.8, the 

induced dipole moments can be obtained exactly by inverting the polarization matrix of 

dimension 3 3N N× : 

 ( ) o1

)2(
1 ETαµ

��
•−=

−− tot                     (3.9) 

Eq 3.9 yields the exact results of the induced dipoles at a given geometry; however, it is 

rarely used in molecular dynamics simulations
8
 because the computational cost of matrix 

inversion scales as N
3
, which quickly becomes intractable for large systems. It is, 

nevertheless, useful for validating the performance and accuracy of other alternatives. 

In practice, eq 3.8 is often solved iteratively until self consistency is reached. Thus, 

we start with an initial guess of zero induction, or with a set of induced dipoles from the 

previous molecular dynamics step: 
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The induced dipoles are considered to be converged when the change of the induced 

dipoles or the change in the total energy between the previous iteration and the current 

iteration is smaller than a given threshold criterion.  In eq 3.10, since the intermediate 

induced dipoles at each iteration are obtained by matrix products over atomic interaction 

sites, this procedure is called the direct iterative approach to be distinguished with the 

coupled polarization-matrix inversion and iteration method described below.     

A practical issue is the convergence of the induced dipoles. For short-range 

interactions between two induced point-dipoles, the TID model yields infinite polarization 

as the distance between the two interacting sites approaches 6/1)4( ji αα , the so-called 

polarization catastrophe.
23

 In the original paper, Thole considered a number of schemes to 

reduce short-range interactions,
23

 and we choose to employ his second function, 

corresponding to an exponential charge distribution described by 
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where b is a parameter specifying the screening length and 6/1)/( jiijij ru αα= , which 

depends on the polarizabilities of the two interacting sites. Then, the damped first and 

second-order interaction tensors are given below
23
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where the superscript D indicates that the interaction tensors have been the modified by 

the damping function shown in eq 3.12. The damped interaction tensors are used in all 
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calculations; for convenience, the superscript D will be omitted in the rest of the paper 

unless it is necessary to make this distinction explicitly. 

It is of interest to consider a special case in which all N atoms of the system belong to 

a single molecule. Then, the quantity 

 ( ) 1

)2(
1 −− −= tot

TαA                      (3.14) 

is a NN 33 ×  molecular polarizability tensor distributed over atomic centers. Eq 3.14 can 

be reduced to the 33×  molecular representation, the familiar molecular polarizability 

tensor M
α  with its matrix elements defined by 
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where the subscripts β  and γ  specify a Cartesian coordinate axis respectively.  Eq 3.15 

is the definition of molecular polarizability tensor in the Thole interaction dipole 

model.
23,24,38

 Importantly, anisotropic molecular polarizability can be obtained with the 

input of only isotropic atomic polarizabilities (atomic parameters },,1;{ Nii �=α ) and 

the molecular geometry as defined by the second-order interaction tensor tot
)2(

T . 

 

3.3 Coupled Polarization-Matrix Inversion and Iterative (CPII) Method 

Unfortunately, even when the interaction tensors are severely damped in the chemical 

bonding range in the TID model, there is still no guarantee of convergence in the iterative 

procedure. In fact, we have noticed oscillatory behavior in solving eq 3.10 for the induced 

dipole moments, and they become divergent for liquid N-methylacetamide and for the 

(Ala)5 oligopeptide when intramolecular interactions are included. This is mainly caused 
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by short-range, intramolecular interactions although the chemical bond lengths are greater 

than the critical distance of polarization catastrophe.
23

 Here, we present a coupled 

procedure that employs polarization-matrix inversion for intramolecular interactions and 

the iterative scheme for intermolecular interactions to achieve the induced dipole 

convergence of condensed systems. 

We first rewrite eq 3.8 in terms of molecular blocks as follows 
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where M is the total number of molecules and the vectors and matrices representing 

induced point dipoles, atomic polarizabilities, atomic partial charges, and the first and 

second-order interaction tensors have been grouped into molecular blocks, specified by K 

and L. Thus, for a water molecule, Kµ
�

 is a vector of nine elements, and for NMA it has a 

dimension of 36 elements for a total of 12 interaction sites (atoms). Note that the 

summation in eq 3.16 includes intramolecular interactions. Eq 3.16 can be rearranged to 

yield the expression: 
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where 1
)2(

1 ][ −− −= KK
KK TαA  is the polarizability tensor for molecule K expressed in 

terms of distributed atomic sites (eq 3.14),
23,24,38

 and the permanent electric field o
KE
�

 

includes contributions from all atomic charges including those from molecule K, except 

1-2 and 1-3 interactions.  

The main advantage of this expression is that eq 3.17 separates intra and 

intermolecular induced dipole interactions, which naturally leads to an efficient 
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computational algorithm such that the polarization effects due to intramolecular 

interactions and that due to all other molecules can be computed by different procedures 

separately.  For the intramolecular term, which is primarily responsible for the 

convergence difficulty in liquid simulations, we explicitly invert the polarization 

interaction matrix to yield the molecular polarizability for molecule K . Then, the effects 

of mutual polarization due to all induced dipoles on other molecules )( KL ≠ , as well as 

the total permanent electric field, are optimized by the computationally efficient, iterative 

procedure. For a given geometry during molecular dynamics or Monte Carlo simulations, 

we first obtain the instantaneous molecular polarizabilities },1;{ MKK �=A , where M is 

the number of molecules in the system, by inverting M matrices that have small 

dimensions and have little effects on the computation scalability in the overall iterative 

procedure. Then, these molecular polarizability tensors are used to optimize the induced 

dipoles by looping over the molecular index until self-consistency is achieved. 

It is straightforward to apply eq 3.17 to simple liquids, such as the two systems we 

consider in this work, liquids water and NMA, in which individual molecules are not 

covalently linked. For biopolymers such as proteins in which amino acid residues are 

covalently connected, if we treat each amino acid as an individual “molecule” or fragment 

indexed by K in eq 3.17, we still must consider short-range electrostatic and induced-

dipolar interactions involving 1-2, 1-3 and 1-4 connections between neighboring residues. 

In this case, we incorporate a buffered approach to include the explicit short-range 

interaction. Thus, for residue K, we obtain a polarization matrix that includes the two 

neighboring residues 1±K  (of course, only 1+K  or 1−K  will be included for the two 

terminal residues), and has a dimension spanning the length of three residues. We label 
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the dimension defined by the three residues 1−K , K, and 1+K  by the short-hand 

notation ±K , and the inverse of the polarization matrix, )( ±KA , for these three residues 

is explicitly given below: 
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The induced atomic dipoles for residue K are determined from the expression for all three 

residues: 
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Note that the symbol ±K  indicates that the associated matrices have dimensions defined 

by residues K-1, K, and K+1, except that when K is a terminal residue in which case there 

is only one buffer residue. It is important to point out that eq 3.19 is used to compute the 

induced atomic dipole moments only for residue K, which is updated for the iterative 

process. Although the expression in eq 3.19 also yields induced dipoles for residues 

1−K , and 1+K , they are not enumerated nor used since they are treated in exactly the 

same manner as that for residue K. Consequently, as the loop over residue in the 

algorithm moves to the next residue, K+1, residue K becomes a buffer, and finally it takes 

the role of an external field for residue K+2. Although it appears that the neighboring 

buffer approach increases the computational efforts slightly because a larger polarization 

matrix is diagonalized, the overall computational costs in fact are significantly decreased 

because the induced dipoles are easily converged with fewer iteration steps, and the 

dimension for the three-residue polarization matrix is still very small compared with the 

size of a solvated protein system. 
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3.4 Results and discussion 

The coupled polarization-matrix inversion and iteration (CPII) method has been 

implemented in the CHARMM program.
40

 To illustrate the performance of the 

computational algorithm, we have applied the CPII method to three systems, including a 

box of 4096 water molecules, a box of 2048 NMA molecules,
26

 and a penta-alanine 

peptide (Ala)5.  The first two systems are treated by periodic boundary conditions along 

with particle mesh Ewald summation to incorporate long-range electrostatic interactions 

both from the permanent partial atomic charges
41,42

 and from the induced dipole 

moments.
43

 The purpose of this calculation is to show the convergence behavior of the 

CPII method compared with the direct iterative approach with and without the inclusion 

of short-range intramolecular interactions in the Thole interaction dipole model. Thus, we 

have taken a configuration from our previous molecular dynamics simulations of liquid 

water and NMA,
22

 which is as a random selection as any configurations generated from 

the dynamics simulation. For (Ala)5, an optimized linear conformation of the pentapeptide 

was employed. The isotropic atomic polarizabilities
23,24,26

 used in the present study are 

given in Table 3.1. 

 

Table 3.1 Isotropic Atomic Polarizability Parameters for Each Element (Å
3
) 

Atom α  

H 0.496 

C 1.334 

N 1.073 

O 0.837 
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It is of interest to first examine the static molecular polarizabilites for water and NMA 

determined by including all intramolecular induced dipole-induced dipole interactions, 

and by selectively excluding short-range interactions that involve atoms bonded 

covalently (called 1-2 interactions), that form bond angles (called 1-3 interactions), and 

that participate in torsional interactions (called 1-4 interactions). Note that in the standard 

CHARMM22 force field,
23

 1-2 and 1-3 atom pairs are excluded from electrostatic 

interactions due to the permanent partial charges. The computed anisotropic molecular 

polarizabilities and the average isotropic molecular polarizabilities are summarized in 

Table 3.2 along with the experimental data and ab initio MP2 results.  

 

Table 3.2 Computed Anisotropic and Average Isotropic Molecular Polarizabilities for 

Water and N-methylacetamide (NMA) using the Thole Interaction Dipole Model That 

Includes All Intramolecular Pair Interactions and That Excludes Short-range 1-2 through 

1-4 Atom-connectivities. Polarizabilities are given in Å
3
. 

Molecule 
Mα  

M
xxα  

M
yyα  M

zzα  

Water 1.41 1.32 1.80 1.12 

Excl. 1-2 pairs 1.86 1.71 2.16 1.71 

Excl. 1-2 and 1-3 pairs 1.83 1.83 1.83 1.83 

MP2/6-31G(+sd+sp)
47 

1.33 1.32 1.44 1.24 

Expt
45

 1.47 1.47 1.53 1.42 

     

NMA 7.81 9.84 7.68 5.90 

Excl. 1-2 pairs 10.16 13.43 9.25 7.81 

Excl. 1-2 and 1-3 pairs 9.59 11.22 9.01 8.55 

Excl. 1-2,1-3 and 1-4 pairs 9.47 10.16 9.22 9.03 

MP2/6-31++G(d,p)
44

 7.23 8.80 7.49 5.41 

Expt
46

 7.82    
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First, the computed average (isotropic) molecular polarizabilities for water and NMA 

are in excellent agreement with experiment only when all intramolecular interactions are 

included. In fact, one of the most attractive features of the TID model is that an excellent 

agreement between computed and experimental molecular polarizabilities can be obtained 

for a wide range of organic compounds using a single set of isotropic atomic 

polarizability parameters (Table 3.1).
23,24

 This is in contrast with other polarizable force 

fields in which different atomic polarizability parameters are required for the same 

element in different functional groups
8-22,44

 and sometimes isotropic atomic 

polarizabilities
20

 are used. However, when 1-2 and 1-3 atom pairs are excluded in water, 

the computed average molecular polarizability is overestimated by as much as 30%,
45

 

whereas for NMA, in which 1-4 interaction exclusion is also considered, the average 

molecular dipole polarizability is overestimated by 21-30%.
46

 Thus, it is necessary to 

include all atomic pair interactions in the TID model.  

Secondly, it is important to note that although isotropic atomic polarizability 

tensors are used, the TID model is capable of yielding anisotropic molecular 

polarizabilities. The comparison of the diagonal elements of the TID anisotropic 

polarizability tensor is best made with ab initio results since it is difficult to obtain 

reliable experimental data. In general, the use of a large basis set with diffuse functions 

and electron correlations are essential in these calculations; still, at the MP2/6-

31G(+sd+sp) level of theory,
47

 the computed molecular polarizability for water is 

underestimated by 10% in comparison with experiment, and that for NMA with the 6-

31++G(d,p) basis set is about 8% less than the experimental value.
44

 Nevertheless, 

comparison of the relative anisotropic components can give a good assessment of the 

corresponding values obtained using the TID model. For water, the principal axis y is 
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placed along the C2 axis in the direction away from the hydrogen atoms and z is made 

perpendicular to the molecular plane. The TID model yields ),,( MMM
zzyyxx aaa values of 

(1.32, 1.80, 1.12) Å
3
, which may be compared with the experimental data of (1.47, 1.53, 

1.42) Å
3
.
45

 The corresponding MP2 results are (1.32, 1.44, 1.24) Å
3
.
47

 In all cases, the 

polarization along the principal axis is the largest anisotropic component. For NMA, 

whose coordinate system is chosen as the standard orientation as in the Gaussian program, 

the computed anisotropic polarizabilities are (9.84, 7.68, 5.90) Å
3
 from the TID model, 

compared with the MP2 values of (8.80, 7.49, 5.41) Å
3
.
44

 The trends and relative 

magnitude of the three main anisotropic polarizability components are in good accord 

between the TID model and ab initio MP2 results. This is particularly remarkable in view 

of the fact that just a single isotropic polarizability is used for each element (Table 3.1). 

When short-range intramolecular interactions are excluded, the computed anisotropy 

becomes less distinctive; for example, the three components ),,( MMM
zzyyxx aaa  are identical 

with a value of 1.83 Å
3
 without intramolecular interactions, and the three components for 

NMA are (10.16, 9.22, 9.03) Å
3
. This further emphasizes that it is necessary to include all 

intramolecular terms in the TID model.  

For systems consisting of a collection of polarizable molecules such as simple liquids 

or polypetides, the mutual polarization of all polarizable sites at a given configuration is 

typically determined by an iterative process depicted in eq 3.10 since it is impractical to 

invert a large polarization matrix at every time step during a molecular dynamics 

simulation or every Monte Carlo move. Thus, the computational efficiency is directly 

related to the number of iterations needed to achieve convergence at a given error 

tolerance. This is particularly true in molecular dynamics simulations because only when 
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induced dipole moments are converged to sufficient accuracy, can energy gradient be 

calculated accurately and energy conservation be maintained.  In the present calculation, 

we use a dipolar convergence tolerance of 0.0001 Debye/atom for the average change in 

induced dipole moment between successive iteration steps: 
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where },,{ zyx∈β  and N is the total number of polarizable sites. 

 

Table 3.3 Computed Monomer Polarization Energies (kcal/mol) for Water and N-

methylacetamide in a Liquid Configuration and in the Gas Phase With and Without the 

Inclusion of Induction Interactions from Intramolecular 1-2, 1-3, and 1-4 Atomic Pairs. 

Molecule Liquid Gas Difference 

Water -4.63 0.00 -4.63 

Excl. 1-2 and 1-3 pairs -5.47 0.00 -5.47 

    

NMA -6.43 -5.03 -1.40 

Excl. 1-2,1-3 and 1-4 pairs -3.62 -1.13 -2.49 

 

The mean variation in induced dipole moment between successive iteration steps, 

)(nµ∆ , employing the CPII method is displayed in Figure 3.1, and the number of 

iterations needed to reach this convergence tolerance is 10, 13, and 5 steps for a box of 

4096 water molecules, a box of 2048 NMA molecules and one pentapeptide (Ala)5 

molecule, starting with zero-induction. In the two liquid cases, periodic boundary 
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conditions are used along with the particle mesh Ewald method for long-range 

electrostatic interactions. At this convergence tolerance (0.0001D/atom), the computed 

polarization energies are -4.63 and -6.43 kcal/mol per monomer for liquid water and 

NMA, respectively (Table 3.3). It should be pointed out that since the permanent electric  
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Figure 3.1 The variation in mean induced dipole moment ∆µ (D/atom) between 

successive iteration steps (eq 3.20) using the coupled polarization-matrix inversion and 

iteration (CPII) method for a cubic box of 4096 water molecules (solid line in black), a 

cubic box consisting of 2048 N-methylacetamide (NMA) molecules (doted line in red), 

and an optimized linear conformation of alanine pentapeptide (dashed line in green). 

Convergence criterion is 0.0001 Debye/atom between two successive iteration steps 

over molecular index. 
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fields originating from atoms within two chemical bonds do not contribute to 

intramolecular dipole induction, the net polarization for an isolated water molecule in the 

gas phase is zero. For larger molecules such as NMA, the situation is quite different. The 

electric fields from distant partial charges within the same molecule induce point-dipole 

polarization, and the resulting induced fields will interact with and polarize dipole 

induction at all polarizable sites including those chemically bonded. For NMA, the self-

induction polarization energy is -5.03 kcal/mol in the gas phase. Thus, intermolecular 

interactions in the liquid phase further enhance polarization energy by -1.40 kcal/mol 

(Table 3.3).  We note that the polarization-matrix inversion in eqs 17 and 18 is local for a 

monomer molecule in the liquid or a tri-peptide unit for (Ala)5 and only needs to be 

performed once during the iterative process for each given geometrical configuration. 

The convergence behaviors for the induced dipoles using the direct iterative approach 

are shown in Figure 3.2. In the first case, when all intramolecular interactions are 

included, all three systems show an initial decrease in dipole induction, but both liquid 

NMA and alanine pentapeptide exhibit rapid divergence in induced polarization, whereas 

oscillation in the computed induced dipoles is observed for liquid water without reaching 

the convergence tolerance within 15 iterative steps (Figure 3.2a). When short-range, 

intramolecular induced dipoleinteractions up to 1-4 bonded pairs are excluded from the 

interaction tensors tot
n)(T  , n = 1 and 2, dipole convergence by direct iteration can be 

obtained in all three cases (Figure 3.2b). A total of 12, 14 and 12 iteration steps are 

needed for the water, NMA and (Ala)5 system, respectively. Based on this observation, 

we conclude that the divergence of induced dipole can be attributed to short-range (1-2, 

and 1-3) interactions. The total induced polarization energies are -5.47 and -3.62 kcal/mol 
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for the same liquid water and NMA configurations (Table 3.3). In this case, the  

 

Figure 3.2 The variation in mean induced dipole moment ∆µ (D/atom) between 

successive iteration steps using the direct iterative self-consistent-field approach for a 

cubic box of 4096 water molecules (solid line in black), a cubic box consisting of 2048 

N-methylacetamide (NMA) molecules (doted line in red), and an optimized linear 
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conformation of alanine pentapeptide (dashed line in green):  (a) all intramolecular pair 

interactions are included in the direct iterative procedure with which the induced dipole 

moments failed to converge for all three cases, and (b) convergence in induced dipole 

moment is achieved when 1-2, 1-3 and/or 1-4 intramolecular interactions are excluded. 

The same coordinate configurations are used as those illustrated in Figure 3.1. 

Convergence tolerance is set at 0.0001 Debye/atom between two successive iteration 

steps.  

 

polarization energy for water is greater than that from the CPII method because repulsive 

interactions are avoided between induced dipoles on hydrogen and oxygen atoms in the 

same water molecule, which point towards opposite directions as the hydrogen atoms 

donate and the oxygen accepts hydrogen bonds from other water monomers. For NMA, 

although the polarization energy, excluding 1-2 through 1-4 induction interactions, 

appears to be smaller than that from the CPII model (Table 3.3), the polarization 

interaction energy with all other NMA molecules in the liquid actually is greater because 

the self-induction energy is much smaller for an isolated NMA molecule in the gas phase 

(-1.13 kcal/mol) than the case where all intramolecular induction interactions are included 

(-5.03 kcal/mol). Recall that it is necessary to include all intramolecular interactions in the 

TID model, including chemically bonded atom pairs, in order to adequately describe the 

total molecular polarization as measured by the anisotropic molecular polarizability 

tensor. The exclusion of 1-2 through 1-4 induction interactions can have significant 

effects on polarization interactions.   
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Table 3.4 CPU Time (seconds) Spent on Matrix Inversion, One Self-Consistent-Field 

Iteration, and Fully Converged Induction Using the Coupled Polarization-matrix 

Inversion and Iteration (CPII) Method and the Direct Iteration Approach.  Long-range 

Electrostatic Effects Both from the Permanent Partial Charges and the Induced Dipole 

Moments Are Treated by the Particle-mesh Ewald Method. 

CPII Direct iteration  

system Matrix Inv. 1 iter. Total 1 iter. Total 

Water (4096 monomers) 0.040 0.966 9.700 0.966 11.59 

NMA (2048 monomers) 0.389 2.198 28.96 2.138 29.93 

 

Finally, we turn our attention to the total CPU time needed for different methods. We 

again stress that in the present CPII scheme, the required polarization-matrix inversion for 

each molecular or residue fragment is only calculated once, which is then stored in the 

memory. The self-consistent-field (SCF) iteration process is carried out by looping over 

molecules and residues in the system (eqs 17 and 19). On the other hand, in the direct 

iterative process, the induced dipoles are successively enumerated over atomic interaction 

sites (eq 3.10). Note that the total computing costs are similar in each iteration for the two 

numerical loops because the number of polarizable sites is the same. At full convergence, 

the two schemes yield identical results; however, in the present test case, the direct 

iterative procedure failed to converge if all intramolecular interactions are included. Thus, 

in practice, the final converged induction energy by direct iteration that excludes bonded 

intramolecular interactions is not necessarily identical to that obtained using the CPII 

method. 
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Table 3.4 shows the CPU time required for inverting 4096 polarization matrices for 

the water system and 2048 polarization matrices for the NMA system, for one iteration 

over molecular index, and the total CPU cost for obtaining the fully converged induced 

dipoles at a tolerance of 0.0001 D/atom using the CPII method. In addition, the CPU 

times needed for one iteration and for full convergence using the direct iteration 

procedure are also given.  In the case of liquid water, the CPU time for matrix inversion is 

only 4% of CPU time for the first iteration step, while for liquid NMA, the CPU time for 

matrix inversion is about 15% of the time spent in one iteration because a much greater 

matrix is needed for the NMA molecule (36×36 for NMA vs. 9×9 for water). There is no 

additional CPU time required for matrix inversion in subsequent SCF steps since the 

instantaneous molecular polarizability tensors are saved in the memory. Thus, the 

percentage of CPU time spent on matrix inversion is negligible compared with the total 

CPU time needed to achieve full polarization convergence in the CPII method. The CPII 

method shows slight improvement in convergence speed, reducing two SCF iterations for 

one configuration of a cube of water, and by one SCF iteration for a box of liquid NMA. 

The improvement is more noticeable in the case of alanine pentapeptide, in which the 

number of SCF iteration is reduced from 12 to 5, keeping in mind that the direct iterative 

approach excludes intramolecular interactions up to 1-4 pairs, whereas all terms are 

included in the CPII method. Consequently, the total amount of CPU time needed to 

converge the induced dipoles is reduced in all three systems (Table 3.4). 

 

3.5 Conclusion 

We have described a coupled polarization-matrix inversion and iteration (CPII) method to 

achieve convergence in induced dipole moments and to reduce the number of self-
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consistent-field iterations for liquid and polypeptide systems employing a polarizable 

intermolecular potential function (PIPF) based on the Thole interaction dipole (TID) 

model. The Thole interaction dipole model was designed to yield anisotropic molecular 

polarizability using isotropic atomic polarizability parameters, in which all atomic pair 

interactions are considered, including those that are directly bonded covalently. To avoid 

polarization catastrophe when two polarizable sites approach a distance of 6/1)4( jiαα  in 

classical polarization models, short-range interactions are severely damped by using an 

exponential function that greatly reduces the interaction tensors near the chemical 

bonding distances. The TID model can yield excellent results in the average isotropic and 

anisotropic molecular polarizabilities in comparison with experimental data and results 

from ab initio MP2/6-31++G(d,p) calculations. We found that it is critical to include all 

intramolecular pair interactions in the interaction tensor to describe the anisotropy of 

molecular polarization, whereas it is inadequate if intramolecular induced-dipole terms 

(1-2, 1-3 and 1-4 interactions) are excluded as is typically done in molecular mechanics 

force fields.  

For condensed phase systems and polypeptides, converged induced dipoles can be 

obtained either by inverting a NN 33 ×  polarization-matrix where N is the number of 

polarizable sites, or by an iterative self-consistent-field (SCF) approach. The direct 

iterative SCF approach is more efficient computationally for large systems and is 

typically used in molecular dynamics simulations. We found that induced dipole moments 

failed to converge by the direct iterative approach if 1-2, 1-3 and 1-4 intramolecular 

interactions are included in the dipolar interaction tensor as it is required in the Thole 

model to correctly model the anisotropy of molecular polarization. To solve this 
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numerical stability problem, we reformulated the Thole interaction dipole model in terms 

of molecular block-matrices, which naturally leads to a coupled algorithm that involves a 

polarization-matrix inversion term to account for intramolecular interactions, and an 

iterative procedure to incorporate the mutual polarization effects between different 

molecules. This coupled approach avoids the numerical instability for short-range 

interactions by obtaining their mutual polarization exactly. The CPII method is illustrated 

by applying to two cubic boxes of water and NMA molecules as well as an alanine 

pentapeptide configuration whose coordinates were generated from previous molecular 

dynamics simulations or by energy minimization. It is shown that the CPII method can 

achieve convergence for the dipole induction polarization rapidly in all cases, whereas the 

direct iterative approach failed to reach convergence in these cases. In addition, the CPII 

reduces the overall computational costs by decreasing the number of iteration steps in 

comparison with the direct iteration approach that excludes intramolecular bonded 

interactions. 
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 Chapter 4 

Design of a Next Generation Force Field: The X-Pol Potential 

 

4.1 Introduction  

Molecular mechanics or force fields, employing empirical potential energy functions,
1
 

play a central role in computer simulations, which ultimately determine the accuracy of 

computational results.
2 

Although remarkable success has been achieved in molecular 

dynamics and Monte Carlo simulations of liquids, solutions, and biopolymers, thanks to 

the development and careful validation of several force fields,
3-8 

there are also a number 

of deficiencies in the current generation of force fields. First, the choice of the energy 

terms and the associated degrees of freedom are arbitrary in defining a force field.
9 

As a 

result, different force fields often have seemingly very different parameters (for example, 

partial charges), but the computed dynamic and thermodynamic properties can be similar. 

Second, by and large, most force fields make use of the harmonic approximation to bond 

stretch and angle bending, and there is a lack of consideration of the coupling among 

different energy terms. Of course, a number of force fields do include anharmonicity and 

cross terms,
7,8,10,11 

but there is no systematic way of improving the functional form and its 

performance because little is known about their effects in biomolecular simulations. 

Empirical force fields can be developed by parametrizing against observed vibrational 

frequencies.
1,9,11 

Third, the treatment of many-body polarization effects suffers from 

difficulties in choosing the functional form and empirical parameters.
8,12-21,29 

Just as 

atomic partial charges, there is no rigorous definition of atomic (or group) polarizabilities, 

nor is it measurable experimentally. There are many ways of describing molecular 

polarization, which of course is a well-defined quantity. Fourth, charge-transfer effects 
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are ignored in all empirical force fields, and there is no obvious way of including these 

effects.
22-25 

Although the energy contributions are typically small in most applications, 

charge transfer can be important in certain situations.
23,24 

Finally, the form of the 

empirical potentials is not appropriate for modeling chemical reactions involving bond 

formation and bond breaking or regions significantly away from the adiabatic ground 

state. Although specialized potentials
26a 

or general functional forms
26b 

can be developed to 

treat specific processes, they are restricted to applications to that particular case only. In 

view of these difficulties, it is of interest to consider alternative approaches to design a 

force field for biomolecular simulation and modeling that takes these effects into account. 

It is our hope that the present paper may contribute to this goal.  

Combined quantum mechanical and molecular mechanical (QM/MM) potentials,
27-30 

in principle, provide a reasonable solution to all the deficiencies mentioned above, at least 

for the region that is explicitly treated by quantum mechanics. The internal energy terms 

used in the force field as well as electrostatic interactions are described by the quantum 

chemical method used to represent the “QM” region. There is no ambiguity in the 

functional form, nor in the selection of internal degrees of freedom. Molecular 

polarization and charge transfer are naturally represented by electronic structure theory. 

And, of course, such a method can be used to model chemical reactions.
31 

Ten years ago, 

we described a method for treating many-body polarization effects in fluid simulations by 

combined QM/MM techniques.
32 

This method takes a different approach to treat 

polarization and electronic effects which do not have the problems in the classical 

polarizable force fields noted above.
8,12-21,29 

We had envisioned developing an electronic 

structure based polarization force field, which hereafter is called the X-Pol potential, for 

biomolecular simulations that naturally includes molecular polarization. In paper 1, we 
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outlined the general principles and formalisms of this approach,
32 

and in the second paper, 

we demonstrated the feasibility of carrying out fluid simulations with such a polarizable 

potential function for liquid water.
33 

This approach was also applied to liquid HF.
34 

In this 

paper, we develop the theory for constructing a force field to treat polypeptides on the 

basis of the X-Pol potential.  

We emphasize that the goal here is the development of a molecular-orbital based force 

field, which is empirical and contains parameters; these parameters shall be optimized to 

reproduce the properties of a set of target molecular systems following the same 

philosophy in developing and validating molecular mechanics force fields. Yet, the 

fundamental elements including the bonded and electrostatic “terms” are determined by 

electronic structure theory. We do not aim at developing a linear scaling method for a 

fully solvated protein system,
35-37 

although such a treatment is esthetically appealing and 

the X-Pol potential can be developed into a quantum model for biopolymers. This indeed 

is the approach undertaken in ab initio molecular dynamics and Car-Parrinello molecular 

dynamics which have been successfully used in numerous applications.
38-40 

However, 

these studies are limited to small systems with relatively short simulations. It would be 

difficult in the near future to extend the method to much larger systems such as a solvated 

protein or nucleic acid. Semiempirical models overcome the problem of computational 

costs,
41-44 

but they are considered inaccurate for general applications. Some time ago, 

Head-Gordon estimated that a Hartree-Fock (HF) or density functional theory (DFT) 

calculation of a protein of about 10 000 atoms would only be remotely feasible with the 

assumption of 100-fold increase in computer speed and a true linear scaling in molecular 

size.
37 

Such calculations in a single energy evaluation are interesting, which still represent 

a daunting task today. However, it is necessary to perform statistical mechanical 
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simulations to obtain ensemble averages in order to compare the computed results with 

experiments. The need to repeat energy and gradients evaluations for millions of times is 

the computation bottleneck in electronic structure methods for condensed phase systems.  

Clearly, the only possibility that HF or DFT methods can be used as a reliable force 

field in biomolecular simulations is to introduce approximations, keeping in mind that it is 

necessary to be able to evaluate the energy and gradients for a given configuration within 

a few seconds of time. To this end, an X-Pol potential, which was also called the 

molecular-orbital derived empirical potential for liquids (MODEL),
32 

has been 

constructed for simulations of liquid water and hydrogen fluoride,
33,34 

in which three 

approximations were made: (a) the wave function of the entire system is constructed as a 

Hartree product of the antisymmetric wave functions of individual molecules, (b) the 

interactions between any pair of residues are evaluated by combined QM/ MM 

techniques, and (c) the electronic structure of individual molecules are treated by a 

semiempirical HF model. In this method, the electronic structure of each solvent molecule 

or amino acid residue in a polypeptide is influenced and polarized by the electrostatic 

field generated from the rest of the system, which in turn affects the wave functions of 

other molecules. Consequently, the total energy of the system is determined self-

consistently. Clearly, many-body polarization effects are naturally described by electronic 

structure theory. The main advantage of this approach is that the treatment of molecular 

polarization as well as other energy components can be systematically improved by using 

ab initio HF, DFT, or advanced techniques such as perturbation, multiconfiguration, and 

couple cluster theories.  

The X-Pol potential also differs from combined QM/MM approaches that treat the 

induced dipoles classically in the MM region.
28,29,45-50 

The difficulties and uncertainty of 
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representing polarization in classical force field
8,12-21,29 

still exists in these coupled 

QM/MM-pol methods, whereas the X-Pol potential treats the entire system equally. 

Furthermore, charge-transfer effects can easily be included in the X-Pol potential, which 

would be exceedingly difficult in the classical treatment. The X-Pol force field is 

designed as a quantum mechanical model for biomolecular simulations.  

In what follows, we first review the X-Pol potential for treatment of liquid systems 

without covalent-bond connection between molecules. Then, in section 4.3, we introduce 

the new theory for treating polypeptides in which covalent bonding connections between 

residues must be separated. Section 4.4 presents the algorithm and computational details, 

and section 4.5 highlights the results and parametrization process. Finally, we summarize 

the major findings of this study and future perspectives.  

 

4.2 Theoretical Background  

For completeness, this section reviews the method presented in refs 32 and 33. The next 

section contains the new methodology developed in the present work. We first consider a 

system consisting of N molecules that are not covalently connected in a primary unit cell 

with periodic boundary conditions along with nearest image convention. For the sake of 

brevity, we assume this is a simple liquid system with identical solvent molecules such as 

liquid water; obviously there is no restriction for solutions and mixed solvents in the 

method presented below.
33 

To focus our discussion, we assume that the readers are 

familiar with combined QM/MM methods. We make the first assumption that the 

wavefunction of the liquid system ( Φ ) is represented by a Hartree product of the 

antisymmetric wavefunctions of the individual molecules, },,1;{ NII �=Ψ : 
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where the individual molecular wavefunction is written as a Slater determinant of M 

doubly occupied molecular orbitals (MOs), )}({ Iiφ  with 2M electrons in each molecule. 

As usual, the MOs are linear combinations of an atomic orbital basis set, }{ µχ , spanning 

over the entire molecule, which are subjected to the orthonormal constraint: 

 0)()()()( =−=Λ ∑ ijjiij ISIcIcI δ
µν

µννµ                     (4.2) 

where )(ISµν  is the overlap integral between atomic orbitals µχ  and νχ  in molecule I.  

The assumption made in eq 4.1 neglects the exchange correlation interactions between 

molecules, thus, the entire system does not satisfy the Pauli exclusion principle, but this 

approximation is quite reasonable in the spirit of a force field development. To account 

for the short-range exchange repulsion and the long-range dispersion interactions, we use 

an empirical function to parametrically model these effects, and we adopt the popular 

Lennard-Jones potential: 
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where A and B are the number of atoms in molecules I and J, which are the same in this 

discussion, and the parameters αβε  and αβσ  can be derived using the combining rules 

such that 2/1)( βααβ εεε =  and 2/)( βααβ σσσ += . ε  and σ  are atomic empirical 

parameters that are considered to have the same meaning and treatment as in a typical 

MM force field, and they depend on the specific functional type.  

The Hamitonian of the system can be written as: 
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where o
IĤ  is the electronic Hamiltonian of an isolated molecule in the gas phase, and 

IJĤ  describe the interactions between molecules I and J. The interaction Hamitonian can 

be expressed by eq 4.5: 
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Here, )(IZα  is the nucleus charge of atom α  in molecule I, )( JtV Ψ  is the electrostatic 

potential of molecular J at either the electronic )( it =  or nuclear )( α=t  positions of 

molecule I. The electrostatic potential due to molecule J is defined as follows: 

 ∑∫
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where )(rJρ  is the electron density of molecule J, derived from the molecular 

wavefunction, 2|)(|)( rr JJ Ψ=ρ . 

The total potential energy of the system is  

 ∑
=

−>ΦΦ<=
N

I

o

Itot EHE
1

|ˆ|                       (4.7) 

where >ΨΨ<= o

I

o

I

o

I

o

I HE |ˆ|  is the energy of molecule I in the gas phase with the wavefunction 

o
IΨ , which has a constant value and is used here purely for setting the zero of energy of the 

condensed phase system corresponding to that of infinitely separated or non-interacting species.  

In principle, eq 4.7 can be determined by standard HF theory with or without 

optimization of the instantaneous molecular wave function IΨ  in the presence of all other 

molecules. Of course, the method above is not restricted to HF theory and can be 
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equivalently written in the form of DFT or any other electronic structure methods. For 

exampled, Wesolowski and co-workers have used a frozen density functional method for 

large systems without optimization of the electron density of individual fragments.
51,52 

The fragmental molecular orbital method developed by Kitaura and co-workers allows for 

full optimization of the wave function.
53  

Without further approximation, it is necessary to compute the two-electron integrals 

arising from different molecules, which would be too expensive for a force field. 

Fortunately, this problem can be adequately treated by a combined QM/ MM approach, 

which is the second assumption of the X-Pol potential. Here, the electronic integral in eq 

4.6 is expressed as a multipole expansion on molecule J. The two-electron two-center 

Coulomb integrals can also be evaluated in exactly the same way as that described by 

Dewar and Thiel in semiempirical NDDO methods.
54 

Alternatively, if we only use the 

monopole term, i.e., partial atomic charges, the interaction Hamiltonian can be simplified 

to 
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where )( Jq Ψβ  is the partial atomic charge on atom β of molecule J, fitted to reproduce 

the electrostatic potential of eq 4.6 from the wavefunction JΨ , and αβR  is the distance 

between two atoms. Previously, we have shown that intermolecular interactions can be 

adequately described simply by scaling the Mulliken population charges in the simulation 

of liquid water.
33 

In
 
developing an X-Pol force field for biopolymers, it is desirable to 

include at least the dipolar expansion terms.  

With this treatment, the potential energy of eq 4.7 is consistently optimized to obtain 
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the ground-state potential energy of the system.  

Recently, Gascon et al.
55 

described a self-consistent space-domain decomposition 

method for computing electrostatic potentials of proteins. The method reported in that 

work appears to be the same as that described above except that Morokuma’s ONIOM 

and the 6-31G(d) basis set were used.
56,57 

Surprisingly, these authors do not appear to be 

aware of the method reported in refs 32-34. Soon after the publication of ref 32, Field also 

described a similar implementation making use of both the AM1 and HF/STO-3G 

method.
58  

 

4.3 The Electronic-Structure Polarization Force Field for Proteins  

For biomolecular systems such as proteins and nucleic acids, the division of the entire 

system into individual molecular fragments is not obvious because each residue is 

covalently connected to its neighbors.
29,59-64 

In this case, it is necessary to decide the basic 

unit for the “molecular partition” and to consider the effects of charge delocalization 

between neighboring fragments. In this section, we present a novel procedure for 

constructing a force field based on molecular orbital theory, for energy minimization and 

dynamics simulations of proteins.  

 

4.3.1 Quantum Mechanical Model 

Before we begin constructing the X-Pol force field, a critical decision must be made on 

the choice of a specific quantum mechanical model to represent the system. Of course, it 

would be ideal to use an accurate electronic structure theory such as CCSD(T) or a well-

tested DFT model along with a large basis set. However, these methods are not practical 

in the foreseeable future, and it is not clear if DFT methods can yield accurate results 
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without rigorous treatment of dispersion interactions. The most practical choice is 

semiempirical quantum mechanical models coupled with proper parametrizations, such as 

the self-consistent extended Huckel theory (SC-EHT),
66,67 

and the formalisms based on 

the neglect diatomic differential overlap (NDDO) approximation.
41 

The recent 

parametrization of the self-consistent charge density functional tight-binding (SCC-

DFTB) model
68,69 

yielded promising results; however, the procedure and the use of 

tabulated electronic integrals make it difficult for force field development. It would be of 

interest to improve the atomic parameters in the SC-EHT method. We find that the 

general formalisms used in the MNDO,
70 

AM1,
42 

and PM3
43 

models are most appealing 

because the theory is well-defined and has been extensively tested. The semiempirical 

formalisms contain atomic parameters, and the total number of parameters are no more 

than those associated with a given atom type in the current empirical force fields.  

We anticipate that the semiemipirical parameters will be fully optimized for each 

functional group in the amino acid residues, keeping in mind that we are interested in 

developing a force field rather than a “general” QM model. The parametrization will 

necessarily include optimizations of the molecular geometries (including radial 

distribution functions), energies (such as heats of formation), electronic structural 

properties (such as molecular dipoles, electron affinities, and ionization potentials), 

spectroscopic data (for example, vibrational frequencies, NMR chemical shifts), and 

condensed phase properties (such as heats of vaporization, density, diffusion constants, 

relaxation time, and solvation free energies) among others for a set of selected compounds 

representing different functionalities. Of course, the X-Pol force field can be 

systematically improved by increasing the level of the QM theory employed. It is 

expected that the parametrization process will become less dependent on fitting against 
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experimental data (or high-level QM results) as the level of the QM model increases. In 

this paper, our focus is on the theory for constructing a polypeptide chain represented by a 

QM model. We adopt the Austin Model 1 (AM1)
42 

method to demonstrate the method 

without further optimization for specific functional groups, except the boundary atoms 

discussed below. 

  

4.3.2 System Partition and Boundary Definition 

We consider a system of polypeptide of N residues, which is divided into N subunits or 

fragments. The interactions among different subunits are determined through a combined 

QM/MM algorithm. It would be natural to use the formal chemical structure of each 

amino acid residue as the “QM” subunit; however, it is more appropriate to keep intact 

the resonance delocalization in a peptide bond in electronic structure calculations. Thus, 

we adopt the “peptide unit” convention defined in the IUPAC nomenclature,
38

 which 

consists of the –CHR-CO-NH- atoms. For our computational purpose, which will become 

clear below, we make the sequence separation across the Cα atoms of adjacent residues, 

as illustrated in Figure 4.1. Thus, the Ith peptide unit contains the atoms 

-HC-NH-CO-RC- 1+III
αα , in which HC-NH 1+I

α  belong to the (I+1)th amino acid 

residue. In our definition, the Cα atoms are equally shared by adjacent peptide units. In 

the following, we follow the IUPAC recommendation to simply refer the “peptide unit” as 

a “residue” when no ambiguity arises.   



 88 

 

Figure 4.1 Definition of peptide units and the division of the Cα boundary atom. Two 

quantum mechanical fragments are highlighted in green and red, corresponding to 

residues I-1 and I. 

 

In this partition scheme, each residue (peptide unit) shares two Cα atoms with the 

neighboring residues, except the N- and C-termini. We call these atoms the boundary 

atoms (Figure 4.1). With the use of a semiempirical QM model, the boundary carbon 

atom has the standard valence s and p orbitals and four valence electrons. Adopting the 

generalized hybrid orbital (GHO) approach for the treatment of a QM-MM boundary in 

combined QM/MM calculations,
59,60 

we make the same transformation of thespatomic 

orbitals (AOs) on the boundary atom into a set of four orthonormal hybrid orbitals (HOs), 

on the basis of the local geometry about the Cα atom: 
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where the superscript I specifies that the orbitals are located on atom )(C Iα , and the 

subscript B indicates that the transformation matrix has dimensions of  (4 ×  4) for the 

boundary atom. The transformation matrix in eq 4.9 is defined by the geometry of the 

four atoms bounded to the boundary atom and their local coordinates, and its expression 

has been given in ref 60. We note that the hybrid orbitals are orthonormal by construction, 

and they are also orthogonal to all other AO basis functions due to the NDDO 

approximation. In ab initio HF theory, the HOs need to be orthogonalized to the rest of 

the basis functions, and procedures have been described previously.
61,63  

 

Figure 4.2 Assignment and sequence of hybrid orbitals on the boundary atom. Hybrid 

orbitals in red and green belong to different QM fragments. 

 

In defining the HOs in eq 4.9, the transformation matrix, T
B
(I), is constructed in such 

a way that the orientations of the four HOs are pointing sequentially toward the carbonyl 

carbon, the )(C Iβ  (or Hα2 for glycine) atom of the sidechain, the amino nitrogen of the 

(I-1)th peptide unit, and the Hα atom (Figure 4.2). Therefore, there are two boundary 

atoms and four boundary hybrid orbitals in the Ith residue in the present QM partition; the 

first two hybrid orbitals, I
1η  and  I

2η , on the )(C Iα  atom, and the third and the fourth 
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hybrid orbitals, 1
3

+Iη  and 1
4

+Iη , on the )1(C +Iα  atom. Assuming that there are IN  

atomic orbital basis functions on all other atoms in residue I, we have a total of 4+IN  

basis functions, called active orbitals, that are mixed atomic and hybrid orbitals to form 

the MOs of the subsystem. We note that, similar to the GHO method,
59-62 

the remaining 

four hybrid orbitals, two from )(C Iα  and two from )1(C +Iα , will also be used in 

constructing the Fock matrix, but they are not variationally optimized in self-consistent 

field (SCF) calculations of residue I.  

 

4.3.3 Potential Energy Surface and Procedure 

In optimizing the antisymmetric wave function IΨ , of residue I, we note that this QM 

subunit is embedded in the electric field of classical partial charges (or multipoles if 

higher order of density expansion is used) of the rest of the system, although they are also 

treated quantum-mechanically. Thus, in principle, the computational procedure is 

identical to that used in the GHO method for combined QM/MM systems,
59,60 

except that 

two “active” hybrid orbitals from each boundary atom participate in the SCF 

optimization. Specifically, if the density matrix for residue I is )(H
IP , which has 

dimensions of [ 4+IN ]× [ 4+IN ], the total interaction energy between residue I and the 

rest of the system is 

 

o
I
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µν
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where the superscript H indicates that all matrix elements are given in the mixed AO and 

HO basis, )(H
IHµν  is an element of the “effective” one-electron integral matrix that 

include the interaction Hamiltonian of eq 4.8, ),(H λσµνW  is the usual two-electron 

integrals including both Coulomb, ),( λσµν , and exchange, ),( νσµλ , terms, and nuc
IE   

and nuc
IPE  are the nuclear Coulombic energies within residue I and that with the rest of the 

protein system, respectively. The effective Hamiltonian matrix element )(H
IHµν  is given 

below
59,60 

 

 

),()1(
2

1
                

),()(
2

1
)()()(

11H
2

1,

H

H
4

3,

HHHo,H

++

=

=

++

+++=

∑

∑

I

j

I

i

ji

I

j

I

i

ji

WIP

WIPIJIHIH

ji

ji

ηηµν

ηηµν

ηη

ηηµνµνµν

                 (4.11) 

where iη specifies the boundary auxiliary orbitals from residues (I) and (I+1) that are not 

optimized in the SCF for residue I, )(Ho,
IHµν  is the standard one-electron matrix for 

residue I, )(H
IJµν  is the “QM/MM” one-electron integral due to the first term of eq 4.8 

summed over all other residues other than I, and )(H
IP

jiηη
 and )1(H +IP

jiηη
 are the 

populations of the auxiliary hybrid orbitals specified by eq 4.11.  

The total potential energy of the entire system is 

 ∑
=

=
N

I

Itot EE

1
2

1
                     (4.12) 

We further define the interaction energy between residues I and J by
32,33
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This is necessary to ensure that JIIJ EE =  because in combined QM/MM 

calculations the two integrals in the bracket parentheses may not be identical.  

Although the wave function of eq 4.1 can be variationally optimized for all residues 

simultaneous in each SCF cycle, it is more convenient to sequentially optimize the wave 

function of each residue, by keeping the partial charges (derived from the corresponding 

wave functions) of the rest of the system fixed. Thus, we have a double iterative SCF 

procedure: (1) the SCF optimization of the wave function of each residue and (2) the SCF 

optimization of the mutual polarization of the entire system. Specifically, after the 

individual wave functions for all residues are converged, which constitute one iterative 

cycle in the “system” SCF, we check the convergence of the total energy of the system in 

eq 4.11. This is repeated until the total energy is converged to a given tolerance. This 

double-SCF procedure has been used previously in our treatment of liquid water in Monte 

Carlo simulations; typically less than 5 system iterations are sufficient to achieve 

convergence.
33  

 

4.4 Computational Details  

The computational procedure of the X-Pol force field follows roughly the same 

approaches outlined in refs 32 and 33. However, there are several new aspects that need 

to be defined here. It is clear that eq 4.11 requires the density matrix elements, 

},,1);({ H
NIIP

ji
�=

ηη
, for the auxiliary orbitals on the two boundary atoms in each 

residue during SCF optimizations. In the original GHO method developed for QM/MM 

calculations, the density is obtained by transferring the partial atomic charge on the 

boundary carbon from the MM force field, to the three auxiliary orbitals, plus the density 
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of one electron.
59 

In the X-Pol potential, there are two hybrid orbitals from each boundary 

atom, and the nuclear charges are not adjusted as in QM/MM calculations; however, the 

major difference here is that these auxiliary orbitals are also active orbitals in the 

neighboring residues, which are fully optimized in SCF calculations. Consequently, the 

“auxiliary” densities are no longer invariant, but they are dynamically changing due to the 

change of molecular geometry and instantaneous charge polarizations. Furthermore, these 

optimized densities provide the necessary input for the auxiliary orbitals in the 

neighboring residues. At convergence, the chemical potential of these hybrid orbitals 

(active and auxiliary and vice versa) are fully equalized.  

The next critical issue is to define an appropriate procedure for determining the partial 

charges for all other residues in eq 4.8 when the wave function of residue I is being 

optimized. A number of possibilities are available, including Mulliken population 

charges,
71 

electrostatic potential fitted charges,
72 

and the class IV (CM2) charges proposed 

by Cramer and Truhlar.
73-76

A good charge mapping procedure will ensure that “QM/MM” 

interactions be accurately determined in comparison with experimental datasthrough 

parametrization of the force field. However, special care must be taken in any charge 

mapping procedure such that the charge density to be used as the auxiliary density is 

appropriately neutralized by the atomic charges in the subunit where these “auxiliary 

orbitals” reside and are “active”. This can be done by imposing a charge constraint if an 

electrostatic potential fitting procedure is used. In the present study, which is aimed at 

demonstrating the feasibility of the X-Pol force field, we adopt the Mulliken population 

analysis, which properly divides the charge population between the “auxiliary orbitals” 

(note that they are “active orbitals” in the fragment where they are determined) and the 

rest of the QM subunit. Clearly, in future development of a reliable force field, both the 
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“classical” representation of the electrostatic potential from a given wave function in 

terms of multipole expansions and the specific method for obtaining these multipoles 

shall be a primary focus of study.  

Third, in the X-Pol treatment, short-range exchange repulsion and long-range 

dispersion forces are represented by the traditional Lennard-Jones potential. Obviously, 

these are empirical terms that must be properly optimized against experimental and high-

level ab initio results on bimolecular interactions and liquid properties including density. 

We have demonstrated in Monte Carlo simulations of liquid water using the X-Pol 

approach that the van der Waals parameters in the Lennard-Jones potential can be 

similarly adjusted as in the development of empirical potentials, e.g., the TIP3P and 

TIP4P models. In the present study, we employ the corresponding parameters in the 

CHARMM22 force field without further modification. Note that it might be tempting to 

use “pure” electronic structure methods to determine the repulsive and dispersive 

energies; however, this would be futile in force field development if computational speed 

is taken into consideration.  

We present an algorithm for optimization of the individual molecular wave function 

with the GHO boundary treatment.
59 

The convergence of the entire system is achieved by 

an iterative SCF procedure outline below. 

(a) Determine the transformation matrices },,1);({ NII �=tT  for the interconversion 

between the AOs and a set of mixed AOs and HOs, AO1HO
I )( II CTC t

−= , where 

the subscript “t” specifies that the matrix has dimensions of [ 8+IN ]× [ 8+IN ]. 

Compute the [ 4+IN ]× [ 4+IN ]-dimensional density matrix, 

},,1);({ H
NII �=P  using the active HOs for each residue.  
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(b) For each residue, perform SCF optimization sequentially, beginning from residue 

1=I .   

(c) For residue I, expand )(H
IP  into full dimension by adding the auxiliary density 

matrix elements, and transform it into the AO basis  

])()[(])([)( 1HO1AO −+−= IIII tttt TPTP . Construct the full Fock matrix )(AO
ItF  in 

AO basis, including QM/MM interaction terms. Transform )(AO
ItF  into HO basis, 

)]()[()]([)( AOHO IIII tttt TFTF += . Remove the columns and rows corresponding to 

the auxiliary hybrid orbitals to yield the “active” Fock matrix )(AO
IF , which is of 

[ 4+IN ]× [ 4+IN ]-dimension. Diagonalize )(AO IF  and compute the energy and 

new density matrix )(H
IP .  

(d) Test convergence. If not satisfied, go to step (c). If convergence is met, compute 

new partial charges from the optimized wave function and set the densities of the 

active HOs as auxiliary densities for other SCF optimizations. Incrementing I by 

one until NI = , and then, go to step (c). 

(e) Compute the total energy, and test convergence.  If not satisfied, go to step (b).  

We point out that the matrices transformations in step (c) are quite simple because it 

only involves orbitals on the boundary atoms (a total of 8 orbitals). Thus, it takes a 

negligible amount of computer time. As can be seen from the algorithm above, the Fock 

matrix construction and diagonalization are performed for each individual residue, and 

there are a total of N separate SCF calculations of the size of each residue in each system 

iteraction. In our experience on the simulation of liquid water, the total number of system 

iterations does not increase significantly, perhaps by one or two cycles, with increased 
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system size. Thus, the total computational time is linear scaling by )( maxNONS ×× , 

where S is the number of iterations in system SCF, and )( maxNO  is the computing efforts 

for the largest residue. The difference beween electronic structure calculations for a 

molecule of the size of ∑
N

I IN  orbitals and that of N separate calculations of the size of 

maxN  is obvious because the former would scale as 
3

N
II

O N
       
∑  due at least to 

diagonalization.  

 

Table 4.1 Modified Parameters for the Carbon Boundary Atom in the Present X-Pol 

Force Field along with the Original AM1 Values and Those Used in the GHO Model
a
 

Parameters AM1 GHO MODpol 

βs -15.715783 -5.500524 -12,85205 

βp -7.719283 -14.666638 -5,680080 

Uss -52.028658 -52.028658 -49,774256 

Upp -39.614239 -38.703112 -39,573436 

 

a 
All values are given in eV. 

 

4.5 Results and Discussion  

To illustrate the feasibility of the X-Pol force field, we present test cases to demonstrate 

the procedure for optimizing parameters associated with the boundary atoms and an 

application to a tetrapeptide model interacting with a single water molecule. Here, we 

have assumed that the semiempirical AM1 model is adequate for treating the individual 
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residues; obviously, the AM1 model itself is not satisfactory for constructing a force field 

for protein simulations. However, there is little doubt that they can be parametrized to 

accurately treat specific functional groups and interactions. The parametrization of the 

NDDO-based semiempirical QM model for different functional groups and atom types 

shall be left for future exploration.  

4.5.1 Parametrization of Boundary Atoms 

To parametrize the semiempirical force field for the boundary carbon atom and to assess 

its performance, we consider three model compounds: propane, 2-methylpropane 

(isobutene), and 2,2-dimethylpropane (neopentane). In each case, a single boundary atom 

is defined at the C2
 
atom position, and two fragmental QM subunits are treated. We aim at 

the selection of a minimum number of model compounds in the parametrization process 

to achieve transferability by satisfying key quantum chemical requirements.
59 

These 

include (1) the balance of electronegativity, (2) the properties of chemical bonding, and 

(3) the conformational potential energy profiles involving the boundary atom. Our 

experience in the development of the GHO methods, at the semiempirical level,
59,60 

semiempirical SCC-DFTB treatment,
62 

ab initio HF level,
61a,62 

and DFT method,
61b 

shows 

that if the electron-withdrawing power and the formation of the chemical bonds are 

adequately balanced with the QM model that the boundary atom mimics, the empirical 

parameters for the boundary atoms are fully transferable, just as all other standard 

semiempirical parameters or basis sets.  

Taking the three criteria listed above into consideration, we found that we only need 

to modestly modify the parameters of the original AM1 Hamiltonian for carbon. We 

focused on the one-center core integrals Uss and Upp and the resonance integrals βs and βp,  
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Table 4.2 Optimized Bond Lengths (Å) and Bond Angles (deg) Using the X-Pol Potential 

and the Full AM1 Method 

 propane 2-methylpropane 2,2-dimentylpropane 

bond AM1 X-Pol AM1 X-Pol AM1 X-Pol 

CB-C1 1,516 1,523 1,523 1,524 1,527 1,523 

CB-C3 1,516 1,526 1,523 1,524 1,527 1,526 

CB-C4(H) 1,118 1,123 1,523 1,524 1,527 1,523 

CB-C5(H) 1,118 1,120 1,121 1,118 1,527 1,519 

H11-C1 1,114 1,115 1,114 1,115 1,114 1,115 

H12-C1 1,114 1,113 1,114 1,114 1,114 1,114 

H13-C1 1,114 1,113 1,114 1,113 1,114 1,114 

H31-C3 1,114 1,115 1,114 1,114 1,114 1,114 

H32-C3 1,114 1,113 1,114 1,115 1,114 1,115 

H33-C3 1,114 1,113 1,114 1,114 1,114 1,114 

H41-C2   1,114 1,113 1,114 1,114 

H42-C4   1,114 1,115 1,114 1,115 

H43-C4   1,114 1,113 1,114 1,114 

H51-C5     1,114 1,115 

H52-C5     1,114 1,114 

H53-C5     1,114 1,114 

angle       

C1- CB-C3 111,87 107,25 110,78 114,75 109,5 114,6 

C1- CB-C4   110,96 107,34 109,5 107,2 

C1- CB-C5     109,5 106,5 

C3- CB-C4   110.78 107,25 109,5 107,3 

C3- CB-C5     109,5 106,7 

C4- CB-C5     109,5 114,7 
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Scheme 4.1 Atom Numbers Assigned to the Three Alkanes Which Are Separated into 

Two Quantum Mechanical Fragments Across a Boundary Atom CB 

 

the latter of which are closely related to chemical bonding (see below). We slightly 

decreased these values to obtain the best overall results, but it is closer to that of the 

original AM1 value. Note that in the full parametrization process of the X-Pol potential, 

the balance with all other atoms will also be consistently considered. The parameters for 

the boundary carbon atom are listed in Table 4.1 along with the standard AM1 values and 
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those used in the GHO model.
59 

 

 

The semiempirical parameters for the resonance integrals, βs and βp, are most directly 

responsible for chemical bonding and molecular geometry. The optimized parameters in 

the table show that the X-Pol potential has very similar values compared with the original 

AM1 parameters. This is in contrast to the GHO method,
59 

which does not have the 

double self-consistent field treatment to optimize the auxiliary hybrid orbital densities. 

The bond lengths and selected bond angles of propane, 2-methylpropane, and 2,2-

dimethylpropane, optimized using the X-Pol potential and the AM1 method, are given in 

Table 4.2 (see Scheme 4.1 for atom assignment). The key parameters to be examined are 

the bond lengths and bond angles associated with the boundary atom, CB, which is placed 

at the C2 position in all three cases. The present comparison is best made with the values 

optimized using the AM1 model, rather than the experimental or high-level ab initio 

results, because the main purpose is to evaluate the possibility to parameterize the 

boundary atom to reproduce the results from the QM model used to describe the QM 

subunits. For the nine CB-C bonds and three CB-H bonds in these three model compounds, 

the average unsigned error is 0.004 and 0.003 Å, respectively. The agreement with the 

AM1 results is good. Bond angles see somewhat greater variations mainly because the 

way that the hybrid orbitals are defined. In the original GHO approach, the hybrid orbital 

pointing toward the QM fragment is defined based on the local (instantaneous) geometry 

of the other (MM) three bonds connected to the boundary atom.
59 

The remaining three 

auxiliary hybrid orbitals are created by using Schmidt orthorgonalization and equal 

hybridization.
60 

In the present application, we have adopted the same definition and 

partitioning scheme for the hybrid orbitals, but, of course, all hybrid orbitals should be 
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treated equally based on the respective local geometry followed by a Lowdin-type 

orthorgonalization. The latter approach would resolve the slight imbalance caused by the 

hybridization method. Nevertheless, the optimized bond angles are still reasonable for the 

present test purposes.  

On the other hand, the fundamental criterion necessary to ensure transferability of 

these atomic parameters for boundary atoms is the balance of the electron-withdrawing 

power of the boundary atom with that of the QM model that it mimics (AM1 in the 

present case). Therefore, the boundary atom must have the same electronegativity as that 

of an “AM1 carbon” atom so that there is no charge transfer between two identical 

groups. The most relevant parameters in the semiempirical theory are the one-center Uss 

and Upp terms, which are optimized in connection 

 

Table 4.3 Mulliken Population Charges (au) Obtained Using the X-Pol Potential and the 

Full AM1 Method. Values in Parentheses Are Sums Over Hydrogens 

 propane 2-methylpropane 2,2-dimentylpropane 

atom AM1 X-Pol AM1 X-Pol AM1 X-Pol 

CB -0,160 -0,159 -0,111 -0,107 -0,060 -0,054 

C1 

-0,210 

(0.004) 

-0,230 

(0.003) 

-0,206 

(0.010) 

-0,223 

(0.012) 

-0,202 

(0.015) 

-0,230 

(0.013) 

H11 0,071 0,072 0,072 0,072 0,072 0,072 

H12 0,071 0,084 0,07203 0,085 0,072 0,086 

H13 0,071 0,077 0,072 0,078 0,072 0,086 

C3 

-0,210 

(0.004) 

-0,235 

(-0.003) 

-0,206 

(0.010) 

-0,223 

(-0.001) 

-0,202 

(0.015) 

-0,230 

(0.007) 

H31 0,071 0,072 0,072 0,085 0,072 0,085 

H32 0,071 0,083 0,072 0,073 0,072 0,072 
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H33 0,071 0,077 0,072 0,077 0,072 0,086 

C4 (H) 

0,076 

 

0,076 

 

-0,206 

(0.010) 

-0,242 

(0.012) 

-0,202 

(0.015) 

-0,236 

(0.013) 

H41   0,072 0,084 0,072 0,085 

H42   0,072 0,073 0,072 0,073 

H43   0,072 0,084 0,072 0,085 

C5 (H) 

0,076 

 

0,083 

 

0,081 

 

0,084 

 

-0,202 

(0.015) 

-0,225 

(0.020) 

H51     0,072 0,072 

H52     0,072 0,086 

H53     0,072 0,086 

 

 

with the resonance integral parameters (as they are not independent in energy 

calculations). We found that it is possible to achieve this goal by only optimizing these 

four parameters listed in Table 4.1. This is illustrated by the computed Mulliken 

population charges for the three alkane model compounds. It perhaps should be 

emphasized here that the Mulliken population
71 

is in fact the best charge analysis to 

examine the balance of the electron-withdrawing abilities of different elements or 

between atoms of the same type, but they are treated differently (AM1 vs GHO).  

Ideally, there is no net charge transfer between two neighboring groups across the 

boundary atom in the X-Pol potential, although a slight variation is inevitable since the 

boundary atom is, after all, an approximation to the original QM method. Propane is used 

as the primary target in the parametrization, and the goal is to have as little charge transfer 

as possible between two fragments via CB. Table 4.3 shows that the sum of the total 

charges of the two QM fragments are nearly the same (0.080 au) both from AM1 and the 
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X-Pol calculations, and the partial charge on the boundary carbon only differs by 0.001 au 

(Scheme 4.1). To remove the effect of the hydrogen atoms on the CB atom, which have  
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Figure 4.3 Torsional potential energy profiles for 2-methyl- propane (isobutene) about 

the H22-CB-C4-H41 dihedral angle from AM1 and X-Pol optimizations. Energies are in 

kcal/mol and dihedral angles are in degrees. 

 

not been reparameterized, we examine the second symmetric system, neopentane. The 

unrestrained AM1 calculation yields a total net charge of 0.030 au for two methyl groups, 

which may be compared to values of 0.026 and 0.027 au from the X-Pol potential. 
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1.509

(1.505)
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(1.242)

1.375

(1.368)
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1.535

(1.524)

1.249
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1.429

(1.432)

1.368

(1.366)

Importantly, the two fragments are reasonably balanced. The small difference among the 

individual methyl groups is again due to the definition of the hybrid orbitals for the 

boundary atom, which are not completely equivalent. For isobutene, the difference 

between the two QM fragments is 0.060 au more positive for one methyl group and an HB
 

than two methyl groups from full AM1 calculations, whereas the difference is 0.05 au. 

The agreement between AM1 and X-Pol partial charges on the CB atom is also good, 

which shows the absolute amount of charge imbalance between the boundary atom and 

the standard carbon. 

 

Figure 4.4 Superposition of the optimized structures using the AM1 and the X-Pol 

potentials for glycine dipeptide. Bond lengths in angstroms are given for the X-Pol 

potential and for the AM1 model in parentheses. 

 

The torsional potential energy profiles for isobutene about a C-C dihedral are 

illustrated in Figure 4.3. The torsional energy from the X-Pol potential has contributions 
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from “pure” QM, QM/MM, and “pure” MM (van der Waals) terms, and the computed 

barrier height is about 0.5 kcal/ mol lower than the full AM1 energy. This trend has been 

observed in the GHO boundary approach,
59 

and this difference is easily corrected by 

adjusting the semiempirical method or by including a classical torsional term. The latter 

scenario is probably a simple choice for constructing an empirical force field, and this 

would be the only internal bonding terms required in the X-Pol potential. 

 

4.5.2 Glycine and Glycine-Dipeptide 

To examine the possibility that the X-Pol potential can be applied to proteins, we 

optimized the structures of glycine and glycine dipeptide, which are compared with the 

full original AM1 calculations. Note that the main goal here is to show that the boundary 

parameters optimized above are transferable to polypeptides and that the development of 

the X-Pol potential will involve full optimization of the QM model itself for different 

functional groups. Listed in Table 4.4 are computed partial atomic charges for glycine 

when the boundary atom is placed on the Cα atom with the first hybrid orbital pointed 

either towards the carbonyl carbon (Cα-C) or towards the amino nitrogen (Cα-N), as the 

current definition of the hybrid orbitals still does not yield exactly equivalent 

hybridizations. The results are compared with the AM1 values, while geometrical 

parameters are presented in Figure 4.4.  

Overall the partial charges show reasonable transferability. The amino group has a 

total net partial charge of -0.041 a.u. from AM1, whereas it is -0.042 and -0.062 a.u. from 

the X-Pol potential when the hybrid orbitals are defined based on the Cα-C vector and the 

Cα-N vector, respectively. For the carboxyl group, the total net charges are -0.136, -0.111 
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and -0.118 a.u. from AM1, X-Pol (Cα-C bond) and X-Pol (Cα-N bond), respectively.  The 

difference is only about 0.02 a.u. for such a strong electron-withdrawing group.  Overall, 

there is little charge transfer between the two QM fragments for both partition schemes in 

comparison with the AM1 partial charges.  

 

Table 4.4 Mulliken Population Charges (au) for Glycine Obtained Using the X-Pol 

Potential and the Full AM1 Method 

X-Pol Atom AM1 

C-C C-N 

N -0,349 -0,350 -0,348 

HT1 0,157 0,128 0,126 

HT2 0,151 0,180 0,160 

Hα1 0,122 0,108 0,120 

Cα  -0,047 -0,056 -0,067 

Hα2 0,085 0,126 0,120 

C 0,302 0,266 0,283 

OT1 -0,342 -0,374 -0,355 

OT2 -0,314 -0,282 -0,291 

HO2 0,236 0,254 0,252 
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Table 4.5 Mulliken Population Charges (au) for Glycine Dipeptide Obtained Using the 

X-Pol Potential and the Full AM1 Method 

X-Pol atom/group AM1 

Cα-C Cα-N 

CH3 0.060 0.060 0.058 

CO -0.067 -0.091 -0.094 

NH -0.130 -0.132 -0.142 

Hα1 0.111 0.096 0.108 

CB -0.039 -0.002 -0.013 

Hα2 0.111 0.128 0.121 

CO -0.085 -0.133 -0.111 

NH -0.147 -0.123 -0.124 

CH3 0.185 0.195 0.197 

 

4.6 Summary  

An electronic structure-based polarization potential, which is called the X-Pol 

potential, has been described for the purpose of constructing an empirical force field for 

modeling polypeptides. The X-Pol potential takes an entirely different philosophical 

approach toward the development of a force field and the treatment of electronic 

polarization and charge delocalization. The internal, bonded interactions are fully 

represented by an electronic structure theory augmented with some empirical torsional 

terms. Nonbonded interactions are modeled by an iterative, combined quantum 

mechanical and molecular mechanical method, in which the molecular mechanical partial 
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charges are derived from the molecular wave functions of the individual fragments. In this 

paper, the X-Pol potential is illustrated by making use of the neglect of diatomic 

differential overlap (NDDO) approximation and the AM1 model as the quantum 

mechanical method, without further parametrization for specific functional groups. The 

main purpose of this study is to demonstrate the feasibility of such an electronic structure 

force field and to develop a practical and well-defined method for separating a 

polypeptide chain into peptide units. The boundary is treated following the ideas of the 

generalized hybrid orbital (GHO) technique developed for the treatment of QM and MM 

boundaries and extended to bridge two QM regions in the X-Pol potential. The 

parametrization procedure and philosophy for the boundary treatment between QM 

fragments in the X-Pol potential is documented and tested by a number of simple 

compounds.  

The X-Pol model presented here is an empirical force field, although it is based on 

quantum mechanical formalisms. If one finds that a particular QM model used or the 

approximations made are inadequate to treat certain properties, for example, the torsional 

potential energy profile about a single bond rotation, one can include a purely empirical 

energy term such as the sine and cosine function series in the current force fields. 

Although this might be deemed ad hoc, the method is nevertheless systematic in that one 

can always seek for a better, more accurate QM representation of the individual residues 

such that these empirical functional terms can be eliminated.  

In two forthcoming papers, we describe the analytical energy gradient techniques for 

the X-Pol potential and an application to a solvated protein. The exact treatment and 

construction of individual force fields in the future may differ from the method presented 

here, but the general direction seems to be clear. We envision that the next generation of 
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force fields for biomolecular polymer simulations will be developed based on electronic 

structure theory, which is one way to properly define and treat many-body polarization 

and charge delocalization effects.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 110 

Bibliography  

(1) Burkert, U.; Allinger, N. L. Molecular Mechanics; American Chemical Society: 

Washington, DC, 1982.  

(2) MacKerell, A. D., Jr. J. Comput. Chem. 2004, 25, 1584.  

(3) Jorgensen, W. L.; Maxwell, D. S.; Tirado-Rives, J. J. Am. Chem. Soc. 1996, 118, 

11225.  

(4) MacKerell, A. D., Jr.; Bashford, D.; Bellott, M.; Dunbrack, R. L.; Evanseck, J. D.; 

Field, M. J.; Fischer, S.; Gao, J.; Guo, H.; Ha, S.; Joseph-McCarthy, D.; Kuchnir, L.; 

Kuczera, K.; Lau, F. T. K.; Mattos, C.; Michnick, S.; Ngo, T.; Nguyen, D. T.; 

Prodhom, B.; Reiher, W. E., III.; Roux, B.; Schlen- krich, M.; Smith, J. C.; Stote, R.; 

Straub, J.; Watanabe, M.; Wiorkiewicz-Kuczera, J.; Yin, D.; Karplus, M. J. Phys. 

Chem. B 1998, 102, 3586.  

(5) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M., Jr.; Ferguson, D. 

M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman, P. A. J. Am. Chem. Soc. 

1995, 117, 5179.  

(6) Oostenbrink, C.; Soares, T. A.; van der Vegt, N. F. A.; van Gunsteren, W. F. Eur. 

Biophys. J. 2005, 34, 273.  

(7) Maple, J. R.; Hwang, M. J.; Jalkanen, K. J.; Stockfisch, T. P.; Hagler, A. T. J. 

Comput. Chem. 1998, 19, 430.  

(8) Ren, P.; Ponder, J. W. J. Comput. Chem. 2002, 23, 1497.  

(9) Dinur, U.; Hagler, A. T. Rev. Comput. Chem. 1991, 2, 99.  

(10) Halgren, T. A. J. Comput. Chem. 1999, 20, 730.  

(11) Warshel, A. J. Chem. Phys. 1994, 101, 6141.  

(12) Thole, B. T. Chem. Phys. 1981, 59, 341.  



 111 

(13) Caldwell, J. W.; Kollman, P. A. J. Phys. Chem. 1995, 99, 6208.  

(14) Gao, J.; Habibollazadeh, D.; Shao, L. J. Phys. Chem. 1995, 99, 16460.  

(15) Gao, J.; Pavelites, J. J.; Habibollazadeh, D. J. Phys. Chem. 1996, 100, 2689.  

(16) (a) Rick, S. W.; Stuart, S. J.; Berne, B. J. J. Chem. Phys. 1994, 101, 6141. (b) Banks, 

J. L.; Kaminski, G. A.; Zhou, R.; Mainz, D. T.; Berne, B. J.; Friesner, R. A. J. Chem. 

Phys. 1999, 110, 741.  

(17) Kaminski, G. A.; Stern, H. A.; Berne, B. J.; Friesner, R. A. J. Phys. Chem. A2004, 

108, 621.  

(18) Patel, S.; Mackerell, A. D., Jr.; Brooks, C. L., III.J. Comput. Chem.2004, 25, 1504.  

(19) Patel, S.; Brooks, C. L., III. Mol. Simul. 2006, 32, 231.  

(20) Lamoureux, G.; MacKerell, A. D., Jr.; Roux, B. J. Chem. Phys. 2003, 119, 5185.  

(21) Harder, E.; Anisimov, V. M.; Vorobyov, I. V.; Lopes, P. E. M.; Noskov, S. Y.; 

MacKerell, A. D., Jr.; Roux, B. J. Chem. Theory Comput. 2006, 2, 1587.  

(22) Lee, T. S.; York, D. M.; Yang, W. J. Chem. Phys. 1995, 102, 7549.  

(23) Nadig, G.; Van Zant, L. C.; Dixon, S. L.; Merz, K. M., Jr. J. Am. Chem. Soc. 1998, 

120, 5593.  

(24) Van der Vaart, A.; Merz, K. M., Jr. J. Am. Chem. Soc. 1999, 121, 9182.  

(25) Mo, Y.; Gao, J. J. Phys. l Chem. B 2006, 110, 2976.  

(26) (a) Chandrasekhar, J.; Smith, S. F.; Jorgensen, W. L. J. Am. Chem. Soc. 1984, 106, 

3049. (b) Warshel, A.; Weiss, R. M. J. Am. Chem. Soc. 1980, 102, 6218.  

(27) Gao, J.; Xia, X. Science 1992, 258, 631.  

(28) Gao, J. Methods and applications of combined quantum mechanical and molecular 

mechanical potentials. InReV. Comput. Chem.; Lipkowitz, K. B., Boyd, D. B., Eds.; 

VCH: New York, 1995; Vol. 7, pp 119.  



 112 

(29) Warshel, A.; Levitt, M. J. Mol. Biol. 1976, 103, 227.  

(30) Field, M. J.; Bash, P. A.; Karplus, M. J. Comput. Chem. 1990, 11, 700.  

(31)Gao, J. Acc. Chem. Res. 1996, 29, 298.  

(32) Gao, J. J. Phys. Chem. B 1997, 101, 657.  

(33) Gao, J. J. Chem. Phys. 1998, 109, 2346.  

(34) Wierzchowski, S. J.; Kofke, D. A.; Gao, J. J. Chem. Phys. 2003, 119, 7365.  

(35) Lee, T.-S.; York, D. M.; Yang, W. J. Chem. Phys. 1996, 105, 2744.  

(36) Dixon, S. L.; Merz, K. M., Jr. J. Chem. Phys. 1996, 104, 6643.  

(37) Head-Gordon, M. J. Phys. Chem. 1996, 100, 13213.  

(38) Car, R.; Parrinello, M. Phys. Rev. Lett. 1985, 55, 2471.  

(39) Rothlisberger, U.; Carloni, P.; Doclo, K.; Parrinello, M. J. Biol. Inorg. Chem. 2000, 

5, 236.  

(40) Tuckerman, M. E.; Marx, D.; Parrinello, M. Nature 2002, 417, 925.  

(41) Pople, J. A.; Santry, D. P.; Segal, G. A. J. Chem. Phys. 1965, 43, S129.  

(42) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P. J. Am. Chem. Soc. 

1985, 107, 3902.  

(43) Stewart, J. J. P. J. Comput. Chem. 1989, 10, 209.  

(44) Zerner, M. C. Rev. Comput. Chem. 1991, 2, 313.  

(45) Thompson, M. A.; Schenter, G. K. J. Phys. Chem. 1995, 99, 6374.  

(46) Thompson, M. A. J. Phys. Chem. 1996, 100, 14492.  

(47) Gao, J. J. Comput. Chem. 1997, 18, 1062.  

(48) Gao, J.; Byun, K. Theor. Chem. Acc. 1997, 96, 151.  

(49) Lin, Y.-l.; Gao, J. J. Chem. Theory Comput. 2007, 3, 1484.  

(50) Poulsen, T. D.; Ogilby, P. R.; Mikkelsen, K. V. J. Chem. Phys. 2002, 116, 3730.  



 113 

(51) Wesolowski, T. A.; Warshel, A. J. Phys. Chem. 1993, 97, 8050.  

(52) Wesolowski, T.; Muller, R. P.; Warshel, A. J. Phys. Chem. 1996, 100, 15444.  

(53) Kitaura, K.; Ikeo, E.; Asada, T.; Nakano, T.; Uebayasi, M. Chem. Phys. Lett. 1999, 

313, 701.  

(54) Dewar, M. J. S.; Thiel, W. Theor. Chim. Acta 1977, 46, 89.  

(55) Gascon, J. A.; Leung, S. S. F.; Batista, E. R.; Batista, V. S. J. Chem. Theory Comput. 

2006, 2, 175.  

(56) Maseras, F.; Morokuma, K. J. Comput. Chem. 1995, 16, 1170.  

(57) Dapprich, S.; Komiromi, I.; Byun, K. S.; Morokuma, K.; Frisch, M. J. Theochem 

1999, 1, 461. 

(58) Field, M. J. Mol. Phys. 1997, 91, 835.  

(59) Gao, J.; Amara, P.; Alhambra, C.; Field, M. J. J. Phys. Chem. A 1998, 102, 4714.  

(60) Amara, P.; Field, M. J.; Alhambra, C.; Gao, J. Theor. Chem. Acc. 2000, 104, 336.  

(61) (a) Pu, J.; Gao, J.; Truhlar, D. G. J. Phys. Chem. A 2004, 108, 632. (b) Pu, J.; Gao, J.; 

Truhlar, D. G. Chem. Phys. Chem. 2005, 6, 1853.  

(62) Pu, J.; Gao, J.; Truhlar, D. G. J. Phys. Chem. A 2004, 108, 5454.  

(63) (a) Ferre´, N.; Assfeld, X.; Rivail, J.-L. J. Comput. Chem. 2002, 23, 610. (b) Thery, 

V.; Rinaldi, D.; Rivail, J.-L.; Maigret, B.; Ferenczy, G. G. J. Comput. Chem. 1994, 15, 

269. (c) Assfeld, X.; Ferre´, N.; Rivail, J.-L. ACS Symp. Ser.; Gao, J., Thompson, M. 

A., Eds.; 1998; Vol. 712, p 234.  

(64) Antes, I.; Thiel, W.ACS Symp. Ser.;Gao, J., Thompson, M. A., Eds.; 1998; Vol. 712, 

p 50.  

(65) Calzaferri, G.; Forss, L.; Kamber, I. J. Phys. Chem. 1989, 93, 5366.  

(66) Carbo, R.; Fornos, J. M.; Hernandez, J. A.; Sanz, F. Int. J. Quantum Chem. 1977, 11, 



 114 

271.  

(67) Anderson, A. B.; Hoffmann, R. J. Chem. Phys. 1974, 60, 4271.  

(68) Elstner, M.; Porezag, D.; Juugnickel, G.; Elsner, J.; Haugk, M.; Frauenheim, T.; 

Sukai, S.; Seifect, G. Phys. Rev. B 1998, 58, 7260.  

(69) Elstner, M. J. Phys. Chem. A 2007, 111, 5614.  

(70) Dewar, M. J. S.; Thiel, W. J. Am. Chem. Soc. 1977, 99, 4907.  

(71) Mulliken, R. S. J. Chem. Phys. 1964, 61, 20.  

(72) Momany, F. A. J. Phys. Chem. 1978, 82, 592.  

(73) Chambers, C. C.; Cramer, C. J.; Truhlar, D. G. J. Phys. Chem. 1996, 100, 16385.  

(74) Li, J.; Zhu, T.; Cramer, C. J.; Truhlar, D. G. J. Phys. Chem. A 1998, 102, 1820.  

(75) Thompson, J. D.; Cramer, C. J.; Truhlar, D. G. J. Comput. Chem. 2003, 24, 1291.  

(76) Zhu, T.; Li, J.; Liotard, D. A.; Cramer, C. J.; Truhlar, D. G. J. Chem. Phys. 1999, 

110, 5503. 

 

 

 

 

 

 

 

 

 

 

 



 115 

Chapter 5 

The Variational X-Pol Potential and Analytical First Derivative of 

Energy: Towards a Next Generation Force Field 

 

5.1 Introduction 

The explicit polarization (X-Pol) potential has been proposed for use as a force field 

for simulations of large molecules in condensed phases (note that the acronym X-Pol is 

also synonymous for Xie’s polarization).
1
 The X-Pol potential is based on division of a 

system into fragments within which the interactions are treated using molecular orbital 

theory while interactions between fragments are treated using a combined quantum 

mechanical and molecular mechanical (QM/MM)
2-5

 calculation. In the QM/MM 

calculation, the fragments other than the one currently under consideration are represented 

by MM point charges that are computed by Mulliken
6
 population analysis. Polarization of 

the wave function of each fragment is included in the context of this QM/MM framework. 

Electronic structure calculations are sequentially performed for each fragment in the 

presence of Mulliken charges that are obtained from the wave functions of all other 

fragments. We iteratively cycle through all the fragments until the total energy or electron 

density is converged to a given tolerance.
1
 One of the advantages of dividing the system 

into fragments is that we need to construct and diagonalize Fock matrices only for small 

fragments, so that the computational bottleneck of diagonalizing the Fock matrix of the 

entire system is avoided. Since the inter-fragment interactions are treated using a 

QM/MM method, the number of integrals to be evaluated is significantly decreased 

compared to a full QM calculation of the entire system. Another advantage of the X-Pol 

potential is that it can easily be parallelized by assigning a certain number of fragments to 

each processor. Communication between processors will be mainly for Mulliken charges.    
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The X-Pol potential was originally called the molecular-orbital derived empirical 

potential for liquids (MODEL);
7
 it has been applied to the Monte Carlo simulation of 

liquid water
8
 and liquid hydrogen fluoride,

9
 and it was recently extended to treat 

polypeptides in which the fragments are covalently bonded.
1
 The wave function for each 

fragment is updated iteratively using the Mulliken charges of all other fragments until 

self-consistency is achieved for the entire system. Thus, each part of the system is treated 

at the same level. However, the Fock matrix used previously
1,7-9

 was not derived 

variationally, so it is not guaranteed that the converged wave function yields the minimum 

electronic energy of the entire system. In fact, tests showed that the previous converged 

X-Pol potential does not have the lowest energy for a given molecular geometry, although 

the difference from the true minimum is very small. The nonvariational behavior of the 

previous formulation makes it difficult to calculate an analytic gradient. Although it is 

possible to use the coupled-perturbed Hartree-Fock method
10

 to determine forces 

iteratively, this would add additional cost to the computational scheme. Approximate 

gradients obtained previously are not consistent with the energies, as found in the 

fragment molecular orbital method (FMO),
11

 because of the neglect of the derivative of 

the wave function (Pulay force).
12

  

In this work, we derive a set of variational equations for the X-Pol potential to yield an 

analytic gradient. The method is similar to that used by Roothaan in deriving the Hartree-

Fock equations.
13

 We show that the Fock matrix for the variational X-Pol potential has 

three extra terms due to the variation of Mulliken charges.  We present a method for 

calculating analytic forces for the entire system in which the wave function of each 

fragment is self-consistently optimized in the presence of other fragments, and in addition 
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the polarization of the entire system is self-consistently optimized, which is called the 

double self-consistent-field method (DSCF). 

 

5.2 Theory 

5.2.1 Noncovalently bound clusters 

We first consider a system consisting of M  molecules that are not covalently bonded to 

each other (Section 5.2.2 extends the treatment to a system in which fragments are 

chemically connected). The electronic interactions within each molecule are described by 

a quantum mechanical electronic structure method, and the interactions between molecule 

A  ( =A 1,2,…, M ) and the other −M 1 molecules are treated by using an electronic 

wave function for A  and partial atomic charges (point charges at the nuclei) for the 

−M 1 other molecules; the partial atomic charges for those molecules are computed by 

Mulliken
6
 population analysis of their wave functions. (This assumption for the inter-

fragment treatment is called a QM/MM
2-5

 treatment). The )(m
N -electron wave function 

of each QM fragment is constructed as a Slater determinant of the occupied molecular 

spinorbitals kψ :  
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where i
k

ψ  denotes electron i  in spinorbital k , and )(m
N  is the number of explicitly 

treated electrons in molecule m . We assume a closed-shell wave function for each 
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fragment. Then each spinorbital kψ  is the product of an orbital iϕ  and a spin function 

(α  or β ), and the total electronic energy of the system is written as 

   ( )∑ ∑∑∑ ∑
= ∈∈∈ ∈ 
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where i  and j  represent orthonormal molecular orbitals, m  denotes a fragment, and B  

represents an atom in a fragment. The terms in the square brackets are the Hartree-Fock 

electronic energy and the nuclear-nuclear interaction energy within fragment m . The 

terms in the final parentheses are QM/MM interactions between fragment m  and all other 

fragments; these are multiplied by 2/1  to avoid double counting. The symbols in eq 5.2 

are defined below.   

 In eq 5.2, iH  is the expectation value of the one-electron Hamiltonian H : 

   * *
i i i iH H H dvϕ ϕ= = ∫                                                                                                  (5.3) 

where an astersik denotes complex conjugation. iH  is the sum of the electronic kinetic 

energy and the electron-nuclei Coulomb attraction (only for the nuclei in the same 

molecule), and ijJ  and ijK  are Coulomb and exchange integrals defined by  

   

* *
* * 2 j ji i

ij ji ij jiJ J J J e dr dr
r

µ µν ν
µ ν

µν

ϕ ϕ ϕ ϕ
= = = = ∫                                                      (5.4) 

* *
* * 2 j ii j

ij ji ij jiK K K K e dr dr
r

µ µν ν
µ ν

µν

ϕ ϕ ϕ ϕ
= = = = ∫                                                      (5.5) 



 119 

where e  is the atomic unit of charge, µ  and ν  label electrons, and µν
r  is the distance 

between two electrons. It will be useful to define the Coulomb operator iJ  and the 

exchange operator iK  by 

   
*

2 i i
iJ e dr

r

ν ν
µ µ ν µ

µν

ϕ ϕ
ϕ ϕ= ∫                                                                                         (5.6) 

    
µ

µν

νν
νµµ ϕ

ϕϕ
ϕ i

i
i

r
dreK

*
2
∫=                                                                                      (5.7) 

The quantity iI  in eq 5.2 is the energy of interaction of orbital i  with the electric 

potential due to the MM charges of the other fragments, that is 

    

*
i i

i A A
A m

I q e dr
r

µ µ
µ

µ

ϕ ϕ

∉

= ∑ ∫                                                                                         (5.8) 

where mA ∉  denotes that the sum is over only nuclei A  that are not in the same 

molecule m  in which the orbital iϕ  is centered, Aq  is the partial atomic charge (in 

atomic units) on MM atom A , and A
r

µ  is the distance between atom A  and electron µ . 

Finally, BL  represents the interaction of the nucleus of QM atom B  in fragment m  and 

the partial atomic charges Aq  in atoms A  in other fragments:  

   ∑
≠∈

=

mnnA
AB

AB
B

r

qZ
L

,

                                                                                                (5.9) 

Note that the above formalism is written for theoretical methods that treat all electrons 

explicitly. In semiempirical molecular orbital theory, only valence electrons are explicit, 
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and 
A

r
µ

1
 and 

AB
r

1
 are replaced by suitable operators representing the interactions of 

atomic cores that include the nucleus and the core electrons.  

In practice, molecular orbitals (MOs) are constructed as linear combinations of atomic 

basis functions 

   i p pi

p

Cϕ χ=∑                                                                                                          (5.10) 

where pχ  are normalized nuclear-centered basis functions, and the normalization 

condition is  

   * 1p pdr
µ µ µχ χ =∫                                                                                                         (5.11) 

Although there is actually a different set of MOs and a different set of coefficients in each 

molecule m  and we could write m
iϕ and m

piC , we omit these superscripts to keep the 

notation manageable. We have 

   ϕi = χχχχci                                                                                                                     (5.12) 

where χχχχ  is a row vector with elements pχ , and ic  is a column vector with elements 

piC . Let ΦΦΦΦ  denote a row vector with elements iϕ ; then  

   ΦΦΦΦ = χχχχC                                                    (5.13) 

Following Roothaan’s derivation
13

 of the Hartree-Fock equations, we define, for any one-

electron operator M : 

   *
pq p qM dr M

µ µ µχ χ= ∫                                           

 (5.14) 
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Then, the matrix elements of the one-electron operators can be written as  

   

†

†

† †

† †

i ii

i A ii

ij j i i ji i

ij j i i ji i

H

I

J

K

=

=

= =

= =

c Hc

c I c

c J c c J c

c K c c K c

                                                                                         (5.16) 

where the obelisk denotes a Hermitian conjugate. With above definition, the total 

electronic energy of eq 5.2 can be rewritten as 

   

( )† † †
elec nucl

1

†

2 2

1
2

2

M
m

i j i j ii i i
m i m ij m

i Bi
i m B m

E E

L

= ∈ ∈

∈ ∈

 
 = + − +
  

 
 + +   

∑ ∑ ∑

∑ ∑

c Hc c J c c K c

c Ic

                               (5.17) 

To find the LCAOs that give the minimum of eq 5.17, we vary the vectors ic  by 

infinitesimal amounts iδc  and find the variation of the energy. In eq 5.17, matrices H , 

jJ , and jK  are independent of variations of ic ; however, the QM/MM interaction 

matrix I  in the terms of eq 5.17 referring to molecule m  depends on the ic  of other 

molecules through the Mulliken charges on the MM atoms.   

 The Mulliken charge on atom A  in molecule m  is given by 

   ( ) ( )A A App pp
p A p A

q Z Z

∈ ∈

= − = −∑ ∑PS SP                                                             (5.18) 
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where AZ  is the atomic number of atom A  in an all-electron treatment or the effective 

nuclear charge equal to the number of valence electrons on neutral atom A  in a valence-

electron treatment, S  is the overlap matrix defined as  

   *
pq p qS dr

µ µ µχ χ= ∫                                                (5.19) 

and the elements of the density matrix are 

   

( )
/ 2

*2

m
N

pq qi pi

i

P C C= ∑                                                            (5.20) 

It is useful to introduce, for each molecule m , a B Bm m
N N×  (where Bm

N  is the 

number of basis functions on molecule m ) matrix with binary elements   

   ( ) ( )( )pq pq pq p
λ λ

λδ δ∆ = =∆∆∆∆                                              (5.21) 

where pqδ  and pλδ  are Kronecker deltas. The Mulliken charge on atom A  can be 

expressed as 

   

( )

( )

( )

/ 2
*

( )

/ 2
† ( , )

( )

2

2

m

m

A A p p

p A m A

N

A p i p i

p A m A i

N
p

A p ii
i p A m A

q Z S P

Z S C C

Z S

λ λ
λ

λ σ σλ ρ ρ
λ σ ρ

λ
λ

λ

δ δ

∈ ∈

∈ ∈

∈ ∈

= −

 
 = −
  
 

= −

∑ ∑

∑ ∑ ∑ ∑∑

∑ ∑ ∑ c T c

                          (5.22)  

where we have defined 
( , ) ( ) ( )p p

pT
λ λ

σρ ρσλ= ∆ ∆ , and where ( )m Aλ ∈  means that λ  is in the 

same molecule m  as atom A . Thus, the variation of Aq  is given by  
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We define the QM/MM energy as 

   
†

QM/MM
1

1
2

2

M

i Bi
m i m B m

E L

= ∈ ∈

 
 = +
 
 

∑ ∑ ∑c Ic                                                                (5.24) 

One can show that variation of QM/MME  due to variation of the Mulliken charges on 

atoms in fragment m  is 

   0 0
QM/MM

1

2

M

pq pq AB
n m A m pq n B n

E P I L qδ δ
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 = +
 
 

∑ ∑ ∑ ∑                                           (5.25) 

where the superscript  0  denotes that the matrix element is calculated by setting the MM 

charges on atom A  to +e .  

 The variation of total electronic energy is then given by 
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Using the Hermitian property of H , I , jJ , jK , and ( , )pλ
T , we may rewrite eq 5.26 as 
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where superscript T denotes a transpose. Define the Fock matrix for fragment m  
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    (5.28) 

From eq 5.28 we immediately see that each fragment m  is fully polarized by the rest of 

the system such that half of the polarization comes from the Mulliken charges of the rest 

of system and the other half from charge density plus nuclei charges of the rest of the 

system. The variation of total electronic energy is then readily expressed as  

   ( ) ( )† T * *
elec

1

2 2
M

m i i m ii
m i m

Eδ δ δ

= ∈

 
 = +
  

∑ ∑ c F c c F c                                                     (5.29) 

We assume that the LCAOs satisfy the orthonormal condition 

   
†

j iji δ=c Sc                                                                                                                 (5.30) 
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The restriction on iδc  resulting from the orthonormality of the MOs is obtained by 

varying eq 5.30, which yields 

   ( ) ( )† †
0j ji iδ δ+ =c Sc c S c         (5.31) 

or 

   ( )† T * *( ) 0j i iiδ δ+ =c Sc c S c                     (5.32) 

We multiply these restricting conditions by the Lagrangian multipliers -2 ijε  and add 

them together  

   ( ) ( )† †
2 0j ji j jii i

ij

δ ε δ ε− + =∑ c Sc c S c            

 (5.33) 

or 

   ( )† T * *2 ( ) 0j ji i i jii
ij

δ ε δ ε− + =∑ c Sc c S c           

 (5.34) 

Adding eq 5.34 to the variation of total electronic energy given by eq 5.29, we obtain 

   ( ) ( )† T * * * *
elec

1

2 2
M

m i j ji i m i j jii
m i m j m j m

Eδ δ ε δ ε
= ∈ ∈ ∈

    
    = − + −
    

    

∑ ∑ ∑ ∑c F c Sc c F c S c  

 (5.35) 

For each fragment, the conditions for elec 0Eδ =  for any choice of the vectors iδc  and 

*
iδc , or 

†
iδc  and T

iδc , are given by 
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* * * *

i j ji

j

i j ji
j

ε

ε

=

=

∑

∑

Fc Sc

F c S c
                    (5.36) 

Since ε ji are the elements of a Hermitian matrix,
13

 the two equations are equivalent: 

   FC = SCεεεε       (5.37) 

Note that although the derivation above is similar to and that for the Roothaan 

equations,
13

 eq 5.37 treats intermolecular interactions among fragments by a combined 

QM/MM algorithm
2-5

 in which the MM potential is derived from the corresponding 

molecular wave functions of other fragments.
1,7 

 

5.2.2 Covalent bonding of fragments 

Here we extend the variational X-Pol potential to proteins or other systems in which the 

QM fragments are covalently connected. The partition of a protein gives rise to one or 

two boundary atoms on each peptide unit connected to adjacent fragments (in general 

two, but only one at the N- and C- termini). As in our previous work,
1
 we choose to 

assign two sets of hybrid orbitals (active and auxiliary orbitals) on each boundary atom, 

and this boundary atom is effectively partitioned into an “active atom” and an “auxiliary 

atom”, each of which has half of the nuclear charge (active and auxiliary nuclei).  

In the following derivation, we use the hybrid basis set, which is defined in the previous 

paper
1
 and is convenient for discussion purposes. The total electronic energy of a protein 

is defined as 

   elec act aux nuclE E E E= + +                             (5.38) 
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in which the last term is the QM core-core repulsion energy, and actE  is the electronic 

energy involving only active orbitals:  

   ( )
act act act

† † † †
act

1

1
2 2 2

2

N N NM

i j i j i i Bi i i i
m i m ij m i m B m

E L

= ∈ ∈ ∈ ∈

  
  = + − + +
   
   

∑ ∑ ∑ ∑ ∑c Hc c J c c K c c Ic   (5.39) 

where we use ic  to denote the coefficients that define the wave function in the hybrid 

basis for simplicity. To avoid double counting, all QM/MM interactions are multiplied 

by 2/1 . The only exception is that orbitals on a boundary atom experience attraction from 

the full boundary nuclei charge when they are “active”. Consequently, they don’t interact 

with their nuclei when they become “auxiliary” orbitals, which will be denoted a  and b . 

The effective potential due to the auxiliary orbitals on each boundary atom is 

approximated by a 22×  auxiliary charge density matrix
1
 so that the contribution from 

auxiliary orbitals can be written in the hybrid orbital (HO) basis as 

   ( )
aux

aux
1

1/ 2

NM

ab ab ab

m ab m

E P H G

= ∈

= +∑ ∑         (5.40) 

Note that we have used the notation a and b for auxiliary orbitals. The two-electron 

integrals are  

   ( ) ( )
act

, 1/ 2 ,

N

ab

m

G P ab a bλσ
λσ

λσ σ λ
∈

 = − ∑          (5.41) 

Note that abG  does not include the interaction between auxiliary orbitals (no interaction 

within MM region). Since a  and b are auxiliary orbitals, abH  does not include the 

attraction from the corresponding boundary nuclei, which is accounted for in the fragment 

that a  and b are treated as active orbitals.  
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Now, we need to find the variation of the total energy with respect to the perturbation of 

the molecular orbitals. To solve this problem, we first need to find the variation of the 

Mulliken charges of the MM atoms and the auxiliary density matrix elements. Define the 

transformation matrix T  that transforms the molecular orbitals in the atomic basis set to 

the hybrid basis set 

   H 1 AO−=c T c                        (5.42) 

where superscript H denotes hybrid basis and superscript AO denotes the corresponding 

atomic basis. Then the variation of Mulliken charges can be written in the hybrid basis set 

as  
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           (5.43) 

For each auxiliary density matrix element abP , define a matrix ( , )a b
T which connects 

molecular orbitals to auxiliary charge density 

   

( )
/ 2

† ( , )2

m
N

a b
ab ii

i

P = ∑ c T c      (5.44) 

We immediately find that ( , )a b
T  matrix has only one non-zero element which is 

( , ) ( , ) 1a b
T a b = . Variation of auxiliary charge density due to variation of molecular 

orbitals is thus  

   ( ) ( )† †( , ) ( , )2 2a b a b
ab i ii iPδ δ δ= +c T c c T c          (5.45) 
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Consequently, the variation of electronic energy due to the interaction involving auxiliary 

orbitals can be written explicitly as 
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 (5.46) 

Note that the variation of active orbitals in fragment m  will introduce variation of auxE  

at its neighboring fragments 1±m . At this point, the variation of total electronic energy 

can be readily written in the hybrid basis  
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 (5.47)  

where CC denotes complex conjugate. Following the same line of argument as in the 

previous derivation, we find that the Fock matrix for each fragment in the hybrid basis is 
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The optimized molecular orbitals are obtained by solving eq 5.37 in the hybrid basis. 

 

5.3 Implementation 

5.3.1 Energy 

 Rewrite the Fock matrix in eq 5.48 as follows 

   321 FFFF ++=                                       (5.49) 

with 
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Starting from an initial guess for the electron density and charges on the MM atoms, we 

use the DSCF algorithm
14

 to self-consistently variationally determine the total energy of 

the system by optimizing both the wave function of each individual molecular fragment in 

the presence of the rest of the system and the explicit polarization of the entire system. 

This double-SCF optimization procedure is implemented here in the neglect-of-diatomic-
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differential-overlap
15

 (NDDO) approximation (which underlies such popular models as 

AM1
16

 and PM3), and it involves the following steps: 

(a) Scale the MM charges and density matrix elements for auxiliary orbitals by 2/1 , 

then transform the density matrix into the AO basis (eq 5.42). Construct 1F  in the AO 

basis including all basis functions on the two boundary atoms and then transform it 

into the HO basis using the transformation matrix T . 0
I can be calculated together 

with I . Transform 0
I  in the AO basis to the HO basis. Then, 2F can be calculated by 

adding QM Core-unit charge interaction to 0
L  and putting the elements in the 

appropriate positions in the matrix. Set the auxiliary density matrix element in the HO 

basis to zero and transform it to the AO basis. Construct the one-electron H  matrix 

for boundary atoms by neglecting kinetic energy and attraction of orbitals to their own 

nuclei and construct the two-electron G  matrix using the AO basis and then transform 

to the hybrid basis (see eq 5.50). Then, the 3F  matrix is constructed using the 

elements in the transformed H  and G matrices. The elements of F  are then 

constructed by eq 5.49. 

(b) Diagonalize the Fock matrix F  and calculate the electron density matrix.  

Calculate the total electronic energy associated with each fragment and check for 

convergence. If not converged, repeat steps (a) and (b). This represents the “inner” 

SCF optimization of the individual molecular wave functions. 

(c) When convergence is achieved, calculate the Mulliken charges for the QM 

fragment and build 2F  and 3F  for calculation on the adjacent fragments. Move to the 

next QM fragment and repeat the above steps.  
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(d) After looping over all fragments, calculate the total electronic energy and test for 

convergence. Repeat (a), (b), and (c) until the change of the total electronic energy of 

the entire system satisfies a given convergence criterion. This constitutes the “system” 

SCF optimization of the explicit polarization of the fully interacting system. 

 

5.3.2 Analytical first derivative of energy 

The total energy of the system consists of the electronic energy (including, as usual, 

nuclear repulsion) of the QM susystem plus the van der Waals terms:  

   vdWelectot EEE +=  (5.51) 

The first term is treated by the explicit electronic structural method discussed above, and 

the second term contains the van der Waals interactions. The latter account for the short-

range exchange repulsion energy between atoms in different fragments and for long-range 

dispersion attractions that are omitted in the electronic energy term. The van der Waals 

energy is given by a sum of Lennard-Jones interactions: 
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where standard combining rules are used to obtain the Lennard-Jones parameters from 

atomic parameters such that BAAB εεε =  and 2/)( BAAB σσσ += .  Computation of 

the energy derivatives for these semiempirical terms is straightforward.  

The electronic energy of a system with atoms treated by the generalized hybrid orbital 

(GHO)
17

 approach can be written in the AO basis as 

   ( )
auxact

'
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1

(1/ 2) 2

N NM

elec pq pq pq pq pq
m pq m

E P H G P I E

+
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 = + + +  ∑ ∑   (5.53) 
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where density matrices P  and '
P  in the AO basis are calculated by multiplying the 

auxiliary density matrix elements by 2/1  (to account for the 2/1  prefactor for the 

auxiliary orbitals)  and setting the auxiliary density matrix elements to zero (auxiliary 

orbitals don’t interact with MM atoms because the interactions are already determined 

when they are treated as active orbitals),  then transforming to the AO basis. The energy 

correction term corrE  includes the interaction between auxiliary orbitals plus the nuclear 

attraction from the boundary atom where the auxiliary orbitals are located:  

   ( )' '
corr

1

1/ 2 2
M

pq pq pq
m B m pq B

E P H G

= ∈ ∈

= − +∑ ∑ ∑         (5.54) 

where B is a boundary atom in fragment m . '
pqH  corrects for the attraction from the 

corresponding boundary nuclei and orbital kinetic energy. In order to calculate '
pqG , we 

first set all active density to zero and scale the auxiliary density by 2/1 , then, transform 

the density matrix into the AO basis. Next, the two-electron matrix G is constructed using 

the resulting density matrix. Finally, '
pqG  are obtained by transforming G  into the hybrid 

basis. 

 The gradient of the total electronic energy is composed of the derivative of each term 

in eq 5.53. For convenience of discussion, we use 1E , 2E  and 3E  to denote QM, 

QM/MM, and correction energies, which are defined by  
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Consequently,  

   elec 31 2

A A A A

E EE E

X X X X

∂ ∂∂ ∂
= + +
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           (5.56) 

where AX  is the Cartesian coordinate of atom A .  

The derivative of 1E  can be explicitly written as follows 

    ( )
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∑             (5.57) 

The first term, which is the contribution from Hartree-Fock energy, is calculated in the 

usual fashion in the AO basis.  The second term, which comes from the basis 

transformation of the density matrix,
16

 can be expressed as 
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†
1 1
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H 1 1 H
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− −
− −
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= +
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T T
P

P T T P             (5.58) 

The derivative of 2E  can be calculated in the same way by replacing P  with '
P  and 

GH +2 with 2I . 

 Similarly, the derivative of correction energy 3E  can be divided into a Hartree-

Fock contribution and the contribution from the derivative of the transformation matrix. 

The Hartree-Fock contribution can be evaluated by calculating the force between two 

boundary atoms using standard methods except that the density matrix in the AO basis is 
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obtained by the transformation of density matrix in the HO basis with active density 

matrix elements set to zero and auxiliary density matrix elements multiplied by 2/1 . The 

contribution from the derivative of transformation matrix can be evaluated in the same 

way as for 1E .  

 

Table 5.1 Mulliken population charges for the water dimer from X-Pol
a
 

Atom AM1 SX-Pol X-Pol 

O1 -0.4008 -0.4056 -0.4095 

H11 0.2056 0.2028 0.2047 

H12 0.2056 0.2028 0.2047 

O2 -0.4104 -0.4001 -0.4109 

H21 0.1840 0.1873 0.1852 

H22 0.2160 0.2129 0.2257 

 

a
AM1 denotes a full AM1 calculation for the water dimer, SX-Pol denotes the self-

consistent but not variational X-Pol potential, and X-Pol denotes the variational result 

obtained using the equations of the present article. Cartesian coordinates (in Å) used for 

the water dimer are O1(-6.30251, 2.12723, 0.82374), H11(-6.89182, 2.55639, 1.44404), 

H12(-5.73654, 1.58707, 1.37523), O2(-5.61042, 3.12260, -1.66172), H21(-6.13634, 

2.53942, -2.20902), H22(-5.80420, 2.83043, -0.77104). 
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5.4 Results and discussion 

We have implemented the variational X-Pol potential in the CHARMM
18

 package 

(version c33a1). In the current implementation of variational X-Pol, Austin Model 1 

(AM1)
16

 is chosen as the QM method and Mulliken charges are used to approximate the 

electrostatic potential for QM/MM interactions. Standard Lennard-Jones parameters in the 

CHRMM force field
18

 are used for amino acids and the values reported in Ref. 8 are 

adopted for water.
8
 The validity and implementation of the variational X-Pol potential 

were tested for a water dimmer (see Figure 5.1). In a subsequent paper, we present results 

from molecular dynamics simulation of a solvated protein employing the X-Pol potential. 

Table 5.1 lists the Mulliken charges calculated from AM1, from the self-consistent but 

not variational X-Pol potential,
1,7

 and from the variational X-Pol potential using the same, 

fixed input Cartesian coordinates. In X-Pol calculations, each water molecule is defined 

as a QM fragment. All three calculations give similar Mulliken charges with the largest 

deviation being 0.01. 

Table 5.2 shows excellent agreement of analytic and numerical forces for the water 

dimer. Since the variational and nonvariational X-Pol potentials give very similar 

Mulliken charges, it is not surprising that forces calculated by finite differences are very 

similar for both potentials.  

Figure 5.1  Atom numbers assigned to the water dimer with each of the monomers 

treated as a quantum mechanical fragment 
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It is instructive to compare the present method to some previous approaches. For 

example, one can compare the present method to the NDDO fragment SCF method of 

Ferenczy et al.
19

 in which a system is divided into a subsystem (S) and an environment 

(E) with a block diagonal Fock matrix. The environmental orbitals are obtained from a 

zeroth-order calculation similar to our first SCF iteration. In the fragment SCF method, 

the density matrix of the environment and the electronic integrals of both the subsystems 

and the environment are used to construct the final Fock matrix of the subsystem. This is 

analogous to the second iteration of the subsystem in X-Pol, but in the fragment SCF 

method, the self-consistent subsystem is not rotated through the entire system to make the 

whole system self-consistent.
19

 In the fragment SCF method, one would not get an 

analytic gradient if one switches S and E because the method is not variational. A second 

fundamental difference between these methods is that X-Pol uses combined QM/MM 

methodology where the MM representation is obtained from a self-consistent QM 

calculation. The MM representation of the environment, which has also been employed in 

the local SCF approximation
20

 and the generalized hybrid orbital method
17,21,22

 (which 

have some similarities to the present method in the treatment of a QM system with its 

environment), makes the method efficient for large molecules. On the other hand, all 

electronic integrals are explicit computed in the fragment SCF calculation.
19

 In a different 

fragment orbital approach in Ref. 11, the fragmental electronic structures were iteratively 

converged, but the system energy was not obtained variationally. The use of QM/MM 

methodology also distinguishes the present method from the divide-and-conquer 

procedure of Yang, which constructs a fully antisymmetric wave function for the entire 

system along with explicit evaluation of all one- and two-electron integrals.
23 
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Table 5.2 Analytic and numerical forces (kcal mol
-1

 Å
-1

) for the water dimer calculated 

by X-Pol
a
 

    SX-Pol X-Pol 

Dim. atom Numer. Anal. Numer. Diff. 

X O1 1.939851 1.909172 1.909175 -0.000003 

Y O1 2.290872 2.253172 2.253176 -0.000004 

Z O1 0.029756 0.056810 0.056811 -0.000001 

X H11 2.678915 2.671901 2.671899 0.000002 

Y H11 -1.948362 -1.939838 -1.939839 0.000001 

Z H11 -3.559570 -3.536848 -3.536849 0.000001 

X H12 -2.623117 -2.611412 -2.611413 0.000001 

Y H12 2.501712 2.494665 2.494663 0.000002 

Z H12 -3.246610 -3.224742 -3.224742 0.000000 

X O2 -5.501806 -5.510548 -5.510546 -0.000002 

Y O2 -7.480413 -7.492851 -7.492850 -0.000001 

Z O2 13.727177 13.757475 13.757482 -0.000007 

X H21 1.798564 1.798540 1.798539 0.000001 

Y H21 2.002657 2.002396 2.002397 0.000000 

Z H21 1.760802 1.764064 1.764064 0.000000 

X H22 1.707371 1.742347 1.742346 0.000001 

Y H22 2.633766 2.682457 2.682455 0.000001 

Z H22 -8.711621 -8.816759 -8.816765 0.000006 

 

a
Anal. denotes analytic gradient, Numer. denotes forces calculated by finite differences 

from displacements of atom positions, and Diff. denotes the deviation of analytic gradient 

from the numerical one. SX-Pol and X-Pol are defined in the footnote of Table 5.1. 

Cartesian coordinates for the water dimer are also given in the footnote of Table 5.1. 
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Another possible comparison is to polarized molecular mechanics, which is 

reviewed
24,25

 elsewhere. Empirical treatments of molecular polarization are not unique, 

giving rise to various representations and functional forms of polarization energy.  

Notable examples include the atomic interacting point dipole method,
26-28

 the shell 

model,
29

 and the chemical potential equalization approach employing fluctuating 

charges.
30,31

 The present explicit polarization method treats molecular polarization, which 

is a property of the electronic structure, by a wave-function approach.
1
 In molecular 

mechanics, it is very difficult, if not impossible, to include charge transfer energy terms, 

whereas some charge transfer components are already incorporated in the present X-Pol 

potential through interactions via the boundary orbitals.
1
 Charge transfer, when its explicit 

consideration becomes necessary or desirable,
32-34

 can be conveniently modeled by the X-

Pol potential by including the charge-transfer partners in the same fragment. The X-Pol 

method also has the advantage over polarized molecular mechanics that the QM treatment 

employed in X-Pol can be applied to bond breaking and chemical reactions for which 

polarized MM is inapplicable.
35 

 

5.5 Conclusion 

We have presented a variational methodology to be employed in a new generation force 

field, called X-Pol, to be ultimately used for complex problems such as protein 

simulations. The methodology involves using electronic structure theory and the 

combined QM/MM method in conjunction with a variational principle. The system is 

partitioned into fragments, and interactions within each fragment are treated using 

electronic structure theory, while interactions between fragments are treated using a 

combined QM/MM method. The semiemprical AM1 model is chosen as the QM method 
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in our current implementation. Mulliken charges are used in the present implementation 

to generate the electrostatic potential for calculating QM/MM interactions, although 

dipoles and multipolar terms could be included straightforwardly for systems in which 

anisotropic polarization is a concern. Because the wave function of the system is 

variationally optimized, the gradient of the electronic energy can be calculated 

analytically, which provides a stable and efficient method for calculating the forces 

needed for MD simulations. Tests for a water dimer show that the methodology presented 

here gives correct analytic forces in the current implementation.  

Although the X-Pol method is presented and named here in light of the previously 

stated goal
1
 of developing a next-generation force field, using direct electronic structure 

methods to go beyond molecular mechanics, it will sometimes be convenient to 

distinguish the underlying quantum mechanical method from the X-Pol force field. In that 

case the underlying method may be classified as a combined QM/QM method to 

distinguish it from combined QM/MM methods, and we have called it the double self-

consistent-field (DSCF) method.  

Key elements in the present implementation of the DSCF method are the GHO-like 

boundary and the interaction of a given fragment with its environment by a QM/MM 

formalism very similar to the GHO method. Although the GHO method was originally 

developed at the NDDO level,
17,21

 it was later extended to ab initio Hartree-Fock theory,
36

 

to semiempirical molecular orbital theory including overlap,
37

 and to density functional 

theory.
22

 The DSCF method, presented here at the NDDO level, could also be extended to 

such higher levels of theory and used in various contexts, not just as the algorithm 

underlying the X-Pol potential. 
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Chapter 6 

Incorporation of a QM/MM Buffer Zone in the Variational Double Self-

Consistent Field Method 

 

6.1 Introduction 

The inclusion of many-body polarization and charge delocalization effects in molecular 

dynamics
1
 simulations has received considerable attention in the last two decades. 

Polarization effects result from the redistribution of electron density within a molecule, 

which is best modeled by quantum-mechanical (QM) electronic structure theory. 

However, it is still impractical to use explicit QM methods in molecular dynamics 

simulations of large systems such as a solvated protein. Consequently, approximations, 

often severe ones, must be introduced in molecular mechanics or force fields to model the 

QM polarization effects rather than performing explicit electronic structure calculations. 

Recently we proposed an electronic-structure-based polarizable potential, called the 

explicit polarization (X-Pol) method, to be used as a force field for large molecules or 

condensed-phase molecular systems.
2-6

  

The X-Pol potential is generated by a double self-consistent field (DSCF) method in 

which a system is divided into QM fragments whose intrafragment interactions are treated 

using electronic structure theory,
2-6

 while interactions between fragments are treated using 

a combined quantum mechanical and molecular mechanical (QM/MM) approach.
7-10

  

Polarization effects are naturally included in the X-Pol potential by optimizing the wave 

function of each fragment in the presence of the instantaneous electric field from the rest 

of the system. The external field can be conveniently represented by partial atomic 

charges located on the nuclear sites,
2-6

 which are calculated by Mulliken population 
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analysis
11

 of the wave functions of all the other fragments. Due to the mutual dependence 

of the fragment wave functions, the wave function of the entire system is optimized self-

consistently. The DSCF is accomplished by successively performing QM/MM 

calculations to achieve self-consistency in the wave function for each fragment in the 

presence of Mulliken charges of the other fragments, and the process is iterated for the 

entire system until the total electronic energy or electron density converges to a given 

tolerance.
2-6

 The first version of the X-Pol potential, which was designed for use in Monte 

Carlo simulations, adopted this method and yielded Mulliken charges within 0.02 a.u. in 

comparison with those obtained by performing full QM calculations;
2-5

 however, the total 

electronic energy was not variational when the “inner” SCF for each fragment and the 

“outer” SCF for the entire system are converged sequentially. The energy deviation from 

the variationally minimized energy is very small without affecting geometry optimization
2
 

and Monte Carlo sampling,
3,4

 but it is too time consuming to compute analytical gradients 

using coupled-perturbed Hartree-Fock equations in molecular dynamics simulations. A 

similar calculation following this procedure was reported for the calculation of liquid 

water,
12

 and a recent report has appeared for an iterative optimization of a substrate-

protein complex.
13

 In another subsequent calculation called fragment molecular orbital 

(FMO),
14,15

 a similar approach was adopted by iteratively optimizing the individual inner 

fragmental wave functions. Recently, we developed a method for variational optimization 

of the total molecular wave function by including additional terms in the Fock matrix.
6
 

The present and future work on the X-Pol potential is based on the variational DSCF 

algorithm.
6
 

For a molecular system without covalent bonds between the fragments, a QM 

fragment can be defined as the combination of one or more molecules, e.g., a QM 
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fragment can be defined as one or more water molecules in a system of liquid water.
2,3,12

  

In contrast, the partition of a protein or other polymers into residual fragments must 

include boundary atoms connecting adjacent QM fragments.
16-21

 In the X-Pol potential, a 

protein is divided into peptide units at each Cα carbon.
5
 (Of course, one can use larger 

fragments in which a certain number of adjacent peptide units can be combined to form a 

QM fragment.) The connection between neighboring fragments is treated by using the 

generalized hybrid orbital (GHO)
16

 method, extended to treating two active orbitals and 

two auxiliary orbitals on each boundary atom.
5
 The effective potential due to auxiliary 

orbitals is described by using a 2×2 density matrix which is derived directly from the 

optimized density matrix corresponding to these auxiliary orbitals that are treated as 

active ones in the adjacent fragment.
5,6

 Consequently, the GHO atom provides a smooth 

transition at the QM/MM boundary. Nevertheless, QM/MM interactions from “MM 

atoms” that are directly bonded to the “QM fragment” are still present, particularly 

between the active orbitals and auxiliary orbitals on the same boundary atom and the MM 

atoms bonded to it. Although the SCF calculation converges rapidly in traditional 

QM/MM calculations where there is only one QM fragment in the entire system, there is 

an increased cost in achieving the overall DSCF convergence in the present X-Pol 

potential where all residues are treated quantum mechanically and are connected by the 

GHO boundary atoms. In this paper, we present a way to improve the QM/MM 

convergence by introducing a buffer zone such that the interactions between bonded QM 

fragments are calculated using Coulomb repulsion integrals instead of the Mulliken 

charges. 

The approach of adding a buffer zone is a special case of multi-layer or multi-scale 

modeling,
22,23

 and similar approaches have been described in other applications and 
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different contexts.
24-29

 As computational chemistry is applied to even more complex 

systems and as one strives for treating the active site of an enzyme with greater accuracy, 

there is potential interest to treat the active site by a high-level quantum mechanical 

model, buffered by a less expensive QM theory before a transition into a pure MM 

representation. The present method is an example of this strategy, with the added 

refinement that active and buffer regions are rotated throughout the system until full self-

consistency is obtained. 

In section 6.2, we review the theoretical background. In section 6.3 we present the 

analytical gradient equation for the case where a buffer region is present. In section 6.4, 

we examine the validity and effectiveness of including an intermediate layer in the X-Pol 

potential and we test this approach for small model compounds and a polypeptide. Section 

6.5 contains concluding remarks. 

 

6.2 Theoretical Background 

We highlight the key principles of the X-Pol potential; refs 2-6 contain additional 

theoretical details. In X-Pol potential, a protein is partitioned into N fragments;
5
 for 

convenience of discussion, let N be the number of residues of the protein. Each residue is 

treated quantum mechanically, whereas it interacts with all other residues through a 

QM/MM treatment, where the other residues are regarded as “MM” fragments. Thus, 

each residue is both a QM and an MM fragment. The interaction of QM fragment m  and 

MM fragment n  is: 

   
,QM/MM

n
Bm

m B m

E P I Lµν µν
µν∈ ∈

= +∑ ∑                                                                     (6.1) 
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where µ  and ν  are atomic basis functions on fragment m , µνP  is the density matrix 

element, and µνI is the element in the QM/MM one-electron matrix I  for interaction 

with the Mulliken charges of fragment n .
5
 The last term BL  represents the interaction 

between the nuclear charge of atom B  in fragment m  and Mulliken charges of all atoms 

in fragment n . Similarly, if fragment n  is taken as the QM fragment and fragment m  is 

taken as the MM fragment, the interaction energy between the fragments becomes 

   
,QM/MM

m
An

n A n

E P I Lλσ λσ
λσ∈ ∈

= +∑ ∑                                                                       (6.2) 

where λ  and σ  are basis functions on fragment n , and A  is an atom in fragment n .  

In X-Pol potential, the interaction energy between two fragments is defined as
2,3,5

  

   ( )QM/MM ,QM/MM ,QM/MM

1

2

mn n m
m n

E E E= +                                                               (6.3) 

In the variational derivation
6
 of the DSCF method it was shown that the contribution of an 

MM fragment n  to the Fock matrix of QM fragment m  using the Mulliken charge 

approximation for fragment n is  

   






















+−= ∑∑∑∑∑

∈∈∈∈∈

)(

)(

00
QM/MM,

)2/1( µν
µν

µν
λσλσ

λσ
DIF SLIP

BmBmB
A

nAn

n
m

       (6.4) 

where the superscript 0  indicates that the matrix element is calculated by setting the MM 

charges on atom A  to + e , and where ( )m Bµ ∈  means that µ  is in the same molecule m  

as atom B , Sµν  is an element of  the overlap matrix, and the matrix )(µν
D  is given by 

)()(),( ν
νρ

µ
σµ

νµ
σρ ∆∆=D  with the definition of the latter quantities by  

   ( ) ( )( )pq pq pq p
µ µ

µδ δ∆ = =∆∆∆∆                                                                                        (6.5) 
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where pqδ  and pµδ  are Kronecker deltas. 

The original DSCF method in the X-Pol potential enables the overall charge density 

and total energy to converge reasonably fast,
2-6

 typically requiring about 20 outer SCF 

iterations for a protein; however, the number of iterations can be further reduced by 

introducing a secondary buffer zone for each fragment. For example, in the protein case, 

in addition to the “central” fragment (peptide unit—see below) m, we also include the 

peptide units prior to and after fragment m in each explicit QM treatment. In turn, 

fragment m becomes a buffer fragment for residues m-1 and m+1, respectively. This, of 

course, increases the number of “QM” integral evaluations for each residue, but the 

computational cost is reduced by decreasing the number of overall SCF steps to about 10 

iteractions. Note that in the QM SCF optimization of the wave function for fragment m, 

the electron densities of the buffer residues are kept frozen. When the DSCF process has 

converged, the chemical potentials of all fragments are equalized.  

In general, the interaction between two “QM” fragments m  and n  is calculated using 

electronic structure theory with the approximation of “neglect of di-fragment differential 

overlap” (NDFDO),
30

 that is, the differential overlap between orbitals belonging to 

different fragments is neglected. The interaction energy is given by 

b

bb

bb mn

nucl
nmn

m

m

nmn

QMQM
EPPHPHPE +++= ∑∑∑∑

∈∈∈∈ σλ
λσµν

νµσλ
λσλσ

νµ
µνµν λσµν

,,,,
/

),(   (6.6) 

where bn
Hµν is a matrix element of the one-electron nuclear-attraction matrix bn

H that 

includes attraction between the charge density on fragment m and the nuclei of fragment 
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bn , and we define bn
Jµν  as a matrix element of the two-electron repulsion matrix bn

J  

between electrons on fragments m  and those on fragment bn  

   ∑
∈

=

b

b

n

n
PJ

λσ
λσµν λσµν ),(                                                                                             (6.7) 

The last term in eq 6.6, mn
nucl

E , is the interaction energy between nuclei in fragment m  

and nuclei in fragment bn  ( mn
nucl

E  also includes interactions of core electrons in valence-

only treatments like AM1). In short, the contribution of fragment bn  to the Fock matrix 

of fragment m  is given by 

    
,QM/QM

b b b
n n n
m

= +F H J                                                                                              (6.8) 

Equation 6.8 is the same as the Fock matrix in Hartree-Fock theory except that the 

contribution from electron exchange is neglected due to the NDFDO approximation. This 

corresponds to approximating the system wave function as the Hartree product of wave 

functions of individual fragments.
2-6

  

By adding the contributions from interactions with the QM buffer zone and the MM 

envrionment, the Fock matrix of fragment m  can be written as
5,6

 

 '

0 0 ( )

{ , } ( )

1
( )

2

      ( ) (1/ 2)

      (1/ 2)

b b

b

b

n n

n

A
n m n n A n B m B m B

P I L S
µν

λσ µνλσ
λσ ν µ∉ ∈ ∈ ∈ ∈ ∈

= + −

+ + +

 
 − +
 
 

∑

∑ ∑ ∑ ∑ ∑ ∑

F H J K

H J I

D

      (6.9) 

where n denotes the set of fragments whose interaction with fragment m  is calculated by 

using the QM/MM method with the Mulliken charge approximation for MM atoms (eq 
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6.4), and bn  denotes the set of neighbor fragments whose interaction with fragment m  is 

calculated by the QM/QM buffer zone treatment (eq 6.8). The prime over the first 

summation in eq 6.9 indicates that the number of buffer fragment is different in various 

situations: 0 in case where the fragment m has no covalent connection to other fragments 

(e.g., a solvent molecule), 1 for a terminal residue in a polypeptide chain, and 2 for all 

internal residues. Note that the one-electron matrix H  without a superscript includes the 

kinetic energy of electrons in fragment m  and the attraction from the nuclei in fragment 

m . J  without a superscript includes the Coulomb repulsion of electrons on fragments m  

and is defined as 

   ∑
∈

=

m

PJ

λσ
λσµν λσµν ),(                                                                                          (6.10) 

while K  includes the exchange of electrons within fragment m  

   ∑
∈

=

m

PK

λσ
λσµν λνµσ ),(                                                                                         (6.11) 

For a protein, the system is divided into peptide units (fragments) at the Cα carbon 

atoms such that each fragment has two boundary atoms except the C- and N- termini 

which have only one boundary atom. Let BN  be the total number of valence atomic basis 

functions of the boundary atom, which is 4 for a carbon atom in a minimal basis 

representation. In the GHO treatment of fragment m ,
5
 each boundary atom is represented 

by 2/BN  hybrid orbitals, derived from a linear combination of the original atomic 

orbital basis functions,
16,17

 and its nuclear charge (core charge) is assigned to be +2 a.u. 

The remaining half of the boundary atom, which belongs to a buffer zone fragment, is 

represented in exactly the same way, but the orbitals are not optimized in the SCF 

optimization of the wave function of fragment m. Therefore, each boundary atom is 
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partitioned into two pseudo atoms, half of which are included in the explicit QM SCF 

optimization of fragment m and the other half of which remain in the buffer or the MM 

region region.
5
 With this definition of the QM fragments, the discussion of a protein 

system is simplified to that of a molecular system containing pseudo atoms. Since the 

fragment division is at the boundary atom, there are no covalent bonds between 

fragments, thereby the system can be treated as a collection of separate fragments with the 

exception that nuclear charges of two psudo-atoms belonging to the same boundary atom 

do not interact since they have identical coordinates. This is an important feature of the 

GHO boundary in the X-Pol potential.
5
  

For convenience of discussion, we rewrite the Fock matrix in eq 6.9 as follows 

   321 FFFF ++=                                                                                                         (6.12) 

where 

   )
2

1
(1 KJHF −+=                                                                                                   (6.13a) 

   '

2 ( 2 )b b

b

n n

n

= +∑F H J          (6.13b) 
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A
nAnb

∑∑∑∑ ∑∑
∈∈∈∉ ∈∈











+−=  

(6.13c) 

Starting from an initial guess for the electron density and charges on the buffer and 

MM atoms (for some choices of the first QM fragment), we present an algorithm to 

variationally optimize molecular orbitals for each QM fragment by the double SCF 

method (the “double” refers to the fact that the final orbitals are self-consistent not just 
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within each fragment but among fragments) with fragment/buffer interactions treated by 

the NDFDO approximation.  

(e) For a given QM fragment, m, along with fragments directly bonded to it treated as 

buffer, we first construct 1F  in the fragment’s AO basis including all atomic basis 

functions on the two boundary atoms (each of which has +2 nuclear charge and 

two electrons for a carbon atom). 2F  is then constructed in this atomic basis by 

calculating the nuclear attractions and Coulomb repulsions (eq 6.7). 0
I  is 

calculated together with the QM/MM attraction matrix I . This is followed by 

computing 3F  by adding the QM core-unit charge interaction to 0
L  and by 

putting the elements in the appropriate positions in the matrix. The Fock matrix F  

for fragment m is assembled according to eq 6.12. Finally, the Fock matrix in the 

hybrid basis is obtained by transforming F  into the hybrid basis representation. 

(f) We diagonalize the Fock matrix F  and calculate the electron density matrix. 

Then, the density matrix is transformed into the atomic basis and the Mulliken 

charges are updated using the density matrix in the AO basis for use in QM 

calculations of other fragments.  

(g) Next, we move to the next fragment, m+1, and repeat steps (a) and (b).  

(h) After looping over all fragments, we calculate the total electronic energy 

associated with each fragment and check for convergence using the total energy or 

electron density. 

(i) If the energy and electron density are not yet converged, we repeat above steps. 

          In deciding the system SCF convergence, we utilized the criteria that the change in 

electron density is less than 10
-10

 a.u. for the largest density matrix element. With this 
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density convergence, the energy change is less than 10
-7

 kcal/mol. In the present 

implementation of the X-Pol potential, we also make use of the NDDO approximation
30

 

for the QM method so that no basis set orthogonalization is needed.
31,32

 Furthermore, 

instead of moving to the next fragment after each diagonalization of the Fock matrix as 

outlined above, we can fully converge the wave function of an individual fragment by 

SCF optimization before we move to next fragment and fully optimize its wave function.
3-

5
 Both algorithms give the same result at convergence.  

 

6.3 Analytical first derivative of energy 

The total electronic energy of the system is given in the AO basis by the following 

equation 

   QM QM/QM QM/MME E E E= + +                                                                            (6.14) 

with 

   QM nucl

1 1
2

2 2

m

m m

E P H J K Eµν µν µν µν
µν∈

 
= + − + 

 
∑ ∑                                                   

(6.15) 
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b

B A
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 = + + +
 
 

∑ ∑ ∑ ∑ ∑ ∑       (6.17) 

The summation indices in eqs 15-17 have been defined in eq 6.9. Consequently,  

   
QM QM/QM QM/MM

A A A A

E E EE

X X X X

∂ ∂ ∂∂
= + +

∂ ∂ ∂ ∂
                                                              (6.18) 
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where AX  is a Cartesian coordinate of atom A . The derivative of QME  can be explicitly 

written as follows 

   

HF AO
QM QM AO AO AO1

2A A A

PE E
H J K

X X X

µν
µν µν µν

µν

∂∂ ∂   
= + + −   

∂ ∂ ∂   
∑                                   (6.19) 

where the superscript AO denotes AO basis. The first term, which is the Hartree-Fock 

contribution, is calculated in the usual fashion in the AO basis. The second term, which 

comes from the derivative of the density matrix due to basis transformation,
17

 can be 

expressed as 

   
( )

( )
( )

†
1 1

AO †
H 1 1 H

A A AX X X

− −
− −

∂ ∂∂
= +

∂ ∂ ∂

T T
P

P T T P                                                      (6.20) 

where the superscript H denotes the density matrix in hybrid basis set, and where †  

denotes a transpose. The matrix T transforms the AO basis into a hybrid basis set. The 

derivative of QM/QME  is similarly calculated except that the exchange term is absent due 

to the NDFDO approximation. Similarly, the gradient of the last energy component 

QM/MME  is composed of the Hartree-Fock contribution and a correction term due to the 

derivative of density matrix as in eq 6.20.  

 

6.4 Results and discussion 

We have implemented the variational X-Pol potential with a buffer zone around each QM 

fragment into the CHARMM
33

 package, replacing the previous iterative DSCF approach.
5
 

Austin Model 1 (AM1)
34

 is chosen as the QM method in the present work, and charges 

obtained by Mulliken population analysis are used to approximate the electrostatic 
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potential for QM/MM interactions. The validity and implementation of the variational X-

Pol potential are tested for a water dimer, for the propane, 2-methylpropane, 2,2-

dimethylpropane, and 1,3,5-trifluorohexane molecules, and for a pentapeptide.  

Table 6.1 lists the Mulliken population charges for a water dimer calculated by AM1, 

by the X-Pol potential without a secondary QM buffer zone, and by the X-Pol potential 

with a QM buffer zone. The same molecular geometry optimized at the AM1 level was 

used in all three calculations. In addition, we have fully optimized the water dimer 

geometry using the X-Pol potential. In X-Pol calculations, each water molecule is defined 

as a QM fragment. All four calculations give similar Mulliken charges with the largest 

absolute deviation from full AM1 calculations being about 0.01 electron unit. We 

conclude that both approximations are reasonable for fragments between which there is 

no covalent bond.  

 

Table 6.1 Mulliken Population Charges for Water Wimer from X-Pol
a
 

atom AM1 Mulliken//AM1 NDFDO//AM1 Mulliken//X-Pol 

O1 -0.411 -0.408 -0.410 -0.404 

H11 0.211 0.210 0.210 0.216 

H12 0.198 0.198 0.200 0.187 

O2 -0.402 -0.404 -0.400 -0.403 

H21 0.202 0.202 0.200 0.201 

H22 0.202 0.202 0.200 0.201 
 
a
AM1 denotes the full AM1 calculation for water dimer; Mulliken denotes the result 

obtained using the Mulliken charge approximation for the MM fragment; NDFDO 

denotes the result obtained by the buffer zone method of the present article; //AM1 means 

at the AM1 geometry and //X-Pol means at the X-Pol geometry. 
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One goal is to use the X-Pol potential to carry out molecular dynamics simulations of 

solvated proteins in which amino acid residues are covalently bonded. Therefore, the next 

test is to examine the charge polarization between fragments that are covalently 

connected. In particular, we consider four model compounds, namely propane, 2-

methylpropane (isobutane), 2,2-dimethylpropane (neopentane), and 1,3,5-trifluorohexane. 

We note that in a first glance it may seem to be irrelevant to use hydrocarbons as model 

compounds to test the X-Pol model for study of proteins. In fact, the key issue in charge 

polarization between fragments is the balance of electronegativity of the boundary 

pseudo-atoms
16

 and hydrocarbon compounds provide ideal models for this purpose 

because for symmetric compounds there is zero charge transfer. Thus, if the X-Pol model 

is demonstrated to maintain charge balance in hydrocarbons, the treatment of the 

boundary carbon atoms is balanced with the original AM1 model in electronegativity, and 

in principle, the boundary method is transferable just as in standard semiempirical theory. 

This has been the principle adopted in the development of the original generalized hybrid 

orbital method.
16,17 

 

Table 6.2 Modified Parameters for the Carbon Boundary Atom in the Present and 

Previous X-Pol Potentials along with the Original AM1 Values. All Values are Given in 

eV. 

Parameters AM1 X-Pol 

Uss -52.028658 -51.508371 

Upp -39.614239 -39.218097 
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H21  

Scheme 6.1  Atom numbers assigned to the water dimer with each of the monomers 

treated as a quantum mechanical fragment 
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Scheme 6.2  Atom numbering of the three alkanes and 1,3,5-trifluorohexane, each of 

which is separated into two quantum mechanical fragments across a boundary atom CB 
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Table 6.3 Optimized bond lengths (Å) and bond angles (degrees) using the X-Pol 

potential (including buffer zone) and the full AM1 method.  

 Propane 2-methylpropane 2,2-dimethylpropane 

coordinate
a
 AM1 X-Pol AM1 X-Pol AM1 X-Pol 

CB-C1 1.516 1.519 1.523 1.522 1.527 1.526 

CB-C3 1.516 1.518 1.523 1.522 1.527 1.526 

CB-C4(H) 1.118 1.110 1.523 1.522 1.527 1.526 

CB-C5(H) 1.118 1.110 1.121 1.115 1.527 1.526 

H11-C1 1.114 1.116 1.114 1.114 1.114 1.115 

H12-C1 1.114 1.114 1.114 1.114 1.114 1.114 

H13-C1 1.114 1.114 1.114 1.114 1.114 1.114 

H31-C3 1.114 1.116 1.114 1.115 1.114 1.114 

H32-C3 1.114 1.114 1.114 1.114 1.114 1.115 

H33-C3 1.114 1.114 1.114 1.114 1.114 1.114 

H41-C2   1.114 1.115 1.114 1.114 

H42-C4   1.114 1.114 1.114 1.115 

H43-C4   1.114 1.114 1.114 1.114 

H51-C5     1.114 1.115 

H52-C5     1.114 1.114 

H53-C5     1.114 1.114 

C1- CB-C3 111.9 110.6 110.8 111.2 109.5 110.0 

C1- CB-C4   111.0 110.2 109.5 109.4 

C1- CB-C5     109.5 109.2 

C3- CB-C4   110.8 110.0 109.5 109.2 

C3- CB-C5     109.5 109.0 

C4- CB-C5     109.5 110.0 

 

a
x-y denotes a bond length, and x-y-z denotes a bond angle 
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In each case, we partition the molecule into two fragments that are connected through 

a boundary atom. The definitions of the QM fragments are shown in scheme 6.2; the 

boundary atoms CB between the fragments are treated as two pseudo atoms in the X-Pol 

method. The electronic interactions between two fragments are determined by making use 

of the NDFDO approximation. Since the Fock matrix in the varational X-Pol potential 

with a QM buffer zone is different from that in the treatment without a QM buffer zone, it 

is possible that the parameters for the GHO atom need to be re-optimized. We found that 

all GHO parameters for the carbon boundary atom can be taken to be the same as those of 

the original AM1 set except the ssU and ppU , which are scaled by a factor of 0.99, just 

as in the X-Pol potential without a QM buffer zone; see Table 6.2. 

The geometry of each model compound is optimized using the adopted basis Newton-

Raphson (ABNR) optimizer in CHARMM.
33

 Listed in Table 6.3 are optimized bond 

lengths and bond angles for the three alkanes. Overall, the X-Pol potential produces both 

bond lengths and bond angles that are in good agreement with full AM1 calculations. The 

absolute errors in bond lengths not involving a boundary atom are in the range of 0.001 to 

0.003 Å. The largest error, 0.008 Å, comes from a bond distance involving a boundary 

atom. Interestingly, as the size of the alkane increases, the errors in optimized bond 

lengths become smaller, as shown in isobutane and neopentane (Table 6.3). Only bond 

angles involving heavy atoms are listed in Table 6.3. The largest error in such a bond 

angle, 1.3 degree, occurs in propane; the errors for isobutane and neopentane are smaller 

than 1 degree.  
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Table 6.4 Mulliken population charges obtained using the X-Pol potential (including 

buffer zone) and the full AM1 method. 

 Propane 2-methylpropane 2,2-dimethylpropane 

atom AM1 X-Pol AM1 X-Pol AM1 X-Pol 

CB -0.160 -0.161 -0.111 -0.121 -0.060 -0.081 

C1 

 

-0.210 

(0.004) 

-0.235 

(0.002) 

-0.206 

(0.010) 

-0.228 

(0.010) 

-0.202 

(0.015) 

-0.218 

(0.020) 

H11 0.071 0.074 0.072 0.074 0.072 0.074 

H12 0.071 0.081 0.072 0.082 0.072 0.082 

H13 0.071 0.082 0.072 0.083 0.072 0.082 

C3 

 

-0.210 

(0.004) 

-0.234 

(0.004) 

-0.206 

(0.010) 

-0.228 

(0.010) 

-0.202 

(0.015) 

-0.218 

(0.020) 

H31 0.071 0.074 0.072 0.082 0.072 0.082 

H32 0.071 0.081 0.072 0.074 0.072 0.074 

H33 0.071 0.082 0.072 0.083 0.072 0.082 

C4 (H) 

 

0.076 

 

0.076 

 

-0.206 

(0.010) 

-0.223 

(0.014) 

-0.202 

(0.015) 

-0.218 

(0.020) 

H41   0.072 0.082 0.072 0.082 

H42   0.072 0.074 0.072 0.074 

H43   0.072 0.082 0.072 0.082 

C5 (H) 

 

0.076 

 

0.079 

 

0.081 

 

0.086 

 

-0.202 

(0.015) 

-0.218 

(0.020) 

H51     0.072 0.074 

H52     0.072 0.082 

H53     0.072 0.082 

 

The Mulliken population charges for optimized geometries of the three alkanes are 

listed in Table 6.4. The charges from variational X-Pol calculations with the NDFDO 

approximation are in reasonable agreement with full AM1 calculations, although the 
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parameters for GHO atoms are not optimized.
5,16

 If the GHO parameters were optimized 

to reproduce properties dependent on electronegativity, the agreement could be further 

improved. 

 

Table 6.5 Optimized bond lengths (Å) and bond angles (degrees) using the X-Pol 

potential (including buffer zone) and the full AM1 method for 1,3,5-trifluorohexane.  

Bond Angle 

 AM1 X-Pol  AM1 X-Pol 

CB-C3 1.544 1.533 

CB-C5 1.543 1.533 

CB-HB1 1.108 1.119 

CB-HB2 1.108 1.119 

C1-C2 1.527 1.526 

C2-C3 1.529 1.531 

C5-C6 1.524 1.525 C3- CB-C5 109.5 109.1 

F11-C1 1.381 1.381    

H12-C1 1.126 1.126    

H13-C1 1.125 1.125    

H21-C2 1.120 1.120    

H22-C2 1.119 1.119 C2- C3- CB 111.4 110.5 

H31-C3 1.129 1.131 C2-C3-F32 111.1 111.3 

F32-C3 1.388 1.389 F32-C3- CB 110.8 111.1 

F51-C5 1.388 1.389    

H52-C5 1.129 1.131    

H61-C6 1.116 1.116 CB - C5-C6 109.9 109.5 

H62-C6 1.115 1.115 CB - C5-F51 111.0 111.2 

H63-C6 1.544 1.533 F51-C5-C6 110.6 110.6 
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Table 6.6 Mulliken population charges obtained using the X-Pol potential (including 

buffer zone) and the full AM1 method for 1,3,5-trifluorohexane. 

atom Atomic Charges Group Charges 

 AM1 X-Pol AM1 X-Pol 

CB -0.219 -0.211 

HB1 0.108 0.105 

HB2 0.108 0.105 -0.003 -0.000 

C1 0.009 0.009 

F11 -0.173 -0.173 

H12 0.095 0.095 

H13 0.083 0.083 0.014 0.013 

C2 -0.226 -0.217 

H21 0.109 0.109 

H22 0.106 0.108 -0.011 -0.001 

C3 0.105 0.110 

H31 0.059 0.041 

F32 -0.173 -0.171 -0.009 -0.020 

C5 0.056 0.039 

F51 -0.175 -0.173 

H52 0.102 0.107 -0.017 -0.027 

C6 -0.243 -0.234 0.026 0.035 

 

The total charges on the methyl groups are listed in parentheses in Table 6.4. As we 

observed in calculations with the previous iterative X-Pol potential,
5
 charge transfer 

between neighboring fragments can take place at the GHO boundary atom. The X-Pol 

potential yields 0.002 and 0.004 au (e) of net charge for the two methyl groups in 

propane, in good agreement with a net charge of0.004 a.u. from full AM1 calculations. 

The slight imbalance of the charges on the two methyl groups results from the definition 
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of hybrid orbitals in GHO method. Charge transfer in isobutane is also well reproduced 

with the largest deviation being 0.004 e. For neopentane, the four methyl groups are 

identical, and the deviation in the amount of charge transfer from a full AM1 calculation 

is only 0.005 e. 

 

 

Figure 6.1 Superposition of the optimized structures using the AM1 and the X-Pol 

potential for 1,3,5-triflourohexane. AM1 structure is in yellow. 

 

Next, the X-Pol potential is tested for 1,3,5-trifluorohexane, which serves as a model 

compound with strongly electronegative substituents. Optimized bond lengths and bond 



 164 

angles are listed in Table 6.5, along with the results from full AM1 calculations. The 

optimized structures from the X-Pol potential and from AM1 calculations are 

superimposed in Figure 6.1 to illustrate the similarity. Both bond lengths and bond angles 

are in good accord with full AM1 calculations. The largest unsigned error for bond length 

is 0.01 Å, and the largest error for bond angles is about 1 degree. Mulliken population 

charges for each atom and each group of atoms are listed in Table 6.6 and compared with 

full AM1 calculations. In particular, the Mulliken charge for the boundary atom is in 

reasonable agreement with the AM1 result, differing by only 0.008 a.u. The largest 

absolute error is 0.018 a.u., which occurs on a hydrogen atom bonded to the C3 carbon. 

The absolute largest error for any of the net group charges is about 0.01 a.u. Interestingly, 

the total charge of the CH2 group at the boundary is 0 as compared to -0.003 a.u. 

predicted by AM1. Thus, the electronegativity of the boundary atom is well balanced, 

even for a molecule with highly polar groups.  

Finally, the validity of the X-Pol potential is tested for a pentapeptide with the amino 

acid sequence Ala-Gly-Leu-Phe-Ser, in which the terminal carboxyl group has been 

capped by –NHCH3 and the amino terminal is capped by –COCH3, resulting in a total of 

6 peptide bonds in the system. The polypeptide is partitioned into five fragments at the Cα 

carbon atoms. 500 steps of minimization were performed using the ABNR method both 

with full AM1 and with the X-Pol potential. The calculation using full AM1 takes 40.9 

min of CPU time on an IBM Power4 (1.3 GHz) processor, whereas the costs for the same 

optimization employing the X-Pol potential requires only 3.8 min. The present X-Pol 

model incorporating buffer residues reduces the total SCF cycles to about 10 iterations, 

starting with converged densities obtained in the previous minimization step or molecular 

dynamics step in simulations. Without the buffer zone, the outer DSCF iteration typically  
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b) 

a) 

Figure 6.2 Superposition of the optimized structures using the AM1 (in yellow) and the 

X-Pol potential (a) for a beta-turn conformation, and (b) for an extended linear 

configuration of the sequence Ala-Gly-Leu-Phe-Ser. The C-terminal is caped by the 

peptide unit -CONH(CH3); and the N-terminal is caped by -NHCOCH3. 
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requires 20 steps. The total number of iterations in the buffered X-Pol method does not 

seem to increase as the size of the system increases, e.g., during molecular dynamics 

simulations of a fully solvated protein consisting nearly 15,000 atoms. 

The optimized structures for an extended (linear) conformation and a β-turn 

configuration using the full AM1 and the X-Pol potential are superimposed and displayed 

in Figure 6.2. Overall, the optimized structures from these two methods are in good 

accord with small deviations in the sidechain positions. The β-turn configuration is -75.6 

kcal/mol more stable than the linear conformation from full AM1 optimizations, which is 

in exact agreement with the relative energies computed by the X-Pol potential (the 

difference in relative energy between AM1 and X-Pol is less than 0.01 kcal/mol). Thus, 

the X-Pol potential can provide an adequate description of the electronic structure and 

energy in comparison with the full quantum model for this test case and it would be 

interesting to apply the X-Pol potential to a solvated protein system to examine the 

capability of dynamics simulations.  

 

6.5 Concluding remarks 

The variational X-Pol potential is improved by introducing a buffer zone at the QM/MM 

interface such that the interactions between MM fragments in the buffer zone with QM 

fragments are treated using explicit two-electron Coulomb integrals while electron 

exchange between fragments is neglected because of neglect of di-fragment differential 

overlap (NDFDO). The QM/MM buffer zone provides a smooth transition from the fully 

quantum mechanical treatment of intrafragment interactions to the QM/MM treatment of 

interfragment interactions. The explicit calculation of the two-electron integrals for 
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interactions of bonded fragments reduces one the main sources of error in the DSCF 

method and makes the parametrization of the X-Pol potential more transferable.  

Mulliken charges calculated for a water dimer show that the NDFDO approximation 

is a reasonable approximation. Even when the buffer zone is present, the wave function of 

the system is variationally optimized so that the gradient of the electronic energy is 

obtained analytically; this significantly reduces the computational costs based on coupled-

perturbed Hartree-Fock method in the force evaluation needed for molecular dynamics 

simulations. Although the introduction of the buffer zone means that there are more two-

electron integrals to be evaluated, the computational algorithm with buffer zones is 

actually simpler than the previous
2-5

 DSCF methods, resulting in less computational effort 

in matrix transformation. This is because the present DSCF method with buffer zones 

does not require special treatment of the boundary atoms
5
 in the QM subsystem except the 

use of a hybrid basis set representation. Furthermore, the boundary atom is effectively 

split into two pseudo-atoms, which are treated identically as different atoms without 

nucleus-nucleus repulsion.  

The DSCF method with QM/MM buffer zones is tested for small model compounds, 

namely propane, 2-methylpropane, 2,2-dimethylpropane, and 1,3,5-trifluorohexane. With 

the current parameters for GHO atoms, the largest error for the bond lengths connecting 

to the boundary atom and for bond angles involving only heavy atoms are about 0.01 Å 

and 1.3 degrees, respectively. Mulliken charges obtained from the DSCF method with 

buffer zones are in excellent agreement with full AM1 calculations. Furthermore, the 

method captures the charge transfer effects for the model compounds with the largest 

deviation in partial atomic charge (excluding boundary atoms) being 0.005 a.u. for 

alkanes (2,2-dimethylpropane) and 0.01 a.u. for 1,3,5-trifluorohexane. Minimization test 
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for a pentapeptide shows that the X-Pol potential is much faster than full AM1 

calculations while the resulting geometries are very similar in both methods. The 

computed relative energies between an extended linear conformation and a β-turn 

structure are in exact agreement for this test case. These results are very encouraging for 

the prospects of using the DSCF method with buffer zones to create a transferable X-Pol 

force field that includes polarization effects in a natural way. 
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Chapter 7 

Molecular Dynamics Simulation of a Solvated Protein in Water Using an 

Electronic Structure-based Explicit Polarization (X-Pol) Potential: 

Polarization and Charge Redistribution in Bovine Pancreatic Trypsin 

Inhibitor in Water 

 

7.1  Introduction 

Molecular dynamics simulation has become a powerful tool for studying biochemical 

properties ranging from protein and nucleic acid dynamics and structural prediction to 

chemical reactions in enzymes.
1
 At the heart of these calculations is the potential energy 

function that describes intermolecular interactions in the system,
2,3

 and often it is the 

accuracy of the potential energy surface (or its gradient field, called the force filed) that 

determines the reliability of simulation results. Because of the size of condensed-phase 

systems and biomacromolecules, one typically uses molecular mechanical force fields in 

which the potential energy surface for a macromolecular system is approximated by 

analytical functions describing bond stretches, bond angle bends, torsions, and non-

bonded van der Waals and Coulomb interactions.
2,3

 The computational efficiency of 

analytic molecular mechanics force fields allows molecular dynamics simulations of 

biopolymer systems to be carried out with the extensive sampling required for rare event 

simulation and classical simulations are extended for longer and longer time scales and 

for larger and larger molecular systems. There is therefore considerable effort being 

expended to improve the physical representation and accuracy of such force fields, with 

special emphasis on including polarization effects to better represent electrostatic forces.
2-

4
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The development of molecular mechanics dates back to early studies of steric effects 

of organic compounds,
5-7

 and the basis of the current generation of force fields for 

biomolecular systems was established in the 1960s.
8,9

 Although tremendous progress has 

been made in the accuracy of conventional force fields for modeling biopolymers,
2,3,10-15

 

the physical representation and functional forms used in molecular mechanics have hardly 

changed. Despite the success of molecular mechanics in biomacromolecular modeling, 

there are also shortcomings, such as inapplicability to chemical reactions and lack of 

polarization. Recognition of the latter has motivated many efforts
2,4,16-33

 to incorporate 

non-additive polarization effects in the force fields, including efforts
31-33

 to move beyond 

the present classical representation in force field development. With the same motivation 

of overcoming known deficiencies of molecular mechanics, we have introduced an 

explicit polarization (X-Pol) model based on quantum mechanics as a framework for a 

next-generation force fields.
34-36

 In this letter, we employ this electronic structure-based 

force field for molecular dynamics simulations of a solvated protein; this provides insight 

into polarization and intramolecular charge transfer effects, and it demonstrates the 

feasibility of using an explicitly quantal force field for large-scale simulation. 

Polarization and charge transfer are intrinsic properties of the electronic structure of a 

molecular system, resulting in polar bonds, nonunit charge on functional groups, and 

electric response of electron density to an external field. Although molecular polarization 

is a well-defined property, its incorporation into an MM force field is not unique.
.2,4,16-30

 

Consequently, numerous models have been proposed for the classical treatment of 

polarization effects, and their validity is a subject of ongoing validation. In the X-Pol 

potential,
31-36

 the internal energy terms and electrostatic potentials used in the force field 

are described explicitly by a quantum chemical wave function. Since molecular 
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polarization and charge transfer are represented naturally by electronic structure theory, 

no polarization terms need to be added, and hence there is no ambiguity in the choice of 

functional form for polarization terms, nor in the selection of internal degrees of freedom 

to define these terms. Furthermore, such a method can be used to model chemical 

reactions.  

In the X-Pol potential, a molecular system is partitioned into fragments, such as an 

individual solvent molecule or a peptide unit or a group of such entities. The electronic 

interaction within each fragment is treated using electronic structure theory, while the 

inter-fragment electrostatic interactions are treated
31,34-36

 using a quantal analog of the 

combined quantum mechanical and molecular mechanical (QM/MM) approach (hence 

these interaction terms are sometimes called electrostatic QM/MM terms). Because the 

wave function of the entire system (which is assumed to be a Hartree product of 

antisymmetrized fragment wave functions) is variationally optimized,
35

 we can take 

advantage of analytic gradient theory
37

 to develop efficient methods for evaluating the 

contributions of internal energies and electrostatic interactions to forces.
35

 Exchange 

repulsion and dispersion-like attraction between fragments are added by pairwise additive 

functions. 

The X-Pol potential has been tested and applied to the simulation of liquid water
32

 

and liquid hydrogen fluoride,
33

 and has it been recently extended to treat fragments that 

are covalently bonded to one another.
34-36

 Here we employ analytic gradients to carry out 

the dynamical simulation of a small protein, the bovine pancreatic trypsin inhibitor 

(BPTI), in a water box with a size of about 54 × 54 × 54 Å
3
; the water box contains 4461 

water molecules and one copy of the protein. We will analyze the polarization of the 

charge distribution of the protein and its significance for the description of protein-solvent 
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interactions. The stability of MD simulations using the X-Pol potential for 

macromolecular simulations in water will also be demonstrated. The calculations 

presented here are designed to set the stage for systematically parametrizing the X-Pol 

potential to achieve the goal of chemical accuracy in such simulations. 

In Section 7.2 we briefly review the theory the X-Pol potential, and section 7.3 gives 

computational details. Sections 7.4–7.6 present results, timings, discussion, and 

comments on future prospects. 

 

7.2 Theoretical Background  

The design of the X-Pol potential has been described in a series of publications
31-36

 and 

here we only present the necessary background for the simulation of a solvated protein. 

We adopt the peptide unit convention as defined by IUPAC,
38

 although we note that the 

residue convention is typically used in other force fields.
2,3,10-14

 As endorsed in the 

IUPAC rules,
38

 we will refer to a peptide unit by its residue name. Figure 7.1 shows the 

division of a peptide chain into peptide units at a Cα carbon; each peptide unit is defined 

as a quantum mechanical (QM) fragment in the present calculation, and the Cα atom is 

called a boundary atom. Only the valence electrons of the boundary atom are treated 

explicitly, so the effective nuclear charge is four and the associated number of electrons is 

also four. Both the nuclear charge and electrons are divided equally into the two 

neighboring fragments. The boundary atom has four hybrid bonding orbitals,
34,39

 such that 

each fragment has two of them as active orbitals and the other two as auxiliary orbitals. 

This partition of a polypeptide results in two “pseudo atoms”, which have identical 

coordinates, and each of which is half of a boundary Cα atom.
34-36
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The wave function of the entire system is written as a Hartree product of Slater 

determinant wave functions of individual fragments.
31,34,35

 In the X-Pol potential, the 

internal energies of the fragments are treated with electronic structure theory, and the 

interactions between fragments are described by a combined quantum mechanical and 

molecular mechanical (QM/MM
40-42

) approach. No bond stretching, bending, or torsion 

terms appear because such interactions are represented by quantum mechanics, and no 

harmonic assumptions or analytic anharmonicity terms appear. In the present version of 

the method, the electronic structure calculations are carried out by valence-only 

semiempirical molecular orbital theory with the neglect of diatomic differential overlap 

(NDDO
43

). Thus the electronic wave function includes only valence electrons and core 

electrons are combined with nuclei and treated as frozen atomic cores.  

 

Figure 7.1 Definition of peptide units and the division of a protein into fragments at the 

Cα boundary atom. Two quantum mechanical fragments are highlighted in green and 

red, respectively, corresponding to residues I − 1 and I. 
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The total energy of the system includes the electronic energies of the fragments (each 

including half of the electronic Coulombic interactions and half of the core interactions to 

avoid double counting) plus an empirical van der Waals term. Thus, 

 tot elec vdwE E E= +                                                                                 (7.1) 

where the van der Waals energy term is required because the electronic structure 

calculation omits electron correlation and exchange repulsion between electrons in 

different fragments. The van der Waals term is a sum
32,35

 of Lennard-Jones potentials, 

including both repulsion due to exchange and dispersion-like attraction due to medium-

range correlation energy. Note that, Lennard-Jones interactions are omitted for atom pairs 

within the same fragment and for those separated by less than 3 bonds (i.e., 1-2 and 1-3 

van der Waals interactions are excluded) as in most of the conventional force fields. In the 

current study, the atomic Lennard-Jones parameters are taken directly from CHARMM
11

 

protein force field without modification, and pair parameters are obtained by the usual 

combining rules. Furthermore the NDDO parameters for nonboundary atoms are taken 

from Austin Model 1 (AM1
44

) without modification. The semiempirical parameters for 

the carbon boundary atom are the same as in AM1 except that the values of ssU  and 

ppU  are scaled by 0.99 as in previous studies.
34,36

 

In calculating Eelec, the electric potential due to fragments sharing a boundary atom 

with the QM fragment under current consideration is calculated by explicit Coulomb 

integrals;
36

 the electric potential from non-neighboring fragments are approximated by 

one-electron integrals with partial atomic charges. In the present calculations these 

charges are obtained by the Mulliken approximation
45

 applied to wave functions of each 

of the other fragments.  
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The total electronic energy of the system is determined by a double self-consistent-

field (DSCF) procedure.
32,34-36

 Starting with an initial guess of the one-electron density 

matrix for each fragment, one cycles over all fragments in the system and performs 

electronic structure calculations for each fragment (peptide unit or water molecule) in the 

presence of Mulliken charges of the other fragments until the change in total electronic 

energy or density matrix satisfies a predefined tolerance.
32,34,36

 To facilitate the DSCF 

convergence, we introduce a quantum mechanical buffer zone for the peptide unit (m) 

currently being treated quantum mechanically in the inner SCF iteration.
35,36

 Thus, in 

addition to this fragment m, we also include the peptide units prior to and after fragment 

m in each explicit QM treatment. In turn, fragment m becomes a buffer fragment for 

peptide units m – 1 and m + 1, respectively. Note that during the SCF optimization of the 

wave function for fragment m, the electron densities of the buffer peptide units are kept 

frozen
36

 at values derived from a previous outer SCF iteration. Although it increases the 

number of two-electron integrals, the use of a buffer zone
36

 reduces the time spent on 

matrix transformations (as compared to the earlier formulations) because no atom needs 

special treatment to avoid double counting or unphysical interactions with virtual orbitals. 

Once the wave function is converged, the forces are calculated analytically.
35

 When the 

DSCF process has converged, the chemical potentials of all fragments will have been 

equalized. This allows mutual polarization of all fragments and mutual charge transfer 

across boundary atoms.  

A key methodological issue is that the Fock matrix is expressed in a mixed basis 

consisting of atomic orbitals for nonboundary atoms and hybrid orbitals
34,39

 for boundary 

atoms. The present usage of hybrid orbitals is expected to be more accurate than the 
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original use
39

 because the charges in the hybrid orbitals are all determined self-

consistently rather than determining some of them from MM parameters.  

References 32 and 34-36 contain further details of the method. 

 

7.3 Computational details  

The initial structure of a BPTI protein molecule solvated in a cubic box of water 

molecules is constructed using a developmental version of CHARMM (version c34a1),
46

 

in which the present X-Pol potential has been implemented. The non-hydrogen atomic 

coordinates are taken from the structure 6PTI in the protein databank (PDB) and all 

hydrogen atoms are built using the HBUILD function in CHARMM based on standard 

equilibrium geometrical parameters.
11

 There are two disulfide bonds in BPTI, which are 

terminated by hydrogen atoms in the X-Pol treatment to allow for convenient partition of 

the protein into peptide units. We note that a simple extension of the procedure already 

implemented into CHARMM can be made to handle disulfide bond connecting two amino 

acids. We have used a neutral side chain for each histidine residue, while all other 

titratable residues are assigned a protonation state corresponding to a pH of 7. The BPTI 

protein is then solvated by a previously equilibrated water box of about 54 x 54 x 54 Å
3
, 

deleting all water molecules within 2.7 Å of any protein atoms, resulting in a total of 4461 

water molecules, giving rise to a total of 14281 atoms, including protein, solvent and 

counter ions. There are 4519 fragments (58 amino acid residues and 4461 waters). 

An MD simulation in the NPT ensemble at 300K and 1 atm is carried out for 100 ps 

using the CHARMM22 force field
11

 for protein and the three-point charge TIP3P model
47

 

for water to equilibrate the system. The resulting coordinates are used as the initial 

structure for a 5 ps NVT MD simulation at 300 K using the X-Pol potential,
34-36

 The box 
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length is set to 53.65 Å in the X-Pol calculations, which is the average value from the MD 

simulation using the CHARMM22 force field. A Nosé-Hoover thermostat
48

 is used for 

temperature control. 

All simulations utilized an integration time-step of 1 fs, and the SHAKE algorithm
49

 

is used to constrain bond distances involving hydrogen atoms at the equilibrium values 

defined in the CHARMM22 force field.
11

 Electrostatic interactions between fragment 

pairs whose centers of mass are separated beyond 11 Å are truncated (shifting or 

switching can be introduced as a refinement in later work). The convergence criterion for 

average diagonal elements of the density matrix is set to 10
-6

.  

All calculations were carried out using a locally modified version of the CHARMM
46

 

software package. 

 

7.4 Results and discussion  

A snapshot of the BPTI structure at the end of the 5 ps MD simulation using the X-Pol 

potential is displayed in Figure 7.2 along with the structure at the end of a 5 ps MD 

simulation using the CHARMM22 force field and the crystal structure 6PTI from the 

protein data bank (PDB). These figures show that the α helices and β sheets are not 

destroyed by the simulation. The fluctuation of total potential energy is displayed in 

Figure 7.3 for the final picosecond (1000 steps) of simulation, showing that a stable 

trajectory has been generated throughout the simulation. At each MD step, about 10 outer 

iterations are sufficient to achieve DSCF convergence to an accuracy of 10
-6

 in the 

electronic one-electron density matrix.  
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Figure 7.2 (a) Snapshot of the BPTI structure from MD simulation with the X-Pol 

potential, (b) Snapshot of the BPTI structure from MD simulation with the 

CHARMM22 force field, and (c) x-ray crystal structure. The colors are VMD default 

colors used to color the secondary structure of a protein. 

 

The main result of the present study is the extent of electronic polarization and 

intramolecular charge transfer in the solvated protein. The net charge from Mulliken 

population analysis of the wave function for each carbonyl group (C=O) in the protein 

backbone is calculated and averaged for the last 1000 MD steps. The average net charge 

on the backbone carbonyl (C=O) group of each residue along the peptide chain is shown 

in Figure 7.4. We found that all carbonyl groups bear a negative net charge, which is 

reasonable since C=O is a strong electron withdrawing group. The average net charges on 

the carbonyl groups range from −0.04 to −0.15 (all partial charges are  

in units of a proton charge), with 20 of them more negative than −0.10. In comparison, the 

CHARMM22 force field
11

 employs fixed partial atomic charges with the convention that 

the net 

 

a) 
b) c) 
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Figure 7.3 Histogram of the potential energy (kcal/mol) during the last 1000 steps of 

molecular dynamics simulation of BPTI in water using the X-Pol potential. 

 

group charge for each carbonyl unit (C=O) is zero in the protein backbone. Since it is 

computationally efficient for each group charge to be zero (forcing groups of 2–10 atoms 

to be perfectly neutral allows not only for more easily transferable charge parameters but 

also for more efficient truncation of long-range electrostatics
2a

), this can only be remedied 

in conventional molecular mechanics calculations by using larger units as groups and by 

parametrizing the groups to allow different charges on carbonyl groups in different 

environments. However, even if that is done, the charge on each carbonyl group would be 
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independent of time and environment, neither of which is found to be the case in the X-

Pol calculations.  
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Figure 7.4 Average net partial charges (in atomic units) on the backbone carbonyl 

(C=O) group of each amino acid residue in BPTI.  The carbonyls are arranged in order 

of sequence number. 

 

To analyze charge transfer effects between different residues, we calculated the net 

charge for each residue by Mulliken population analysis. Figure 7.5 shows the excess 

charge (calculated by subtracting the formal charge associated with the protonation state 

from the Mulliken charge) for all residues averaged over the last 1000 steps of MD 

simulations. The average excess charge ranges from −0.08 to + 0.10. The excess charge of 

the same type of amino acid at different locations in the protein is displayed in Figure 7.6. 

This figure shows that charge transfer can be quite different depending on the specific 

position of a given residue as well as its environment and the protein sequence, for 

example, the average excess charge on phenylalanine ranges from −0.01 to +0.09, that on 



 184 

cysteine from −0.08 to +0.01, that on alanine from −0.03 to +0.08..The instantaneous 

excess charges vary even more widely. 

In Figures 7.4–7.6 we reported averages for net carbonyl charges and for excess 

residue charges over 1000 time frames. Using the same data, we also computed standard 

deviations for these 1000 time frames, and this provides a measure of the variation of the 

instantaneous charges with time (as the environment changes). These results are given in 

Figure 7.7.  This variation is different from the sequence dependence of the average 

(shown in Figure 7.6), it being a feature of the true dynamics that a nonpolarizable force 

field can never reproduce. Figure 7.7 shows that the standard deviations are very large, in 

more than half of the cases exceeding 0.05. 
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Figure 7.5 Average excess charge (in atomic units) for each residue of BPTI in water. 

The residues are arranged in order of sequence number.  Note that Figs. 5, 6, and 7(b) 

refer to conventional residues, not to peptide units. 

 



 185 

7.5 Computational considerations and future improvements 

The total CPU time for the 5 ps simulation using a single 1.5-GHz IBM Power4 processor 

is 62.6 hours. During each DSCF calculation, all one- and two-electron integrals are saved 

in the memory although one has the option to calculate the electron integrals on the fly. 

The number of one-electron QM/MM integrals scales as N
2
 where N is the number of 

fragments, and the total memory used to store one-electron integrals is about 458 MB; 

however, the two-electron integrals are only evaluated within each fragment and its buffer 

fragments that share a boundary atom, so their number scales as N, and the total memory 

used to store two-electron integrals is merely 13 MB The X-Pol potential is highly 

parallelizable, at least up to a number of processors equal to the number of fragments, 

since fragments or groups of fragments and the associated QM/MM integrals can be 

distributed over processors, and the only messages to be communicated for potential 

energy evaluation are the DSCF updates to auxiliary density matrices, the buffer density 

matrices, and the partial charges. 

In the present X-Pol potential, atom-centered point charges are calculated from class 

II Mulliken population analysis. In future work, it may be worthwhile to explore other 

approximations to the MM potential such as charges fitted to electrostatic potentials (class 

III ESP charges),
50

 CM4 class IV charges,
51

 or distributed multipoles.
52

 

In the present study, charge transfer along the chain occurs through boundary atoms, 

whereas charge transfer between protein and solvent is not included. Although the present 

study used small fragments (peptide units and water molecules), the method is very 

flexible, and one can use larger fragments to include charge transfer between fragments 

not connected by a chain of bonds or to include charge transfer between connected 

fragments more self-consistently. For an example of the latter, one can include in a single 
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fragment either neighboring peptide units or peptide units interacting in secondary or 

tertiary structure via hydrogen bonds or salt bridges. For an example of the former, one 

can include solute-solvent charge transfer by, for example, treating a peptide unit and a 

nearby water molecule (or molecules) as a single fragment. Since water molecules 

exchange in and out of the first solvation shell, such solute-solvent fragments should be 

treated by an adaptive
53

 algorithm that allows such exchanges.  For studying enzyme 

kinetics, one could take the entire substrate and coenzyme to be a single fragment, if 

desired. 
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Figure 7.6. Average excess charge (in atomic units) for each residue of BPTI in water.  

The results for peptide units of the same type are shown together.  The ordering of the 

residues, to which the colors refer is by sequence number. `Negative excess charges are 

shown below the base line, and positive charges above it. The magnitude of the charge 
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associated with each colored segment is from the bottom of a given colored segment to 

the top, not from the base line to the top/bottom of each color bar. So the magnitude of 

charge associated with the residue with the longest colored segment is the largest. 

An important objective in future work is to carefully parametrize the quantum 

mechanical model to achieve the desired accuracy for properties both in the gas phase and 

in the condensed phase. 

 

Figure 7.7  Standard deviations of the charges shown in Figs. 4 and 5: (a) partial 

charges (in atomic units) on the backbone carbonyls, (b) excess charges on the residues. 

 

7.6 Concluding remarks 

We have demonstrated the applicability of an explicit polarization (X-Pol) method
31-36

 to 

a solvated protein in water box with > 104 atoms. Molecular dynamics simulation 
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generated a stable trajectory over a 5 ps MD simulation in an NVT ensemble using an 

existing semiempirical model. Remarkably, on a single processor without carefully 

optimizing the quantum mechanical code, it is possible to run 2 ps of direct dynamics per 

day. Whereas all atoms are treated quantum mechanically in this simulation, a typical 

combined QM/MM simulation treats only 101–102 atoms quantum mechanically (for 

example, the quantum-electronic-structure subsystem had 69,
54

 47-60,
55

 53-56,
56

 102,
57

 

and 71
58

 atoms in some recent studies). Analysis of the wave function implies that the 

polarization and charge transfer effects are significant in the condensed phase and protein. 

Water molecules display a significant polarization effect in the condensed phase. 

Carbonyl groups in the protein backbone bear a negative net charge. The net charges of 

the backbone carbonyl group in different amino acid residues are different by an amount 

up to about 0.1e which suggests that in some cases intramolecular charge transfer need to 

be considered explicitly. Analysis of excess charge of each amino acid shows the 

fluctuation of charge transfer effects between AA residues in protein. The same residue 

may have significantly different charge transfer effects depending on protein sequence. 
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Supporting Information 

 

S1. Development of a polarizable intermolecular potential function for liquid 

amides and alkanes 

Four tables containing results from vibrational force field analyses using the present 

PIPF-CHARMM potential, the CHARMM22 force field, and ab initio MP2/TZVP//HF/6-

31G(p,d) method. Table S2.1 shows the results for N-methylacetamide, while Table S2.2-

S2.4 list results for the C5, C7eq, and C7ax conformations of alanine dipeptide. Standard 

notations are used to describe contributing motions in the analyses. Additional 

information may be found from the vibran documentation at www.charmm.org. Table 

S2.5 contains the 2D grid correction data (CMAP) for alanine dipeptide potential energy 

surface. Table S2.6-S2.9 list the parameters for bond stretch, angle bending, torsion and 

out of plan bending in the PIPF-CHARMM force field. 

 
 

Table S2.1 Vibrational Data for N-methylacetamide
a
 

 

exp./ab initio CHARMM PFF modes 

freq. assign. freq. assign. freq. assign. 

1 VLF  64 τCCH3(101) 0 τ NCH3(97) 

2 VLF  89 τNCH3(101) 69 τ CCH3(104) 

3 171 ωN7H 200 τC5–N7(107) 196 τ C5–

N7(108) 

  τ C5–N7     

4 279 βCNC 271 βCNC(62) 273 βCNC(62) 

  βCCN  βCCN(25)  βCCN(25) 

5 391 τ C5–N7 431 βCCN(50) 434 βCCN(50) 

  ωN7H     

6 431 βCCN 579 βC5=O(50) 580 βC5=O(51) 

  βC5=O  νC5–C4(29)  νC5–C4(28) 

7 628 βC5=O 652 ωC5=O(67) 639 ωC5=O(57) 

  νC5–C4  ωN7H(30)  ωN7H(44) 

8 718 βC5=O 776 νC5–N7(34) 779 νC5–N7(33) 



 195 

  rCH3  νC5=O(20)  νC5=O(21) 

      νC4–C5(15) 

9 812 νC5–N7 797 ωN7H(66) 785 ωN7H(53) 

  rCH3  rCH3(15)  rCH3(24) 

  νC5–C4     

10 973 rCH3 949 rCH3(36) 948 νN7–C9(40) 

  νN7–C9  νN7–C9(34)  rCH3(19) 

  νC5–C4     

11 1042 rCH3 996 rCH3(47) 1002 rCH3(56) 

  βC5=O  νN7–C9(26)  νN7–C9(19) 

12 1092 νN7–C9 1056 rCH3(83) 1055 rCH3(82) 

  rCH3     

13 1176 rCH3 1087 rCH3(72) 1085 rCH3(71) 

14 1263 νN7–C9 1093 rCH3(67) 1090 rCH3(67) 

  βC5=O  ωC5=O(17)  ωC5=O(18) 

  βN7H     

15 1279 rCH3 1267 βN7H(44) 1268 βN7H(43) 

    νC5–C4(24)  νC5–C4(24) 

16 1374 δCH3s 1384 δCH3s(94) 1395 δCH3s(96) 

17 1410 δCH3s 1413 δCH3as(89) 1413 δCH3as(89) 

18 1430 δCH3as 1416 δCH3as(88) 1415 δCH3as(89) 

19 1430 δCH3as 1418 δCH3as(91) 1416 δCH3as(90) 

20 1430 δCH3as 1426 δCH3as(87) 1427 δCH3as(87) 

    rCH3(15)  rCH3(15) 

21 1430 δCH3as 1481 δCH3s(50) 1479 δCH3s(53) 

    βN7H(21)  βN7H(20) 

22 1494 βN7H 1587 δCH3s(39) 1585 δCH3s(36) 

  βN7–C9  βN7H(20)  βN7H(21) 

    νN7–C9(17)  νN7–C9(17) 

      νC5–N7(15) 

23 1723 νC5=O 1683 νC5=O(66) 1682 νC5=O(67) 

24 2830 νCH3s 2852 νCH3s(100) 2852 νCH3s(100) 

25 2830 νCH3s 2914 νCH3as(100) 2914 νCH3as(99) 

26 2940 νCH3as 2915 νCH3as(100) 2915 νCH3as(100) 

27 2940 νCH3as 2917 νCH3s(100) 2918 νCH3s(100) 

28 2940 νCH3as 2975 νCH3as(100) 2975 νCH3as(100) 

29 2940 νCH3as 2975 νCH3as(100) 2976 νCH3as(100) 

30 3495 νN7H 3326 νN7H(99) 3326 νN7H(99) 

 
a

Frequencies in cm
-1 

. VLF indicates unobserved very low frequencies. ω indicates 

wagging modes, ν indicates stretching modes, τ indicates torsional rotations, r indicates 

rocking, δ indicates deformations, and β indicates bends. PFF denotes the polarizable 

force field.  
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Table S2.2 Alanine Dipeptide C5 Vibrational Spectra Mode 

 

PFF CHARMM MP2 
Modes 

Freq. assign. freq. assign. freq. assign. 

1 15.3 psi(78) 33.2 psi(64) 30.3 tCH3(67) 

  phi(20)  phi(33)  psi(23) 

2 47.2 tCH3(62) 56.9 tCH3(69) 34.3 psi(71) 

  phi(28)  phi(17)  tCH3(39) 

3 55.5 phi(48) 69.5 phi(44) 46.8 tCH3(81) 

  tCH3(37)  tCH3(35)   

    psi(17)   

4 93.6 tCH3(96) 90.7 tCH3(64) 60.1 phi(90) 

    tC-N(21)  tCH3(17) 

5 103.8 tC-N(70) 96.0 dN-CT-C(26) 92.1 tC-N(78) 

    tC-N(25)   

    tCH3(24)   

6 160.3 dC-N-CT(28) 150.5 tC-N(40) 123.3 tC-N(83) 

  tC-N(23)  dC-N-CT(16)   

  dN-CT-C(21)  dN-CT-C(16)   

  dCT-C-N(19)     

7 161.3 tC-N(82) 166.3 tC-N(83) 133.2 tC-N(31) 

      dC-N-

CT(29) 

      dCT-C-

N(17) 

8 257.9 dC-N-CT(26) 227.6 dC-N-CT(41) 221.7 dC-N-

CT(26) 

  dC-CT-CT(24)    dC-CT-

CT(24) 

      dCT-C-

N(16) 

9 269.6 tCH3(73) 253.0 tCH3(36) 238.2 tCH3(57) 

    dCT-C-N(25)  dC-CT-

CT(16) 

    dC-N-CT(17)   

10 289.0 dCT-C-N(30) 265.3 tCH3(52) 272.8 tCH3(32) 

      dCT-C-

N(25) 

      dC-N-

CT(17) 

11 314.6 dC-CT-CT(25) 304.2 dC-CT-

CT(31) 

294.2 sC-CT(18) 

  dC-N-CT(23)  dC-N-CT(21)  dC=O(16) 

  tCH3(15)     
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12 394.9 dC-N-CT(26) 348.9 dCT-C-N(36) 361.3 dC-N-

CT(30) 

  dCT-C-N(23)  dC-N-CT(18)  dCT-C-

N(29) 

  dC=O(20)  dC=O(16)  dC=O(22) 

13 401.1 dN-CT-CT(46) 396.6 dN-CT-

CT(43) 

379.3 dN-CT-

CT(47) 

14 547.9 dCT-C-N(37) 519.8 dCT-C-N(32) 448.7 wN-H(91) 

  dC=O(21)  dC=O(29)   

15 595.2 dC=O(54) 571.8 dC=O(44) 469.5 wN-H(83) 

  sC-CT(23)  sC-CT(21)  wC=O(20) 

16 661.8 dC=O(25) 639.6 dC=O(23) 494.9 dC=O(24) 

  dC-N-CT(16)  sC-CT(22)  dCT-C-

N(24) 

  sC-CT(16)  dC-N-CT(17)  dN-CT-

CT(16) 

17 677.7 wC=O(71) 668.8 wC=O(74) 587.9 dC=O(36) 

  wN-H(23)  wN-H(18)  sC-CT(18) 

18 702.9 wN-H(49) 704.6 wN-H(54) 621.5 wC=O(55) 

  wC=O(27)  wC=O(29)   

19 779.8 sC-CT(21) 766.1 sC-N(24) 666.9 dC=O(25) 

  sC-N(21)  sC=O(17)  sC-CT(22) 

  sC=O(17)  sC-CT(17)  wC=O(16) 

20 833.8 wN-H(23) 822.7 sC-N(24) 714.8 wC=O(62) 

  sCT-CT(20)  sC=O(17)   

21 847.0 wN-H(41) 832.7 wN-H(63) 833.3 dCH3(24) 

22 878.6 wN-H(31) 883.5 wN-H(28) 889.3 dCH3(28) 

  wC=O(31)  wC=O(28)  sCT-

CT(20) 

    dCH3(16)   

23 908.4 sN-CT(29) 908.1 dCH3(33) 952.7 sC-CT(36) 

  dCH3(25)  sN-CT(21)  dCH3(21) 

24 958.9 sN-CT(41) 953.5 sN-CT(48) 981.7 dCH3(65) 

  dCH3(32)  dCH3(32)   

25 997.6 dCH3(40) 975.1 dCH3(78) 1023.2 sN-CT(48) 

  dCT-HA(25)    dCH3(31) 

26 1013.7 dCH3(81) 1002.9 dCH3(41) 1028.0 dCH3(77) 

    dCT-HA(21)  wC=O(18) 

27 1042.7 dCH3(81) 1033.6 dCH3(71) 1043.4 dCH3(40) 

      dCT-

HA(24) 

28 1062.9 dCH3(85) 1072.2 dCH3(89) 1089.3 sCT-

CT(36) 

29 1086.9 dCH3(74) 1083.1 dCH3(72) 1116.8 dCH3(96) 

  wC=O(18)  wC=O(19)   

30 1102.5 dCH3(81) 1086.5 dCH3(83) 1130.8 dCH3(66) 

31 1120.0 dCH3(32) 1121.0 dCH3(29) 1165.9 sN-CT(47) 
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  sN-CT(23)  sN-CT(27)  dCH3(17) 

32 1237.9 dN-H(38) 1217.6 dN-H(33) 1191.6 dN-H(27) 

  sC-CT(17)    dCT-

HA(26) 

      sC-N(19) 

33 1286.3 sC-CT(26) 1272.8 dN-H(35) 1224.6 dN-H(45) 

  dN-H(25)  sC-CT(22)  sC-N(19) 

34 1324.2 dCT-HA(44) 1340.4 dCT-HA(48) 1307.4 dCT-

HA(48) 

  sCT-CT(19)  sCT-CT(15)  dCH3(17) 

35 1408.0 dCH3(96) 1383.8 dCH3(95) 1333.9 dCT-

HA(65) 

      dCH3(19) 

36 1413.5 dCH3(99) 1406.0 dCH3(85) 1366.8 dCH3(96) 

37 1418.1 dCH3(93) 1411.2 dCH3(86) 1373.6 dCH3(84) 

38 1421.4 dCH3(100) 1415.1 dCH3(98) 1406.0 dCH3(98) 

39 1426.4 dCH3(99) 1417.8 dCH3(100) 1444.2 dCH3(87) 

40 1429.7 dCH3(99) 1422.7 dCH3(69) 1454.3 dCH3(92) 

    dCT-HA(18)   

41 1431.5 dCH3(98) 1425.7 dCH3(100) 1460.8 dCH3(92) 

42 1445.0 dCH3(100) 1432.8 dCH3(57) 1467.4 dCH3(84) 

    dCT-HA(21)   

43 1461.9 dN-H(33) 1441.5 dCH3(98) 1474.4 dCH3(95) 

  dCH3(30)     

  dCT-HA(21)     

44 1498.2 dCT-HA(23) 1479.9 dCH3(42) 1475.2 dCH3(97) 

  dN-H(22)  dN-H(22)   

  dCH3(20)     

45 1577.6 dCH3(44) 1572.4 dCH3(37) 1489.7 dCH3(31) 

  dN-H(19)  dN-H(20)  dN-H(28) 

  sN-CT(17)  sN-CT(17)  sC-N(22) 

46 1638.0 dCT-HA(27) 1608.5 dN-H(24) 1526.5 dN-H(38) 

  dN-H(17)  dCT-HA(15)  dCH3(25) 

  sC=O(16)    sC-N(22) 

47 1682.5 sC=O(56) 1677.3 sC=O(63) 1674.9 sC=O(80) 

  sC-N(16)     

48 1686.2 sC=O(62) 1683.9 sC=O(66) 1690.3 sC=O(75) 

49 2851.3 sCH3(100) 2852.4 sCH3(100) 2928.9 sCT-

HA(95) 

50 2903.3 sCH3(71) 2901.8 sCH3(92) 2933.1 sCH3(96) 

  sCT-HA(29)     
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Table S2.3 Alanine Dipeptide C7eq Vibrational Spectra Mode 

 

PFF CHARMM MP2 
Modes 

Freq. assign. freq. assign. Freq. assign. 

1 49.5  psi(83)  51.0  psi(95)  45.0  tCH3(79)  

2 66.4  tCH3(83)  61.6  tCH3(94)  48.9  tCH3(72)  

3 84.5  tCH3(44)  83.6  tCH3(62)  53.0  psi(57)  

  tC-N(35)   tC-N(29)   tCH3(40)  

4 93.6  tCH3(47)  89.3  tC-N(42)  70.8  tC-N(67)  

  tC-N(39)   tCH3(32)    

    phi(17)    

5 118.9  phi(84)  109.5  phi(82)  111.5  phi(75)  

      tC-N(22)  

6 180.2  tC-N(84)  179.2  tC-N(42)  145.8  tC-N(69)  

    dC-N-CT(24)   phi(26)  

7 198.6  dC-N-CT(42)  190.2  tC-N(57)  179.2  dC-N-

CT(42)  

  dCT-C-N(21)     dCT-C-

N(28)  

  dN-CT-CT(18)      

8 254.1  dCT-C-N(38)  229.7  dC-N-CT(40)  210.3  dCT-C-

N(33)  

  dC-N-CT(32)   dCT-C-N(33)   dC-N-

CT(31)  

  dC-CT-CT(16)     tCH3(19)  

9 295.4  dN-CT-CT(23)  280.8  tCH3(76)  230.8  tCH3(71)  

10 304.5  tCH3(73)  282.9  dN-CT-

CT(25)  

275.8  dN-CT-

C(20)  

    dC-CT-

CT(22)  

  

11 325.4  dN-CT-C(31)  308.0  dN-CT-C(33)  310.4  dN-CT-

C(20)  

  sC-CT(20)   tC-N(19)   dC-CT-

CT(19)  

  tC-N(17)   sC-CT(18)   dN-CT-

CT(16)  

12 382.4  dC-N-CT(34)  332.3  dC-N-CT(32)  325.0  dC-N-

CT(37)  

  dC=O(28)   dC=O(31)   dC=O(31)  

  dC-CT-CT(21)   dC-CT-

CT(19)  

  

13 440.3  dCT-C-N(24)  430.9  dCT-C-N(25)  387.9  wN-H(94)  

14 493.0  dCT-C-N(49)  466.2  dCT-C-N(50)  414.0  dCT-C-

N(40)  



 200 

  dN-CT-CT(20)   dN-CT-

CT(21)  

 dC=O(15)  

15 592.0  dC=O(57)  569.4  dC=O(54)  478.7  dCT-C-

N(32)  

  sC-CT(21)   sC-CT(23)   dN-CT-

CT(21)  

16 645.3  dC=O(33)  636.1  dC=O(33)  566.7  dC=O(42)  

  sC-CT(17)   sC-CT(18)   sC-CT(20)  

17 670.8  wC=O(68)  662.0  wC=O(70)  589.6  wC=O(69)  

  wN-H(27)   wN-H(24)    

18 745.2  wC=O(42)  738.2  wC=O(41)  625.5  wN-H(41)  

  wN-H(41)   wN-H(36)   dC=O(19)  

      wC=O(17) 

19 783.5  sC=O(19)  774.9  sC=O(18)  680.0  wN-H(42)  

  sC-N(16)   sC-N(15)   sC-CT(16)  

  sC-CT(15)   wN-H(15)    

20 830.4  sC-N(30)  819.2  sC-N(32)  741.0  wC=O(60)  

  sC=O(21)   sC=O(21)   dN-CT-

C(20)  

  sC-CT(20)   sC-CT(18)    

21 850.9  wN-H(61)  837.4  wN-H(64)  838.4  dCH3(25)  

  dCH3(17)   dCH3(20)   sC-CT(15)  

22 893.1  wN-H(42)  887.3  wN-H(41)  881.8  dCH3(39)  

  wC=O(24)   wC=O(22)   sC-N(16)  

23 913.7  sN-CT(35)  910.9  dCH3(28)  940.2  sC-CT(37)  

  dCH3(23)   sN-CT(26)   sCT-CT(15)  

  sCT-CT(19)   sCT-CT(20)    

24 957.6  dCH3(53)  946.2  dCH3(48)  986.7  dCH3(62)  

  sN-CT(32)   sN-CT(37)    

25 1011.3  dCH3(88)  978.6  dCH3(84)  1021.9  dCH3(51)  

      sN-CT(25) 

26 1037.7  dCH3(60)  1022.0  dCH3(41)  1029.6  dCH3(46)  

      sN-CT(26)  

27 1050.1  dCH3(51)  1037.6  dCH3(60)  1033.0  dCH3(54)  

  sCT-CT(23)   sCT-CT(18)    

28 1062.7  dCH3(79)  1073.1  dCH3(88)  1112.6  dCH3(70)  

29 1089.0  dCH3(74)  1086.0  dCH3(77)  1114.3  dCH3(54)  

  wC=O(20)     sCT-CT(18)  

30 1118.9  dCH3(82)  1086.7  dCH3(77)  1146.9  dCH3(45)  

      sN-CT(22)  

31 1132.8  sN-CT(33)  1130.0  sN-CT(34)  1150.4  dCH3(53)  

  dCH3(23)   dCH3(24)    

  dCT-HA(17)   dCT-HA(16)    

32 1199.5  dCT-HA(32)  1183.6  dCT-HA(33)  1217.3  sC-N(31)  

  dN-H(22)   dN-H(23)   dN-H(25)  

  sC-N(19)   sC-N(19)   dCT-HA(16)  

33 1269.6  dN-H(44)  1264.8  dN-H(44)  1238.3  dN-H(33)  
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  sC-CT(22)   sC-CT(21)   dCH3(17)  

      dCT-HA(16)  

      sC-N(16)  

34 1351.7  dCT-HA(41)  1349.7  dCT-HA(37)  1310.2  dCT-HA(69)  

    dCH3(15)    

35 1407.1  dCH3(95)  1386.1  dCH3(94)  1337.1  dCT-HA(52)  

36 1413.4  dCH3(90)  1405.9  dCH3(88)  1374.8  dCH3(93)  

37 1415.1  dCH3(99)  1412.9  dCH3(92)  1381.3  dCH3(91)  

38 1421.4  dCH3(100)  1415.9  dCH3(99)  1410.6  dCH3(98)  

39 1426.2  dCH3(98)  1417.6  dCH3(100)  1443.4  dCH3(95)  

40 1431.4  dCH3(83)  1425.3  dCH3(98)  1459.3  dCH3(92)  

41 1435.3  dCH3(94)  1427.8  dCH3(68)  1460.1  dCH3(98)  

    dCT-HA(18)    

42 1444.7  dCH3(83)  1436.6  dCH3(80)  1460.8  dCH3(98)  

43 1448.7  dCH3(51)  1440.6  dCH3(66)  1466.9  dCH3(96)  

  dCT-HA(20)      

  dN-H(19)      

44 1503.6  dCH3(46)  1491.9  dCH3(50)  1479.9  dCH3(92)  

  dN-H(15)      

45 1579.4  dN-H(26)  1573.8  dN-H(26)  1491.3  dN-H(39)  

  dCH3(16)   sN-CT(15)   sC-N(27)  

  sN-CT(15)      

46 1607.4  dCH3(24)  1597.7  dN-H(22)  1532.0  dN-H(54)  

  dN-H(21)   dCH3(22)   sC-N(19)  

  sC-N(17)   sC-N(18)    

  sN-CT(16)   sN-CT(16)    

47 1678.0  sC=O(64)  1679.9  sC=O(64)  1661.9  sC=O(77)  

48 1684.7  sC=O(66)  1683.8  sC=O(65)  1692.7  sC=O(75)  

49 2850.9  sCH3(100)  2852.1  sCH3(100)  2929.0  sCH3(100)  

50 2903.2  sCH3(88)  2902.1  sCH3(92)  2941.7  sCH3(100)  

51 2905.9  sCT-HA(87)  2904.8  sCT-HA(91)  2942.3  sCH3(100)  

52 2912.6  sCH3(100)  2913.9  sCH3(100)  2956.5  sCT-HA(99)  

53 2913.9  sCH3(100)  2914.5  sCH3(100)  3012.3  sCH3(100)  

54 2922.0  sCH3(100)  2917.1  sCH3(100)  3025.8  sCH3(100)  

55 2960.3  sCH3(100)  2959.2  sCH3(100)  3031.9  sCH3(100)  

56 2961.2  sCH3(100)  2960.1  sCH3(100)  3036.5  sCH3(100)  

57 2976.9  sCH3(100)  2974.9  sCH3(100)  3046.6  sCH3(100)  

58 2977.5  sCH3(100)  2975.3  sCH3(100)  3053.2  sCH3(100)  

59 3325.7  sN-H(99)  3318.5  sN-H(99)  3361.7  sN-H(100)  

60 3327.5  sN-H(99)  3327.8  sN-H(100)  3440.1  sN-H(100)  
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Table S2.4 Alanine Dipeptide C7ax Vibrational Spectra 

 
PFF CHARMM MP2 

Modes 
Freq. assign. freq. assign. Freq. assign. 

1 55.2  psi(74)  58.1  psi(83)  35.1  psi(69)  

2 70.5  tCH3(79)  65.6  tCH3(90)  58.4  tCH3(91)  

3 88.4  tC-N(45)  82.4  tCH3(71)  66.7  tCH3(55)  

  tCH3(36)   tC-N(22)   tC-N(32)  

4 94.1  tCH3(62)  92.7  tC-N(62)  74.4  tC-N(37)  

  tC-N(28)   tCH3(18)   psi(33)  

    dN-CT-C(17)   tCH3(25)  

5 135.0  phi(70)  132.0  phi(101)  124.2  tC-N(99)  

  tC-N(30)      

6 172.8  tC-N(52)  174.3  tC-N(74)  143.4  phi(112)  

  phi(30)      

7 219.4  dCT-C-N(33)  197.9  dCT-C-N(31)  189.4  dCT-C-N(48)  

  dC-N-CT(28)   dC-N-CT(23)   dC-N-CT(24)  

  dC-CT-CT(19)   dN-CT-C(18)    

8 252.4  dC-N-CT(51)  242.2  dC-N-CT(58)  206.8  dC-N-CT(59)  

  dCT-C-N(21)   dCT-C-N(21)   dCT-C-N(17)  

9 278.8  tCH3(81)  269.5  tCH3(81)  242.8  tCH3(81)  

10 295.6  dC-CT-CT(27)  284.7  dC-CT-CT(31)  249.1  dC-CT-CT(35)  

  dCT-C-N(15)   tCH3(16)    

  tCH3(15)      

11 358.7  dC-N-CT(28)  319.9  dC-N-CT(45)  302.2  dC-N-CT(42)  

  dN-CT-C(19)     dN-CT-C(18)  

  sC-CT(17)      

  dN-CT-CT(16)      

12 377.6  dN-CT-CT(38)  356.6  dN-CT-CT(53)  346.0  dN-CT-CT(48)  

  dC=O(24)   dC=O(19)   dC=O(20)  

  dC-N-CT(19)      

13 419.9  dCT-C-N(29)  401.8  dCT-C-N(31)  381.9  dCT-C-N(42)  

14 540.0  dC=O(52)  518.7  dC=O(53)  401.1  wN-H(100)  

15 592.5  dCT-C-N(19)  576.9  dCT-C-N(19)  499.9  dC=O(58)  

  sC-CT(15)   sC-CT(16)    

16 660.2  sC-CT(27)  645.3  sC-CT(28)  579.7  wC=O(48)  

  dC=O(25)   dC=O(20)    

17 667.2  wC=O(69)  656.2  wC=O(73)  620.2  wC=O(34)  

  wN-H(24)   wN-H(23)    

18 748.3  sC-N(19)  741.8  sC-N(21)  635.0  wN-H(90)  

19 765.3  wN-H(38)  754.7  wN-H(41)  667.5  sC-CT(20)  

  wC=O(30)   wC=O(33)    

20 815.2  sC-N(27)  805.2  sC-N(28)  748.6  wC=O(60)  

  sC=O(20)   sC=O(18)    

21 846.0  wN-H(57)  833.0  wN-H(59)  806.7  dC=O(19)  
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    dCH3(15)    

22 897.5  wN-H(48)  892.6  wN-H(50)  877.0  sC-N(25)  

  wC=O(25)   wC=O(26)   dCH3(17)  

23 917.7  dCH3(36)  908.5  dCH3(34)  917.5  dCH3(33)  

  sN-CT(20)   sN-CT(18)   sC-CT(21)  

    sCT-CT(15)    

24 958.8  dCH3(42)  951.0  dCH3(46)  972.7  dCH3(48)  

  sN-CT(41)   sN-CT(38)    

25 1005.9  dCH3(59)  976.2  dCH3(78)  1005.3  dCH3(67)  

26 1019.6  dCH3(55)  1004.8  dCH3(32)  1028.8  dCH3(81)  

    dCT-HA(21)   wC=O(19)  

    sN-CT(17)   

27 1051.0  dCH3(79)  1044.1  dCH3(73)  1086.0  sN-CT(46)  

28 1063.8  dCH3(79)  1072.4  dCH3(84)  1104.8  dCH3(40)  

      sCT-CT(27)  

29 1084.9  dCH3(51)  1082.1  dCH3(53)  1119.3  dCH3(97)  

  dCT-HA(15)      

30 1090.7  dCH3(56)  1085.7  dCH3(76)  1125.0  sN-CT(33)  

      dCH3(32)  

31 1119.2  dCH3(83)  1089.8  dCH3(58)  1152.6  dCH3(67)  

32 1256.3  dN-H(29)  1243.7  dN-H(26)  1254.8  dN-H(32)  

  sC-CT(21)   dCT-HA(22)   sC-N(28)  

    sC-CT(15)    

33 1273.5  dN-H(43)  1269.9  dN-H(43)  1273.5  dCT-HA(73)  

  sC-CT(24)   sC-CT(23)    

34 1330.3  dCT-HA(46)  1325.1  dCT-HA(41)  1284.1  dN-H(30)  

  sCT-CT(20)   sCT-CT(18)   sC-N(22)  

      sC-CT(16)  

35 1407.8  dCH3(96)  1385.9  dCH3(95)  1336.1  dCT-HA(79)  

36 1415.0  dCH3(98)  1407.3  dCH3(81)  1372.8  dCH3(95)  

37 1420.7  dCH3(89)  1412.7  dCH3(98)  1376.9  dCH3(92)  

38 1421.8  dCH3(100)  1415.9  dCH3(99)  1417.1  dCH3(97)  

39 1427.4  dCH3(97)  1417.9  dCH3(100)  1443.8  dCH3(96)  

40 1431.2  dCH3(85)  1425.3  dCH3(98)  1454.9  dCH3(99)  

41 1433.4  dCH3(98)  1428.9  dCH3(62)  1460.0  dCH3(96)  

    dCT-HA(22)    

42 1443.7  dCH3(97)  1437.8  dCH3(95)  1462.5  dCH3(98)  

43 1450.9  dCT-HA(39)  1442.4  dCH3(60)  1480.3  dCH3(98)  

  dCH3(30)   dCT-HA(20)    

44 1490.3  dCH3(49)  1481.5  dCH3(53)  1483.6  dCH3(97)  

  dN-H(25)   dN-H(23)    

45 1556.0  dN-H(31)  1552.0  dN-H(32)  1503.8  dN-H(48)  

  sC-N(22)   sC-N(22)   sC-N(25)  

  sN-CT(17)   sN-CT(17)    

46 1597.3  dCH3(38)  1589.7  dCH3(34)  1536.8  dN-H(58)  

  dN-H(23)   dN-H(25)   sC-N(20)  

  sN-CT(16)   sN-CT(17)    
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  sC-N(15)   sC-N(15)    

47 1685.8  sC=O(66)  1685.0  sC=O(66)  1664.2  sC=O(75)  

48 1696.2  sC=O(58)  1692.2  sC=O(59)  1688.7  sC=O(73)  

49 2850.9  sCH3(100)  2852.0  sCH3(100)  2933.3  sCH3(100)  

50 2903.1  sCH3(59)  2902.1  sCH3(86)  2940.6  sCH3(100)  

  sCT-HA(41)      

51 2904.1  sCT-HA(58)  2903.2  sCT-HA(86)  2941.2  sCH3(100)  

  sCH3(41)      

52 2912.6  sCH3(100)  2913.9  sCH3(100)  2973.3  sCT-HA(99)  

53 2913.9  sCH3(100)  2914.5  sCH3(100)  3011.6  sCH3(100)  

54 2922.1  sCH3(100)  2917.1  sCH3(100)  3020.3  sCH3(100)  

55 2959.3  sCH3(100)  2958.4  sCH3(100)  3023.1  sCH3(100)  

56 2960.9  sCH3(100)  2960.4  sCH3(100)  3046.0  sCH3(100)  

57 2977.0  sCH3(100)  2975.0  sCH3(100)  3049.9  sCH3(100)  

58 2977.6  sCH3(100)  2975.2  sCH3(100)  3060.3  sCH3(100)  

59 3326.6  sN-H(100)  3318.9  sN-H(99)  3349.6  sN-H(99)  

60 3329.8  sN-H(99)  3325.4  sN-H(100)  3451.9  sN-H(100) 
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Table S2.5 Alanine Dipeptide 2D Correction Data (CMAP). Dihedral Angles Φ and Ψ 

are  

C    NH1  CT1  C    NH1 and NH1  CT1  C    NH1. Both Dihedral Angles Change From -

180º to 165 º with increment of 15º. 

Φ =-180 º 

 -1.991190 -2.838498 -3.292723 -3.316014 -4.067712 

 -4.109663 -2.939185 -1.794760 0.296445 2.817256 

 -1.444433 4.018533 8.650390 8.087893 4.727155 

 0.126906 -2.505183 -1.769400 -0.921656 0.415752 

 1.245946 1.933839 2.228748 0.448227  

Φ =-165 º 

 5.141626 3.514873 3.192162 3.427797 3.585139 

 3.628710 3.767849 5.180332 8.101344 8.184321 

 9.159416 15.396137 17.308164 14.461483 9.920818 

 6.054986 4.069640 3.488313 3.974250 5.434570 

 6.430730 7.184788 7.244171 6.576927  

Φ =-150 º 

 8.947921 8.394265 7.870558 8.225470 8.408552 

 8.489195 9.079360 10.282471 12.961215 10.934894 

 17.453663 21.661768 21.117706 18.226618 14.274934 

 9.979162 7.458806 7.006784 7.283248 8.606070 

 9.271217 10.034624 10.340798 9.972061  

Φ =-135 º 

 10.497635 9.758556 9.591401 10.191932 10.520130 

 10.700704 11.367634 12.429717 13.626935 15.013251 

 20.134843 22.492159 21.553273 18.604071 15.171186 

 11.696844 9.190233 8.247898 9.015058 9.510543 

 10.361080 10.788012 10.846450 10.756240  

Φ =-120 º 

 10.095894 9.377368 9.130942 9.850154 9.506599 

 10.348253 11.477740 12.253800 12.097096 16.021546 

 19.624944 20.990294 19.930783 17.561833 14.286572 

 10.980379 8.842599 8.877446 9.821192 10.081209 

 10.086949 10.556240 10.661431 10.590922  

Φ =-105 º 

 8.814977 7.858332 7.567569 8.352024 9.035904 
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 8.995379 10.046001 10.240146 11.091241 14.824734 

 17.523491 17.914347 17.269278 14.696472 11.051835 

 9.155562 8.377634 8.422422 9.266202 9.392427 

 9.188354 9.555128 9.726713 9.662039  

Φ =-90 º 

 6.903624 5.302303 5.662588 5.949908 6.391619 

 6.632573 6.840227 5.640356 8.653626 12.281631 

 14.186523 14.531222 13.103504 10.708229 8.954729 

 7.872328 7.065330 6.708041 7.575349 7.575007 

 7.793099 7.842965 8.080897 7.805844  

Φ =-75 º 

 5.013864 3.962962 3.119843 2.844418 2.397943 

 2.632701 2.485280 2.182209 5.781952 9.398223 

 11.054098 10.857230 8.235789 7.636991 7.795643 

 6.581490 5.499538 4.598800 4.074940 5.106975 

 5.957088 5.621327 5.569397 6.131349  

Φ =-60 º 

 4.664312 2.131688 0.921215 -0.533631 -1.218996 

 -1.618152 -1.880376 0.177044 4.218557 7.367794 

 8.141734 6.507307 6.528718 7.953282 7.572335 

 6.561503 4.285700 2.363841 1.664554 3.385905 

 4.751627 5.313013 5.584228 5.613190  

Φ =-45 º 

 5.083360 1.390722 -2.202976 -4.300867 -5.226613 

 -5.404384 -4.002234 -0.004906 3.937460 4.956668 

 4.919116 5.157745 7.060248 8.722505 8.439620 

 6.394306 3.235635 -0.385304 -0.717301 1.330164 

 4.609150 6.172265 6.835887 6.119800  

Φ =-30 º 

 2.966389 -1.761053 -7.060076 -10.663672 -8.128619 

 -5.862889 -2.443857 0.658281 2.063072 3.512254 

 2.963877 6.519328 5.220281 6.846737 5.142298 

 0.197410 -0.862795 -4.057895 -3.343791 0.654146 

 4.266519 6.769356 7.164110 6.387329  

Φ =-15 º 

 -1.073688 -12.273120 -7.922918 -5.591341 -4.577737 

 -3.253223 -1.907919 -1.200609 0.081744 1.022458 

 0.892927 5.769867 9.358557 8.709712 3.385075 

 -3.854257 -4.737375 -6.751529 -3.935862 0.448790 
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 4.264907 5.786316 5.846162 3.711505  

Φ =0 º 

 -8.957538 -5.705067 -4.161799 -3.249921 -2.385835 

 -2.196744 -3.109122 -3.458648 -2.658285 -2.507104 

 3.046643 8.423265 10.369945 5.534518 -1.254088 

 -3.591673 -7.256830 -5.578201 -3.098800 0.272543 

 2.145462 3.256839 2.867646 -0.251315  

Φ =15 º 

 -4.927369 -3.299180 -2.382209 -1.531317 -1.857647 

 -3.323959 -5.558661 -5.752960 -2.128161 -0.528418 

 5.656757 8.761139 6.464012 0.242824 -5.633144 

 -6.766172 -6.149434 -4.302900 -3.288714 -2.598849 

 -1.684880 -1.059066 -8.595755 -5.757188  

Φ =30 º 

 -2.713238 -2.042189 -1.167329 -1.336490 -2.577584 

 -4.967080 -6.191009 -4.493955 -0.264876 0.862502 

 5.102184 4.751050 0.706640 -3.717257 -4.216692 

 -5.614017 -4.999786 -5.178333 -6.295073 -6.424311 

 -6.554758 -6.467557 -4.220468 -2.700510  

Φ =45 º 

 -2.680312 -2.847784 -2.510328 -3.009381 -4.474131 

 -5.697400 -5.371584 -2.743755 1.426146 1.411502 

 3.311508 1.551441 1.387561 -2.591205 -3.832283 

 -4.129073 -5.012763 -7.339441 -9.476633 -9.033050 

 -6.349864 -3.637186 -2.165442 -1.904414  

Φ =60 º 

 -5.935958 -5.822959 -4.957218 -4.688312 -4.636134 

 -4.687906 -3.039911 0.126425 -0.922669 1.651315 

 7.038586 5.069381 1.706019 -0.135677 -1.076966 

 -1.546558 -3.573270 -6.455935 -7.648062 -5.620660 

 -3.667620 -2.565035 -1.764205 -1.947310  

Φ =75 º 

 -7.301228 -6.560700 -5.911579 -5.576845 -5.286263 

 -4.475069 -2.337014 0.833991 3.311135 4.911913 

 4.844435 3.621894 2.325826 1.800546 0.388336 

 -1.249432 -4.169398 -6.140534 -6.317218 -4.228207 

 -2.922060 -2.608673 -1.850101 -3.861929  

Φ =90 º 
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 -7.713929 -7.470273 -7.107224 -6.845365 -6.530855 

 -5.609114 -4.263935 -1.608541 0.024329 1.519696 

 1.869509 1.578234 1.719110 1.930153 0.201477 

 -3.378791 -5.552791 -8.480507 -6.801288 -5.100959 

 -4.811054 -4.305823 -4.715821 -5.387890  

Φ =105 º 

 -8.155380 -8.144686 -7.836671 -7.373635 -7.759438 

 -6.539407 -5.119268 -3.357236 -2.101271 -1.067868 

 0.309793 1.358489 2.168256 1.182888 -1.290457 

 -5.391446 -9.798419 -7.704346 -6.239189 -5.615016 

 -4.530444 -4.363496 -5.133683 -6.485147  

Φ =120 º 

 -7.256670 -8.084349 -7.915530 -7.208537 -7.705643 

 -7.240570 -5.992147 -4.797221 -3.768270 -1.509277 

 0.170793 1.667929 1.564783 0.669352 -2.456579 

 -10.161664 -9.076768 -7.234832 -5.788159 -5.490927 

 -4.923607 -4.548135 -4.810981 -5.721299  

Φ =135 º 

 -5.062802 -6.486505 -7.257770 -6.682012 -6.114757 

 -6.639078 -5.633968 -4.704957 -3.387730 -0.923400 

 1.040650 2.184110 2.048322 -9.202443 -7.256186 

 -6.511234 -6.837291 -6.644965 -5.487007 -5.331993 

 -3.526973 -2.291717 -1.794933 -3.174318  

Φ =150 º 

 -2.182993 -4.754667 -5.163601 -5.019816 -4.521160 

 -4.771945 -4.206636 -3.012886 -1.149330 0.891229 

 2.964836 -8.869774 -4.269220 -0.324675 -0.431565 

 -2.107297 -3.854484 -4.673172 -3.810335 -2.629616 

 -1.012968 0.195661 1.382825 -0.048682  

Φ =165 º 

 1.268721 -0.395333 -1.217615 -1.011856 -1.558241 

 -1.250156 -0.518994 0.310700 2.036344 4.846306 

 6.985198 1.161857 6.455697 8.647095 6.296187 

 3.269040 0.591887 -0.134140 1.269145 2.604475 

 4.081689 4.979598 4.927819 4.079106  
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Table S2.6 Force Constant (kb) and Equilibrium Distance (r0) for Bond stretch 

Atom Atom kb r0 

C C 600.0 1.335 

CT1 C 250.0 1.490 

CT2 CT1 222.5 1.538 

CT2 CT2 222.5 1.530 

CT3 C 250.0 1.490 

CT3 CT1 222.5 1.538 

CT3 CT2 222.5 1.528 

CT3 CT3 222.5 1.530 

HA C 330.0 1.100 

HA CT1 309.0 1.111 

HA CT2 309.0 1.111 

HA CT3 322.0 1.111 

HB CT1 330.0 1.080 

NH1 C 370.0 1.345 

NH1 CT1 320.0 1.430 

NH1 CT3 320.0 1.430 

NH1 H 440.0 0.997 

O C 620.0 1.230 
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Table S2.7 Force Constant (kθ) and Equilirium Angle (θ0) for Angle Bending. Force 

Constant (kub) and Equilibrium Distance (rub) for Urey-Bradly Stretching if Available.  

 

Atom Atom Atom         

CT1 NH1 C 50.00 120.0   

CT3 CT1 C 52.00 108.0   

CT3 CT2 CT2 58.00 115.0 8.00 2.561 

CT3 CT2 CT3 53.35 114.0 8.00 2.561 

CT3 NH1 C 50.00 120.0   

CT3 NH1 CT3 50.00 120.0   

H NH1 C 34.00 123.0   

H NH1 CT1 35.00 117.0   

H NH1 CT3 35.00 117.0   

HA CT1 C 33.00 109.5 30.00 2.163 

HA CT1 CT3 34.50 110.1 22.53 2.179 

HA CT2 CT3 34.60 110.1 22.53 2.179 

HA CT2 HA 35.50 109.0 5.40 1.802 

HA CT3 C 33.00 109.5 30.00 2.163 

HA CT3 CT1 33.43 110.1 22.53 2.179 

HA CT3 CT2 34.60 110.1 22.53 2.179 

HA CT3 CT3 37.50 110.1 22.53 2.179 

HA CT3 HA 35.50 108.4 5.40 1.802 

HB CT1 C 50.00 109.5   

NH1 C HA 44.00 116.0 50.00 1.980 

NH1 C CT1 80.00 116.5   

NH1 C CT3 80.00 116.5   

NH1 CT1 C 50.00 107.0   

NH1 CT1 CT3 70.00 113.5   

NH1 CT1 HB 48.00 108.0   

NH1 CT3 HA 51.50 109.5   

O C CT1 80.00 121.0   

O C CT3 80.00 121.0   

O C NH1 80.00 122.5   

O C HA 44.00 122.0     
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Table S2.8 Force Constant (Kφ), Multiplicity (n) and Equilibrium Dihedral Angle ( φ0). 

“X” Matches Wildcards. 

Atom Atom Atom Atom Kφ n  φ0 

C CT1 NH1 C 0.200 1 180 

C CT2 NH1 C 0.200 1 180 

CT1 C NH1 CT1 1.600 1 0 

CT1 C NH1 CT1 2.500 2 180 

CT1 CT1 NH1 C 1.800 1 0 

CT3 C NH1 CT1 1.600 1 0 

CT3 C NH1 CT1 2.500 2 180 

CT3 C NH1 CT3 1.200 1 0 

CT3 C NH1 CT3 2.500 2 180 

CT3 CT1 NH1 C 1.800 1 0 

CT3 NH1 C CT1 1.600 1 0 

CT3 NH1 C CT1 2.500 2 180 

H NH1 C CT1 2.500 2 180 

H NH1 C CT3 2.500 2 180 

H NH1 CT1 C 0.000 1 0 

H NH1 CT1 CT3 0.000 1 0 

HA C NH1 H 1.400 2 180 

HA C NH1 CT3 2.500 2 180 

HA CT3 NH1 C 0.000 3 0 

HA CT3 NH1 CT3 0.000 3 0 

HA CT3 NH1 H 0.110 3 0 

HB CT1 NH1 C 0.000 1 0 

HB CT1 NH1 H 0.000 1 0 

HB CT3 NH1 C 0.000 1 0 

HB CT3 NH1 H 0.000 1 0 

NH1 C CT1 CT3 0.000 1 0 

NH1 C CT1 HB 0.000 1 0 

NH1 C CT3 HA 0.000 3 0 

O C CT1 CT3 1.400 1 0 

O C CT1 HB 0.000 1 0 

O C CT1 NH1 0.000 1 0 

O C CT3 HA 0.040 3 180 

O C NH1 CT1 2.500 2 180 

O C NH1 CT3 2.500 2 180 

O C NH1 H 2.500 2 180 

X CT1 CT3 X 0.200 3 0 

X CT2 CT2 X 0.195 3 0 

X CT2 CT3 X 0.160 3 0 

X CT3 CT3 X 0.155 3 0 
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Table S2.9 Force Constant (Kφ), Multiplicity (n) and Equilibrium Improper Dihedral 

Angle ( φ0).  “X” Matches Wildcards. 

Atom Atom Atom Atom Kφ  n   φ0  

H1 X X H 20 0 0 

NH1 C CT3 CT3 20 0 0 

O X X C 120 0 0 
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