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Molecular Mechanics Force Field

Established in Shnior Lifsonôs group in the 1960s.
M. Levitt, Nat. Struct. Biol., 8, 392 (2001). ñThe birth of computational structural biology.ò
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Deficiencies of Molecular Mehcanics

ÅArbitrary in choosing energy terms and 

associated degrees of freedom

ÅHarmonic approximation and lack of 

anharmonicity and coupling of energy terms

ÅDifficult to treat polarization

ÅNo possibility for charge transfer

ÅNot appropriate for chemical reactions, electron 

transfer and photochemical processes



What type of potential energy 

functions ïforce fields ïwill be 

used in the future?

ÅContinuously refining the Lifson-style force fields

ÅSomething different



Desired Features for a Next 

Generation Force Field

ÅBased on quantum mechanics 

ÅParallelizable and strictly linear scaling

ÅParametrizable just as molecular mechanics

ÅIntramolecular terms are QM.

ÅIntermolecular term treated by QM/MM.

ÅAnharmonicity, polarization and charge-transfer 
are naturally included.

ÅAppropriate for studying chemistry, charge 
transfer and photochemical processes.



The X-Pol Potential
Based on a Hierarchy of Three Approximations

Å(1) Hartree product of Slater determinant of fragments
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The Hamiltonian of the X-Pol Potential
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Quantum Mechanics:

Born-Oppenheimer Molecular Dynamics

Car-Parrinello Molecular Dynamics

However, first-principles methods are not

suitable as a force field for large systems,

consisting of ca. 105 atoms (length), which 

require dynamics simulations to obtain 

ensemble averages (temporal).
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ÅEach Fragment is fully polarized by the rest of the system
üHalf from Mulliken charges in L

üThe other half from localized electron density and Core
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X-Pol Potential

Å(2) Interactions between monomers (almost QM/MM)



X-POL at the HF and DFT level

B3LYP/6-31+G** -152.82732 

(-5.9 kcal/mol)

X-Pol(dft)              -152.82773 

(-6.2 kcal/mol)

-0.830

(-0.831)

0.418

(0.461)

0.373

(0.370)

-0.773

(-0.737)

B3LYP/6-31+G** -152.77151 

(29.1 kcal/mol)

X-Pol(dft)              -152.80427 

( 8.6 kcal/mol)

Lingchun Song, Jaebeom Han, Yen-lin Lin, Wangshen Xie and Jiali Gao

JPCA, asap, July 20, 2009



The X-Pol Potential

Å(3) Force Field: Applying neglect diatomic 

differential overlap (NDDO) approximation 

for determining the wave functions:

ïHF equation can be written in terms of atom pairs.

ïElectronic integrals are evaluated analytically using a 

basis set or by Dewar-Thiel multipole expansions.

ïAll electronic integrals can be parametrized in exactly 

the same way MM-force fields are developed.

ïComputationally fast.
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QM (atom A)
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Double Self-Consistent Field (DSCF)

Å Hatree product of Slater 
determinant of fragments 

Å Completely linear scaling
ï Each fragment has its own SCF

Åone-electron integral from 
atoms in other fragments

ÅDiagonalzation of Fock matrix 
for each individual fragment

ï Computational cost

Å Parallelizable
ÅDistribute QM fragments on 

each processor
Å Communicate for partial charges 

to calculate effective potential
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Feasibility for explicit simulations and 

possibility of parametrization

Liquid Water

JG, J. Chem. Phys., 1998, 109, 2346. 

Å267 water molecules in a cubic box

ÅAM1 model was used for water

ÅScaling Mulliken charge by a factor 1.83

ÅOptimization of two van der Waals parameters

ÅPeriodic boundary conditions at 1 atm.

Å9 angstroms cutoff for non-bonded interactions.

Å4 million configurations in Monte Carlo simulations.

JG, J. Phys. Chem. B, 1997 101, 657.



Liquid Water

J. Chem. Phys., 1998, 109, 2346. 

X-Pol Exp(25C) X-Pol Exp(100C)

Hvap(Kcal/mol) 10.46 10.51 9.31 9.71

Epol(Kcal/mol) -3.97 -3.10

Cp(cal/mol-K) 21 18 23 18

106 atm-1
22 45.8 66 49

d/(g/cm3) 1.004 0.997 0.924 0.958

ɛ, Debye 1.86 1.85 1.86 1.85

ɛ(aq), Debye 2.3 ~ 2.5 2.2

Computed thermodynamic properties for liquid water 

at 25 and 100 C using the X-Pol potential.



Liquid Water - Structure

O-O rdf at 25°C

O-H rdf at 25°C

MODPOL

TIP3P

Exp.



Liquid Water ïDistribution of Dipole moment

MODPOL

TIP3P

Exp.

JG, J. Chem. Phys., 1998, 109, 2346. 

JG, J. Phys. Chem. B, 1997 101, 657.



Feasibility for molecular dynamics 

simulation of a solvated protein

W. Xie, M. Orozco, D. G. Truhlar, J. Gao, 

J. Chem. Theor. Comput, 2009, 5 (3), pp 459ï467. 



Treatment of peptide boundaries

using the GHO approach

Å Definition of peptide unit (QM ñfragmentsò)
ï Peptide unit is separated at the C carbon (IUPAC definition).

Å Generalized hybrid orbital (GHO) boundary between peptide units
ï Transferrable

ï Charge transfer between peptide units via the GHO boundary.

ï In essense, a chemical potential equalization.
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* Link Atoms

Warshel, Levitt, JMB, 1976, 103, 227.

Singh, Kollman, JCC, 1986, 7, 718.

Field, Bash, Karplus, JCC, 1990, 11, 700.

+ Thiel, Yang, Raghavachari,

Morokuma, Rothlisberger, é

pseudoatom

pseudobond force redistribution

* Local SCF

J.-L. Rivail and coworkers, 

J. Comput. Chem., 1994, 15, 269.

+ Rich Friesner
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Bovine pancreactic trypsin inhibitor in water

ÅBPTI (58 Amino acid 
residues) solvated in 4461 
water molecules, 

14281 atoms

Å29026 basis functions

Å60 X 60 X 60 Å3 with 
periodical boundary 
condition

ÅNVT (25 C and 1 atm) MD

Å3.2 ps per day on a single 
2.66 GHz Altix XE 1300 
processor





Total potential energy (kcal/mol)


