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Chemical systems

MMMM MD/MCMD/MCQMQM

Bond forming/breaking?
Force field parameter missing?
Smaller than 150 atoms?
Charges of interest?
Orbital information needed?
Excited state?

Many structures of similar energies?
Movement of surrounding 
molecules important?
Need QM or MM for potential 
energy surface?
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– Adsorption energy of a substance in a porous 
materials (average of a large number of 
molecules on different adsorption sites).

– Simulation of lipids, proteins, DNA…

– Study of water molecules in nanotubes

More examples about when molecular dynamic of 
Monte Carlo simulations are needed
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Computational Methodologies

New tools in research (still under 
intensive development)
Reliability changes when different 
methods used (choose the appropriate 
method for the property you care)
Often use the “important” part to carry out 
the simulation
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How can one model systems 
with numerous atoms? 

Grey: carbon
Blue: nitrogen
Red: oxygen 
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Molecular Mechanics (MM)

Born-Oppenheimer 
approximation: motion of 
electrons can be decoupled 
from that of nuclei.
No electron considered in MM
Empirical fit to PE surface 
Force field: equations and 
parameters that define the 
energy surface
Fundamental assumptions

E(total) can be divided into 
parts
Parameters are transferable 
between similar chemical 
systems
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Molecular Mechanics (MM)

• Transferability: the same set of parameters can be used 
to model a series of related molecules. (Do not have to 
define new parameters for each molecules.) E.g., 
alcohols share the same parameters; acids share the 
same parameters, alkanes share the same parameters

• Functional forms are often a compromise between 
accuracy and efficient computation; analytic derivatives 
preferred.

• Two force fields can use the same functions, but 
different parameters; two force fields may have different 
functions and parameters, but similar results.

• Avoid mixing parameters, unless tested.
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Force Field

Bond stretchBond stretch

Morse function

De: dissociation energy
α: force constant
lo: reference bond length

Simplified approximation

kl: force constant
lo: reference bond length

Less often used b/c less amenable
to efficient computation   
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Simplified forms does not describe bond dissociation

The cubic function deviates significantly from the true PES
at long bond lengths, so atoms may fly apart when bad initial
geometry is given. Introduce a quartic term may eliminate the inversion problem…∴
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• Notice force constants are different for single and double bonds
• 0.2 Å from the reference value raise the energy by 12 kcal mol-1 with a 300 

kcal mol-1 Å-2 force constant
• lo is sometimes called “equilibrium” bond length or “natural” bond length. 

Note that there are other functions in the force field, so the calculated 
bond length may not be the same as lo

• When comparing experimental and calculated bond lengths, kept in mind 
the following:
! Bond lengths from different exptl. techniques give different results
! Temp. also affects the exptl. bond length values (room temp libration in 
X-ray structure cause errors as large as 0.015 Å)
! The calculated bond length corresponds to a hypothetical motionless 
state; MM2 was parameterized to fit the values obtained by electron 
diffraction, which give the mean distances between atoms averaged over 
the vibrational motion at room temperature
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Bond anglesBond angles

kθ: force constant
θo:equilibrium bond angle

+  higher order terms

For highly strained systems, different sets of parameters
have to be used  

e.g.
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• Notice the force constants are much smaller than the 
bond length force constants
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Dihedral angles (Torsional angles)Dihedral angles (Torsional angles)

Vn: related to rotational barrier height
n: periodicity of rotation

n = 2 is important for sp2 species
e.g. ethene     H2C=CH2

n = 3 is important for sp3 species
e.g. ethane     H3C-CH3

s: 1 or -1
ω: dihedral angle

Note: the overall rotational barrier height also has contributions 
from non-bonded interations.

n = 1 n = 2
n = 3
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Lennard-Jones potential

ε: well depth  
rm: minimum energy interaction distance

Buckingham potential

NonNon--bonded interactionsbonded interactions

van der Waals interactions 

Cut-off distance for
Saving computing time

Long-range attractive force
dispersive force (London force):
instantaneous dipole, which arises 
during fluctuations in the electron 
clouds, induce a dipole in neighboring 
atoms, giving rise to an attractive 
inductive effect

Short-range repulsive force
repulsion between two incompletely
shielded nuclei

distance dependent interactions
calculated for all atoms with a 
1,4 or greater separation
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Coulomb’s law

q: atomic charge
D: dielectric constant of environment;  = 1 for gas phase calculation

sometimes as a function of distance to damp the long distance 
interactions

Electrostatic interactions

NonNon--bonded interactionsbonded interactions distance dependent interactions
calculated for all atoms with a 
1,4 or greater separation
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• The dilemma of dielectric constant 

Should the dielectric constant of solute to be used,
or that of the solvent?
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Effective pair potential! 
• Polarization effect and many-body effect 

not considered explicitly; may be included 
implicitly through parameterization
E.g.: dipole of gas phase water: 1.85 D 

in most water model: close to liquid 
water  2.6 D

• no good for metals and semiconductors
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Reduced Representation: United atom 
approach

Hydrogen next to carbon are not considered explicitly

In the anisotropic model, the interaction site is at the geometrical center
of the CH2 and CH3 group.
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Other termsOther terms

not in all force fields
Stretch-bend

Bend-bend

Torsion-bend

Hydrogen bonding

Out-of-plane bending

χ:  height above the plane

O-H•••O     (Often not needed; replaced by
electrostatic interactions)
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vdw Surface/Molecular Surface/ 
Solvent-Accessible Surface
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Solvation free energy based the Born model       

-Solvation: from vacuo to solvent 
-Born model of electrostatic component of solvation

free energy of an ion

-Electrostatic component of solvation free energy of a 
group of atoms

a: radius of solvent cavity
ε: dielectric constant  

vacuo solvent 
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Solvation free energy based on 
generalized Born equation: the 
GB/SA method

SAk : solvent-accessible surface
area

σk : empirical atomic solvation papmeter

q : atomic charge 
fGB: function of r (interatomic

distances) and a (or α; Born radii)

∆Gsol = ∆Gcav + ∆GvdW + ∆Gelec

∆Gcav + ∆GvdW = Σ σkSAk
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J. Am. Chem. Soc. 1990, 112, 6127;  Leach 9.9.2
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Calculated vs.
Experimental

Calculated vs.
Experimental
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Parameterization

Need experimental (or ab initio) properties
Gas phase structure
Vibrational frequency
Torsional barriers
Crystal lattice constants
Sublimation energies
Hydrogen-bonding energies and geometries
Liquid properties (density, heats of vaporization, 
radial distribution functions)
Free energy of solvation
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Advantages and Disadvantages of 
Molecular Mechanics

Get structure, dipole moment, energy, 
frequency, heat of formation, etc…, with 
little computational efforts
If compounds belong to an 
unparameterized class, not reliable
Electron-related events cannot be 
modeled. (electronic transition, bond 
breaking/forming, electron transport)
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Docking with force field 
interaction potential
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MM performance
on bond length

MM performance
on bond length
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MM performance 
on conformer 

energy

MM performance 
on conformer 

energy
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Cautions
Do not mix parameters from different FF
Do not compare steric energies of compounds involving 
different combinations of functions
e.g. steric energies from different FF
e.g. steric energies of different molecules

Do not overemphasize the contribution from each term 
for intramolecular terms

O O
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π systems: MO calculations on the π systems => bond 
order => scale parameters (e.g. bond stretching) => 
minimization

Heat of formation (∆Hf): steric energy (Etotal) +  
group/bond increment (e.g. a methyl group contributes -
10.05 kcal/mol and a methylene group contributes -5.13 
kcal/mol)

Strain energy: ∆Hf – ∆Hf (strain free reference)           
strain-free reference: one that consists of the same 
numers of each different type of group

Other treatmentsOther treatments

not in all force fields


