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Index

a
absolute activity 165
all-atom (AA) force field 68
American Mineralogist Crystal

Structure Database (AMCSD)
203

analytical solutions, of Newton’s
equations

motion under, influence of drag force
15–17

object under constant gravitational
force 8–10

one-dimensional harmonic oscillator
10–12

radial force functions, in
three-dimensions 12–15

Andersen barostat 3, 179, 186, 192,
195–196

angle bending potentials 50, 51
angular distributions 59
angular frequency 10–11, 26
angular momentum 1, 7, 15, 34–38,

40, 115–116
aqueous environments 237
Assisted Model Building with Energy

Refinement (AMBER) 66, 69,
216

force field 66–68, 70
atomic/molecular motions 244
auxiliary Drude charge 62
average (mean, expectation value),

of probability distribution
103

average displacement 83, 244

b
balance equation 259
ballistic motion 241–242
barostat mass factors 192
base-centered (A, B, or C) lattices 202
Berendsen thermostat 189–192
beta function integrals 134–135
binomial or Bernoulli distribution 265
biological molecules 62, 66–69, 199,

214–219
block averaging, gas adsorption

isotherm 291
body centered (I) lattices 202
Boltzmann factor 59, 61
bond length (atom-atom distance)

constraints 91
bond stretch potentials 45, 48–51
Born–Oppenheimer approximation

42–44, 54, 71
boundary conditions 3, 73–79, 82,

84–85, 183, 208, 216, 223,
238–239, 261, 263, 270, 274

Box–Muller formula 136–137
Bravais lattices 202
Brownian motion 121, 240, 263–265
bulk density 207, 230
bulk number density 205

c
Cambridge Crystallographic Data

Centre (CCDC) 203
Canonical (isothermal-isochoric +

isothermal-isometric) ensemble
partition function 175
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canonical ensemble 149
distribution function 196
for systems 156

canonical Monte Carlo procedure
270–277, 287

canonical partition function 151–152,
156–158, 164–165, 168, 231, 295

canonical probability distribution 151,
186, 280

Cartesian coordinates 32, 42, 46, 48,
179, 203

of atoms 46
system 12, 73, 116, 205

central limit theorem 109–110, 121,
266, 293–294

charge density 54–55
Charges on an Electrostatic Potential

Grid (CHELPG) method 58
Chemistry at Harvard Molecular

Mechanics (CHARMM) force
field 66, 69, 216

classical canonical partition function
231

classical configurational integral 168
classical intramolecular potential energy

functions 44
angle bending potentials 51
bond stretch potentials 48–51
intramolecular potentials 45, 46, 48
torsional potentials 51–53

classical mechanical intramolecular
potential 46

classical Newtonian mechanics 6–8
classical state, of system 140
classical statistical mechanics 167

canonical ensemble 167–169
grand canonical ensemble 169–170
isenthalpic–isobaric ensemble

170–171
isothermal–isobaric ensemble 169
microcanonical ensemble 170

coarse-grain potentials 70, 247
collision dynamics, of molecules 243
collisions and velocity autocorrelation

function 247–251
complementary error function 85, 93
concentration gradient 257–258

confined fluid system 133
confined gas or liquid system 132
conjugate momentum 9, 10, 31, 140,

167
constant pressure molecular dynamics

178–185
constant temperature molecular

dynamics
extended system method 185–189
simulations 192

constraints coupling
grand canonical ensemble 163–166
isothermal–isobaric ensemble

158–162
continuous charge density distribution

54
continuous hydrogen bond time

correlation function 253–254
continuous stochastic variables

104–107
continuous variables 102, 104–105,

147, 150
convolution procedure 110, 111, 135
convolution, of Gaussian functions

128–131
coordination shell 206, 209, 211
Coulomb’s law 39–40, 216

of electrostatics 39
Coulombic (or gravitational) force 132
crystal systems 202–203
crystallographic information file (CIF)

203
cubic simulation cell 179, 183
cutoff radius 79–84, 232–233

d
degeneracy 106

of particle 173
or statistical weight, of distribution

143
delta-function 94, 111, 197
deterministic process 1, 101–102
deviation function 57–58, 89
Dictionary of Secondary Structure of

Proteins (DSSP) 219
diffusion coefficient 241–243, 246,

257, 259, 261–262, 268
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diffusion equation 243, 267–268
diffusive regime 242–243, 267
dihedral angle 44, 46–48, 51–53, 67,

70, 226
dipole–dipole correlation function 252
dipole–dipole electrostatic interaction

energy 60
Dirac delta function 196
Dirac delta function integral 170
discrete (countable) events 102
discrete hopping regime 246
discrete random walk model of diffusion

265–267
discrete states, in quantum mechanical

systems 140–142
discrete stochastic variables 103–104,

107
distribution functions 117, 139,

196–197, 205–211, 227–232
“dot” notation 30
drag coefficient 15, 182, 188, 264
Drude model 60, 62
Drude oscillator model 62
dynamical properties, simulations of

molecular motions and mean square
displacement

motion in bulk phases 237–244
motion in confined spaces, on

surfaces 244–247

e
Einstein relation 242, 263, 267
elastic collisions 112, 114–115
electrical multipole expansion 59
electromagnetic forces 39
electronic distribution 44, 60, 62, 63

of molecules 61
electronic wavefunction 55
electrostatic (Coulombic) potential

energies 84
electrostatic field 39, 54–55
electrostatic forces 13

expression 94, 95
electrostatic interactions 40, 46, 53–55

multipole description, of charge
distribution 59–61

point charge approximation 55–58

polarizability 61–63
van der Waals interactions 63–64

1-4 electrostatic (elec) interactions 45
electrostatic potential (ESP) 54, 57

energies 40, 60, 62, 84, 86, 93
for model system 57

embedded-atom models (EAMs) 70
energy distributions 110, 119–123,

134, 139–140, 148, 154–155, 188,
277

for three-molecules 135
energy flux 259
equation of state 1, 63, 114, 151, 155,

161, 227, 232, 256, 282, 288–289
equilibrium angle 51
ergodic hypothesis 140, 154, 171–172,

269
Euler method 6, 17–21, 25–28
Euler’s formula 94
Euler–Lagrange equations 30–31, 98
Ewald summation method 3, 86–88
exponential integrals 134
Extended Simple Point Charge (SPC/E)

65, 211, 220–221, 234
“extended systems” approaches 170,

178, 180
extended system Lagrangian 180, 186
extended system simulation methods

178
external electric field 61

f
face centered (F) lattices 202
face-centered cubic (FCC) 224–225,

245
Fast Fourier Transform (FFT) 88
feedback mechanism 177, 188
Fick’s second law 257–258, 262
finite-difference method 3, 17–19, 21,

23, 27
fixed point charge model 62
fluctuation–dissipation theorem

261–262
force field 64, 209

AMBER force field 66–68
CHARMM force field 69
OPLS force field 68–69
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force field (contd.)
water force fields 64–66

four-atom torsional (dihedral)
interactions 45

Fourier transform, of Gaussian and error
functions 92–94

Fourier transform methods 86
fractional coordinates 74, 78, 82,

180–181, 184, 186, 196, 203–204,
281–284

free-standing liquid nano-droplets 75

g
gas adsorption isotherm

block averaging of data 291–295
force fields for 291
heat of adsorption 288–291

Gaussian distribution function
105–106, 125

Gaussian functions 85–86, 92–93, 111,
123, 127–131, 136, 155, 162, 166,
268

Gaussian integrals 134
Gaussian probability distributions

117–118
General Amber Force Field (GAFF) 70
generic probability distribution function

228
generic reduced distribution function

228–229
geometric mean combination rules 68
Gibbs ensemble Monte Carlo

simulations
liquid-gas phase equilibrium

285–288
Gibbs free energy 162, 220
Gibb’s phase rule 285
global truncation error 19, 20, 22,

26–27
grand canonical (isopotential–

isochoric–isothermal) ensemble
partition function 176

grand canonical Monte Carlo (GCMC)
simulations 270, 279, 281,
287–291

grand canonical partition function
164–165, 295

gravitational forces 8–10, 25, 39, 132,
241

Green-Kubo relations 261–263

h
Hamilton’s equations of motion 31, 38,

182, 187
Hamilton’s principle 98
Hamiltonian approach 30–31, 37
Hamiltonian formulations 6, 29–32
Hamiltonian function 30–31, 181
Hamiltonian operator 41, 43
harmonic bond potential 50
harmonic inversion potential 53
harmonic oscillator 6, 10–14, 23,

25–28, 30–32, 141–142
harmonic potential 50–51
heat of adsorption

gas adsorption isotherm 288–291
thermodynamic relation 295–296

Heisenberg uncertainty principle 10,
101, 167

Helmholtz free energy 154
Hermite polynomials 142
hydrogen bonding 64, 207, 216,

218–219, 225, 250, 252
hydrogen bonding dynamics 253–254

i
ideal gas law 1, 63, 114, 140, 174, 256
image cells, of system 77
“implicit solvent” molecular dynamics

216
improper torsions 45, 53
induced dipole moment 60–63
inter-atomic interactions 3
interacting molecules 7, 123, 139, 142,

145, 148, 151, 154–155, 174–175,
232

intermediate or hydrodynamic time
regime 241

intermittent hydrogen bond time
correlation function 253–254

intermolecular attractions 75,
201–202, 210

intermolecular forces 13, 28, 64, 75,
79, 178, 200–201, 216, 247
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intermolecular interactions 55, 79, 89,
133, 155, 168, 210, 274, 291

intermolecular potential energies
electrostatic interactions 54–64

multipole description, of charge
distribution 59–61

point charge approximation
55–59

polarizability 61–63
van der Waals interactions 63–64

intra- and intermolecular potentials,
simulations

classical intramolecular potential
energy functions 44–53

angle bending potentials 51
bond stretch potentials 48–51
intramolecular potentials 45–48
torsional potentials 51–53

electrostatic forces b/w atoms
39, 40

intermolecular potential energies
electrostatic interactions 54–55

quantum mechanics and molecular
interactions

Born–Oppenheimer
approximation 42–44

Schrödinger equation 40–42
intramolecular forces 28–29, 42, 70
intramolecular potentials 43–54

energy surface 71
inversion angle 46–47, 53

𝜑
′ for the central atom 47

inversion potentials, Uinversion 45
isenthalpic–isobaric ensemble 167,

170–171, 178–180, 182, 186
isenthalpic–isobaric statistical

mechanical ensemble 181
isobaric–isoenthalpic ensemble 195
isoenergy–isochoric ensemble 166
isokinetic methods 185, 191
isolated systems 139, 145–146, 149,

166, 177, 180, 195
isopotential–isothermal–isochoric

ensemble 163
isothermal compressibility 162
isothermal–isobaric ensemble

158–162, 169, 193, 283

isothermal–isobaric ensemble partition
function 175

isothermal–isobaric Monte Carlo
simulations 283–285, 287, 290

isotropic fluids 207, 229
isotropic liquids 73, 184

k
kinetic energy 30, 33, 36–37, 45,

50–51, 71, 75, 107, 110, 112,
114–115, 119, 122, 131–132, 155,
180, 185, 188, 190–191, 200–202,
248, 262, 277

kinetic energy operators 41–42
kinetic theory of gases 112–113, 117,

243

l
Lagrange multipliers 57, 89, 95–96, 98,

147, 152, 161, 165
Lagrangian equations 187
Lagrangian equations of motion 37,

98, 99
Lagrangian formulations 29, 30, 89,

181
Lagrangian function 30, 98, 180–181
Lagrangian multiplier 90, 98–99, 161
Langevin equation 190, 240, 263–265
“leapfrog” algorithm 21–22, 25–29, 99,

189–190, 194
Legendre transformation 30, 167
Lennard-Jones force 13, 37
Lennard-Jones potential 13, 14, 65, 79,

84, 209, 230
for krypton 208

Lindemann index 237, 254–256
link-cell or chain-link method 84
liquid-gas phase equilibrium

simulations 285–288
local density 205, 207, 209
local electron density 70
local truncation error 18–20, 22–23,

26
London dispersion forces 63
long-range (tail) corrections 232, 233
long-range intermolecular potentials

84–88
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m
macrostate 106–110, 142–146
h-matrix 74, 185
Maxwell–Boltzmann distribution 29,

75, 102, 148, 188, 202, 264, 271
Maxwell–Boltzmann velocity

distribution 112, 139, 186
concept of temperature 112–115
energy distributions, molecules in

ideal gas 120–123
initial velocities, in molecular

simulations 123–125
velocities, ideal gas 115–120

mean square displacement (MSD)
237–238, 240

mean, of Gaussian distribution 127
medium-range structural correlations

209
metal-organic framework (MOF)

materials 244–245, 289
methanol-water solution 211–212
microcanonical (isochoric–isoenergy)

ensemble partition function
176

microcanonical ensemble 29,
166–167, 170, 171, 177, 238

microscopic mechanical view, of
pressure 131–133

microscopic reversibility, Monte Carlo
277

microstate 106–107, 126, 142–147,
158–159, 164, 177

minerals 70, 244–245
minimum image convention 79–84,

86–87, 208
molecular charge densities 𝜌(R) 55
molecular dynamics 6, 32, 139, 171,

178–194, 200
molecular dynamics simulation 25, 73,

76, 207, 211, 237, 261, 291–295
molecular motions and mean square

displacement
motion in bulk phases 237–244
motion in confined spaces, on

surfaces 244–247
molecular velocities and

time-correlation functions

collisions and velocity autocorrelation
function 247–251

momentum density flux 259–260
Monte Carlo simulations 2, 39, 139,

171, 200
canonical Monte Carlo procedure

270–277
gas adsorption isotherm

block averaging of data 291–295
force fields for 291
heat of adsorption 288–291

Gibbs ensemble
liquid-gas phase equilibrium

285–288
Grand canonical 279–283
isothermal–isobaric 283–284
microscopic reversibility, sampling

277–278
sampling methods 284–285

Morse potential 49–51
motion under spherically symmetric

forces 33–38
motion under, influence of drag force

15–17
mth central moment, of distribution

104, 105
multi-step methods 19
multipole description, of charge

distribution 59, 60
multipole–multipole interactions

59–61
multivariable distributions 106–111

n
3N-dimensional phase space trajectory

29
N-molecule interacting systems 141
N-molecule quantum state 149
N2–N2 center of mass radial

distribution functions 209
NaCl nucleation 214
NaCl simulation force field 233–234
neighbor lists 82–84, 208
neutron diffraction 29, 200–201
Newton’s equations

numerical algorithms
leapfrog algorithm 21–22
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numerical solution, of equations of
motion 23–25

velocity Verlet algorithm 22–23
Verlet algorithm 20–21

Newton’s equations of motion 1, 7, 15,
23, 24, 73

numerical methods
earth’s surface, under constant

gravitational force 25
one-dimensional harmonic

oscillator 26–27
Newton’s laws of motion 3, 6, 277
Newton’s second law 10, 12, 15, 18, 30,

36, 113
Newton’s second law of motion 7, 34,

131
Newton’s third law 113
nitrogen molecule 200–201, 209–210,

233
α-nitrogen phase 203
non-conservative forces 17, 29
non-equilibrium molecular dynamics

(NEMD) 261
simulations, of transport coefficients

261
non-equilibrium simulations 237,

261–262
non-facilitated permeation 247
non-isotropic volume variation

184–185
non-orthogonal unit cell shapes 73
non-periodic motion and trajectories

14
non-uniform internal charge

distribution 54
normalization condition 93, 109, 117,

211
normalization of the Gaussian function

109, 127
normalized probability distributions

103, 107, 109, 120, 130
Nosé thermostat system 196
Nosé-Hoover thermostat 185–189
NPT simulation 204
numerical algorithms 156

Newton’s equations
leap-frog algorithm 21–22

numerical solution, of equations of
motion 23–25

velocity Verlet algorithm 22–23
Verlet algorithm 20–21

numerical solution, of equations of
motion 28–29

o
one-dimensional harmonic oscillator

10–12, 23, 26–27, 30–32
one-dimensional random walk 103,

265
one-dimensional single-mass harmonic

oscillator 10
one-particle energy distributions 120,

139
one-particle systems 28, 33
one-variable distribution functions

109–110
optimized potential for liquid

simulations (OPLS) force field
68–69, 211

order parameters 199, 224–227
orientation autocorrelation functions

250–252
orthobaric densities of liquid 205

p
pair correlation function 229
pair distribution function 207
pairwise additivity 230–231
Parrinello–Rahman method 184–185,

196
particle-mesh Ewald method

88
Pauli Exclusion Principle 55, 63
Pauli repulsion 63
PDB file format 234–236
periodic boundary conditions 3,

74–75, 77–79, 82, 84–85, 183,
208, 216, 223, 238–239, 261, 263,
270, 274

permanent dipole moment 61
permittivity of vacuum 34, 39, 217
phase space description, of ideal gas

125–126
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phase space trajectories 3, 7–17, 29,
31, 125, 140

physical interpretation, of canonical
partition function 157, 158

polar coordinates 12, 34–37, 118, 127,
136, 230

polarizability 55, 61–63, 65, 291
polarization 60–61, 65, 230, 252
porous solid materials 163, 244, 279,

291
potential energy functions 7, 11, 13,

15, 27, 44–54, 87, 209, 223, 228,
271

potential energy surface 44, 71, 201,
215, 246, 277

primitive (P) lattices 202
probability distributions 3, 42, 63,

102–111, 115–121, 123, 126,
129–130, 135, 139–141, 151,
155–156, 168–169, 171–172,
178, 186, 206, 227–228, 266,
270, 272, 277, 280, 283, 290–291

probability theory 2–4, 101–137
Protein Data Bank (PDB) 215,

234–236

q
quantization of molecular vibrations

44
quantized energy states, of molecule

141
quantum mechanical description 6,

126, 172–174
quantum mechanical effects 55
quantum mechanical states 142
quantum mechanical systems 101,

103, 140–142, 153, 170
quantum mechanics 1, 6, 39–54,

101–102, 139–141
quantum mechanics and molecular

interactions
Born–Oppenheimer approximation

42–44, 54, 71
Schrödinger equation 40–42, 71

quantum numbers 141, 156, 164,
172–173

r
radial coordinate 35, 85, 137
radial distribution function 65, 82,

199–200, 205–211, 213–214,
217, 224, 227–233

radial equation 35–36, 38
radial force functions, in

three-dimensions 12–15, 33
random coil 218
recently reverse non-equilibrium MD

(RNEMD) 261
reciprocal Fourier transform 87
“reciprocal space” of variable 87–88,

94
reduced distribution function

228–229, 231
reduced mass, of oscillator 142
relative coordinates 32–33
residence time 245–246
restricted electrostatic potential (RESP)

method 58, 68
Rodrigues rotation formula 274
room temperature ionic liquids 243,

263
root-mean square deviation (RMSD)

217–218
rotational autocorrelation functions

237
round-off errors 25, 90

s
Sackur–Tetrode analysis 139
sampling biased methods, Monte Carlo

284
Schrödinger equation 40–42
second virial coefficient 232
separation of motion, in two-particle

systems 32, 33
SHAKE algorithm 29, 90, 92
shear viscosity 261, 263
shifted-force (SF) potential 80–81
short-range intermolecular potentials

cutoff radius 79–82
neighbor lists 82–84

short-range van der Waals interactions
84

simulating rigid molecules 88–92
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simulation cell 73
boundary conditions 75–78

simulation trajectory 207–208, 239
simulations

of biological molecules 214–217,
219

of surface tension 219–223
single variable probability distributions

continuous stochastic variables
104–106

discrete stochastic variables
103–104

solid α-phase of nitrogen 200
solid nanoparticles 75
solids, liquids, and gases, simulations of

200–204
γ-space approach 126, 148–152

gas-space representation 145
thermodynamics quantities

152–154
μ-space approach 126, 145–148

for molecule-space representation
145

space groups 183, 202–204
space-filling truncated octahedron

simulation cell 77
spatial correlations 79, 82, 199,

206–210, 213, 224, 227–230,
243–244

spatial trajectories 7–8, 12–13
specific distribution function 228
speed dependent drag force 15
spontaneous electrostatic multipole

effects 55
spontaneous multipole–multipole

attractions 63
standard deviation 92, 104, 106,

120–121, 123, 125, 127–128,
154–155, 162, 165–166, 255,
292–295

of distribution 105
stationary point charges 39
statistical mechanics 102, 171, 172,

227–232
in molecular simulations

discrete energy states, distributions
of system 142–145

discrete states, in quantum
mechanical systems 140–142

statistical weight 59, 104, 143–144,
276

steric repulsions 63
stiff bonded systems 188
Stirlin’s approximation 121, 123, 147,

150, 160
for N! 133–134

stochastic systems 101, 111
streamline, of projectile 9
structural and thermodynamic

properties
radial distribution function

205–211
simulations of biological molecules

214–219
simulations of solutions 211–214
simulations of surface tension

219–224
solids, liquids, and gases, simulations

of 200–204
structural order parameters 224–226
surface diffusion 246
surface energy 76

t
Taylor expansion 17–18, 20–22, 90,

155, 197
of Morse potential 51

temperature dependence 157–158,
231, 243, 245

of MSD(t) 241
terminal velocity 15–16
thermal conductivity 257, 261–262
thermal conductivity coefficient 259
thermodynamic quantities, fluctuations

154–156
thermodynamic relations 151–152,

165, 175, 295–296
thermodynamic variables 2–3, 154,

158, 162, 171, 179, 228, 231, 256,
269, 273, 276–277, 279

thermostat and barostat relaxation
times 193

third virial coefficient 232
third-order spherical harmonics 225
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three-body or higher interactions 46
time-correlation function 247–251,

253–254, 262
time-independent Schrödinger equation

41, 140
torsional interactions 45–46, 53, 68
torsional potentials 51–53
Transferable Intermolecular Potential

Four-Point (TIP4P) 65–66
Transferable Potentials for Phase

Equilibria (TRAPPE) 69–70
transport coefficients 237, 256–263

microscopic determination of
256–261

truncation errors 18–20, 22–24,
26–27

two-atom (two-body) bond stretch
potential Ubond 45

two-body potential 46

u
united-atom (UA) versions 68, 70
Universal Force Field (UFF) 69
unwrapped position 238–239

v
van der Waals interactions 13, 45–46,

53, 55, 62–65, 68, 84
1–4 van der Waals (vdW) interactions

45
van der Waals intermolecular forces

13
van der Waals intermolecular

interactions 79

van der Waals potentials 53, 62, 66, 86,
216, 291

van der Waals radii, of atoms 58
variance 104–105, 109–110, 115, 119,

125, 154–155, 165, 191, 262,
266–267, 294

velocity autocorrelation 237, 247–251,
262, 268

velocity distribution 111–125, 140,
142, 172

of gas molecules 115
velocity Verlet algorithm 22–23, 92
velocity-autocorrelation function 237,

247–251, 262, 268
Verlet algorithm 20–23, 82, 90, 92
Verlet method 90
virial equation 131–133
virial equation of state 232
virial theorem 133

of classical mechanics 132

w
water models 65–66
water molecules 65, 67, 69, 77, 213,

215–217, 225–226, 230, 245,
252–254

water-vacuum interface 219–220
water–water hydrogen bonds 254
weak coupling, external bath approach

189

z
z-density 206, 219–220, 223–224
zeolites 70, 233, 244–245


