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Figure 5.1 PVT surface of a realistic single-
component system. The coexistence regions
are shown shaded, where G, L and S refer
to gas, liquid and solid phases respectively.
C and Q are the critical and triple points
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4 Thermodynamics N

I

Statistical mechanics
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\ Mechanics, Quantum Mechanics /

Example:

m\/dW Equation of State

m Statistical Mechanical Perturbation Theory
mHard Sphere Model + Pair Potential

2
a = —27‘(‘/h drr<vpair(r)
b 2rh3/3




~ Integral Equation Theory
many-body interaction

Liquid < N~/

Theory J.P. Hansen and |. R. Macdonald
Theory of Simple Liquids 1986 Academic

~ Molecular Simulation
Molecular Dynamics

Monte Carlo

M. P. Allen and D. J. Tildesley

Computer Simulation of Liquids 1987, Oxford
2000 6







H,O dimer
Ab-initio calculation

674 cm liberational motion
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SPC model

(simple point charge/flexible) water model
[J. Lobaugh and G. A. Voth,

J. Chem. Phys. 106 (1997) 2400]

Vinter = _J§]§46 ( d ) _( d )

i g7 Ro,0, Ro,0;

Qan

+EY T
Here ROZ.OJ. IS the distance between the ¢th and
7th oxygen and R;’?” is the distance between

the mth charge on the :th water molecule and
nth charge on the j3th molecule.
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Figure 3 Coordinates of the two oscillators.

2
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Here wq is the angular frequency of the oscil-
lators and C is the force constant of the oscil-
lators.

21 v +—F-Ya>ryZAXRTrr¥L

o126
de || — — [ —
r r

—€ — ”U|_J(7°221/60'> 10

v y(7)




[ he intramolecular potential of the water molecule

IS given by the harmonic parameterization of
Kutchiso and Morino,

2
H>0 2
Vin%'ra — Zl p%/DW(bOHi o bOHeq)
1=
“(1/2)bintra(bHH — bHHeq)2
+cintra(boH, +b0H, = 2b0H.)(bHH — bHHeq)Q

+dintra(bom; — bon,,)(bom, — bor.,) (1)

Here b;; is the bond length between atoms 1
and 3.
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Intermolecular potential parameters for SPC
water

0-0O HoO
e/kp (K) o (A) ap (e) agy (e)
78.22 3.165 -0.82 0.41

Intramolecular water potential parameters

Parameter SPC/F
PW 2.566 A
DW 0.708 mdyn A
bo,, 1.0 A
HOH bond angle 109.47°
bintra 2.283 mdyn A1
Cintra -1.469 mdyn A1
dintra 0.776 mdyn A—1 12
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Lennard-Jones Reduced Unit System

15F
w
=
-l
Q 13F
E
g,
& 11}
8 .
09
0.7 e A a a a
-0.1 0.1 0.3 0.5 0.7 0.9 1.1

density po 3

FIGURE 5.7 Temperature—density phase diagram for the pure Lennard-Jones (12, 6)
substance. The vapor-liquid saturation curve was computed using the Nicolas et al.
[3] equation of state. The melting lines were taken from Hansen and McDonald [10].

Molecular Dynamics Simulation, J. M. Haile John&Wiley 1992 14



XVI. REDUCED UNITS IN THE L-J POTENTIAL

Now the Lennard-Jones pair potential is described as

ay" oyt o
o(r) = 4e (—) - (—) (112)
r r
We define the dimensionless # and ¢ in the following wayv

d 1d .

r = OF, = 113
dr  odF (L)
o2 1\? d? .
dt? (*) dt? A
(F) = ¢(F) /e = 4(F ™ —F ) (115)
do(7) . -

L e TN T 116
dr \ T 1] L J

The equation of motion in the reduced units become
2 2
'.'r?‘l;;G' d :., P —1 g R
_1 '
s —.]‘:“i',+ i — qi'ﬂ 7 —"‘:t P
( & 1+ka y,]+ kj. k) (117)
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TABLE I: Translation of reduced units to real units for Lennard-Jones Argon. m = 6.63 x 10729 kg, ¢/kp = 119.8 K, and

a=3.4056 x 107 m.

Ouantity Reduced units Real units
length F=1 — r=c=3405x10"1""m
ENErgy E = — FE=e=1654x10"%]
time f=1 — t=T=2156x 1075
velocity i=1 — v=0/r=157.95 m/s
temperature T=1 — T =¢/kp=1198 K
density p=1 — p=02=2533x 10" m*
pressure P=1 — P=¢/c® =41.9 MPa
force f=1 s f=¢/o=4.858 pN

Then time 7 =

[ myo?

€

The velocity and temperature is also described in the reduced units.

temperature T

kinetic energy K

pressure

f"-r Uiz :]d'v'i.z

density

F;
energy L =

(]
P

- T

foree

dr  dot) (cr) dr
T/ di

dt (Tt
d(Tt)
k‘B'T
‘£
III m; _% b d |
\ 2rksT" Vi
1 _=
— 72 diliy = [(Tis)d¥i
\ 2T f(Tis)
po®
Efe
Ko M _mite
2 2 m 2

= Pol/e

= —VV = —aV(V/e) = (o/e)f

(118)

(110)

(120)

(121)
(122)
(123)
(124)
(125)
(126)
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K = l*m v? = imiﬁz (127)
2 2 m

- K 1, -

2K .

T = 129

3;“"-";.‘_5' ll J

. kgl 2K .

T = = _— 130

£ a N L J

P = [éﬁﬂi’};f (131)

W = —EZZu.ry.,-_jJ (132)

i Joi

di B

Sy &9 133

wir) e [ 133)

TABLE II: Translation of atomic unit to real units.
Quantity Reduced units Real units

length Bohr radius — 0.5201772083(19) x 107" m
eNergy Hartree — 27.2113834 eV = 4.35074381(34) = 107 J

mass me =1 — 0.10038188(72) x 1073 kg, 1822.88848110684 au for C/12
time from fi(= 1.05457159682 x 107** Js) = 1 — 1 fs = 41.3413733742361
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LJ-Liquid movie
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LJ-Solid Snapshot
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D (r,ry) = Pyl ri-ry |)
{r:} :position
{vi}:velocity
{F}:Force

Molecular
Dynamics

Monte Carlo
(Energy only)




Pair potential If the interaction between 7 and
j 1S pairwise the potential energy is given by

Zcb(lrz—rgl) = ¢(ri—ri) (1)

1<g

The force acting on the atom k£ can be written

as
£
’rz]
Olr; — 1|
oxy,
£

0 0 0
—Vi.YV =— 1 k— | V(2
" ( Owy, +J3yk T 32’k> (2)

r; —rj

[ — 2)% + (yi — yj)? + (2 — 2;)?1E8]
%\I‘z‘ —I‘j|_12($z‘ — 2;) (0 — O5) (4)

——z[ms (ri) = () 2=

T'ig rzg
‘|‘k(/5 (TZ]) ]](5k2 5k]) (5)
@J
— Z[aﬁ’(% — T () LY
; T'kq T'kq
+¢'<r LAY (6)

Tkq
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Periodic Boundary Condition
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Minimum image convention
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Verlet

If the classical trajectory is continuous, the es-
timate of the positions at ¢t + ¢t may be given
by

F(t+0t) = 21(¢) — (¢t — 6t) + (6t)2a(t) + O[(6t)*]

(1)
The velocities do not appear in the above for-
mula. They have been eliminated by addition
of the equations obtained by Taylor expansion
about r(¢):

(6t)2 (5t>3

r(t+0t) = r(t)+ 0tv(t) + a(t) + b(t)...

(5t>2 (6t)3

r(t—ot) = 1(¢)—otv(t) + a(t) —

The velocities are not needed to compute the
trajectories, but they are useful for estimating
Kinetic energy. They may be obtained by

F(t) = r(t + 5t)2gtf(t — 0t)

b(t)...

+O[(5t)?]  (2) 26



Velocity Verlet

Firstly, the new velocities at mid-step time ¢+
(6t/2) are calculated in the following way.

9+ 2 = 9 + a0 = () + 2 M“) (1)

The new positions are calculated usmg these
velocities at the mid-time-step.

()2

F(L 4 0t) = ~<t>+5t~(t>+ A1)
- f<t>+5t[ <t>+‘”f(” +01(5t)4]

The forces and accelerations (fz ma) at time
t + ot are then computed from r(t 4 d6t), and
the velocity at time t 4 4t is estimated by

Gt +0t) = v<t+ﬁ> +ﬁa<t+5t>

. _) + 6tf(t + 5t)
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Nature 414, 73 - 77 (2001);
Energetics of ion conduction through the K+ channel
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Simulations and parameters All simulations were
carried out using the program CHARMM23. The total
number of atoms in the simulation system is slightly
above 40,000 (KcsA, 112 dipalmitoyl
phosphatidylcholine (DPPC), 6,532 water molecules, 3
K+ in the pore, and 12 K+ and 23 CI- in the bulk
solution).
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