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Molecular Dynamics of Small Molecules

K (ice) &, ¥4 IDRA—T U TIXRIFARL ! ]
“Ice state is frozen and not melted by microwaves”
Tanaka and Sato, JCP (2007)

In small molecules and matters charge e
similar masses, Debye screening iIs weak guur
merely few or no charges in Debye radius m’ 10A

1/
Ap = (ng /87zne2) g 2.4Angstrom, nA3 ~0.014 c~80

|

Close interaction of atoms is quite frequent at a few Angstro
Coulombic interaction as two bodies is correctly calculatec
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Integrate Differential Equations

Translational part of Newton equation of motion

m.dV':F(r”):—V{Z a4 +CDLJ(rI)}

- dt relr—r|

J

Point-to-point forces
Coulomb Lennard-Jones

Integration with
O Verlet algorithm: 2—-nd order O(Dt2) scheme

O Leap frog algorithm: similar to Verlet algorithm

Vn—1/2 — g F(rn)
m

rn+1 N r.n _ At Vn+1/2

n+1/2
VvV _

A Runge-Kutta algorithm — accurate but computationally
demanding; suitable for satellite (atomic) orbit tracking



Integrate Nonlinear Equations

@® Nonlinear implicit equations

df
—=P(f
it (1)
Iterative procedures are required for solution
Euler equation of rigid-body rotation
Constrained dynamics of molecules

— SHAKE/RATTLE algorithm

Predictor-corrector algorithm

(1) - predictor step: Begin with an initial guess (usually
the solution of a previous step), then (2) - corrector step.



Motion of Rigid Molecules

®
1. Solve the rotation motion of a rigid body

Suited for a large (heavy) body, and water >
molecules

Translation + rotation motions

Euler equations, quarternion representation

) V

2. Set constraints among atoms
Good for small (light) bodies, like water molecules

A. Shake and rattle algorithm — V
rij:|ri_rj|:€ij for all at —
or ail atoms
relv—-v|=0 \
] I i .
for velocity

B. Translation + Rotation motions
-> next pages
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Solving Rigid Molecules by Trans + Rotation Motions

Equation of motion,

o,p=1,. ,1(atoms
MaFa = Fo + 2 Fop in the molecule)
B#a
- Motion of translation ’ )
. p 2 Mala a y
MR = SF. R = ==! M o= S ma
i a=1 Z M a=1
a=1
< Rigid body rotation r’ gravity
Make vector product with r from the left side center
£ £
A (S puxmars) = S rixFe r R
\ dt a=1 =1
o r O
%_I;,- = N, Li=>)rixp: total angular momentum
a=1

£
N; =>'rixF. sum of torque

a=1

il



Solving Rigid Molecules (2)
Velocity of each atom on the rotating frame

dr.
d¢

= wxr[z

Li = ZréXMaf':y
a

= S'marix(wxry)

a

= S'ma{riw — (w-ryri}
a

Total angular momentum of the rigid body is written
L = 1w

inertial moment
(Sma(yZ+282)  — D) maxiys — S\ maxizi
a a (44
I = —SVmayixs S mal(25® +x47) — SV mayizs
(44 o a
\ — SV mazix —S'maziye D) MalxE+ i)
a [04 a




Euler Equation for Rigid-Body Rotation

Derivative d’/dt viewed on the rotating frame

%_Iz:i — -d-df‘_’ +w; xL; = N; Euler equation
(_idItA + (wyL: — w:Ly) = N:
d’Ly S =
a7 T ((z)zLx (t)xLz) N}’
ddItA + ((t)xLy — (!)ny) = N:

By choosing a proper molecule frame (principal coordinate),

the matrix becomes a constant of motion

L: = L« Lwx — (Iy—lz)(t)y(l)z = N

Ly - Iy(t)y Iy(by i (Iz—Ix)(!)z(l)x = Ny
: = l:0: )

- @ La: — (Ix——'ly)a)x(l)y = N;



Euler Angle Representation

in z axis IN X aXIS

in z axis
:‘\:'I:rlr?: l‘{l,ar r” = BCDr Hereafter, r’is Rotation matrix is unitary
— Ar simply written r At = A-L
Rotation matrix
A = BCD A(¢, v, 0) representation

cos ¢ cosg—cosfsingsing  cos¢sing+cosfcosgsing  sing sinf
=| —sin¢ cosg—cosfisingcos¢ —sin¢ sing+cosfcosgcosd cosg sinf
sin 4 sin ¢ —sin f cos ¢ cos 0




Euler Angle Representation

r=R+Ar”

O o Vo 7
Time derivatives of w = BC|O| + Blogl| + ]O
Euler angles & 0 &

wx Sin ¢ + wy cos ¢

¢ sin @
Molecular frame 6 = wxcos¢ — wysin g
& = e — (wx sin ¢ + wy COS ¢) cos @

sin &
Singular at =0, or /!

l o be safe from singularity, the quarternion method
Is used to connect with the molecular frame.



Molecular Dynamics of Water

Procedures of water molecules in molecular dynamics
simulation are shown for the 5—points molecule.

This approach is done with five—water molecules with
two hydrogens and two L1, L2 hydrogens of dummy sites.

A oxygen site is used with Lennard—Jones potential
eps A/r 12 +eps B /¥ 6.

The ice state of freezing due to microwaves, our theory
discovery in J.Chem.Phys. 2007, remains the same, due to

the structure of six—membered ice !



* Procedures of water molecules by the5— points method
Dr.MotohikoTanaka, Professor, ChubuUniversity

a. Five sites are oxygen(O), hydrogen1land 2(H),and hydrogen
virtual L sites. They have,0,+0.241e,and —0.241e charges,
respectively. The L1and L2 are the dummy sites.

b. Separate R, V. and r, for water with i =1— N molecules, and
Sik = (X s Yik:Z ) means forthe fivesitesk =1-5.
The separationis done at the starting step only; once determined
att =0, they are constant intime.

c. Thehalf timestepis first executed for a predictor step, and
the full time step ismade for advance of time.

d. Beforetheend of onestep,the forcesarecalculated at

r., =R, + A”'s, withthethreesitesof k =1-3,and the L sites
are also calculated by algebraic operation.

e. After correction of quarternions, gotothebeginning of the cycle.
The leap — frog method isused forthe plasmasand waters.



The Lennard-Jones potential

With the Coulombic interactions, the Lennard—Jones 12—6
potential is adopted for the TIP4P and TIPSP cases:

A B
O(r) = (12 — i
for TIP4

A=4.17x10"erg e Ang*, B =4.24x10""erg e Ang°
for TIP5— Ewald sum
A =3.85x10"erg e Ang™, B =4.36x10 "erg e Ang°®

Some parameters are,

r(OH) =0.9572 Ang, AHOH =104.52
r(OM) =0.15Ang for TIP4P only

The equipartition line of the virtual M site is on the plain that equally
separates the HOH angle. The TIP5P cases are also available.



* Eachstepistranslation(1), rotation(2-4),and adding
the fields(5-8).
0. Read thequarternions from the file, read (30)e0,el,e2,e3
(by Dr.M.Matsumoto,Okayama University).

1. Sumup the fivesites and advance a _ i
dt mi k=1 dt

for each of the translation motion.
dL.

- d_tl = Zk: (yi,k Fi—zFik zikFk—%«Fik: %Rk = YicFix )
for the rotation motion : the sums are made over the five sites.

3. w, =(A L +A,L, +AL)/Im theangular frequency

ha !

for speices A, ; and inertiamoments Im, , ata =X, Y, z.

dg;, 1
4'W:EQ(ei,O’ei,l’ei,z’ei,S)(a}l,x’ @y B O)

g, of Q and w has four components found inthe Goldstein's
book.



Use Quaternion in Place of Angles

0

g, = COS—COS
2
. 0

e, = Sin—=cos

.0 .
e, =sin—sin

0 .
e, = C0S—sin
2

-y
2
o+

P+y

-y

v

Rotation matrix

r=R+Ar

Classical Mechanics (3™ Edition)
H. Goldstein , C.P. Poole, J.Safko,
Pearson Education Inc., England 2003.

Only three of them are independent
to avoid a gimbal lock

Quaternion representation (4.47’)

2 2
2_63

Z(eleZ —€ 63)

e’ +e —e

2(e1e2 + e063)

e’ —e’ +e5 —e’

3

2(6193 o eoez)
2(6263 + eOel)

2(ee, +6,8,) 2(e,e, —6,6,) €5 —e’—e;+¢€l
(e\ (_e —e —e e\/a)|\\
Time derivative of ° SR |
quaternions & |_1 & & & & ja,
e0,el,e2,e3 & | 2/ e € -€ 6| o,
Cy e B & By L 0 )




(continued)
5. Getanewrotationmatrix A, (e,,€,,€,,€;) written in the book p.205

for the next time step.

A Ay Ayl Kk
6. =R+l A, A, Ay | VY| atthethreesitesr,, andthe
A Ag Ay Zi «

position R; . The dummy sites are determined by algebraic operation.
7. ForcesatCoulomb+ LJ potentialsarecalculated using fivesites.

8. Normalization(correction) of quarternionsis made ateveryl0steps,
and gotothe nexttime step of Step (1).

Note that a time step is important. It will be At =0.025.-0.05, else
the code is inaccurate or overflow.
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Inter-Molecule Potentials

Flexible Model
r
@ 00000 @
40 _ 40 40
T S e
— E & o
g 30 E 30 2 30
220} <20t 220t -
= 1.526 =2 =,
Z10] £10} =10}
0 N 3 > 0 5 NS 2 = 0 j_:/; :.r—./:-
1.2 1.4 1.6 1.8 80 100 120 140 -180-120-60 80 60 120 180
r/ A 0 /deg ¢ /deg

(a) (b) (c)

X4 .5 RALKFESHOGFHAHEHHEICH T L5723 v VR
r = OHEE, 0=&6A, =R LM



General-Purpose Atomic Potentials
For amino acids, proteins, and DNA models
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Coulombic Force in Periodic Boundary Condition

To gain the forces, the base cell L3 and neighbor cells
must be collected to infinity r= .

interaction energy V =| nV (r)dr = Az [ r*nV(r)dr
Coulombic energy \/ — 47Tr r? ne

@ 0 r
Physically, it is converged in three dimensions
Ex.) Crystal of NaC/ (salt)

dr > oo n(r)=n_ sin(kr)

@® How do we treat it ? Ewald method
“Introduction to Solid State Physics”, Kittel, chap.3, and B
Short—range interaction: direct sum

Long—range interaction: take in Fourier space

1

V(1) :%:F f (r)+%[1— F0], f(r) =exp(—ar?)



Molecular Dynamics with Water Model

Express water molecules with simple point charges T ‘O-T.fqlz
- quite a few models: e
Coulomb + Lennard-Jones forces . -q 3
SPC/E - 3 charges (good dielectric properties)
_______ +q/2
Radial distribution
] T T T T T T T 0_0

Time= 0004

SPC/E model, 4096 water molecules .
(only 1024 are drawn) Distance (A)



MATRORFE D= AE

® S/OA/=ANFTorY 7N FILLEWNES
NVE: BF¥. AH. EIRILEF—D—F

@ H/=H oY 7N RibZEDOTTRERETS
NVT: RIF8. HE. BEHN—TF

® BREE-79 7N
NPT: RIF¥.EH. BEN—F — KKET TOERERRIT

EDXIGETI=VvIERRATHEIM?
ENBM(NPT): aTEATFEL ., EBAEXZEM Andersen method
BEBBNVT): SRTLICEAZSINT S Nose thermostat

NEJVR=TF2 H(1,p) ICATLDEEIBHHES 2T MZ 5,
—RIEEETERR/PMNREBICKY, sOEBIAEXERD.




Monte Carlo Simulation

ATV ILIRILTE—IZEIKRDHEBEILZFITLY BUEEEIXZEELALY)
HIBFEEO/NSVRELELKEELT. MEBEDOHETM T o9V TILE

ERDD_As = [AM)exp(V. (r)/KT)dr™ 1Z. (V. T)

EEDENR, FEZBA TEESHIREL, TV I TES

“importance sampling”

Measuring the depth of the Nile, a comparison of conventional quadrature
and the Metropolis scheme, Understanding Molecular Simulation
(Frenkel and Smit, Academic Press, 1996)




How to make Monte Carlo simulation

® 1RTY I TIMFLETEAITRITZITD N
® TORITRETRTUIVILIRILF—ZRD, BHIATYD
&J;tﬁsio Metropolis criterion|ZHELYN, FDERITDFEIN/ZEH]

TiRDB
p=1II

tria

AV<0 D EZHTIEIR . AV>0 5 IXREERMIZIRIRT 3
VAR LT, RIXERELGARIZEILLT S

| /HV =exp(-AV_/KT) > ¢

OLTERINSFEHEIREE
[SOWWT., BIELI-YEEAD
— BAHSEIg AN $RET S <A
HIER %KL 2 HTWEE *5z25%

rd = plv) + Ard’

E12.1 NVT 7 % I NIZBT B5FEMDORT



PlasmafandfIeniclCendensedfMatters!

@ G}mnmms $umulnﬂans

Charge inversion Graphen destruction £ PC el - Publications
. Boewulf PC cluster .
lonic Soft Condensed - N — Cover Pictures
Matiers First Principle (ah initio) I
. Molecular Dynamics Method and Tools o
Molecular Dynamics

High Temperature Plasmas

First proof of Collisionless Magnetic Reconnection
Development of Mesoscale Particle Code
Planetary Shocks

Scalapack on PGI & Red Hat Linux 7.3
Pentium 4 and its performance

Planetary shock

1._lonic soft condensed matters (Polymers, Charge inversion), 2. First principle molecular dynamics (Quantum
mechanics), 3. High-temperature plasmas (Magnetic reconnection, Mesoscale particle code, Planetary shocks),
4. Method of molecular dynamics and Boewulf PC cluster, 5. Published papers and books (Cover pictures)

* Video movies of molecular dynamics simulations
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