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INTRODUCTION

The specialization of “CHEMIST” & the course “MOLECULAR DYNAMICS RESEARCH”:

Computer molecular design of nanostructures;
Chemical informatics: computer databases on physics-chemistry and ecology-analytical information.

The course “MOLECULAR DYNAMICS RESEARCH?” aimed on:

Simulation and design of chemical nanostructures, systems and compound,;
Computer molecular design of new structures with given (by experiment) parameters and conditions.

The relationship with closest disciplines:

Computer-medicine chemistry: design of biochemical molecules, ligand-receptor interactions;
Medicinal chemistry: molecular design of physiologically active compound and preparation;
Computer methods in “drug design”;

Computer design in chemical industry: polymers, liquids;

Molecular modeling, visualization & virtual screening methods.

The contain of this book:

Chapter 1: The basic equations, potentials and simulation techniques;

Chapter 2: The computer code description for simulation of liquid model (Lenard-Jones potential);
Chapter 3: The use of DL_POLY general-purpose code for the simulation of ionic, polymeric and
biochemical molecular systems;

Chapter 4: The use of quantum-chemistry potentials in MD simulation research;
Chapter 5: Appendices.



CHAPTER 1: MOLECULAR SIMULATION METHODS IN CHEMICAL RESEARCH

1.1. Status of molecular simulations and biochemical application
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Fig. 1. Hydrophobic & hydrophilic interactions during the contact with liquid (water)
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Fig. 2. Human prion protein (PrP): ~33-35 kDa, coded by a gen on 20" human chromosome, 254 amino acid residues.
Structure: 3 a—helices (H1-H3) & 2 p—sheets (S1-S2). Prion diseases and mutations: CJD — E200K or V210I, FFI —
D178N, etc. For the D178N mutation: positive charged residue (Asp) replaces to hydrophilic residue (Asn). For the
E200K mutation: negatively charged residue (Glu) replaces to positively charged (Lys). Residue 178 located in helix 2
and is stabilized by hydrogen bonds with Tyr128 (tyrosine) and salt bridge with Arg164 (arginine). Mutation on D178N
leads to changes in hydrogen bonding and the lost of salt bridge, thus destabilizing the structure of native (wild-type)
prion PrP° to mutant form PrP*°. For the PrP® the structure consists of a-helices (42% of total structure), f-sheets — the
only 3% of total structure percentage; it is sensitive to protease. For the PrP* the only 30% of structure consists of a-
helices, but 43% of S-sheets; it is stable to protease.



1.2. The basic equations and the force field potentials

Molecular dynamics of conventional use is based on Il Newton’ law:
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Fig. 3. Chemical bonds (bond stretching, angle bending, torsion) and non-bonding interaction
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(In today computational chemistry and nanotechnological application a lot of potentials have developed,
optimized and adapted in general-purpose packages like DL_POLY, AMBER, CHARMM, NAMD, etc.)
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Fig. 4. Graphs of chemical potentials.



Next step of MD, after giving force field potentials, is velocity generation:
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(1) Maxwell velocity distribution;

(2) Random number generators are popular in MC (Monte-Carlo) & MD (Molecular Dynamics).

Maxwell distribution (the averages observable quantities in physics are expressed with):
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Fig. 5. Graph of Maxwell velocity distribution depending on temperature.



1.3. Thermostats and barostats

Introducing the friction force as interaction of the simulated molecular system with a heat reservoir:

Q. = mu(t)v,
The choice of friction coefficient 4 () should warrant the energy change law as:

dE_ 1., .
i x(0)
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E — energy of system (in the absence of a heat exchange with a reservoir to be conserved); te —
characteristic time of interaction with a heat reservoir (relaxation time, until the external reservoir’s
temperature is reached; normally is taken from the interval [0.5, 2] ps),

EH = ?;-1 ma (yr;)z

- —kinetic energy of the system which is giving the temperature T,
3
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—a constant, which is corresponds to an average Kinetic energy at a heat
reservoir’s temperature To.

The equation of motion to be modifiedas (n = 1.2, ..., 1)
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Weak coupling to an external bath >
Berendsen thermostat >

Nose-Hoover thermostat.



In the Nose-Hoover algorithm the equation of motion with a heat exchanges (dissipation, friction):
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Computer realization as discrete finite-difference algebraic equations for the Nose-Hoover thermostat:
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In the Berendsen algorithm the equation of motion with a heat exchanges (dissipation, friction):
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1.4. Treating electrostatics — the central problem of the MD simulation

Calculation of potential and forces from the point of computer consuming time:

(1) Intramolecular interactions, chemical bonds (1-2 A),
(2) Nonbonding (Van-der-Waals) forces, intermolecular interactions (short-ranged; 7-8 A),

(3) Coulomb electrostatics forces and potentials (long-ranged).

The correct calculation of N>=NxN interactions — a central problem of the MD-simulation!

In some cases the electrostatics coud be calculated easily, introducing “cutoff” (Fig. 6).

Fig. 6. Introducing cutoff radius r.; for the force and potential estimation.
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The Ewald summation for Coulomb interaction is a correct approach taking into account periodicity (Fig.7):

Fig. 7. PBC (periodic boundary conditions) in MD modeling.




In the Ewald summation the electrostatics coulomb potential,
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The Ewald sums are realized under special-purposes architectures, like as MDGRAPE-2 & 3 (Fig. 8).

Fig. 8. A special-purpose computer MDGRAPE (chip and board) for the correct estimation of Ewald sums.



CHAPTER 2. MD SIMULATION OF LENNARD-JONES SYSTEMS

2.1. Lennard-Jones (Ij) potential — one of the most popular in liquid simulations

The Lennard-Jones ((lj) or (12-6)) potential looks like (Fig. 9 & Tab. 1):
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Fig. 9. The Lennard-Jones potential energy dependence on the atom-atomic distance.

Table 1. The LJ (Lennard-Jones)-parameters of £ and I for different atoms.

aToM elkg (K) c (nm)
H 8.6 0.281
He 10.2 0.228
C 51.2 0.335
N 37.3 0.331
0 61.6 0.295
F 52.8 0.283
Ne 47.0 0.272
S 183.0 0.352
Cl 173.5 0.335
Ar 119.8 0.341
Br 257.5 0.354
Kr 164.0 0.383
P Oce + Osg - [f . c ]13'2
e 2 CCS T LeCC T Css

The Lorentz-Berthelot mixing rule: ,



2.2. Computer code for MD simulation of Lennard-Jones system
For MD method FORTRAN + some elements of C yet remains a basic programming language

Even so today a number of high-level algorithmic languages appeared—>
Starting from C++ to recent CUDA, OpenCL, etc.

This is convenient for the adaptation & running under OS Linux -
Many MD simulation packages are developed at

Table 2a

c————- computer code for md-simulation of 1j-system of 256-atoms

G B~ 1 73
program lj-dynamics ---Line 1
implicit real*8 (a-h,o0-2z) -—-Line 2
common/xyz/x (256) ,y(256),2z(256) -—--Line 3
common/vxvyvz/vx (256) ,vy (256) ,vz (256) -—-Line 4
common/axayaz/ax (256) ,ay (256) ,az (256) -—-Line 5
common/fxfyfz/fx (256),fy(256),fz (256) ---Line 6
data fx/256*0.d0/,fy/256*0.d0/,fz/256*0.d0/ ---Line 7

c————-- input parameters
natom=256 ---Line 8
densty=0.9d0 -—--Line 9
temp=1.5d0 ---Line 10
step=0.001d0 ---Line 11
fnatom=natom ---Line 12
natoml=natom-1 ---Line 13
stepsg=step*step ---Line 14
stepsgh=0.5d0*stepsq ---Line 15
vol=fnatom/densty -—-Line 16
cube=vol** (1.d40/3.d0) -—-Line 17
cubeh=0.5d0*cube ---Line 18

Line 1: title « lj-dynamics .
Line 2: double-precision option for all commands starting with (a-h,0-z). Duble-precision numbers
3.1415926535d+0, -4.78d+6, 1.0d+0 (to 15 numbers). “Pi”=3.1415926535, if single-precision, 3.141593.

LV T:"JT:‘-'.IT!7 a '.l':'t -'.lav' ] ra =
-x'.lj'.lz), ( X ¥ Z )1 ( X ¥ Z ) & (fk f_'l., fi )
m
t/th a II_ = )
Line 8 - Line 18: dimensionless parameters are obtained via the LJ-parameters: ¥ € (r -

Line 3 - Line 7: massive 3-D (

characteristic time). The estimation of order of t” for atom argon (Ar): m._ 6,63 x 10** g — mass argon
atom, £/ k=120 K, ¥=1,38 x 10" erg/K — Boltzmann’ constant, ©=0,341 x 10°m (Tab. 1).

Thus t = 0,68 x 10 = 0,68 fs — characteristic time of events in molecular dynamics!!!
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Fig. 10. Generation of fcc lattice of the LJ system of 256 particles.
Table 2b
c————-— generation of cubic crystal «fcc-lattice»
BT s B < 5 73
nunit=(fnatom/4.)**(1./3.)+0.1 -—-Line 1
51 ncheck=4* (nunit**3) -—-Line 2
if (ncheck.lt.natom) then -—-Line 3
nunit=nunit+1 -—-Line 4
goto 51 ---Line 5
endif -—--Line ©
dist=0.5d0*cube/dfloat (nunit) -—-Line 7
x(1)=0.d0 -—-Line 8
y(1)=0.d0 -—-Line 9
z(1)=0.d0 -—-Line 10
x(2)=0.d0 -—-Line 11
y(2)=dist -—-Line 12
z (2)=dist -—-Line 13
x(3)=dist -—-Line 14
y (3)=0.d0 -—-Line 15
z (3)=dist -—-Line 16
x(4)=dist —-—-Line 17
y(4)=dist -—-Line 18
z(4)=0.d0 —-—-Line 19
m=0 -—--Line 20
kct=0 -—-Line 21
do 12 i=1,nunit -—-Line 22
do 12 j=1,nunit ---Line 23
do 12 k=1,nunit -—-Line 24
do 10 ij=1,4 ---Line 25
if (kct.lt.natom) then -—--Line 26
X (1j+m)=x(ij)+2.d0*dist* (k-1) -—-Line 27
v (ij+m) =y (ij)+2.d0*dist* (j-1) ---Line 28
z (1j+m)=z (1j)+2.d0*dist* (i-1) ---Line 29
endif ---Line 30
kct=kct+1 -—--Line 31
10 continue ---Line 32
m=m+4 ---Line 33
12 continue -—-Line 34




Table 2¢

c——---- generation of initial velocities by random number generator
G G D - 1L 73
mseed=-30509 -—--Line 1
do 100 i=1,natom -—-Line 2
vx (i) =roulet (mseed) -—-Line 3
vy (1)=roulet (mseed) -—-Line 4
vz (i)=roulet (mseed) -—-Line 5
100 continue ---Line ©
velsg=0.d0 -—-Line 7
do 120 i=1,natom -—--Line 8
velsg=velsg+vx (1) **2+vy (1) **2+vz (1) **2 -—--Line 9
120 continue -—--Line 10
aheat=3.d0*fnatom*stepsg*temp ---Line 11
factor=dsqgrt (aheat/velsq) -—-Line 12
do 600 i=1,natom -—--Line 13
vx (i)=vx (i) *factor -—--Line 14
vy (i)=vy (i) *factor ---Line 15
vz (i)=vz (i) *factor -—-Line 16
600 continue -—-Line 17

Line 2 — Line 6: (v Vy, V;) inthe interval [-1, +1].

Z (v2 + vy + v?)

Line 7 — Line 10: calculation of the sum, '=1-¥ -kinetic energy.

Line 11 — Line 17: factorization of the particle velocities to a temperature given by user:
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Generation of the molecular dynamics:

Table 2d
c————--— generation of dynamics; search for an equilibrium state
G~ 1
maxeq=5000 ---Line 1
do 5 ktime=1,maxeqg ---Line 2
do 300 i=1,natoml -—-Line 3
xi=x (1) -—-Line 4
yi=y (i) ---Line 5
zi=z (1) ---Line ©
do 400 j=i+1,natom -—-Line 7
xij=xi-x(3) -—-Line 8
yij=yi-y(3) ---Line 9
zij=zi-z (j) -—-Line 10
if(xij.lt.-cubeh) xij=xij+cube ---Line 11
if(xij.gt. cubeh) xij=xij-cube ---Line 12
if(yij.lt.-cubeh) yij=yij+cube ---Line 13
if(yij.gt. cubeh) yij=yij-cube ---Line 14
if(zij.lt.-cubeh) zij=zij+cube ---Line 15
if(zij.gt. cubeh) zij=zij-cube ---Line 16
rsg=xij*xij+yij*yij+zij*zij ---Line 17
rij=dsqgrt (rsq) ---Line 18
rsqinv=1.d0/rsqgq -—-Line 19
réinv=rsqginv*rsqginv*rsqginv ---Line 20
enr=4.d0*roinv* (r6inv-1.d0) -—-Line 21
for=rsgqinv*48.d0*r6inv* (r6inv-0.5d0) -—-Line 22
fx(i)=fx(i)+for*xij -—--Line 23
fx(j)=£fx(j)-for*xij -—-Line 24
fy(i)=fy(i)+for*yij -—-Line 25
fy(3)=£fy(j)-for*yij ---Line 26
fz(i)=fz(i)+for*zij -—-Line 27
fz(j)=fz(j)-for*zij -—-Line 28
energy=energy+enr ---Line 29
400 continue ---Line 30
300 continue ---Line 31
Line 3 — Line 10:



“Interaction triangular”

Fig. 12. The atomic index “1” interacts with “2” — instead of “2” its periodic image “2’” to be used.

) ) R..=R. —R. )
Line 17 — Line 18: %/ ! 7 _calculations under PBC.

_ _ R: 1/R:. 1/R® _ S
Line 19 — Line 20: Y/, 7 *J-calculations and LJ-potential estimation.
Line 21 — Line 22: LJ-potential and force:
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Table 2e

c—==== generation of new accelerations and velocities
G L 1o B4 = > 73
c—==== new particle accelerations
do 350 i=1,natom -—-Line 1
ax (i)=fx (i) *stpsgh -—-Line 2
ay(i)=fy (i) *stpsgh ---Line 3
az (i)=fz (i) *stpsgh -—-Line 4
350 continue -—--Line 5
c————--— new particle velocities
do 351 i=1,natom -—-Line 6
vx (1)=vx (i) +2.d0*ax (i) -—-Line 7
vy (i)=vy(i)+2.d0*ay (i) -—--Line 8
vz (i)=vz (i)+2.d0*az (i) -—--Line 9
351 continue -—--Line 10
1 t
(f-l— ﬂf)=v(f——ﬂf)+ﬂf&
Line 6 — Line 10:calculations of new velocities: 2 2 m
Table 2f
c————-— generation of new atomic positions; results print output
BT 1S B < 5 73
c————-- new particle coordinates
do 200 i=1,natom -—--Line 1
x(1)=x(1)+vx (i) +ax (i) -—-Line 2
y(i)=y(i)+vy(i)+ay (i) ---Line 3
Z( )=z (1) +vz (i) +az (i) ---Line 4
f(x(i).1t.0.d0) then -—-Line 5
x(1)=x (1) +cube -—--Line ©
elseif (x(1) .gt.cube) then -—-Line 7
x(1)=x (1) —cube -—-Line 8
endif -—-Line 9
if(y(i).1t.0.d0) then -—-Line 10
y(i)=y (i) +cube -—-Line 11
elself( (i) .gt.cube) then -—-Line 12
y(i)=y (i) -cube -—-Line 13
endlf -—-Line 14
if(z(1i).1t.0.d0) then -—-Line 15
z(1)=z (i) +cube -—-Line 16
elseif (z (i) .gt.cube) then —-—-Line 17
z(1)=z (i) —cube -—-Line 18
endif -—-Line 19
200 continue -—-Line 20
c——-—--= each 5 timestep to printout all particle coordinates
kstep=5 ---Line 21
if (ktime/kstep) *kstep.eq.ktime) -—-Line 22
aprint=prnt (ktime, natom) -—-Line 23
endif -—-Line 24
c————- zero forces to restart
do i=1,natom ---Line 25
fx(1)=0.d0 ---Line 26
fy(1i)=0.d0 -—-Line 27
fz (i)=0.d0 -—-Line 28
enddo ---Line 29




5 continve === Line 30
write (*,*) 'dynamics successfully ended’ ---Line 31

top ---Line 32

nd ---Line 33

Line 2 — Line 4: new atomic coordinates calculated through the Teylor series in dimensionless form:

()2 EJE
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Line 5 - Line 19: PBC (periodic boundary conditions) check
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Fig. 13. PBC (periodic boundary conditions).




Subroutine-Function “roulet” - random number generator.

Table 2h
c————- algorithm of random number generation in the interval of [-1,+1]
DG s B = 1 O 73
c————--— a random number generator subroutine
function roulet (iseed) -—-Line 1
implicit real*8 (a-h,o0-z) -—-Line 2
common/rand/rxr (97) ---Line 3
data ml,ial,icl1/31104,625,6571/ -—-Line 4
data m2,1ia2,1c2/12960,1741,2731/ ---Line 5
data m3,1a3,1c3/14000,1541,2957/ ---Line 6
rml=1./ml -—-Line 7
rm2=1./m2 ---Line 8
if (iseed.1t.0) then -—-Line 9
ixl=mod(icl-iseed,ml) -—--Line 10
ixl=mod(ial*ixl+icl,ml)) -—--Line 11
ix2=mod (ix1l,m2)) -—-Line 12
ixl=mod(ial*ixl+icl,ml) -—--Line 13
ix3=mod (ix1,m3) -—-Line 14
do 11 j=1,97 ---Line 15
ixl=mod(ial*ixl+icl,iml) ---Line 16
ix2=mod (ia2*ix2+ic2,m2) -—-Line 17
rr(j)=(float (ixl)+float (ix2) *rm2) *rml ---Line 18
11 continue -—--Line 19
iseed=1 ---Line 20
endif -—--Line 21
ix3=mod (ia3*ix3+ic3,m3) -—-Line 22
J=1+(97*1x3) /m3 -—--Line 23
if(j.gt.97.0r.j.1t.1) write(6,99) -—-Line 24
99 format (//5X, 'array size for rr violated'/) -—-Line 25
roulet=2.*rr(j)-1. -—-Line 26
ixl=mod(ial*ixl+icl,ml) -—-Line 27
ix2=mod (ia2*ix2+ic2,m2) -—-Line 28
rr(j)=(float (ixl)+float (ix2) *rm2) *rml -—-Line 29
return -—--Line 30
end -—-Line 31




Subroutine-Function “prnt” (“output data”) — formats DL_POLY & PDB (“Protein Data Bank™).

Table 2i
c-—-—--- output print in formats of «dlpoly» & «pdb»
L0 B = 5 73
c——---- subroutine for printout of particle positions
function prnt (ktime,n) -—--Line 1
implicit real*8 (a-h,o0-z) -—-Line 2
common/xyz/x (256) ,y(256),z (256) ---Line 3
character*8 aname, timestep -—-Line 4
character*4 ATOM, TER, an ---Line 5
an="'17" ---Line 6
aname='history' ---Line 7
c————-- aname="'filePDB'
c————- ATOM="'ATOM'
c————- TER='TER'
o
open (unit=11, file=aname, form="'formatted') ---Line 8
o
timestep='timestep' ---Line 9
alx=9.0 ---Line 10
bly=9.0 ---Line 11
clz=9.0 ---Line 12
itstep=5 ---Line 13
write (11, "' (a8,4110,f12.6)"') 'timestep=",itstep, ---Line 14
X 108,0,1,0.001 ---Line 15
write (11, "'(3gl2.4)")alx,0.,0. -—-Line 16
write (11, "' (3gl12.4)"')0.,bly,O0. -—--Line 17
write (11, "' (3g12.4)')0.,0.,clz -—-Line 18
Cmm———
do i=1,n -—-Line 19
ii=1i ---Line 20
write (11, '(a8,i110,2f12.6) ")an,ii,29.,0. -—-Line 21
write (11, '(lp,3el2.4)")x(1ii),y(ii),z(i1) ---Line 22
c————- write (11,'(a4,i7,1X,a4,1X,i7,6X,3£f8.3)")ATOM,ii,an,ii,
c———-Xx x(ii),y(ii),z(1i1)
enddo ---Line 23
c————- write (11,'(a4)')TER
return ---Line 24
end ---Line 25




2.3. Monitoring of equilibrium states in the MD simulation

Comments on “Calculation Triangle”:

10
10"

10

/

ps ns us t

Fig. 14. “Calculation Triangle” — dependence of computing time t & number of atoms N.



I.  RDF (radial distribution function)

pg(r) =%€i iiﬂ[r—r”] =

i _,TFE

N/V

N- total number of atoms, @ =
(o}

— atomic density, ¥; ; — radius-vector between two centers i & j,

(r) = 1

— time average; for distance less than one atomic diameter g (r) = D, for larger distances g

For LJ-system the RDF has a different behavior depending on the phase state:
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30 -

g(r)

20 |~ —

Fig. 15. The RDF for the gases (top), liquids (middle) and solids (bottom).



I1. Order parameter

Function-parameter Vis widely used for distinguishing of the equilibrium states:

1

Ve =7 Z cos(4mx,/a)
1

Yo =3 ) cos(émy./a)
1

V. = EZ cos(4mz,/a)

1
1"=§[[1fx+1{1.-+'rz]]

C p—
|‘n-'|
—

)
R—

FVANPS AN
\

0 10002000 3000 4000 3
Ywicno coyapeHu

ITapameTp mopsaaka
:'-——’ .“'——" ——

)00

Fig. 16. The order parameter 14 dependence on the atomic collision number.



1. Boltzmann distribution

The H—function or Boltzmann distribution is used for the monitoring of the equilibrium:

Hx (t) = J, f(r’x) Inf(qu) dqu

H-dpyvukius

-0.12

-0.16 H\AA A

1000 2000 3000 4000 5000
Yucmo coyaapenun

Fig. 17. The behavior of Boltzmann’ H-function depending on the atomic number collisions.



2.4. Dynamical properties: diffusion coefficient
A general law: Flux = — Coefficient x Gradient

Examples: Newton’s law of viscosity; Fick’s law of diffusion; Fourier’s law of heat conduction; Ohm’s law
of electrical conduction.

ﬁ X dn
"5t Pax
on  d(nk
+ (nt) =0
The system of two equations — diffusion and material balance: at dx
2 N El
ﬁ_nzﬂﬁ_n n(x, t) = ———7;¢ %Pt
dt dx2 N 2(mDt) 1

The relationship between the Gauss distribution & MSD (mean-square displacement):

2 1 2
(O = xOP) = 3 [ #nG 0 (0 oy = 20
O =)

(for 3-D motion) t—o 6t

=D

The Einstein equation & fluctuation-dissipation equations (Onsager):

D= h"r_?;ifZ[r (t) —r;(OH]° D =%

CKOQMSD) = (r? (r)}—{—Z[r(f) O 20)= 2Dt d=123

)

sam—(wsn)

The RMSD (root-mean-square displacement):

N
KCKO(RMSD) — %Z m||rs — 7|

2 . 2
17,1 (T;,2) — atomic positions at t=0 (t>0), lres = mi2ll” = lres —7ea .



MSD, Lennard-Jones Fluid
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Figs. 18(a-b). The ballistic & diffusion regimes for the LJ (Lennard-Jones) model.



2.5. Some calculation results by the MD code for LJ (Lennard-Jones) system

(@) (b) ©) (d)

Fig. 19(a-d). Sequential snapshots of the Lennard-Jones model configurations: (a)t=0, (b)t=1, (c)t=10, (d)t=100ps.
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Fig. 20. (top)Monitoring of thermodyn.Quantities T,P,E — temperature, pressure, total energy;(bottom)RDF vs. distance.



2.6. Dynamical and diffusion properties of NaCl in water solvent at different salt” concentrations

Ref:
By Anna Shurenkova and Polina Kolodina (5" year students of 2009-2010)

Tab. 3(a). Masses and charges in the system of NaCIl-H20.

Atom Mass number (m,, a.m.u.) Charge number g (|e|, proton charge)
Na 22.98980 1.00000
Cl 35.45300 -1.00000
Ow 15.99940 -0.73000
Hw 1.00797 0.36500
Hw 1.00797 0.36500

Tab. 3(b). Potential parameters for the interacting atomic pairs.

Atomic pair Potential Functional form Parameters | g, kcal/mol G, A
Ow-Ow 0.160 3.2
Na-Na 0.130 2.3
12 6
cl-Cl Y Y 0.100 45
L | V() =4e|l-] -- 6o
Oow-Na ! ! 0.144 2.8
Ow-ClI 0.127 3.8
Na-Cl 0.114 3.400




Dynamics at NVT ensemble.

(294.95 K; cell size 5721,581 A®; total number of molecules 140).

(@) (b)
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Fig. 21(a-c). Monitoring of thermodynamical quantities, T, E, P — temperature, total energy and pressure in time.
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Fig. 22. (a-c)The density, pressure and total energy dependences on the salt concentration in the solution.
(d)Dependence of osmotic coefficient on concentration (experimental data; reference book).




Diffusion coefficient.

Approximate 3D Diffusion coefficients
Total
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7 N == NaCl nenfixed
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Fig. 23. Dependence of diffusion coefficient on concentration.
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Fig. 24. Dependence of equivalent heat conductivity on concentration increase. The same on the table (right) for all kind

Ve, Mom'. 4t

IKBHBANEHTHAR 3EKTPONPOBOAHOCTL KOHUCH-
TPHPOBAKLY PACTOOpOD 1+1-9AeKTPOMITOB.

IKEUBAACHMAAR INCKMPONPOSOOROCINS NILMUMKOLE IACKMPOALMOB
an.iome 0o abicoKuX KOWBewmpanuld 8 sodRetx pacmsopax npu 25°

DHEHBANEHTHER SNAEKTPOMPOBOAHOCTE, cu® Memed.om ™ 1. awg=1
£, MOAB/A

NaCl KCl BaCly LaCl,
0,0 126,45 149,85 139.98 146,0
0,0005 124,51 147 81 134,34 135,21
0,001 123,74 146,95 132,27 131,16
0,005 120,64 143,55 123,94 118,11
0,01 118,53 141,27 119,09 111,25
0,02 115,76 138,34 — —
0,05 111,06 133,37 105,19 94,95
0,1 106,74 128,96 98,68 87,89
0,2 101,71 124,08 —_— —
05 93,62 117,27 80,60 66,68
1 85,76 111,87 68,98 51,15
1,5 79,86 108,27 J— _—
2 74,71 105,23 — —
3 65,57 99,46 — —
4 57,23 93,46 — -
5 49,46 — — -

of 1-1 electrolytes.



Xaopuetuft natpuit |1)

K()Hﬂeﬂmpﬂl{ul)ﬂﬂﬂﬂ SagucuMOCHb Moauaniuil ocsorecknii kosgduunent | Moanabuwi kospqruMenT akTianocTy
M , mo|T
Awﬂbuocowadwuquenmaahmuanocmu w |0 e Lo lw!se!elw! olw
dna NaClmpu 60°C -
5 003 | 0,940 | 0939 | 0938 0,936| 0,935 0,811 | 0,807| 0,803 | 0,799 ( 0,794
p L0 01 | 09290927 | 0926 0.924| 0923| 0766 | 0762 | 0.757| 0,752 | 0,746
g h 02 10921, 0919 [ 0918] 0916| 0,914] 0721 0,717 0,711 | 0,705 | 0,698
g 090 0,3 {0919 [ 0917 | 09161 09141 0,911 0,697| 0,691 | 0686 0679 0,672
E 04 | 0921 | 0919 | 0917} 0915| 0.912| 0,682 0,676| 0,671 0663 | 0,655
i ‘ P 05 0923|0920 )0%0(0917 0915| 0,672| 0,667 0,660 | 0,653 0,644
5030 06 | 0927 [ 0,925 | 0923| 0921 | 0,918 | 0,665 0,659} 0,653 | 0.645 | 0,636
H V / 0.7 (0931|0928 1 0927|0924 0921 0,661 | 0,654 | 0,648 | 0,640, 0,631
£ 070 08 | 0935|0934 | 0931|0929 0926( 06571 0,651 0,644 | 0,636 0,627
;f 10| 0944 [ 0942 | 0940 0937 0,935 0,655| 0,648 | 0,641 0,632] 0,622
2 1o | 0968 ; 0,968 | 0,966 0,963 0950 0,662] 0,656 0,646 0,638 | 0,629
& 060 T T T ‘ 20 (0999 10998 [ 0995 0,991 09861 0,683| 06721 0663 0651 0,641
2 26 11,031 ;1,029 | 1,026 1,022] 1,016] 0,707 | 0,697 | 0,685 0,674 | 0,659
¢ 0 | J 3 4 30 | LO6I | 1,059 | 1057 | 1,053} 1,048 0,736} 0,724 0,709 | 0,700 | 0,687
moie 39 | LO92| 1,09 | 1086| 1082} 1077] 0771] 0758 | 0742 0730 0,716
40 | L130 | 1,127 | 11200 1,103] 1.105| 08111 07941 0,777 0,763 | 0,746
Fig. 25. Concentration dependence of molar activity coefficient. The same on the table (right).
(electrophoretic effect) & (the effect of relaxation)
Kosbbunguenm AKmUuBROCIMU A€ KmMpPoaumos npu 25°

m | Auerar | ,7o1 | NaOH| NaF ﬁa(\NaBr NaJ NacC10,| Nacio, | NaBro, | NaNo.

0.1 | 0784 | 0,772| 0,764 | 0,765 0787 | 0772 | 0775 | 0758 | 0,762

0.2 | 0,742 | 0,723| 0,725| 0,710 0751 | 0,720 | 0729 | 0,696 ; 0,703

0.3 | 0,721 | 0,695| 0,706 0,67 0.735 | 0688 | 0,701 | 0657 | 0666

¢4 | 0,709 | 0,674| 0,695} 0,65 0727 | 0664 | 0683 | 0628 | 0638

05 | 0700 | 0,659 0,688| 0 0,723 | 0645 | 0668 | 0605 | 0617

06 | 0,691 | 0,647 0,683 | 0.61 0,723 | 0630 | 0656 | 0,585 | 0,599

07 | 0689 | 0638] 0.680| 0 0,724 | 0617 | 0648 | 0.569 | 0,583

08 | 0,688 | 0,630| 0,677 0,5 0,727 | 0,606 | 0641 | 0,554 | 0,570

09 | 0,688 | 0.623| 0676 | 0 0,731 | 0,597 | 0635 | 0,541 | 0,558

1,0 | 0,689 | 0617 | 0,677 0,5 0,736 | 0,580 | 0629 | 0,528 | 0,548

1.2 | 0,693 | 0,605| 0,679 0,747 | 0,575 | 0,622 | 0,507 | 0,530

1,4 | 0,700 | 0,595 0,684 — 0763 | 0,563 | 0,616 | 0,489 | 0,514

1,6 | 0709 | 0,586} 0,690 0780 | 0,553 | 0,613 | 0,473 | 0,501

1.8 | 0719 | 0,575 0.698| | 0,799 | 0,545 | 0,611 | 0461 | 0,489

20 | 0729 | 0,568] 0,707 0820 | 0,538 | 0609 | 0450 | 0,478

25 | 0,762 | 0,558 0,741 — 0883 | 0525 | 0609 | 0426 | 0,455

30 | 0798 | 0,556 0,782 — 0963 | 0515 | 0611 — 0,437

35 | 0837 | 0559 0833 — 1,053 | 0,508 | 0,617 — 0,422

40 | 0877 | 0,566 0901 — — — 0,626 — 0,408

45 — 0,575 0,982 — s - 0,637 — 0.395

5,0 — — {1074 — o — 0,649 - 0,386

5,5 — — {1178 — — — 0,662 — 0,378

6,0 —_ — {1206 — — — 0,677 l —_ 0,371

Tab. 4. Experimental data (refernce book) on activity coefficient of eletrolytes & comparison with MD results [31].



CHAPTER 3. MD SIMULATIONS OF ATOMIC AND IONIC STRUCTURES, POLYMERS AND
BIOLOGICAL MOLECULES

3.1.DL_POLY - A general-purpose MD simulation code

MD simulation packages: DL_POLY, AMBER, CHARMM, NAMD, etc.

DL_POLY (W. Smith et al.); Collaborative Computational Project CCP5
http://www.cse.scitech.ac.uk/ccg/software/DL _POLY/)

A flowchart scheme = input: CONFIG, CONTROL, FIELD; output: OUTPUT, REVCON, HISTORY

CONFIG: OUTPUT:

IpaHHYHLIE YCIOBHA, SHEprud, TeMneparypa,
KOODIMHATH ATOMOB, NaBJIeHHE B KOHEYHOH
CKOPOCTH, CHJIBI “?“‘?“?”’;‘“"“ CHCTEMBEI;

i i pl pi pi
X3 V523V Y, vszpF;a*F;

CONTROL:

BpEMEHHOM 1ar, REVCON:

BpeMs cuerTa, DL POLY IPOMEXYTO9IHAL
TEpPMOJMHAMHYECKHE - KOHQHTYPAIAA CHCTEMBI
mapaMeTpHI (ecmu Tpebyercs)

FIELD: HISTORY:

CTPYKTYpa MOJIEKYJ, odens Gompuioi daiin,
Macca | 3apsj aTOMOB, cofepxamuii JaHHEe
THI B3aHMOAeiCTBHA 0 IMHAMUKE CHCTEMBI;

H [apaMeTphl NOTCHIUAJIOB HYXCH JUIS BU3yaJH3alHH

Fig. 26. A flowchart scheme of the input and output files of DL_POLY.


http://www.cse.scitech.ac.uk/ccg/software/DL_POLY/

Table 5a. A file CONTROL of DL_POLY for the MD simulation of valinomycin — a drug chain in a water solvent.

c-----A file CONTROL of DL_POLY code for MD simulation of valinomycin molecule
DG L B = L 73
B Valinomycin in water ---Line 1
B integrator leapfrog verlet ---Line 2
B temperature 310.00 ---Line 3
B pressure 0.0000 ---Line 4
B ensemble nvt hoover 0.5 ---Line 5
B steps 10000 ---Line 6
B equilibration 100 ---Line 7
B multiple 10 ---Line 8
B restart scale ---Line 9
B scale 10 ---Line 10
B print 100 ---Line 11
B stack 100 ---Line 12
B stats 100 ---Line 13
B rdf 100 ---Line 14
B trajectory 1 100 0 ---Line 15
B timestep 0.0020 ---Line 16
B  cutoff 12.000 ---Line 17
B delr width 1.2000 ---Line 18
B rvdw cutoff 10.000 ---Line 19
B reaction field precision 1.E-5 ---Line 20
B eps 70.0 ---Line 21
B shake tolerance 1.0E-8 ---Line 22
B quaternion tolerance 1.0E-5 ---Line 23
B print rdf ---Line 24
B job time 6000.0 ---Line 25
B close time 100.0 ---Line 26
B finish ---Line 27

Line 5: NPT ensemble — Nose-Hoover thermostat with a 0,5 ps relaxation time at temperature 310 K.
Line 8: the multiple timestep algorithm (Fig. 27).

Fig. 27. The multiple timestep algorithm: re,— cutoff & rprim — primary cutoff radius.



Line 20 — Line 21: Method of calculation of the electrostatics potential - “reaction field”:

B .
U('r],j-) 1 1 ot

nj
QJ:qJ‘ +
R.— a cavern radius; B — expresses a dielectric constant of a continuum,

C2(e — 1)

T 2+ 1)

 dne,

Line 22: The use of a well-known algorithm “Shake” for the evaluation of chemical bonds (Fig. 28 for 3-site
molecule, say water).

: H,0

Fig. 28. A geometry of three atomic molecule (water) for illustration of “Shake” in chemical bonds estimation.

d?r, ot
m 2
174¢2 1T g1
d?r, ot
m; - =172 2
“ d_{_z_ g
d?r, ot
m 2
3742 3T 3
Introducing “fictions” forces g, which are not existed in nature at all,
d?r,
Mg l‘jfz = f:': + gz

Along with forces f which possess a realistic physical meaning,

f = The (intermolecular + intramolecular) forces

Taken into account “constant nature of realistic forces” we have:

r,(t +dt) = r (t +dt) + (dt*/m,) gr(t)
Prime " indicates that the atomic position has now been defined for a new chemical bond length, which might
deviate from an exact given value.



In “Shake” algorithm fictitious forces are expressed through the indeterminate Lagrange multipliers:

g1 =Li:7;;
g: =1Loyry; — Loy,
gz = —L;373;
This lead to:
r.(t+dt)=r(t+dt) + (dt?/m, )L, .1, (1)
r,(t+dt) =ri(t+dt) + (dt?/my)(Lya12: () — Lior- (1)
ry(t+dt) = ry(t + dt) — (dt*/my)Ly7,5(0)
From this system we have:
roo(t+dt)=r,(t+dt)+dt*(mi* +m3 ) L1 (1) — dit?mztLyatrs4 (1)
ro;(t+dt) =ry, (t+dt) —dt*mz*L,r, (1) + dt?(mz* + m3t)Laarao5(8)

Next suppose that, [¥1o (€ + dt)|*~|r,(0)1* = df,,  |ras(t +dt)|*~|r.a (D) = di;
ri,(t+ dt)|? = d3 ro,(t+de)|? = di3
Ignoring quantities of small order we reduce the above system to:
diﬂ - 1” - dezdﬂz iz(m + mﬂ I)Ljn
d3; — da3 ~ 2dt?d3; dyz(mz' + m3*)Ly;
Denoting the relative atomic masses as,
My, =mym,/(m, +m;)
M,; = mymy/(m, +m;)

-
Z

We finally find restraint forces for correction of chemical bonds and keeping them within a given value:
L, =M, (dzz - di%:‘defzdﬂz ;2
L3 =M, (dzzz - dé%)/dezdgg déz

Li;&L,;~{d, d’, d}; “Shake” precision is about 10°—10% A (Fig. 29).

I’K\ I g

272'
/

y 4 d :0 5

"

Fig. 29. Correction of chemical bond length for atoms 1 and 2 by “Shake ” algorithm.



Table 5b. File CONFIG of DL_POLY for MD simulation of valinomycin molecule in water.

c-----File CONFIG of DL_POLY code for MD simulation of valinomycin molecule

S B S 73
B Valinomycin in water: structure ---Line
[ ] 2 4 53968 .2000000000E-02 -—-Line
[ ] 42 .8612871524 .0000000000 .0000000000 ---Line
u .0000000000 42 .8612871524 .0000000000 ---Line
u .0000000000 .0000000000 42.8612871524 ---Line
B CT 1 ---Line
n -5.367652772 -4.974650238 -5.990217152 ---Line
n -3.753414027 -2.997453843 4.469020573 ---Line
[ ] -4347.618322 785.7157385 1473.633382 ---Line
B CT 2 ---Line
n 3.003781357 -2.113965206 -9.072751563 ---Line
| -.1064779764 -7.995944387 -2.124247219 ---Line
| -7659.821296 7084.040034 1636.186068 ---Line
B CT 3 ---Line
n .6161357221 -.7620477643 .2241570309 ---Line
[ ] .7626881371 -3.230043534 .5300852274 ---Line
] 672.8034938 -5115.436464 1472.292984 ---Line
m C 4 ---Line
] -4.576445424 -6.095700053 -6.560959051 ---Line
u -6.435542296 -2.986174745 .6915005257 ---Line
] -11128.04339 313.0420425 -6860.330915 ---Line
a . ..

B Os 168 ---Line
u 3.953242981 -4.265625023 -5.157477057 ---Line
| 2.037098502 7.924826062 -2.451876949 ---Line
] 711.3693932 277.1200307 -5054.020265 ---Line
B oW 169 ---Line
] 5.522198488 -14.84674196 -4.982890963 ---Line
] 4.724945455 -3.298600273 1.078266933 ---Line
] -3469.032769 2591.065835 -1423.106333 ---Line
B HW 170 ---Line
] 4.707204204 -14.90335074 -4.406193668 ---Line
] 12.22520228 4.086466127 12.83419668 ---Line
] 213.7403021 -1200.047681 -101.5791039 ---Line
B HW 171 ---Line
] 6.337454088 -15.00109894 -4.424740231 ---Line
] 11.82078171 -4.147054567 -9.238803515 ---Line
] -143.6169602 -2696.397784 -1199.600629 ---Line
| . ..

H OW 3835 -—-Line
[ ] -3.771242045 4.912250678 -6.987072552 ---Line
[ ] -4.737404413 -5.829716051 -.1864001141 ---Line
u 533.1145622 -1843.454971 1569.362128 ---Line
B HW 3836 -—-Line
n -3.611762042 4.892056784 -6.000077951 ---Line
[ ] 10.53385707 21.44077800 -1.105488471 ---Line
u -2562.587161 854.6097693 -521.4547331 ---Line
B HW 3837 -—-Line
u -3.018952072 4.449769328 -7.456296172 ---Line
u 11.23531109 17.95573648 .2288509516 ---Line
u 1333.931646 2590.985093 579.0148462 ---Line
|

O J oy U b W
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Line 2: (X, Y, z), (Vs Vy, Vo), (fx fy, f); “truncated octahedral boundary conditions” (Fig. 30).

Fig. 30. “Truncated octahedral boundary conditions” for valinomycin molecule in water solvent with potassium ions.



Table 5c¢. File FIELD of DL_POLY code, containing information about valinomycin’ mass, charges, potentials.

c-----File FIELD of DL_POLY code for MD simulation of valinomycin molecule

b <

B Valinomycin in water: forcefield
B UNITS kcal

B molecular types 2

B Valinomycin

B nummols 1

B atoms 168 mass charge
[ ] CT 12.0100 0.2820
[ ] Cc 12.0100 0.4670
n .

[ ] (o]} 16.0000 -0.4550
B constraints 168

[ ] 4 1 1.486105 1
[ ] 31 1 1.523565 19
n .

[ ] 160 52 1.206223 157
B angles 312

B harm 4 1 31 126.00

B harm 4 1 57 70.000

" ...

B harm 42 168 45 200.00

B dihedrals 450

B cos 146 4 1 151 oO.

B cos 34 31 1 57 0.14444
|

B cos 48 51 150 139 1.0000
B finish

B spc water

B nummols 1223

B atoms 3

[ ] oW 15.9996 -0.82
[ ] HW 1.0008 0.41
B rigid bodies 1

[ ] 3 1 2 3

B finish

B vdw 55

[ ] Cc Cc 13 0.12000

|

[ ] H H 13 0.020000

|

[ ] N N 13 0.16000

|

[ ] (o) (o) 13 0.20000

| .

[ ] (0] (0] 13 0.15600
I

B close

rept

111.
109.

10 1
50 2
116.40

0. 2
0. 3
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3.2.The use of DL_POLY code in MD simulation of atomic and ionic structures, polymeric
chains and biomlecules

In collaboration with 5™ students (master-graduate course) of International University “Dubna”
& Keio University of Japan

Published by:
The Open Physical Chemistry Journal, Natural Science, Advances in Biosciences and Biotechnologies.

I. Molecular dynamics simulation of valinomycin interactions with ions K*and Na* in water

Ref:
“Advances in Bioscience and Biotechnology ”, 2010,1,216-223; http://www.SciRP.org/journal/abb/

by Maria Abasheva, Svetlana Murav’eva, Viktoria Tuzova (5" year students of 2008-2009 graduation)

(@) (b)

Fig. 31(a,b). Valinomycin configuration (left — view on molecule surface, right — side view).

Simulation details:
Ver. 2.19 of DL_POLY, (http://www.cse.scitech.ac.uk/ccg/software/DL_POLY/).
(truncated octahedron boundary conditions; 42,86 A; NVT ensemble; integration time step 2 fs; Shake

ctolerance 10°®; Water 1113x3=3339, potassium (sodium) ions 109.

E= Eva! + Enb
E'l:ﬂ..r = El" + EH + EQO + EE']".!L-‘

Enb = Emw + Ee! + Ehb

o) =(75)- (%)

LJ-potential:


http://www.scirp.org/journal/abb/
http://www.cse.scitech.ac.uk/ccg/software/DL_POLY/

Table 6. Parameters of LJ (Lennard-Jones) potential.

Atomic pair Potential | Functional form Parameters | g, kcal/mol | 6, A
g 12
c-C LJ V(r) = 4¢ [(_) — ( £, 0.12 3.30
y .
H-H 0.02 1.78
N-N 0.16 3.12
0-0 0.20 2.85
0S-0S 0.15 2.94
Oe-Oe 0.20 2.85
OW-OwW 0.16 3.17
HW-HW 0.02 1.78
K-K 0.32 3.13
Na-Na 0.08 2.73
g — Occ + Oss [ ]1,-:
cE T —|r ® C !
Lorentz-Berthelot combining rules: 2 =Cs “CC =55 .
Table 7. Masses and charges for the system of valinomycin + K*(Na*) + water.
Atom Mass number (in a.e.u) Charge q (in |e|, proton)
C 12.01 +0.47
H 1.00 +0.21
N 14.01 -0.40
@) 16.00 -0.41
0S 16.00 -0.46
Oe 16.00 -0.41
ow 15.99 -0.82
HW 1.00 +0.41
K 39.10 +1.00
Na 23.00 +1.00




RESULTS:

]

%
Whe Py

Fig. 32. Six sequential snapshots of valinomycin with potassium at t=0, 1, 2, 3, 5 and 10 ps (left to right,
top to bottom).
UCT=ECI‘d

d~3A

Ue(K*) ~ 5x10® N/Cx3x10"m ~ 150mV

Ue(Na™) ~ 3x10° N/Cx3x10™m ~ 90mV

Table 8. Critical values of electrical field strength for K* & Na™.

Critical electric field K* Na*
E.,, x10°H/Kn 5 3
U x10°B 150 90
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Fig. 33(a,b). (a)Trajectory diagram of ion capturing by valinomycin molecule. (b) Three sequential
configuration of valinomycin cavern with potassium ion captured inside.



Il. Molecular dynamics study of phase transformation of biphenyl molecule in an active solvent

Ref:
The Open Physical Chemistry Journal, 2010, 4, 10-16
by Alena Chulkova, Natalia Shastova, Olga Medvedkina (5" year students of 2008-2009 graduation)

Fig. 34. Configuration of molecular system biphenyl + sovent HNQOs.

a) b) c)

(o [ c C

Fig. 35(a-c). Configuration of biphenyl and solvent molecule HANOs;.

Table 9. Masses and charges in the system biphenyl — active solvent.

Atom Mass number (me,a.u.) Charge number q (|e|, proton)
C 13.02 0.15

q 0. -2.253

q 0. +3.606

NO3 62.005 0,-0.01,-0.02, -0.03, ..., -1
H 1.008 0, +0.01, +0.02, +0.03, ..., +1




Three kind potentials were used:

1) Power series potential (nm),
2 Buckinghem potential (buck),
3) Lennard-Jones potential (1j).
Table 10a. Potential parameters for atomic pair C-q.
Atomic Poten- Functional Para- Eo, N m ro,
pair tial Form meters kJ/mol A
EO rO ' rO "
C-q nm u(r)= m—| -n— Eo,n,m, 1y | 0.2 12.0 | 6.0 3.37
(n-m)| \r r
Table 10b. Potential parameters for atomic pair C-C.
Atomic Poten- Functional Para- A, P, C,
pair tial Form meters kJ/mol A A®
U = A r Cc
c-C buck (N=Aexpl = ]=15 | Atho,C | 369743.0 | 0.28 | 2576.2
Table 10c. . Potential parameters for atomic pairs C-NO3z and NO3-NQOs.
Atomic Poten- Functional Para- g, o,
pair tial form meters kJ/mol A
g~ 12 a- &
C-NO; l Vr) = 4e [(T) - (7) ] &0 041838 | 3.14
NO;-NO; lj €, 0 0.41115 2.93




RESULTS:

Evdw (kJ/mol)

T{K)

Etot {kimal)

Fig.
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36(a,b). Dynamical changes of temperature (top) and energy (bottom).

Table 11. Temperature-energy values at q>0.07.

Region | Region Il Region 111
(0<t<2.2ps) (2.2ps <t <5.6ps) (5.6ps < t < 10ps)
T (K) 250 2000 6700
E (kJ/mol) -1090 1050 4900
@ (b) (d)
“““““ w - S
GF0.07 - 4007
1000r
o
3 =
= £ 0
E m 3 5 40
g'sgo' 0<0<0.07 | 5 ‘E’
3 Wi yt.« A e a o
i | ugJ " ﬁ‘ w100 W
0ege0.07 \Mw ’ 20
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o 5w 0 5 0% y 5 10
t(ps) t(ps) t{ps) t{ps)

Fig. 37(a-d). The energies of Van-der-Waals (a), coulomb (b) interactions, along with valence angular (c) and torsional

(d) chemical bonds.



Animation snapshots for g<q.r u g>q.r (Fig. 38(a,b)).
(@ 9<der

Fig. 38(a,b). Six sequential snapshots of biphenyl configuration in solvent medium for (a) g=0.05 and (b) g=0.07 at t=0,
1, 2, 3,5 and 10 ps (from left to right and top to bottom).

The behavior of RDF (radial distribution functions) for the interacting atomic pairs:
(@) ¢a-q, (b) g-H, (c) C-C, (d) C-H (Fig. 39(a-d))

@) (b) (c) (d)
- Y - 7
........ 4007 o g007 e (P00 e G007
o061 4006 e Q06 4=006
0 - 20, 0 —een 20,
4 a
7 | 7 ! 7
: (Y |2 EE
< il 2 g g
) “\ % o 5
0,
L L

A ng 1A n&
Fig. 39(a-d). Graphs of RDF for interacting atomic pairs: (a) g-q, (b) g-H, (c) C-C, (d) C-H.



I11. Molecular dynamics simulations of interactions of gold nanoclusters with a DNA fragment in
hexagonal geometry

Ref:
Preprint JINR, P19-2009-89, 2009, p.16
by Olga Medvedkina, Alena Chulkova, Natalia Shastova, (5" year students of 2008-2009 graduation)
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Fig. 40. A fragment of DNA molecule with complementary nucleotide pairs A-T and G-C. Spheres show the
atoms of phosphorus (P), carbon (C), nitrogen (N), oxygen (O) and hydrogen (H).
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Fig. 41(a,b). Configuration of DNA and solvent (water and gold particles).

Table 12. Masses and charges of the system DNA — solvent.

Atom Mass number (me,a.u.) Charge number q (|e|, proton)
P3 30.97380 1.16590

02 15.99940 -0.77610

C3 12.01100 -0.00690

H 1.00800 0.07540

N2 14.00670 -0.57250

Au 196.9665 0,1;0,2, ..., 1




Table 13. Potential parameters for interacting atomic pairs.

Atomic Poten- Functional Para- A B

pair tial Form meters

P3-Au 607263.0 537.753
02-Au A B 49906.7 117.423
C3-Au 126 |U(N)=| 5 |-| || AB 233167.0 242.343
H-Au r r 32513.3 57.9368
N2-Au 184346.0 199.084

The Van-der-Waals interactions are described via 12-6 (LJ-type) potential:

A\ (B
U = ()~ (2

12

RESULTS:

Fig. 42(a-c). Three sequential configuration snapshots of the system for q=0.1 (top view — left, side view — right);
(@) t=0, (b) t=25 ps, (c) t=50 ps.
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Fig. 42(a-c). Three sequential configuration snapshots of the system fblr g=0.7 (top view — left, side view — right);
(a) t=0, (b) t=25 ps, (c) t=50 ps.
The behavior of RDF (radial distribution function) of atomic pair O2-Au:
T T T T T T T T T | T T T T T
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Fig. 43. Graph of RDF for atomic pair O2-Au depending on the solvent potential (charge number q).
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Fig. 44(a-d). Graphs of the RDF at q=0.1 and 0.7: (a) P3-Au, (b) O2-Au, (c) H-Au, (d) C3-Au.




IV. Molecular dynamics simulations of phase changes of K—Na disilicate glass in an active solvent

Ref:
Preprint JINR, P12-2009-84, 2009, p.15
by Natalia Shastova, Viktoria Tuzova, Alena Chulkova, Olga Medvedkina (5™ year students of 2008-2009)

nSi02+2MOHaq = (M 2O'nSi02)aq+H20

M=Na, K.

[LlenoyHo- =
CUNUKATHOE

Bona

Fig. 45. Configuration of alkali disilicate and water.

e K-
e Nat
© Sif
s O

Fig. 46. Configuration of K-Na disilicate glass + alkali solvent NaOH (sodium and hydroxyl ions; blue — positive Na*,
red - anion OH").



Table 14. Masses and charges for the system of disilicate glass — alkali solvent.

Atom | Mass number (me,a.u.) Charge number q (|e], proton)

Na* 22.9898 1.0

K* 39.1000 1.0

si* 28.0860 4.0

[0l 15.9994 -2.0

Na 22.9898 +[0.0, 0.01, 0.02, ..., 1.0]

OH 17.0073 -[0.0, 0.01, 0.02, ..., 1.0]

Table 15. Potential parameters for the interacting atomic pairs.
Atomic pair | Potential | Functional Form Param-s | A, kJ/mol p, A | C,
AG
K*-K*
K"-Na"
K*-Na
Na"- Na"
Na"- Na
K- OH buck r c |[ApC |0 1. 0.
U(r)=Aexp| —— |- ¢

Na* - OH p)r
Na - Na
Si*t-K*
Si**-Na*
Si** - Na
Si**- Si**
Si**- OH

0* K* buck A p,C |8236593.92 | 0.37 | 0.
O* Na' buck A p,C |5236217.19 | 0.36 | O.
O* Na buck A p,C |5236217.19 | 0.36 | O.
O* OH buck A p,C |8236593.92 | 0.37 | 0.




RESULTS:
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Fig. 47. Graphs of diffusion coefficient for the system K'—Na" disilicate glass at different values .



Table 16. The dynamics of the temperature, total energy, VdW and valence angular bond energies at different values of

charge number g of solvent molecules (from top to bottom).
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Table 17. The RDF (radial distribution functions) of the interacting atomic pairs at different coulomb potential

(charge number q) of the solvent.

+ gt + 4+ +
(a)Na™-K (6)Na"-Si (8) Na'-Na
2,40 3,0 250
' et -Na (4
g(Na+ - K+ (¢
g(Na+ - Sid+ (q=0)) | —
2,00 — mg(Nat - Kt 2,5 — = g(Na+ - Si4+ (G=0.01)) ) ot
(q=0.01)) — - —g(Na+ - Sid+ (q=0.04)) 2,00 l (g=0.01))
— = —g(Na+-K+ |\ — = =g(Na+-Na
(=0.04)) il l (q=0.04))
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Fig. 48. Four sequential snapshots, illustrating the dynamics of the K*-Na™ disilicate glass — active solvent.



CHAPTER 4. THE USE OF QUANTUM-CHEMICAL POTENTIALS IN MD SIMULATIONS

4.1. Hybrid of classical molecular dynamics (MD) and quantum chemistry molecular dynamics (QMD)
(Ab initio quantum chemistry)

Conventional molecular dynamics (MD) =
Quantum chemistry molecular dynamics (QMD) =
Ab initio quantum chemistry >
Density functional theory (DFT) =

Involving solution of Schradinger equation

Example: hydrogen molecule H;; two protons (a & b) & two electrons (i=1, 2);

ro & ry; r-interatomic distance

E=E_+E +U
Ur)=E(@)—E,—E,

ff Y HY dry ... dry,dry,

FT T vbdn, dnadr,
g e E )
@)
sy - W OLEVEY |

W) 1Y)

d’r;  dU(ry)

m;
L dt2 dr;



Adiabatic approximation (Born-Zommerfeldt’s) in quantum mechanics:
y(r.R) = y.(r.R) ¥,(R)

Hy(r,R) = Ey(r,R)

H.y(r,R) = E,(R)y.(r,R)

2

m; ~—R; = — V;ER)

Ldez

E(R) = E.(R) + E.(R)

bonded non —bonded

\é -

Fig. 49. Molecules are described as a set of spheres & springs, which imitate the interaction force field provided by
guantum chemistry laws.



4.2. Tersoff potential for MD simulation of systems that contain carbon, silica, germanium, etc. alloys
(MD/gMD, Ab initio quantum chemistry)

Carbon Nanotubes (CNTs) >
Chemical bonding is hybridization sp? (as graphite) >

It’s stronger than sp® bond (of diamond)

The nature of chemical bonding in CNTs is described by quantum chemistry -

Through the process of orbital hybridization

Tersoff potential in hybrid MD simulations correctly describes the nature of covalent bonding >

It’s good for simulating systems that contain carbon, silica, germanium and alloys of these elements

The peculiarities of Tersoff potential >
Allows the breaking & formation of chemical bonds >

That is associated with hybridization process

Tersoff potential is pair wise potential >
But coefficient in attractive term depends on local environment ->

Thus Tersoff potential possesses a many body nature

U; =fc (?"J)[fn (?"J) - ]’:‘ij(?”:';)]

fz ('"J) = A, exp (_ﬂ:'j"":'j:', fq(?":'j) = B, jexp (_b:';"r:'j:',

1 1
fC(T:'_;') = 5 + ECGS[”('VE; - R:‘j)f('r:'j - R:’j)] R:‘; <1y < 5}.}.



(fc("":‘;) =1, wn 1;; <Ry m fc("":‘;): 0, w155 > 5;5),

By 1B —1/28: .
Viy = MU+ B LM% Ly = B fe T )0 9 (@1 500),

(@i) =1+ ‘i ‘L
SO =R (b — cos @)

a; = (a;+a)/2, by = (b +b)/2
Ay = (AA)2 By = (BB Ry = (RR)Y
Po=1 Hy=Hyu
wy =1 w;=aw,

We used Tersoff potential to simulate CNT in solution from CS, molecules (see, Tab. 18 & Fig. 50(a-¢)):

A=1393,6,a =3,4879, B =346,74, b=2,2119 R=1,8 5= 12,1,

B=15724x10"7, 9 =0,72751, ¢ = 38049, d = 4,3484, h = 0,57058.

Table 18. Parameters of Tersoff potential for the CNT—CS, model.

Atomic Functional Para- g, c,
pair Form meters eV A

S R

r

6

&0 0.0044 3.35

C-S €0 0.0082 3.44

S-S £ 0 0.0153 3.52
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Fig. 50(a-c). CNT (carbon nanotube) and a solution from molecules CS,.

©

(d)

e). Configuration of the solvent CS, molecules around the CNT.

Fig. 50(d
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Fig. 50(f-h). Self-assembly of the liquid (left) and RDF (right) for the atomic pair C—C; in the system of CNT—CS,)

depending on the temperature.



4.3. Gupta-Morse potential for the MD simulation of metals & metallic alloys
(MD/gMD, Ab initio quantum chemistry, DFT)

Gupta-Morse — Density functional theory (DFT) — Anharmonic potential (1929):
1 d*y(r)

—o— Urp(r) = EY(r)

U(r) = Eg[{1 - exp(—k(r —rg))}* - 1]

(CuszAu), (AusCu), etc.

Ui(r) = 5 3 Aexp (—p—r”_r”) — B\/pi
iFi "
Tag—T0
pi = ) exp (—21'-1;'; o )

JFi

Ref:
By Irina Bek-Muhammedova and Kiril lonov (5" year students of 2009-2010)

(CuszAu), (CuAus), (AgsAu), (AgAgs), (AlsNi), (NisAl), etc.

The goals of the MD simulations using Gupta-Morse potential:
@ Comparison of simulation data and phase diagrams on melting temperature,

@ Estimation of melting process and alloys modification.



RESULTS: (eng_tot, temp_tot, press) = (CusAu) - (temp 300K, 1000K, 2000K, etc.)

@) (b)
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Fig. 51(a,b). Thermodynamical quantities (eng_tot, temp_tot, press) for the alloy CuzAu at (a)300K u (b)2000K.

Radial distribution functions for CuzAu (Cu-Au)
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Fig. 52. RDF for atomic pair (Cu-Au) in the system of CusAu depending on the temperature.
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Fig. 53. RDF for atomic pair (Cu-Cu) in the system of CusAu depending on the temperature.




APPENDIX I.
UNIX commands (OS Linux)

Kak ObLIO OTMEUEHO BEIIIE B OpeaAbIAYIIUX TIJlaBaXx, MHOI'MC H3BCCTHBIC U yrIOTpCGI/ITCJ'IBHBIG

KOMIIBIOTEPHBIC KOJbI MHOTOLICICBOr0 HasHadyeHus il MJl-MonmenupoBanus, Takue kak, DL_POLY,
AMBER, CHARMM, NAMD wu t.1., amantupoBanbl, B ocHOoBHOM, mox OS Linux (omepaTwBHOW cpemoit
UNIX). TlosTromy 0e3 3HaHHS OCHOBHBIX KoMaua OS LinUX HEBO3MOKHO YCIEIIHO MPOBOAMTE MJI—
mozpenupoBanue [31-38]. Huwxke B Tabnuuax l(a,0) marorcsi cBeneHUs O HEKOTOPHIX OCHOBHBIX, HamOolee
9acTo BCTpEYaroMxcst KoManaax u onmusx OS Linux, a Takke KpaTKHE OMMCAHHUS €ro IBYX pPeaakTopos, Vi
u Emacs. Bonee noapobHoe u3noxkeHne KOMaHa U penakTopoB LiNUX 3aHMMaeT 00beMbI IENbIX KHUT, OHH
IIMPOKO JOCTYITHBI — B JINTEPATYPE WU YePe3 NHTEPHET.

Taoaumna la. OcHoBHBIC KOMaH/IbI U omimu onepatuBHoi cucteMbl UNIX (OS Linux).

Komanasr UNIX (OS Linux)

fip cat Vi file
telnet diff e
ssh diff3 i
chmod O
cp
cancel At dw

lpstat s dd
cal

clear

Kill

su

man pwd
In

mv
rm ZZ

rmdir: 2.8

KOMaH/Ibl, OTHOCSIIIMECS] K KOMMYHHUKALUsIM, pabote ¢ (paitnamu u penakropom Vi

ftp — cBs3aThCS ¢ yIaJCHHBIM KOMITBIOTEPOM IS KOMMPOBaHUs (HailyioB ¢/HA yOaJCHHYIO MAIIUHY;
ftp <IP_anpec ynaneHHO# MaIinHBL>.

telnet — csi3aThest ¢ pyroil MaIIMHOMN JUTsl OTKPBITHS ceanca pabotsl; telnet <IP_anpec>.

ssh — BoiiTi B ceaHc Ha ynaneHHoW Mariune; SSh <umsa@IP_anpec ynaneHHOW MauidHbL>.

SCP — cKomupyer (aili ¢ JIOKAIBHOTO KOMIIBIOTEpa Ha yaJIeHHOM KOMITbIOTEPE.

kill <PID> — "y6uts" mpouecc. s Hauana onpenenute PID Bamrero "y6uBaemoro" mporiecca mpu
HOMOILH ps axu | grep <noavzosamensb> -OTOOPAKAIOTCS BCE MPOLIECCHI, 3aMYLICHHBIC B CUCTEME OT
MOJTB30BATEIISL.

cat — BBIBOJ cofepkuMOro (aiiia Ha 3KpaH; cat <ums_aiina>.

diff — pasmuuns cogepxanus aByx ¢aitnos; diff <ums_daitnal> <ums_daitna2>.

chmod — u3menuTs mpaBa focTymna K (ailiy, BiaaeiablieM KoToporo Bar siBisierecs. Tpu crocoba
nocryna K ¢aitny: urenne - read (r), samuch - write (W), ucnonHenue - execute (X) u Tpu THIa



mosb3oBaTeneit: owner (U) Biazenerr daiina, (§) 4ieHsl TOH jxe Tpymmbl U (0) Bce ocTambHbIe. chmod

a+r file qna Beex (all) ycranasnuBaer npasa goctymna Ha yrenue "file".
Cp — komupoBath aitnsl; Cp < file> <kynma xonupoBaTh> (<HIIH C IPYrHM UMEHEM >).

mkdir — co3maTh HOBBIIT KaTajuor (SHOBYIO AUPEKTOPUIO™).

IS — BBLAATH CIIMCOK (haiiJIOB B TEKYIIIEM KaTaJore.
MV — mepeMecTHTh WM NePEeMMEHOBATh (aiii;, MV <ctapblil pailir™> <HOBBIN (aniir>.
rm — ynanuth Gaiin(sl). yoaauTh MyCTOH KaTaor.
rmdir — yaamuth kaTaaor (<IupeKTOpUio=>).

pwd — BBIBECTH UMsI TEKYLIEro Kataiora (<AupeKTOpum=>).S

In — co3aaTh CUMBOIMUYECKYIO CChUIKY; IN —S <Ha 4YTO cenaTh CCBUIKY™> <HUMs_CCBUIKKA>.

vi file — otkpoITh penakTupoBanue Vi ¢aiina file

a — 100aBUTh CUMBOJ, TEKCT, B MO3UIIUH KypCopa.

i — BBOJI CHMBOJIA, TEKCTa; HaYaTh PSIAKTHPOBAHHUE .
0 — BBOJI HOBOIi CTPOKH I10]] KJIAaBUATYPOH.

CW — U3MEHHTH CI0BO, change word.
dw — ymanuTts cioso, delete word.

dd — ymanuth CTpOKYy.

ZZ — meixon u3 pepakropa Vi daiina ¢ coxpaHeHHEM BCEX BHECEHHBIX M3MEHEHUH.

X — TO ke camoe uTo u ZZ.
:w file — Berxox u3 pemakropa Vi ¢ coxpanenrnem HoBoro umenn file.

‘Wq — BeIXo# u3 pemaxropa Vi ¢ coxpanenuem craporo umennu file; write and quit

Tabauna 16. (4.2) OcHOBHBIE KOMaH/BI U onuuu onepatuBHo# cuctembr UNIX (OS Linux).

(4.2) Komanasl UNIX (OS Linux)

mailx
write
rlogim
unarne
ps -a
help
shutdown
whoar
chown
date
umask
man

grep
more

Lar
COMIPress
UNCOMIPress
Sunzip
zcat
make
strings
find

echo

emacs file
C-x C-s
C-x C-c
C-xu
C-d
M-d

C-x C-w
C-x1
C-x2
C-x5
C-xo
C-x0

B KoMaH/pl, OTHOCAIIMECS K KOMMYyHHKAIHUIM, padote ¢ daitmamu u pegakropom Emacs




mailx — mpoYnTaTh WM OTOCIATH MUCHMO K JIPYTHM TTOJIB30BATENSAM USENS.

write — uHTepakTHBHAs Oecena ¢ MOJIb30BaTeNeM USEr; Write message.

rlogin — coenvHeHKE JTOKAILHOTO TEPMUHAJIA C OTJaJICHHBIM remote host.

uname — BBIBECTH HH(POPMAIIUIO O BEPCHH ONEPALIMOHHON CHCTEMBI.

PS —a — BBIBECTH CIIMCOK TEKYIMX IPOIleccoB B Bamem ceance paGoThI.

help nnu man — BeIBeCTH MHCTPYKIIUIO; IOYUTATh JIFOOOE PYKOBOACTBO 1Mo Linux.
shutdown — BBIKJIFOYMTH KOMITBIOTEP C YHUUYTO)KCHHEM BCEX MPOIECCOB.

whoami — BbIBeCTH UMsI 110]] KOTOPBIM BbI 3aperucTpupoBaHsl.

chown — u3meHuTH Briaesbla Qaiios.

umask — ycTaHoBUTb mpaBa AocTyna (ailjioB Mo yMoI4aHuIo, — MPOTUBOIONIOKHOE chmod.

grep —nouck ¢parmenTa Tekcra B aiiiiax, y1oBIETBOPSIONIEro HaOpaHHOMH MacKe.
MOre — MPOCMOTP COAEPKUMOro TEKCTOBOrO (haiina o crpanuaM; more <umst_daitna>.
tar — pacnakoBaTh apxuB tgz uim tar.gz; tar -zxvf <dair>.

gunzip — pacnakoBath Qaiiisl (qupekropun); gunzip — file.tar.gz | tar -xvf.
zcat — pacnakoBath .Z-(haimbl.

make — mnporpaMMa reHeprupoBaHuA MOCICA0BATECIBHOCTU KOMAaHA Il KOMIIUIIAIUU U nanLHef/'Imero

ucnonuenns mox odbomouxorn UNIX.

find — naiiti Qaiin u 0TOOpa3uTh pe3yNbTaT MOoMCKa Ha dKkpane; find <karamor> -name ums_(aiina —
MTOMCK HAaYMHAETCS C KaTajiora <kaTajor>, a "mMms_daiina" MOXeT coepkKaTh MacKy JJIsl TIOMCKa.

emacs file — orkpeITs pemakTrpoBanue Emacs daiina file.
C-x C-s — coxpanuts 6ydep (daiin).

C-x C-c — BbIXon u3 pemakropa Emacs.

C-X U — OTMEHUTb MOCIEIHEE U3MEHEHHE.

C-d - ymanuts OyKBYy.

M-d — ymanuts ciioBo.

C-x C-w — 3anmcath Oydep (haiin).

C-X 1 — BCTaBUTH (il B MO3UIUK Kypcopa.
C-X 2 — pa3aenuTh OKHO FOPH30HTAIBHO HA JBa.
C-x 5 — pa3aenuTh OKHO BEPTUKAIBHO HA JIBa.
C-X 0 — mepeMecTUThCs K IPYrHM OKHAM.

C-x 0 — 3aKpBITH OKHO.




APPENDIX II.
Compiling and running programs under UNIX environment (OS Linux)

ITox oneparmonnoit cucremoit UNIX (OS Linux) Ha ceromHsIIHNN I1eHh B OCHOBHOM TIPOBOAUTCS BCS
pealibHas BBIYMCIUTENIbHAs pabdora B obOmactu MJ[—MonmenupoBanus — B (U3MKe, OMOXMMHUHU WM HAHO-
TEXHOJOTMYESCKUX HCCIeAOBaHMAX. LINUX Ha CErOAHSMIHMKA [eHb aJeKBaTeH BCE BO3PACTAIONINM
MOTPEOHOCTSM MOJICKYJIIPHOIO MOJICIMPOBAHMS M B 3TOH OINEPaIMOHHON cpeie pa3paboTaHO OYEHb MHOTO
MPOrPAMMHBIX ~ YTUJMTOB, SI3bIKOB, KOMIIMJISTOPOB Y T.OI., HEOOXOAMMBIX JUIS  peali3alluu
KpynHoMacmtabHeix M/JI-Bbruncnenuii. IlepedncnuM HEKOTOpbIe W3 BCTPOCHHBIX B LINUX yTHUIMTOB,
KOMITHJIATOPOB H T.II., ¢ TIoMolbio Taomuies! lla:

Taoauna |la. Hekotopsie ocHoBHbIE yTrmuThl OS Linux.

Y TunuThl HasnaueHue yTminToB

g77 --GNU FORTRAN xoMmuisTop.

f2c --niepexoauposinuk u3 FORTRAN B C.

fort77 --komnusitop FORTRAN. Bemmosasier 2¢, a 3atem ucnosb3yer gce mim g++.

emacs --peakTop emacs (B X TepMUHAJIE); CM. BBIIIE; -04€Hh MHOTOQYHKIIMOHAJIEH, HO BeChMa
CJIOJKEH JJIsl HEOBITHBIX T0JIh30BATENEH.

gcc --GNU C kommuisitop <C_HCXOIHUK>. B ceTH ecTb O4eHb XOpOIINe PyKOBOJICTBA IO
HCIIOJIb30BAHUIO.

g++ --GNU C++ <cpp_HCXOTHUK> KOMIIHISTOP.

perl --04Y€Hb MOITHBIA CKPUNTOBBINA SI3bIK. Upe3BbI9aiiHO THOKHM, HO C TOBOJBHO CIIOKHBIM

cuHTakcrcoM. OUueHb MOMyISIPeH CPear MPOABUHYTHIX ITOIb30BaTENEH.
--COBPEMEHHBIN U TIOBOJILHO JICTAHTHBIA 00HEKTHO-OPUEHTUPOBAHHBIN HHTEPIIPETATOP.

python BBITTISANT TaKKM 5K€ MOIIHBIM, [TPU 3TOM HEMHOT'O Ipoiie, 4em perl.

--TIONCK (pparMeHTa TEKCTa B (paifylax, yIOBIETBOPSAIONICr0 HaOpaHHOW Macke. Macka
grep OIIpeNeNnsieTcs ¢ TOMOIIBIO CTAHIAPTHON CHCTEMBI 0003HAYCHHI.

--translation utility (mpyrumu cioBamu - 3aMeHa OYKB B TEKCTOBOM (aiie).
tr --GNU awk (ucmonb3yercs st 00paboTku (opMaTHPOBAHHBIX TEKCTOBBIX (aiisioB).
gawk --yTHJINT U1 00paOOTKH TEKCTOBBIX (haiiiioB.
(awk)
sed

Ecnu wabpana nebonpimas nporpamma Ha FORTRANe, ckaxem “lj-dynamics.f’, to ucnonusembrit
MO/IYJTb KOMITUITMPYETCSI B [[BA JTAlla:

(1) g77 -c lj-dynamics.f

(2) g77 -0 lj-dynamics.o lj-dynamics.exe
(“.exe” ot caoBo executable, ucronHseMsbIif).

Ternepb ciienyromieil KOMaHI0W UCTIOMHsIEMbIi (aiin “lj-dynamics.exe” 3amyckaercst Ha CUeT:
Jlj-dynamics.exe

Ecnmu nporpamma, KOMOBIOTEPHBI Koa, sBisiercss OoJiblIoW, dYTO XapakTepHo it MJI-
MOJETIMPOBAHUS, — W3 JAECATOK MM COTEH MOANpPOrpaMM, TO JJsl CO3JaHMSA 3arpy304HOTO MOy
ucnonb3ytor make. Yruimt make na FORTRANe npezncraBnsier co0oi 1emyt0 MporpaMMmy I'eHepHUpOBaHHS
MOCIIEIOBATEIBHOCTEH KOMaHA, — OT BbIOOpa Bepcuu LINUX M3 MHOXKECTB (€CIM OHHU IPOIUCAHBI),
KOMIIIIALNY, IO CO3/IaHus (pUHAIBHOTO ““.exe”-daitna. Hmwxke na Tabnuue 116 npuBenen nmpumep ofHOTO U3

takux Make yruiautoB Ha FORTRANe, mpeanazHayeHHbIA Ui KOMIWJISIIUM M CO3aHUS UCIIOJHSEMOTO
¢aitna “DL_POLY.exe”.



Taonuua 116. Yrunut make st komnusisiuy MHOroueneBoro koaa MJ[—monenuposanus DL_POLY.

Vrumur make na FORTRANe s komnuisaiuu U co3manus ucnoiaasemoro DL POLY.exe

CC = gcc
EX = DLPOLY.X
SHELL=/bin/sh

# Define object files

OBJ MOD = parse module.o setup module.o error module.o \
site module.o config module.o pair module.o utility module.o \
tether module.o vdw module.o rigid body module.o \
angles module.o bonds module.o shake module.o \

OBJ SRC = dlpoly.o
f================== GNU Fortran, MPI version ==========================
gfortran:

$ (MAKE) FC="mpif90" LD="mpif90 -o" \

LDFLAGS="-02 -ffast-math" \

FFLAGS="-c -02 -ffast-math" \

EXE=$ (EX)
S
# Clean up the source directory
clean:

rm -f $(OBJ MOD) $(OBJ SRC) *.mod
S S
# Declare dependencies
.f.o:

$(FC) S$(FFLAGS) s$*.f

c.o:

$(CC) -c $*.c

Sy

# Declare dependency on module files
$(OBJ SRC) : $(OBJ MOD)




APPENDIX IIlI.
Codes and packages of the MD simulation

Hepe‘[I/ICJ'II/IM HEKOTOPLIC y1'IOTp66I/ITCJ'II)HBIC KOAbl MHOI'OLCJIICBBIX MpOorpamMm MII-MOI[GHHpOBaHI/Iﬂ,
KOTOPBIC BKIIIOYAIOT B cebs Kak KIIaCCUYCCKHUEC, TaK U KBAHTOBO-XUMHWYCCKUEC MCTOAbI U aJITOPUTMBI.

(1) AMBER (ambermd.org)

[Mporpammubiii kommuieke Amber (Assisted Model Building with Energy Refinement) cocrout u3 natopa
CHJIOBBIX TOJIEH IS MOZICIIMPOBAHUS MaKPOMOJIEKYIAPHBIX CTPYKTYp (OC€NKH, HYKJIEHHOBBIE KUCIOTHI U PSiA
JPYTUX KJIACCOB MOJIEKYJ) M MakeTa MporpaMM KBaHTOBOM M MOJEKYJISpHOW MexaHuKU. [lakeT HaxomuTcs B
OTKPBITOM JIOCTYIIE.

(2) CHARMM (www.charmm.org)

[Maker mporpamm CHARMM (Chemistry at HARvard Macromolecular mechanics) mis MosekynsipHOro
MOJIEITUPOBAHUS IIHPOKOr0 KPyra CHCTEM - OT HEOONBIIMX MOJEKYI J0 OMOIOrHYeCKHX MaKpOMOJCKYJ, C
NPUMEHEHHEM Pa3lIMYHBIX JHEPreTHUCCKUX (DYHKIIMH W MOJENell — OT KBAHTOBBIX MOJICIEH W CHIIOBBIX
HoJIel B MOJIEKYJISIPHOM MEXaHHKE 0 TIOTHOATOMHBIX KJIACCHUECKHMX MTOTEHIIUAIIOB.

(3) DL_POLY (www.cse.scitech.ac.uk/ccg/software/DL_POLY/)

IMaker jans MoOmeNMpPOBaHUS MONEKYISIPHOH JUHAMHKH CIIOXKHBIX CHCTEM C TIPOBEJCHHUEM Kak
MOCIE0BaTENbHBIX, TaK U TapaluleNbHbIXx pacueroB. Jdoctymubel Bepcuu: DL _POLY_2, DL_POLY 3 u
DL_POLY 4. Bo3MoxHBI NapaielbHbIe pacdyeTbl ¢ YUCIOM aToMOB Jio 1 MIIH ¢ mcronb3oBaHueM 1024
MPOIIECCOPOB. ANaNTHPOBaH Iox rpaduueckre urpossie mpomeccopsl, GPU (Graphical Processing Units), ¢
ucnons3oBanueM s3pika CUDA. Hmeercs B CBOOOAHOM  JOCTYIE JUIS HCCIICAOBATEIbCKUX M
00pa3oBaTEIbHBIX IIENICH.

(4) GROMACS (www.gromacs.org)

[Maker mporpamm Jyisi OBICTPOTO MOJEIUPOBAHUS TUHAMUKN KPYITHBIX MOJICKYISPHBIX CUCTEM (OT THICSY JI0
MUJUTMOHOB dYacTuil). [lpenmHasHawyaercss TIaBHBIM 00pa3oM Uil MOIENHPOBAaHHUS OHOMOJNEKyN (Oenkd u
JIMITU/IBI), UMEIONIMX MHOTO CBS3aHHBIX B3aMMOJCHCTBHI MeXIy aromamu. Paboraer B cpeme Linux u
pacnpocTpassieTcss CBOOOHO.

(5) LAMMPS (lammps.sandia.gov)

Hexommepuecknii maker LAMMPS (Large scale Atomic/Molecular Massively Parallel Simulator)
HCIIOJIb3YET METO/Ibl KIIACCUYECKON MONEKYISPHON TUHAMUKH ISl MOACTUPOBAHUS U PACUETOB MOIHMEPOB,
OMOMOJIEKYJ, TBEPIBIX BEIIECTB (METAJUIOB, MOIYMPOBOAHUKOB M T. 1), a TaKKe KPYITHO3EPHHUCTHIX
ME3O0CKONMNYCCKHUX CUCTEM B aTOMHOM, ME3OCKOITMYECCKOM U KOHTUHYaJIbHOM Maciradax.

(6) MOE (www.chemcomp.com)

MOE (Molecular Operating Environment) — koMIuleKC mporpamMMm JJisi MOJIEIHPOBAHUS MOJIEKYJ, B
YACTHOCTH OOJBIIMX OMOMOJIEKYI. MeTo/bl MOJNIEKYISIPHON MEXaHWKH M JUHAMHKA pa3paboTaHbl B HEM Ha
OCHOBE Pa3IMYHBIX CHIIOBBIX TTOJICH.

(7) NAMD (www.ks.uiuc.edu/Research/namd/)

OOBEKTHO OpPUEHTHUPOBAHHAS MpOrpamMma Jjisl PacueToB B O0JACTH HMHTEPAKTHBHOM MOJEKYJSPHOU
AWHAMUKH, B YaCTHOCTU I MOACIIMPOBAHUA OOJIBIINX 6HOMOJ’I6KyJ'IHpHLIX CHCTEM, Tp66y}OH_II/IX
SHAYUTCIIBHBIX PECYPCOB. HpOF paMMHBIfI KO CB060)1H0 pacnnpoCTpaHACTCA AJId pa3JIMYHbIX IMapalJICIbHBIX
BBIYHMCIINTCIIBHBIX HJ'IaT(l)OpM.

(8) HyperChem (www.hyper.com)

Iporpammubiii  komruiekc HyperChem (mocnemusisi Bepcust 8.0) BKJIFOUAET MPOrPaMMbl, PEATH3YIOIIUE
KBAHTOBO-XMMHUYCCKHUEC MCTOAbI PACUCTa «H3 MNCPBLIX MPUHIHUIIOB» U MOJYSMIIMPUYCCKUEC MCTOABI, 4 TAKXKE
MCTOJAbI MOJCIIUPOBAHHUA B MOJ'ICKyJ'IﬂpHOfI MCXaHHUKE H MOHCKynSIpHOfI JUHAMHUKE. CunoBele 110J14,



ucnonb3yemsie B HyperChem, — MM+ (wa 6aze MM2), Amber, OPLS u BIO+ (na 6aze CHARMM).
PeanusoBanbl monysamnupudeckue Meronsl: pacmmpenHbiii mMeron Xrookkens, CNDO, INDO, MINDO/3,
MNDO, AM1, PM3, ZINDO/1, ZINDO/S. Bo3moxuocts pacueroB Meromamu CCIT MO JIKAO u mo
Teopur Bo3myiueHuii Memnnepa—Ilnecce Broporo nopsaka. Pacnpocrpansiercss Ha KOMMEPYECKOi OCHOBE.

(9) GAMESS (www.msg.ameslab.gov/IGAMESS/)

GAMESS (General Atomic and Molecular Electronic Structure System) — HekoMMepuyecKuil KBaHTOBO-
XAUMUAYECKUI TaKeT, MO3BOJSIOMIMN MPOBOAUTH pacdeT MOJEKYISAPHBIX BOJHOBBIX (YHKIMHA METOAO0M
camocoriacoBanHoro noyis B npuonmxennn RHF, UHF, ROHF, GVB u MCSCF. OcHOBHBIC BO3MOXXHOCTH
MakKeTa: y4eT DHEPTUU 3JICKTPOHHOH KOPPENIALMM Ha OCHOBE TEOPUHU BO3MYIICHHM, KOH(UTYPAIIMOHHOTO
B33HMOI[GI>'ICTBPI$I, CBA3aHHBIX KJIIACTEPOB H q)YHKHI/IOHaJ'Ia INIOTHOCTH; aBTOMAaTHYCCKas OIITHMU3alluA
reoOMETprH, IMOUCK NECPEXOIHBIX COCTOSTHHM C HCIIOJIb30BAaHUEM aHAJIMTHYECKUX TpaaAuCHTOB, BBLIYHCIICHUC
MOJICKYJISIPHBIX CBOI71CTB, B YAaCTHOCTHU JUIIOJIBHOI'O MOMCEHTA, OSJICKTPOCTATUYCCKOro IIOTCHIMAJA,
3JIEKTPOHHOMN M CIIMHOBOMW TJIOTHOCTH.

(10) Gaussian (www.gaussian.com)

KomMepueckuii makeT MOIETHUPOBAHUSA DJIEKTPOHHBIX CTPYKTyp (mocmemusis Bepcus Gaussian 03)
WCIIONB3yeTCs UIsl WCCIIEIOBAaHWN B 00JMAcTM XUMHM W OMOXMMHH, (M3WKE W APYTrUX H3BECTHBIX H
Pa3BHBAIOIIMXCS O0JACTSX, CBA3AHHBIX C XUMHYECKMMHU Tiporieccamu. [laker Gaussian Ha OCHOBE METOJI0B
“U3 TMePBBIX MPHHIINIIOB” MO3BOJSET MPEICKA3bIBATh SHEPTUH, MOJIEKYIISIPHBIE CTPYKTYPHI U KOJIeOaTeNbHbIE
YacTOTHl MOJIEKYNSAPHBIX CHCTEM, HapsAy €O MHOTHMMH JAPYTUMH CcBoWcTBamMu Monekynl. Ilmpoxo
peann30BaHbl METOJBI yUeTa KOPPEMSIIMOHHOM JHEPTrHU: BO3MOXEH pacdeT SHEPTHH M ONTHUMH3AIMS C
AQHAIUTHYECKUMH  TpaJWeHTaMH s  METOJOB TEOPHH  BO3MYIIEHHH, CBS3aHHBIX  KJIACTEPOB,
KOH(UTYPAallHOHHOTO B3aUMOJICHCTBUSA, (YHKIHMOHANA IIJIOTHOCTH, MHOTOKOH()HTYPAaIlMOHHOTO METOo/a
CaMOCOTJIaCOBAaHHOTO TTOJISL.

(11) VASP (cms.mpi.univie.ac.at/vasp/)
C momompio makera VASP (Vienna Ab initio SimulationPackage) mpoBomsT KBaHTOBO-MEXaHHYECKHE

pacueThl ‘U3 TEPBHIX MPUHIMIOB” B OOJNACTH MOJCKYISPHOW JUHAMHKA C  HCIOJIh30BAHHEM
TICEBIONOTEHITNAIOB, METO/IAa pacdeTa JIIEKTPOHHOI 30HHOH cTpykTypsl PAW 1 6a3nca ImIocKuX BOJH.

(12) MOPAC (openmopac.net)

[Taker MOMYyIMIUPHUYECKUX TPOrPaMM INPHMEHSETCS TPH pacdeTe IEKTPOHHOW CTPYKTYPhI OCHOBHOTO H
BO30YXKJICHHBIX COCTOSTHHI aTOMOB, MOJIeKyJN ¥ TBepabiX Ten. B MOPAC peann3oBaHbl MONYIMITUPHUYECKUE
meronsl RM1, PM6, MNDO, AM1 u PMS3. Ilpu uccrnenoBaHnn 3MEKTPOHHON CTPYKTYPHI MaKpOMOIIEKYT
(6enxoB, JIHK, mommmepoB wm TBepAbIX TeN) MO3BOJSIET paccuuThiBaTh Oombmme (mo 15 000 aTtomoB)
ouomonekynsl (B Tom uucie ¢epmentsl, JHK m T. 1) Ha ocCHOBE WCHONBH30BAHUS JIOKATH30BAHHBIX
MOJIEKYJISIPHBIX OpOUTAIeH.



APPENDIX IV.
Clathrate hydrates and Sis-clathrates:
the problems of future energetics and MD simulation aspects

B cepun M/I-BhIYMCIIEHU, BBITOJHEHHBIX B COaBTOPCTBE CO CTYAEHTaMH 5-TO Kypca Kadeapsl
XMMUH, TEOXUMUU W KocMoxumuu YHuBepcurera “Jyona” (Beimyck 2009-2010 rr.) KpyrioBoit A.A. u
Conoguenko E.A., wccrnemoBanuch BOMpOCH (HOPMHUPOBaHUSI KIATPaTOB-THIPATOB OJIarOpOAHBIX Ta30B.
Meronom MonekyisipHoi auHamuku (M]I) ObuIM CMOAEIHMPOBAaHBI CUCTEMBI KIATPATOB KCEHOHA M METaHA
I0J1 BBICOKMMH JaBieHussMu. Hanpumep, kinaTpaTsl kceHoHa u3ydaiuch npu P=1.0 I'Tla, merana npu P=0.7
I'Tla B ycnoBusix komHaTHOM TemnepaTypsl T=300K. OTMeTHM OCHOBHBIE MOTHBALMY JUIA IPOBEACHUS TAaKUX
M/I-MonenupoBaHMii, KOTOPHIE HEMOCPEACTBEHHO BBITEKAIOT M3 HCCIEAOBAaHUSA MpPOOJIEM JHEPTreTUKU
Oyaymiero. B ycrnoBusiX HCTOIIEHUS MPUPOIHBIX SHepropecypcoB (HedTH u rasza), a Takxke rI00ATBHOIO
MOTEIJIEHNUs, MHOTHE CTpaHbl NMPHCMATPUBAIOTCA K HOBOMY BHJy HMCKONAEMOro TOMJWBa. Peub uuer o
KJaTpaTe OJaropoaHbIX ra3oB (MeTaHa, KCeHoHa, U ap.). Kimarpater merana (CH;) — aTo Monekyisl MeraHa,
3aTOYEHHBIC BHYTPH JICASHBIX KpUCTA/LUIOB (cM. Puc. 1Va). Kiarpatel Mmetana o0pa3yroTcst ipu TemIieparype,
ONMM3KON K HYJIIO TPaycoB, U JaBJIeHHH oKoio 50 atMocdep - Kak MpaBuiio, B TOJIIE BEYHOH MEP3NOTHI MU
10T OKEaHCKHUM JHOM Ha KOHTHHEHTAJIBHOM Inenbde, HO MHOTIa ¥ IPSMO Ha JTHE MODSL.

Puc. IVa. Ctpykrypa kiaTpaTa MeTaHa, 00pa3yromLero mpu BEICOKUX AaBieHuax (~[60-80] I'Tla).

IIpu cropanuu MeraHa BBILAENSAETCS BABOE MEHbBILE YIIEKUCIOrO ra3a, 4YeM IIPU CTOPAHUH YIJIS, YTO
BECbMa LIEHHO AJIs1 pefoTBpalleHns rodanpHoro noremnieHus. Ho cymectByer 6eciokoicTBO, 4TO 100BIYa
KJIaTPaTOB YpeBaTa HEIPEACKa3yeMbIMH U TMOEIBHBIMU mocieacTBUAMU. KiaTpatsl (Tuapatsl ra30B) MOTYT
00pa3oBaThCs TOrAa, KOrAa BOJA NPUHUMAET KPUCTAUIMYECKOE CTPOCHHUE, OTIMYHOE OT KPUCTAJUIMYECKOTO
CTPOEHMS JbJla — aTOMbl BOAOPOJA M KHUCIOPOAa OOpPa3ylOT «KIIETKH», KOTOpbIE MOTYT 3axBaTbIBAaThb
MOJIEKYJIbl TOCTeH, Hampumep, MeTaHa. Ha ocHOBE KOMIIBIOTEPHOTO MOIENHMPOBAHHMS MOXHO NpeNcKa3aTh
0COOCHHOCTH HYKJICALlMM M POCTa TMAPATOB METaHa B IEPBbIE MUKPOCEKYHIbI 00pa3oBaHus. Pe3ynbTathl
MOKa3bIBAIOT BEChbMa HWHTEPECHOE IIOBEACHHE METaHa, MpOsBISIONIeecs Hpu 00pa3oBaHUM IEPBBIX
3apopplieil kiaarparoB. CamMoopraHuzanys MOJIEKYJ BOAbI MPHUBOAUT K TOMY, YTO MATh MOJIEKYT BOJBI
00pa3yloT yCTOWYMBBI LMK, METAaH CBS3BIBACTCS C MOJIEKYJaMH BOABI, PAcIOIOKEHHBIMH B
MIPOTHUBOIIONIOKHBIX KOHLIAX IMKJIA. 3aTeéM CHCTEMa OpraHu3yercs ¢ oOpa3oBaHHMEM KIETOK HeOOJBIIOro
pasmepa, Kaxkaas U3 KOTOPBIX COCTOHUT U3 12 MATHYTONBHUKOB U COAEPKUT MOJIEKYJy METaHa B LIEHTpe. DTH
MEPBUYHBIE KIETKH, B CBOIO 0Yepeib, 00pPa3yoT KPUCTALIbI KJIATPaToB.

Hexkotopslie axcriepuMeHTanbHbIe pe3ynbTaThl (cM. Takxke Puc.IV6 das3oBoit muarpammsl o0beMa OT
JaBJICHUs JUIs KilaTpaTta KceHoHa (Xe)):

B [IponenaHHble SKCIEPUMEHTHI HaJl THAPATOM KCEHOHA MOKa3aJiv, YTO OH cTaOuiIeH npH JaBieHu 1.8
I'Tla (E. D. Sloan, Jr., Clathrate Hydrates of Natural Gases, 1998);

B B ciydae ¢ ruapaToM KCEHOHa ObUIM 3amoiiHeHbl suekiku 46 momekymamu H,O m 8 rocreBpiMu
MOJIEKYJIaMHU.

B [Ipu xoMHaTHOH TemmepaTrype Bo3pacTajla HadalbHas Kpuctammusamus cmecu Xe + H,O mon
BbICOKUM naBieHueM 0.7-0.8 I'Tla.
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Puc. 1V6. ®a3oBas JuarpamMMa 3aBUCUMOCTH CPEIHETO MOJICKYIISAPHOTO o0beMa OT JAaBJIEHUS ISt KjIaTpaTa KCCHOHA.

Pesynbratel M/I-MOzenMpoBaHUs YETKO MPEACKa3bIBAIOT TUHAMUKY (DOPMHPOBAHUS KIATPATOB O]
BBICOKMMH JgaBieHusiMa. Ha Puc.IV(B-r) mnpencraBieHbl HadanbHash W KOHEYHAas KOHQUTyparuu
MOJICKYJISIPHOM CHICTEMBI KlaTpaTa KCeHOH + Boja. KoHeuHas koHdurypamms (T) MOKa3sBaeT 00pa3oBaHUE
«TOCTEBBIX» aTOMOB B MIPUCYTCTBUH «X03MHAa» BOABI O BEICOKMM naBienneM (1 I'Tla).

Puc. I\VV(B-r). HavansHas (B) u KOHeYHast (r) KOHHTYpaIK MONEKYJISIPHOM cucTeMbl kiaTpara Xe + H,0.

B mocnennme TOABI OCOOBIN HCCIEMOBATENHCKANM HWHTEPEC CBS3aH C BOIpocaMu (HOPMHUPOBAHUS
KJIaTpaToB Ha OCHOBE Size (Puc.1V(a-¢)).

() (e)

Puc. 1V(n-e). Kpucrammieckas siueiika tuma anmas (diamond structure) mist Sigs ((x): Bux cOoky, (e): BUI cBEPXY).

CTpyKTypHBIE 0COOCHHOCTH Sl46-KJIATPATOB SIBJISFOTCS TAKOBBIMHU, YTO OHU TAK)KE MOTYT B YCIOBHSX
BBICOKOT'O JIABJICHUS “‘TIOMECTUTh BHYTPH ce0s” HEKOTOpbIe BHIBI TOCTEBBIX aTOMOB WIJIHM MOJIEKYJ,
HarnopoOue yKa3aHHBIX BBHIINIE KJIATPaTOB T'HIPATOB — KJIAacTep M3 MOJEKYJ BOABI C MOJEKYJIOH “TocTs’



(Merana u T.m). s nposeneHuss MJI-MOJCTHUPOBAHUS Sigs-KIATPATOB HIDKE pa3pabOTaH KOMITBIOTEPHBIH
KOJI, TT0 KOTOPOMY MOXKHO T€HEPHPOBATH Pa3InUHbIC SUSHKU Sisg-KIaTpaToB. Pe3yabTaThl BBIYMCICHHUS IO
naHHoMy koay (cMm. Ta6.lVa) mponutiocTpupoBaHbl Ha MPUMEPE TeHEepPaIlu JIBYX-, TPEX-, YEThIPEX- U MATH
Sigg-nueex ¢ momoripio Puc. 1V(é-u), a camo onrcaHie KOMIBIOTEPHOro Koja 1ano Hmwke B Tab.l1Va.
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Puc. 1V(é-n). Sig-xmarpatsr 1i1s (€) a1Byx-, () Tpex-, (3) uerbipex-, (M) MATH-SUCEK.

Eciu mo crpykrype 1-oii siueiiku Sige-kiatpara (cM. Bbiie Puc.6(i-€)) He BIIOJHE OYEBHIHO
CYIIIECTBOBaHHUE MOJIOCTH (“KaBepHBI”’), TO C MOMOIIBI0 Prc.6(E-1) MBI 4eTKO MOXKeM BUAETh (pOopMUpOBaHIE
TaKUX TOJIOCTEH TP HAJIOKEHWH HECKONBbKUX sueek. Yucnmo monoctedd (“‘KaBepH™) pacTeT ¢ yBeNUYEHHEM
konuuectBa Sig. Hammume momocteit B CTpykType Sise-KiaTparoB OyaeT o03HadaTh BO3MOXKHOCTH
pa3MeIIeHns] TaM OIPOMHOrO KOJIMYECTBA IOCTEBBIX MOJEKYI. Sise-KIaTpaThl, TAKUM 00pa3oM, MOCTYMAOT
HarnopoOue KJIaTpaToB I'MAPATOB B KA4eCTBE “XpaHMIMIIA” IS TeX WM WHBIX MOJIEKYJ, MPEACTABIISIOMINX
9HEpPreTUYECKUl HHTEpEC.

Hanee, na Tabmune 1Va npencraBiena mojnporpamMma Ajsi TeHEpaIi CTPYKTYPBI Sige-KIaTpaToB B
dopmarax “pdb” u “dlpoly”. JIsa dbopmarta — dopmar koma DL_POLY (¢paitn CONFIG) u ¢opmar PDB
(“Protein Data Bank”—“bassl [lanusix benkos™) — 3To 1Ba crnocoda MpeNCTaBICHHUS BXOAHBIX M BBIXOIHBIX
JaHHBIX, HanboIee ynorpeOsieMbIX B coBpeMeHHOM M/I-MoienupoBaHuy.



Taoauna. |Va. Tenepanus ctpykTypbl Sise-KiaatparoB B popmartax “pdb” u “dlpoly”

c——-—- reHepalus CTPYKTYpBl Sisg-KinaTparoB B popmarax “pdb” u “dlpoly”
G G D - 1 L 73
c—==== subroutine for generation of Sid6-clathrate diamond structure
dimension x0(46),vy0(46),2z0(46) -—--Line 1
character*32 input, output -—--Line 2
character*8 atmnam,atmnl, Si -—--Line 3
character*4 ATOM -—-Line 4
ATOM="ATOM" -—-Line 5
atmnam="Si" ---Line ©
Cm————
input="'sid46 fractional.pdb' -—--Line 7
open (unit=9, file=input,status='old"') -—-Line 8
output="'CONFIG' ---Line 9
open (unit=11, file=output, form='formatted") -—-Line 10
Cm————
write (*,20) -—--Line 11
20 format (/2X, 'Number of cells ?2: ',5%) ---Line 12
read(*, ' (i6) ")ncell -—-Line 13
write(*,*) 'Lattice constant(A)?: ' -—-Line 14
read(*,*) aL -—--Line 15
c————-- ncell=1
c————-- alL=10.27
alLx=ncell*al ---Line 16
aly=ncell*al ---Line 17
alLz=ncell*al ---Line 18
write(11l,*) 'Sid6 Structure' -—-Line 19
write(11,'(2110)") 0, 3 -—-Line 20
write (11, "' (3f20.10)"') alLx,0d0,0dO ---Line 21
write (11, "'(3£20.10)"') 0d0,alLy,0dO -—-Line 22
write(11,'(3£20.10)"'") 0d0O,0d0,aLz -—-Line 23
Cm————
do i=1,46 -—-Line 24
ii=1i ---Line 25
read (9, ' (a4,1X,16,1X,a4,1X,a4,1X,18,3£8.3) '")ATOM, 1il1l, ---Line 26
X atmnam,atmnl,i2,x0(ii),y0(ii),z0(ii) -—-Line 27
enddo ---Line 28
Cm————
13k=0 ---Line 29
do n=1,46 -—--Line 30
x=x0 (n) *alL -—-Line 31
y=y0 (n) *aL -—-Line 32
z=z0 (n) *alL -—-Line 33
do i=1,ncell ---Line 34
do j=1,ncell ---Line 35
do k=1,ncell ---Line 36
xxx=x-0.5%aLx+0.5*aL ---Line 37
yyy=y-0.5%aLy+0.5*%aL ---Line 38
zzz=z-0.5%aLz+0.5*alL ---Line 39
c————- writing diamond Si46-structure in DL POLY-format “CONFIG”
ijk=1ijk+1 ---Line 40
write (11, ' (a8,110)"') atmnam,ijk -—-Line 41
write (11, ' (3g20.10)") xxXX,VVV,ZZZ ---Line 42
P
z=z+al ---Line 43
enddo ---Line 44
z=z0 (n) *aL -—-Line 45
y=y+al ---Line 46




enddo -—-Line 47
z=z0 (n) *aL -—-Line 48
y=y0 (n) *aL -—-Line 49
x=x+al -—-Line 50
enddo -—-Line 51
enddo -—-Line 52
Cm————
stop ---Line 53
end -—-Line 54

Line 1: BBOJ pa3MepHOCTH MacCHBOB ISl XpaHEHHS 3-MEPHBIX KOOPAUHAT Sige-KiIaTpata.

Line 2 — Line 6: onncanuns uMeH aToMoB Juist AByX-hopmatHoii 3amucu (“pdb” u “dlpoly”).

Line 7 — Line 10: orkpeitie aBYX (BaiaoB — IS YTEHHUS W 3aIMCH JaHHBIX. VICXOIHbIE KOOPIUHATHI STYEHKH
Sige-kimaTpata umrtarorcsi U3 0a3bl JaHHBIX B (opmare “pdb”, a BBIXOJHBIC NaHHBIC MPEICTABISIOTCS B
dopmare “dlpoly” (t.e. cosmaercs daitn “CONFIG” mo komy mHoromeneBoro nasHauenuss DL_POLY mis
M/I-MonenupoBaHus).

Line 11 — Line 15: 3ampoc koma Juis TeHepaIiy HY)KHOTO KOJIHYECTBA Sige-siueek. BBOI KOHCTaHTHI Sigs-
pemerku B anrcrtpemax (Lattice constant, L=70.27A). Jins renepanuu asyx Siss-sueex ncell=2, Tpex sueex
ncell=3 u t.1.

Line 16 — Line 18: BeruncieHue pa3mMepoB HCXOAHOH MONEKyIsIpHOI cuctemsl (L, Ly, L,).

Line 19: nazsanue (aiina “CONFIG”.

Line 20: gucmo “0” osmauaer, uro B (aiine “CONFIG” nMerorcs TOIBKO KOOPAMHATEI aTOMOB; YHCIIO“3”
O3Ha4yaeT TEeOMETPUIO0 CHCTEMBl — THII TEPUOJUUECKHX TPaHHYHBIX VYCIOBUH (B JaHHOM ciydae,
TTapasuIeIeIuIIeT).

Line 21 — Line 23: 3ammch pa3mMepoB MoleKyisipHol cucteMsl (L, Ly, Ly).

Line 24 — Line 28: nukn “d0” urenus xoopamuaT 46-tm aToMoB Sigs-KimaTpata B ¢opmare “pdb” (PDB
“Protein Data Bank” — “ba3zsr Jlanubix bemkos™).

Line 29: nayaso reHepaiiy KOHGUTYPAIHHA CHCTEMbI; PEIUTHKAIHS Sisg-T9CHKH 10 BCEM MPOCTPAHCTBEHHBIM
Hanpasierusm ncell-xommaectso pas.

Line 30 — Line 33: urenme mpoOHBIX ((PpakKIMOHHBIX) KOOPAMHAT Sizg-A4eliKH M HX IIEPEBOI B
MPOCTPAHCTBEHHBIE.

Line 34 — Line 36: permukaius Sigs-S9eiKy 110 BCEM IIPOCTPAHCTBEHHBIM HampasieHusM Ncell-xommuaectso
pas.

Line 37 — Line 39: mepeBox koopauHat ot mpexncrasienus [0, Lyy,] B [-Lyy/2, +Lxy /2], TO ecTh 3mech
ydTeHa 0COOCHHOCTD 3amucH KoopauHat atomoB B popmare DL_POLY (“CONFIG”).

Line 40 — Line 42: 3anuck koopauHat atoMoB B daiiie “CONFIG”.

Line 43 — Line 52: 3amonHeHne KOOpJMHAT aTOMOB B BBIOPAHHOH KOH(HUIYpAIlMH CHCTEMbI; PETUTHKALI ST
Sig-sTUCHKH 110 IPOCTPAHCTBEHHBIM HAIpaBIeHUAM (X, Y, Z).

Line 53 — Line 54: ocraHoBKa ¥ OKOHYaHHE PabOTHI MPOrPaMMBI.



MNPUJIOXXEHHUE V.
®opMbl KOHTPOJISI U IPUMEPHAas TEMAaTHKA HCCJIeJ0BATEIbCKUX IIPOEKTOB.

IIepedeHb NpUMEPHBIX KOHTPOJIBHBIX BOIIPOCOB:

OcCHOBHBIC YpaBHEHUS U TTOTEHIIUAIBI MeTona M/I.
Yo Takoe cmiioBoe noie B M/l mogenupoBanuu?
Ocuognsie moasaTust OC JIuHokc.

Komanaer 8 CONTROL, CONFIG, FIELD.

UTo Takoe TOYHOCTh PE3YJIFTATOB aHAIN3a?

Kaxkosa ¢opmyna RMSD?

Hucniepcus BEIOOPKH.

[Mpumenenue Merona omxura (simulated annealing).
OTHOCHUTETHLHOE CTaHIAPTHOE OTKIIOHEHUE.

0. Komanner makera VMD naiis BU3yanu3anuu JaHHBIX.
11. @YHKIUSA PaHAIIBHOTO PaCIpeleIeHHUs.

Boo~NoookrwdPE

HepequL BOIIPOCOB, BEIHOCUMBIX Ha 3a4€Tax WJIM SK3aMCHaX:

OcHoBHbIE TOHATHS M /] aHanmm3a.
Huddy3nonHbBIE TAPAMETPHI.

ITorenunan Jlennapna-/lxonca.

OrneHKa XUMHUYECKUX CBSI3€H MOJEKYIIL.
Cratuctuka M/] pe3yabTaToOB ¥ METOZBI OIICHKH.
Meromp! pacyera KyJIOHOBCKHX CHJI M TIOTEHIINAJIOB.
CTpyKTypHBIE TapaMeTpsl U (DYHKIIAHA.

Merop cpeaHeKkBagpaTUYHBIX OTKIOHEHUH.
Kiraccudukaris CHiIoBBIX TTOJIEH.

0. Pacuerpl TuHaMUYeCKUX ypaBHEHUH.

1. Busyanuzaiwss XaMHUYeCKUX CTPYKTYP.

RBPBowoo~No~wNE

[IpumepHas TemaTHKa pacyeTHO-UCCIEAOBATEIbCKIX MIPOEKTOB:

. M/] ananu3 mpomueccoB MepeHoca HOHOB B KJIETKaX M OMOJIOTMYECKHX CHCTEMaXx.
. M/] pacyeT KIaTpaToB THAPATOB OJIATOPOAHBIX T'a30B MO/ BEICOKUMH JTAaBICHHAMH.
. O06paboTka pe3ynbTaToB dKcrepuMenTa mpu nomonw VMD (visual molecular dynamics).

. M/ pacuer NOIMMEPHBIX U MENTUIHBIX LEMEn.



