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What is Computational Molecular Modeling?

- N7, PO

6 Use powerful computers to calculate
properties of materials, represented by
N interacting particles (atoms,
molecules, ions, etc.)

6 Time~01-1.0ns
6 L~10-100 nm
é N~1,000- 1,000,000 atoms

é Use statistical mechanics to dynamically model such processes
as hydration, adsorption, intercalation, expansion, diffusion, and
the behavior of water and ions.

é Objective: Quantitative understanding of the molecular- and
nano-scale structure and dynamical behavior of materials
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Thermodynamic State vs Mechanical State

6 Thermodynamic system in equilibrium is
described by a very limited number of
macroscopic variables — T, P, V, x

6 Mechanical system of N particles (atoms,
molecules) free to move in 3 dimensions is
described by 3N coordinates at every instant
(N~ N, ~ 6-10%3)

é Motions of such a huge number of objects can
be described only statistically

é Very many (equivalent?) mechanical states
correspond to the same thermodynamic
equilibrium state
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Motion in Phase Space
Single particle

1l
—

coordinate
my momentum
F=ma=k(r-ry equation of motion
U=Yk(r-ry)? potential energy
K =Y mv?>=p*2m Kinetic energy
2D phase space (1D motion)

ST -]

“
=)

&y r  Macroscopic system

N =N, ~ 6-10% atoms
q =1{q,(1),q,(1),...., q, (1)} generalized coordinates

Phase tlajectory P = {p,(1), P, (1),.... py (1)} generalized momenta
6N-D phase space
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Classical Hamiltonian

a4 ={q,(0), q;(0),.... 4y (1)} generalized coordinates
P ={p, (), P, (D). py (D)}
H(p.q.1) = K(p,q,t)2+ U(p,q,zt)
mv; P;
K s ,t = L L - L
(p.q.1) ZT Z—zmi

Up.q.)=U(q)

generalized momenta
Hamiltonian (total energy)
kinetic energy

potential energy

R - |

w e

! canonical equations of motion

dH oOH OH . OH . dH oH
LU S AL S
de o aq, op, dt ot
H =const if a—H =() = conservation of energy
ot
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Phase Trajectory and Ergodicity
Equivalence of Time- and Ensemble- Averages

phase trajectory on a A — some observable macroscopic property
constant-energy surface I'(r) =(p(t),q(¢)) pointin the phase space

I & averagi d i
- - ging over a dynamic
Aobs <A > time I, ; A ( r ( t ) ) trajectory
obs =

averaging over a statistical
A, = < A >ens = Z A(I) Op,,, (I') ensemble of atomic
r

configurations
AObS = <A>time = <A>ens

Equivalence of time- and ensemble- averages — ERGODICITY

The mechanical system is ergodic, if over long periods of time all points on the phase
surface can be equally accessible
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Partition Function

_ _ 1 probability of a mechanical state [
o) =pp.q)= mexp[ —H(p.q)/kyT] corresponding to an equilibrium

thermodynamic state 7,V

partition function or statistical integral
Z= jexp[ -H(p.q)/k,T1dpdq = /\(T,V)jexp[ -K(p)/ k,T1dp Eﬁexp[ ~U(q)/kyT1dq

Z =0, |expl-U(q)/k;T]dq = QidIeXP[ =U(r)/ kgTldr = O} [O,

When cartesian coordinates and cartesian momenta are used, the kinetic energy factor of the
total energy represented by the hamiltonian H in the expression for Z reduces to a constant
depending upon the size, temperature and volume of the system:

Helmholtz free energy of the thermodynamic system
A(T,V)y=—kgTInZ =-k,TInQ,_, +const(N,T,V)

P= —(aAj S = —(aAJ
av ), ar ),
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Two Principal Approaches to Classical Molecular
Modeling

é MD - time averages over a dynamic trajectory in the phase space of the
simulated system

é MC - ensemble averages over a computer-generated random Markov
chain of molecular configurations

é Periodic boundary conditions (PBC)

0 °0
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bee e o ° ©° [
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o ©® o © e ¢
9° J||®° %@,
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T ) o @ o
DQ ° Q?O ) §> ob

http://isaacs.sourceforge.net/phys/pbc.html
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Monte Carlo Simulations - Ensemble Averages

Qo = jexp[ =U(r)/ k,T ldr 3N-dimensional integral

(Metropolis et al., 1953)

Initial configuration U(ry) |

Displacement U(r,.,,) |‘7
’ reject |

| acce

NV, T . . yes

AU = U, ~ Uyy< 0

new

exp(-AU/kgT)<rand(0,1)

yes no
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Monte Carlo Simulations in Different Ensembles
| N V T — canonical ensemble | (Metropolis et al., 1953)
?% ole p =exp(=BU) B= kT
O
| N P T — isothermal-isobaric ensemble | (Wood, 1968; McDonald, 1969)
IS
O
P p =exp(-BH) = exp[-L(U +PV) + NInV ]
e of
Ty  Susies N IZEND gt ks Engineong et et ine 225 1o




Monte Carlo Simulations in Different Ensembles

| MV T — grand canonical ensemble | (Norman & Filinov, 1969)
C o=
o
O%Oé; p =exp(-¥) = exp[-B(U — tN) — InN! = 3N InA + N 1nV |
5 -
Oog
—al Gibbs ensemble (Panagiotopoulos, 1987)
V=vLN-NG N o ©

o ©
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Molecular Dynamics Simulations

Use powerful computers to numerically solve Newtonian equation of motion
for N interacting particles:

r(t+00) = v (1) + V(DAL + V2 a N>

At ~ 1075 sec

a,=F/m=[-0U(r;r, r\/0r;]/m;
i=1,2,....N

N ~ 1,000 - 100,000
U=22U;*222 Uy + . ..

N V E — microcanonical ensemble — most natural for MD, isolated system

N V T — canonical ensemble — the system can exchange energy with the environment
(thermostat)

N P T — isothermal-isobaric ensemble — volume of the system can also change (barostat)

MV T — grand canonical ensemble — the system can exchange mass with the environment

(277
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Molecular Modeling: Intermolecular Interactions

MD

F(EAD = £{]) + V(DAL + Vo aAR: At~10"5sec 4=
a=F/m=[-oUnr, ryor]/m; i=12..N

MC

Z = [expl ~H (p,q)/ k,T1dpdq

1000

T
[
\
\ Short range (LJ)
500 -

P(0) = p(p.q) = expl ~H (p.q) /kyT]

(A)= [ A(p,9)p(p.q)dpdq
H(p, q) = U(q) + K(p) | Coulombic

-1000

Potential Energy (kcal/mol)
o

U = ZZ Lj” . Distance .(A)
Uj= ZZ(A/r'2 - BJrf + qiq;/egn) + Z Vok, (1 - 1p)? + Z Vokg (6 - B9)?

Short-range repulsion v-d-Waals Coulombic bond stretching bond bending
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Potential Models of Simple Aqueous Species

cr e H,0
+0.41 -0.82
‘ .-.
-0.3256 +&41 +:‘1
. -1.041 -0.72 «

™ +0.6512 . .

-

/ N D
w1123
-1.041 \ +0.81

-0.3256 .
C02 0032_ -1.041 -0.75 HCO3_

lJIJ = ZZ(A,J/I’UQ - BIJ/,FIJ6 + quJ /80"”) + Z 1/2kb (I'” - r0)2 + Z 1/2ke (9” - 90)2

Short-range repulsion v-d-Waals Coulombic bond stretching bond bending

Rigid models (fixed geometry) are also useful sometimes
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Models of Complex Organic Molecules

\, {Qi
2 \, Lok

g

X

L0

NOM (humic acid) model

Polyamide membrane model ;
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Potential Energy of Intermolecular Interaction
Typical Models
—Q
Bond Stretch Angle Bend
U=k(l cos(wﬁcﬁw
Torsion
N N 4 \
- 9,4, 4, B,
Nonbonded : ) Z—+Z i
i F;J,- i=j\ ?{,' IU
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Potential Energy of Intermolecular Interaction

UToraI = UCouf i3 u VDWW + UBond Stretch £ UAngfe Bend +U Torsion ...
e -

Nonbonded Bonded

Parameterization using structure and properties

2
U — e quqj
Coul 4 —
e, i=j [
Lennard-Jones Potential
R 12 R \6
Uvwow =2 Do|| =% -2 -2
iz Fy Fy
Buckingham Potential (lonic solids)
q,q; 'l
J i
Uj =k +A,}- eXp(—ﬁj/P,}-)——E Amber, Charmm, CFF, CVFF, CLAYFF
ij f}j Dreiding, MM1, MMFF, Tripos, UFF
'N’ e NE-M1-PRI12ENP — g Nuclear Engi ing Project, February-June 2026
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Typical Nonbonded Terms
4000 [T T T T T T T T T T T

Uj=ZZ(Afr'? - B/rf + qq;/eqr;)

Short-range repulsion v-d-Waals Coulombic

500 [

500 [

Potential Energy (kcal/mol)

Coulombic
el A Lo v e v e v e v b v v b e b a g
-1000
1.0 15 20 25 3.0 3.5 40 4.5 50
Distance (A)
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Typical Bonded Terms

C-H bond stretch

apg [Ty T T DT T L T ‘.III LISt e e ey e
. I \\ / Harmonic i
© T / 2 ]
£ Lo\ If U=k(r—r,) i
S 200 \ / i
= - /
2
5 r \ / U:‘Do[1_exp{1_a(r—ro)}]
2 _ ;’! Morse :
w100
‘(_'E - -
E L 2
L
= L 2
o
0
L ro 2
| N T S U N S N S T M T T N O N I T
0.0 0.5 1.0 1.5 20 25 3.0 3.5 4.0
Distance (A)
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Force Field Parameters Determination

Empirical (from experimental data)

» Structural information (bond distances, angles, crystal cell
parameters — from X-ray, neutron and electron diffraction)

» Spectroscopic information (vibrational frequencies, NMR
chemical shifts, atomic coordination)

» Crystal properties (elastic constants or bulk modulus, refractive
indices, dielectric constants, piezoelectric constants)

» Obtain only equilibrium-based values
» Parameters implicitly include temperature effects

» Force fields based on models of simple molecular fragments
for specific applications (organic, bio-organic, zeolites, clays,
etc.)
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Force Field Parameters Determination (2)

> ADb initio - electronic structure calculations

» Parameterize interactions that cannot be evaluated through
experimental means

» Control geometries of clusters to obtain energies for non-equilibrium
ranges

» Require extended basis sets (and GC or MP2) for accuracy

» Incorporate electron correlation (VDW) with DFT (cf. Hartree-Fock)

Partial charge assignments

» Experimental deformation densities based on precision X-ray
diffraction analysis

» Mulliken electron population analysis from quantum-mechanical (MO)
calculation

» CHELPG method of fitting charges to MO-based electrostatic
potential

» QEq method based on bond geometry and electronegativities of
various atoms
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Classical Molecular Models of Water
Acronym (date)  Reference  Status Type  Sites (D) (D)
BF (1933) 7 empirical R 4 20 2.0
R (1951) 21 empirical R 5 1.84 1.84
BNS (1971} 22 empirical R 5 217 217
ST2(1973,1993) 23 empirical R 5 235 235
CF (1975,1978,1995) 24 empirical F 3 1.86 198
MCY (1976} 25 ab initio R 4 219 219
DCF (1978,1980,1993) 26 empirical FDP 3 1855 -
PE (1979) 27 empirical P 1 1855 250
SPC (1981) 14 empirical R 3 2 227
TIP3P (1981,1983) 15 empirical R 3 235 2,35
RWK (1982) 2% empirical F 4 185 1.89
TIP4P (1983) 15 empirical R & 218 218
BIH (1983) 29 empirical F 3 L& 199
SPC/F (1985) 30 empirical F 3 227 242
MCYL (1986} n ab initie F 4 219 226
SPC/E (1987) 32 cmpirical R 3 235 235
WK (1989) 33 cmpirical R 4 260 260
SPCP (1989) 34 empirical P 3 1.85 290
CKL (1990) 35 empirical ~ F.P 4 186 220
MCHO (1990} 36 ab initio 3 6 21z =30
NCC (1990) 37 ab initie P & 1.85  2B0
NEMO (1990,1995) 38 ab initio P s 204 289
PTIP4P (1991) 39 empirical P 4 1.85 280
SPC/FF (1991) 40 empirical F.P 3 185 244
PSRWK (1991) 41 empirical r 4 188 263
KI(1992) 42 empirical P 4 1.85
NCCvib (1992) 37b abinitic  F,P 6 185 301
ASP-W (1992,1998) 43 ab initio P 3 185 290
RPOL (1992) 44 empirical P 3 202 262
CPMD (1993,1999) 45 DFT+CP F.DP nucltel 187 295
PPC (1994) a6 ab initio P 4 214 251
SPCFQ (1994) 47 empirical P 3 185 2.83
TIP4P/FQ (1994) 47 empirical P 4 185 262
KKY (1994) a8 empirical FD 3 238 221
SQPM (1995} 49 valence bond P 4 185 2.62
SCPDP (1996) 50 empirical P 4 18S 287
TAB/10D (1998) 51 SCF+MD P 5 1.85 265
NSPCE (1998) 52 empirical R 3 218 218
NCF (1998) 53 empirical F 3 185 190
MCDHO (2000} 54 sbiniio  F,P 4 185 3.01
TIPSP (2000) 55 empirical R H 229 229
SPC/HW (2001) 56 ‘empirical R 3 241 241
DEC (2001) 5T empirical R 3 1ES 185
SWFLEX (2001) 58 empirical P 4 1LBS 259
POLARFLEX (2001) 59  valencebond FP 3 185 255
POLS (2001) 60 ab initio P 5 185 271
Subom ch NE-M1-PRI12ENP - Integ Nuclear Engineering Project, February-June 2026
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The Structure of H,0 Molecule
and Classical Intermolecular Potentials

(a) H (b) H (c) H
+q +q -q +q
o o /m t2
-2q 29 t1
-q
+q +q +q
H H H
SPC MCY BNS
SPC/E TIPS2 ST2
TIP3P TIP4P TIPSP
Uij = Zz(Aij/rij12 - Bij/rij6 + G, /aorij) + ¢ Ab-initiq quantum_
Short-range repulsion  Van der Waals Coulombic meChanlcal pOtentlals
+ Z Y2 ky(F; - r)?+ Ve ko(8; - 6p)? _ .
¢ Empirical and semi-
bond stretching bond bending .. .
empirical potentials
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H,O0: Central Force and BJH Flexible Potentials
_604.6 111889

o Voolr) ===+ - 1045 {exp|-4(r - 3.4)*] - exp[-15(r - 4.5)*]
o
, U () =302 2607 [ 41.79 | 16.74 |
- r = - —_ —_—
K o ro 7 [1+exp[40(r-105)] ] [ 1+exp[5493(r-22)]]
H 0 151.1+f 41833 |
r)= illi
HH p L1+exp[29.9(r— 1.968)]J (Stillinger & Rahman, 1978)
Uintra = Z Lijpipj + Z Lijk pipjpk (Bopp et al., 1983)
; 2 2
P = (r —r), I'e=0.9572A plfz(pl-:pz) 57272 | (o"+ ) | 233227
P = (1= 1)Ir, (0 + pAba | 237.696 op | -5572m2
ps=a-a,=0a a=104.52° (@' +ph) | 538367 | (o +mha | 126242

r,, r, -instantaneous OH, lengths

oo’ + ) | -55.7272 (Aha® | 209.860
a - instantaneous HOH angle

(o + pdha 349151 | (o’ +p0) |-4522.52

4 nd
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Periodic Boundary Conditions

é MD - time averages over a dynamic trajectory in the phase space of the
simulated system

é MC - ensemble averages over a computer-generated random Markov
chain of molecular configurations

é Periodic boundary conditions (PBC)

() ®lle 9 |le o
N
% % %e
— @ [P~ @ [P~ ©
) e o o
20 ol o °
\

http://isaacs.sourceforge.net/phys/pbc.html
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Minimum Image Convention and Spherical Cutoff
Short-range interactions
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Periodic
Boundary
Conditions
and
Minimum Image
Convention
Better
Explained (1)
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and
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Long-Range (Electrostatic) Interactions

3 Labradaorite
U _ s qid ;< '
Ewald summation elect — Z ]
i>] ;';;;'
1 47 1 3 ) .
Ur'ecap :;7 ZEEXP(—G /477 Zz(f;‘qu EXp(—?GJ%—)
= G i

Gis reciprocal lattice vector
Ewald method scales as N32

; 1 ;
U,w =5 2.2 04,5080 n) I 7y
g

Nont = (nwr3/V2)L3

Topt = ) Alternative Methods

W is ratio of computational cost N > 10,000 atoms; scale as N log N
Fast multipole, Petersen et al. (1994)

Particle mesh, Essmann et al. (1995)

ing Project, February-June 2026
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Total Potential Energy of a System
UTotaF = UCGuJ 5 UVDW + UBond Stretch ik UAngIe Bend +U Torsion +...
A
Nonbonded Bonded
Parameterization using structure and properties
= Z g E i
U _ e < QE q J
Coul — 4 i
TEq i=] [y
Lennard-Jones Potential
R 12 R 6
Uvpw = Z Bl =2 ~2 ="
i=] i Iy
Buckingham Potential (lonic solids)
‘ q,9; i
J if
U,}- =k—=+ A,j eXp(—r,;,- / P )— —& | Amber, Charmm, CFF, CVFF, CLAYFF
ij if Dreiding, MM1, MMFF, Tripos, UFF
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Molecular Mechanics & Energy Minimization

U=22Uyqy)* 222 Uylqy) +- -

min = 0 U(q;.q,.... qy) / 0 q; = 0;

Also called structure optimization

The goal is to find a set of coordinates
(atomic positions) that result in the
0> U(q,,9,-- qy) / 0 q;0 q; > 0;  lowest possible energy of the

.. system
1,)=12,....N 4 . .
= most stable configuration

global maximum saddle point
local maximum
local minimum //grobal minimum

local minimum

.

o

4V 5 4 6 o NE-M1-PRIT2ENP Nuclear Engineering Project, February-June 2026
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Molecular Mechanics & Energy Minimization (2)

Y R T I e T T
= I ;1 Component contributions to the total
© g VanderWaals I . -
€L i1 potential energy for dichloroethane as
£ L /1 afunction of the torsion angle
g /A  defined by CI-C-C-CI.
& 2
=
5 -
s Structural models corresponding to
the three stable conformers:
The least stable transition structure
3
E
g ; .
= _— Global minimum
B
@
(0
- ]
39 N _\
i 1 Two local minima
0 B0 120 180 240 300 360
Torsion Angle (¢)
6 bo.ﬂ " NE-M1-PRI12ENP - Integ Nuclear g Project, February-June 2026
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Molecular Mechanics (3)

£ =08 o e S e S L L L L L L L N AL |
Energy scale is always relative: U(q) — U, (q) d
2 10 H = U(q) + K(p) = U(r) + K(v) E
: — —
g " Kinetic energy K(v) — Temperature ]
- sl No kinetic energy - No motion J
2 B =
@ K ;)

=
LLI - -
= i
2 9 7]
F —
_5 - L L L ' 'l I L L L L L ' ' L L A L I ] 'l 'l L_L l ' L '} il L l L 'l ' L L i
0 60 120 180 240 300 360
Torsion Angle (¢)
L{_‘“%‘! SUbO ".'3 ol NE-MF“PI\Ilerezchﬁfr:\odeli:ng of mlgfle‘i{:;asrf;r nu.clear. e:;i, ;Zéerﬂb';igﬁlé:{i}g:;ne 2026 33
Molecular Mechanics (4)

£ 1= o e o S D S S N S N S P R S N A S O S N S B A
T wl -
£ E Global energy minimum = i
© . .
g L single most stable i
o Bl configuration h
2 2 2
b -

&
LLI —
g of :
P - =
_5 - L L L ' 'l I L L L L L ' ' L L A L I ] 'l 'l L_L l ' L '} il L l L 'l ' L L ]
0 60 120 180 240 300 360
Torsion Angle ()
L{_‘“%‘! 6Ub° E'?’ & NE-MF“PM’zrezch’I\e'lFr,r;odelﬁ'lg of mg:lecrilzlas'}or nuclear- e;gFi, ;géiﬂ’g’;;?)ﬁlé:{i‘gr{;ne 2026 34
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Molecular Mechanics (5)

1N o (e o o S O B B T A G N e S G U B N S N A

-

K, - T,
10
A range of states near global

energy minimum

(A T W el 1 O [ DY

Total Energy (kcal/mol)

o
|
A
Y
1 DA A )

_5 L L L ' 'l I L L L L L ' ' L L A L i ] 'l 'l L_L l ' L '} il L l L 'l ' L L
0 60 120 180 240 300 360
Torsion Angle (¢)
4" & 4 Subof-> NE-M1-PRI12ENP — Integrated Nuclear Engineering Project, February-June 2026
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Molecular Mechanics (6)

1N o (e o o S O B B T A G N e S G U B N S N A

L K, - T,

10 3 different states:
1 near global minimum
2 near local minima

separated by energy barriers

Total Energy (kcal/mol)

] =
-
= [ -
= =
= —
_5 L il L 'l 1 I 1 L L 'l 'l ' 1 1 L il i L L L l 1 1 i 'l 'l l il 1 1 1 |
0 60 120 180 240 300 360
Torsion Angle ()
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Total Energy (kcal/mol)

Molecular Mechanics (7)

£ =08 o e S e S L L L L L L L N AL |

1 single state: -
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Molecular Mechanics (8)
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Classical MC & MD Molecular Modeling - Details

N~ 1,000-1000,000 atoms / t~1-10ns / n~ 108-107 conf.
Typically, constant T,P or T,V statistical ensembles
Many molecular modeling software packages currently available.
Most important: develop efficient numerical tools for the analysis of MD-
generated trajectories or MC-generated ensembles of configs.
Coordinates - Equilibrium thermodynamic properties
- Atom-atom radial distribution functions
- Coordination numbers, hydration numbers
- Fluid structure, hydration shells
- Molecular cluster formation and sorption environments
> Velocities - Diffusion
- Velocity autocorrelation functions
- Power spectra; dynamic details of atomic motions
» Comparison and interpretation of spectroscopic measurements: NMR, IR,
Raman, X-ray.
> Molecular mechanisms controlling the behavior of aqueous species in
solution and at substrate interfaces.

YV V VYV

Y

'“ ' C)Uboj o ch NE-M1-PRI12ENP — g Nuclear Engi ing Project, February-June 2026
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Methods of Molecular Computer Simulations:
Molecular Dynamics (MD) and Monte Carlo (MC)

> MD - time averages over a dynamic trajectory in
the phase space of the simulated system

» MC - ensemble averages over a computer-
generated random Markov chain of molecular
configurations

> Periodic boundary conditions (PBC) />

2 <§m,»v?> [MD |

T =
3NkB i=1 2 Hconf=<U>+P<V>
1 2 =

D = tim ——(|r(n) = r ()" ) Vi =V) NN

1~ 6Nt NkB T 1

pP= -\= Zri LF,
1% WIS
gii(r)
[ all & -M1-1 - luclear i i roje ruary-Jun

Lﬁ%‘! Dubatech NEM1 "Pl\fgezch’I\;Fr,modelﬁ'lg of m':tecrilzfs for nuclear e;gﬁ,ngleiﬁéf;;lyglic;i%r{s" °2026 40
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Possible Sources of Errors
in Molecular Simulations

System size, periodicity, correlation length

Initial configuration: coordinates, velocities (MD), doubling temperature

Equilibration

MD: time scale, time step, numerical integration, total simulation time

MC: acceptance rate,

efficiency probing the configuration space

Accumulation statistics, convergence, statistical errors

LT T

_Total Ensrgy

_Pressure
_Temperaturs

pEEenERR D

.0

0.5 Lo 15 ko &5 0

o b5 Lo 15 20 45 0 T 65 i

Tims (ps ) Tins (plE)
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Statistical Distributions
MD simulation of 2.2m NaCl Aqueous Solution
at 1 bar and 300 K
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These distributions are due to the natural fluctuations of the thermodynamic
properties, corresponding to an equilibrium state of the simulated system
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Fluctuation Properties
2\ _ 2!
N7<T )-{1)

5 J Heat capacity Averages of fluctuation
(1) properties converge much
slower than other

J thermodynamic averages

K = _1(07 VJ = |(<V2 | Isothermal compressibilit
~ vlaP) T\ NkgT(v) P !

B Yk

( \
(dVJ :L<Hconf1‘\/,z T<z<‘c;;f><v>J Thermal expansivity

<| | > <|Zp |> Kirkwood factor

Np®

2
3k,T

Dielectric constant
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Statistical Errors

Method of block averages

If (A), is the mean value of the property A computed over the block i, then the statistical
error A of the mean value (A) over the whole trajectory (or chain of configurations)
can be estimated as

(@) = ka A?), = (7]

i=1

prHO@~bHEE DN Y
pOE~ecHERDE T
' '
.

-0.15]

QT SRR S pa R T T -7 ST
Time (ps ) Time (ps )

'u 6;;[30: ech NE-M1-PRI12ENP — Nuclear g Project, February-June 2026
S e e “Molecular modeling of materials for nuclear engineering applications”

22



Monte Carlo Simulations in Different Ensembles

C | N V T — canonical ensemble |
é%) - P =exp(=BU) B= kT
0O

| N P T — isothermal-isobaric ensemble |

% O : % O
p =exp(—-fH) = exp[-F(U +PV) + NInV ] O O 10O O

é Most efficient acceptance ratio for new configurations ~ 50%
é Relative frequency of various types of moves also important

'“ ' ol bO'- o ch NE-M1-PRI12ENP — Integ Nuclear Engi ing Project, February-June 2026
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Thermodynamic Properties of Water
MC Simulations with TIP4P potential
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Kalinichev, Rev. Mineral. Geochem., 42, 83-129 (2001) |
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Fluid Structure
Radial Distribution Functions (RDFs)

6 Pair distribution function or radial distribution function g(r) — probability to find
an atom / at a certain distance r from another atom j

6 Normalized to a completely random distribution of atoms in space

v
gr)=p"2Y Y 8(r)d(r,—r)) =F<E 2 o(r—r;)>

i jFi

i j=i

é Comparable to exp. dataon X- 3t
ray or neutron diffraction

¢ In practice, 5(r-r;) is replaced
by a function which is non-zero
in a very narrow range of r,

&(r)

and g(r) is calculated as a 1k
histogram
é g(r) = 1 forideal gas
%0
'N’ SUbO’.-’”" NE-M1-PRI12ENP — g Nuclear Engi ing Project, February-June 2026
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Structure of Water: Atom-Atom Radial Distribution
Functions (RDFs)

i 3E 1= — NDIS
Interstitial ~ Q~; T-2%8K , Ty
§ 5t p=1glcm — MCTIP4P

H,O molecule 2

Distance
criterion for
H-bonding

/ 9oH
[\ o -

¢ Ice: Tetrahedrally ordered O in the diamond-like

network I
i | s N~
é H positions are disordered 1 \/
6 Proton diffusion
é Proton hopping
. . . 1 L L L L 1 1
¢ Liquid: Only short-range tetrahedral ordering 00 4 2 3 4 5 6§ 7 8
remains R/ A
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Radial Distribution Functions
and Running Coordination Numbers

¢ Importance of g(r) normalllization g,(r)= 1 <Z Z a(r _rii)>
& Height of the g(r) peaks is not N;p \T 5
necessarily an indication of high r
population ”,-,-(r) — 47.40[_]‘ g,—,-(r) P2 dr
¢ Average density or concentration of 0

species is equally important
3 Cs* ions in aqueous solution with humic acid (NOM anion)

20
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Micro-Thermodynamic Properties:
Pair Energy Distributions
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Getting physical address (MAC address) of your Wi-Fi card

When you are connected to any Wi-Fi (wireless) network = Go to you “Network Parameters” menu =
= Go to “Status” = Go to “Details of the wireless connection”
Your table should look something like this:

. x|
& Wi-Fi X
Détails de connexion réseau
Propriétés Propriété [ vateur
Suffixe DNS propre 3 la co.
S Description e \me\(R]DualBan 7265
! Adresse phvsique 00-24-D6-BE-C4-86
Protocole : DHCP activé Oui
Type de sécurité : Adresse IPv4 192.168.43.249
.. Masque de sous-réseau IP... 255255255.0
Bande passante réseau : Bail obtenu lundi 12 février 2018 14:09:53
Canal réseau : 1 Bail expirant lundi 12 février 2018 15:39:59
\Tlltesse dg conlnexlon (Réception/  130/130 (Mbps) ;::jsﬁg:‘é?;i’j““pw :35:::2:
ransmission) :
Serveur DNS IPv4 192.16843.1
Adresse |Pv4 : 192.168.1.16 Serveur WINS IPv4
Serveurs DNS Py : 16811 NeiBIOS sur TCP/IP activé  Oui
Fabricant : In rporation
Description : In Wi-Fi &6 AX201 160MHz
Version du pilote : 2 0.7
Adresse physigue (MAC) : D 1F-95-6F-C8
i
'“’ C)Uboj o NE-M1-PRI12ENP — g Nuclear Engi ing Project, February-June 2026
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Questions for the final paper / report on one of the topics:
1 - clays; 2 - cement; 3 - TiO, surfaces; 4 — corrosion;
5 - organics, etc. (Please use only as a guidance)
» What molecular modeling method was used and why?
» Was it a fully atomistic simulations, or some simplified models were used?
» What other approximations were used in the modeling?
» What was the number of particles in the simulations? Was it big enough for the specific
problem? Was it small enough to make the simulations computationally efficient?
» How long-range electrostatic interactions were handled in the simulations? Was it
important for the given problem?
» What kind of boundary conditions were applied to the simulation box? Why?
» What properties of the system were calculated from the molecular simulation?
» Make a qualitative assessment of the accuracy for the calculated properties given the
number of atoms in the simulated system and the duration of the simulation.
> What other properties would you additionally calculate from the same simulations for
the same system?
» Formulate 2 or 3 strong points of the given molecular simulation paper and 2 or 3 weak
points of the paper.
r“' ol bi ks NE-M1-PRI12ENP — Integ Nuclear i ing Project, February-June 2026
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