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MoTuBauus

1. PH® 17-79-20391 (B.B. Nucapes)

ATOMUCTNYECKOE N MHOroMmacLuTabHoe MmoaenmpoBaHme
dounnesTpaunn pnrongos B NOPUCTOU cpeae

2. “CTtapble cyeTbl’: npobnembl co cxoanmocTbio I-K

Table 1. Physical properties for the different models at 353 K and 0.775 g/cm?.

Model TraPPE DREIDING OPLS Exp
Pressure, bar 1 4200 1 1
Shear viscosity, mPas 0.96 4.33 — 4.87 [22]

Kondratyuk, N. D., Lankin, A. V, Norman, G. E. and Stegailov, V. V. (2015).
J. Phys. Conf. Ser. 653. 12107.
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CxoamnmocTtb nHterpana 'pnHa-Kybo
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Chen, M., Vella, J. R., Panagiotopoulos, A. Z., Debenedetti, P. G.,

Stillinger, F. H. and Carter, E. A.
Liquid Li structure and dynamics: A comparison between OFDFT and

second nearest-neighbor embedded-atom method.

AIChE J., (2015), 61: 2841-2853
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Zhang, Y., Otani, A. and Maginn, E. J.
Reliable Viscosity Calculation from Equilibrium Molecular Dynamics
Simulations: A Time Decomposition Method.
J. Chem. Theory Comput., (2015), 11(8), 3537-3546.
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Time decomposition method

(1) Generate N independent NVT trajectories at a given

temperature;
(2) For each trajectory, calculate the shear viscosity based on

the Green—Kubo relation (eq 1);

(3) Calculate the average of the running integrals over N
trajectories (#(t)) and the standard deviation, which is a

function of time:

1

o(t) = || 2. () = (n(£)))’

N

Zhang, Y., Otani, A. and Maginn, E. J. (2015). J. Chem. Theory Comput., 11(8), 3537.



Time decomposition method

(4) Fit the standard deviation to a power law function

o(t) = At" (4)

(5) Fit the averaged running integral by the double-
exponential function (eq 2) for the time period up to
t..« with the weight 1/, where b is the fitting result from
step (4) and t., can be decided from the relation
between 77 and o(t). We found that the time when o(¢) is
about 40% of (1(t)) is a good choice. Take the long time
limit of the fitted double-exponential function as the
calculated viscosity;

n(t) = Aar;,(1 — e_t/fl) + A(1 — a)7,(1 — e_t/fz)

Zhang, Y., Otani, A. and Maginn, E. J. (2015). J. Chem. Theory Comput., 11(8), 3537.
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Metopn HepaBHoBecHou M1

1 pacyet = 1 geHb Ha y3ne Desmos (Intel Xeon E5-1650 v3 + NVIDIA GTX 1070)
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(Muller-Plathe) Muller-Plathe, Phys Rev E, 59, 4894-4898 (1999).
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Preparing the system

Initial configuration* Gas Liquid
/ 1. . il 2. Bt L™
T e (A%W' e P ORE
///'// i//(/ T =500 K /AN %t\j"» /| compression Z F *
/’"/4"’ - Vi oY 0.25 x L ¥
/7 100ps | /V 77 ' 217
At=1fs ‘ 100 ps =
I‘intermolec leut (12 A)
Liquid relaxation: Parameters:

—> 3. NPT (2 ns) P~1 atm, T~360 K, p,,. (0.5 ns)

o, T, P~1 atm

4. NVT (2 ns) p,ye 1—360 K

5. NVE, Warming-up (0.5 ns), T~700 K <K2 > - the relative shape
anisotropy parameter

6. NVT, Cooling back to T~360 K, NVT

*LAMMPS The linear momentum is zeroed in the end of the relaxation process.



The relative shape anisotropy x”

N
Gyration tensor MS = zmi (rzm _RCM)(rzn _RCM)
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The relaxation parameters
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Replication

3375 molecules

125 molecules

3x3x3 AA

4x4x4 UA

125-3375 molecules — AA (330000 atoms)

125-8000 molecules — UA (240000 atoms)



Systems for calculation

0.8
p [g/cm’]
".
0,75 .
N
® “‘d_\ S
0,7 B ® S ~
e L-OPLS-AA o« s
O OPLS-AA Lo .
e TraPPE- o
065 T I
- - - Fit[53]
T [K]
0.6 I I I I
350 400 450 500 550



How the other systems are obtained at T

1. System at 360 K

2. Calculating density (Yaws approximation)

3. Deforming the unit cell to the approximation density
(700 K, NVE, 100 ps)

4. NVT (T, Papprox: 200 ps)

5. NPT (T, P ~ 1 atm, 500 ps)

6. Calculating the average density during the process

7. Deforming the unit cell to the average density
(T, NVE, 100 ps)

8. Zeroing the linear momentum of the system

9. Scaling the velocity distribution to T



Size effects in the E-S method

u(r) = Tpp(r)F

For Periodic Boundary Conditions:

exp(—ik-r) kk
Top(r) = 2 (] — _)
ko KV i’
= ()

For infinite system:

T (r) = — (1 +%‘):(k37*)—10ﬂ1

8anr .

L
L
-

e
-
e
-

Doy =Dyl + kT }di_.ng[TPBC(r) — T,(r)]

N\
N\
A

i

*I. Yeh and G. Hummer // J. Phys. Chem. B. 2004. V. 108. N. 40. P. 15873




Replication independency

26
2 k 0 \2
AI‘mol _ (rmol _ I‘mol)
k=1
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40

2 2
Ar /Lavc

average 3 mol

average 7 mol

L, =(V/N)'"*=9.7 A




The dependence on the number of molecules
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Simulation results vs experimental data
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O G-K TraPPE-UA h i SN )
B E-S TraPPE-UA at p[52] Sooo Sy

UT[10°1K] e,

2 2.4 2.8

*T. Vardag, N. Karger, H.D. Ludemann // Ber. Bunsenges. Phys. Chem. 1991. V. 95. N. 8. P. 859.
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Systems for calculation
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Preparing the system
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o, T, P~1 atm

4. NVT (2 ns) p,ye 1—360 K

5. NVE, Warming-up (0.5 ns), T~700 K <K2 > - the relative shape
anisotropy parameter

6. NVT, Cooling back to T~360 K, NVT

*LAMMPS The linear momentum is zeroed in the end of the relaxation process.



How the other systems are obtained at T

1. System at 360 K

2. Calculating density (Yaws approximation)

3. Deforming the unit cell to the approximation density
(700 K, NVE, 100 ps)

4. NVT (T, Papprox: 200 ps)

5. NPT (T, P ~ 1 atm, 500 ps)

6. Calculating the average density during the process

7. Deforming the unit cell to the average density
(T, NVE, 100 ps)

8. Zeroing the linear momentum of the system

9. Scaling the velocity distribution to T



The idea of molecular dynamics

Forces between different particles are derived
from some analytical force model,

F=-MIV(r) F, =) F,; _‘ ’

JF

Equations of motion are solved with a /‘/ #

finite difference algorithm,

7i(t 4 8t) = 7i(t) + V(1) Ot + =d; (1)t




Diffusion coefficient,

TIK p 106 cm?/s ’
[K] [g/cm?] - GK AB=0.1
364 0.768 1.7+0.3 2.0+0.2 2.05
383 0.756 25+1.1 2.6+0.3 2.0
402 0.741 3.6+0.7 40+0.4 1.97
422 0.726 49+0.8 55+0.5 1.97
453 0.706 5.9 6.0+ 0.6 1.7
467 0.693 8.3+0.9 8.2+0.8 1.6
499 0.671 12.0 11.2+1.1 1.5
530 0.653 15.6 142+1.4 1.45

1.The difference between G-K and E-S is removed
2.3 values are validated



What is the nature
of the B values?



PHYSICAL REVIEW A VOLUME 1, NUMBER 1 JANUARY 1970

Decay of the Velocity Autocorrelation Function®

B. J. Alder and T. E. Wainwright
Lawrence Radiation Labovatory, University of California, Livermore, California 94550
(Received 10 July 1969)

ﬂ e
L. - L - —
i A ™ v =0,01 P (s) I'- & :
= » o & -
L .
o Nt'3/2
o = Fe -1
5
F
@
0.0 — & —
- -
- -
ool 1 1 | | T |
1.0 .10 0.0
b

FIG. 1. GStatistically averaged velocity field around a
central disk from molecular dynamics (heavy arrows) mFIE, 2 f ?nmya;im:l ok ?feuvem?:tyt::::ufﬁlzim .
) nction p(s) as a function me (in of mean col-
compared to that given by the hydrodynamic model (light lision times s) between the hydrodynamic model (circles)
arrows). Because of symmetry only half the plane is

and a 500-hard-sphere molecular-dynamic calculation
EhﬂW‘l’h ThE Eﬂﬂle 'Df ﬂiﬂt&me iE 1|ﬂ1ﬂat'Ed b_f the EiZE 'le {tria“gleﬁ:' at a vulume re']_aﬂ've to ElDEE packing of 3 on

the central disk as shown by the smallest half-circle. a log-log plot. The straight line is drawn with a slope
corresponding to ™%, To the molecular dynamics pf(s)



Pomeau VACF series expansion®
Cy(t) ~ 3% b, t1/2" 2

n=1

O
o) R oS n—> oo
I N b_t?
- O OPLS-AA oo
® L-OPLS-AA N
- @ TraPPE-UA P
— O @

- ©  B.J.AlderandT. E. Wainwright

I I B U | 1 n->1
= 0 ® +> } % b t-3/2
- 1/T[103 1/K]| 1

2 2.4 2.8

*Pomeau Y. // Phys. Rev. A. 1973. V. 7. Ne 3. P. 1134-1147.



The same initial conditions <

Determination of t°

! !
(I‘ ,V ) - MD trajectory integrated with 1 fs;

" " . ) ) _
(I‘ ’V ) - MD trajectory integrated with 0.1 fs;

! (AV?)/2V,, 2 o7 Dﬁnun Lyapunov instability:
E |:|I:":I 2vth2
10-l — O DDD A 2 _2 I 2 /,N
. & vio)=) (v,-v,")
10° | J . T> tmem "
o (AV*) ~ exp(KL), t <t
~exp(Kt)
0t ()2,
a TraPPE-UA
- O O OPLS-AA 2
10"+ ] v, =3k, T /m
. - tOEII.I;s -AA t;rg:;PE -UA
5 L ~|l | ~|L | tI[HC] *G. E. Norman, V. V. Stegailov //
10 OH - 1 7 3 4 Math. Mod. Comput. Simulat. 2013,

Vol. 5, No. 4, pp. 305-333.



The C, asymptotes for n-triacontane
10

C.0IC(0)

10'3 l ] ] l |




3 dependence on temperature
C, ~t?"

§
T o)
) F o)
@] 1
- O OPLS-AA ;F }
® L-OPLS-AA B
- @ TraPPE-UA .

= O ®

B O B. J. Alder and T. E. Wainwright

e

/T [10° 1/K]
2 2.4 2.8
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1 ns MD trajectory

Coloring corresponds
to the current time:

— - Start
- middle
— -end

‘ - molecule COM



1st area

2nd area

|

Coloring corresponds
to the current time:

—— - Start
- middle
— -end

’ - molecule COM
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Velocity [A/ps]
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TexHuKa ycpegHeHus

<Ar2> = 6Dt

The 15t stage of the averaging: The 2" stage of the averaging:
M
Ar?) =Y (kM (1) =1 (0)) /N A?) =N (A M
< > g( ' ! ) < > ;< >kr
N- Number of the molecules (8000) M - Number of the zero shifts (~60)

\ /

AT
Equilibrated MD trajectory



5.6

5.2

4.8

4.4

*I. Yeh and G. Hummer // J. Phys. Chem. B. 2004. V. 108. N. 40. P. 15873

PazmepHbie spPpeKThbl

D [10°cm?/s]
S~ 8000 D.. =D — oS
n,‘ PBC 0 6.TET?L
“~o_ 1000
L B
. 3375 o125
B~ 1000
_ " B
O TraPPE 360 K
O L-OPLS-AA 400 K SO 125
i I/N'lff‘ﬂl
0 0.05 0.1 0.15 0.2




TexHuKa ycpeaHeHua

C,(t) = (V(0) V(1))

The 15t stage of the averaging: The 2nd stage of the averaging:
M

C,()= Y v,(0V,t)/N C.(t)=YC, (0, /M

N- Number](\)/f the molecules (8000) M - Number of the zero shifts (~300)

kt

0 Equilibrated MD trajectory



[1lnaH goknaaa
N-CzoHg,

1. Camoandpdysunsa B
XWOKOM H-TPMaKOHTaHE

NMoTeHUuManbl B3anMmoaencTBus )
(+ COMPASYS)

CxoanmocTb [-K

MNpenckasatenbHasg cnocobHOCTL Morekyna H-mpuakonmaria

2. CoBuroBas BA3KOCTb

CxoanmocTb [-K &,

HepaBHoBecHaa M[] + akcnepumMmeHT




[1naH goknaga
N-CzoHg,

1. Camoandpdysunsa B
XWOKOM H-TPMaKOHTaHE

[loTeHumanbl B3aMmMoaencTBUS
(+ COMPASS)

CxooumocTtb -K

2. CoBuroBas BA3KOCTb

CxoanmocTb [-K &

HepaBHoBecHaa M[] + akcnepumMmeHT




Pe3ynbTaTbl pacyeta metoaom 2-C
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N :
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YpaBHeHus ana D

They are
theoretically
equivalent:

.1 2

D = lim o < |z(t) —(0)
_ lim i < |r(r) = r(0)]2) > v
DY P oRariess
Albert Einstein (1905) _ lim 1 < (r(t) — r(0)) _U(t ~ Smoluchowski (1906)

= lim — de{v(T v(t) >

t—oo d

= lim = dT <v(0)-v(t—71)

t—roo D

:%/‘;mdﬁ{w([})—v(t}fb

Melville S. Green (1954) Ryogo Kubo (1957)
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Molecular Dynamics Simulations for Transport Coefficients of Liquid Argon : New Approaches,
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|. Gholami, A. Fiege, A. Zippelius
Slow dynamics and precursors of the glass transition in granular fluids.
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Molecular hydrogen solvated in water — A computational study.
J. Chem. Phys. 2015. V. 143(24). P. 244505.
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ABTOKOPPENATOPbI CKOPOCTU

“Cage effect”
>N

C(/C(0)  — s

N rebounding

C.(t)<0

scattering

With the increase of T

0\

“Cage effect” disappears




Pe3ynbrarbl YUCNEHHOIO MHTENPUPOBAHUS
20

D_[10° cm?%s]

Q
\

6 t
2 D,=[ Cy(1)dv3

o
25 Toge7K e, P

-.G__-EI] .

maX

gL Einstein-Smoluchowski
t [ps]
0 4 8 12




Pasnundune mexay I-K n 3-C

C:-

o’
%
Yy )

//

Tps /ﬁ/
D=| Cy(tdu3

m E-S5 OPLS-AA
£ G-K OPLS-AA Num. int.
m E-S L-OPLS-AA

m E-S TraPPE-UA
2 G-K TraPPE-UA Num. int.

/T [10° 1/K]

2 G-K L-OPLS-AA Num. int.

D [10° cm?/s] -

2

24

2.8

3HadveHuda [-K zaBblilUeHbI

110



[lpaBmMna MHTerpupoBaHns

1) BnnaHue nepmogmnyeckmx ycrosum*

t ~L/v ~150 A/1500 m/s ~ 10 ps

*V. Ya. Rudyak, G. V. Kharlamov, and A. A. Belkin
Diffusion of nanoparticles and macromolecules in dense gases
and liquids // High Temp. 2001. V. 39. No. 2. P. 264.

2) MoMEeHT, Korga BenuymHa uHterpana noctodaHHa

|. Gholami, A. Fiege, A. Zippelius
Slow dynamics and precursors of the glass transition in granular fluids.

Phys. Rev. E. 2011. V. 84. P. 1.

M. Smiechowski
Molecular hydrogen solvated in water — A computational study.
J. Chem. Phys. 2015. V. 143(24). P. 244505.

10 .
3) Hantn acMMnTOTUKY U NPOAOIMKUTb UHTErPAN | ..
@
J. W. Nichols, D. R. Wheeler “e
Fourier Correlation Method for Simulating Mutual Diffusion Coefficients in q’g::_ 5 .
Condensed Systems at Equilibrium, e e
Ind. Eng. Chem. Res. 2015. V. 54(48). P. 12156. S
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CxoammocTtb meTtoaos [-K n 23-C
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[1lnaH goknaaa
N-CzoHg,

1. Camoandpdysunsa B
XWOKOM H-TPMaKOHTaHE

[loTeHumanbl B3aMmMoaencTBUS
(+ COMPASS)

CxoanmocTb [-K

MpeackasaTtenbHas cNOCOGHOCTL  Morekyna H-mpuakoHmana

2. CoBuroBas BA3KOCTb

CxogumocTb [-K &.

HepaBHoBecHaa M[] + akcnepumMmeHT




BbiBOAbI NO 4YacTtu |

T e
2ps
Cv(t) dt/3 B cuctemax c 6onsimmm BpemeHamu
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N.D. Kondratyuk, G.E. Norman and V.V. Stegailov // J. Chem. Phys. 2016. 145. 204504
Pabota nogaepxaHa rpaHtom PH® 14-50-00124



