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Molecular Simulation Studies for Penetrable-Sphere Model:
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Abstract: Molecular simulations via the molecular dynamics method have been carried out to investigate
the dynamic collision properties of penetrable—sphere model fluids. The collision frequencies, the mean
free paths, the angle distributions of the hard—type reflection and the soft—type penetration, and the
effective packing fractions are computed over a wide range of the packing fraction ¢ and the repulsive
energy &*. The soft—type collisions are dominated for lower repulsive energy systems, while the hard—
type collisions for higher repulsive energy systems. Very interestingly, the ratio of the soft—type (or,
the hard—type) collision frequency to the total collision frequency is directly related with the Boltzmann
factor of acceptance (or rejection) probabilities in the canonical ensemble Monte Carlo calculations. Such
dynamic collision properties are shown to be restricted for highly repulsive and dense systems of ¢* =
3.0 and ¢ = 0.7, indicating the cluster forming structures in the penetrable—sphere model.
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Figure 1. The reduced total collision frequency }. as a function
of the packing fraction ¢ The symbols (with lines to guide the eye)
represent our simulation data for the penetrable—sphere model.
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Figure 2. The reduced hard—type collision frequency o}, as a
function of the packing fraction ¢ The symbols (with lines to guide
the eye) represent our simulation data for the penetrable—sphere
model; the solid curves in (a) and (b) are given by Eq. (11) for the
hard—sphere model.
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Figure 3. The reduced soft—type collision frequency wi. as a
function of the packing fraction ¢ The symbols (with lines to guide
the eye) represent our simulation data for the penetrable—
sphere model.
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Figure 4. The ratio of (a) the hard—type @}, and (b) the soft—
type . collision frequencies to the total collision fregency
;. as a function of the packing fraction ¢ The symbols (with
lines to guide the eye) represent our simulation data for the
penetrable—sphere model; the solid lines in (a) and (b) are given
by Egs. (15) and (16), respectively.
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Figure 5. The reduced mean free path A* as a function of the
packing fraction ¢ The symbols (with lines to guide the eye)
represent our simulation data for the penetrable—sphere model.

T T T T T =T T T T T L=
012L(@) 1(b) Jo.12
—0— =025 [] —— =30 |]
o —v— ex=0.75 |+ —w— gx=4.5 o
0101 —o— =15 L —a— gago [1010
0.08 T Jo.os
< oL T i
3 r T ]
< L 4 -
0.06/- I Jo.0e
0.04] I Jo.o4
I T T VT T I Y N VA S B
041 03 05 07 09 0.1 03 05 0.7 09

¢
Figure 6. The product of the reduced mean free path and the
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symbols (with lines to guide the eye) represent our simulation
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o 591 4+ FA B ¢ O B 22 Al Figure 5]
el a4 g 9] Z7)0] mie} AR 0 2 7], W Held oy
12] Figure 5@ ol Vel 2= S g o] Mool g7} 2715001

2} S5} 32 g 9] WSl A AAlet GBS ZR=ck o] wle
of 35 24 olLix|2] Figure 5(0) 9] 29 W ¢ 9] slofiz o

e}
=

o} PIRle] A DR AkS
ol we} 7hastar ek

At e g0 WSl 27h 27}

o213t 532 Figure 67} vwslo] A = Qlrk of7]elx] vieht
= 9] A} ol AHE ZzE 2] 10) 3 (12) 9 S HS Fdloll
9] ©s& o224 W Enskog K7 o220l g2t Figure 6(a) 2] &*
=0.259] %% i*¢ = A FH(= 0.06~0.066)L 7HAm, o= HS

o]&A] (10) oM AR 1/64/2 (+1.1179) 2] oF Hk] Fhe: Z8=r},

M

Ak QA 1 Ak A4 517
1e+0 grrrrrrrr s e 1e+0
F(@) ex=0.25 (b) ex=6.0 ]
16-17 +1e-1
< E B
kS r ]
c L o, 4
.S
5 1e-2k =1e-2
Q E 0, E
B r %, ]
S [ ., ]
o .o.
8 e3¢ g 16-3
© E N 3
£ Floe =01 A
o L 7\ 4
> v $=03 A
1e—4§ ' 4205 E1e-4
Foe =07 3
L 4 ¢=09
e-5leriilirii il bvrerbrva e bera bl 1e-5
0 1 2 3 4 5 1 2 3 4 5
ALAEE

Figure 7. The normalized distribution of mean free path 4 as a
function of Z/ﬂ%s . The symbols represent our simulation data
for the penetrable—sphere model.

RE 0] HlelN HF g5 ok 79%01 (Figure 4(b)), A &
59] 739t ANy A= PS YA A o Bt Hob Ak = ik
wEb] 2% g = HS o2 e] Ak ghat fARE Zlofet e+ 71 7kl
we} PS S dARe] e Aash, webd 2+ g Figure 6(a)
o} o] S7IRIY. Figure 6(b) o] 32 294 oA 79 Bt =}
F AT W2 ¢ 9] WSlolM Enskog B4 QAN e o124 (12) 9}
FARSE AEES Zheth B ¢ 9 e SKSl Wt PS Al oS
2 FEtE Hdeh it At BEE SUSE Ale)d] FE A
2o @Ak ek olefst AR FE Wde] Figure 6(b) 1
Bt i} 0] g+ = 6.0 A9 ¢ =0.6 ol] Wslola xiadel gk
Slol et Fat A B 5438 olell Ak Hd A R
=3} B % (normalized distribution) & 2BH K 12} Figure 701 &
g8t 2 ofuix] 2491 4= 0.25 H &¢= 6.0 F 7] HE F
%1% (semi—logarithmic) =% WERASITH®R]S of7]elx =23}
SRz Qdgkont, Bk it Ay o] ddshs T e O]
T WlerolXe] s ofufdt oo theshs T W 5
& AR HEE] SA4e B Zlolth). Figure 7(a) o] W 294
ouA] 23191 ex=0.252] -9 Bt A RO FE = e Al
2 227} obd K9] Ve 1E % ZH=t) o= AT T
off oJgk dtiF oz mhe- - AC> o) 8, olell Hlgle] AAE FFA T
=0l 23k vk A2 UK o) TS 2] vhEoR AagE < otk o
=0.75 W g+ =1.52] 4§ BE ¢0] ol ot 2t W2O| wE
T A= LAk T A4 7HAE Hola Qltk Figure 7(0) 2
=2 HYA ofur] 219 gx =600 A1 SE0] TS vivis)
Al dofu, ool met Far 27419] 71571k= Figure 7(a) ol ¥latod
U 5238 745 BRItk of2fgh 739 Bk A RS FEEE ¢
7h 7Kkl whet ShEe] AxIF 0% st ¢=0.72] ZdolM
U2 7] Wslell W et Ay BE ] T A vERar
ATk ok STAE Aol o3t B]AEA gabrt ¢=0.99] ¢ H
< A VR S 2410] SRS TR g=0.15 Al9Ieh B A
B} =) Yepdar ik o]2f3t B3 EAL o+=6.02] 2 ¢>
0.52] W91l PS §IFs2] 7322 wixjol] wie gt Ak B2l 52

o B e
. L&

o~
Xt

Polymer (Korea), Vol. 35, No. 6, 2011



518 AES -

" WW "
0.5 I J” 0.5

4 g*= 0 75

04

Ww” il
I

Normalized distribution of a,./2
Normalized distribution of as./2

0.1 .e 0.1
Mf&*#i OJ ]
0.0 - . beosseeee® . oo
0.0 05 10 05 1.0
cos(ay. /2) cos(a.. /2)

Figure 8. The normalized distribution of «/2 as a function of
cos(a/2) for the hard—type reflection, an./2, in the left panels
and the soft—type penetration, as./2, in the right panels. The
symbols (with lines to guide the eye) represent our simulation
data for the penetrable—sphere model, where the ordinate axis
for a given value of &* is shifted by 0.1 from bottom to top.

FHsks omjsiar Qirk
Figure 89 PS 9A9] 4% & fvle] wje FE2e) wsls i*ﬂ
SlaiAk olo]] ARLER= EFE) BEEE 25 w12k o33 (cosine)
= =AML o719 ane/2 B aso/ 2= 22 Z3AE 9 A1
T T AW AR WSS e 9o, 0]50] M= () < cos
a/2 < 10] Ak F1gure 8(a) 9] 78 vk HA] oA gx=0.2501
A cosans/28] = 09 #L 5 ans = nel By 2 Bhe 2 4
218 Aol ”‘J%‘r S VR Qlok BB, 58 H=A oy
A] g+ =600 cosans/22] 3T 12] 7k = ans = 004 B =

& BEYTE yoli= uhiA A8 FES oulslar 011:} A Figure
8(b) ol LhEh = ul} o] Helal oA} ZHE 25 7 95

PS A9 Al HZFE2 AlSHAR] X TS EOII’_ St Figure 4
ofX st ulel o] g+ =6.00l4] PS YR A Wk} =0
ol akzte] AL Oofl 7HEAl W 53 PS dAkse] A%
A9 AR 07 ARSI l5-& & 7 Qi of2fsh FE Hek=PS
FAIS] A gt 71Eell 9ot back—scattering &3S 39 54
E9% ARAR1 AP 9 Aok

By g duola® Bust pS mEll fA9] Soldt xe2 B4

Y2 S B PAE o ® s Slsle], Figure 900l 34 &
°ﬂ EHG} T T8 B8 VIS g/ g5 EABRISICE o7l fra

A WE g ¥ MD R FA} o] 7R 10° Fme] Hix)
(conlguratlon) of] gfsie], &ge] = MC 51¢] SRR! hit and miss
7S ©] BAL Farell (10x10%10) 2] &7 AxFdS T3s)e] Al

IS4 Figure 9o Ul 7 41458 this} 2 7 71 A
1 735-0] o] @aSolek 91 Ao FoRl i F4 Fi durts PS

ARl g5 333d0] 8] flis HS Bl (ex =o0) 7} ZE‘O]

EgH, #3548 A63, 2011

" (a) T (b) 7

1.0 1.0
0.9 - -0.9
0.8 - 0.8
iy
<
0.7 - -0.7
06H —0— &%=025 1| —o— ex=3.0 Jdos
—v— &x=0.75 —v— g*=4.5
[| =7 e*=1.5 T| —®— &%=6.0 )
0.5 N Y Y Y B T T 1 1 1 1 105

01 03 05 07 09 01 03 05 07 09
¢

Figure 9. The ratio of the effective packing fraction to the nominal
packing fraction g./¢ as a function of the packing fraction g.
The symbols (with lines to guide the eye) represent our simula—
tion data for the penetrable—sphere model; the upper— and lower—
curves in (a) and (b) correspond to Egs. (17) and (18), respec—
tively.
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