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@ o : 347 AT A9 282 Khindered diffusion)S = EH| Q] 7] E(pore)ll A YAES] LFo 9
& AAEE A7 IS S WS wAG FEAA ols|Etet] F8.3 dAbo|th -3 (spherical) o)1= YA}
o B3} Hr} B3 del(conformation)9] TEAFALE ?—}_2 zh= thrbA s (polyelectrolyte)] A $HakAl 5ol
= ok AASo] Base] Q) dEC), o B2e BE AWA AR BE ol o) Aol 2 A
FME, €38 A7) 2 ] e gl thrhAs) A single polyelectrolyte)ol] coarse-grained bead spring
model@} A 2)(long-range) 3 A4+ E Z-B-(electrostatic interaction)?) Debye-Hiickel potential- 2 #-8-8}a] E2}IA)E
ol 7Sl Bk FEE BALE FHEY ) 7183 trhds) A Ak (polyelectrolyte chain)e] F0] 3 ZL7]of A,
$919) A3 ol T} ATl BE Ab) A(extension) EohE ABHFWASE BEAT, 713
o FHEL AGEHAFE B F2AA olE, d7hs)d Al (polyelectrolyte chain)e] A A Zol(steric
hindrance)sh G2 WAL o] W71 FAM HAISS AATL Sjulgie.

Abstract : The hindered diffusion in confined spaces is an important phenomenon to understand in a micro-scale
the filtration mechanism determined by the particle motion in membrane pores. Compared to the case of spherical
colloids, both the theoretical investigations and the experiments on the hindered diffusion of polyelectrolytes is
actually more difficult, due to lots of relevant parameters resulting from the complicated conformational properties of
the polyelectrolyte chain. We have successfully performed the Brownian dynamics simulations upon a single
polyelectrolyte confined in a slit-like pore, where a coarse-grained bead-spring mode! incorporated with Debye-
Hiickel interaction is properly adopted. For the given sizes of both the polyelectrolyte and the pore width, the
hindered diffusion coefficient decreases as the solution ionic concentration decreases. It is evident that a charge

effect of the pore wall enhances the hindered diffusion of polyelectrolyte. Simulation results allow us to make sense
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of the diffusive transport through the micro-pore, which is restricted by the influences of the steric hindrance of
polyelectrolytes as well as the electrostatic repulsion between the polyelectrolytes and pore wall.

Keywords : Brownian dynamics simulation, hindered diffusion, polyelectrolyte, chain conformation, membrane

pore
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Fig. 1. Schematic view of a polyelectrolyte transport
through a membrane pore filled with electrolyte
aqueous solution, where the pore wall can be
maintained with constant charge density.
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Fig. 2. Coarse-grained model of polyelectrolyte confined
in a slit-like pore.
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2.1. Coarse-grained bead-spring model
98 Ab&(flexible chain)$l Th7}2 3] A (polyelec-
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(Brownian force)S Azt wWE TRYAQY 3
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(equation of motion)0. 2 EFHHATH= o] & L&A
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{7141, D Rotne-Prager -F-4| 58t 45 2H8- &l
(hydrodynamic interaction tensor), F, VEE, Ruf)
= beado]] Zgdh= FAHQ F(random force)E
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Table 1. Set of Dimensionless Parameters for Simulations

Dimensionless group Property Applied value
ll bead radius 3.56 % 10"
2
l’g ]’(3) spring constant 1.0x10°
2K, . . .
7 enclosing potential coefficient 3.0
VA /, . .
BT linear charge density 285
€
2
g;s surface charge density 3.0x10°
% Lennard-Jones potential well depth 1.0
lﬁ Lennard-Jones potential equilibrium distance 1.0
N number of beads in a model chain 15
* ], (equilibrium length of the model spring) has the value of 5.6 nm.
ooc)sh ABD FAALY 43AE FHE AAD Eh oNF A Amioon) 2 FUT £ A
oh B84 Yeandom force) FE Bo) YA wAFE AR QAHez A7) 2% gEL 43
=

Hz}g £ (Brownian motion) . ZHE] WHABElE H
23 ¥(Brownian force)e AlE# o] F3F WA
TFEsl7) st =Ri=H, A (99 (10)e] o3 2
A BEXZXY FAo] Fojdr,.

AlEgold #AAHL =719 HHY  dei(non-
equilibrium  state)2H-E  A)Z}5ted B 3 A (equilib-
rium state)o] TECIT FEE] BGEE A7) =
G717, 28] Ist order FA wEEEA
(stochastic differential equation)®] Z&E-& 4=813}o] 9]
FolZlth AlEH ol AE A3l aFEe A7 73
A Rl XA S Table 13 o] FojAT;
8, A95E RO (teration step)= oF 10°0.2
A Hd AAEY AZHrun time)S Pentium [V proc-
essor= oF 8Aj7te|t}. HE A zbz} dAuit o
Ae FAH B0l ol REZRE FAY
(random number)E FZE3t] FZHH<2l F(random
force) 3ol HEAINE Ade WRITh A gk
ALE AF 33 (equilibrium state)of] A€} Al&2]
Fell(conformation) H|o|E]28E] MEEHU. TH,
coarse-grained modelZHE o Z5= EA EAA
AGHE FEA7T St e 2ZEAA
(ensemble trajectory)S- @A A)7ITh.  zbzre] A
(trajectory) Gaussian ¥ (distribution)2] £4-& 712
Z7)9] F-293<1 Hell(conformation) AFe}E Fof

3}, o] z}xq o i 28] A4} (post-process)E &
0}04 olE HTHe HAFHA 242 H3}
= 2alg -HO}?&E]' AurAQ 43 Fig 37
zcru}.

rJl

3.2. 8 o
b s d(polyelectrolyte) AFE2] 8 ell(conformation)
597 Fhaso] A= 8.3 I AN A
(end-to-end distance: Ry, =V ( 7y — )% )2} X345k
Zd(radius of gyration: Rc=¢i ﬁ< o — rl)2>)
£, i) beade] A E|C] no} Ak ZFAlcenter of
mass)ol| A1 2] $AHAER] rey SL2RE AN 4 9
o} 3l AbthA Al%E E-AJu)(characteristic ratio of
relative stretching: (Rew/Ro))S AT 4 9=d),
HEH oz oA AlZEH(fully stretched) A&zt 4
conditionol] X&) Ap&oll st 2zt 129} 69 e
Zt= Ao g deA ok 4 conditiond] A o] AlELS
Tglobular) HHWE AR, o] S4H] e B
Eil Atgo] AEHE AERE AFH R Uehe kol
2 & 4 9ot 2ZALE E8) inverse Debye lengthe]
S7tell we}, 2Ela 39 wnzt A o

Ro, Rewy 71217 0] 59) SAH) o] RF Trashe
RS Y 4 ATk 23 o) Be v
Azl A%E BelZF Fig 4o)M, £alo] Folxd

Membrane J. Vol. 12, No. 4, 2002



212 A

Initialize a set of location vectors

Calculate Rotne-Prager Diffusion tensor, Model Forces, Brownian Forces

out of present set of location vectors

Numerical integration

every 50 times ?

Write the current conformation data and Calculate output variables

Pass

= runtime += dt

N
v

Loop

Write the final conformation data

Fig. 3. Brownian dynamics simulation scheme,

“‘0“"“.’.

@

(b)

Fig. 4. Snapshots of a polyelectrolyte in the slit-like pore by performing of Brownian dynamics simulation with wall
surface charge density = 0.02 Coul/em?’, x/, = 0.1; (8} 1 = 0.03 and (b)y A =0.17.
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Fig. 5. Diffusion coefficient of polyelectrolyte in un-
bounded space as a function of dimensionless
inverse Debye lengths.
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SWAFE 24T 2 5 ATk 6714, delel 2
ol& zte= tr}A s A(polyelectrolyte)e] 413 Al
of thet 789 A7l FAIGTH a7 (hydro-
dynamic equivalent radius)yg AtE3st] 7139 ynje}
Blasteh. trhas) A(polyelectrolyte)oll thak 3
Am AAHY ARATE o2 maugel A o
th AAEAQ ATE A3ty Yk AN Paware}
Anderson(1993)9) &4 A A=, HREA} Y=
E5F 71EolA 73 G SE|= g f =
H Aol

F-2H9 inverse Debye lengthe] 7140 wek=, &
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Fig. 6. Hindered diffusion coefficient for uncharged pore
wall as a function of A with different dimen-
sionless inverse Debye lengths.
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Fig. 7. Hindered diffusion coefficient for charged pore
wall as a function of A with different dimen-
sionless inverse Debye lengths.

X [r
N
N

o] o]2ewrt ZAYSFE) AT E 2a
3%, Fig. 704} o] 718 WH 9] AL o
7} 3f) A (polyelectrolyte)2] A 5]-3—5]"\]'£ Hs £3z3)
Ak &9 oleFEe Fhihe FANEE S F
713, ol& A Ry B Rew 5739) M2l A 7]
Hee] A5 akgo] HglE 7lx9 kA F

3
[<]

(o] Z
Fe

Z& Aotk Fig 7& thrhasA(polyelec-

Membrane J. Vol. 12, No. 4, 2002



214

trolyte)2] beado} 73 BHIo] HHFEAE Fol
A M2 Ybrepulsion)dt= 7ol A9, 71F B¥E
o] (HEA ()% beadt HIPZ 3} (oppositely
charged) 7A-%-% AZ}e 4 lck o] B$&, Fig 73}
= 28 AA f-9)B(electrostatic attractive force)o} 2t
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MBI =

: Rotne-Prager hydrodynamic tensor [s/kg]
: diffusion coefficient [mz/s]

- coefficient in unbounded space [m:/s]

- virial coefficient in Eq. (1) [mz/s]

> electrostatic potential [J]

: Hookean spring potential [J]

* Lennard-Jones potential [J]

: force vector acting on bead [kg - m/sz]
 enclosing potential coefficient [J - m’]

. Boltzmann thermal energy {J]

* equilibrium length of Hookean spring [m]
. number of beads [-]

: random force vector acting on bead [m)
- end-to-end distance [m)]

- radius of gyration [m]

. hydrodynamic equivalent radius [m]

* radius of spherical particle [m]

- location vector of center of mass [m]

- location vector of i-th bead [m]

> distance between i-th and j-th bead [m]
: time [s]

: z coordinate of i-th bead [m]

. half width of slit [m]

Greek Letters

 surface charge density [Coul/m’]

: Hookean spring constant [kg/s’]

: dielectric constant [Coul/] + m]

: Lennard-Jones well depth [J]

: solution viscosity [kg/m - s]

- inverse Debye length [1/m]

- ratio of polyelectrolyte radius to pore width [-]
> linear charge density [Coul/m]
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: Lennard-Jones equilibrium length [m]

@  : particle volume fraction [-]
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