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(Current Research on Static Property of Complex Fluid in Confined Micro-Spaces)

1. Complex Fluids
0000 (complex fludd OO0OO OO0, 000, 0000 (macromolecule) 0 OO0
0 O (polyelectrolyte) 00, 0O OO bioflud 0 00 00000 D000 OO0 0000 O
O0O(@mple fludD OO O O OO0 OO0 OOO O0OO OOOO. Complex flud O O
000 00 ODDO0OD0 DOO0O OO0 TablelO OO OO0 O O DO[L,2].
O0,complexfludO 00 OD0OO0O OO0 OOOO,
i) OO0 OD00O0O molecular lengthscale O O microstructurd OO0 OO0 OO0 O0O.
i) 0OOOO0O O0O0O0O0 longrange interaction 0 O0O0O0O OOOO. OOOO, long-range
interaction [0 physicochemical interaction 0 0 O Lennard-Jones(LJ), repulsion, attraction O 0O 0O 0O
O0[3].
i) 0000 DOOOO OO0 OO0 O OO0 OO0 OO0 bOboOooO. Oobooo ooo o
O many-bodyinteraction OO0 OO0 OO0O0O OOO OOOO[4].

Table 1. Classification of complex fluids.

microstructures of complex fluid particles example
O O (spherical) Rigid latex, microspheres
‘. Deformable emulsion, micelle
0oo-000 Ellipsoidal 000 00 (@bumin, globulin 0)
. : Spheroid
(axisymmetric-
nonspherical)
Prolate OO0 cay O0O,silt
“ : DNA, O0O0O0O, 00000,
. Rod-like 000
Jnon Semi-flexibl
i i-flexible
(chain structure) 000 OO (polyelectrolyte),
(brushed & tethered),
Flexible O O (polysaccharide), [0 0 O O [




2. Complex Fluidsin Confined Micro-Spaces

Complex flud 000 OO0 OO0 OO0 OO0 OO OOO complex fludO O0O0O
00 (confined space)l OO OO0 ODOOO. OO0 OO0 OO OO0 OODOO OO0
OO0 0O OO0, Fg10O OO ditlike pore O cylindrical pore O O well-defined structure 0 [0
00 0000 disordered porous O O fibrous geometry 0 O[O0 heterogeneous structure 0 O O
O O OO0[56].

Table 20 OO0 confined complex fluidOD OO O OO0 O0O0OO OO0 O0OODOOO
0000 OO0. OO0O0O0O(unbounded space)d] OO OO0 OOOOO complex flud OOO
000 00 DDOODO,0000,000 O0OOO0O OO hydrodynamic interaction 0O 00O
o0 Oobo oodo bbb oood. oo, 0bb oo ooboboobo ooo oooo
00 non-hydrodynamicinteraction OO0 0000 OO0 OO O0OO0O O0O.

€Y (b)
Fig. 1. Complex fluids in (a) unbounded space, (b) confined space of micro-channel, and (c) confined

spaces of disordered fibrous media.

Table 2. Complex Fluids Processing O O [0 Micro-Fluidics Aspects.

Focused areas Complex fluids processing Micro-fluidics aspects

Hindered diffusion, convection,
€lectrostatic interaction,
electroosmosis, €lectrokinetic
flow, Taylor dispersion,
concentration partitioning

Diffusion, electrostatic
interaction, flow and
rheological aspects of blood,
ion transport
Particle-particle interaction,
hindered diffusion, size
exclusion, inter- & intra-pore
interaction

oooo oo

ooo capillary O gel electrophoresis
ooooon fields flow fractionation
O00 DO0O0ODODOOd

Bio-Chip (DNA-chip, Lab-on-a-chip)
Bio& Medical |0 000
oooo@ooo,ooban)

0 0O O (super-molecul es)
ooooo ooooOo,0o00bDoon
mesoporous O OO, OO0 OO




3. Static Properties
3.1. Radial density distribution of colloidal suspension

000 0000 OO0 ooo0ob oobob obobobbooo oo oboo oooo o
0 0000 0000 (equilibrium partitioning) 000 0O0O0O[78. 00 rO0 000000 O
O RO O0OOO0 OO0 0O 0O0,00000 0000 GO 00000 goooo CyO
ratiod 0O 00O OO O (partition coefficient) K(=C,/Cp)Ud ODOOO OOOO.

[."c@)pdp
[c@)pap

O00,A=rR, 0 OD0OODO0O dimensionless radial distance, CB)0 O OO0O000 0O0OO
O longrange 000000000 OO ODOOODOOO ERUOO OO0 OO OO0OO OO
00 CP) = exp(-EkT)DC. OO0 OODOOO O0DO0OO0 00000 OO0 00000
00 O0O-000 000 OO0-0000 longrange interaction 0 OO OO0 O0OO0O OO
Ud oo oo oooag.

000,000 OO0 O OD0O0OD0 O0OO0O0 OD0O000 radid density distribution 0 O
00 00000, Gibbs ensemble Monte Carlo (GEMC) OO0 O00O0O0O OO OO OO0O O
O 0O 00[9101. GEMC OO DOODO virial expansiond O density functionad OO 0O OO OO
gooob ooooob 0o oo bbb obooo ob boo oobb bo oo
a.

Stochastic process 1 GEMC O canonical (NVT), isobaric-isothermal (NPT), OO O grand
canonical (uWWT)ensemblel 00O 0O0O,Fg.2000 000 OO OO0OO OO0 O0OO OO
0000 NPT OOO ODOODO OO. O,000 DOO0OO (periodic boundary condition)dd [
00 000 000 0000 OO0 0000 000 D000 (random displacement)d NVT

K =

w

_

Fig. 2. GEMC method for the simulation of equilibrium partitioning, (8) random displacements, (b)

particle interchange between two regiong9].



process OOO0O OO (interchange)d uVT process] OO0 OOOOO0O ODOO0O OOO
OO0 0O0D0O0OO OO. O ensemble 00 OO0 OO0 OO0 ep(-E¥kT) O OOOOC OO
O 0000 OO0 configurationd OOO0O. OO0 OO OO(@O 500~13000)d OO
000 0000 0000 adust parameter 0 OO0 000 ODOOO ODOOO. OO0 O
000 OO0 OO0 O000 configuration OO OOOO0O OO O0O0OO DOODODO. OO
O, par-wise additived 00O OO0 OO0 O0O00O O0O0OO OO OO OO0ODOOODOOO
gooo.

Fig. 30 0O00O0O0O OO O0O0QO0OO0O OO0 O0OO0OO0O OOOO oDoobo oooo
0000 0000 (radid distribution function)d OO0 O0000O[211]. ODOO0ODOODODOO
00 000 000 oo0o0ob oooobboo, 0bbobb Oo0ob 0oog obbo oo og
000 OO0 OO0 (depletionyd O O O0O.

Infinite dilute 0 OOODOOOD OOO O0O(@o0~0amM O OO)O OO OO0 OO
00 ODO00OD0 00000 00000 0oO0DbO0bO ODO0bOO0o 000 booo OO, Fg 4
00 00000 00000 OO GEMC O virid expanson OO0 00000 ODO0O0O O
g ob oo oo oo b o400 bbb booo bo. boOo,00bR0 bood
ud oogoo oobobo bbb bbb bbbobdodoo oo oobobo. oboboobobog
0000 DODO OO0 0000000 000 DODOD0O0O viridexpansion 00O O00OO0O A
g ooogd oo 0 Ooob o400 oo bboo. 0Obb oobo oo bbog
(O,A>05 00000 0O0ODODOO OOOO ODODOOO ODOO OOOOO, 00 OO0
goob 0bod o0 Oobbob o000 bbb 000 Oobh booo Ubo bbooo
000 O00. GEMC OO0 000 ODODO0O0O 000 Happel O Brenner[12]0 centerline
gpproximation 0000 OO0 O00O0OO0O O0OO0ODOODO O0OO OO OO OOOO.

00, fibrous media 0 OO disordered OO0 OO0O fiber 000 OOO0O OOOO
radial density distribution 0 OO0 O000O([13,14]. fibee OO0 OODOODO OO0OO O OO
00 fibee D OOOODO OO OO(@ 3Vol% O0O)O0O,Fg. 50 OO O OO fiber OOO
smulation cell 0 OOO0O0O ODO0OO GEMC OOO OOO O O0O[14]. Fig. 60 fiber O
00000 1Vol % 000 fiber OO0 OO 1, 00000 OOOO0O 10 10 Vol %0 O
00,000 ionicstrength OO0O0O dimensionlessinverse Debyelength (=xrp)0 OO0 OO
radial density distribution D OO 0O. Debyelengthd OO0, O xrp, 00 OO0O00O fiber OO0
00 0000 oooob ooboob,b ObObO obobooo bobob obob oo oo.
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Fig. 3. (a) Density profiles of spherical solutesin the bulk for uncharged case and solute concentrations of
5 and 20 Vol %, (b) Density profiles of charged solutes in the bulk for ka = 6.56 and 2.06 (ionic strength

=10 and 1 mM), and solute concentrations of 5.2 Vol %.
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Fig. 4. Density profiles of uncharged solutes and charged solutes in the cylindrical pore for ka= 6.56 (i.e.,
ionic strength = 10mM), A = 0.3 and solute concentrations of 5 and 20 Vol %. Dotted curves correspond

to virial expansion results.
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Fig. 5. Snapshots of particles in both the bulk and the fiber regions by performing of GEMC simulation
for charged system with A = 1.0, ¢y = 0.01, and particle concentration of 10 Vol %.
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Fig. 6. Comparison of radial density profiles of particles around a fiber with different electrostatic

interactions for A = 1.0 and several particle concentrations C, of (a) 1 and (b) 10 Vol %.



3.2. Conformational Property of Polyelectrolyte Solution
(1) Monte Carlo (MC) and Molecular Dynamics (MD) Simulation

Max-Planck Ingtitute for Polymer Research, Theory Group 0 Kremer OO 0O, OO OO O (MD)
0000 OO DODODO flexible polyelectrolyte 01 overlap concentration OO0 OO0OO0O O
0000 OO well-defined pesk O scattering function OO0 OO0ODO0 OO0OO O0O0ODO[15].
O peakd OO0 ODOODODO OO ODO0O((density correlation) OO0 OOOO O0O0O.

OO00O,NVTMCODOOO unchargedD O OO OO0OO0O highly charged polyelectrolyte
O 00000 OO0 O goOofe. O 00,00 DOOD semidilue 0 DOOO DDOOO
00 density oscillation 000 OO0 DOOOOO OO DODOOO OOO OOO. OO0,
density oscillationd OO O 0O, poor backbone solubility, 0 00 counterion OO0O0O O0O0O0O
0000 segment-segment electrostatic interactiond ODO0OO0 OO0O0OO. OO, weakly charged
O single flexible polyelectrolyte 000 O OO heat bath MCO O OO velocity Verlee MD O O
00 000 0 0O0. O 000 MCOODOO OO ODODOODO OoDOO O goag, off-lattice
pivot 00000 0O0O0O0O0 OO OO0 O0OOO OOOOO OO OO O0OODO OO0
conformational space 000 OO OOOO O O0O[16,17].

Charged O 0O O polyelectrolyte 0O OO long-rangeinteraction] OO0 OO OO OO0O
ugd oodo o400 oo 0o boo,00 bo bbhooo 0o bbo b Oobo. oo
polyelectrolyte 0 OO0 crossover OO0 O OOO0O OO OO0O0O polymer density (00O,
monomer density)l OO0 OO0O0O0O OO0 OOO OOOO. good solvent, poor solvent 0 O
00 00000 0000 00 0000 «t 000 00 000 ooo0g 0o oooo.
00 00,00 OO0 OO0 poyeectrolyte 000 000 0000 O0O0OO0O OO OO
0 oo oo og b boog o0 boog. oo, ooboboobo boboobo bog
00000 polyeectrolyte 0 OO0 000 OO0 OO0 O0O0O0O O0OOOO OOOOO
00 0DO00O0O0 0000 O 000 OO obO. boooog O oood hybrid MD+MC
odd oooo.

(2) Chain Conformation

Rodlike polyelectrolyte 000 rod 0 OOOO0O orientational order 0 OO OODOO O0O,
flexible polyelectrolyte D00 00000 00O 00O OOOOOO. MPIP O Micka O
[18]0 O OO flexible polydectrolyte 0 OO0 MD 0 OOO0O OO0 OOOOO OO,
radius of gyration, end-to-end distance, structure factor, 0 00 OO scaing property 0 OO0 O
OO0. N OO monomer O O0O0O0O flexible polyeectrolyte OO0 OOO0O0O Lennard-
Jones(LJ) OO 0O bead-spring chainO0 0O OO0O0O. OO0 OO0 OOOO O monomer OO
O neutral 0 OO0 Kuhn step 0 harmonic spring00 O0O0O0O randomwak 00O OO0O0O.
MD OO0 OD0OO0OO(KT =10)00 OO0 damping constant O time step O OO Langevin
theemoset 0 OOODO OOO0O. OO monomer OO screened Coulomb potentid 0 OO OO



O 0000000 OO0 counteriond0 OO screening 0 Poisson-Boltzmann OO 0O OO0
O0. 0,00 rO000 Upy(r)=As kT exp(-xr)/r OO, OO0 Bjerrumlength Az 0 electrostatic
energy [0 Boltzmann therma energy 0 OO0 OO0 O0O0O0O DOOODOODO. DebyeHucke 0O
OO0 ODO00 000 OD0DO00 persistence length O inverse Debye lengthD x0 OO0 00O
ooonbo oo god.

Figs. 70 8000 O0O,00 OO polymer density D00 OO0 OO0 necklacelike
000 00 0DDOO,00 00 polymer density 000 (0 OO0, 00000 ODODOOO
0 00O ODO0)ODOOO OO0OO0O0O collapsed OO0 agglomeration 00 OOOO0 DOOO O
O0. Polymer density 0 OO0O0O OO crossover OO0 OO0O0O OO O0OO OOO O
oo.

polyelectrolyte 0 0 O conformation 000 O0O0O0O0 OO0 ODOOOO ODODO DOO.
O monomer 0O OO bondlengthD 00 persistencelengthd [0 N-monomer chainO OO
end-to-end distance Reyq 0 radiusof gyrationR,0 OO OO0 O0O[19].

(Reu) = ((ny—1)) = 1P12(N-1)

1/ , 1212(N —1)
R?) — _<Z(r‘_r Py =
< g> N = i cm 6
ood,ry ri0d chanendd OO, reO chanO center of massO O IUN (Zr)DO. Fig. 90
000 chain O structure factor 0 q OO0 O0O0OO OO OO0 OO0 OOO OOO O
OO0 OO0 0O0[19,20].

2

> expl-ig-(r -1,)

i

1
Sa) = N

000, q0 wavenumber 00, S(O O pair correlation function 0 Fourier transformation 0O O .
000 000 sdinglaw0 00 OOOO0O OOOODOO OO0O COOO.

2 2 2
(Reu) = (R) = N*
O,v=058800 sdf-avoidingwak O O000O0ODO expandingd O good solvent OO, v
200 random walk OO repulsond attractiond OO OOODO 6 solvent OO, OO0 v =

Y3 OO 000000 collapsed OO poor solvent OO0 OOOO. OO, coil-to-rodlike
structuretransition 0 O 0O 00O characterigticratiod 0 OO0 OO0 O O0O.

r = Riyz
RQ

000, rodikelimit 0 OO r=12, flexible chainingood solvent 0 0 0 r=6.3, 00O idea chain
(O,randomwalk) OO0 r=600.



Fig. 7. Conformations at the density p = 2x102 ¢°.  left: typical poor solvent polyelectrolyte
conformation. The light-colored beads are the charged monomers, the counterions are indicated as small
black spheres, and the neutral monomers are dark gray spheres. Only counterions within a distance of
3o to the chain are displayed. right: snapshot of the whole simulation box, showing all 16 chains
together with their counterions. The picture shows that the chains collapse into single globules that are

well separated, and a small fraction of the counterionsis still in solution[18].

Fig. 8. Typical poor solvent polyelectrolyte conformation, (left) for the density p = 2x10° ¢, which
shows nicely a pearl-necklace structure, (right) for the density p = 2x10°6, showing a very elongated,
but still pearl- necklace structure[18].
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Fig. 9. Static structure function for N =100 at the collapse transition point for the simple polyelectrolyte
model. The bigger spheres denote the “popped” (hydrogen bonded) monomers.  For the expanded part
the popped monomers are equally distributed all over the chain, while for the collapsed system only afew
sites remain available to build up a solvation shell. The asymptotic slopes for the two cases of g%

and g respectively are indicated by straight lines[19].
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