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L E A KPR AR ABSTRACT

Dielectric Effect in Charged Soft Matter Systems: Fast

Algorithms and Computer Simulations

ABSTRACT

Electrostatic interaction is of fundamental importance for understanding the structure—
function relationships of many physical and biological soft condensed matter systems, includ-
ing liquid crystals, polymers, colloidal suspensions, membranes, foams and bio-materials such
as DNA and proteins. The long-range nature of the electrostatic interaction lead to various
challenges in the understanding of complex electrostatic phenomena. One of the central is-
sues nowadays for charged many-body systems is the polarization effect due to the presence
of complex dielectric interfaces. The presence of dielectric discontinuity will lead to induced
charges on the dielectric interfaces, thus brings the so-called polarization effect, or dielectric ef-
fect. The dielectric effect is important in various systems, such as colloidal suspensions, liquid
droplets in clouds, self-assembly of nanoparticles, and biopolymers. However, that part is usu-
ally missing in many computational works, because introducing the dielectric interfaces makes
the simulation much more costly, since the calculation of polarization potential requires an ef-
ficient algorithm for solving 3D Poisson’s equation with varying coefficient, which remains a
technical difficulty for particle-based simulations. And this will also be our central problem to

solve in this thesis.

Therefore, this dissertation is divided into six chapters. We will first introduce the back-
ground in Chapter 1, and then discuss our own research work in the following five chapters.
Specifically, from Chapter 2 to Chapter 4, we will emphasize the novel fast algorithms for sim-
ulating charged many-body systems with dielectric interfaces. Then from Chapter 5 to Chapter
6, we will show the dielectric many-body effect in charged colloid systems, studied using the

algorithms we developed.

In Chapter 1, we will first introduce the basic knowledge about soft condensed matter sys-
tems, especially about colloidal suspensions: the basic concepts and mathematical models, con-

ventional simulation techniques and fast algorithms that are popular currently.

In Chapter 2, we will consider the Green’s function problem for the Poisson equation in
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the presence of a simple dielectric sphere. The analytical image line-charge solution will be
revisited first. Furthermore, since both the source charge, and the image charge interaction are
in a very simple Coulomb form, treecode algorithm can be easily incorporated to accelerate our
computation. We develop a new Barnes-Hut treecode algorithm tailored for the electrostatic
evaluation in Monte Carlo simulations of Coulomb many-body systems. The computational
cost of the Monte Carlo method with treecode acceleration scales as O(log/V) in each move,

where N is the number of charges.

In Chapter 3, we will consider solving the electrostatic polarization effect in the presence of
multiple dielectric interfaces. We will present two recently developed efficient approaches. The
first is an extended image-charge method following Chapter 2, that can be applied to systems of
spherical dielectric objects through multiple image-charge reflections and numerical evaluation
of the resulting line integrals. The second is a boundary-element method (BEM) that computes
the discretized surface bound charges through a combination of the generalized minimal residual
method (GMRES) and a fast Ewald solver. We then discuss and compare in detail about the

accuracy and efficiency of these two method.

In Chapter 4, we will consider a more complicated case where multiple dielectric interfaces
are densely packed. Both methods we presented in Chapter 3 are very efficient when the inter-
faces are well-separated, but performs much worse when interfaces are nearly touching. Thus,
for the closely compacted interface case, a novel hybrid method is introduced, it has spectral

accuracy, optimal scaling with system size, and does not suffer from contacting interfaces.

At this stage, by combining all the algorithms presented from Chapter 2 ~ 4 together,
we obtain a set of accurate and efficient methods to deal with dielectric interface problems for
charged many-body systems. And we have used these tools to further explore the dielectric
effect in typical soft matter systems causing widely interest. These results will be presented in
Chapter 5 and 6.

In Chapter 5, we first use the algorithms to study the electric double layer structure near a
dielectric spherical interface. Specifically, for a single dielectric sphere immersed in electrolyte,
we investigate the effects of image charges, interfacial charge discreteness, and surface rough-
ness on spherical electric double layer structures in electrolyte solutions under the settings of
the primitive model. Systematic comparisons were carried out between three distinct models for
interfacial charges, and we find that excluded volumes suppress charge inversion for monovalent

interfacial charges and enhance charge inversion for multivalent interfacial charges.

Finally in Chapter 6, we study the effect of polarization on the nano-particle self-assembly
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structure. We focus on the size-asymmetric binary nano-particle system. Through Molecular
Dynamics simulations, we find that the dielectric many-body effect can qualitatively alter the
predicted self-assembled structures, with surprising assembled rings, strings or crystal phases
arising from the dielectric many-body effects.

In conclusion, the scientific contribution and the novelty of this work can be summarized as
follows. First, consider the dielectric interface problem in a variety of applications, we system-
atically developed a set of fast algorithms for computer simulation purpose, including analytical
image-charge method, numerical boundary integral method, and semi-analytical image-moment
hybrid method, enabling people to study spherical interface, arbitrary shape interface, or even
densely packed interface problem. Then, we further couple these methods with other fast al-
gorithms such as treecode, FMM or Ewald methods to achieve optimal scaling. Finally, we
couple these algorithm in Monte Carlo and Molecular Dynamics simulations, revealing that po-
larization effect has important influence on the electric double layer structure, charge inversion,

like-charge attraction, or the structure of nano-particle self-assembly.

KEY WORDS: Colloids, Many-body effect, Dielectric effect, Poisson
equation, Dielectric interfaces, Computer simulations, Fast algorithms, Green’s
function
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Fig 1-1 Schematic illustration of the primitive model of electrolytes, including spherical macroions (pink)
with valence @, counterions (blue) and coions (green) with valence ¢, and q_ respectively. These particles

at different scales are mobile in a solvent which affects the ions by its dielectric permittivity ,.
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P R RISAR AT A 289 o i o WAL — R T =R 2s ) 1) U251, SRR
HERRAD “07 FSRISEE TR R, AR Rt mTEfEs
RE RS —AR T, AT T —Fig kAP P A A B Z5 R SR . R
HEINEN S Rig Bk d PR E 2R AT LABEN O(logN), o N 2 S L 2K

=]

Hlo

3. R EMEME — M8 A S AN REm G EH, RN T B RH & A
HRAFF Ty ko 2 FRGE SR AN A BRI S A AT R - X R I%
TERMA T ARG R, DA, FA TGS H 5 2 (]2 T2
JERI BT, FEEE AT T B R SO P AT S _E BRSO, SR TR E BT
PCRY BT R RO — R B B BT o 35 IC 76 W S ttiiia Jr REfe it
JE AR REA, XA E R ZORAEA R — KN ARG R i
B ORI R AT EOR G L S O R TR, XA TR EAA
S /N BT AR R GR AR i/ Mkids T R e, & Pr R %
A SERE R i s S T AR — 8K “PUdl Ewald SRIFJTIE” REATINE, 15
SRAFFEFE R T B T AR BT 2 MR 228 (O(NlogN)) o FRATIEXTIX B Ff
B RBUEECR, B ARG BT T AR e

4. FREFRBHG SO @ EY, RNLET —H-FMATE 7 SURIR 4ERE
7 ke AEZ/NIT HLGH I S HERR IR, BUR SO IR AL ST M T B e RUE b
W SAFAR T 1 e FERTIX S, FATIFA T — B AR AT 1) LR IR A Tk
(hybrid method) , BHAREWESHINERT, I HHE T FRBCREAASZ A FOA T SET )5
Mo FRATHES T — BT AR BB ERIAR, XA FaA A LR H — M ik
R 2 A — DI BRI AL B0 BUE _EFATFRIX A BT 19 S Bk =0y
7RG, R RA TS E T AR SRR T (R ARG 2 AR+

66—



E RS S wn

VIS O, ABT 4 T EEE GE 7 A EM A b, BB T Rk
SR A 78 e BIVRAE A TRV SR S B MR | 2007 8t ry ARSI 3
.

5. RAVFER T MR AP 6 IS AR AR B 69 UE S5, SR
BT A A A I e @ R YR, RIMEUARIE, JROTR T AR,
FTBTOI « SRR e 55 K] 20 e B M RS RO BT %R e 4 AR R
B, BT, SRR AT, B TEENRSC T A s L TR
B, BB, LUK S (BRI M. e SRR 5
TR ST H, BRI TTI0, MR, LA 8 e T M (B0
Bl RS ). HIEIRE . A s s g 2 A TS

6. RAVART ZAF AR A KRBAEY AAEINE, FTAAT L PN msta
W A 0 E Yo, TN IETERIGE T A/NIERPRRA — 415 9k Bt R 55, IR
PRITRC R A BB b bl LA Pl R LA, T LIR30 A R ] B 1 44 2
Fo, HAERR. BB SRS REH . TR I AL At 2 S 25
Ifg % R






£ BRI P L B Bk R M AL

EE BERINHEEREHHENEE

X TSR AR AR B BRIE H A B BRI L] BB L R 5 A4 Y
B BRI P BRI R 5 & B F A BRIE HL Ui
BR, RBAEFA A AR IOA TR B . SR BB RS IR, R TOE SR -, AN
TR T ALK AR, SRRSO/ 2R BRI XA TR 705 Se i i
PERALEE, RIFETHER EAEKTS R S YA AR BOS = o RIS, 0 T HF
FERHARAR SR B R ES R IR, A7) P A LR T BT MR R A B, RIS 2T Y
SrHE R T EFF 2 20 DL MBS IE R 7. BE C2Res), R Rt
H AP AH ZO E AR RER, AREERATR EEIIR I RNZ BRI B R 2
FAVRRI F 5 HL TS RE Y PR BT

2.1 EIKBETRAER Kirkwood %1l R

R T RAEFRRRE R, FRAOTVE S TR TR (HR&IZIAF 7 B8 T A A,
HARATLRG AW ERAE A A TR ITIE SRR, H I T R AR R SR ., B
(RERSAR R B BN ] 2- 17, FRATTTE BRI R AR B B2 [ A — D ERE i A
(FRAMB A B3 A M fif e Sy LR 0, R A7 B Y 2 v 25 i S B R A T LAAS 21
Hfg) o FRAVEX—TTEE LN PN T AR NSRRI, £ 580
Al B R G B R RERATS 2R B FR R iz Sk st b
XL G RERTFFERI S X BIRNTR BT v = (r,0,9), FFNTTEERN, &4
PR RS ARG e BRSNS A R BOE N &, AFE TIPSR F R 2L
WH eoo XFEMILRE, BN TEL TR EE— M B REBRE (r) « KM,
My THELEWINE, & =2, T TRXHEMEAMS, EE TR
o = 78.30 TR H i B X 5 i B8 I DTk, 7T Bt e AR 2 4 iy
TTRk, DRAES 0 RS LB B R 1 BN B IMS 22 o AR I FE By ) 22 B 150
XA AT LARAAA J7 % (Poisson’s equation) KA :

—V - e(r)VO(r) = 4mp(r), (2-1)

FIREQ-DH, p(r) FEBRA T ] A AT 2 B o T B i A TAEE B TR R AR ek 2 ]
W, 2 p(r) = qb(r —r,), BIFFFE—RUEAT ¢ G2 FERINBAY ry Abo XML AR
A SRR — A 2SR &) R G R FIEAR T RERSMR R A AL, B ATTRE S8 SR an g LA

_9__



R MR R GRS AURL Rk R Fe i SEALAE AL LERBREHEFER L

A 2-1 =A@ AN SR rTH, NN T@ " AL e AR S
F kb AR EATRENBEG S0 (ZCHB), fXw MRy & ELF@ G —A
AR R AR B

Fig 2-1 2D schematic illustration of a dielectric sphere with a point outside. The polarization effect of the
charge due to the dielectric discontinuity is represented by four images (empty circles), where the closest one

to the boundary is the Kelvin image.

— P Kirkwood 2] JEFTIT 17 ok 3K i

HEH EF NG Ol TERERIBRN AR AT 2 BEAL AL N, W RIERIN JT R (2-1)
BT — ik ﬂﬁﬁﬁﬁ (Laplace equation) : A® =0, r < a. HEE| RGAEIKAIR T
BT BLAXIRRIE I s B T R AT LA Bl

10 [ ,00 1 0 od

r2or ( 8r> t sing r? smn@n (Smn(‘?n) =0, (2-2)
X H R A e g Z A, B2 K R cosn = cos 0 cos 0, +sin 0 sin 0, cos(d—¢,) o
K, BRIV R A D BRIE R ECE M AP 00 an R,

Z A, r" P, (cos ), (2-3)

X B () B n B L
PR EERINTRING Dl BRIMERAOAA AT LS B~ BP0 Sk,
(I)(I') = q)coul(r) + (I)im(r)> (2_4)

AH, oo = q/eo|r — x| SN ST ELR = AR R PR, FRBOA 5 REALAE . T
Dy MIRARA L, AT DAFROABERAE IE, B HPRIERE XD EOE A A i A BRI

— 10—



£ BRI P L B Bk R M AL

ERELH) ) 2 TP 3K

1 rt
F—— > it Pa(cosn) (2-5)

n=0 "~
K ro(rs) 2 RE r e PEEABUN CR) BUIEAS, FRATATLAMEEE—E 0 12 G It
AT &(r) Bk

4 o T 4~ Bn
O(r) = = Z rn—ian(cos n) + = Z mpn(cos n), (2-6)
O p=0"'> % n=0

X G E] TS &, BTRAIYEST (BRI T AMNIBIRRIE S, IR RIS fr BT
) o

BIIAENIETRANTE T ERNBRINIRECEREI A, H R RN & W RENIE Z AR
Fo ik LI DEBCBR A b B #E R A AR B R 8 A, M B, FHIH BRI RS2
HL A DA B RS R B2
0P;, OPout
Tor T o
TS HER A AN RN AT R, SE— R n &S 2] T D TR,

0, = q)outa u& €

(2-7)

(lnA” = T;% -+ #Bn, (2—8)
Sna A, = M - 2B,
NS e ES A S v
An _ % (_2n—i—1)e(7 :
{B_;ifﬂ$$° (2-9)
n T et ngi(ntl)e,
SRR MATE] T BRIMBHIAAL A FE
o0 2n+1 A
Blr) = L3 M) p oy (2-10)

€o “=2 (rrs)" ™ nei + (n + 1)eo

T HIKA-10), FESKERI SR B AT A 5 10 L B LR B 38, 5L
SR T 5 SO SO L TR BITFT o T8 AR B T 50 I
SR b, 2 B R E, X RSN b (P SR ST I
e, FQ-10)BSUBAIEIR, Lot SBT3 -1k
R T SRR 7B P A O BT A o SEBRIMIR , FRATE Rk AL 38
BT A, BT AT e T A R L T
SR AL i 35S S A A

11—



R MR R GRS AURL Rk R Fe i SEALAE AL LERBREHEFER L

22 BIKBENTFRA RGBT
X IR A A R L P R . BNy = = DR g = 5 If

€it+e€o gi+eo ?

FEM IR RN E vy = roa?/r?, BIHEERAFR FRIMEEE rg = a?/roo EXFEAQ2-10)7]
PAMCE %,

o a2n+1 1— y 1

q
B (r) = = > (1 - P,
V4 4 =, 7K ¢ (1 —7) ¢! 2 1
= -2 =N (E)n, — ~ . —P,
€T Ts nz::( r ) <COS 77) + €oT 2 — rg-i—l l—v+2n m (COS 77)
- Sl + SQ (2—11)

PAERLAEAAC AR T AP MBI A BREBER IS, o« EEAE A
-5, FATLBL Sy HSLAT DO R —A4~ st i (/RSO LT ) Y. 2
CERENPNANY R

a
o = —L¢ (2-12)

rs
T2 FS2 L U T TR SR 2R S g o
DAL FEER I Sy AERMRTFIEZAT, EoZft MR ER DA,

/ F g S (2-13)
x r=————(r —
. l—y+2n ~

BR-13)AN Sy, Rk, A
S, — i’)/(l —7) ZKT’S_ )/OTK xI?/Jrnldﬁ]TinPn(COS n)

- [ME ) S cosnla

€l a TK 0
n=

— /0 [qnze(:') (;)”Pn(cos n)|dx 2-14)
o n=0

A E R BHR LT qine ()

l1—0o
Qiine (T) = 174 (T—K> , 0<z<rg (2-15)
a X

R, ERMIEEGAE—E, FOVHR] 7B ERIP A B A BB R A A2 o HI
Z AT B BIRAC A EERIK U (2-10) FTEASRIR /RSO AT, AR — 25 AER
SBEITFIR IO 2 FAT AR AT

Di(r) = — K 4 /O ine(2) (2-16)

 g|r — rg] golr —x|
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e T M Ml M B Bk R M AL

XA L iR T 2 RAE 19 4050 Neumann [56] 1580, [H4EHR 2 AEK A TE
HEXANTAE. fEZ G0 —HZ4EH | TEAFAS B By 40sl XA AN R 45 B Q7 1 & 30
XAAF, Lindell ZEALATTE ST [57] AT IAE TR 21 o

]

23 BEEREWENSHRSBESHR IR

B E, 7RIS I SOE U T B 2 U(2-16), FRATZE &R KR i B
) e 0 B o0 B (R B A =005 SR 1D OB i B -85 = B A9 (Gauss-Legendre
quadrature) , M IM75E]

1

On(r) = — K N m
Eolr —Tk| = 2= £ofr — Xy

, (2-17)

bR, SR B U SRR g, = 2209 DURGIE o, = i (L) '7, T
I H I HEL {wm, 5mym = 1,2, -+ T W T @30 -8 s BN E [—1, 1] X[
LRSI BRRE . T EAREMEE, 4 g =, % =rk, WA EXATLIRE N,

Dy (r) = mz_:o €O|rqin e (2-18)
WA TR SCH AT N E] 1 IX A KA . — D IR B i A 18 B B R AT EZ
BRI 2-1 P B2 H 1, Bt rAT RO I A B 2 R 1]

AR, BRR RGBT A0E T+ 1 WBOR TSR AR . 1E58 2-17,
AT RIS 1 et By J i LA $2 21 HY Kirkwood 2R AU R SICH B o L —
AAREBT, BITHR—DERINGHATHY HBE (Selfenergy) q®im(rs)/2, WFFEE AL
PERT R AT S S HEE RS 7y /a IR R FATEI, SUH DB BTE Rargi s e gtk
RS, MRS, ZRBU Y SR RE A Y, SOt SRR g b, HiR
B A — M RIEAL , BIRR ET BRIV E AL CUR BB, LM R G715
RGBT, IEAIEAT LU AR F i RE A A T SO A B, ey i 2578 PR 20 i
BT BN Bwald J7s, B0&ET 2RI RIS LU PR 20 75395

24 FKEMEEHNRFRESRUEERBRED

24.1 HKENBBEFIFFSEMNEL

X AT AT AR SRR AU TR & B AR B AT 7 AT Al ABIE S BRIE fa A
B FTHARAG O B 5 . BT SRR | (B — R B FUA B[R 7 2, R

— 13—



R MR R GRS AURL Rk R Fe i SEALAE AL LA RF LT

& 2-1 EARIE v, AL 89 5 AT 09 BRI B AR £ 0.1% A& 0.01% i, A L% % BRI AT
TR BB AEOABR BB LTI EZNHE (86T FRLE), #HHF, RASMGmMTNE R
Kooy mEEA 2 F 78.3,

Table 2—-1 Truncation terms for the multipole expansion and numbers of point images (discrete images for
the integral plus the Kelvin image) required to obtain relative errors less than 0.1% and 0.01% of in the self

energy calculation of a charge at r,. The dielectric constants inside and outside the sphere are 2 and 78.3,

respectively.
0.1% HHXFIRZE 0.01% FHX %
rofa | AR BRGORMEL | SRUREITIT BRBORmATAR
1.02 178 8 236 11
1.04 91 7 121 9
1.06 62 6 82 8
1.08 48 6 63 7
1.1 39 5 51 7
1.2 21 4 28 5
1.3 15 4 20 5
1.4 12 4 16 5
1.5 11 4 13 4
1.6 9 4 12 4

BRIV AR By i A SRR R R 0 B R, AT Fi A 1 SN 8 - AR BR AT 7= 2R
WAL FEAT, i I EEAR AL T AR T B SR B ey T ok BT L 25 S& BRI
N TRIEARIMFAE N D IEFAE IR R BRI AR o, HIRO T A A
Q = —Zye o HHMBRIIEE 7] DM KGR, IROTKIE S 11 B2
Hr, HEEERAN ¢ =+Ze, i=1,--- N, W& Z HEFHINE. FROTH (I - 1)-%
W= R AR BB B BT AR, TR SN b A 1 B, Fir kA
BIEEAE N x I MG
SRR, RGERIRRE R Al LSRR IS =Tz A,

N N N M
UZE:GW+§:WH§:XFW> (2-19)
=1

j=it+1 j=1 im=1
HA S —T 7R AR AN B 7~ TR A EAE
%BQT—?, for r; > a+ %,
oo, for r; <a+ 3,

Uum™ =

7

(2-20)

— 14—



£ BRI P L B Bk R M AL

XH (g = Be?/(dmepe,) N Bjerrum FFAERK F. ZEiR T, 7KH Bjerrum FAEASJE A
lp =714 A o JIHE Q19)THIE ZWINF RTINS T 58 T RIFAEEZEN,

%9 for po> 7

c i) ig — 1y

Ug=q 7" (2-21)
oo, for ry; <.

M (2-19)F A5 —BUZoR 145t A e M B AT 2 (Rl (A EAE

§ii\ £n @Gq™ -

i — (1_#>fMJW’mr”Za+5’ (2-22)

)
oo, for r; <a+ 3,

A 8;; 9 Kronecker delta PRIER, q}m PAK rijm SNE T 5 BISE im R AT Y HL A
AR

242 IKEWEBEERUES RiTiE

HAENHA TR — L HERSERIER. 26 =2, ¢, = 783, LAKIRE
T = 300K« /NAB TR EASG %N 7 = 3.57A, [EI AR 212NN o = 30A
Tk A2 MR 18] SR T I 7 PR R RO R/ el

IEAL, FRATIE SR BRI A 5 R0 SR SCIRATAY T ST DIk, T AR R
—HAEFIBERE, WE L RZRENTCH K, MIMIZS R RIS RIES DIMER 1 8%
o BREEHIEAZE LN Rean, MWALS Ry = 2070

L6 RS T, A AR BN ECN Z)y = 80. BB RAE T, RS
AN E TR, Bl Z=1; KRG UNERH _MxE T, Il Z =2,

T SRR RIS IARAE ) AT TP AR R BB I &, — 2 FTIB RN
G340 BREL (RDF) , A& i i Fa s R R 9041 BRi L (ICDF) « RDF [ 3E SUAY,
gu(r) = j Ni(r,r+ Ar) >7

3T(r 4+ Ar)3 — 3]

(2-23)

ZRBOER [ g (r)dr R, THA Ny (r,r + Ar) AEEEERD r £ - 4+ Ar X
NERFEA R N BLAN, g(r) = g4 (r) + g- (r) WA IE U A I ok 2 S 1Y
SRR AT REES < - > BMOE X A 2 A BN RS B SRR R 2. ICDF
I E SN

Q(r) = Qu + Z[Ny(a,r) — N_(a,7)]. (2-24)
AL Q(r) 2BEE r M a BEINE] Ry HHEFEA A Qyy BEINE] 00 He B, {50 Q(r) fEHE
M TR TR, IR A M i SO R R T

— 15—



R MR R GRS AURL Rk R Fe i SEALAE AL LA RF LT

N1 KB AR L fr A S B al rh RS LR B, BANTAEXT 248 TAN I A AAbl rh 2502
AR B EGR R BUERE TIEGEMEH T HITEEN 0 ~ 80 3 1 =01,
WREREANFAERTG A, B &y =00 21 =10, HIIA— PR/ B R. =
I>252, GREHM I TRkt 2005 [E R

0
- (b)
_20 -
| =0 I=2~8
= =1
\_/_40 -
o
_60 -
O:www PRI N IS s 1 _Soiwwwwlwww\|\\\\|\\\\|\\\\|\\\\|\\\
0 0.2 0.4 0.6 0.8 1 0 05 1 15 2 25 3
(r-a)/a (r-a)la
0.045 0
F(c) L (d)
0.04| L 1=0
0.035;— 20k I=2~8
0.03F I
~0.025F =
- F ~—-40 =
Do.02F o I=1
0.015F I
0.01F oon
0.005F
O:H‘ ] T r— gole it
0 0.2 0.4 0.6 0.8 1 o0 05 1 15 2 25 3
(r-a)/a (r-a)/a

B22 A% (ab) ALK (cd) #94EE 0 H4 (RDF) AK v AR5 &4 (ICDF) %,
APERTARAERETART =0~ 8 9EMER, B ) F (o) T8 EL AL P ELX KR
89 B3R KA,

Fig 2-2 Radial distribution and integrated charge distribution functions of systems I (ab) and II (cd) with the
increasing number of the images from I = 0 to 8. The embedded subplots in (a) and (c) are enlarged ones of

the corresponding dashed region.

] 22 IR T AR%8 1A 1 B RDF LAK ICDF IS RISHg e AL, &
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£ BRI P L B Bk R M AL

PR e RIS RTUE S, XS HA BB, AR RS B s 1o A1 B 52 T2 AR+ A
RH, FRREX TR T, T HIE. oh, B A IR, AR A
SR IERNT, XWEIREL AT R TN REZNE . T LIRS, =210
B AT REAR H 4 B4 RDF Il ICDF Y&, iX— il E—Tr 3 2- 1M H RETH 45 R 2
WIS, RTEAVRES], 4 1 = 3 2 8 ByIf{, RDF M2l BAERCR T 1Y B2 B
BB, ATWAESLERSH, SR R SO AR . XA T T 2
WRITARIT S, SR AR LTI _ BRI

25 FXMREFEFRIFRHFRERENREE

AT RN G T RN R E LS BN IE . SR B, SRR T
WAERE) 2 B T BV A Vs PR R, LEandifeis, DNA DA AR S
SEUTS8I Ak e R G ) SEFR A R R T RO R RS 2 Y T A
BAEMRE. XX EA4R8], BBk S RE A TR B R REH
g5, HEEAGER T B L E B S A S SR R Fr X — A HoR e — et I
ZHARATIE A 22 e BN SRR RIS AL rp A FH B B3 o

B, 4€ N DA {qe, ge, ..., que} at {ry,ro, ... rn}, REWESEFREEE V AL
5H,

N—-1 N

WYy a9

i=1 j=i+1 """ J”

Xt EEREESRMBFEERE N O(N?) , FrlAY Re e KmHE ) i AEig sk
T WALRNTIE LI, ATJLT 2R RSSO bHaeIH4s NEg e
M, TS 4 A AFAE RS, BRI TT B2 I 45 0 b PRI I 7 B Y A R
[ o

W Bk A 52 B Appel [45] PAM Barnes A1 Hut [46] $& Y, B EHTRLASR
BT AL, Appel SR T X &5H, it A [A] B 3 LRSI IRAYT ;1 Barnes
A1 Hut SR AR\ S E5 18, = 4E2S [R5 F BV 2 2 B 57 5 AR ABAR AT SEAR
BB, RhE 2R RE R E A W2 A P ) o o &5, megt—2 Bl
A2 Z 0 H5E (cluster) A% A5 AT LAPR S H LT B AT % B EAEH, 1XA]
LB X KRGS R AU Z2 R Rk G2 X EEAE R m Rk, R SEEE kA,
EFER. BT EE AT LIRS O(N log N), 1 H& H T & BAFIE ) HA /Y 25 Fh
N FEAFB-oN Jphh, XA AT AR S A R B AR A BEAE R ELl Yukawa
U2 B 35462 538 &t B A= 2 R T S8R 1 DUV g B R RERY ) S BB 34
(generalized Born potentials I%1e BANFEMS VLA ELA EEEgE—20 ) SIAJREEAREIT,




R MR R GRS AURL Rk R Fe i SEALAE AL LA RF LT

SRATRBILE M 2R () B L 20 7 B 7491,

KA AR B MR . 2B SIEAE R R | 53) 2k
HIRIF 2 AE T2 R R 2R TR SRR, ARG (R AT SRR B, e
AT LA IRAEAORS . — EORF T BB TR B0 RAESENE , AR —VORRE, (S5
A E T T, TS A R RIS AR, TR U4 B Rk
BTH, B BV, = 05 3 quay /1y, » RSN j # ¢ FOBIESRA, T R Wi H0
FiskAE . WAk, BT XA, TR ATHEE 2 H O(N) , TR
Ewald SRATEHAE, AT ARG 20 BES O(NY2). TR I R F AL S s
BULSR T, ST H, FIDR A, SRR LA A RS Olog N)
PO B RBING 3t A B 45 B

FRATHEHF X B BB RERY | 20— MR K R SR 4 2
R V; W93 2R O(log N) ; S ERIBUL R, TR T8 & T %
31, BALR SR T B R A TR . B R R, A
ik O(Nlog N), {HVERS], mFBET MR T, HSm LR e 71 R
IR, XS AR R O(log N) HIS Z9RE | 250 B ISR T
TGP R, H ELE e o R L (TS A T L,
T & A JE LR

251 BEF -HEERNSIREFR

AT, AV B R R T R A IEE, BT IR 2
WRTF. — B T3, shoT AR 5T - S gkt 2428 )/ U 43 1,
S R RE

B, HEERRAITER r = (21,70, 75), B RGHSMEE f(r) = 1/|r| 1 v
(BT LMEZ A RS RTT

o

1 / /\n
f)y= > D) =), (2-26)
[[n||=0
XEPES ||| = ny +ng +ns, nl = nylnglng!, DM = 9l /(92 02520252), LAK
(x —xX)" = (21 — &))" (@ — h)"2 (x5 — af)" o FE FRFH _EAORHESES ¢ DA
TR A (BT LAy, 258 2-3). XA REREAT SN,
BVia=1lpy — T4 (2-27)

-l
i 22600 2-27), @ r=r;—1;, ¥ =14 —1;, IFERFFFIEIZE |n|| =p



£ BRI P L B Bk R M AL

B, ATEMG U -FIRVER Vi o 19 p Br 2R IFIL AL,

BVia = 5> qq;f(r; —r;)

JjEA
"1
~ Upy Z ED;lf(l’A —r;) Z q;(rj —ra)"
|[n[[=0 jeA
p
= lpg Y Ta(ra—r;)M5, (2-28)
[[n]|=0

BEHL T, (r4— 1) = 20 f (04— x) B n TR IEIFM AL, T MY = X gy(r; —ra)"
MR FAIRE A R RIS AR FEREE), 46 M AR/ MRS § A TS
fy, LR AR TR, JROTAT DA B, IAEEN S, TR
5T 0, HTT LA PR AR R B S5 T B AR A . S AMR M — A, &
WIRTTHG 2R To(ra — 1) AN § METRUR, DU EBRRIAL ORI, TR B0
AR TR I, LA A B AR M

HA23RFT-BAEMEMARGAR., BYEFTRT i ARKY T AN —ARTOMEIERA, F
PRFEEAGELIAA={r;,j=1,2,... Nato BFr, s ARF i BHAKTSHIES, ry A0
HE s, py MRS H R F AR,

Fig 2-3 Illustration of interaction between a particle 7 and particles in a distant cluster A = {r;,j =
1,2,...,Na}. r; 4 is the displacement between the particle to the cluster center, r 4 is the center of the cluster,

and p, is the radius of the cluster.



R MR R GRS AURL Rk R Fe i SEALAE AL EHEBRFH T FRL

FRWNRIFA FBL T, £ESTBRHE o AT UG T 33845 Rt o0
3 3
|| Ta(r) + 2/n|=1) Y @:Ta e (r) + (0]l = 1) D T 2e,(r) =0, (2-29)
i=1 i=1

X = [rfo BT EATANE 24 28 I R AR n; £ 0EIRE, To(r) =0, Frlk
P AESS R ] DL A i B A E . oo, Bty -2 R IF o B2 p B,
HRARTLIER B BEFIA U B2 AT LA i £E 160

> Y Ma-rm -l < 5 (1) 2-30)
n=p+1|jnl|=n ] A
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Fig 2-4 Two possible cases which could happen for an MC trial move. At the same level, (a) the particle ¢

stays inside a cluster A;; (b) it moves from A; to another cluster As,.
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Fig 2-5 A snapshot configuration of charge distribution around a macroion with 800 counterions.
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Fig 2—-6 Relative errors in electrostatic potential energy, F, computed by the treecode algorithm with multipole

approximation order p from 0 to 10. (a) § = 0.5; and (b) § = 0.3.

0
) I [ p:O .
0.14 ——— p=0 Mo p=2 | e
N| p=2 [ Direct sum P
012 Direct sum 200
o1f
r 400 |-
o oos| =
N—r -
> (04
0.06 [~ -600 -
0.04|
800 |-
0.02|
ol—wt 11 I I z 1000 L— . L L
0.5 052 054 056 058 0.6 05 052 054 0.56 0.58 0.6
(r-a)k (r-a)t

B 2-7 R L E R E R (a) ABERSBHFL (b) ML R, BFHA N =800, #
DA R KA T AR, UABRMEEMNO0 2 10 98BN (0=05). p=2~10 9HEXAR A4
KAntg My KA KRB EXEAR 5, ANE BT AE 5| #1258 69 K 5,

Fig 2-7 Radial distribution functions (a) and integrated charge distribution functions (b) of a typical system
with N = 800, computed by using direct summation, and multipole approximations with ¢ = 0.5 and order
p from 0 to 10. The curves of p = 2 ~ 10 and the direct summation are overlapping, and the errors deviated

from the direct summation can be found from the inset plots.
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Fig 2-8 CPU times in MC simulations of the spherical EDLs with the direct summation and treecode accel-

eration for p = 0 ~ 10 as a function of particle number N.
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Fig 3—1 Construction of image charges by reflections between dielectric spheres (blue). A source charge ¢
located in the exterior region induces L, first-level image charges (green spheres, here L; = 3) inside each
sphere. Subsequently, each first-level image induces Lo second-level images inside all other spheres. In this
example L, = 2 and only the images for the enlarged first-level image are shown (purple spheres). This

reflection procedure is performed recursively until convergence is reached.
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Fig 3-2 Two-dimensional illustration of the so-called primitive model of two dielectric colloids surrounded

by an electrolyte.
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Fig 3-3 Comparison of the radial distribution of divalent ions around an isolated dielectric colloid (radius
a=20A ) placed in a periodic box of linear size 180 A (“PBC”)and in a spherical cell (radius 72.65 A )
with hard-core boundary conditions (“HCBC”). Whereas the periodic box shows a constant salt concentration
away from the colloidal surface, the system with the spherical hard wall exhibits significant depletion of salt
near the wall (location marked by the dashed vertical line), which in turn gives rise to a spurious increase of
the bulk concentration [indicated by the curve “HCBC (not adjusted)”’]. To account for this effect, we adjust

the number of ions such that both systems have the same effective bulk salt concentration (curve “HCBC”).
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Fig 3-4 Accuracy of the electrostatic force between two neutral colloids immersed in an electrolyte, as a

function of surface separation, D = 3-16 A. Physical parameters are described in the main text. Panels (a)

and (b) show the ensemble-averaged absolute error in the component of the absolute force along the center-

to-center axis between the colloids for (a) the BEM at different surface discretizations (numbers in the key

indicate the number of surface elements per sphere) and (b) the ICM at different reflection levels R and

numbers of image charges L; (numbers in the key indicate the number of image charges per reflection level).
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Fig 3-5 Comparison of the BEM and the ICM for the surface bound charge density o, induced by a mono-
valent positive ion at x = 60 A on two colloids (€ =2)atx = 21.5 A (“near”) and x = —21.5 A (“far”) in
water (€, = 80). The azimuthal symmetry makes it possible to parametrize oy, by the polar angle ¢ between
the positive x-axis and the surface points. The results from both methods are in excellent agreement. The
curve labeled “ICM single” represents the bound charge density on the “far” colloid in the absence of the

intervening “near” colloid, illustrating the screening effect of the latter.
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BRI R EIEXTREA R E . AE, BT Bk i 2 B e S, AR
TEAARILAA B A — E R A BT e 730k, RINEBK ERY ope KR NTIEER B
H% R, XEIAWADRER S8 B—PEREmS W, goeR e ibiie, R
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F38384 DUK (i) KARAIFR A 7, X0 B & TAAE R SEBs b, FERXFEI R
gorf, RIE R AR P AL LLANE T BORAS 20 Jth 2 R FRA X MR R B B 1 2
M THERNEEM LA T A0, HaidEud, MRS 22 TR RSN 15
] o

R0 5L TC 7 R A5 T B T2 . AT 702 A 1F £ 851 BEATL I 53 A7 72 A4
PRIV R o AR5 velocity Verlet #%2, Fh1_E—BENLEITIE Langevin thermostat K5
IXFEN R %o 18E PPPM K ffeR B RN IR 2542 O(1071), o Sz [a) A 4 i it 2
A 407 FEBHI—TFG, FRATHAER /IR LE R E H AT REFA R T EE S
A, SRIGHEINETEEE] 0.3t (to = (m728)Y/? & LY HEERRERT R, Hh 7 AT H
2, m NEFI) . iI7T 6 x 10 BAIZEZ G (M 3700t IR, BT (AR T I
E2K), BN AR T PR HIRAE ) SRIFES T 15 x 10* If[AIZE (45000t0). FF1>
ez B 1) S 4543 150 BRI TR — K T LI 3XE5 J148 30 B 2Bk GX 2 H
% H BRI SCHR R BCRBE ) o X TR RCAREBKIAEE , 1F 200 IEE M2 HIEE,
MR EIL 4 x 10° DSZRTERFEIFEAR, B 1.2 x 107 DSz AHES JIFEA

SUIGFERS, FATR S5 A R SR RIS Bl . ELACR B2 IR R 2R 5
R Metropolis Bk, HH RS —RIELE I —METFHRETB (BalpyH R
A lg) , A UARIE R B2 ME RN ~AT%0 X T IX Fh BARS R s SRR SR 3R
IR T — PR AT X2 SR B PRas v SR 185) SR A TR HL BB o0 T SR i e AR SR 1Y
ZHORE N MAC = 0.1 AN p = 3, IXEREXIRZRRIE/NT 1.4 x 107° —TTh
ARV 276 NET-, HAEBA — T 15 R ARHUR KB L R4 10° DM
IRINERNE S OXBRE—IEE PR T —k), mRkadfd ) i
REMREMN T = 2100 K BEEEI T = 298 Ko 1B KZERZ G, SEATAIMY 10° TEIR
KARIUE RFAE LS, FOREAT 107 MEIRBRAE G TR B IR R, 78
100 % _EHAMAZ IS H R 10° DMEHRE) o IXFERZAT LMEE] 5 x 10* D Ea s i
T IREAR LA 2 x 108 A 5E by BIHEZS JIREA . T4 F 0T B 1 B0 A =0 &R H
ZHTPEAIHE I AL (3-60).
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2-005F = i = -0.02f ¢ d
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S | 5 -0.04 s 3
] | o) |
i, -0.10 ; ¥
L é e electrostatic force (BEM) I ¢
L o electrostatic force (ICM) 0.06 ; s @ bound-ion (BEM)
| excluded-volume force (BEM) e | +  bound-bound (BEM)
| o excluded-volume force (ICM) | = e electrostatic force (BEM)
0.15 ; L
PRI SRR ERNTEN SN ST ST S . I ENEEEN BRI STETETES SIS RS S
2 4 6 8 12 14 16 0'082 4 6 8 12 14 16

10 10
D (A) D(A)

B 3-6 P A BB XA 69 R34 A o AR HERGR A 100 mM 2:2 89 R P, AR
HOERZZRAN > THAFFEE, Wb eF 7 EZNATRAFFEEN, B (a 27T AR F*
FEGFHHEARBRF L, ZFHAANNARARG G, FELAMMGFERF]KE, B (b) N
BRTHECAHANANSE, F—3R2 2R3 BT —HALLFIERS (RELBIFIL), £ 32t
HeF AL AT —HACRIAE RN ) CRE=AARIL), AKX B K E R B AR &P & 69-F 34
w7, 58 (a) TR,

Fig 3-6 Mean force between two neutral dielectric colloids induced by a divalent aqueous electrolyte
(100 mM). BEM data are obtained via a MD simulation incorporating the boundary-element method, whereas
the ICM data are calculated in a MC simulation with iteratively reflected image charges. (a) Mean electrostatic
and excluded-volume force. Note that both forces are attractive and have a similar range. (b) Decomposition
of the electrostatic force into an attractive contribution due to ion—bound charge forces (green diamonds) and
a repulsive contribution due to the forces between bound charges induced on different colloids (purple trian-
gles; error bars smaller than the symbol size). Note that the blue circles correspond to the same symbols as

shown in panel (a), and represent the sum of the bound—bound forces and the bound—ion forces.
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V92 180 1) o TAER 3—4(b) HFA T HIE SLBR Lok A <4332 B4 il E 42 ] LA
IRBIFAFITCRN 1472 D WAESEOAE T (EXE S b |2 —F S EG
HLATED) o X FArE IR FRIZER, RATAPIF L1 ZZ R TR ZE SR RITEE .
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A 2S [ AT O (r) MR T T RO TR,

{ V20(r) =0, forr € €,

N (4-2)
—V2®(r) = p(r)/e5, forr e Q°,

R p(0)=3N (e — ;) A SNFR L 5 B A R AL, Ho () RAKHITE 6(-) R
¥ (Dirac delta function) o fEEF—/N AT _E, BRI E L RS, RIS AL FS
HIIESE:

O(r7) = o(r"), (4-3)
0®(r7)  0d(rT)
““on " om 49

EATHEEN r € 0S;, j =12, , M ARG . IXEAHES v~ A et 58 r &b
HO G LA RS MR, T 2 S _E R SN A B TR . AT S 2428, X RERY (R
A BIR AR E RIS IR, (HRERSERRN AR Z, BN 2 I AR AR A]
LAFHBRIE AT 58 H B B

42 BHEERNERENA

AR, B T R R T RX A R B AR R o RENERIV RO RN, FATT
A I BT BV GG AT XA R T B A AT P 0o RTENR G 76T, 128 7 7 oh—F
DT R T, B SR R AR R A TR BRI ST I A R R Y o 1K S KRB —
%7 E AR H R

HITHEE, JE4N “method of moments” (B B FR A MoM , HHIAHIC )
FL45 [87-911) o TRX PP J7 A8 AR b, B RRIET —FF i 5w F )73 (Rayleigh’s
method)®? , I EAIATE A HE AW, BB X R E R B0 5T — LERE iR 1 FL 1A
[, Pean~FrE A EROY A a . AEFRATTAEBE AR 2 A Fa A e RE TR —
M fite vl VS AT e BUR TR IE AT o AT ERIXFE R, 4223 (B B fEER A] LU
BRI R ZL, BB BRI R AL, B9 EURIT (spherical harmonic expansion) K 7R o
T ERNEBEY I P LAS 5 — D Rkl s & R T B IE X, AN AT LA flc—1> %
WEREREURTF . BEFHEDER B A &, B its, BaBis—1rxT
FIT A B3RS R AR TT RENZeltE RS, A XL RECPEFR N “4E” (moment) . {H
REEE, BAEZDBRENME, fEA BRI B AR I s AR . BT LA TRk
A FEATTT IR INAZE AR AR R — B, T B — L BRI R A AR AR 3, N 2 — JRp
AR (JESCEFR M2L, 42FK4 multipole-to-local spherical harmonic transform) ¢5%
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43 HEHFENTEE
X =, P VEZ G E TR B o AR T R B ) — gl g SR 5] P
SE073.93-951 0 S/ Tk SCHY IR R NS, EFH P Ie R, G X A AE
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KETSS ST AER S AIMIREEE] p U, AR Y S FEE Y. FTHH
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(n + m|)!
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Legendre function) , & A] LA 2 8 H AR A2 (Rodrigues’ formula) K€ X,

Ym(ev 90) =

n

- PI™l(cos §)e™?, for n > 0and |m| < n, (4-5)

PP (a) = (<"1 = )" Pa) @6

B B () i on IRATE)LEEEZ T (the Legendre polynomial) o

Y7 S A A B I R, NS EE R EAT], izl LS )
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XA ag 2L A,
N
M = Z ap;Y, " (i, Bi)- (4-8)
=1

_ 53 __



R MR R GRS AURL Rk R Fe i SEALAE AL LERBREHEFER L

T3HN, IR LA R AR A, R BRI AR 2 B H AR s _ERTHESS MR AIX
28 H bR AR TP A R AT ARG ) — N BRFe N, IR AN IRDX A B BRI, — Rl
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09 B SR 3R F HUETF 09 X

O(r) =Y LIrY(0, ), (4-9)
EX ey 2L,
al Y "™, Bi
L?—-E:Qrﬂ—égfél. (4-10)

=1 ?

A TS AT E AW KNG A A, EXBEIATIMA T F A EEs, A
R SR T BX AR DTk o X BT FRAYIE, AT LR S A R A 3 H S 2 i
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EE 43. (EMHREENTRAENZAEGRAR BRL S A—AEEA oM LREA ¢
WA, ROAER E 0= (0,0,0) LERBRYYGNCRIA ¢, HHTHAN. F
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(4-12)
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EX 4.2. MAiE r# e, — DM ¢ W n Bt m K (n > |m|) B2 FIREIE LA,
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FEAE— DM TR Oo(r) TEERHI NS T H BT HE S AMERE R 2 IR 5 15 3=
AR TR, HeFERENEEY, Z2W T o) A— MM RIE 2T,
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Bm,k(-rlax27"' 7-rm—k2+1) _261!02' Cp k+1 <1|> (5) ((m_k+1)|) )
(4-33)

ﬁ—‘?%i\ﬁﬁﬁﬁ@ﬁfr?ﬁj‘ﬁ B A ERNES {¢i=1,-- ,m—k+1}, BEAMNLM

m—k+1 m—k+1

E ¢ =k, E ic;=m
i=1 i=1

B, Bo,=i0,i=1--- m—k+181ME, NRZHX

Bm,k(.le'TQ,-.- ,xm—k—‘rl) - ( T]::l ) ( 7;1__11 ) (m— ]{Z)' (4—34)

, A TS NI AR SR E R ISR, AMERH R A IR
%%1%%% Ao

FIE 4.7. GREENREEIMEEM TR SR FENERERIER) 45K RXa S ¥4
A a, FHRSERE, FHECHARNITLREN ¢ . fiﬁ?l‘éﬁﬁ‘ﬂ,%*iﬁ% T oo F
b Dy(r) A—MEER KBRS S TR, COEED = (0,0,h) (SFREMH), B

h > a,

1
Do (r) = WYI’“(HC, ©e), 1>k (4-35)

AR ANTL R S SRR A 3R 5 26 89 B 3 7T VA5 3 B e T 8945148 % T X,

A [T (rg/x) AT
Z {ﬁyk ga%pg>__/0 %Y}If(@c,gpx)dl' ) (4-36)

K T

1—7 Ay [ (h/x)M
Mﬂz(ﬁHkﬁﬁﬂm+7;A Oy 0 )i @37)
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KT N7, 1k, (rg, 04, 0g) F7 (10,00, o) ARG KL 4.47F 69 XL —4F, ML LR H N/
(j=k,--,1) EXH

[k o (LK) g
le = (_1) - (Qk)' W 1
2j+1 =k — —
41 @ (7 + k)X (I+k—0)(i—j+k)
Nj =(=1)""y hl+y+1\/ 2k Z ) (4-38)
l—k ' -1
‘( ' ><.Z )( Z ) j:k+17..‘7l‘
\ { j—k j—k—1

WERA. AL n = (0,0,1) BARHY, £ ®o(r) = OF(r — hn). FIHGIEE 4.5, A7LEE
FEREN IR Z WIS BT R U\E’a’ﬁ%%ﬁ?/}? 53

8lfk
do(r) = GF e ——O%(r — Im). (4-39)
MBI 20 FR Ok(r — hn) G SHEREXC A G 4.491F TIFRHES. RBIER
G NMEYE TR LA N 52 (4-39), FRATFEAE R/ RN 20 IR B 5 5t n] LAZE 7R
G R TE 20 T B0 . i, BN i&INT R EGY, IBA BT LIS N

B(r) = Uy (1) + (), (4-40)
. () = (—1)FHah . O <3>2k+liyk(e 4-41
- ahlk{ h PRk 9’909)}’ (4-41)

U (r) = (—1)FGE - ai;l{(%)”““% OTK W—ZZMYk’f(Qx,@x)dm}. (4-42)

HEEENX R Oy B R RS m f P AR Bk, A= T — %y, RIS [96]
Wskie, A

l k

Uy (r) = z; :jvfl Y0y, 0,)- (4-43)
SRR EEAFR 2 AT A S I W, ,] NHETE I —I. E, 1w, 5
War) = G - () fa()). -
st
u() = -1ty (5) 2 (4-45)
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LI
a(h) 12—k
g(h) 1
fan = [T e (4-46)
glh) =rg = %2. 4-47)

) 7O )+ ). (4-48)

X EFEXS fO(g(h)) IX—Tf# A Faa di Bruno’s A2 (51 4.6) , 152

-k i
Gk (I—k—1) h (m) Bzm /7 //’._" (i—m+1)
! ;E;;;% ( ) (h) " (9)Bimlg', 9 9 ] (449)
+ Gl () fg(R)).
BNk AT LART R AT B o0 (h) , FF5E)
2k—1
u(h>(l—k—i) _ (_1>l—i,}/)\ (2k)' a (4_50)

(k+1— i)l B

f(g) FTLA BRI k4 S, (R RS ML, X E AR rHES T 1
F (g) FITTHE (4-50) O (4-49) , FEUEFTfRIML, F&n] LAG2]
Wy (r AN“ / {re/ ”f:l ¥ s, o, (4-51)

X ERIRENE CAER @-38)hgath . 1 (4-43) LUK (4-51) RN (440), FZA558] T 45
%,WM4®‘ﬁoW%W%ME@%msanu%%ﬁ%Mmﬁ%ﬁ%,%&T
TEHR O

o200 = kB, R @-36) fl @-37) Ml RTHES B R 2k IR G A
X @-15F (4-16)2— K. M4 1 = 1,k = 0 B, X @4-36) Fl @-37)ah ik T &
HLRSCHR [52] HHE S B AR AR BOER MY B 53 .
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iE 3. RECNS WS SR SR A A AT LA I B TaT 58 400 AR

sy ()i

Nk (1)l+17J ( 5:; ) ( lli—ljc )%Gf (4-52)
B e

ERXHIFALIPIT R, FNELERA D7l Fra B &2l LR ey
TAENAE

iE 4. 2K @36)M@-37H IR R IE AR SR — D o A R T
= (4-37), FAESEM hjx =t IFR AR ) o FESEBREUETTFRY, FIH Gauss-Jacobi Z1{H
T RIT EIX AR AT AL, BT aT 20 A EUE R PR R 2 IXAERY b FRLEFRAT]
TESLPRit B HFRE 2 — 5 0 (BOSEOE R TR A A AL E ) shRE AR IERCK
.

iE 5 HBAONIE, FIERHEIRIETAE +2 S BRSOl X TAER R 2 IR ALY
FAETR R ¢ = (e, Yo, 20) ZERYTE, ATLAEIL NN 7RG R 1B H—0, W
PERAAR R G M A e A e, AR 2 IR IARTEAE (0,0, ]¢) Ab; ST
H, AEXS R A e B A R BRI R RO R (BRI R BCR B e 57 £ 3CRR 99,
pp. 275-277) FHEMIAR) , FFEVHATALAR R T A2 7RI 25 S8 =48, FIH AT
TR BB A, BER 4 TRGE gkt R 28 r g et r; &F, H—
UM FRERC A1, AEBUR AN 1 1Y R BRI Re M ORI AR R R, AR HIER B8 -

N = (=1)y

4.5 BEFEHEESERESELZIFANE

XTI HE S HAE T . FHEXRE RSB MOFE N B X — 1 FE R AR
24, WE 41w, B8 T M AN TRER, LARANTEE N A S m. B, Al
G BRI PR BURTT AT A po
451 ER— I EAE-BFERKATEAESRIT

X T AR T R AR TR (4-2)-(4-4) « FETT M T B AR R B
B EGE FRHMERCRIR 5 o



R MR R GRS AURL Rk R Fe i SEALAE AL LA RF LT

B 41 B eBRERBR LB ENZHTER, ARG, SE-ABTFREBRAEN (b
B P g UL C), RV NI B F AR AT TR R An iR 45 7 RS, SRR ZAn ey
iHE (Fede B P 89K A Fe B), AR RAFFmNECNMEZZ MG ) LSBT 5tk

Fig 4-1 A schematic illustration of the system of dielectric spheres and ions. In the hybrid scheme, when
an ion is close to a sphere (e.g., ¢ close to sphere C), the contribution of its image charges is added to the

spherical harmonic expansion. When dielectric spheres are close to each other (e.g., spheres A and B), the

image potential of multipoles is used.
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XTRATVIO A RS, IMTRI A LAEA,
O(r) = ®y(r) + U(r), re Q, (4-53)

XL @ (r) WRESMBITAE T, R e e .

N
CI)Q (l’) = Z ﬁ, (4_54)
i1 s i
M58 70 W (r) B RAAER S = A . BRI EREL, Bl DB e s sk
“@ﬁ%ﬂ:,

ZZ nTll (05, 05), (4-55)

j=1 mmn J
EH (r,05,0) Nr—o; (j=1,2,...,M) FXIRABKAIR. FIFERT, BARANFRIZH
AI LLS O JRpeBkis e AU TP =

ZA;mrgYm 0;,0;), reS;forj=1,--- M. (4-56)
TIHE (4-53)-(4-56) HLE T ERMFHIION KRG R, (HRETFESIREC AL M B, &A

FhL, TEORAE.
T kABARBK, B oy M5 A BRIE R AR IT

Z rRY. (B, n), (4-57)
X CEL N
N
k ¢ Y, "™k, Bik)
= . 4—
C 2 dne (4-58)

AT BRI FGAR, FROTELE, AP ={AF n=0,---,p,m=—n,---,n},
FFEREI B &E AT BY LA CF o HEITZ (4-55)-(4-57) FO NI FL40F(4-3)-(44), 157

B
Gl + 3y + Z (T BY) = Ak, (4-59)
J#k
(n+1) Bl | 1 &
Chyy = Y (TMQLBJ) A (4-60)
=1
Tk
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X TFEENn=0,---,p.m=—n,--- ,n k=1,--- M & LI 7,7, BIE
RIS G DHARBREEE & A HARER BRI AN — I BRI R AR T A e (5% [48,
73])

Mo IR/NEEHEE . 2Pt RS (4-59)-(4-60) &= — A BAEMI R @, A] DAR S 2 i F H
/N ZES: (GMRES) K.

iE 6. XM TARZ LRGN, AMTHIFLBRAMNTR Y, BT EAR] LAFE T R4, (4-59)-(4-60) H
HRIH L AR 152 — MUUET BF Bt 24¢,

(n+ 1)es + neg B,]:m . i (T]\Ij[]'QLBj> _ Ok

n(es _ Ek) a2n+1 — nm»
]:
J#k

XL BRRELE RGN/ N2

iE 7. BARBUEIT S RO, WITEA: B8, AR BUARERS I LB p* 1, IF
HAEREA m LT @ I9E (X —2 AT LUH FMM ﬂéﬂﬂ‘ ”Emf?ﬁl O(N + Mp?) flops) ;

00, FIUHBRIERECE ORI B CF, (B k), XS EE RN O(Mp?)

k=1,..., M. (4-61)

iE 8. HTRTAR M MEARERZ RIS AR, Fir AR Gex 0 10 66 P 2 B % 1Y
AR, BRI TR, BBAR— AR SIS 288 O(M2p?) 11t
e SR, PR T AFR R FMM SR — 2 1 & 4= R 2t O(Mp?),
Ry R R ) e ST XS 7 ) 25 [A) 22 AR 22 A T AR e i P BRI AR T U7 B R R, 1
4RI AZ2E SR (100, 101] o

452 1HRZ D REAE-BFRERMAKAE
A TR SR, FETTIAE SRR . BEE BRI R AL AR I p A

HIART Ko XTRXAMENL, AT LRSI B B s inisit 5. Bt 8
5 kBRI S

ZA DT (O, 1) + OUM(r), e Sy, (4-62)

B @Y AFEUL Sy, 1S HRTAE Sy, P A M Bi 5 . [RRERT, AT LB S
WK,

M
r) + Z Z JZ’IYm i)+ Y el (r), re (4-63)
k=1

jlan
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B i) RN Sy, MBS TAE Sy STt BT IO SaAn E— kS
T, X EAFEGE

E 9. AR, BATE, MR EFIRIRIEARIEEE /N T n(e)a, ABAMLILIXAE T
FESEIL TR o XA n(e) ZHRE TERAVRS I LA HT 2 6 Aok BERTIG, Al
By = 5; MR 2 AORSERYEE, n =1 502 1.

iE 100 L, (CEE RS E N A AR ER BT Tk IXFERIE, IR AT L
PRUEXT T R BRI, RGeS SR A H N O(N + M) , A=
BRI E IR

i 1L BT ETER AT AR R 1T, IX A Gauss-Jacobi ZUEF 7 J7 0K
A @-11) FIET LR

453 BR= ' BREAE-RIFZEHER
YA B B2 a] th S R e, XG5 I itk s
g ABARERARR RENLER kBRI, AEASE kB AWM T LASCS O,

BF + RSB, (4-64)

KU, 5Bk DERETNZIC N,

Ak 4 R,(jf)Bﬂ' , (4-65)
ﬁ%%Rﬁ%ﬂﬁﬁjﬁﬁﬁﬁ—¢%W¥ﬁ,E%kﬁ%i%?%%%%%f%%w
?%@%oﬁR@%MM%k%W%F%%ﬁX%@%Om?ﬁﬁﬁmﬁﬁﬁﬁﬁ,m
TXFRYE, FREAESE § DB EIAGE kD ERA SFHRIN GG Tk A X Le K40m]
PLs T ESCsA R ET 4.7 DLURTE 53R IS

YT —REEN, EXL—MES ¢, BESTIAREES EDERPHEAERE TR,
Hp
cp={l]lor— ok —2a < ngn, L€ {1,--- , M}}. (4-66)

AR 7 R (4—-64)-(4—-65) B LLE N

B*+ > RSB, (4-67)
JEci

AP+ R B (4-68)
JEci

SR TR AR TR, RS2 AP BR (k=1,--- M)
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E 12, FAVE, B S BT EAR A, FEFEA S BOME SRR, S T
PIr e B I I po (A2, IX B4 LB BRI fe , FEAN R 1 O AR PR o
W4T A, RIMETEL p SRR R — 3. sl ud, YA FEL R A I, )
FEOT SR R A B AT AE LR AR, 10— B T T R, FEFF 2 Ef A Al A5

46 REEZFHATR
X, AT GRR A TSR, R FMM B EY, SRA SI T AR
—MRERE A, R RGO R A0 -

13 XTI E Y, SR BB N _E ZS T FMM3DLIB, X A [ 4
N hitp:/fwww.cims.nyu.edu/cmel/fimm3dlib/fmm3dlib.html o XA AL IS A2 Fe e o Ao P
BEGTHR, BREEAS AWEIOEN. CREFANGHINLE, R
Fi % “point-and-shoot” MAZHE Sk, MIAS I BUAERE NN A A LR AR 19 i “diagonal

translation operators” (Z7% [48]) -

REFILFRMP RS HE L 4-2.

4.7 BIMEEZHEIEER

X, FAPEEE A EHIRARILE L 42008 LT AR . AhaEid ¢ b
TonE , FEIE OpenMP K ITiE—#5 for TEER. FEFTAIEHIH | GMRES Fl FMM 1]
K EA N 1079 o AN TERIEAR o G5B R 1. BERAMEBI A HL R BN 80
AR 20 FIRASE ngn A 2 o SRIEELITHR L E R R RN &
RS MTITAREELSER, S5 & T EWEE) 10 CoR 2. frLir)
HEHE—E 64 RS 28 F3HT (2.1GHz AMD CPU, OPENMP HEFE401% 5 4 60) .

XTT R =], FRATH A R IR A S AT O N 8 i e 2 B e
% p LLX GMRES JIrg ERERREL, Rl Y ma 5Bk, o0 Bk BRARSE U 1 I
f5, BYERIIEICH Y . £ M AR EE T, £-5RE TR (k) Sk ME
B, NRREEIRUGERR T EAMRG T ERTTERES o pon 10K TUELE 6 A0KS B RTRR Y
S/ NEBTBN AL p, #iter WIJ&: GMRES [ AIREL, s —F05S H T RS 2R
FRELRE .

Bil— : R EIERE 5 WA BRI ek, FREE— NIRRT . AR
BRIGER LA BIA (£6,0,0)0 JRHEAMIA T r, = (5 — A,0,0), ik, BS540
BRIVERUTIE BN As B0ZE A TR/, M5 —EI/NE] 1076, SR B E T R G 7
B GX B HFECRH MoM/CICM) B ZE R . 2% KK 4-10 BA12Y prim = 350 BF4E
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ik 42 BERPIRAEE 7 REMR G H

Require: 25 EERIFREURITEINIXEL p, TR HERE e, BARERNAZ o, BROODIE o,
MENHER ¢, (i=1,--- M), BTN E Y fE g (G =1,---,N), FHF
MRS ETTE =R R

1 FEEFERTA b A2 BB HOS FIAUEE (Gauss-Legendre 55 0 710, SRS o J7 A, &4
TISA 2p A ) RS T BRI R A e

2: A A ] T B DX e o0 R e/ \ SR WA 2544, ARG B R B 3K K 830 A PR 28
ARG of IMGEFEE B TS & o H8%F o fl & TEITHREEREN 0(1),

3. MR P S BE R SRR B O BRI R g A SN
PAREATIWE R s AR BR A0 A il fr o IX— 2 MIF EE 2N O(N + Mp?)
o BUAL, FRATEE B AR D RBARER N B B3 1% FE A AR BRI B O _ERYYg, XEhs)
AREEEERT, ©RERLMEN (FAXT—RIGHME, & MITERMUE 0(1)
1), BIREHN O(Mp?).

4: o I A K A5 381 14 BR T B B0 M40 B RS pR B 4o A5 2 BR AT _E R E pR SR T
RE XL br EOERE T IR &E RE P A A . X — 2 HE
ZRIEH O(Mp?)o

s: FIH] GMRES KR s 77, 1548) AF il BF. GMRES i&CidfEdr , FEIF &5k
— BRAER SR FMM I, E BRI LARERE] O(Mp) s FH4b, T UEBR W1
FENTIT S, BRI E 4.7 LARIE S |, X8 E I E 228 0T MRIELE O(Mp?).

o T IR RSV, TR ARk 223 RS B iR B, X
Je— R PR At N, AT DME] O(N + Mp? + Np) IWE R, Nr A
Eliv=s &
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TS, IR ARG P AS I HAETT BRI R, B p = 350 Bt RE D
2 8p? ~ 100 NARAIE (A JE BE L (4-61)), ILAT AR 7 B4k w I ERT
T

A1 B 0 AT LT B4R O kA iR A T R A BB, BT 9T SOKALE) B AR A 6 1L
Table 4—1 Accuracy and convergence of the MoM and the hybrid method for the case where a source charge

is approaching one of two spherical interfaces. Results for 6-digit accuracy in the electrostatic energy.

Method of moments Hybrid method
A Pmin # iter Energy Pmin # iter Energy
) 6 6 2.755157E-3 4 4 2.755157E-3
2 10 9 2.506381E-2 4 6 2.506381E-2
1 15 10 1.568823E-1 4 6 1.568823E-1
0.5 25 11 7.275550E-1 4 6 7.275549E-1
0.2 45 12 3.717330 4 6 3.717330
0.1 70 12 1.027573E+1 4 6 1.027570E+1
1.0E—-2 | 350 13 1.558112E+2 4 6 1.558107E+2
1.0E-3 | > 350 - - 4 6 1.676350E+3
1.0E—4 | > 350 - - 4 6 1.695007E+4
1.0E-5 | > 350 - - 4 6 1.697559E+5
1.0E—6 | > 350 - - 4 6 1.697882E+6

Fh& 4-127r, BIFREBEA AR S A e g, BRIk ARAGE S, B2 HTE
Pmin = 4 FUABURELE] 6 ALK B, BI(E A /NEI A 1E—60 AT T LTS, pun FEE
A BN KR, RS A < 0.01 FFEEZE AT T 350 « FFA GMRES A%
UBE , IRAEDHFE 6 UORAERIEN S, ATE TR A BE B A A 200, )y
BNEEE A B9/, GMRES &R BGRHHE

Bl : RESREHEEEE FXDEAH, AT 100 5 a7 RE A EOE R
JRERJEI ] (IR H A 4 BRI AE — 1 20 BISZITIR ), SRIGA A BRI B 52T, Bk
A5 IR/, 10 B/NEN 1070 HHEEERSH R 420 RN, MEEBKSEREE
FENT, FETT T A BRE R BB IT AU B p OB, TN TR G S, p RIFAE 6
, 1M H GMRES JEAE RN 2 FaE R B/ N2 1076 B9, - UE D pgsghn. X
FR, BIANINT) UEGRIAX IR G B, o A EEIE N AN SGE L R 5
A ENE

K

I

Tﬂ'
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& 42 Fod 55 Fm A0 B 5 NS Ty A iR b T ik 09 AR LB, B B REALEE AL 100 NIRRT, BT 6
TS E] B LA IA 6 AT,
Table 4-2 Accuracy and convergence of the hybrid method for the case when two spheres are approaching

each other, with 100 source charges surrounding them.

Method of moments Hybrid method

) Dmin # iter Energy Pmin # iter Energy
10 100 12 1.016208E+4 6 5 1.016213E+4
5 150 13 8.681927E+3 6 7 8.681920E+3
250 14 8.173625E+3 6 8 8.173616E+3
>350 - - 6 9 7.939718E+3
0.5 >350 - - 6 9 7.783576E+3
0.2 >350 - - 6 10 7.930441E+3
0.1 >350 - - 6 11 7.762399E+3
1.0E-2 | >350 - - 6 11 7.879495E+3
1.0E-3 | >350 - - 6 12 7.810528E+3
1.0E-4 | >350 - - 6 12 7.734115E+3
1.0E-5 | >350 - - 6 12 7.885560E+3
1.0E-6 | >350 - - 6 12 7.760383E+3

Bl= . =AM RIKEE SR X B E— SRR A, B = sk A i
HEIR (ZPBREFN =M =T ) o 48R, (R FBIFELIETE 100 DR, BR
AT AR IR 20 BISZ TR o AN, AREM A BTER B AIEE M 10 Jk/NE] 1076,
XA EAIF IR, Ko = AR 2 AR 2 B SG ST, Wi UE I N2 5
FER A B LAAEH AT

T ER LM 43, RI, ROITEME 42, B Brsbnics p £3ks
BREE B SEUT I KRG, TR A A, BIME =N ERE SN, p MAERRLE 8
fifi, T GMRES fEfZ BTG OL, SRR T 200 XPEHIER T, BIEEZ D
AeF TN RS , RAEER S TR

pim . KERBFELTRSEENITERE

XA LS R AR R AT S T, IRAI BRI RERCE . {1\
A ERBAE— D2 AR TS b, FEEBENUAE L N SR RIE AR B . 727
IR ER 2+ 1076, BIBRSERZ A1 /N AIFEA 1075, B BAT ML N A
10% 2] 107, & 42 B TR ET SRR . ERELRE TREESE, Tk
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Table 4-3 Accuracy and convergence of the hybrid method for the case of three spheres (placed at the vertices

of an equilateral triangle) approach each other, with 100 source charges surrounding them.

Method of moments Hybrid method

) Dmin # iter Energy Pmin # iter Energy
10 150 13 1.015980E+4 8 6 1.015977E+4
5 300 15 8.701905E+3 8 7 8.701891E+3
> 350 - - 8 9 8.186125E+3
> 350 - - 8 10 7.957561E+3
0.5 > 350 - - 8 11 7.802220E+3
0.2 > 350 - - 8 13 7.833921E+3
0.1 > 350 - - 8 14 5.852001E+3
1.0E-2 | > 350 - - 8 17 7.897239E+3
1.0E-3 | > 350 - - 8 19 7.816796E+3
1.0E-4 | > 350 - - 8 18 7.752954E+3
1.0E-5 | > 350 - - 8 19 7.892657E+3
1.0E-6 | > 350 - - 8 18 7.756502E+3

LT AR (FMM B0 ) ANZIE S 2R M A B AR AT . EEEIR AT
&, AREA TR, EEORATEE 6 x 10° EHHRER T, mRTEA
SRR 2 50 B, B 1 — £

BlE : KENRIKFEBATREEENITERE

XA BT BB Ry P AR/ BUBR A O T, IRAEE AT AR K
MIEEHLHAL M AL A R (M BRYIEBGEREDA I 2 —E 2] 10*) BUE— 7 ik & 1
o PEEST TR G T HIR/AN, DAMRIE M ABRAT SRR ARBU 4R 20%. BUAh, IEBREHL
H7 4 N = 1000 /> st FRATAES BUBRAY JE o 1] 4-3 R T B TH S o SR I ] o
BRI, FATRBNRE S B LUK B 2 T R IR . R A B Bk
ST, FMM I B & 5 R Al S 2 220 FhRY TSR], T EHESRFANTEEE 5 x 10
ﬁ/l\0
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= Hybrid method with FMM
-e-Hybrid method with direct sum

10%
»w
N’
(b} 2
e 10 )
=
10°
g _
-2 //// 1 L . ] L
10 : e b
10° 10* 10° 108 10’
N

B 42 e R F N &R, RNALRARTRETOHE N, RATAENNNIK, €A
B EARAK 241070 69 L FRHAANTR &L, FAENZ @ FAEFEH 1075, RAH k44 FMM
Aok T LUA B R G I B A, ARG R A SN,

Fig 4-2 Total computational time versus the number of point charges N. Eight unit spheres are fixed on a
cube of size 2 + 1075, i.e., the smallest distance between two sphere is 1075, The required accuracy is set to
1075, In conjunction with the FMM, the hybrid method (blue open symbols) displays linear scaling (dashed
line) with the number of particles, greatly accelerating the calculation compared with direct summation (red

closed symbols).
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> Hybrid method with FMM_
-e-Hybrid method with direct sum
10 | |

Ll I I I R A | I I I R R | I I PR S A A
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Fig 4-3 Total computing time for the electrostatic energy of a single configuration, as a function of the number
of dielectric spheres M. These spheres are randomly placed inside a cubic box, at a fixed volume fraction 20%.
In addition, 1000 point charges are generated, randomly surrounding the spheres. The required accuracy is

set to 107°. When combined with the FMM, the hybrid method display linear scaling behavior.
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Fig 5-1 Schematics for three models of interfacial charges studied in this work: (a) SURF1: uniform surface
charge. It is equivalent to a point charge in the center of macroion; (b)SURF2: discrete interfacial point
charges on the surface; (¢) SURF3: discrete interfacial charges with excluded volume. In SURF2 and SURF3,
a discrete interfacial charge gp produces image charges. The Kelvin image coincide with the source charge

itself, while other images lie inside the sphere, shown as blue empty circles.

—DRUIMI R, R FRAE R E A AT, SRR R, HERIEHN
7p = 0.4nmo AT bR E FRAEE L, XL sRm Mk 55 B A R —
IrHLRE FTLL, AT SURF2 Fll SURF3, WEARRUR A A 1S AT M Qar = qpNpo 5
br_b, XML B A R TAEE FORIF R B T ER G & 4 73R T W R AR 1031,

TR SURF3 H Y 3 T ™S & % X HE 2 S5 A3 i MR s IR . B 58, ETTeE
TN T LGRS AT AN S S 1 R IR B 7 /2 = 0.2nmee 13X — RN 2 B ANA B T AL
RPREERE ) AR SIS T IE B AT SO P A . Hak, XA RER I £
() AT S A AR, RO A R S R 2 Y R PR T LS . BT AW
AN R AFAE, BEOW _EARMEE T 85 JE T A T SRS FRATT A& I T — i
BEHERT AT, |Zp| =1, B—TRNSEE, Y |Zp| = 2,3 1, B DRUNSFM
B,

IRAE BRI 25 t 52 R RIS S0l = PR R 45 1 (R I Sl b o 3% 4 0 1] A3 i
D =i N ORIl F

N N N
U= UM+ Ur™+ Us. (5-1)
i=1

i=1 j=i

74



LiEGERFH LR L BAT NS RRRATERY R ERL BB

Hrp B8 UM™ SRR AN L B 7 2 Rl R E T, 58 8t Uupm Ve 5
BT BIBEE,, BEH =5 Uss AR T RIBESRIEHIRE.
XL SURFL, UM™ AJBARER FHUC Y FEAT S AR 7 2 TR B R R A AR

BUM™ = (577 Z:Go(0, 1;), (5-2)

BEAL Go ZRonfal BT A AR EAE RS IR R EL, (5 = €®/4megeokpT M Bjerrum FE K
AT TR SURF2 F1 SURF3, UM™ Jh 211 & gl HL -5 SN B 12 [ RO A AR A,

Np
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Table 5-1 Relevant system parameters used in the Monte Carlo simulations.

g =2 FEAAR UL PN BT AH R 9 R 2R AL
o =T8.3 VAR F AR EL

Zy = —30 ~ —180 JEARIIURE [ H AT 4

Zy =42 B AR
Zp=—1,-2,-3 T AL A R A4
a=2nm FBAR AL 242

7 = 0.4nm IECE 2

mp = 0.4nm SURF3 A 2 [ B A 428
T = 298K THR SR

(g =0.71nm Bjerrum FFECE

loe = 0.19 ~ 0.031nm  Gouy-Chapman HFE
C' =0.1,0.2,0.5M =R

A =0.48,0.33,0.21nm = FhERyR S B fEFE K
R =17.72,6.13,4.19nm Wigner BRI

BEAL ps(r) e @ FRESTAE » ALRO-FREE T Z; W9 HAMEL. LA, ICDF eRZLtiic
M Q(r) , HFEAN,

Q(r)=Qum + [Z+Ny(a,r) + Z_N_(a,r)], (5-6)

AL Ni(a,r) ABEEEROA o 2 r MERFENEPEEFAGE. B, F Qa) = Qu -
EER, B Q(r) fERARF M AT MIEME BT REIRR B 4 Fenli), &
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Fig 5-2 Top row: The zeta potential (average potential at one micro-ion diameter away from the interface)
for SURF1 as the function of surface charge density o for both with and without image charge effects. Three
different concentrations of 2:2 salt are calculated: (a) C = 0.1M, (b) C' = 0.2M, and (c) C' = 0.5M . Bottom

row: average potential at half micro-ion diameter away from the interface.
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Fig 5-3 Model SURF1. The integrate charge distribution functions (ICDFs). ¢ = —0.6C/m? and C' =

0.2M. The peak of these curves are at slightly more than one micro-ion diameter outside the surface.
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Fig 5—4 The zeta potential for SURF2 as a function of mean surface charge density, with various valences

of interfacial charges, both with and without image effects. Left: Zp = —1; middle: Zp = —2; right:
Zp = —3. Itis clear from these plots that image charges enhance charge inversion for Z7p = —1, and
suppress charge inversion for Zp = —2, —3. The suppression is believed to be due to hard sphere repulsion

between micro-ions.
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Fig 5-5 Model SURF2. The integrate charge distribution functions (ICDFs) for different valences of interfa-
cial ions. o = —0.6C/m? and C' = 0.2M.
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Fig 5-6 The zeta potential for SURF3 as a function of surface charge density in cases both with and without
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Fig 5-7 Model SURF3. The ICDF curves for Zp = —1, —2 and —3 for the cases with and without image

charges. Salt concentration C' = 0.2M and surface charge density o = —0.6C/m?.
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Fig 61 Example of the importance of polarization in the structure of self-assembly. Let size ratio o = 7,
charge ratio ) = 1, and consider the dielectric effect by letting x = 0.1 or 10, we get different self-assembled

structures, i.e., NaCl crystal structure and string structure.
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Table 6-1 phase structure identification for binary nanoparticle system with different size and dielectric ratio

" 110 1/3 172 1 2 3 10

o

1 NaCl NaCl NaCl NaCl NaCl NaCl NaCl

2 NaCl NaCl NaCl NaCl NaCl NaCl NaCl

3 NaCl NaCl BCC+NaCl| BCC BCC+HCP| BCC+HCP | Sheet(HCP

7 NaCl+BCC| BCC+NaCl| BCC Sheet(BCC) Sheet(H String String

CP)+String

10 BCC+NaCl| BCC Sheet(BCC) Sheet(BCC) String String Shrinked

String
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=HER RIS, A0 NaCl 258, (RDEit (BCC), Ffbm —ZER R, &5 o
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(1) BRI AR AR N L R B LA S A 2Ry, ISR AR T 77 A1
HEMZEF o

R B R B A ASE 5N . FTLAE R, Y« KR, S22 Rkt
AEF AL, RGBT N = ZE B SRR G A i e 1 R R 2540 B Je 15 21— 4E R IR
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ASE Y AR IR EE R (W 6-4), —FE BCC HEA Y, —FUe A mts (HCP) HEAT
(1o FAEAE HCP HEAT SRR ES AR IR, & — T8 R°FIE, 11 BCC HEA 1 iR &S
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Fig 6-2 Detailed phase diagram for binary dielectric nanoparticle self-assembly structures. We vary k =
0.1 ~ 10and « = 1 ~ 10. We get an ensemble of self-assembled structures, and list the equilibrium

structures.
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A 6-3 —EMKRO/NRBAABEFHGEEREE (£H) AEFRRERESE (FA).
Fig 6-3 Schematic illustration for binary dielectric nanoparticle self-assembly structures. Left: a normal

string and right: a shrinked “zig-zag” string.

B 64 —ERRENRBAEABEFINGFERRREEH (AB) AT B RREELEH (HH),
Fig 64 Schematic illustration for binary dielectric nanoparticle self-assembly structures. Left: a flat sheet

and right: a bended sheet.
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Fig 6-5 Schematic illustration for binary dielectric nanoparticle self-assembly structures when ) # 1. Upper
left: a ring; upper right: a chain when o = 3,Q = 4,k = 10; bottom: two newly found crystal structures

whena=3,Q =4,k =0.1land o = 7,Q = 2,k = 0.1, respectively.
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