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ol7} K5 Bkt wekd 2ol & HL, AHUBYAEA E20|= YRS BLF 02 38317 98]
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SRJolA B2 AAE Afole] AF AT o YAEE T
Ag d3 G9lollA == AR Aboo] AL A
o° 2 BAs}ar olgljstaza} gtk
2. 22
2.1 YUxto| by

UL A Aol S22 W] Jhe) vifgRe ¢ixke] A
24 (wettability) 2} J=}k2] mofoll o]afjA] AAE ) AR
Bk YA S ARG 21 F 02 PP S0, o=
%02 05 AL 3G AAT 1 RS AR 25
o2 {4 Abe] fHsky B0 £A1HoR FIRS v)A]
7] 2ol 2F B AL olsfishr] el A Yt
Aol A Q] A77t B4 oz AFYE|ofof gk HA A
of| A thofel mokat 2718 7HA ARk wigkE: olsfislr] ¢
A= YRke] T2 oA E ANl o] F FAsleh= 2}
o] P asict st oz FUR YAFe] F&} of A= T}
Lol Aoz g 4 glet!

AEp, = Su (_ysw * ¥so ) - S] Yow =
Yow (Su cos 6(‘ - S[) (1)

AEp, = _Sw(_ysw * 5o )= St¥ow =
_yow(sw cos gc + SI) (2)

4] (18 5890 Q= AAH-4A Ao 23t v
o g2 oINS ofulsla, Wi 4] (2 AR 7184
H 43 Ao Fag te] F2 ool A= Y]
AP} HEZH(three-phase contact angle), & -34S e}
U, i olux) i A, Sk Qo) A
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12! 1, Schematics of various particles for calculating the attachment
energy.
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Qujgtci 2™ 1). oF &AL w, o, [, s= 22} E(water), 7]
E{(oil), A AlH(interface), T12)31 YRKsolid)E LERATE
9 L WUy YL ALBalol BE BR0] SAT o]
o171 Atefl vt F2&F ol %] 2] Alitol] A2 = Tt
SaFH0 2 T2 % 0] Hhg Sl AL obrs it
(Janus particle) 2] F2+ o A| = FARGE ) © & mwc;?

AE, =7,,,(Sy, c0s 8, +Sp, cosbp ~S;)
gopto el 32 §)

AE; = -y, (Sy, cosb, +Sp, cosbp +S;)

7o R R E Y F& (4)
o}7]A] olef AL, A9} P AR ThE £ Ao UL 7+
7z

ZF Yebdithe.g., A = apolar, P = polar). 04} Op= 22} 3
spRom Rtk a4l Rge) 79 ARt A
Zo|tH 2’ 1). A WA, oA E S0, 71843 FSst
 2pA/Fad 2] HA|(4 ()04 Sact Spo) Hit-
and-Miss £4| 7152(Monte Carlo) ®HE- 0|83} 4=%]
Aoz AXRITE? Qo] WY uigkS A7) el B3 of
CIAIE Q] Az )T ) Wl <] T AR,
ol 7 v of 2] Aol e eltt 2 sl
gro] 1 4#ke] BHE ulidKequilibrium configuration)o] 3
FETh FES A2, A Q)T A (4)= AT AT ozt
A, Tz 733 40T} O A O] T ) S 71
ofpr2 RS disii = FYsHA Aol 7Fssith ERE
spiElo = ZUT YAl A% A ()24 Q)] e &
2 7% ool thet ATk SUHT, Bl AR satE e
2 85 2 AR BE alikel tisiA= A (3)2H A
(4) 27E =3 FY A0S et uEtA do= 37
IR olg5to] B L 2] FeAA A ()24 ()
o] Z}Z} ARGt

2.1.1 3fetHo 2 Flst AR HYEt

sfabeo T 79 Yxe] G Wg)e 224
AUR}2] 4AF HEZH(three-phase contact angle, 17 1)9] 2]
SIAEE 2L, o] ARle 77 YAkl FleketE B
wloll ko] glhe] Briz(s)o] AT gk 7H) Al 2
o7 ko] Wizt RpsHA Lsh] tolc. set
Aoz AT 1TF YR Wil Tt 5, glol WS
2ol AR HifRR: Rz A Sl A&ttt o
£ 59|, $H4 &34 (neutral wettability, 6. = 90°)& 2t
+ EFW(ellipsoid) 2] F2F ofizk= 4] (1) = 4] (2] <J3H
A S 7F HHigke 7HE 7890l SigslaL, wEbA BRE2 AR
oA ¢ b= vlfg horizontal configuration)S- 2=t}
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spetH o= o]F/d(heterogeneity)= 2= 78 oFrs
AAF] wiRkS, & 7l A A3 Apojet F ) EH Y
Z87A(°Fr2 737, Janus boundary) 9] 9X|of Gk W=
k5 oA A 92 S a gholl Yai AL 5 Gl
g, 7|55H8 0 2 t%)(geometric symmetry) {1 18 oA
U= a 401 90°Q1 Z-9-of) SiFeH 2 1). YREE o2 a
#ko] 90° W&joaL oA AJ2)(YE O 23439 Ao))
o] 25 oA AL} FA1Y AlHo| A= UX]|(pinned) st
= HiRke ZHA| Ek. o] 23t 2] viigupright configuration)
2 AR MR o2 F e EHo] 7442 AR AT sl= 1
Aot AL = Adefoll slidsh, wakA 4] (3)ollA Sa
= A @A Spo (coss, >0) FHE HHSHF
S 24 F2AUAE B5A dok 19 294 Hol= A
9, ofFA AL A A REHE HlojuA == ¢
(unpinned) 2] AS/32 A 22 (Ben) ©l=F FT o,
o] ZHE 7158 vl (a = N0°)0] ALGE Z73I
o714 pE ARA ASA(supplementary wettability,
p =0, -90°=90°-0, )& 7 oPr YAE st u}
kA p ko] A-SE opeAEA AJdo] 7, 09 717k
Y A= 3lslA 0 2 F U3 JAE oJu|dict

&

(cos8p > 0),

213 ESIHOR 0|5YS Z= HITY YRS HHR
SEFH 07 0| BAL 2 W7 A, 2 1|7 opes
A nonspherical Janus particles)2] ¥igke 31514 H]5
114 (chemical anisotropy, oFF22] A2 0] A7)} 7|58t
2] 8|54 (geometric anisotropy, FRH])° FIF& U=
TR o] ] opess glAfe] WiaES 2] s,
sfepa o FU ul7E ko) whak S e Hrj=
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12! 2, Critical wettability (8. of Janus spheres depending on the
location of Janus boundary (a). Reprinted from ref, 16 with permission
from Hwahak Konghak,
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F AHSa0 SrE FHZE St S AUAE RF= )
o] = A o2 A-GJhS SJulgith. 4] (3), (4). dIE =0,
715¥8H thA(a = 90°) 3} Bkt A (A A3, f=
A1 o2 BRI Janus ellipsoid) 2] 7-2, kel 4] 1
e ol T 3 00]t}. & YA 7A S42
W A2 Aol iRIgHE 1 3of|A] Holzol, o5
212} FZH|(AR.) 7} S7FrE v-E UARY vliek Adgkol
A o2 A7 wfiZol YR= 428 vk 2] vk
7 GAIR 71280131 vidktilted configuration)S 7}AA|
A}, Wi FYu7} Bo1S 48 opead 4] i)
a0 Q1A= 2] ek FsiA .

Ful2g He, 54 ZA0 s BARE oj2Ho
2 T 70 ulieF, & 42 vkt 712017l vfieke Al 2t
THH 3). o] AFEE 3l oF A BFIHY] S} | A}
oA T 7] 9] o x] F A (energy minima) 0| EA5}L,
wEha] Y JRELZ AR H 02 BE AJEl(equilibrium
state, primary energy minimum, A 1 |4 o X] A€ ¢,
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18! 3, Configuration behaviors of Janus ellipsoids, (a) Three—dimensional
landscape of the attachment energy of Janus ellipsoids with f = 30°
as a function of the aspect ratio (AR.) and the orientation angle (6).
(b) The corresponding orientation angles at equilibrium and metastable
states as a function of the value of AR., (c) Orientation phase diagram,
Modified and reproduced from ref, 12 with permission,
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energy minimum, A 2 2> S| 2] Ael)ol] 95 2Ju|gt
t}. 18] 30lA] Kool Uuka o g 7xst 3FekA] vl5Hg
= 2t AR B3 AHlolA A vigks Fska, v
733t 71818k vl S Zte YA BE AN 71e
X viRRS Zhet) 22, olet FARE A At B
==, SFu7HE oA AT (e, AR =24)=F 74
O] uigkE Al FHotaL, o= o] 2A 02 &3t gkt st
3] YXPEY E AR F2717h ZolESS(HF 10
nm ©]3}) FEHFE ] YA} HiFFo] APpTA o= P AH|
o uljgEe 2 Hojxli= dfo] 24| 7HEE AlEE| o] (Monte
Carlo simulations)o]l ©J3] AZE|Ict” ol2iat APL=el
HigF o] @/ YR 2717t EoleS B3R et &
e Atelofl EAfsk= oAU A] HH(energy barrier) 2]
717} astA =, 2 27171 JAF] & e[| A (thermal
fluctuation, ~1 keT)ol] =23HA| 2 wf WAYSHA Hrt

oo} fAlsHA|, Sfetd ez thE & 79 7 YAt #
Hz o2 A FL2E 71K o ol (Janus dumbbell,
I8 )9 v 39|, A3, = 1Y ) A =271
(bulb size)o] whe} GRS wH=Th.*Y o= el T} At
EA|, oFrAA o] A N7 AEE oF e of
= 52 ik Asstar, vt o] 2ok 718017l vk
o] £AIHA et FEoF & FHL, 7Sty os d7|a
sletal o2 A<l ofr ofg o Higkoll QlojA EHA
Ej7F ER5HA] b=t o) BE ARFEC] Al AlHellA
P FLsHA T 1A wES sk B oulgitt ol
T @2 oF 9] 71818 HLzol Z1R1sked], oA A
Fao A o] A oz A7) o] Uehdth & o &
3t ofF BRI} o o) o] Hljgke]] gl o] 24 o
5 A= EEA 7ol o] W] fiZe M &
A 129172 1817 vttt

22 YR RS

UAEo| LT 7 A ol EAE o, o) Ale]e) ezt
82 Quka o= DLVO ol o] s A &= glek” o]
o) 712 7] o]5% WhE (electrostatic double layer
interactions) 2} JI|243EA 918(van der Waals interactions)
ol ofsl) AZE HAe] BHE. IA7H$A) Aol 9
A o PRI FTAGY M7= EY A oA e 2R
sk o 4= ) - 5 e ol Z71abA) e, ol
DLVO o] A-82 4= itk FA AlolA Y=t =
282 3712 whdeat mA Q1 o)) osf that 2ol
#ojgicy.
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UAE Atololli= - 733t vhieo] Wlist= d4to] A%
x o2 PATTH yhiele] gele gixje) T A}
=73 BrollAl =2 2|7} =aL, kA Biti A 2 st
9] B3 (asymmetric charge distribution)7} AH 3} 4=2] v
3o 2 4Tl (dipole) & FAAI|T, AT 02 AR
A} Apsakgo] W24 SRS Bo) AHETHEN Zu
S ARE Alolof| FEA7|A| FtH 2| 4a). o23E ||
FHUE-2 PieranskiZ} A5 AJA|81aL, L F Hurdel] ©]3)
st o] SEFIE? Hurd 2] B 714 74
< (1) A Hafd gHoflA] o] 2-o] ~JA|(ion-ion
correlation)7} A 4= Q& H= 2 2431, (2) YA ZHAE
(r>> 20)7h T 3, AR oIS 8 7S] Ho FPe
eH(point charge assumption), (3) YA}2] Hs}EFo] 2F

2 79 Debye- Hiickel approximation2 ARSH 4= Q122
Zegtet o|3t 7ol oJsl A g skE Poisson-Boltzmann
WA A AldellA EA =, YRR R sidst
U2 A2 A o2 &4 ik
3¢ 'Kk’
F(r)=——r ©)

2 4
re e r

W = oK, o= E ot s 28
71 E Rt « =9 EHle] 717 A (inverse
Debye screening length)o|tHx = \/ (1000¢'N,21) / (£,k,T) ).
Nz OHE7FER o], [ =899 o] Af|7]o]t}.

Ae] 3 Halego] 79, vl A counterions) 2]
B P U4 BRo R HPHoR dohp]
9, Debye-Hiickel approximation& ARg-E 4= itk ok
kx| A g HdH(effective charge, g0l et AL FAAE
A7J38= charge renormalization 2}¢je] B8}, o] 7}
A0 AAZREE v A5 5= Tt AgH o o
ofgithi 748 4 glck> oluhe] M Hske UAbel Ay
M2, Enjo] 717 A2, 12ln E Hajel gE e
d 4= Q1o AA 02 22 FH HsE 7H] JRAE R

22 4] ()9 S A1 theel 02 2 4 gick

3¢ ¢k
F (r)=—"— ©)
272'.905‘7
dme e a k(1+cos @)k T o
q, =—— ( LB — )
e K

714, a= LA RERLS, ex= 712 Z5H(elementary charge),
ke B2RE AR T 25k, 5 3 o THpo| 71 AF,
K =Ka, 32|30, EFAASHUE 0 = 0.(ca)/ (kTEz) ofck



ZJZo) Masschaele®} 35 ATAES o8 7HA] W,
(1) o 3l JAC] 5=AT A pair correlation function
T} Boltzmann distribution functiong o]83sk= W, (2)
3 A A|(optical laser tweezers)E ©|-85k= "4, (3) AW
A Al(interfacial shear modulus)E o]8sk= WHS
ol g5to] YA AT AL ZABIGTE oA AFH e
2 A2 A7l 4 (6)= o183 ISt g 5
B v Ioh= 29E A3lk ol Ash] flsl, 252 vt
o o]250] LUEE EXSK= Stern layeroflA] f2E o
U= A=A 7= AT o] HdlojlA o]E2F o
2 ASE Y A7 Ao 239 gt
© 2 JAFGRA, o] AXE B WY 4= gl Hek
AFA U A % o] 20| oFA7HA] HarE|of QIR bt

ol 7]t v o] A0S =4 Srfjofl A sz E A
51o] gaFoll AL Ut T TR whiE o] gt mdl
Aveyarde}-3 ATAE] 2J3) A= iet** o] =]
oJsh, HISA Brfjol a2 E o] Y= YA FH Mt =
45 3fj2](surface residual charge)® 4= 11, o] BH A
sto} 74 a7t vl=5Agd Sofoll A vl 27| wizell, 224
o2 ¢ 7Rt A7) vl f=5HA |rh1d 4a).
o] BE2 A} 7k b o] -8-olito] M A o] F=of A
9] FaFe TR Y=tk AE 2] 718k FaL A E S
o} SEANE 2|2 BRAE o8-8l SHE YA AL
gt SAISH Aol oJshH, o As] whiES -g-ite]
Halde] oJEgte] YFEUATHLY 5b).7" AEH o2, &
A AN YA v A o= 7t whdE o] gt L&
2|21 12 oFR7EX] 3] ofsfE| L QA Fom o3
FH|2E A Eok= ol 3tk

222 B o1
oA AN ZR2o|T YRS Atolol= E3F Q1P o]
Zh-g3tet. o] 3t Q182 YA =99 A HF (interface

Unscreened Coulomb

(a) Dipole-dipole ' .
interaction

interaction

A o IR
s W W

e
b ¢ @

£y & @
[S2] ® g @@

b

12! 4, Schematics of electrostatic interactions (a) and quadrupolar
capillary interactions (b) between two particles at a fluid—fluid interface,

1=
113
FHA
o]

deformation)e]] &Ja] FE=El=H], & £ F 7Y dE
QIAFEO] 22t 15 F9lo] A ML Sk o) i A
ol A|(surface free energy)7} &= A= ZA51A =i,
o|gt FH A AR E RF7] flote] A #HA S
AN o AFSo] A2 o] Fai Hi BAke
QJuek ¥ whebA mA|T EAdol) o3t YRS A= A
FAGL 7 IR A B met 15 Aole] A
14 (alignment) o] whe} ¥hEjo] & Sk )3, HIE <l
Zo| 1 45 GIEH1Y 4b). YW O ulat mepe)
A HEZ 7H AR AN A= A S-S 4
UTHH, YRS A= Q12(capillary attraction)-2- ZA] Frk

AR} =99 AW M 2] Y12 FE, €4 H5(thermal
fluctuation), %=A} A 7|3 H(dipolar electric fields), wj11%
A L mly 274 A (undulating menisci) 5 TSItk o]
A F, 9 Ue o], el mlo] 32 o)} 27|15 7H A
Fel B2o|= YRS Aole] AW WS ST )
YAF X (rugged meniscus)ol] o3 FEAHo= HRAYSH
ok Stamous} 35 ATAE YAt 919 A EF e =
& &3] Y3l Young-Laplace ®7g4]2] & multipole
expansiong ©]-83t] AL, ofnff 7 W2 Xj=2]
oPgE =B (quadrupole)o] AR WP BoRS FE
Tk 2ES YHich AL 71 IR Ewle] vy
Fak gy ol ko2 217} % 7o) SHpole)& 7}
21 ARl ZA9] FEiE ZHA Frh(2E 4b). o]23t 2Y2
HYAAAE 7 A2 (boundary condition) 02 51, S
A ZAHsuperposition approximation) & 0|83} F 7<)
I3} Afolol] mAfE: Qlelo] it T ek e Uehya
cho ) g,

r (um)

£ Experiment (32 pairs)
— Probability distribution
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0.00 3°

18l 5, Measurements of electrostatic repulsions between two particles
using optical laser tweezers, (a) Snapshots of the pair interaction
measurement, The scalebar is 10 um, (b) Dependence of electrolyte
(NaCl) concentration in the aqueous phase on the pair interactions,
(c) Heterogeneity of the repulsive pair interactions, (d) Gamma
distribution of the pair interactions, Modified and reproduced from ref,
28 and 29 with permission,
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,
F., =—487zyH, cos(2(@, + ¢,))sin'0 ~— ®8)
R

d

7| H, = FHA=FE wUEA LY JE(amplitude),
o}t gp= T 7 QAPE o1F = A W91ZHazimuthal
angle, 1% 4b), r.= A4 A Q= dARS] THA 2
A Bl A HEZHA)0) 90°2 A Rte] WA (. =
a)ol| sfFetch Ao Az oE Wz 7 = 7Y
YAz EH A AHRIE R fiste] SHsHA =L, 2
BE 02 4] §)olA] TARIG] HFSRe ghe 1o] Tk, Wt
Aoz FHAo]y =72 mN/m, YA Z7)7}a =1 um,
8|3 Hy = 10 nmY ©j2] AT (capillary force)-2 of
2F-300 kpTo]aL, o2 7 7l JAFE] G ol A|Q1 1 kpT B
o o 2 ghofl st 29 Fo= T 7HS YA} Afele]l
= A= o] 283 I35 ofn|Rith

v ARF F919] Al 9 =3 Young-Laplace %7
< &9l A5 7hssit BFHE] - A FHE A A
F2to] webA|, JAFe] ASS wet o 52 29 HES, wt
2 Ate] T2 et g o ko] MFS 7Pt Y o]
23t AR AYE YAl sl = FARSHA 2854, 2
o= ol HlFE ARt AW WP 2YgE “Surface
Evolver” Z203& o|g3to] 2|8 02 AL o= Q=
Hho] B uE|ITh! o] ul Y YA w3 H=E
O] A HFZ FRbeh waba] YA 7 BAE IEE &
gt ol & S0 BHW YA Rty o2 ARt A
Qo] A7 A whlE Rt eA|skaL, E3E IE0]
Sl RS AR 2 REE Y] ATiFRL Al7]of| oj&Ested
tip-to-tip X side-to-side WFoz M= HIsH ©
o olef cha) ARIE mofe] QAR £ A0 UArE
Ao|o]] 733t tip-to-tip quadrupole Q12jo] F=2 o 2 vhay
ol HarE|giet!

712017 viRkE 71 B] 319 opte QQARE Hoh BRIt
Fejo] A HEL S=FLY o5 IAE 99 AW
HEP 2] k2 gel trapping WL 2 £4|H AE-E optical
profilometerE 0|83} A§ 2] 0 2 F25} 4= Q)T F o
micromolding ®*H 0 2 A2 ofri AT} 7158

= 57 -5-8 Afole] Aol 72017l vigke = EAE o,
o|E Y=L v|thAAl 2] hexapole B-& quasi-quadrupole
m0F0] A Mgo] HuEGrk Y Ed o5 Alo] 9] olgle
T AR Abel 9] A E Aol )5t ot

Tha o5 Tt RS Alel9] BA714] whdeat =
Al QoA Uehhs Bolido] ths YRR o|Foi7l
Az v X|= Gl A ok 7| = gt

23 &gt 12
A 7153t RS Alole] wbdrEla Q1= ) ArE] 7]
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wel YAk SiE 727k A o7l HE AgHoR =
A F 7 AR Abol 9] a8t o]FAd (heterogeneity)
o] thF YAEE 3 EATH AA Aol v|R= FFS
Argstarzl gieh 7 v S 7H w2 dRkEo] AW
AT o, 27 604 Hol=ulel o] oHFeH A =
£ 2H=th olF YAES Ttk T dAER] whiEl e
A At v} Zo] FRA = S44E 4= vk 1% 5cd
NAAE, T 7 AR THHPEEE FASHE 02 o]F S T
31, T3} gamma distributiong WEcH= AMo] FAE
o435t A8 0 2 ZmE]jrk? Gamma distribution function
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12l 6. Comparison of the radial distribution functions obtained from

MC simulations and experiment, The experimental snapshot is shown

on the right panel, The scalebar is 100 um, Modified and reproduced

from ref, 29 with permission from The Royal Society of Chemistry,
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12 7. Assembled structures of various particles at fluid—fluid
interfaces. (a) Homogeneous ellipsoids, Reprinted with permission
from ref, 36, (b) Homogenous cylinders, Reprinted with permission from
ref, 11, (c) Janus cylinders, Reprinted with permission from ref, 19
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