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Abstract — In this review, I present the configuration behaviors of various Janus particles at fluid-fluid interfaces. As a
model system, Janus spheres, Janus ellipsoids, and Janus dumbbells are selected to investigate the effect of shape, size, and
wettability on their configurations. In particular cases, Janus ellipsoids can adopt two distinct configurations (i.e., upright
and tilted configurations) due to the presence of two energy minima in the attachment energy profile. On the contrary, a
single energy minimum is found in the case of Janus dumbbells such that they adopt either the upright or tilted config-
uration. Interestingly, the geometric and chemical asymmetry and anisotropy in the characteristic properties of Janus
dumbbells lead to an intermediate state in which the particles can rotate freely in a certain range of orientation angles.
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FZ0]= QA(colloidal particlesy= 7 71 4o]A] 92> T,—iﬂg]
Aol ApA 0 7 FAksto] 1 AE-E PRI O ® A, 4

2] (phase separation), - (coalescence), -5~ (flocculation) 55 E&t
o18ke gk 5= QU1 Al A BAAQ] thAlA) QgL & 4= 9)
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of AlelA ol =2] uigel viAl= YT =2lstarat gt
2.0 B
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- SW’Y_SWJFSU’Y.SUJFS[ ygw (2)
Ew = SI(IIYSM'+ S(II)Y()M (3)

9] 2ellA, okl H2E, w, o, 1, s 22t E(water), 715(oil), Al
(interface), “12] 3 YAK(solid)yE 2] sk}, YAke] & HHA (S, >

715l mEH o] Qe BRA (S, ) el mEE] Sl B
2(S,)] Fole}. 8P g sV & 77} Qixpr} A Aol S w)
o} TAHA oFS W] Ae] WAS oulskar, webA o] hEe]
2ol (S=SY -8 y= Aol gl Rk whaz S vkt o W
ek (Young’s equation, v,,, cos 0=,V )& ©1-83t] 2 135 4

2labd, F2F oluA)= vt ol i€t

AE}, = S,(=You T Y50) =S ¥ow = You(S,€086,.=S)) . “4)
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Fig. 1. Schematics of the attachment energy for a homogenous sphere
and a Janus sphere at an oil-water interface. Three-phase con-
tact angle of homogenous apolar and polar spheres at a fluid-
fluid interface.
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oA7IM 0= T YA A Al S1xE We] A A5
(three-phase contact angleyS- YFEFHTH(Fig. 1). $1AF2] Tofo] 48
A Agell=, A 4, 55 v AE2 AEen

AE,, = -ma’y,,(1—cos0,)’ &0 ZHE| ] Fat ©)

AE,, = -ma’y,,(1+cosb,)’ 7|Bo2RE 9| F ¥

o] Aof eJebd, 1| vlo]IZu|E 2] HAEE Ad 78 APt ek
F290ER wEolx AW(y, ~50 mN/m)ll S we] &=
MU= thek ~108 kT o]z, o]uf kT 3 7)) A Ay &=
4 o= (thermal energy)ell 3lidgtct. Alikd 52 oU=A] FhellA
=2 F55 QAP Aol v7t A 0w Fashe A ovlsta,
108 kpToll G5z ANUAE 2ol 3oz A& Ad
S ERE FET S-S HERAL

sl oz the F /o] miS FAl AYE obF Ak
(Janus particles)’} 3| Al &< w) &2 oﬂ];] 2= 9]¢ H
7} fAREA e Z%EHS}E}(FIg D[10]. AFe] %5 o] 5=
3L, Wl A ﬁ“ﬂol TN 7]

Tl =% 2 31 WH%':OJL oleldt 215 4 (2), (3)ell WYt

SAOYAO + SAW’YAM + SPoYPo + SPwYPLt + SI Vow (8)

E, =S, 0antSpiopw™ S?”Yuu 9
2lof|A], o}l A} A%} P 712} A5 (apolar, hydrophobic)}
A (polar, hydrophilicys 2wt} whebA] S, 9} Sp 5 27 7]
o HEvh= &3 4 B Holola, S, 8 Sy, = 7
FEANT HFshs LA ] 149 Holeoltt s, 8
Sprs 212F 47 gt R el AS veRdith
208,95 4 (1P] TRRIZHL, o W9 10,,080, Ty 1050
VoY) 018581 Aelshd vt

™ o

N o

AEIM ~ Yow (SAOCOSe + SPOCOSGP* S[)
Aﬁ_oﬂ/\]— O g HE|O &z (10)

AE]O = _’Yow(SchoseA + SPWCOSQP+ SI)
715 emN e F3 (11)

714 0,8} 0= ZH2F 384 0 2 st 2437 X192 7+ ¢
A7 A Aol K1X1 & ] A 4357 (three-phase contact angle)
o|th(Fig. 1). FENoF & - 4] (10), (1) 7]5-E= o]Foix
AAnt opel B AR 724 Ao ARS- 7Fssie oA
A Aol FAEA HH, A= 7P w2 F2 olu A= 2t
=5 WK (configuration)©] Lot} whebr F& Aol e] ofr
AAke] wigke @71 fleliA, 1A7E 313 (8212, 6,, orientation
angle)skA 2] WEEC 2 o]F(d,, vertical displacement)d ] <]
BE 7Fssh vigel] oisixl F2& oldR|E Akke d et gict. o]
) DL FH GA T 7P 2 olu ] Aol slidehs ezt
(orientation angle)@} 54 ©]-5 WH$](vertical displacement)s H3
vl & (equilibrium configuration)©]2} 7g 2]t}
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oFF2 YdRF F2F oUAIE Altslr] flEiA, A (100114 S,
Spy Sp L23L A 11914 S, Sp,, S, B 71518HE PAIE o] %

3l Ak 17F golakA] 7] wiitell, FFEE olg-et 74 Alke
A}%ﬁﬂ—u} 10,11]. 2] (]0)31]_ (HfL o] LA AL Y wgke Mg
omE, BEPIE 4 1092 A1 ek 3349 3w

S e i EA e Hh?;]g Hit-and-Miss €] 7}= 2 (Monte
Carlo) ¥Ho T} Z-238] B 8 ANYES UAFe) el 91A]A]
713, olul] & Alo]Q] IHAL FdsHAl fX|sit). 244 2 A
g ﬁ.‘ﬂoﬂ AAIe g0l Z42re] =g 1l 715 wEH g
735l idshs A=2] /irm)g FEP=N/N)= 2=t} o] 4
Qo Ztzke] AL Qo] A A (Sl dF S ﬁ*}O%

22 GaL, web o] 402 ek,
N,
S;= ﬁfS, 12)

o714 ol At i, j= 22 2] FFHREFEP), o7
FA9) FFEEAw), 715 (0)E ovlsitt

Theo® £ olUAE Hashehowa) gate] B wjdke o
é#lﬁ“ 71e3HARE, 71 Ao o] WiRo] AR = Qe Al =

= @75 4 Al 2k AP R 4352 (meniscus) &
vl 172 $Jof Stk HESH o] AEA oA EASH= 41 %48 (line tension)
o] T mlekaitt. o] 7ML e A7 o] dRfelM frE
SlTH12,13]. 2] Qakel oJgh Al W w927t aEshs
o] F i QJte] A7) Wiffell Qo Al = Qe A &
T 1] o Q1Ae] A, o]t ixbEo] Aol 7]2olx
FRlE EAE wf A Wo] dofd = A, o] T MES
2} o JAE o] g3to] B v A= Tl T2skA oAl 2
£5 3hs Ao, o]EF o7 AgA o= oju| FHHTh
[10,11,14,15]. whabA], ekom o] AXF A= AlHS] 2|94 WIS
TEEH] oar, AR HHEE FAQ] Aol EAst wo] AxEo]
Uh(flat interface assumption)[10,11].
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3-1. 7 OF+2A UXI(Spherical Janus Particles)

AgbE o7 o] oA IR A Al EAE w), 5 7]
the sdo] Whks A7), 5 oFr2~ 77 (Janus boundary)”} A%}
AXEA #TH12,13,16]. oW Y2k= 7 7He] M= TR Sk 39
o] Z}zke] Mgk fAlel wEEE WiEks Z2HA =, ol
sh= 3W oUA9] e Ax 2 A E %Tﬂ] Hr}. oFF
2 Z3A19) 91215, Fig. 2014 Holzol, ool 2siA vhehd 5 9}#,
o Fkol 90° wjele]ar oAz Addo] Fs] A3 el oF
A} 18] Aol M= UAEHA Fck(pinned). o FF~4 "*@#
ARk} = 7He] 35 25 (wettability)ell €1l UERE 5= Qlet. ol &
501, 31973 A A A AP I7F 22 S R A A
(supplementary wettability)°]2} 3}3L, p=0,-90°=90°-0,2] 2] o2
4@5@:} pako] A= oz o] T8l ool 717k A

% sk o Felet YRS ehich, Qo] FIstekA Hlkd
(ax90°)°] S7F HH, = 319 o] 2 R v

$ WA S W) A, §0 AL oFrs ARNE ol
LAl ©Chunpinned). o121 A o}k o] Qlofd dhe] 2

el &3t ol 657
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o (deg)

Fig. 2. Critical supplementary wettability (8,,;) above which the Janus
boundary is pinned to the oil-water interface.

Joll gt JAIZES B, 2 F= W, o] 7 o ko] 90°=7-E] 1l
0%%# AdgH 0w FUIRIhFig. 2). ol k= @] 718kst
2 Q4 wloll, 47 912t el AEAl 81dE = Al Fnt

o] st AJEE UAF Hllgke] F3F A El (intermediate state)2} SFCH11].

3-2. H| 71& oA °'I}(Nonspherical Janus Particles)

H] 718 opF QAR wljake: 7 7EA] 211, & 315HA |5 A
(chemical anisotropy, °Fr~4 A&l M|7])} 718Fsrs v]5HAd
(geometric anisotropy, H] 78 &) A&, Foi= F3u])ef| oa) A Hth
[10,11]. 2] (10)°4 Kol&o], 9] B3 Qo] &5 3 23 F 7|
@2 38k v del], 1l a Al WA 3= 7181k BlEvdel
ajgsitt. ohA] @, shelA] nlE g el e AekeE, 719 of
2 R wlEE fARA oL, iR 718k nlEi g el A
o] SASHA HH, a8t o st TS Yxte] miEk ALl
2t} o] st @S Kk FAIF 0Z 2AkE] S8, tixEA Q] v
g opF ]Il o BRI Janus ellipsoid)@} oFF2 o}
(Janus dumbbellyS ©]-8-5HITH10,11].

3-2-1. o2~ ERIRN10,11]

Fig. 3941 Hol%o], oF A BRI ] 3]H] (aspect ratioy= 453}

F50] Bl&of| FGBITHAR =c/a). T8 oFr2 Ak} iR =,

A3} 4] Fato] A& vhi= oFF2~ 77| (Janus boundary)
o] A= ogtell &3l HeE = AAthFig. 3). Aol g 2] %
3o 2 o] o]F WM (vertical displacement, d )= EFIHS] F7 &
A A A Alele] Alel sidEchFig. 3). ¢4, AT &
T3 Fto) ZIsleA o g e o ® AR thiQl o F
BRI, = a=90° ©]aL *4R 2 2134 (supplementary wettability)y=
1 gApe] 7ol izl 2Absitt, ofe|gh A 2] ofFFA ERHo]
Iiel] 91%)8 u), 1) Z}(orientation angle, 6,)°1 F-#3}1Al, 422 W
1(d,) ko] & 001tk =, ARFE] A S48 3 A1) Aol
12)8HA] Elet. whabs, dxke] FE wlEs 27 Q18 53t oy
15 7 R Akket 3, 71 Pyl olA] Aol e
Sh= elzo] BE Wi, B 99 0912, )0l T Fig. 3(a)
ol Holzol, a=90° p=30° U uj oFFX ERAHE] F2 ol X
£ AR FFHHIAR) 1710, TR VRS =42
A sk S3nlel tigk 7Pg w2 oUA & vieRdH, oel oj
ook W9 1 )7t dlgsitt. o] AvkE o] 83ted, Fig.
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Fig. 3. Three-dimensional attachment energy landscape of Janus ellip-
soids (a=90°) at the oil-water interface (y,,=50 mN/m) and
the effect of B and AR, on critical configuration behaviors.
Modified and reprinted with permission from ref. 10. Copy-
right 2012 American Chemical Society.

3(by= B B7E 09 R JERSITE B 3l T3
H|E ZH= o e BRI oF 4] A3, 5= slehA Hls Al €]
ojgto] 7|aketa] nlsAl el JR R AR o Asly] e,
oRFA A FA9) Aol A& IX|sk= 72wl EH(upright
orientation)ye ZH=Tt. ©fi= 78 ofr 1] A-9-9F YA jit. o]
o= vEA, B T3] oo w SR A9, oFF ERHo]
T4 wFe 2 RE H|A53] 7]&of%] wlj&k(tilted orientation) S E
v A €k, o]efgh Ho] THNE A oFrA BRI
He| 7)akekA] n] i o] ofgto] 58kA] u]eid o] IR R A
Aom AA YAb vkl YIS v olu) i},
SHEE A2, 4 1919 FEHRIE 7 YA WY g
Tk o2} 29 AFEl ] & (metastable orientationyS F-A] ol 2=
Th= Foltk. o5 =01, Fig. 3(b)ellAl AR =4%1 oFF2 BRI, 7]
=017 HY v 2 9] 1 wiEEE sAl ol Adt. o]z g 7
-] F2 ollUA= 7 7] Hax oluA] e, = Al 1, Al 28] evA]
HAAE Zerh AR T U9 HA ouA] AEE Ad 9
AE A A BRI A =W, AFE0] YRS 7€)%l bl
T, A A= A alide 2 Ha, AAF e oF Hl
Sk (heterogeneous configuration)ys 2+ WIO1ZE -3 (microstructure)

L (e}
= RAe

oFFA ERIHEERE ofg} oA A-T 9 oA AFE AR
(spherocylinder) 5-2] AP = FARSHA W ETH10,14,15]. ©1&
z}zre] wjjgko] Zh= g 1gt oS 7hssla, ole 55l =25t
34 gk,

A, L7t E30)(AR =5)%}F 0=90°S 71X oA ERIRS]
78, Fig. 3(c)elA Holzel, dAke] F2 U5 el 2574
B BZe] e AR = Qv 54 A5 A pakel
oA 7P e oA A, =5 B E wiEEe] AdEiE LrERdTt o]
£ v 3], Fig. 3(d)e F3 JElellA ool gl 83 W
740, . e B T veRdint. p gho] 2575, 3184 Hle
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HER, IR= HE AdHlelA 7] olX el E EAHA| Hct. o)<}
W=, B kol & A9, 3184 nls o] 71sketA vl d Bk
A o ® AR, Yxh= WE 574 wiEkE: FHshA fnk oFF
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FARHA, 29178 ulaEE sAloll AU A Fck. vhA] 2, B ghol A
OFow zhg o, Py ke =2 k] sidata, B jko] A
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Al F 7] wido] FAlel Yehs d, S cuAel alolA]
A29] ol =] HAaFe] EAE SJHgit)

olefgt AFEE O R 3jo], Fig. 404 Holzol], 54 =7
oA A Wi 2312 A5 SAek Fig. 4= 718 ti3 (o=
90°)7 3}3HA 3 (3 RA 2, By A o BRI L] A
Hjek 208 vEpdich, dubd o g g8k nlsi g Bahel AR,
718k vl (F&n) el dadrs, dxks 74 wiEks Fst
Al ¥ 3(Fig. 4(a)elx] 334 7o), o]} el el Qfzk= 3
3 ZdElelA] 7101 a1 F A oluA] e ) EPd e
of|A 2] HlEER2 H 4 oA ZdE)e Aol ZH=THFig. 4@l
sHEA 9. o] & F 7 Alelell EAlshe dAFES B AdEY
G2 g P ) o)zl migks: F gt 7eketA] S
gpetr o= nithRl A-polles Ut ids Asks Wt wike-
thekaizint. olg =0, 818H vleiA (B Y78l frlakiA
718kt vl F=uhat 718k vt (a=90°) o1
2 9131 (Fig. 4(b)), = A FF FHH) (AR ~5)2 713+ v (o
90°y Al oFr el AA wid 2AS 2o 1949(0,)
I 257730, 2589 g UER 5 AUThFig. 4(c)). ol=1gt

o =INe]
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Fig. 4. Orientation phase diagrams of Janus ellipsoids with various particle characteristics. Modified and reproduced from ref. 11 with per-

mission from The Royal Society of Chemistry.
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Al BEE T, 2 UA] Aks Sl @& Adsk & LA
T}, o] & ofFA A7 fA Aol FAHENE e wigk &
B 5S4 (13), (14)F F8l I5e Aol YA AT A=, oFr
2 ARG A Ak = =1 Ao 4= Sl Ul (convection)
L} A W (interface deformation) 52 247} 2] (13), (14)°1] 12
HEA kel E-ekar, 1 oA5gke] A3 Aol dAshbe
AP, o5 TEEA] 92 ddE0] Ak Y uigkel viX=
QEF w7 A o7 o Wissithar & = glrk

A=k wljgel] tijgk 2HE-2- QIxke] A7)l YIRS =t A (13),
(14)= &P Aol w4k w3tef] ouX] 28 (energy barrier)
ol aigsh= 10212k, e T CE sto] 7] Weizte] 6, #tTh
zom 42 gk, 183 A9 71eolX wigke FsHl € 9
ughct, ofuf ofLf ] e} 223} el qA] A Ato]e] eliq=] A}
°](Fig. 5(a)°lXl AE,~AE,,,.)’F 47k &+ 7H7F A4 3L Ql= & oy
2] ZA719F Faahd, =Py wiEERI2AF oA HA)E 7
U= APRH o= oA Aels dolx 3] gk Al 12k
U] Had)zE dolshA "ot £H JE2 ZAFMonte Carlo
simulation) A7}l 28}, o2 sk ApkA o] e Y] =7]

- —

a b 1
—©— Upright equilibrium
-600 0.8 —5- Tilted metastable
[P~ R N,
,-700 = 0.
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o
< 800 go4  She
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Fig. 5. (a) Attachment energy profile of a Janus ellipsoid with 0=90°,
=40°, AR,=5, and ¢=10 nm at the oil-water interface (y,,=50
mN/m). Two energy minima are shown in the profile. (b) Effect
of particle size on the configuration behavior. Frequency varia-
tion of the upright and tilted orientations with varying the
particle size. Dashed lines indicate the results obtained from
eq. 13, 14. Modified and reprinted with permission from ref.
10. Copyright 2012 American Chemical Society.

7 theF 10 nm 01512 W wbgEle], olele B3] AshH oz wE
QRIS HAT M, 2 B Wl A5 HckFie. sb),

3-2-2. o2~ ©}F[10,11]
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54 79 Apso] B o7 Aty o] whEo] x|, o|u] F
M= AR =R #Rp+d)/(R ARp)CICH(Fig. 6). di= F 7119 74 ¢
AL F41 Ato]2] Aot} oFs QJAe] ofFFA A= T 18 At
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Fig. 6. Orientation phase diagrams of Janus dumbbells with various
particle characteristics. Modified and reproduced from ref.
11 with permission from The Royal Society of Chemistry.
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Fig. 7. Attachment energy profile showing the intermediate state of
Janus dumbbells with AR~1.5, R,=Rp=10 nm, 6,=110°
and 6,=40° at the oil-water interface (y,,=50 mN/m). Modi-
fied and reproduced from ref. 11 with permission from The
Royal Society of Chemistry.
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