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SEE————————————
Pickering Emulsions

@ emulsion + colloidal particles
@ particles get trapped at the surface of droplets
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o applications: stabilization of emulsions, engineeringwictional particles
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SEE————————————
Stability of a colloidal particle at the interface

@ macroscopic picture: interplay of surface energies
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SEE————————————
Stability of a colloidal particle at the interface

@ macroscopic picture: interplay of surface energies
@ contributions from three possible interfaceB:= Sy + pgSpg +  19Sg

o rough estimate: undeformable atinterface F(h)=  a?(h=a+cos )2,
where cosp =( pg  pl)= g

\/L/
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SEE————————————
Generic case: single particle at a at interface

e particle pulled by the forcé = weight - buoyancy
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SEE————————————
Generic case: single particle at a at interface

e particle pulled by the forcé = weight - buoyancy

@ interface e ectively pinned by gravity at the distance= = = g (capillary
length)
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Generic case: single particle at a at interface

o the capillary equation foir (uj 1 (balance ofcapillaryand hydrostatic
pressures across the interface)
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ru+ —u=0
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SEE————————————
Generic case: single particle at a at interface

o the capillary equation foir (uj 1 (balance ofcapillaryand hydrostatic
pressures across the interface)

2 —
ru+ —u=0

@ the corresponding Green's functidB(x; x%) = G(jx; x%) obeying the
conditionG(r!'1 ) =0 reads
In(=r) for r

G =(=2)Ko(r=) oy = o o
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E ective description, limit !1

@ particle replaced by an e ective pressure distributionx)
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e for 11 Poisson equation r ﬁu =( x)

@ in terms of compjex variables(x) = ReV (z) with
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E ective description, limit !1

@ particle replaced by an e ective pressure distributionx)
e for 11 Poisson equation r ﬁu =( x)
@ in terms of compjex variables(x) = ReV (z) with
V()=2 ) ' dx°(29In[=(z 29]
e for ( z9 localized around the origin one can use the Taylor expamsio

X
2 V(@)= QIn(=z2)+ Qun z "

n=1

o t R 2,,0 on i
@ with the multipolesQ, := d?x° ( z9z°" = Q,e'  so that Qg = total
external forceQ; = total external torque; Q, » correspond to free particles

e residue theoren) all multipoles fully determined Ry the deformation arounc
an arbitrary contourC enclosing the originQ, = i .dz z'(dV=dz)
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SEE————————————
Capillary interactions

@ two particles at distancal, e ective pressure = 1+ »

Jan Guzowski (ICHF PAN) E ective interactions 7122



SEE————————————
Capillary interactions

@ two particles at distancal, e ective pressure = 1+ »
o free ener
Z gyh i 1 z Z
F= d% S0 W2 (uX) = > d?x  d>° ( )G X)) ( X0

7122

Jan Guzowski (ICHF PAN) E ective interactions



SEE————————————
Capillary interactions

@ two particles at distancal, e ective pressure = 1+ »
o free ener
Z gyh i 1 z Z
F= d% S0 W2 (uX) = > d?x  d>° ( )G X)) ( X0

o F = Frserr + Foser +  F(d)
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SEE————————————
Capillary interactions

@ two particles at distancal, e ective pressure = 1+ »
o free ener
z gyh i 22
F= d% S0 W2 (uX) = > d?  d®° ( )G x%) ( X%
o F = Fyserf + Foserr + F(d)
@ multipole expansion yields
1R X , In(=d) n=n’=0;
A n=0 nd=o QunQzneGumo COSET 10+ n* 2re) d " " otherwise

e in generalQ;.n = Q;.n(d) (feedbacku ! ), many-body interactions!
@ but Qg and Q; can be xed by external forces and torques
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SEE————————————
Spherical interfaces

@ assume small radial deformationg) = ( r() Ro)=Ro and
incompressibility of liquid
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SEE————————————
Spherical interfaces

@ assume small radial deformationg) = ( r() Rp)=Ry and

incompressibility of liquid) free energy functional:

Z
FIVO d= RS d S(ra)” vV O+ v + 0050 )
. R - Lo

e with d v()=0; conditon F =Oyieldsr 2v 2v= ()+
e free energyF = mins, () gF in terms of the corresponding Green's function

G reads Z

4
2
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SEE————————————
Spherical interfaces

@ assume small radial deformationg) = ( r() Rp)=Ry and
incompressibility of liquid) free energy functional:
Z
FIVO d= RS d S(ra)” vV O+ v + 0050 )

0

R
e with d v()=0; conditon F :!Oyields r v 2v= ()+
e free energyF = mins, () gF in terms of the corresponding Green's function
G reads Z

4
2
F= =% d d°0G(:9 (%

o at small separation&( )! o 2) 'In()= (2) tIn(r=Ry)
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Expansion in spherical harmonics

o capillary equation
[+ 1&2 2Mm = m+ o with
Xm= d X() Yim()
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SEE————————————
Expansion in spherical harmonics

@ capillary equation i
((+1p 2Mm= m+ 1o with i
Xim= d X() Ym()

@ | = 0: incompressibilityvgo =0 ) = o0

@ | = 1: translations vi, unde ned, assume
xed center of mass/ym, =0

o free energy in terms of irreducible representation of ratatgroup

,X XX 1y

) om0
F = Ro Lim  2:imO0 del] m0( )el(m 1+m? o)

I 2m= Im0= |
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SEE————————————
Limit of small particles

P

e inthe limitaa® Rponehas F = mno=o oo With n = jmj and
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Limit of small particles

. . P . -
e inthe limitaa® Rponehas F = ﬁ;nt):o Fnno with n = jmj and
E o= az Ql;nQZ;nO i nen? X (2| +l)
" ( 2)mn*1pn0 Ry | maxt 2ning (+2)(1 1)
8 (|+ no) n% n n%n 0. 0
% o ( D"cos(n 1+ n° ) cos sin P Wicos )
n%n n® n 0 o
+cos(n 1 n° ) cos > sinE Pl("non'n *Weos ) ; n>0 n°> 0
% ( 1)" cos(n 1)PJ'(cos ); n>0; n=0;
2 1P|(cos ); n=0; n°=0;
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Limit of small particles

P
e inthe limitaa® Rponehas F = ﬁ;nt):o Fnno with n = jmj and

Foo= a Ql;nDQz:nO a men X (21 +1)
(2™ nin0 Ry s 2mnog (21 D)
2 (I+ no ' " n ) nfn (% n;n® n)
% o ( D"cos(n 1+ n° ) cos sin 5 P o (cos )
n%+n n® n 0 o
+cos(n 1 n° ) cos sinE Pl("non'n *Weos ) ; n>0 n°> 0
% ( 1)" cos(n 1)PJ'(cos ); n>0; n=0;

2 1P|(cos ); n=0; n°=0;

@ Q;., are capillary multipoles on the locally at interface, i.e.eded on the
plane tangent to the unit sphere at;
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. . P . .
e inthe limitaa® Rponehas F = ﬁ;nt):o Fnno with n = jmj and
L2 Q1:nQ2.10 a nen® X (21 +1)
m ( 2)m%*lnin0 Ry | et 2mnog (FA(T 1)
8 I+ no) n% n n%n
% o ( 1)"cos(n 1+ n° ) cos 5 sin5 Pl(” o n° " (cos )
n%n n® 0 0 #
+cos(h 1 nO ) cos sinE Pl("no'“n *Weos ) ; n>0 n°> 0
% ( 1)"cos(n 1)P(cos ); n>0, n=0;
2 1P|(cos ); n=0; n°=0;

@ Q;., are capillary multipoles on the locally at interface, i.e.eded on the

plane tangent to the unit sphere at;
@ Ry sets both the spatial separation and the capillary length

10/ 22

Jan Guzowski (ICHF PAN) E ective interactions



SEE————————————
Limit of small particles

P
e inthe limitaa® Rponehas F = ﬁ;nt):o Fnno with n = jmj and

0

E oo g2 QunQane a M0 X (21 +1)
=~ n+n%+1 0 Rp
(2 nin%  Ro 2y 12T D)
8 I+ no) n® n n%n 0
% i ( D"cos(n 1+ n° ) cos 5 sin5 Pl(” o " (cos )
’ 0. 0 #
n“+n n n 0 L0
% +cos(n 1 n° ) cos sinE Pl("non'"+")(cos ); n>0; n°> 0
( 1)"cos(n 1)P(cos ); n>0, n=0;

1P|(COS) n=0; nO:O;

@ Q;., are capillary multipoles on the locally at interface, i.e.eded on the
plane tangent to the unit sphere at;

@ Ry sets both the spatial separation and the capillary length

@ more complex dependence on orientations

10/ 22
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Numerical calculations

e surface free energy minimized by using software Surfacdvevdased on the
gradient descent method
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|
Numerical calculations

e surface free energy minimized by using software Surfacdvevdased on the
gradient descent method

@ minimized expression:
Flfr() ohi; & ofi;Ti; p;ih’?‘(;VH o] =

= Sg+  ( cos S fihi Tio ) oV V)

i=1;2
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Results: monopoles

@ smooth spherical particles, external radial fordes aQ,, xed CM
fe,
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Results: monopoles

@ smooth spherical particles, external radial fordes aQ,, xed CM

@)
on
[EnY

=2 Z 4 frcos +2cos In sin=
4 2 3 2
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SEE————————————
Results: dipoles

o three metastable branches for three di erent orientatidre@n gurations

S ROt () for < o

2
Fu(; o 9= &g 2 () () for o< < oy !
0 f.() f(); for > g " H
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SEE————————————
Results: dipoles

o three metastable branches for three di erent orientatidre@n gurations

S ROt () for < o

2
Fu(; o 9= &g 2 () () for o< < oy !
0 f.() f(); for > g " H

@ wheref ( ¢g)=0and f,( 1) =0 and

1 20
fo( )= ——— 4sif=In sin-  Zsif-+2;
) sirf( =2) 2 2 3 2
2
. 20
= - — + Zcod =
f():=4 cos; In sing 3co§2
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Results: dipoles

@ pinned contact lines, external torqués = a?Q;, xed CM

031 "9 o rgrea]
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Results: free spheroidal particles

o free, smooth prolate spheroids;

R
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Results: free spheroidal particles

o free, smooth prolate spheroids; approximation;
Q2= Q2(Ro)" 2 rj=a=p,a
32 a * 1
F ; ; = a2_2 —
2(; 15 2) 64 R sif(=2) 2)

a* Fp=a?Qd)

(Ro

o

r(xy)

y=b
x=b
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-
Sessile drops

o free energy depends on the contact angleand boundary conditions of
either a free ( = A) or a pinned ( = B) contact line at the substrate
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SEE————————————
Sessile drops: free energy

o after subtracting self-energids .se;r One gets

FN = FNC 3 s o) Fisself =

X
FO( i o)+ V(i o)

i=1 i<j
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SEE————————————
Sessile drops: free energy

o after subtracting self-energids .se;r One gets

N N X
FN .= F(NYC e s ) Fi:seif =
i=1

X
FO( i o)+ V(i o)

i=1 i<j
@ substrate potential F® and pair-potentialV :
1 f'z
F( ) = ZI—[G reg( i i) G: reg(0§ O)]

v= M nprecn o
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Sessile drops: Green's functions

o for 2 ( Green's functionss satisfy
(r3+2G(; %= (; 9% (i %o
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o for 2 ( Green's functionss satisfy
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@ functions ( ; % () corresponding to apd cw determined from the
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SEE————————————
Sessile drops: Green's functions

o for 2 ( Green's functionss satisfy
ra+2G(; %= (9% (: %o

@ functions ( ; % () corresponding to apd cw determined from the
force balance and incompressibility conditionod G(; 9=0

@ with boundary conditions:

(sin 0@Ga( ; 9 cos oGa( ; i 2@, =0;
GB( ) 0)] 2@020:
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SEE————————————
Sessile drops: special cages =2

o fimages
free c.l. pinned c.l.
A
<
'. e '. ” v
\ 1 \ ,’
\ < ! ' \C>/
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o FP=fif) =
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SEE————————————
Summary

@ interactions betweemonopolesand dipoleson spherical interface are
non-monotonic and much di erent than on a at interface
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SEE————————————
Summary

interactions betweemonopolesand dipoleson spherical interface are
non-monotonic and much di erent than on a at interface

interactions betweerspheroidsare quite similar
importance ofcurvatureonly in case of external elds

the e ects of boundary condition®n the substrate for monopoles are
long-ranged and independent &

the e ective con ning potential depends qualitatively on the boundary
conditions
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SEE————————————
Summary

interactions betweemonopolesand dipoleson spherical interface are
non-monotonic and much di erent than on a at interface

interactions betweerspheroidsare quite similar
importance ofcurvatureonly in case of external elds

the e ects of boundary condition®n the substrate for monopoles are
long-ranged and independent &

the e ective con ning potential depends qualitatively on the boundary
conditions

o THANK YOU!
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