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Pickering Emulsions

@ emulsion + colloidal particles
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SEE————————————
Pickering Emulsions

@ emulsion + colloidal particles
@ particles get trapped at the surface of droplets

:Q.Q.o Q.:\..
©O° o=
QQ ij

@ applications: stabilization of emulsions, engineering of functional particles
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SEE————————————
Stability of a colloidal particle at the interface

@ macroscopic picture: interplay of surface energies

F
a h
T ) gas

w liquid

a AF [kgT]
1onm | 10° AF ;
100nm 10°

1um 107 -1 ~cos6, 1 ha

Jan Guzowski (ICHF PAN) Effective interactions 3/22



SEE————————————
Stability of a colloidal particle at the interface

@ macroscopic picture: interplay of surface energies

@ contributions from three possible interfaces: F = 5, + YpgSpg + Vig Sig
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SEE————————————
Stability of a colloidal particle at the interface

@ macroscopic picture: interplay of surface energies

@ contributions from three possible interfaces: F = 7515,/ + Ypg Spg + Vig Sig

@ rough estimate: undeformable flat interface = F(h) = mya®(h/a+ cosf,)?,
where cos 0, = (Vpg — Vp1)/Vig
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SEE————————————
Generic case: single particle at a flat interface

@ particle pulled by the force f = weight - buoyancy
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SEE————————————
Generic case: single particle at a flat interface

@ particle pulled by the force f = weight - buoyancy

@ interface effectively pinned by gravity at the distance A = \/~/Apg (capillary
length)
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SEE————————————
Generic case: single particle at a flat interface

@ the capillary equation for |V} ju| < 1 (balance of capillary and hydrostatic
pressures across the interface)
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SEE————————————
Generic case: single particle at a flat interface

@ the capillary equation for |V} ju| < 1 (balance of capillary and hydrostatic
pressures across the interface)

—nyﬁu—i— /\—’2u: 0

@ the corresponding Green's function G(x,x’) = G(|x,x’|) obeying the
condition G(r — 0o) = 0 reads

G(r) = (1/27T)K0(r/)\) ~ { lrrl(l)\/ég)fr/)\ ::z: :;; i
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|
Effective description, limit A — oo

@ particle replaced by an effective pressure distribution M(x)
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Effective description, limit A — oo

@ particle replaced by an effective pressure distribution M(x)
@ for A — oo Poisson equation —yViu = N(x)

@ in terms of complex variables u(x) = ReV/(z) with
V(2) = (2m7) 7" [d*)' () In[\/(z — 2)]
o for IM(2’) localized around the origin one can use the Taylor expansion
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|
Effective description, limit A — oo

particle replaced by an effective pressure distribution M(x)
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for A — oo Poisson equation —yViu = N(x)

©

in terms of complex variables u(x) = ReV/(z) with
V(2) = (2m7) 7" [d*)' () In[\/(z — 2)]
o for IM(2’) localized around the origin one can use the Taylor expansion

21y V(z) = Qo In(N/2) + Z Qun~tz7"

n=1

with the multipoles Q, := [d?x'1(2')2' " = Q,e'®" so that Qy = total
external force, Q) = total external torque; Q,>» correspond to free particles

[
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|
Effective description, limit A — oo

[

particle replaced by an effective pressure distribution M(x)

€

for A — oo Poisson equation —yViu = N(x)

©

in terms of complex variables u(x) = ReV/(z) with
V(z) = (2my)~t [d?x'N(2') In[\/(z — 2)]
o for IM(2’) localized around the origin one can use the Taylor expansion

21y V(z) = Qo In(N/2) + Z Qun~tz7"

n=1

[

with the multipoles Q, := [d?x'1(2')2' " = Q,e'®" so that Qy = total
external force, Q) = total external torque; Q,>» correspond to free particles

@ residue theorem = all multipoles fully determined by the deformation around
an arbitrary contour C enclosing the origin: Q, = iy §.dzz"(dV /dz)
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SEE————————————
Capillary interactions

@ two particles at distance d, effective pressure N = T1; + I
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Capillary interactions

@ two particles at distance d, effective pressure N = T1; + I
@ free energy

F— /dzx [2(v) ~ N(x)u()] = —% /d2x/d2x'I'I(x)G(x,x')I'I(x')

o F= Fl,self + F2,self + AF(d)

@ multipole expansion yields

1 oo (e o)
AF(d) = Ty DD QuaQsngaw cos(npin + ' pan) X {

n=0 n’=0

In(A/d) n=n"=0,
d=""  otherwise
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Capillary interactions

@ two particles at distance d, effective pressure N = T1; + I
@ free energy

F— /dzx [2(v) ~ N(x)u()] = —% /d2x/d2x'I'I(x)G(x,x')I'I(x')

o F= Fl,self + F2,self + AF(d)
@ multipole expansion yields

1 oo o0
AF(d) = —= Z Z Q1,0 Q2,1 8ar cOS(Np1n + n' o) % {
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d=""  otherwise

@ in general Q;., = Q; »(d) (feedback u — M), many-body interactions!
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SEE————————————
Capillary interactions

@ two particles at distance d, effective pressure N = T1; + I
@ free energy

F— /dzx [2(v) ~ N(x)u()] = —% /d2x/d2x'I'I(x)G(x,x')I'I(x')

o F= Fl,self + F2,self + AF(d)
@ multipole expansion yields

1 oo o0
AF(d) = —= Z Z Q1,0 Q2,1 8ar cOS(Np1n + n' o) % {

v n=0 n’=0

In(A/d) n=n"=0,
d=""  otherwise

@ in general Q;., = Q; »(d) (feedback u — M), many-body interactions!
@ but Qg and @ can be fixed by external forces and torques
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——
Spherical interfaces

@ assume small radial deformations v(Q2) = (r(2) — Ry)/Ro and
incompressibility of liquid
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——
Spherical interfaces

@ assume small radial deformations v(Q2) = (r(2) — Ry)/Ro and
incompressibility of liquid =- free energy functional:

FUU@Y = R [ 48 [%(vav)z — V= (7(Q) + p)v| + O, (Vav))

e with [dQv(Q2) =0; condition §.F 0 yields —V2v —2v = 7(Q) + u
@ free energy F = ming,(q);F in terms of the corresponding Green's function

G reads
_ R /dQ /dQ’ G(Q, Q)n(Q).
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——
Spherical interfaces

@ assume small radial deformations v(Q2) = (r(2) — Ry)/Ro and
incompressibility of liquid =- free energy functional:

FUU@Y = R [ 48 [%(vav)z — V= (7(Q) + p)v| + O, (Vav))

e with [dQv(Q2) =0; condition §.F 0 yields —V2v —2v = 7(Q) + u
@ free energy F = ming,(q);F in terms of the corresponding Green's function
G reads

Fe _’VTRg/dQ /dQ’w(Q)G(Q,Q’)w(Q’).

@ at small separations G(6) — —(27) "1 In(@) = —(27) " In(r/Ro)
0—0
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——
Expansion in spherical harmonics

@ capillary equation
[/(/ + ].) — 2]V/m = Tm + ,uélo with
Xim = [dQX(Q)Yim(Q)
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Expansion in spherical harmonics

@ capillary equation
[/(/ + 1) — 2]V/m = Tm + ,uélo with
Xim = [dQX(Q)Yim(Q)
@ / = 0: incompressibility vopo =0 = u = o
@ |/ = 1: translations vi,, undefined, assume
fixed center of mass vi,,, =0
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Expansion in spherical harmonics

@ capillary equation
[/(/ + 1) — 2]V/m = TTm + M(S/o with N
Xim = [dQX(Q)Yim(Q) 7

@ [/ = 0: incompressibility vopo =0 = u = mo @ = (0,0)

@ [ = 1: translations vq,, undefined, assume
fixed center of mass vi,,, =0 R

9 free energy in terms of irreducible representation of rotation group

’

! I
-7 n\ ~i(m m’
AF= 4RSS S M o #d@_m,(a)a b d2)

122 m=—Im'=—|
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——
Limit of small particles

oo
n,n’=0

@ in the limit a,a" < Ry one has AF =) AF,, with n = |m| and
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——
Limit of small particles

@ in the limit a,a’ < Ry one has AF = Y7, AF,y with n=|m| and

AF,,, =~a° _ Q@ <i) ! 3 (21+1)
n (=2)m+"+1pln’ir \ Ry omaan’} (I+2)(1—1)

/ 1 g\ " a n’+n , . _
% (—1)"cos(ng1 + n'¢2) (cos 5) (sin 5) P/(i:,'"’" ")(cos 0)
AN\ n'+n F\n'—n
0 R _
XN Hcos(npy — n' o) (cos 5) (sin 5) Pl(in, e +")(cos 9):| , n>0, n >0,
(=1)" cos(rlqbl)P,”(cosé), n>0, n =0,
2=1P(cos 0), n=0, n =0,
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Limit of small particles

@ in the limit a,a’ < Ry one has AF = Y7, AF,y with n=|m| and

AF,,, =~a° _ Q@ <i) ! 3 (21+1)
n (=2)m+"+1pln’ir \ Ry omaan’} (I+2)(1—1)

/ 1 g\ " a n’+n , . _
((/t,;))l (—1)"cos(ng1 + n'¢2) (cos 5) (sin 5) P/(i:,—"’" ")(cos 0)
= n/+n =~ n'—n
0 R _
XN Hcos(npy — n' o) (cos 5) (sin 5) Pl(in, e +")(cos 9):| , n>0, n >0,
—1)" cos(n¢g1) P (cos ), n>0, n =0,
— 1

2-1P(cos ), n=0 n=o

9 Q;n are capillary multipoles on the locally flat interface, i.e., defined on the
plane tangent to the unit sphere at €;
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Limit of small particles

@ in the limit a,a’ < Ry one has AF = Y7, AF,y with n=|m| and

AF,,, =~a° _ Q@ <i) e 3 (21+1)
n (=2)m+"+1pln’ir \ Ry omaan’} (I+2)(1—1)

/ 1 9 n’—n a n’+n , . _
((/t,;))l (—1)"cos(ng1 + n'¢2) (cos 5) (sin 5) P/(i:,—"’" ")(cos 0)
’
0— n+n é n' —n o _
XN Hcos(npy — n' o) (cos 5) (sin 5) Pl(in’ e +")(cos 6)|, n>0, n >0,
—1)" cos(n¢g1) P (cos ), n>0, n =0,
— 1

2=1P(cos 0), n=0, n =0,

9 Q;n are capillary multipoles on the locally flat interface, i.e., defined on the
plane tangent to the unit sphere at €;

@ Ry sets both the spatial separation and the capillary length
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——
Limit of small particles

@ in the limit a,a’ < Ry one has AF = Y7, AF,y with n=|m| and

AF,, =~a° Q1,nQa, < a )* Z (21 +1)
nn" —

(—2)m 7 Lpinix \ Ry oy (200 =1)
/ 1 g\ " a n’+n , . _
((/t,;))l (—1)"cos(ng1 + n'¢2) (cos 5) (sin 5) P/(i:,—"’" ")(cos 0)
0— n +n é n—n , , _
XN Hcos(npy — n' o) (cos 5) (sin 5) PI(ZI;"’" +")(cos 9):| , n>0, n >0,
(=1)" cos(rlqbl)P,”(cosé), n>0, n =0,
2=1P(cos 0), n=0, n =0,

9 Q;n are capillary multipoles on the locally flat interface, i.e., defined on the
plane tangent to the unit sphere at €;

@ Ry sets both the spatial separation and the capillary length

@ more complex dependence on orientations
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Numerical calculations

@ surface free energy minimized by using software Surface Evolver based on the
gradient descent method
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Numerical calculations

@ surface free energy minimized by using software Surface Evolver based on the
gradient descent method

@ minimized expression:
f[{r(Q)}v hi, i; 0_3 ?i, f;-, T, OPJ’ aj, Vi, )‘0] =

=S+ D (—7€080,,iSpri — fihi — Ti1p;) = do(V — V).

i=1,2
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Results: monopoles

@ smooth spherical particles, external radial forces f = yaQp, fixed CM
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Results: monopoles

@ smooth spherical particles, external radial forces f = yaQp, fixed CM

1 4 = ~ .0
§+§cose+2coseln (smE)J
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——
Results: dipoles

@ three metastable branches for three different orientational configurations

, , [ —fe(0) +£(9), for 6 <, T
AF11(67,¢1,¢2)=7a2%<Ri> ~(B)~ £ (D), for Bo<O<fi, -
AT £.(8) — £-(8), for >0y, +
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——
Results: dipoles

@ three metastable branches for three different orientational configurations

, , [ —fe(0) +£(9), for 6 <, T
AF11(§,¢17¢2)=7a2%<Ri> ~(B)~ £ (D), for Bo<O<fi, -
AT £.(8) — £-(8), for >0y, +

@ where f_(fy) =0 and £ (A;) = 0 and
1 .00 ., 20 ., 0
f1(0) = e) 4sin > In (sm 2) 3 SN 5 +2,

ON°, (. 6\ 20 ,0
f_(6) =4 (cos 5) In (sm 5) + 3 05 5
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——
Results: dipoles

@ pinned contact lines, external torques T = 'ya2Ql, fixed CM

(Ro/a)? AP/ (va*QF)

Jan Guzowski (ICHF PAN) Effective interactions 14 /22



Results: free spheroidal particles

@ free, smooth prolate spheroids;

S o/
§ 0.6 ,? oo Ry/b=5
= I’ll G- -8 Ro/bZG
& 1! -0 Ry/b=38
< 12’11,1’
< H&/b=5}®

i == Ry/b=6
ST

1.8}
i
3 ‘
1 2 3
0
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——
Results: free spheroidal particles

@ free, smooth prolate spheroids; approximation:
Q2 = Q(Ro) ~ 27Ar|p=a/r,/a

AFx(0, 61, ¢2) = —ya® =2

(Rofa)! AFy/(va*Q))
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——
Sessile drops

@ free energy depends on the contact angle 6y and boundary conditions of
either a free (¢ = A) or a pinned (¢ = B) contact line at the substrate
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-
Sessile drops: free energy

@ after subtracting self-energies F; sor One gets

N
AFM = FM(Qq, ..., Qn,00) = D Fiserr =
i=1

N
= ZAFél)(e,,eo) + Z VU(QianaGO)

i=1 i<j
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-
Sessile drops: free energy

@ after subtracting self-energies F; sor One gets

N
AFM = FM(Qq, ..., Qn,00) = D Fiserr =
i=1

N
= ZAFél)(e,,eo) + Z VU(QianaGO)

i=1 i<j
9 substrate potential AF,gl) and pair-potential V,:

f’_2
AFél) = _Z[Go,reg(Qia QI) - Go,reg(oa 0)]
@
2y

Vo':_ [GU(Qi’Qj)+GU(ijQi)]a
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——
Sessile drops: Green's functions

@ for Q € Qo Green's functions G, satisfy
—(V242)G, (2,9, 00) = 5(2,Q) + A, (Q, 2, 6)
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——
Sessile drops: Green's functions

@ for Q € Qo Green's functions G, satisfy
—(V242)G, (2,9, 00) = 5(2,Q) + A, (Q, 2, 6)

o functions A, (2, 6p) corresponding to 1 and ey determined from the
force balance and incompressibility condition [, d2 G,(Q2,Q') =0

@ with boundary conditions:

(sin 9069 GA(Q, Q/) — COS QOGA(Q, Q/))|Q€6Q0 = 0,
Gs(Q,Q')|acon, = 0.
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Sessile drops: special case 6y = 7/2

@ f images
free c.l. pinned c.l.
AZ z
« &
- f'sina.
. Ve ', ? 7 X
\ - fsina Y \ Y
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——
Sessile drops: special case 0y = 7/2

° VAFY/(fif) =

(a) (d)

z
(e) ydx 0 (g) (h)
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Sessile drops: special case 0y = 7/2

° WAFéZ)/(ﬁfz) -

-055 -0.30 -0.06

|

-0.55 -0.30 -0.06

[

-0.55 -0.30 -0.06

-0.55 -0.32 -0.09
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Summary

@ interactions between monopoles and dipoles on spherical interface are
non-monotonic and much different than on a flat interface
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Summary

@ interactions between monopoles and dipoles on spherical interface are
non-monotonic and much different than on a flat interface

@ interactions between spheroids are quite similar
@ importance of curvature only in case of external fields

@ the effects of boundary conditions on the substrate for monopoles are
long-ranged and independent of Ry
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SEE————————————
Summary

©

interactions between monopoles and dipoles on spherical interface are
non-monotonic and much different than on a flat interface

interactions between spheroids are quite similar

©

©

importance of curvature only in case of external fields

the effects of boundary conditions on the substrate for monopoles are
long-ranged and independent of Ry

[

the effective confining potential depends qualitatively on the boundary
conditions

[
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SEE————————————
Summary

@ interactions between monopoles and dipoles on spherical interface are
non-monotonic and much different than on a flat interface

@ interactions between spheroids are quite similar

@ importance of curvature only in case of external fields

@ the effects of boundary conditions on the substrate for monopoles are
long-ranged and independent of Ry

@ the effective confining potential depends qualitatively on the boundary
conditions

@ THANK YOU!
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