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Within the framework of a discrete Gaussian model, we present analytical results for the interaction induced
by a lamellar phase between small embedded colloids. We consider the two limits of particles strongly adherent
to the adjacent membranes and of particles impenetrable to the membranes. Our approach takes into account the
finite size of the colloids, the discrete nature of the layers, and includes the Casimir-like effect of fluctuations,
which is very important for dilute phases. Monte Carlo simulations of the statistical behavior of the membrane-
interacting colloids account semi-quantitatively, without any adjustable parameters, for the experimental data
measured on silica nanospheres inserted within lyotropic smectics. We predict the existence of finite-size and
densely packed particle aggregates originating from the competition between attractive interactions between
colloids in the same layer and repulsion between colloids one layer apart.

I. INTRODUCTION

Assembling nanoparticles into organized superstructures is
one of the most important topics in contemporary materials
science. The sought-for organization concerns positional or-
der, since the properties of the individual particles can be
tuned via coupling to their neighbors, yielding enhanced or
even completely novel characteristics (as for metamaterials).
However, the orientational order is equally important: in the
case of anisotropic nanoparticles, aligning them is an essential
step towards propagating this anisotropy to the macroscopic
scale of the final material. Other important requirements con-
cern the finite size of the resulting assemblies and their shape
(e.g. elongated, flat, isometric etc.).

In this context, using liquid crystal matrices, which are both
ordered and soft (and thus easily processable) is a promising
design option for hybrid materials with original properties [[1].
Many groups have employed this strategy, using either ne-
matic phases (which only exhibit orientational order) [2} 3]
or smectic phases (with an additional positional order) [4H6].
It is clear that the fundamental problem of the interaction be-
tween inclusions in liquid crystals can have very practical ap-
plications.

The examples above concern thermotropic phases (consist-
ing of a single type of molecules). Another large class of sys-
tems is that of lyotropic phases, where self-assembled entities
(micelles, bilayers, etc.) are dispersed in a (usually aqueous)
solvent.

Lyotropic liquid crystals are particularly suitable for con-
trolling the self-assembly process, because their elastic mod-
uli are lower than those of thermotropics, so that the in-
duced interactions can be weaker (comparable to kp7T’) and
because their properties (spacing, flexibility, electrical charge
etc.) are easily tuned via the composition [7, [8]. In addi-
tion, their intrinsically heterogeneous nature (bilayers of am-
phiphilic molecules separated by water layers) opens the pos-
sibility of confining within the same phase particles with dif-
ferent chemical affinities [9, [10].

For all these reasons, particle inclusions in lyotropic phases

have raised the interest of numerous groups all over the
world [11]. Both the structuring effect of the host lamellar
phase on the inclusions [[12] and the influence of the latter on
the dispersing phase [13] have been studied.

The distinctive features of lyotropic phases must also be ac-
counted for in a realistic model for the induced interactions:
i) The boundary conditions must be stated in terms of particle
interaction with discrete (and generally impenetrable) bilay-
ers rather than with a continuous director field. ii) These soft
systems exhibit strong fluctuations, so the model should take
into account fluctuation-induced, Casimir-like interactions.

The model presented here deals with lamellar lyotropic
phases and includes both these aspects. Using a discrete Gaus-
sian description [[14H16], we treat the coupling between the
lamellae and the colloids in an almost exact manner. The
fluctuations are accounted for rigorously, since the interac-
tion results from an integral over all membrane configura-
tions. In terms of boundary conditions, we consider two
types of colloids: membrane-binding, which adhere strongly
to the neighboring bilayers, and membrane-excluding, which
exhibit hard-core repulsion with respect to the membranes.
The adhesion and the repulsion are considered very strong
with respect to the other energy scales in the problem, so the
colloid is simply described by its diameter. In both cases
the membrane-colloid coupling is nonlinear. Interestingly,
for membrane-excluding colloids smaller than the membrane
separation, the situation is analogous to the Casimir effect,
since the presence of the colloids merely suppresses fluctua-
tion modes of the lamellar phase.

Our paper is organized as follows. In Section [lI} we de-
scribe our model of the lamellar phase [14H16] and we de-
scribe the lamellae fluctuations. In Section we study
the interactions between membrane-binding colloids and the
deformations they create in the membrane. In Section
we study the interactions between membrane-excluding col-
loids and the deformations they create in the membrane. In
Section [[V| we investigate the equilibrium statistical behavior
of the interacting colloids and their self-assembly by Monte
Carlo simulations. In Section [V] we compare our simulations
to the experimental results of ref. [17. Finally, in Section



we resume our results and we conclude.

II. LAMELLAR PHASE MODEL

Lamellar phases are stacks of membranes in an aqueous
environment. Membranes interact through different mecha-
nisms: attractive van der Waals forces, repulsive hydration
forces at very short separations, screened electrostatic forces,
and the so-called Helfrich long-range repulsion arising from
the loss of entropy associated with the confinement of the
transverse membrane fluctuations [18]. The latter may dom-
inate for membranes with weak bending rigidities, i.e., typi-
cally for surfactant systems [19]]. There may also be attractive
fluctuation—induced interactions originating from counterion
correlations [20]].

Lipids form lamellar phases of bilayer membranes where
the layer spacing d is usually comparable to the membrane
thickness 9, i.e., a few nm. Conversely, surfactant systems can
form lamellar phases with d > §, and even unbound lamellar
phases. An exact theoretical modelization of the elasticity of
lamellar phases, taking into account all the different interac-
tions, is very difficult to achieve. We therefore limit ourselves
to the discrete Gaussian elastic theory of lamellar phase [14-
16|, as described below.

We consider a lamellar phase consisting of IV parallel mem-
branes of thickness § (see Fig.[I). We assume that in the ho-
mogeneous, equilibrium state, the thickness of the water lay-
ers between the membranes is w and the repeat distance is d,
with

d=w+4. (1)

In a Cartesian reference frame (r,z) = (x,y,2), we
parametrize the shape of the n-th membrane by the height
function z,(r) = nd + h,(r), which represents its eleva-
tion above the plane z = 0. In addition to the bending energy
of each membrane [21]], the elastic energy includes the most
general interaction that is quadratic in the h,,’s, couples only
adjacent membranes, and complies with global translational
invariance [[14H16]:

ity K 2 B
H = Z:;J / d?r [2 (V2ha)” + 5 (i1 = ha)?| . @)

Here, ~ is the bending stiffness of the membranes and B
is an effective compression modulus, which accounts for all
the interactions between the layers. Note that we have as-
sumed that the membrane undulations are gentle enough so
that the Gaussian approximation of the curvature energy can
be used [21]. The bulk moduli for layer compression and layer
curvature [22]] are B3 = Bd and K = k/d, respectively.

It is convenient to work with dimensionless quantities. We
use kg7 to normalize the energies, ¢ = (k/B)'/* to nor-
malize the lengths parallel to (z,y), and § = £\/kpT/k to
normalize h,, and all the lengths parallel to z, including d, 6,
w and the colloid diameters, hereafter called a and b. The
characteristic lengths £ and ¢ are linked to the de Gennes

FIG. 1. Parametrization of the lamellar phase (cross section). The
membranes, of thickness d, are drawn in gray and their midsurfaces
are represented as black lines. The average lamellar spacing and wa-
ter thickness are d and w, respectively. The layer displacements are
described by the functions h, () and the gap between the layers by
the functions H,(7), as indicated. Two colloids are represented as
black disks: the one on the left is a membrane-excluding colloid hav-
ing only excluded volume interactions with the membranes, the one
on the right is a membrane-binding colloid that sticks to the mem-
branes.

penetration length A [22] and to the Caillé exponent 7 [23] by
the relations £ = v/Ad and & | = dv/2n/m. From now on, un-
less otherwise specified, all quantities will be in dimensionless
form. Thus, the Hamiltonian () becomes

i 1 2 1
2

It is also convenient to work in Fourier space. We thus de-
fine

1 . .
hp(r) = —— g ho qe' @l 4
( ) L\/N e Q.q ( )

with L the lateral size of the membrane. Assuming peri-
odic boundary conditions in all directions, the wavevectors
are quantified according to Q = 2rm/(Nd) € [-«/d,n/d|
and ¢ = (¢z,qy) = (2om/L,2n¢/L), with m,¢ € Z. The
elastic Hamiltonian takes then the simple form [16]:

1
H=> 5@ Dh.ah-q.—q; (5)
Q.q
with
A(Q,q) = ¢* +2(1 — cos Qd). ©)

A. Orders of magnitude

Typical values for the elastic parameters of lipid and sur-
factant lamellar phases are given below and listed in Table[l]



TABLE 1. Elastic parameters for typical lipid and surfactant mem-
branes. The last three lengths are in dimensionless units.

K (J) B(Um™) &&§@mm) & w d
EggPC 0.5x107* 1x 10 27;075 53 13 6.6
C2Es  3.7x1072' 6x10%  50;52 0.06 0.74 0.79

1. Lipid membranes

For lamellar phases made of egg PC lipids [24]], the elas-
tic constants are £ ~ 0.5 x 107 J, and typically B
1x10%Jm~* for w ~ 1nm, with § ~ 4nm and d
5nm. We thus obtain £ = (xk/B)'/* ~ 2.7nm and |
VET/(Br)'* ~ 0.75nm, yielding in dimensionless form
0~53 w~13andd ~ 6.6.

1 R

2. Surfactant membranes

For the Ci3E5/hexanol/water system [[17, 25], with typi-
cally a hexanol/C12E5 ratio of 0.35 and a membrane fraction
of ¢ ~ 7%, the elastic constants are £ ~ 3.7 x 10721 J and
B ~6x108Jm™, with § ~ 2.9nm, d = §/¢ ~ 41.5nm
and w ~ 38.5nm. We thus obtain £ = (x/B)"/* ~ 50nm,
¢ = VksT/(Br)"/* ~ 52nm, yielding in dimensionless
form § ~ 0.055, w ~ 0.74 and d ~ 0.79.

B. Fluctuations

The fluctuations of the lamellar phase (in the absence of
colloids) are obtained in a standard way by adding an external
field Jg 4 to the partition function [26]:

21] :/(H D[hn]> exp

JQ.a7-Q.—q
= Zyexp | Y L] )
o AQ.q)

—H+ Z J_g,—qhao,q
Q.q

where Z is the partition function of the lamellar phase. We
shall denote by (. . .) the statistical average over the membrane
fluctuations. By differentiation, we obtain

<h h > _ 82 InZ _ 5Q+Q’5q+q’
Gt 0J-Q,—q0)-q' ~q J=0 AQ,q)

®)

The gap between layers p and p + 1, at position 7, is given by

Hy(r) =w+ hpi1(r) — hy(r). 9)

Its average (H,,(r)) is w. Using eqns (@) and (8), we obtain
its correlation function

2 1—cosQd , g
Oy =" = 512 2 g "
- &0 (10)

where the factor 27 was introduced for later convenience. In
the thermodynamic limit,

L [ 40— cos6) cotpaata
1D

with, in particular, Go(0) = 1, Go(r) = 2J1(r)K1(r), where
J1 and K, are Bessel functions (see the Appendix), G,(0) =
1/(1 — 4p?) and G (00) = 0.

It follows that the standard deviation of the gap, or, equiva-
lently of the layer spacing, is given by o = /G (0)/(27) =
1/+/27. In dimensionful form, this gives o = &+/kgT/(27k)
(in agreement with ref. 24). Note that our Gaussian Hamil-
tonian (2) takes into account the repulsion of the layers by
means of a soft harmonic repulsive potential. Since the layers
cannot physically interpenetrate, the consistency of the model
requires w 2 o, i.e., in dimensionless form, w 2> 1/\/27 ~
0.4. Note that this condition is true for the parameters given
above (see Table[l).

Let us also compute the correlation between the membrane
gaps and the layer displacements, that will show up in the cal-
culation of the deformation of the lamellar phase induced by
the colloids:

27 e~iQd _q
- 2
NL? 2= A(Q,q)

s

Tp(r) =27 (Ho(0)hy(r)) el@rdgiaT,

12)

In the thermodynamic limit,

L (e — D)e?Jo(gr)
FP(T) - %[Wd¢[)v dq q4+2(1 —COS¢) ) (13)

with, in particular, T',(0) = 1/(4p — 2) and ', (00) = 0.

III. INTERACTIONS BETWEEN COLLOIDAL
PARTICLES

Sens and Turner studied the interactions between particles
in lamellar phases in a series of papers [27H30]. They de-
scribed the particles by pointlike couplings inducing either a
local pinching, a local stiffening or a local curvature of the
membrane. Dealing with both thermotropic and lyotropic
smectics, they used the three-dimensional smectic elasticity
expressed in terms of a continuous layer displacement func-
tion [31]. This approach yields the asymptotic interaction be-
tween colloids and thus the collective phase behavior when
the colloids are dispersed, but the obtained interaction has a
peculiar divergence for colloids in the same layer.



An approximate cure to this problem was proposed in
ref. |32/ by the introduction of a high wavevector cutoff of the
order of the inverse smectic spacing. Another difficulty, inher-
ent to linear couplings, is that the fluctuation corrections to the
interactions are not accounted for. For smectics, since colloids
are always significantly larger than the smectic period, mod-
eling a colloid in a more realistic manner requires introduc-
ing a multipolar development [29], or an effective coat larger
than the particle where the deformation is small enough to
use a multipolar approach [32]]. Choosing the multipoles co-
efficients is difficult, however, in particular because enforcing
strict boundary conditions make them in general dependent
on the distances between the colloids. Finally, as shown in
ref. 33|, rotational invariance and the associated non-linear ef-
fects can yield important modifications in the far-field defor-
mations and thus in the interaction potentials.

In this study, as discussed in Section |I} we use a different
approach, based on a discrete model for the layers. This ap-
proach applies to lyotropic lamellar phases, but not to contin-
uous smectic phases. It has the advantage, however, that the
colloid-lamellar coupling is taken into account in an almost
exact manner. We therefore expect to obtain reliable interac-
tions at all separations, including in particular the fluctuation-
induced corrections.

A. Membrane-binding colloids

Let us start by considering colloids that adhere strongly to
the neighboring bilayers, as the colloid on the right in Fig.
We consider a first colloid of diameter a binding to layers n =
0 and n = 1 at the in-plane position (z,y) = 0, and a second
one of diameter b binding to layers n = pandn = p + 1
at the in-plane position (z,y) = R. We model their binding
as a simple constraint on the gaps between their neighboring

membranes on the axis normal to the undeformed membranes:
Ho(0)=a, H,(R)=0b. (14)

The partition function of the system (at fixed projected posi-
tions, 0 and R, of the colloids) is therefore given by

%m=/<ﬂDWQMEWVWWWMm—w5H
n=0
15)

Using the Fourier representation both of the delta functions
and of the layer displacements yields:

Zbind = /(J—[OD ) gi (21:: iA(w—a)+ip(w—b)
e~ L0.al34QDhe.ah-0.~a —h@.aS-0.~d]
(16)
with
e—iQd _ 1

LVN

e~iQd _q

S, =3\
@a VN

e—idee—iq‘R =+ JQ,q7
(17)

+ i

where we have added an external field J 4 that will be used to
compute the average deformation of the lamellar phase in the
presence of the colloids. Performing the Gaussian integrals,
and discarding irrelevant constant factors, yields

Zyind = /d)\ dp e MW= Fin(w=b) o3 $g.q a@e S2.a5-2.~a
Mﬁl(S,S/)T

= (det M)_l/Qe_%(S’S/)

1 1
x e% 2qq A@n Jeal-a-a (18)

where M (R, p) is a symmetric 2 x 2 matrix with elements:

B 2 1 —cosQd  Go(0)
M117M227NL2 AQ.q  om
co&Qd ] _ Gu(R)
Mp = NLQZ A0 cos(@pd +q- R) = or
(19)

where we recognize the correlation function of the layer spac-
ing, and

—1
s:w—a—l—L ﬁz QqA(Q’ ol (20)
S/:’u}—b+ Z Q.q ZQ 161deeiq-R. (21)
LVN A(Q,q)

1. Interaction free energy and average deformation

Taking the thermodynamic limit N — oo and L — oo, we
obtain for Jg 4 = 0, apart from an irrelevant constant factor,

Zbind = (1 - Gp(R)2>71/2

24+ (b—w)? —2G,(R)(a —w)(b—w)

(@ —w)

-7
X e

1= Gp(R)?
(22)
The total free energy — In(Zping) of the system yields, after

subtracting the value for infinitely separated colloids, the in-
teraction free energy of the two colloids:

Fbind (Rap) k()jlifi (R p) + Fblnd(R p) (23)
FSas = ln (1-Gp(R)?), (24)
21Gy(R) [, 1Gy(R)(a—b)>?

Fbmd HTP(R) (a—w)(b—w) 2 1-G,(R)
(25)

In order to get the dimensionful form of these interactions,
one has to multiply these expressions by kg7’ and add an extra
factor vkB/kgT in front of (w — a)(w — b) and (a — b)2.
The interaction Fgfﬁ, which is thus directly proportional to
the temperature, is a Casimir-like interaction, caused by the
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FIG. 2. (a) Interaction energy as a function of separation for membrane-binding colloids with diameters @ = b = 3w in a lamellar phase with
the parameters of egg PC (see Section . The Casimir contribution to the interaction is less than 1% of the elastic part. Colloids in the
same layer (p = 0), one layer apart (p = 1), two layers apart (p = 2). Insets: Deformations of the lamellar phase, calculated numerically using
eqn , for R/d = 1.5 and N = 100. The membranes, in gray, and the colloids, in black, are represented at scale. (b) Same as (a) for colloids
of diameter a = 4w and b = 2w. (c) Interaction energy as a function of separation for binding colloids of diameter a = b = 0.7w placed
in the same layer in a lamellar phase with the parameters of C12Es5 (see Section[[TAZ). Black solid line (tot): total interaction Fiina. Blue
dashed line (el): elastic interaction Fyl, 4. Red long-dashed line (Cas): Casimir interaction F}$25. Inset: numerically calculated deformation
of the lamellar phase, using eqn , for R/d = 1.5 and N = 100. The membranes and the colloids are represented at scale. (d) Same but
for colloids one layer apart (p = 1).

restriction of the fluctuations induced by the binding of the yielding
colloids. The interaction F{}, ; is an athermal “elastic” inter-

action, proportional to v/xB (it depends on temperature only (hp (7)) bind = a—w = Gy(R)(b—w) L, (r)

through « and B) and it is caused by the deformation of the 1—Gp(R)?

layers induced by the colloids. Note that if @ = b = w, in n b—w—(a w)Gp(R)F (jr — R))
which case the colloids do not deform the layers, the elastic 1 — Gp(R)? n—p ’
interaction vanishes while the fluctuation-induced Casimir in- 27)

teraction remains.

where I, is the correlation function (I2). The deformation in-
duced by just one colloid, of diameter a, is obtained by taking
the first term in the right-hand side of eqn (27) for G, (R) = 0

The average deformation of the lamellar phase is given by

h > 0ln Zying (infinite separation) and is given by
—Q,—q)bind = —(j{ 7
PJ2a oo (D (7)) = (a = ) (1), e8)
10 [(s, sHYM~1(s, s')T]

, (26) Note that the deformation set by two colloids is not simply the
J=0 superposition of the deformations set by each individual col-




loid. This non-linearity comes from the membrane thickness
constraint imposed by the particles.

The deformation above a single colloid, of diameter a,
placed between layers 0 and 1, is therefore given by

a—w
(5D (0))bina = — - (29)
It is independent of the elastic constants since a, w, and h,,
are normalized with respect to the same length.

For the consistency of our model, we must verify that the
gap between the membranes bound to the colloids and the ad-
jacent ones remain positive despite the deformation. In par-
ticular, we must have (H;(0)) > 0. Given eqns and (9),
this yields the consistency condition 0 < a < 4w for a colloid
of diameter a.

2. Typical results

Lamellar phases made with lipids have a layer spacing typ-
ically comparable, or even smaller, than the membrane thick-
ness ~ 4 nm, so that only nano-colloids will fit in such sys-
tems (see Section [TAT). We show in Fig. [Zh the typical in-
teraction energy between membrane-binding colloids and the
corresponding lamellar phase deformation. The values corre-
spond to egg PC lipids with colloids of diameters ~ 3 nm.
Two colloids in the same layer attract each other, while col-
loids in different layers repel one another. The maximum in-
teraction energies are large with respect to kg7'. When the
colloids are separated by more than one empty layer, their in-
teraction becomes negligible compared to kgT'. For such lipid
lamellar phases the Casimir component of the interaction en-
ergy is always negligible with respect to the elastic one. In
Fig.[2b we show the corresponding interaction energy and as-
sociated lamellar phase deformation for two colloids of differ-
ent radiuses.

Lamellar phases made of surfactants can have a much larger
layer spacing (see Section [II A T)), so that larger colloids can
fit in. They also have weaker elastic constants, so that fluctua-
tion effects are larger. We show in Figs. 2k and 2{ the typical
interaction energy and the corresponding lamellar phase de-
formation. The values correspond to Ci2E5 surfactants with
colloids of diameter ~ 27 nm, as in the experiments of ref!17.
The behaviours are similar to those of lipid membranes, but
the energies are much smaller. Also the contribution of the
Casimir interaction is no longer negligible.

3. Second virial coefficient

For membrane-binding colloids of diameter a dispersed in
a lamellar phase, the second virial coefficient is given (in di-
mensionless form) by

1 _
By=3 / PRz (1= e FomeE0==/D) - (30)

where the coordinate z is the vertical position of a colloid.
Taking into account the discrete nature of the layers, we make

the replacement [ f(z)dz — d >, [p, thus obtaining

ma?d

By =~

Bz, €29

with the normalized second virial coefficient

2m(a—w)? )

— [ P (W
=1+ / dr2r | 1— =
P2 Z bp0 1 —Gp(ar)?

p=—00

(32)
In the last equation, we have used eqns (24) and (23) and we
have taken into account the excluded volume interaction be-
tween colloids in the same layer (p = 0). Note that with our
normalization the pure hard core interaction corresponds to
B2 = 1.

The numerically calculated values of 32 are shown in Fig.
as a function of the water thickness and colloid size. As we
always have B2 < 1, the interaction is always globally attrac-
tive. When 0 < 32 < 1, however, it doesn’t prevail over the
hard core, indicating a globally stable colloid dispersion.

B. Membrane-excluding colloids

Let us now consider colloids that interact with the mem-
branes only through excluded volume forces, as the colloid
on the left in Fig. We take a first colloid of diameter a
placed between layers n = 0 and n = 1 at the in-plane po-
sition (z,y) = 0, and a second one of diameter b placed be-
tween layers n = p and n = p 4+ 1 at the in-plane position
(z,y) = R. We model their presence in between the layers by
imposing that the gaps between their neighboring membranes,
on the axis normal to the undeformed membranes, cannot be
smaller than their diameter. Such a constraint corresponds to
the Hamiltonians of the infinite well type:

Ho(za) = 0 if 2z, € [20(0) + 222, 2, (0) — 232,
T Y 400 otherwise,

(33)

0 if 2 € [2(R) + %2, 2,41 (R) — 552,
+00 otherwise,
(34)

where z, (resp. zp) is the height of the particle of diameter a
(resp. b) and z,(r) = pd + hy,(r) is the height of the center of
the membrane number p at the in-plane position 7.

The partition function, at fixed projected positions 0 and R
of the colloids, is then given by

N—1
Lox = / (H D[hn]> dzg dzp, et Ha(za)+He (2)]
n=0
(35)

Integrating the Boltzmann weights associated to the infinite



FIG. 3. Normalized second virial coefficient 32 as a function of water thickness for the values of the ratio a/w indicated on the curves. The
egg PC and C;2E5 systems corresponding to Fig. [2]are indicated by the dots.
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FIG. 4. Comparaison between the interaction energies of membrane-excluding colloids (gray lines) and of membrane-binding colloids (black
lines, same curves as in Fig. 2h, ¢ and d). Solid lines: colloids in the same layer (p = 0), long-dashed lines: colloids one layer appart (p = 1),
dashed-line: colloids two layers apart (p = 2). (a) Lamellar phase with the parameters of egg PC and colloids of diameter a = b = 3w. (b)
Lamellar phase with the parameters of C12E5 and colloids of diameter a = b = 0.7w.

wells gives simply
/ dzg e Maa) = (Hy(0) — a) © (Ho(0) —a),  (36)
/ dzye M) = (H,(R) — b)© (H,(R) —b), (37)

where Hy(0) — a (resp. H,(R) — b) is the gap available to
the first (resp. second) colloid and the Heaviside functions ©
are such that the integrals vanish when the gaps are smaller
than the colloids diameters. Using the relation ©(x — a) =
f:o dgd(z — g), we can map the problem onto that of binding
colloids, yielding

Zex(R.p) = / dg /b dg' (g — a)(g' — ) Zomalg, &),
(38)

where Znina(g,¢’) is the partition function for binding col-
loids of diameters g and ¢’, obtained by replacing a and b

by g and ¢’ in eqn This expression can be understood if
one thinks of integrating first over the gaps g € [a, 0] and
g’ € [b, 0] of the layers surrounding the colloids, then over
the other degrees of freedom at fixed gaps: the integration of
the membrane degrees of freedom at fixed gaps gives the par-
tition function @) for membrane-binding colloids, while the
integration over the particle positions gives the entropic con-
tributions g — a and ¢’ — b.

1. Interaction free energy and average deformation

The interaction free energy for two membrane-excluding
colloids is therefore given by

Zcx(Rv p)

Fo(R,p) = —In 5————=,
(7.p) nZex(+oo,p)

(39)

which can be easily calculated numerically by a double in-
tegration. Note that it is no longer possible here to extract



separately an elastic contribution and a Casimir one.

The average deformation of the layers can be calculated
by adding to the partition function (35) an external field
J as in eqns (16)—(17). From the relation (h_q _g)ex =
(1/Zex)0Zex [0 q,q| 7=0, using 0Zina (g, 9')/0Jq,ql7=0 =
(h—Q,—q)bind X Zbind(g,g") yields in direct space:

1 o0 [o ]
en(Pex = 5= [ g [ o' (9 a)tg' ~ )
ex Ja b
X (hn (7)) bind Zbina (9, 9), (40)

with (h,(7))bina the average layer deformation at pro-
jected position r for two colloids of diameters g and g¢'.
This expression can also be understood intuitively, since
(N (7)) bind Zbind 1s the integral over all the microstates cor-
responding to fixed gaps ¢g and ¢’ of h,(r) multiplied by
exp(—H).

Since for one isolated binding colloid of radius g we have
(Hobind = 9 and Zyinq = C exp|—m(g—w)?] (see eqn (22)),
the average gap (H(()l)) set by one hard-core colloid of radius
a is given by

(g — a)geom

My
(Ho " ex = [ (g —a)emlo-w)?

) 1
2677r(a7w)
erfe[y/7(a — w)]> ’
(4D

—w+<27r(wa)+

2. Typical results

In Fig. 4] we compare the interaction energies between
membrane-excluding and membrane-binding colloids for egg
PC lipids with colloids of diameters ~ 3nm and for C15E5
surfactants with colloids of diameter ~ 27 nm, as in Fig.

In the case of egg PC lipids, the colloid diameters are much
larger than the average water thickness. Then, the configura-
tions that are effectively sampled by the fluctuations do not
significantly depend on whether the colloids stick to the lay-
ers or not, as spreading the layers further away from the col-
loids costs a large energy. This is why, the interaction energies
for the membrane-excluding and membrane-binding cases are
very close (see Fig.fh).

Conversely, in the case of C13Es5 surfactants, the colloid di-
ameters are slightly smaller than the average water thickness.
Therefore, the interaction between membrane-excluding col-
loids is of pure fluctuation (Casimir) origin: in the absence of
fluctuations, the colloids sit anywhere in between the layers
without producing any deformation, whatever their distance.
As seen in Fig. E}), in this case, the interaction energies for the
membrane-excluding and membrane-binding cases differ sig-
nificantly, even though the overall behavior is similar. Due to
the various contributions to the free energies (elastic deforma-
tions, entropy associated to the fluctuations of the membranes
and of the colloids) and their differences in the two situations,
it is difficult to get a qualititative understanding of the interac-
tion energy variations between the two situations.

IV. MONTE CARLO SIMULATIONS

To investigate the equilibrium statistical behavior of the in-
teracting colloids, we use a Monte Carlo simulation with a
Metropolis algorithm. We simulate only the behavior of the
colloidal particles, subjected to the membrane-mediated in-
teraction that we have previously computed. Precisely, we
model the colloid-lamellar phase system as a finite number
M of stacks of identical colloids orthogonal to z-direction,
each one consisting of the same finite number NV of particles
confined in a disk of radius R;. We suppose that the parti-
cles cannot change stack. To simplify, we consider only pair-
wise interactions (i.e., we neglect multibody effects) and we
take into account only the contributions coming from parti-
cles in the same layer and one layer apart. Indeed, as we saw
in Section [[T]] the interaction decreases rapidly with the layer
separation. Moreover, since the interactions are short-ranged,
we do not impose periodic boundary conditions within each
layer, but we do use periodic boundary conditions in the z-
direction, such that a small number (~ 7) of layers is enough
for simulating an infinite system.

We start the simulation by placing the same number N of
particles in each one of the M layers according to a random
uniform distribution respecting a given hard-core minimum
distance ag. We then pick at random one particle and we
move it randomly inside a circle of radius e. We compute
the associated variation of the interaction energy and we ac-
cept the movement according to the Metropolis rule, taking
into account the hard-core constraint. The radius e is ad-
justed in order to have an acceptance ratio of ~ 50%. The
interaction energy between two colloids is computed accord-
ing to eqn (23) [resp. (39)] for the membrane-binding (resp.
membrane-excluding) case, where the correlation functions
Go(R) and G1(R) [see eqn (1I)] can be expressed analyti-
cally in terms of modified Bessel functions, as shown in the
Appendix.

After equilibration, we characterize the statistical order of
the colloids by means of the structure factor [34} 35]:

2

S(q,Q) = MlN< Zexp[i(q-ij + pQd)) >

= S0(q) +2 ) _ Su(q) cos(nQd) (42)

n=1

where R, is the position of the j-th particle of the p-th layer
and q (resp. @) is the component of the wavevector parallel
(resp. perpendicular) to the lipid layers. The structure factor is
proportional to the Fourier transform of the two-particle cor-
relation function. Note that in eqn (42) we neglect the fluctu-
ations of the colloids in the z-direction. The partial structure
factors S, (q) describe the correlations between particles n
layers apart.

For a liquid-like order, the structure factors do not depend
on the orientation of the g vector and thus coincide with their
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FIG. 5. Typical snapshot of a Monte Carlo simulation of the membrane-excluding colloids (after equilibration) for the parameters of Ci2E5
(see Section [[TA2) for particles of diameter ¢ = 27 nm and hard-core distance between colloids of 34 nm . The colloid volume fraction
is 2%. The colloids in one layer are represented as red disks. The blue and green disks represent the colloids in the two adjacent layers. The
diameter of the disks corresponds to the hard-core distance. (a) Colloids in one layer. (b) Red disks: same layer of colloids as in (a); blue and

green disks: colloids in the adjacent two layers for the same snapshot.

average with respect to the orientation of g:

1 N—1M-1
510 = g (30 3 900l = By

i,j=0 p=0

(43)
where ¢ is the modulus of g and because of the periodic
boundary conditions in the direction perpendicular to the lay-
ers, layers p and p + M coincide.

In Fig. 5] we show a typical Monte Carlo snapshot of three
successive layers (blue, red, and green disks) for membrane-
excluding colloids of diameter 27 nm embedded in a lamel-
lar phase with the parameters of Ci3E5. The correspond-
ing interaction energy is displayed in Figs. 2t and 2. To
the membrane-mediated energy we added a hard core inter-
action with an effective core diameter of 34 nm, as measured
in aqueous solution. (see Section [V). Clearly, the colloids
in each layer tend to aggregate in large clusters. Moreover,
the clusters are statistically anticorrelated between adjacent
layers: clusters in a layer tends to face voids in the adjacent
layers. This organization originates from the attractive (resp.
repulsive) character of the interaction between two colloids
sitting in the same layer (resp. one layer apart), as shown in
Figs. 2k and 2.

For the same parameters, the membrane-binding colloids
tend also to form clusters, although they are less marked (see
Fig. [f). To assess them, we show in the inset of Fig. [6]
the intra-layer structure factor Sy (solid line). For compari-
son, we also show (dashed line) the structure factor S; ob-
tained by switching off the interactions, thus taking into ac-
count only the hard core contribution. The first maximum at
q ~ 0.16 nm~! corresponds to the hard core diameter of the
particles. At smaller wavevectors, the structure factor in the
presence of interaction shows a rise for ¢ — 0 that is absent in
the case of hard core only interaction (dashed line). This can

be understood as due to the form factor of random fluctuating
clusters with a distribution of sizes down to 27 /qumin, Where
Qmin 18 the position of the minimum of Sy close to ¢ = 0. In-
deed, gmin gives an upper estimate of the size of the peak at
q = 0. In the snapshot we have indicated this size by sour-
rounding small clusters in two adjacent layers. This is com-
patible with the fact that, as shown in Fig. F_fb, the interaction
energy for membrane-binding colloids has the same overall
shape, but lower amplitude in comparison with membrane-
excluding ones. Increasing the particle concentration results
in a similar cluster structure in a denser system.

In the literature, the structure factors of pairwise inter-
acting particles are often calculated in the framework of
the Ornstein-Zernicke relation with the approximate Percus-
Yevick closure, using the numerical method introduced by
Lado [36] 37]. Mapping our multilayer problem to a multi-
component fluid, as done in ref. 35, we have computed the
equatorial structure factor S(q) = Sp(q) + 251(¢) that can
be measured by small-angle X-ray scattering with a scatter-
ing vector contained in the plane of the layers (see Section
M). At small concentrations, we find that the Percus-Yevick
approximation is reasonably good (see Fig. [7). However, at
higher concentrations for our system the Lado algorithm does
not converge in general.

V. SAXS

The small-angle X-ray scattering (SAXS) data was ac-
quired as described in ref. [I7. Briefly, we performed scat-
tering experiments on oriented lamellar stacks of C15E5 sur-
factants, with silica particles of nominal diameter of 27 nm,
at normal incidence (the beam is parallel to the smectic direc-
tor). We recorded the two-dimensional intensity (¢ = |q]),
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FIG. 6. Typical snapshot of a Monte Carlo simulation of the
membrane-binding colloids (after equilibration). The black disks are
in one layer and the red disks in an adjacent one. The diameter of the
disks corresponds to the hard core of the colloids. Inset: structure
factor So(q) inside the layers in the presence of the interparticle in-
teraction (continuous line) and only with hard core repulsion (dashed
line). The position ¢min of the minimum of So(q) gives an upper es-
timate of the width of the peak at ¢ = 0. The corresponding length
27 / qmin is materialized by the bar and by the diameter of the black
and red circles surrounding small clusters in two adjacent layers. The
parameters of the Monte Carlo simulation correspond to the values
given in Section[V]for a colloid volume fraction of 2%.

with q = (¢4, gy) the scattering vector in the plane of the lay-
ers and @ = 0 the scattering vector othogonal to the layers.
The structure factors of the various samples (see Fig. [8) were
obtained as S(q) = S(q,Q = 0) = I(¢)/|F(q)|?, where
|F(q)|? is the form factor of the particles, measured in aque-
ous suspension. Note that eqn (#2) is valid only for the perfect
case where the particles do not fluctuate in the z-direction.
The thermal fluctuations and the frozen-in defects lead to a
smearing of the diffraction pattern an high @ values, that we
describe phenomenologically by a Lorentzian factor [35]]

" 2%&(«1), (@4

where the disorder parameter ¢ has units of length.

S(qa Q) = SO(q, Q)

A. Membrane-binding predictions

We compare the measured structure factors with our Monte
Carlo simulations, described in Section [[V] For the latter, we
adjusted the radius R, of the simulation box and the num-
ber of layers in order to have convergence for the correlation
functions. Clearly, using only the hard-core repulsion (dashed
blue line in Fig. Bh), with an effective core diameter of 34 nm
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FIG. 7. Comparison of the equatorial structure factor S(q) =
So(gq) + 251(q) computed with a Monte Carlo simulation (full
lines) and the Percus-Yevick approximation (dashed lines). The
black (resp. gray) curves correspond to the membrane-binding (resp.
membrane-excluding) case. The parameters of the Monte Carlo sim-
ulation correspond to the values given in Section|V]for a colloid vol-
ume fraction ¢ = 2%.

describing the interaction measured in aqueous solution (the
core is larger than the nominal diameter due to the electrostatic
repulsion), does not yield a good description of the experi-
mental data on the left of the structure peak (¢ < 0.15nm™1).

Including the membrane-binding colloid interaction, with
the elastic parameters of C12Es5 surfactants given in Table [I}
captures quantitatively, with no adjustable parameters, the
experimental points down to the small-angle increase (¢ >
0.05nm~1). The latter (g < 0.05nm ") is described qualita-
tively by the complete model, while it is obviously absent in a
hard-core system.

B. Membrane-excluding predictions

The membrane-excluding model (Fig. [8p) also predicts a
small-angle increase, which is however less important than
for the binding case; overall, this model agrees less well with
the experimental data.

VI. CONCLUSION

We treated in detail the interaction between hard spheri-
cal inclusions in lyotropic smectics, for the limiting cases
of membrane-excluding and membrane-binding particles. In
both cases, the interaction range is of the order of the elas-
tic correlation length ¢ = (k/B)Y/* = \/A\d defined in Sec-
tion [l For membrane-binding colloids of identical diame-
ters a, the interaction energy (]ZS[) at contact, in the limit
a < &, is approximatively given, in dimensionful form, by

. kT
Feomtact ~ BT log C' + % (C —4)VBrk (a —w)* , (45)
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FIG. 8. Experimental in-plane structure factors for silica nanoparticles confined in lamellar phases at three different volume concentrations
¢ [17] (black circles: ¢ = 1%; blue squares: ¢ = 2%; red triangles: ¢ = 3%) and Monte Carlo predictions according to our model (solid
lines). (a) Membrane-binding inclusions. (b) Membrane-excluding inclusions. Black solid lines: ¢ = 1%; blue solid lines: ¢ = 2%; red
solid lines: ¢ = 3%. The dashed blue line in (a) is the simulated structure factor for ¢ = 2% with only hard-core interactions. To obtain
convergence, in the membrane-binding [resp. membrane-excluding] case, the Monte Carlo averages are performed on 107 (resp. 3 x 10%) steps

after equilibration on a system consisting of 7 layers having a reduced radius R = 20 (resp. R = 160).

where

a\’ 13 3
C<£) [ln (a)+4+log2fy}, (46)

with 7y o~ 0.577 the Euler constant. This contact energy varies
from tens of kg7 for lipid systems to fractions of kg7 in di-
lute phases of single-chain surfactants.

For systems of the latter type we compared our predictions
to experimental structure factors measured at three concen-
trations of silica nanoparticles in a dilute lamellar phase of
nonionic surfactant. We obtain semi-quantitative agreement
with no adjustable parameters. Remarkably, this agreement is
significantly better for the membrane-binding model than for
the membrane-excluding one, consistent with strong adsorp-
tion of these surfactants onto silica surfaces, a result widely
accepted in the literature (see, e.g., the discussion in ref.|38l)

The presence of the particles acts as a constraint on the
membrane fluctuations, leading to an attractive “Casimir-like”
component of the interaction, which is quite significant (or
even dominant) for the surfactant systems discussed above.

For strongly attractive systems (with a negative second
virial coefficient), the liquid of particles is unstable with re-
spect to aggregation. The peculiar nature of the interac-
tion (overall attractive in the plane of the layers and repul-
sive across the layers) leads to the formation of flat and size-
limited aggregates. As a concrete application, one could con-
sider dispersing the particles into a host lamellar phase with
suitably chosen parameters so that they remain well separated,
and then inducing their aggregation by an external stimulus
(temperature change, controlled drying, etc) that increases the
interparticle attraction. The resulting assemblies could then
be stabilized by various strategies [39]].
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APPENDIX

Performing the integral in ¢ in eqn. by means of the
residue theorem, the correlation function inside one layer can
be written as

oo 3
Go(r) = / (q - Z) Jolgr)dg. — (47)
0 q*+4

We use the integral [40]

TV—2

> 1—v o
/O q Ju(qr)dq—iy_lr(y) (48)

for Re(v) > 1/2, where I'(v) is the gamma function, and, for
Re(v) > 1/6, the integral [40]

ere] v+3 v
q rv\/m
/ vl de= H—fl
0 (q*+4) 21T (v + )

(49)
Then, taking the difference between eqn {@8)) and (9), by an-
alytical continuation we get, in the limit v — 0,

Go(r) = 2J1(r)Ka(r) - (50)

Ju—1(MKu-1(r).



Similarly, the correlation function (TT) one layer apart can
be expressed as

oo q5 q3 q7
Gi(r :/ = — — Jo(gr) dq .
=)0\ Vi +4 2/ +4 olar)da

619
Proceeding as before, it is then easily found that
32 4 16
61 = (5= 2) 0 - Fantr)| o)
64 32 4
+ [(7“4 - 2) Ja(r) — (7"3 + r) JO(T):| Ki(r).
(52)
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