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Lattice model results for lamellar phases in slits
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A mixture of oil, water, and surfactant confined between parallel hydrophilic walls is studied close to phase
boundaries between lamellar and uniform phases within a vector lattice model in a mean-field approximation.
Relations between energy and force-distance profiles, and the structure of the confinggiviaricoy density
profiles are found and discussed. For large wall separatioakstic response to compression or decompres-
sion, accompanied by shrinking or swelling of the perloaf the lamellar phase, is found for lamellar and
induced(by capillary condensatioiamellar phases. Very good agreement with recent experiments is obtained.
For L<4\ the system responds to decompression by swelling of the central, either oil- or water-rich layer,
with the layers adsorbed at the surfaces remaining unaffected. The solvation force is very weak and indepen-
dent ofL when the central layer is swollen, and jumps to much larger values when new layers are introduced
into the slit.[S1063-651X99)02212-9

PACS numbegps): 68.15+e, 68.55--a, 68.60—p

[. INTRODUCTION small systemsfar from phase transitions up t910 molecu-
lar diametersin the case of complex fluids~10 nm, but
Confinement has a significant effect on fluids, particularlycan be as large as 100 nm and the finite-size effects can be
near continuous or first-order phase transitighg]. In order  relevant forL~100— 1000 nm.
to keep the confining walls at a given distaricean external Confined lamellar phases have been extensively studied
force must be applied. For fluids confined between two parby surface force apparatGSFA) measurement$—11]. The
allel walls this force, per unit area of a confining wall, is homeotropic alignment of the lamellar phase was obtained
called solvation force or disjoining presui®], f, and can be between SFA surfacd®], which therefore impose a strain
expessed as an excess pressure over the bulk pdlie on the whole stack of lamellae. The measured force-distance
profile oscillates with a periodicity well correlated with the
it _ period of density modulations of the bulk lamellar phase.
aL) P @y i i i
LT A ence t.he. oil- and V\{ater—nch doma_ms play on the nanoscale
a role similar to particles on the microscale. However, there
Q is the grand-thermodynamic potential afds the surface are important differences between the complex fluids on the
area of one wall A>L?). For simple fluids the solvation nanoscale and simple fluids on the microscale, related, for
force measured in surface force apparatus experinfdits example, to compressibility of the water and oil regions. The
shows oscillatory behavior for separations up to several diexperiments show that for sufficiently large wall separations
ameters of fluid particle§5], and with the periodicity ap- the confined stack of lamellae can be approximated by a
proximately equal to one fluid molecular diameter. Oscilla-chain of identical springs. Each spring corresponds to one
tory f results from the packing effects, which also give rise toperiod of the lamellar phase. When the wall separation is
highly structured density profile(z). All structural defor- increased from the equilibrium positions by half of the pe-
mations and/or transitions occurring in confined systemsiod of the oscillations, the solvation force changes discon-
(capillary condensation, layeringre reflected in the behav- tinuously from the attractive to the repulsive one. This dis-
ior of the solvation force. Hence the surface force apparatusontinuity corresponds to transitions at which a new lamellar
measurements provide experimental information about th&ayer is introduced between the wall$,9,11, and a
structure and transitions in the confined systems. stretched structure abruptly changes into a shrunk one. The
Close to the phase transitions the characteristic lengthsscillating solvation force was measured for very latgep
such as a range of correlations or a thickness of a wettingp the largest distance for which the measurements were per-
layer become large. As the finite-size effects occur whén  formed, L=2 um [9]. Moreover, confinement induces the
comparable to the lengths characteristic for the fluid, close teponge(or microemulsiopto lamellar phase transition close
the phase transitions one expects finite-size effectd fop  to the phase boundafjt1-13. This phenomenon is an ana-
to hundreds of A . In the case of self-assembling systemdpg of the capillary condensation of simple fluids in narrow
such as copolymers, binary, or ternary surfactant mixturespores[1,14,15.
lipids, etc., additional lengths, corresponding to the typical To explain the behavior of the confined system on the
size of the nanostructure, are present. In microemulsions thghenomenological level one assumes that self-assembled
typical lengths are the size of oil- or water-rich domains  surfactant bilayers or monolayers behave as elastic, undulat-
and the distance over which the domains are correlated. limg membrane$16]. In this approach the average distance
lamellar phases the typical lengkhis the period of oscilla- between the membranes can be determined by either electro-
tions of the concentrations of all the components. Whereas istatic forces or steric repulsions between the membranes, re-
the case of simple fluids the finite-size effects are relevant fosulting from undulation§8]. The modulus of compressibility
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B of the confined system was related to the average distanderce, and determine the relation between them. The results
between the membranesand was found to be proportional ¢an be compared with experimgnts and w.ith the predictions
to (kgT)?, T being the temperature arig the Boltzmann of the_phenomenologlcal theorlesz _by which numerous as-
constant, and inversely proportional to the membrane rigidiPUmptions of the latter can be verified. In the case of small
« [16]. The relation approximately consistent with electro- Val Separations l(<4A) there are no pr_edlct|ons .

statically stabilized lamellar structure, or with the lamellar relation between the structure of the confined system and the

phase stabilized by undulatiof8,9,17—19 has been found behavior of the solvation force. Such relation is important,
for different substances. Recent direct measurements shosNce it enables_one to draw conclusions abqut the structure
) } — o Hom an experimentally measurable quantity. Moreover,
however, that the experimental points fB(p) lie in the  \jthin the CHS model one can study relations between the
region between the theoretical curves corresponding to tw@roperties of the confined and the bulk systems. In particular,
values ofx, which differ by~100%[9]. Moreover, the phe- the effect of the bulk metastable phases on the structure and
nomenological description is approximately valid only for elastic properties of the confined system can be determined.
sufficiently large wall separatiorls equal to severght least In this work we consider confined uniform and lamellar
five) periods of the lamellar structure. The measured solvaphases near their phase boundary within the CHS lattice
tion force deviates more and more from the predicted elastimodel and address questions listed above. In the next section
behavior whenL is decreased. Fot <4\ the description we briefly describe the model and the methods of calcula-
based on elastic, undulating membranes is certainly oversintions. In Sec. Ill we discuss the mean-field results for the
plified. lamellar and water-rich phases between the walls. Finally in
The confined microemulsions and lamellar phases haveec. IV we present a short summary.
been studied within the Landau-Ginzburg approach in Refs.
[20—23. Discontinuity of the solvation force related to an Il. MODEL
insertion of a pair of surfactant monolayers has been ob-

served 22]. In the microemulsion the oscillating density pro- 4, of the surfactant particles are explicitly taken into ac-

files have been found close to th_e transition to the lam_e”anunt. The surfactant particles are represented by unit vec-
phase[21]. Hence the theory qualitatively cor.rectly predicts tors pointing in the direction of the polar head groups. In
the key features Of_ the confln_ed self-assembllng systems. F%reneraI,M orientations of amphiphiles, uniformly distributed
small wall separationk <4\ it was found in Monte Carlo g6 4 ynit sphere can be considef2d]. Every lattice site is
simulations of the Landau-Ginzburg mod@H] that a layer  ,cc nied by either oil, water, or an amphiphile in an orien-
of a disordered fluid, resembling microemulsion, develops |r'{ S B h hus 2M mi .
the center of the systefi23,25. However, the relation be- ation o, M=1,... M t gre are thus ) mwro_scop_nc
tween the structure and the measurable solvation force h&$atespi(X) at every lattice site. p;i(x) =1(0) if thesitex is
not been studied in these works. (is noY occupied by the state wherei=1,2,...,2-M de-
Although there exist microscopior quasimicroscopjc hotes water, oil, and surfactant in different orientations, re-
models of ternary surfactant mixtures, neither of them hagpectively. In the limitVl —c the model becomes similar to
been applied for studying the effects of confinement yet. Irfhe models studied in Refi28—-30, in which orientations of
such an approach the only assumptions concern the natuggnphiphiles change continuously. Interaction between an
and strength of interparticle interactions. The real interac@mphiphile at sitex and ordinary molecule at sit€ is pro-
tions are very complicated. However, the characteristic bullportional to a scalar product between the orientation of the
properties of balanced ternary surfactant mixtures are qual@mphiphile and the distance between the particlest’, as
tatively correctly described by simple generic models, suchin other lattice vector mode(£26,28,29,31—-3pof surfactant
as the Ciach-Hgye-StelCHS) model [26], in which only ~ MIXtures.
crucial properties of amphiphilic interactions are taken into In the simplest version of the CHS model the orientations
account. Even the simplest models cannot be solved exactlre restricted to the & principal directions of the
and one often uses a mean-fi¢MF) approximation. In this ~d-dimensional simple cubic lattice, i.eV) =2d, and surfac-
approach the self-assembling of amphiphiles into mono- ofant particles in different orientations are treated as separate
bilayers, formation of lamellar phases, undulations of thespecies. The statéis=1+2«,2+2a (a=1,...d) corre-
monolayers leading to smeared average surfactant densigpond to a surfactant particle with the polar end pointing
profiles are all results, rather than assumptions, in contrast t@wards —x,th and +x,th directions, respectively. In the
the phenomenological approaches. The discreteness of tit@se of oil-water symmetry and in the close-packed system
lattice models seems to be their disadvantage. However, ithe only relevant chemical potential variable is the difference
the case of swollen lamellar phases, with-10a, a being ~ Aux=p1— 3, sinceu; = u,.
the lattice constant, the discreteness does not play a major The Hamiltonian of the system confined between two
role. On the other hand, the lattice constanidentified with  identical surfacegy=0 andxy=L + 1, perpendicular to the
the size of amphiphilies, sets a natural physical length scalel direction, can be written in the following form:
For confined systems, particularly for small wall separations,

In the CHS lattice model the orientational degrees of free-

. . . 1
for which the phenomenological description breaks down,H:_ S (U (X—X") o (X! ) + he (%) 5 (X
the existence of a physical length scale is an important ad- 2 X%/ ZJ piOU;( )P (X') g Z (0P
vantage of the model.
With the help of the lattice CHS model one can calculate A 5 () + (X 2
the density profiles, the excess free energy and the solvation ’U“; [pa(x)+p2(X)]- @
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Here the summations are taken only over the regietx®  where r=KkgT/b is the temperature in the energy unit,

<L+1. Uj(x—x") is the interaction energy between par- =Au/b, and() is also measured in units bf The distance

ticles of species, | at the sitex,x’ respectively, anth;(x) is  in Eq. (6) is measured in units of the lattice constaat,

the surface field acting on the partidlat the sitex. Here we  ~25 A, comparable to the size of amphiphiles.

choose for |} (x—x") the form[35]: The equilibrium densitieg;(x) correspond to the global
minimum of the thermodynamic potenti&l. In practice,

d however, we can only determine the densities corresponding

Uij(x=x")= Z’ —20(6i16j1F 6i26)2) S(X—X'—&,) to local minima ofQ) by solving the set of the self-consistent
equations:
—2¢(6116j1 420 0i10j2+ 24~ 0i20j1+ 24 1
+ 828,242 (X=X +8,) = S(Xx—X'—&,)] exp( — L)+ hi(Xa) —u(Gin+ 5i2)]>
pi(X)= 1 :
_9; (Si1+2a0j1+ 2041 Si2+240j2+ 24 > exp — ;[¢j(x)+hj(xd)_ﬂ(5j1+ 5j2)])
@ J
) (7)
—28i142a0)2+2a)[ 6(X—X"+€p)
There are many local minima d2, corresponding to uni-
+8(x—x"—ep)]. 3 form phases andv-dimensional periodic structures. In the

present work we restrict our attention to the lamellar phases.
) ) _ The lamellar phase confined between two parallel walls usu-
e, are the unit vectors of the lattice amis the Kronecker g1y attains the homeotropic orientation, in which the lamel-
symbol. All the coupling constants are chosen positive; |ae are parallel to the walls. In this case the direction perpen-
favors separation of oil from wateg favors formation of  gicylar to the walls is distinguished and the in-plane

surfactant monolayers, armdescribes amphiphilic interac- qrientational degrees of freedom turn out to be irrelevant.
tions. In the simplest, symmetrical version of the mod&  Then . (x)—p;(2) and

the attraction between the water and the polar end of the
surfactant particles and also between the oil and the nonpolar ¢, (x)— ¢,(z)= —2(d—1){b81p1(2) + b8 2p(2)
end of the surfactant particles. At the same tiendescribes

the repulsion between the water and the nonpolar end of the +9(3i3— 6ia)[pa(2) —pa(2) ]}
surfactant particles and also between the oil and the polar L
end of the surfactant particles. If we assume that the surfaces , /

+ Ui (z—2")p;i(Z"), 8
of the external walls are covered by water, then the surface Zl 2 i )pi(2)) ®

field h;(x) is a function ofxy and can be written as
where we simplified the notation by introducing
hi(Xg) = =06i1(8(Xg— 1)+ 6(Xg— L))~ C( i1+ 24 =X4.,p3(2)=p1+24(2),pa(2) =p2+24(2). The first term in
Eq. (8) is the in-plane energy contribution, and
802080~ 1)~ (B0 Biaroa) dxg—L). 0@ P o

(4) Uij(z_zl):_Zb(5i16j1+ 5i26j2)5(z_2,+1)
Such a surface field favors formation of the lamellar film —2€(6i1613~ 61614~ bi20j3
parallel to the surfaces. o _ +828)[8(z—2' + 1)~ 8(z—2' —1)]
Within the mean-field(MF) approximation the micro-
scopic configurationg;(x) occur with a probability propor- )

tional to the Boltzmann factor is the interaction energy of thedlversion of the CHS model

used in Ref.[36]. For the lamellar phases the grand-

pi(X)— % pi(X) thermodynamic potential takes the form

o~ 3 3 00

L
_[Mi+hi(x)];’i(x)] ) (5) Ql(T,M,L):AZl Z Pi(Z)(Tln[Pi(Z)]
. . 1
where ¢;(x) = =,,3;U;; (x—x") pj(x) is the mean field and +5¢i(2)Thi(2)—u(dnt b2, (10
pi(x) is the MF average q%i(x). The grand-thermodynamic
potential in MF takes the form with A being the area of the confining surface.
We solve Eq(7) by means of numerical iterations starting
_ . ‘ from initial conditions of three types. The first two corre-
Qrpb) 2 Z p'(x)< 7InLpi(x)] spond to the uniform water-rich pha&a the case of hydro-

philic surfaceg and to microemulsion. The third type con-
sists of one-dimensional oscillations of different periods. We

1
* §¢‘(X)+ hi(xq) = u(8i1+6i2) |, (6) assume that the initial local densities are either 1 or 0.
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To study the structural deformations of the system con- © T
fined between surfaces of arédawe calculate the excess & or | &‘g‘\’ a
quantity o, given (in units of b) by § <L c'.)? 2&69@ e
T LY
1 oyl §

o(rub)= 2 (7pL)~Lop(nw). 11 < ' ' '
The grand-thermodynamic potential of the bulk system per o I ' ' '
lattice site, wy,, is calculated by using periodic boundary 3 [} Q b |
conditions in systems of various sizes, which correspond to S ﬁ'> ,L ?q )
one, two, or more periods of an infinite periodic structure. In € ori 1 WQ’%@WM
this way we can obtain metastable structures with periods ;; ! &f&m , ) .

which are rational numbers. The lowest thermodynamic po- 20 40
tential per lattice site corresponds to the stable phase and Lla
determines the period of the structureis the effective in-
teraction energy per unit area between the walls plus a term FIG. 1. (a) Excess thermodynamic potential [in units of
independent of. and related to the total wall-fluid interfacial b/a? b is the strength of the water-watgsil-oil) interactior], Eq.
tension. Then-do/dL is the solvation force needed to held (11), as a function of the wall separation measured in units of the
the walls at the separatidn lattice constanta. (b) Solvation forcef (in units of b/a%) as a
function of the wall separation. The thermodynamic variableg.
and the material constawtof the one-dimensional system corre-
1. MEAN-FIELD RESULTS spond to stability of the swollen lamellar phase witk-13a (7
=0.84u=0.774¢/b=1); the distance from the first-order transi-
tion between the water-rich and the lamellar phasggis ucqel
The phase diagram of the one-dimensional system was 0.003. Walls are covered by water. Dashed lines are to guide the
calculated in Ref[36]. It was found that forc/b=1 the eye.
swollen lamellar phase coexists with uniform water-/oil-rich

phasegwater-oil symmetry was assumealt low surfactant aiar petween surfaces coated by bilayers of the uncharged
concentration gs~0.12). Because the discreteness of thejinigs [37]. Further increase of the surface separation leads to
model should not play an important role for the swollensq.mation of the first lamellar laydisee Fig. 2d)].

lamellar phasesN~10), we first study the structural defor- |ermediate surface separatiaror the surface separa-
mations of the confined swollen lamellar phases in the onegons 19<1 <54 (3/2A<L<4\), for which the number of
dimensional version of the CHS model. adsorbed layers iS<3, the stretch strain of layers releases
by formation of the uniform water-rich film foN=1,3[see

o

60 80

A. d=1 case

1. Swollen lamellar phases

Swollen lamellar phases are stable close to the coexist- LR ———
ence with the water-rich phage the case of hydrophilic S 1 IR ?-‘9
surfaces We choose the thermodynamic variables ) =1 O o9 ] _;‘? ?\‘_3 o
=(kgT/b,Au/b) such thatr=0.84 and u— uceed =0.003; < 1l \ B
for this thermodynamic state the swollen lamellar phase with qa e/ w > b
the period of densities oscillations=13 is stable. c>'1 3 5 0 10 S
The excess thermodynamic potential per unit areand
the solvation forcé are shown in Fig. 1. The behavior of o 9 o 1O
andf, as well as the structure of the confined system are Bg A Cﬂ)b 1| ¢m° B o
different for the shortL <19 (L<3/2\), the intermediate =t Q\ b ,9 [ b °
19<L<54 (3/2A<L<4\), and the largd.>54 (L>4\) ba#o Q@ g o 9
wall separations. We discuss the three cases separately. g %o . — C
Short surface separationsFor surface separationk 0 10 20 0 10
<6 (L<\/2) the water-rich phase with average water den- Z/a Zla

) ono b : .
sity 15-20% higher than in the bulk lamellar phase is stable FIG. 2. One-dimensional system in the case of small wall sepa-

in the slit[see Fig. 2a)]. For larger surface separations one _,. A )
. mntl <19.
observes enhancement of the surfactant density at the suramons measured in units of the lattice constantl <19. (a) The

. J_ ity distributi f water for th tibe=5. Th lid li
faces[see Fig. &)]. The structure of the surface surfactant- enstty CISTIOLHON of water for the separatine © sond ine

ich fi X | . d by further | is the average water density in the bulk lamellar phase for the same
rich films remains almost unatfected by further increase o alues ofr,u,c. (b) The density distribution of the surfactant,

the surface separation for<18 (L<3/2\). For the separa- _, ., ‘for the separatioh = 18. Note the surfactant-rich surface
tions up toL =18 the oil-rich film is formed between the fjims. (c) The density distribution of oil fot. = 18. the solid line is
surfactant films adsorbed at the surfafese Fig. )] and  the oil density in the bulk lamellar phase for the same conditions.
the interaction energy between the surfaces corresponds g The density of the water for the wall separatiba-19. The

the first minimum of ther [see Fig. 1a)]. The shape of the thermodynamic variables, w and the material constaotare the
energy agrees qualitatively with the measured repulsive hysame as in Fig. 1. Walls are covered by water. Dashed lines are to
dration fluctuation and attractive van der Waals forces imguide the eye.
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FIG. 3. One-dimensional system in the case of intermediate wall F|G. 4. One-dimensional system in the case of large wall sepa-

separations, 18L<54. The thermodynamic variables w and  rations, L>53. (a) the density distribution of water between the
the material constarntare the same as in Fig. 1. Walls are coveredyg|is for the separatioh =54. The period of the density oscilla-

by water.(a) The density distribution of water between walls for the tjons is 11.(b) The density distribution of water for the wall sepa-
separatiorlL = 29. (b) The density distribution of oil between walls ration = 65. The lamellar phase is stretched with the period of the
for the separatiot. =39. oscillations equal to 13.75. The thermodynamic variableg: and

the material constartt are the same as in Fig. 1. Walls are covered
Fig. 3(@], and oil-rich film forN=2 [see Fig. &)] in the by water.
middle of the slit. Similar phenomena were observed in
simulations of the co@nfine% Landau-Ginzburg model with a=2| B, whereB is calculated at. andL is the thickness
single order paramet¢3,25. The formation of the uniform -
filmgs inside tF;]e slit is reflected in the saturatedlike behaviorOf the system at zero stres¢9]. We obtain B

of o and considerably low for the corresponding surface =0.003kgT/a’). This finding is in accordance with the ex-
separations, see around 52,40.27 in Fig. 1. For small de- perimental results of Ref§9,12]. The compressibility modu-

N S . . . lus measured in Ref9] for different volume fractions of
viations from the equilibrium separations the elastic behavior 19]

of the confined lamellar phase can be observed. lsee surfactant ranges from 0.003 to 0.027, when expressed in
~21,34.46 in Fig. 1 P ' units of kgT/€> (e is the thickness of the membrane and is

. . [to 1. for th ied i ). For |
Large surface separation&or large separations between equal to 1.9 nm for the system studied in R&f). For large

) wall separationsL >4\, our description gives thus results
surfacesl. >33 (L>.4)‘)' the lamellar phase with the num- consistent with experiments, both for the qualitative bahavior
ber of layersN=4 is formed. The abrupt changes of the

) : : : as well as for the range of order of the measurable quantities.
interaction energy per unit area and the solvation forcé

when the distance between the surfaces increases, correspond

to the insertion of a new lamellar layer between the surfaces, v’g 2.5 ¢ ' , ,,,,,
that isN is increased by 1. Between two subsequent transi- LOE 1 ] e ]
. - . S5t - .
tions o has a minimum ak =L, which corresponds to the © i o a
equilibrium surface separation and vanishing solvation force E 0.5 0% . .

f. For such separations the structure of the confined fluid is 0.08 0.18 0.28
equivalent to the structure of the bulk phase, namely, it has

the same period of the densities oscillations. Decreasing or ‘*/;2 5 ' ' - _-a
increasing the wall separation with respectlLte Ly, such = 0

that the number of adsorbed layeks stays constantL(y o - o b ]
—\2<L<Ly+\/2), leads to the repulsivé >0, or attrac- = 1 Le,/’e'. . .

tive, f <0 force between the surfaces, respectivély0 cor- Q 0.16 0.21 0.26 0.31
responds to the shrunk lamellar structures stabilized by con- 1/N

fining surfaces; the period of densities oscillationsis

smaller than in the bulk phase, see Figa)4On the other FIG. 5. The subsequent minima of are fitted by quadratic

hand,f<0 appears as a consequence of stretched lamell&Hrves.B(L—Ly)? whereLy is the equilibrium separation fd¥

structures, see Fig.(d), with the period of oscillations adsorbed layers anBl is the coefficient in the fitting curve to the
greater than in the bulk. Nth minimum. (2) B [in units of b/a* b is the strength of the

The subsequent energy minima of are well approxi- watetr-watcfart(sll—pll) mteractnot:] an?b Ids thg Igttllce gn;thamﬁ]s a

mated by parabolic curves, even for quite large deviationd "ction of the inverse number of adsorbed layem. IThe ther-
_ S . modynamic variables, w and the material constaatare the same

from L=L,. The second derivative af with respect toL 2 ) . p ) .

lculated at. = L B=o(La) i I imated b as in Fig. 1.(b) B (in units of b/a®) obtained for the induced
ca C.ur? Pi. at= Nf’ -7 (f'&?/, IS well approximate za lamellar phases as a function of the inverse number of adsorbed
straight line as a tunction o [see '_:'g' %a)]. Hence t e, layers 1N. The parameters, u, andc correspond to the stability of
reSanse of the system to compregsmn or def:ompr_ess'o_ntﬁe water-rich phase 1&0.84,=0.778¢c/b=1). The distance
elastic, and analogous to the behavior of a series of identicglom the first-order transition to the swollen lamellar phaséis

joined springs. The elastic constaitis related toB by B — teoed =0.001. Dashed lines are linear fits.
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FIG. 6. Compressibility moduluB (in units ofkgT/a%), of the L/a
swollen lamellar phases as a function of the average distance be-
tween the surfactant monolayers=2\/2, in the one-dimensional FIG. 7. () The excess thermodynamic potentialin units of

system. The behavior expected from the phenomenological descrigy/a?, b is the strength of the water-watéil-oil ) interactior] as a
tion Eq. (12) is shown for two values ok: 2.%gT (solid ling),  function of the wall separation measured in unit of the lattice
4.XKgT (dashed ling constant. (b) The solvation forcé (in units ofb/a®) as a function

of the wall separation. The thermodynamic variabtesu and

In our approach§ is calculated within the MF approxi- the material constant of the one-dimensional system correspond
to the stability of the water-rich phase, close to the coexistence

mation for a quasimicroscopic lattice model, with no further ™.
assumptions(loncerning, fo? example, self-assembling of th§'th the swollen  lamellar -phase 7¢0.844=0.778¢/b=1,
surfactants, elastic properties and types of deformations of* ~ HMooed =0.001). Walls are covered by water.

surfactant layers. The deformations of the equilibrium stat
occur in our theory with a probability given by E¢p). As
the surfactant density profiles are smeafege Fig. 4, the
probabilities of the displacements of the surfactant monolay-
ers from their equilibrium positions appear to be quite large.

%ems are the same if the periods of the bulk lamellar structure
in our dimensionless units in the model and experimental
systems are the same.

Both experiments and our calculations show that the phe-

The displacements may correspond, among others, to the uHomenologlcal theory is valid only approximately and there
' ' re substantial deviations from its predictions. It means that

dulations considered in the phenomenological approach.

the membrane undulations are the most relevant deforma-
can verify whethe and\ calculated in our theory satisfy tions of the ideal lamellar structure, but the contributions
the relation obtained for a stack of confined elastic MeM3.om different deformations are not negligible.
branes in Refd.16,17,38 which reads

2. Water-rich phase

B 97%(kgT)?p 12 Here we study the effect of confinement on the uniform
64x(p—e€)*’ solution. We choose the thermodynamic variables close to
the coexistence with a swollen lamellar phak@; wcoey

: . . . =0.001. ¢ andf calculated as functions of the wall separa-
where p=2\/2 is the reticular spacinge is the membrane 7 P

thickness which in our case equals 1, ant the membrane .

results lie between two lines correponding Bocalculated 3

°
/
?
- ‘U '
according to formula(12) for k=2.%gT and k=4.3%gT. 0.2 . .
Experimental results for sodium isethylhexy) sulfosuc-
cinate and brine, af =25° C lie between the lines given by Q b ' ' ' 9
EQ. (12) for k=0.5%gT and x=3kgT [9]. In the experimen- . 0.6 ;? m &
tal system the thickess of the surfactant layer is 1.9 am ( a [\ ? 5 I
~1.9 nm). In our dimensionless units the reticular spacing c&; %’5
in experimental and model systems are similsee Fig. 6 0.2 0 0 20 30 20
here and Fig. 8 of Ref9]). The agreement is quite good— Ja
please note that we consider MF approximation for the one-
dimensional version of the lattice model. Different sub- G, g, (a) Density distribution of water between walls for the
stances in our model are characterized by different values Qfgparationl = 38 (the third minimum in the Fig. 7 (b) Density
the interaction parameter The elastic properties depend on gistribution of water between walls for the separatlos 40. For
c and for different substances different values will be ob-such density distributions the solvation force vanishes. The param-
tained. It is remarkable that the orders of magnitude of therters are the same as in Fig. 6=0.84u=0.778¢/b=1,
elastic constants in the confined model and experimantal Sy$u — ucqed =0.001).

bending rigidity \
B as a function op is shown in Fig. 6open circles Our 206 2? d Sb 3 b
d
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tion are shown in Fig. 7. For small surface separations the Y
sequence of structures formed inside the slit is similar to that i ? 1
obtained in the lamellar phases; the water-rich phase is stable 0.12 }! 0

for L<6, then surfactant layers are adsorbed at the surfaces |

for L=6 and the oil-rich phase stabilizes between the layers I '

up to the separatioh =19. The subsequent minima of -‘%1 'S8 }1 '
correspond to the transitions when the lamellar phase with -0.03 Ty T
increasing number of layers is formed between the surfaces, o 20 40

see Fig. 83). The values of the surface separations for which L/a

the solvation force is zero correspond to the structures shown

in Fig. 8b), when the water-rich phase is formed inside the FIG. 9. Linear excess thermodynamic potenfialin units ofb)

slit. The induced lamellar phases also show the elastic reas a function of the wall separation in the one-dimensional case.
sponse to the confinement. In contrast to the case of th&he thermodynamic variables u and the material constaotcor-
lamellar phases, the elastic response occurs only for smadgspond to stability of the shrunk lamellar phase with the period of
deviations from equilibrium separations, see Figh)5The  density oscillations equal toa4(7=2.8.u=4.32¢/b=4). Solid

elastic constanB is B~0.00XkgT/a%, and the membrane line corresponds to vanishing.

r|g|d.|ty K ce:)lcqlatﬁd accordw&g to IfEc{lZ) IS ;3'67!(BT' larger separations the strain releases to some extent by cre-
Again, we obtain the same orders of magnitude as in eXpe”étting the lamellar films with suppressed amplitude, see Fig.
ments[12]. . I ... _10(b). The discreteness of the model does not allow for fur-
In all the considered cases the equilibrium bulk densme§her release of applied strain and as a consequev{td
were identified with the self-consistent solutions of the bulkdoes not approach zero with increasingPlease note that in
analog of the set of Ed7) (h=0, periodic boundary con- experiments of Ref[9] the oscillating solvation force was

:Jrlltlons)dglvmg thet I?WIESI \Ila:?e O.ft th|_e| bulk gran_d- observed for all the measured distances, up 1000 in
ermodynamic potential per lattice site. However, various ' j. o nsionless units.

local minima of the bulk thermodynamic potential also sat-
isfy the same set of equations and correspond to metastable
states. When the swollen lamellar phase with period 13 is
stable in the bulk, the values of the thermodynamic potential ¢ calculated ford=3 and the thermodynamic variables
of the metastable phases with somewhat smaller or larger, . and the material constantsg corresponding to the sta-
periods or of the water-rich phase are only slightly greatebility of the swollen lamellar phase with the period equal to
(relative difference~10"°) from the equilibrium value. The 12 is shown in Fig. 1(8). All the structural deformations of
same is true when the water-rich phase is stable in the bulkhe lamellar phase present in the one-dimensional system
Therefore the bulk metastable phases whose periods agso hold in three dimensions, and no other deformations
commensurate with the surface separations become stable @acur. For surface separations:5 (L<\/2) the water-rich

the slit in our model. In the case bfand\ incommensurate films are induced by confinement, Fig.(A2 The surfactant-
with each other the increase 9f corresponding to deforma- rich surface films of thickness fsee Fig. 12)] occur first
tions of the structure is larger than the difference betw@en for the separatior.=5 and are separated by the oil-rich
corresponding to the stable and the metastable phases, if th@ase for the separations uplte= 14 [see Fig. 1&)]. The

A (b)

3 -
ddbiddadd

B. d=3 case

period of the latter is commensurate with first lamellar layer develops for the separatidn=15
(slightly larger than\) as shown in Fig. 1@i).
3. Shrunk lamellar phase For the intermediate surface separations<L551

(when the number of layers i< 3), the system releases the

In the system withc=4 the bulk lamellar phase was gretch strain by forming the uniform film at the midplane of
found to be shrunk. The period of densities oscillations is

always equal to 4. Close to the coexistence between the -

lamellar and the microemulsion phases only one metastable 06 ,?\ If‘: ]
phase occurs apart from the other, stable one. This gives Qf PN d?%ooo"q\ d\
qualitatively different energy and solvation forcé profiles. Q Py °\o’ Q\ P

The total wall-liquid interfacial tension and its part in- 0.0 d . RS
dependent of. were calculated in Ref39]. Here we calcu- a 0 10 20
late the linear excess thermodynamic potentigl) as a _ i i .
difference between the two quantitiés(L) calculated in the 06 [ ﬁ: ? Q ﬂ 1
region of stability of the shrunk lamellar phase, close to the B ':'\‘ /\b qqp%m ’5\ N
coexistence with the microemulsion, is shown in Fig. 9. The Q 0039 19 Y, 6\¢§ ]
minima of A(L) occur for surface separatiohg, commen- [y O . ' d. 51
surate with the period of densities oscillations 4 and cor- b 0.0 0 10 20 30
respond toN lamellar layers adsorbed in the slit. For the zla

intermediate separations the adsorbed phases are deformed

and the deformations are located at the midplane of the slit. FIG. 10. Density profiles of water between water-covered walls
For the separations up to=22 the microemulsion films are for parametersr=2.8, ©=4.32, c=4 (in units of b) (a) L=22
formed in the middle of the slit, see Fig. @) while for  and(b) L=34.



PRE 60 LATTICE MODEL RESULTS FOR LAMELLAR PHASE . .. 7095
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L/a
) L . FIG. 13. The densities of water for large wall separatibn,
FIG. 11. The excess thermodynamic potentialin units of >50, are shown fofa) the wall separation. =51 and(b) the wall

b/a?, b is the strength of the water-watsil-oil) interactior] as a separatiorL = 61. The values of parameters are the same as in Fig.
function of the wall separation in the three-dimensional case Withll(a) (r=2.8u=4.76¢/b=2.5g/b=0.5).

water-covered walls(a) The thermodynamic variables, u and
the material constants g correspond to the stability of the swollen ods of the lamellar phase are in the same range in the model
lamellar phase with the period equal to 12 lattice constant ( and in the experimental systems, and the valueB ahd «
=2.8=4.76c/b=2.59/b=0.5). (b) The parameters correspond jn the model and experiment agree very webbmpare Fig.
to the stability of the water-rich phaser£2.8u=4.82c/b 14 here and Fig. 8 in Ref9]). Hence, once the model pa-
=2.5g/b=0.5). rameters are choosen such that the dimensionless period of
) ) ) ) the bulk lamellar phase is the same as in the experiment, the
the slit. This effect is less pronounced than in the onee|astic properties of the confined model and experimental
dimensional case. The system also shows the elastic responggtems agree quantiatatively very well. Given the simplifi-
to compression when the period in the confined system igations of the model interactions and the MF approximation,
smaller than in the bulkFig. 13a)] and decompression the agreement between the theory and the experiment is re-
when the period is largdiFig. 13b)]. markable.

The elastic constar® as a function op=\/2 is shown in The energy-distance profile corresponding to the stability
Fig. 14 (open circles together with the phenomenological of the water-rich phase and close to the coexistence with the
curves(12) for two values ofx, between which our results swollen lamellar phase is shown in Fig. (bl In the 3
are located. We can compare our results with the experimersystem confinement induces only one lamellar layer, see Fig.
tal results for sodium bi&-ethylhexy) sulfosuccinate and 15(a), for appropriate wall separations, while for largethe
brine atT=25° C, as we already did fat=1. In our dimen-  water-rich phase is formed in the middle of the slit, see Fig.
sionless unitflength measured in units of the length of the 15(b).

amphiphilea, andB measured in units otz T/a’) the peri-

IV. SUMMARY
BJ!\ a /‘L % b o°45_ In this work we applied the lattice CHS model of ternary
B b\ 1t \‘ ,/' P o surfactant mixtures for studying the effects of confinement.
= e’ | 5 [ 0.05 . . .
<L . 0% I8 '
©1 3 0 10 ©
L} L} T L L} — 0-04
d 7t : °8
> o[ o /] 'f°°°°°°°°°‘¢, £ o &, 003
(@) i 1 L I e Qv
] b\cbdd bd)P 1 T /’Ic \] 2
8 'l [l 1 o 1 ] bg Im 0.02
0 10 0 10
da da 0.01

FIG. 12. The regime of small wall separatiohs; 15, in the 3D 5.0 5.5 6.0 6.5 7.0

case. The values aof, u, ¢, andg correspond to the swollen bulk p/a
lamellar phase, as in Fig. (d. (a) The density distribution of water .
between walls for the separatidn=4. Solid line corresponds to FIG. 14. Compressibility moduluB (in units ofkgT/a%) of the

average water concentration in the bulk lamellar ph&lsge.The swollen lamellar phases as a function of the average distance be-
density distribution of surfactant for the separatlos 14. (c) The tween surfactant monolayerg=X\/2 (in units of a) in the three-
density distribution of oil for the wall separatidn=14. Solid line  dimensional system. The behavior expected from the phenomeno-
is the oil concentration in the bulk lamellar phagd). The density  logical prediction is shown for two values af [Eq. (12)] 0.5kgT

of water for the separatioh=15. (solid line), 0.6kgT (dashed ling
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ﬁ" ] the bulk lamellar phasén units of the thickness of the sur-
06 H ! ] factant monolayeris in the same range as in the experimen-
o ¢‘? o"n’qb é - tal system, then our results for elastic properties of the con-
L w" ) qpl . fined system agree quantitatively with experiments. The
0.3 e predictions of membrane theories agree only approximately
with both our results and experiments. This suggests that in

06 ? o addition to undulations other configurations, such as pas-
. B!
\

B b / sages between neighboring membranes are relevant. We get
(@8 [Q /¢ similar results for induced‘capillary condensation’ lamel-
[ %p 1 lar phases.

0.3 0 1'0 2'0 3'0 For intermediate and short wall separatidns 4\ we
Za find the relation between the structure of the confined lamel-
lar phase and the solvation force. Wheeris increased the
central layer, either oil or water rich, swells, whereas
surfactant-ricHor lamellar forL>2\) layers adsorbed at the
surfaces remain almost unchanged. The solvation force is
water-rich film is formed inside the slit. The parameters correspon ery \_Neak and almost |ndependent_lo_fwhen the Ce””‘f’"
to stability of the water-rich phase as in Fig. (Bl (r=2.8, ayer is swollen. V_Vherll becomes sufficiently close to pelng
—4.82¢/b=2.5g/b=0.5). comme_nsurate vv_|th, new surfact‘_amt monol.ayers are intro-
duced into the slit and the solvation force jumps to a much

We concentrated on a slit geometry and hydrophilic Wa”slarge_r value. This behavior is essentiglly different from the
and we calculated densities, excess grand-thermodynamicgiastic behavior forl. >4\ accompanied by swelling or
potential, and solvation force in lamellar and uniform phases$hrinking of the period of the lamellar phase. Now the sys-
within the MF approximation. In our approach the only as-tem responds to compression or decompression by shrinking
sumptions concern the interparticle interactions and in MFOT Swelling only the central, disordered layer, whereas the
the correlations between fluctuations are neglected. We coHrfactant-richor lamellar forl >2\) layers adsorbed at the
sider a highly simplified model, in which a single dimension-Surfaces remain almost unaffected. For some wall separa-
less parameterc/b, characterizes the strength of the am-tions we find a swollen _0|I-r|ch_lgyer in thg ml_ddle of the_sllt.
phiphilic interactions, that is, it specifies the system. Noln such cases the density of oil in the slit is higher than in the

assumptions concerning the structure of the confined systeRH/K, despite the hydrophilic walls. _ _
are made. The results obtained in the one- and three-dimensional

For large wall separations we obtain results which are in #€rsions of the CHS model are qualitatively the same. The
very good agreement with the results of recent experimentgluantitative agreement with experiments in theé Gase is
We find elastic behavior of the confined lamellar phasesPetter.
predicted also by membrane theories. The elastic response to
compre_ssion or deco_mpression is accompanied by shrinking ACKNOWLEDGMENT
or swelling of the period of the lamellar phase, whose struc-
ture is practically the same throghout the slit. Moreover, This work was partially supported by KBN Grant No.
once the model parameters are choosen so that the period 09A 073 16.

FIG. 15. (a) Density of water for the wall separatidn=20
showing the “capillary condensation” of one lamellar layéb)
Density of water for the wall separatidn=31 showing that the
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