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Elastic properties of surfactant monolayers at liquid—liquid interfaces:
A molecular dynamics study

Mohamed Laradiji®
Department of Physics, University of Prince Edward Island, Charlottetown, Prince Edward Island,
C1A 4P3, Canada

Ole G. Mouritsen
Department of Chemistry, Technical University of Denmark, DK-2800 Lyngby, Denmark

(Received 22 November 1999; accepted 9 February 2000

Using a simple molecular model based on the Lennard—Jones potential, we systematically study the
elastic properties of liquid—liquid interfaces containing surfactant molecules by means of extensive
and large-scale molecular dynamics simulations. The main elastic constants of the interface,
corresponding to the interfacial tension and the mean bending modulus are determined from the
analyses of the long-wavelength behavior of the structure factor of the capillary waves. We found
that the interfacial tension decreases with increasing surfactant interfacial coverage and/or surfactant
chain length. However, we found that the corresponding change in the bending rigidity is
nonmonotonic. Specifically, we found that the bending rigidity decreases with increasing surfactant
interfacial coverage for small surfactant interface coverages, but then it increases as the surfactant
interface coverage is further increased. Using a Gaussian theory on an interfacial Ginzburg—Landau
model of surfactants, we find that the initial decrease of the bending rigidity is attributed to coupling
between fluctuations of the surfactant orientation field to those in the interfacial heigi200@
American Institute of Physic§S0021-96060)70717-3

I. INTRODUCTION teristic spontaneou®r preferred curvature. In the case of a

. . o . bare interface or an interface with a small interface coverage
Ternary mixtures of two immiscible fluids and surfactant — . .
of surfactantsx and k are very small, and the interfacial

molecules can form stable isotropic microemulsions charac- ) : k ; .
. . . . energy is dominated by the interfacial tension. However,
terized by mesoscopically segregated water and oil domains,

separated by adsorbed surfactant monolayéidicroemul- l/;/]hen the |?terfa_ce covelrgge pftsurfalgta:nt? IS Iatrﬁe,. S:JC? as |In
sions are found in ternary mixtures of water, oil and am-.c ¢8S€ Of @ microemuision Internatinteriace, the intertacia

phiphilic surfactants, or in terary mixtures of two ho- tension becomes vanishingly small, and the bending terms

mopolymers and a diblock copolymer. Microemulsions formdominate the interfacial energy. Typical experimental esti-
when the entropy of mixing of the incompatible fluids is mates of the_bendmg moduli in the microemulsion phase are
balanced by the reduction of interfacial energy as a result ok ~kgT and k~—2«.*°

the adsorption of the surfactant molecules. The phase behav- There have been a large amount of theoretical studies
ior of ternary mixtures containing surfactant molecules is forinvestigating the phase behavior of ternary mixtures of two
the most part dictated by the elastic properties of the surfagmmiscible fluids and surfactants. These range from the phe-
tant monolayers. There has consequently been a great intéfomenological coarse-grained theories to microscopic,
est in attempting to extract the elastic constants of surfactarspostly lattice, theories? Coarse-grained phenomenological
monolayers experimentally as well as theoretically. Themodels consider the ternary mixture as two mesoscopically
study of the elastic properties of surfactant monolayers isegregated regions, separated by surfactant monolayers with
also useful for systems of biological relevance such as lipigspecific elastic coefficients. These models have been success-
bilayers. In general, the leading contributions to the energyul in predicting the correct bulk phase behavior of these

of an interface of aread can be expressed in the Helfrich systems. Other coarse-grained models are based on

form,? in terms of its local principal curvatures;(r) and  Ginzburg—Landau free-energy functionals of one or more

M predicting a correct phase behavior, and they have further-

P _ . X :

H:f dal a+§(c1+c2—200)2+xc1c2+.~ Y more been useful for inferring structural properties of the
— . ) ) microscopic properties of the surfactant molecules to the

where the constants, « and « are the interfacial tension, arious empirical constants in coarse-grained models.

splay bending rigidity modulus, respectivety, is a charac-  he effect of short rigid surfactafitsor long flexible

surfactant$'® on the interfacial tension of two immiscible

Cy(r): order parameters. These models have also been successful in
interface’ Unfortunately, it is not clear how to relate the

mean bending rigidity modulus, and Gaussian or saddle- \jicroscopic theories were also developed to determine

dElectronic mail: mlaradji@surface.physics.upei.ca fluids. Unfortunately, most of these calculations were based
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on mean-field approximations. Few molecular dynamicsand onclude in Sec. IV. In the Appendix, we describe a field-

studies have been performed to extract the interfacial elastideoretical model for an interface containing surfactants.

constants for relatively short surfactahtsn a very recent

molecular dynamics simulation on self-assembled surfactant

bilayers, Goetzt al? extracted the elastic coefficients of a Il. MODEL AND SIMULATION TECHNIQUES

tensionless membrar{gurfactant bilaygrfrom the analysis A. Interaction potential

of its capillary waves. . . We first describe the molecular model which will be
The recent development of the self-consistent field . : : . . :

theorv for flexible polvmers has contributed o an im ortantUSEd in our simulations. Let us consider a three-dimensional

y for poly _ 'mp system composed dfl, A mono-atomic moleculesNg B
progress in our understanding of the phase behavior of pol

) ) . Y¥mono-atomic molecules, antll; poly-atomic surfactants
meric systems. Hong and Noolaftiextended this theory to composed of a flexible linear sequencelgl A-particles
the study of diblock copolymers at homopolymer—

i . attached to another linear sequencel g2 B-particles via
homopolymer interfaces, and analyzed the effect of d'bloc;kanharmonic springs. The system is therefore composed of

copolymers on the interfacial tension of the interface. Wangbmy two types of “atoms” with their total number being
and S""frf"‘iLfl analyzed the effect of diblock copolymers on NN, + Ng+IN,. The particles interact via a generalized
the bending properties of an interface in the limit of strongly| ennard-Jones potential, inspired by the Weeks—Chandler—

stretched diblock copolymer chains. Later, Matsen and\ndersen work?
Schick® studied these effects using a single order-parameter 1
-
ij Fij Maa

Ginzburg—Landau theory in conjunction with Leibler’'s
(]

theory for diblock copolymer melt€. Recently, Laradiji and
Desat’ extended their self-consistent theory of anisotropic
composition fluctuations in diblock copolymer méftso ob- ( S ) 6

Uaiaj(rij):4€[

tain results on the effect of diblock copolymer monolayers
on the interfacial tension and bending rigidity of a
homopolymer—homopolymer interface through the analyseghere g(x) is the usual Heaviside function and

of the long-wavelength capillary waves. Similar results were o )

recently obtained by Matséhusing the self-consistent field " :[ 1, ifiisan A particle, 3
theory alone on fixed spherical and cylindrical geometries. —1, ifiisaB particle.

Also recently, Miler ar_1d Schicﬁo and Wernere_t al** per- In the potential above, the A and B “atoms” within a sur-
formed Monte Carlo simulations of ternary mixtures of two factant molecule are also representechby In Eq.(2), 1, is
(2), 1y

immiscible homopolymers and diblock copolymers using thea gistance separating thieh from the jth molecule, and
bond-fluctuation model, and inferred as well as the effect ofc 5 5 cutoff distance which depends on the species of the

the copolymers on the interfacial tension and bending rigid- “i*i . . . L
. ) interacting pair, and is chosen such that the potential is the
ity of the interface.

In the present article. we investiqate the effect of surf usual cut-and-shifted Lennard-Jones potential for particles
€ present arficie, we investigate the etiect of su <T’wbelonging to the same species, but is purely repulsive for
tants on the elastic properties of fluid—fluid interfaces usin

) . . . ggarticles belonging to different species, i.e.,
large-scale molecular dynamics simulations, via the analysi

of the long-wavelength fluctuations of the interface. The ad- . | 2.5, if aj=aq;,
vantages of using the molecular dynamics method lie in the raiaj_ 2165 if a# aj.
fact that within this approach, realistic models for surfactan the ab ¢ factants. the oh di f th
molecules can be used, and that the method allows for a € absence ot suriactants, the phase diagram of the
. . . model, which has recently been calculated numerically by

average over a wide portion of the phase space, making thl_F . . ;
" h . oxvaerd and Velaséd via a semi-grand-canonical en-
method more “exact” than the often used mean-field theo- ; . S .
semble Monte Carlo simulation, exhibits a two-phase region

ries. We found that the interfacial tension decreases as thet low temperatures ending in a consolute poinT at (4.7
surfactant interfacial coverage or the surfactant chain lengt 0.2)elkg for a fluid number density op=0.852 THe

'S |nc_r<_aased. Howe\_/e_r, we found that_ the ben_dmg rlgldltyconnectivity between the particles composing a surfactant
coefficient may exhibit a nhonmonotonic behavior. Namely

) o 2 Imolecule is ensured through a symmetric generalized
for small surfactant interface coverages, the bending rigidity o\~ 4_30nes potential defined by

decreases as the surfactant interface coverage is increased,

but then it eventually increases with a further increase of the

surfactant interface coverage. These results are in excellent

qualitative agreement with the recent calculation based ona s (ri)=

theory of anisotropic fluctuations by Laradji and De¥ai. gl
The paper is organized as follows: The details of the

Cc
Dziaj

]0(r§iaj—rij), 2

4

E -
Uaiaj(rij)+§|ai+aj|, if rij$21/65,

€
Uaia]—(27/65—rij)+ §|ai+aj|'

: . . . i€ 5 1/6 16
molecular model and the simulational techniques, regarding if 2H05<r;<2"%s.
the molecular dynamics method used by us and the method ®)
for tracing the interface, are presented in Sec. Il. In Sec. Ill,  The Hamiltonian of the system can therefore be written

the results of our simulations are presented. We summarizas
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N p-2 1 N ot ot
H({pi}r{ri})zzlﬁ"_ziz#j Ugo,(ri—r)) ri(t+ o) =ri(t)+ —pi(| t+ 2).
Ns p(ls—1) 1 ot ) ©)
+2 2 US. . (ri—rio, (6 at at 2 7Y ot
p=1 i=p pil t+ —= :Tfi(t)+ Pi t_? .
wherem is the mass of one particllbere we assume that all 1+ > 7(t) 1+ > 7(t)
“atoms” have the same magsandp; is the momentum of
“atom” i. In our simulation, we have specifically considerkd

=50,000 particles with a fluid number densjiy=0.85"3 in
a box with an aspect ratib,/L,,=0.4. The time step was
chosen to best=0.005r and the friction characteristic time
All particles are placed in a three-dimensional box of r,=0.03r, where the time scale is= Jma?/e. All simula-
size L)z(yx L,. An interface between the A-rich and B-rich tions were performed at a temperatdsgl = €. Our choice
phases, parallel to they-plane is forced into the system by of a relatively low temperature is required in order to have a
using anti-periodic boundary conditions in tzelirection:  well defined interface which is traceable, while at the same
When a particle crosses the boundary alongztleection, it time this temperature is well above the solid-gas transition
switches to the other species, and an A-particle near for exemperature. Many surfactant interface coveradefined by
ample the upper boundary interacts with the B-particlexs= NS/Lf(y) and two surfactant chain lengths, corresponding
across the lower boundary as if they belong to the samé& I;=4 and 8, were considered in this study.
species, but interacts with the A-particles across the same
boundary as if they were B-particles. Along the and . .
y-directions, usual periodic boundary conditions were used(.:' Tracing the interface
Our choice for these boundary conditions is different from  Due to the A—B symmetry in our model, the interface
the commonly used periodic boundary conditions in all di-does not prefer to bend towards the A- or the B-fluid. There-
rections. The latter conditions will force the existence of atfore, the spontaneous curvatuggvanishes in our case. If we
least two interfaces in the system. Since we are limited irsuppose that the interfacial fluctuations are gentle, then the
general by a relatively small number of particles in the sysHamiltonian in Eq.(1) can be rewritten in terms of a single-
tem, the average distance between the two interfaces will bealued functionh(x), wherex=(x,y), describing the dis-
small, leading to interface—interface interactions that arg¢ance of the interface from its mean position,
likely to invalidate the results. We should emphasize, how-
ever, that our choice of these boundary conditions cannot be H({h}):f dx
used for studying the vapor—liquid interfacial properties of

one-component systems, for example. The structure of the interface can be inferred from the struc-

In our molecular dynamics simulations, the temperaturqure factor, defined as the Fourier transform of the height—
is controlled by a NoseHoover thermostdf,*®in which  height correlation function,

the particles move according to the following Hamilton

B. Molecular dynamics method

(10

g K
E(vxh)2+§(v§h)2+.-- :

equations: 1 - L g 2
“ S(q)=p<lhq|2>=<U dxe™'h(x) > (12)
pi(t)
—r.(t)= —_—, _
dt () m whereq=(qy,qy) is the lateral wave-vector, ard, is the
d (7) Fourier component dfi(x,y). In Eq.(10), the term involving
api(t):fi(t)_ n(Hpi(1), the Gaussian bending rigidity has been omitted since it is a

topological constant, and therefore its contribution cannot be
wheref;(t)=V,H, is the force acting on particiedue to all  inferred from the analysis of the fluctuations of the interface.
other particles within the range of interaction, Ed), and  If the higher order powerb are neglected in Eq10), and
n(t) is the thermostat time-dependent friction parametethe equipartition theorem is invoked, one finds that the inter-
which varies with the total excess kinetic energy accordingacial height—height structure factor is given by

to 2ksT
d 2

N p S(a)= 2 4 6y "
E"(t):<i21 %—ngT) / (gkeT72), (8) oq+kq*+0(q°)

! We trace the interface through the following algorithm:
whereg=3(N—1) is the total number of degrees of free- “Ghost” particles, or plaquettes, are introduced in the sys-
dom in the system, and, is a characteristic thermostat re- tem at the interface and are allowed to move at every time
laxation time. The effect of; is such that the molecules gain step. A ghost particle while feeling the neighboring A- and
or lose speed if the average kinetic energy per degree d@-particles in the system, does not affect their dynamics, and

(12

freedom is lower or higher thakgT/2, respectively. consequently does not affect the physics of the system. The
The Hamilton equationg?7) are integrated using the system is divided into 6464 square grids along the
leap-frog algorithm, xy-plane, and each grid point is occupied by a plaquette.
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This ensures that the interface position along #¥eis re- The density profiles along theaxis for a variety of
mains a single-valued function. Each plaquette is allowed twarious surfactant coverages are shown in Figs. 3 and 4 for
move only along the-axis according to the following rules. surfactant lengths=4 andls=8, respectively. In all cases,
(1) In the beginning of the simulation, a flat interface, atthese profiles clearly show that the A- and B-patrticles are
hy, separates the A-rich at the lower part of the system fronvery well segregated, and that almost all surfactants are ad-
the B-rich phase, at the upper part of the system. Allsorbed at the interfaces. These figures also show that the total
plaquettes are at height. fluid density is slightly lower than the average density in the
(2) For each plaquette, at a point,y), we assign two interfacial region, as a result of the repulsive interactions
values,z; andz, to the actual position of the plaquette, i.e., between the A- and B-particles. However, as the amount of
z,=hg andz,=h,. surfactants is increased, the amount of depletion is de-
(3) We search for all particles belonging to the A-speciescreased, signaling the compatibilization effect of the surfac-
which are above the plaquette, and hawey] positions tants. For systems containing longer surfactdhtg. 4), we
within the area of the plaquette; is then assigned the notice small damped oscillations in the fluid density around
z-coordinate of the A-particle which is closest above thethe interface. These oscillations were not observed in the
plaquette position. Likewise, we then search for all B-specieprevious simulations done on ternary mixtures of two immis-
particles which are below the plaquette, and have positionsible homopolymers and diblock copolymét<’ Figures 3
(x,y) within the area of the plaquette; is then assigned the and 4 also show that the A-monomé&Bsmonomers of sur-
z-coordinate of the B-particle closest below the plaquette. factants are mainly located in the A-ri¢B-rich) region of
(4) At time stept + 6t/2, we assign a new position of the the system. However a small mixed region is observed at the
plaquetten(x,y) =(z;+z,)/2. interface. The main source for this mixed region is not a
We found that this algorithm gives a very accurate posidocal mixing of the A- and B-monomers of the surfactants,
tion of the interface for relatively low temperatures at which but rather due to the fluctuations of the interface and the fact
the A- and B-particles are very well segregated. that density profiles are being averaged overxgieplanes.
Figures 3 and 4 show that as the surfactant interface cover-
age is increased; the amount of surfactant buildup at the in-
lil. RESULTS AND DISCUSSION terfaces is also increased. However, in the case of the shorter
A. Real space configurations and concentration surfactants with high interface coveradesy., Fig. 3d)], we
profiles found that the density of surfactants in the interfacial area is
reduced while the region where the surfactants are found is
widened: This is not due to a local decrease of the surfactant
density, but rather to the fact that densities have been aver-
aged over thy-planes.

In Figs. 1 and 2, typical cuts of our systems along direc
tions normal to thexy-plane are shown for systems with
surfactant lengths;=4 and 8, respectively, and for various
interface coverages. In the caselgf 4, it is clear that the
interfacial roughness is increased as the surfactant interface
coverage is increased. In particular, for the case of high in-B Structure factor and elastic constants
terface coverages, as in the case of systefgs4, Ng ’
=1400) or (=8, Ng=1250), the interface looks like an In Fig. 5, the interfacial structure factor versus the
elastic sheet with fluctuations which are suppressed at intewavevectorg is shown, on a logarithmic scale, for the binary
mediate wavelengths, an indication that as the surfactant irsystem, and for a ternary system containkg=1000 sur-
terface coverage is increased, the interfacial fluctuations bdactants of lengtts=8. In the binary case, this figure clearly
comes more dominated by the bending rigidity. We shouldshows that for small wavevector§(q)=q~ 2, as expected
point out that for the system (=8, Ny=1250), we found from capillary-wave theory. This behavior indicates that the
that the width of the interface eventually becomes compatong-wavelength fluctuations of the interface are controlled
rable to the system size in tlzedirection, indicating that the by the interfacial tension. For the system with=1000 and
interface might be unstable for this set of parameters. Indeedi,=8, the deviation of I6(g) from theq ™2 behavior is clear,
as we will see later in our discussion of the interfacial ten-indicating that for high surfactant interface coverages, the
sion, the interfacial tension for systems witf+ 8 vanishes intermediate wavelengths interfacial fluctuations become
at aboutN,=1100(see Fig. 7. also influenced by the bending rigidity.

The structure of the interface can be inferred in more  The elastic constants of the interface can be extracted
detall through the number density profiles along #rexis,  from examining the structure factor at small wavevectors.

defined as The interfacial tensiong is obtained from the intercept of
1/9°S(q), vs g2, with they-axis. The mean bending rigidity
b.(2)= i<j dx & (x,z)>, (13) corresponds to the slope oftf5(q), as illustrated in Fig. 6.

“ L? ¢ Before presenting our results for the elastic coefficients, it is

worthwhile to discuss the structure factor as plotted in Fig. 6.

for the A- and B-particles, and This figure clearly shows the deviation of the structure factor

1 from Eq.(11). Itis interesting to note that an almost identical
Po(2)= —2<j dx ¢Z(X,Z)>1 (14)  form of the structure factor was also observed in the calcu-
L lations of Laradji and DesHi on ternary mixtures of two
for the a-part of the surfactants. homopolymers and diblock copolymers.
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FIG. 1. (Colon Typical cuts of the three-dimensional configurations along FIG. 2. (Color) The same as Fig. 1, but for surfactants with length 8.
the xz-plane for the case of surfactants with lengijk 4. Interface cover-  Interface coverages shown correspondd@d Ns=0, (b) Ns=500, (c) N
ages shown correspond fa) N,=0, (b) Ng=400, (c) Ng=1000, (d) N =750, (d) Ng=1000, and(e) Ng=1250.

=1250, and(e) Ng=1400.

The deviation of the structure factor in the simulation

from that derived from the capillary Hamiltonian, i.e., Eq. ) K+ i
(112) (up to the quartic term is demonstrated by the discrep- W2=kB_T n Ymax ‘in G (16)
ancy between the width of the interface as calculated directly ¢ Azo 2 o ’
from our simulation, K+ ——
Ui
=((h()=(h())?), 19 where qpin= /Ly, and gna=27/a anda is the size of a
plaguette, and using the valuesmofand k obtained from the
and that as calculated from E@{.1), simulation (see below In Fig. 7, the width calculated di-
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FIG. 3. Number density profileén unit of 5~%) along thez-axis for the
ternary systems containing surfactants of lerigth4 with interface cover-
ages(a) Ng=0, (b) Ns=500, (c) Ng=1000, andd) Ng=1400. The dashed
lines correspond to the overall fluid number density.

rectly from the simulationyg, is plotted together withw,,
for the systems witths=4. Clearly the capillary Hamiltonian
underestimate the interfacial width.

The interfacial tension and bending rigidity for the two
surfactant lengthd =4 andls=8, are shown in Figs.(8)
and 8b), respectively, for many surfactant interface cover-

M. Laradji and O. G. Mouritsen

0 4 8 12 16 20

FIG. 4. The same as Fig. 3, but for the surfactants of lehgt8. Figures
shown correspond tta) Ng=0, (b) Ng=500, and(c) Ns=1000.

surfactant interface coverage, but then it increases as the in-
terface coverage is further increased. Moreover, the increase
of the bending rigidity modulus with the surfactant interface
coverage becomes steeper as the surfactants are made longer.
Our results for the behavior of the bending rigidity in terms
of the surfactant interfacial coverage are consistent with the
recent calculations of Laradji and De¥for diblock copoly-
mers at homopolymer—homopolymer interfaces. This non—
monotonic behavior of the bending rigidity can be related to
the nature of the phase transition from the two-phase region
to the disordered or lamellar phase. Indeed, for sheeak

ages. For both surfactant lengths, the interfacial tension desurfactants, the transition from the two-phase redimorre-
creases monotonically with increasing the surfactant intersponding to the water-rich phase in coexistence with the oil-
face coverage and/or the surfactant chain length. Theich phasgto the disordered phase, as surfactant concentra-
decrease in the interfacial tension becomes stronger as the

surfactant chains become longer. The reduction in the inter-

facial tension is due to the crowding of the surfactants at the 6 .

interface which induce a negative surface pressure. For the 4 ..

surfactants with lengthy=4, we find from extrapolation that P ..

the interfacial tension vanishes at roughly=1450. Indeed, s o

when we performed a simulation fodg=1500, we found Teg,

that the interfacial width reached values around the system = %%%%
size in thez-direction, implying that the interface becomes 4

unstable at this surfactant interface coverage.
Figure 8b) shows that for both chain lengths, the bend-

ing modulus changes nonmonotonically with the surfactant,

Ing

. 5. In¥q) vs Inq for the case without surfactant®{ and for the case

interface coverage. !ndeed, for small SurfaCtE}nt .interfa(?%f surfactants Q) of lengthl ;=8 andN,=1000. The slope of the straight
coverages, the bending modulus decreases with increasifige is — 2.
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FIG. 6. 142S(q) vs g2 for the system with four monomers long surfactants
and Ng=750 (@), and for the eight monomers long surfactants &hd ’ }
=750 (O). "4 E
22 ! st
- . . . . . B % .%\i%"‘\%-,_%”«——ﬁ”_
tion is increased, is continuous. In this case, the excess 0 ‘ ‘
interfacial energy must vanish at the transition, implying that 0 400 800 1200 1600
both the interfacial tension and bending rigidity must vanish Ns

a.s We.” at the transition. Thus, .the. bend".]g rigidity coeffi- FIG. 8. The interfacial tensiofe) and the bending rigidity modulu®) vs
cient is expected to decrease with increasing surfactant COlse number of surfactants for surfactants of length4 (O) and|.=8

centration for short surfactants. As surfactant chains aree). The solid and dotted lines are simply guides for the eye.
made longer, the trenary mixture undergoes a discontinuous

phase transition toward a microemulsion or a lamellar phase . )
as surfactant concentration is increased. The internal intefV0 cOmpeting effects: The preference of surfactants to align
faces between the oil-rich regions and water-rich regions ifp@rallel to each other tend to increase the bending rigidity
the microemulsion or lamellar phases are characterized by 50 its value for a bare surface; however, a local fluctuation
significant value for the bending rigidity coefficient. There- In the orientation of surfactants lead to a decrease of the
fore, the bending rigidity is expected to increase with in_bendmg rigidity coefficient. Moreover, the_Iater e_ffect is
creasing surfactant concentration for lofgfrong surfac- more |mp_ortant for low surfactan.t concentrations. It is worth-
tants. For moderately long surfactants, a decrease followefhile noting that in our calculations, we found that the de-
by an increase of the bending rigidity coefficient is thereforeC€@se in the bending rigidity is due to fluctuations in the
conceivable. In order to explain more quantitatively this non-orientation field of surfactants, i.e., in the cpnformatlon of
monotonic behavior of the bending rigidity coefficient, we surfactants, bL_Jt _not due to local concentration fluctuations.
developed and investigated, in Appendix A, a Ginzburg—'ndeed* very similar _results were r_ecently found by Matgen
Landau model for an interface containing surfactants. Thdhrough a self-consistent mean field theory of diblock co-
model is based on three local fields corresponding to th@0lymers at homopolymer—homopolymer interfaces, a
interfacial height, a surfactant concentration field and a surthe€ory which accounts for conformation fluctuations of poly-
factant orientation field. We believe that this model capturedn€rs, but not for composition fluctuations. _

the most important properties of the system. In particular, the ~ Finally, let us attempt to investigate the scaling of the
model accounts for the fact that a local splay in the surfactarftérfacial tension and mean bending modulus with the sur-
monolayer induces a local spontaneous curvature which i@ctant interface coverage. In the wet brush regime, i.e., in
proportional to the magnitude of the gradient in the orienta{N€ case when the polymegrs penetrate the homopolymer re-
tion field. We found that a Gaussian treatment of the mode@ions. scaling _argumeﬁfsz predict that the excess in the
leads to a decrease of the interfacial tension. On the othdpterfacial tension behaves as

hand, the renormalization of the bending modulus is due to oo— oxc?, (17)

The bending modulus scales as

20 K— Ko CZB. (18
15 ¢ On the other hand, when the surfactants do not penetrate the
ol L A and B regions, i.e., in the case of a dry brush, scaling
wo L.t argument¥-*® predict that
05§ s .+t 7 go—oxc?, (19
0.0, 500 000 1500 and that the bending rigidity scales as
Ns K— Ko*Cy. (20

FIG. 7. The interfacial width as a function of surfactant amount for the short, . . . . . . .
surfactants|=4. The data with symbol@®) corresponds to the width ob- In Fig. 9, the excess in the interfacial tension is shown in a

tained directly from the simulation using E(L5), and the data with the double—logarithmic_plot as a function of. The agreement
symbol,®, correspond to the width as obtained from Etg). between our numerical results and E%4j7) for both the short
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Ines APPENDIX: A FIELD-THEORETICAL MODEL FOR AN

INTERFACE CONTAINING SURFACTANTS
FIG. 9. In(cy—0) vs Incs for ;=4 (@) andlg=8 (O). The slope of the

dotted line is 5/3. In this appendix, we will propose and study a simple
interfacial model with surfactants. The free energy functional

and long surfactants is indeed very good. For the bendin f the model which is derived from Ginzburg—Landau mod-

modulus, an analysis of the data g8 on a double loga- 'S fOF ternary mixtures of water—oil-surfactaht’is given
rithmic scale was not possible due to the lack of points Withby

« larger than that for a bare interface. However, a direct fit of (A
the data actually leads to an exponent which is consistent f({h},{fﬁ}:{s}):f dx
with that for wet brushes.

K ~
oL+ (Vh)2+ 5 (V)2

a c 9(¢)
+ 5 d?+ o (V)2 —pnsp+ ——|9?

IV. CONCLUSIONS 2 ¢ 2( ¢~ nsd 2 S

In summary, we have in this paper presented an ap- - k() ,
proach for deriving the leading elastic coefficients of a sur- —f(¢)n-S+ o (V-9
factant monolayer from molecular dynamics simulations
through the analysis of the interfacial capillary fluctuations. RIS p——
We considered a ternary mixture of two simple fluids, A and 2 (v m(V-3)|, (AL)

B, and flexibl rfactant h corr nding t trand of . . . .
» and flexible surfactants, each corresponding to a strand Svhere A is the projected area of the interfagg.is the sur-
A-monomers attached to an equally long strand of . . o )
! . factant interfacial concentration fiel&;is a vector field rep-

B-monomers. A wide range of surfactant interface coverages . . . .
. . resenting the local surfactant orientation at the interface.

and two surfactant chain lengths were considered. The analy-

sis of the structure factor of the capillary modes showed thaj nd the surfactant c.hem|cal potentjal are positive con-
. i AL . ... stants, and the functions @, f, g, k and|l assume positive
higher order terms in the effective interfacial Hamiltonian

are always important. Our main results can be summarized ¥&/U€s. The two-dimensional gradiens=d,x+ dyy, andn

follows: The interfacial tension decreases with increasing iniS & unit vector normal to the interface and is given by

terface coverage of surfactants and/or the surfactant chain

R 1 - aa
length. On the other hand, the effect of surfactants on the n=—- ————=(dhx+dhy—-2). (A2)
bending modulusk, is nonmonotonic. Namelys decreases V1+(Vh)

with increasing surfactant interface coveragg, for small  The term ¥ ¢)? indicates that surfactants tend to homog-
values ofcs, but thenx increases with further increase of enously distribute throughout the interface. The term
Cs. The increase ok with ¢ becomes steeper as the surfac-_ (4)n. s mimics the fact that surfactants prefer to orient
tant chain length is increased. themselves normal to the interface. The tdrgf¢)/2]|S?

We also found that the minimum af occurs at smaller  yaans the orientation field from diverging and is therefore
values ofcs as the surfactant chain length is increased. Thesggqential. Finally the last term is simply the usual bending
result§ which confirm very nicely previous calculatlons.ofterm («/2)(V2h)2, but in the presence of surfactants it states
Laradji and Desal based on a self-consistent Gaussianyat the interface prefers to curve with a local spontaneous

theory of anisotropic fluctuations for diblock copolymers atc nature arising from the local arrangement of surfactants.
homopolymer—homopolymer interfaces, are also verified b N2 = .
a Ginzburg—Landau model for a fluid—fluid interface con-ﬁhke(;)u(rg .Osf)ZthCZr:htgzeret\?vrrriE?rgVasn) AV -n)(V-9

taining surfactants. The other important elastic coefficient,
corresponding to the saddle splay modulus, could not be in- & ~ () 2 [k(g) ()2
ferred from our calculations due to the fact the interfaces in E( n- ?V‘S) (T_ 8k
our simulations are planar and that the contribution of the =~ )
saddle-splay term to the interfacial Hamiltonian is a topo-Vhich implies that depending on the local arrangement of
logical constant. surfactants, they induce a local spontaneous curvatgre,
1(¢4)(V-9)/2k, whose value decreases as the bare bending
rigidity of the interface increases. From E@3), we find
that in order to prevent the model from exhibiting unphysical
The authors would like to thank Professor Sgren Tox-short-wavelength instabilities the coefficient & (S)? must
vaerd and Dr. Paz Padilla for useful discussions, and Dremain positive. This leads to the condition

)(V-S)Z. (A3)
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I(p)<2VKk(). (A4)  We now expand, ¢ andS around their mean-field values:
The mean-field solution of the model is obtained from H(X)= O+ o(X),
minimizing the free-energy functional with respect to the (A8)
three fields, leading to S(X)=S(°)+s(x)=S(°)+sx(x)§<+sy(x)§/+sz(x)i.
h(®)(x) = const, (AS5)

(If () is zero, therh itself is a fluctuation The free-energy
() . functional of the system can therefore be expanded in terms
°)=m2, (A6)  of the fluctuating fields and can be written as

and ¢(©) being solution of F=FO 4 g4 7@ 4 ... (A9)

g'(¢) whereF(© is the mean-field free energ#.(*) vanishes since
2 _ 2 =
ag($)¢—1(H)1(#)a(¢)+ 2 F(h)=p0(4). the mean-field solution minimizes the free energy functional,
(A7)  Eq.(Al), and the quadratic terg¥(®) is given by

a fH n C
FOh {e} {sh) = J dX| 2 (Vh)2+ 2(V2h)2+ | 5 - L@+ 20502 o242 (v )21 (gps® - 1) g5, + 22
2 2 2 2 4 2 2
Ko 2 2 lo 2 2
+ E((&XSX) +(dySy)“+2 958, dySy)) + fo(sc dh+ sy, dyh) + E(V has,+V<has,)|, (A10)
|

wherefo=f(¢(?), andf; andfg are first and second deriva- lofy  kof2

tives off at () (similar notations are used fgr k andl). In o= k- 24 —20.

the free energy above, Gaussian fluctuations in the surfactant Y0 9o

concentrations are decoupled from the interfacial fluctuahsmcef0 and g, are positive, the surfactants lead to an in-

tions. ThereforeZ renorm_al_ization of the inte_rfacial tens_ion’crease of the interfacial tension, as expected. On the other
o, and the bending coefficient, at the Gaussian level, will  pahq e will see that surfactants can lead to either an in-

result from coupling between fluctuations in the and  rease or a decrease of the bending rigidity, depending on the
y-components of the orientational field on one hand and th¢ e of #©. It is worthwhile making the remark that the

capillary field, h, on the other hand. Consequently, only g,cture factor, in Eq(A10), is always positive as long as

term;_ depending 08y, s, andh are rele\(ant for us. After the interfacial tensior>0 and that the stability condition,
rewriting the relevant part of the quadratic free energy func,

) : . Eqg. (A4), is built-in to the model.
tional in terms of the Fourier components lof, s, , and i he behavior & ; ) ¢
s,q. and after Gaussian integration of the orientational We now discuss the behavior af—« as a function o

Y . : . : =30 i i -
fields, we find the following effective free-energy functional y=¢"" and su_rfactant chain lengt. First, as the surfac
in terms ofhy: tant concentration approaches zero, the additional part to the

Hamiltonian, due to surfactants, should approach zero as

@) B . well. The effect of surfactant should also diminish as the
]:efr({h})—J dgS *(q)hgh g, (A1l)  syrfactant chain length decreases. The functfpgsk; and|
should therefore approach zero. Let us assume that this ap-
where the inverse of the structor factor is given by proach is algebraic. For smali®), we can then write
2 !
1 fot Igoqz) q? Ko~ ¢l , wherea,a’>0. (A15)
S Haq)= kT o0’ + kq*— ——— |, (Al2)  Moreover, the orientation order paramets}?) should also
B dotkoq approach zero a$(®) decreases. Obviouslg.”) should also

decrease with decreasing surfactant lendth, From Eq.

which can be expanded for small wavevectors as ;
(A6), we can therefore write

1
1 ~ 2.4 6 f )
S Q)= g loa T rka™+ O(a?)], (AL3) g—°~¢ﬁ|§ . whereg, 8’ >0. (A16)
0
where the renormalized interfacial tension and bending rigid]n order to satisfy the stability condition, E6A4), we can

ity are given by also write

~ f(z) , a o’
o=0——, (A14) lo~yMY, y>=; v/ >—.

5 5 (A17)
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