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We have used dissipative particle dynamics to simulate amphiphilic monolayers on the interface
between oil and water. An ultralow interfacial tension is imposed by means of Monte Carlo to
resemble the amphiphilic films that separate oil and water regions in microemulsions. We calculate
the bending modulus by analyzing the undulation spectrum. By varying the surfactant chain length
and topology we investigate the effect of surfactant structure and composition of the monolayer on
the bending moduli. We find that increasing the thickness has a larger effect than increasing the
density of the layer. This follows from the observations that at a given interfacial tension, the
bending modulus increases with chain length and is larger for linear than branched surfactants. The
increase with chain length is approximately linear, which is slower than the theoretical predictions
at a fixed area. We also investigated a binary mixture of short and long surfactants compared to pure
layers of the same average chain length. We find a roughly linear decrease in bending modulus with
mole fraction of short surfactants. Furthermore, the mixed film has a lower bending modulus than
the corresponding pure film for all mole fractions. Linking the bending moduli to the structure of the
surfactants is an important step in predicting the stability of microemulsion20@ American
Institute of Physics.[DOI: 10.1063/1.1645509

I. INTRODUCTION The energy of an interface is, to a first approximation,
characterized by its interfacial tension, which is a measure of

The mt_eractpn between_two interfaces of amph'ph'"cthe energy cost of increasing the interfacial area by one unit.
molecules is of importance in many systems: Membrane—+

membrane interaction in biological svstems is one exarhple For interfaces between oil and water, or air and water, the
ne in ion In biolog yst ' Xampl€yansion will normally be high and the two phases will be well
another is microemulsiorfs Microemulsions are surfactant-

. : - . . separated. Furthermore, the interfaces are essentially flat on
rich emulsions where hydrophilic and hydrophobic regions : . ) .
. . d the scale involving hundreds of molecules. The interfacial

are so well mixed that the interfaces dominate. They can tak . . )
L ension can however be substantially lowered by adding a

on many structures such as water droplets in oil, oil droplets . )
surfactant. The surfactant molecules will adsorb on the inter-

in water, spongelike, bicontinuous structures, and lamella] ) ) . .
pong ce with their hydrophilic part in the water phase and the

phases. To better understand the behavior of such systems Jrophobi +in the oil oh When th factant
would like to relate the mesoscopic properties of the inter- ydrophobic part in the oll phase. en the surfactant cov-

face to the structure of the surface active molecules whiclf‘?rage is high, the energy cost of increasing the area of an

constitute the interface. The relation goes via a description df'érface can become very low. Under these circumstances

the interfacial properties: the interfacial tension and the elasth® Pending modulus becomes importantharacterizes the

tic constants. These properties describe the energy of an if€Sistance of the interface towards bending. A low bending
terface with a given area and principal curvaturesndc, ,* modulus means large thermal undulations. Such fluctuations
give rise to entropic repulsive forces between two interfaces
K . close to each other such as two bilayers in lamellar phases or
Ezf dA| y+ E(Cl+02_2C0)2+ KC1Cp |. @ wo monolayers separating the oil and water regions in a

microemulsiorf. Microemulsions are characterized by low

Here, yis the interfacial tensionk is the bending modulug  interfacial tension. Their phaséil-in-water, water-in-oil,

is the saddle-splayGaussiajh modulus, and, is the spon- lamellar, or bicontinuoysis therefore largely dictated by the
taneous curvature. Previously we investigated the deperspontaneous curvature and bending moddlus.

dence of the interfacial tensiop on surfactant structure. Experimentally, k can be determined using high-
Here we examine how this structure influences the bendingesolution scattering techniquéhe spectrum of undulation
modulusk. modes is measured and fitted to the spectrum predicted by

the Hamiltonian model Eq1). It is now possible to compute
dAuthor to whom correspondence should be addressed. Electronic maif< ”_1 mOIecglar dynamics S'mUIat'gnS n muc_h the S_a_me _Way-
live.rekvig@phys.chem.ntnu.no This was first done by Goetzt al” who studied a lipid bi-
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layer. They found two regimes: The spectral intensity of ht O_.
wave lengths on the molecular scalprotrusion modes
scaled agj?, whereq=2=/\ and\ is the undulation wave- ht, @ X X &

length. The intensity of the longest wave lengths scaled as

g*, and from the intensity of these modeswas extracted. h2t5 O‘Q“‘““
Whereas Goetet al. used an iterative procedure to find
the area corresponding to a tensionless membrane, Lindahl hzt(tz)z Q—Q—‘i::

and Edholm® employed a pressure scaling scheme to simu-
Igte a tensionless bllayer'_ThIS study S_hOWE(_JI an anticorrel “IG. 1. Some of the model surfactants investigated in this study and the
tion between area fluctuations and the intensity of undulatoryomenciature used. The white particles are hydrophilic béadand the
modes. It therefore seems natural to use a simulation schengey particles hydrophobic tailg).

that includes the natural area fluctuations when sampling the
undulation spectrum. Several computational studies of bi-
layer rigidity have followed?~*® Laradji and Mouritself
studied a monolayer on the oil/water interface with molecu-
lar dynamics. Using symmetric surfactants and specialvhere the forces are of the form
boundary conditions, they investigated the effect of surfac-

Fiy=F () +FR(rip) +Fo(rip), )

C—a. . wC(r:)f:
tant density ony and . They found thatx decreases with Fi = ayw=(rij)fij ©)
increasing surfactant density for low densities but increases Fﬁ:UWR(rij)gijf” , (4)
with further increase of the surfactant density. 5 A .
A few theoretical studies based on the mean-field ap-  Fiy = — 7w (rij)(fij- vi))fyj . 5)

proach have addressed the effect of structure and compo
tion on the elastic constants in det&it!® The results differ

qualitatively with respeqt to the dependencexobn chain __random number between 0 andal;,, o and  determine the
length and on mole fractions of cosurfactants. The theoretlcaémp"tude of the conservative, random and dissipative forces,

approaches differ in a few respects; one of the differenceg,gpactively, while thev's are weight functions. To obey the
being fixed area versus fixed interfacial tension. In this papeﬂuctuation-dissipation theorem, we must havB=(wR)2

we describe large scale particle simulations that further ing 4 the system temperature will follow from the relation

vestigate these issues. betweeno and 7: 0%/ 7=2kT.?> We use the same integra-

Pre_wol%sm simulation  studies ~ used  molecularjoy aigorithm, weight functions, and parameters as Groot
dynamic€1%**with a united atoms mod® or a Lennard- and Warrer?3

Jones based modet* In this simulation study we use a
more coarse-grained approach: A simple model of head, tail, WC(r)=wR(r)=ywP(r)=w(r), (6)
water, and oil beads captures the essential properties of tgfqre

nary systems such as phase separation and adsorption.

?lrere,vij is the velocity difference for the two particles; is
the unit vector pointing from particle to particlej. 6 is a

Changes in surfactant structure such as chain length and 1_L for r<r
branching can easily be realized. We calculate bending y(r)= re ¢ (7)
moduli for a variety of surfactant structures and binary mix- 0 for r=r

=r..

tures of surfactants. The aim is a molecular understanding of

the bending modulus. This is important because it is agreed Throughout this paper we use reduced unitsis the

that the bending modulus is a key parameter in understandtnit of length,kT (the temperature of the thermogtat the

ing structure and phase behavior of microemubﬁgns_ unit of energy, and the mass unit is the mass of a DPD bead.
We have chosen a coarse-grained method, dissipatii® these unitsg=3.0 andn=4.5.

particle dynamicsSDPD) to govern the particle dynamics.

The advantage of DPD over molecular dynamics is that the

accessible time and length scales are increased by approX- Model

mately an order of magnitude. We use a Monte Carlo tech-

. ) . ; ; We use a coarse-grained approach where one DPD-
nigue to vary the box shape during the simulations accordin

o i . ; . %article represents a group of atoms, or a liquid volume.
to a specified constant interfacial tensforin this manner Water beads, oil beads, head groups, and tail groups are de-
we can compare the bending moduli for monolayers at th?‘loted by w (; h, and t ,respectively. 'I,'he tail beads are iden-
same interfacigl tensilon, resembling saturated, IOV\"tenSio'ffcal to the ,oillbe’ads. éome of the model surfactants investi-
layers such as in a microemulsion. gated are shown in Fig. 1. A surfactant molecule consists of
head groups and tail groups connected by harmonic springs:

FioM= —ky(rij—ro)fy; ®

We chooseks=100 andr,=0.7. Water and oil are repre-

sented by a single bead for simplicity. One tail bead typically
In DPD, conservative, random, and dissipative forces actepresents a few CHgroups®*~2®The repulsion parameters

between two particles andj which are a distancg; apart, used are shown in Table I. These are taken from Groot,

Il. MODEL AND SIMULATION DETAILS

A. Dissipative particle dynamics
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TABLE I. Repulsion parametera;; . w=water bead, & oil or tail group, D. Constant Ny T conditions
and h=head group.

We perform most simulations in a constaNtyT en-

w 0 h semble. The monolayers in microemulsions usually have ul-
w o5 80 15 tralow interfacial tensions, but the area per surfactant mol-
o 80 25 80 ecule may vary depending on the surfactant. A constast
h 15 80 35 thus a better reference state than constant area per molecule

when comparing with experiments. Also, it is hard to impose
a given area per molecule because not all surfactant mol-
ecules are necessarily at the interface; some may form mi-

except that we used,,= 25 instead of 15. This change has C€lles or dissolve in water.

been made to obtain similar bulk densities in the oil and in By simulating a constantxl?/T er_lsemble we allow _for
the water phasésee also Ref.)5 the natural local area fluctuations in real systems. Lindahl

and Edholm found that area fluctuations and undulations are

weakly anticorrelated® This indicates that area fluctuations

may influence the undulation intensity. We will therefore
C. Simulation details compare the constant area and constant interfacial tension

The systems contained typically 32 000 beads. The numschemes in Sec. Il G.
ber of surfactant molecules used varied from 600 for the  Constant interfacial tension is achieved in the simula-
largest and up to 1400 for the smallest, of which not all are afions by combining DPD with a Monte Carlo scheffiethe
the interface. This gave equilibrium areas of typically POx volume is kept constant while the shape of the box is
22x22. Periodic boundary conditions were applied in all@llowed to fluctuate according to the specifigd'
three directions. All simulations were performed at a bead For surfactants on an oil/water interface, the interfacial
density of 3.0 and with a time step of 0.03. tension depends on the amount and the type of surfactant. We

After an equilibrium area was reached, each system waind thaty=0 can be obtained with surfactants as small as
simulated for at least 8000 Monte Carlo steps. Each Mont&l- Starting the simulation with a large area, the area will
Carlo step consists of either a series of DPD si@asween decrease until the surfactant density at the interface corre-
1 and 200 with equal probabilityr an attempt to change the sponds to that of zero interfacial tension. The tensionless
box shape. interface will coexist with surfactant molecules dissolved in

Figure 2 shows a snapshot of two monolayers with 2ulk or micelles. For ht and htsurfactantsy=0 could not
total of 618 hts surfactant molecules. The 16 000 oil beadsP€ obtained. When imposing a too low interfacial tension in
and 16 000 water beads are not shown for clarity. Due to théh@ simulations, an equilibrium box area cannot be estab-
high repulsion between hydrophilic and hydrophobic pbeaddished. The area continues to decrease while the surfactant
(Table ) all the surfactant molecules are at the interfaces. [fnolecules migrate into the water phase and eventually form
the interfacial tension is very low, the film is not strictly flat various aggregates.
and undulatory waves can be observed.

E. Undulatory fluctuations

To compute the bending moduli we analyze the fluctua-
tions of the interface. The first step is to characterize the
interface. For a sufficiently large number of surfactant mol-
ecules the interface can be described by continuum tHeory.
Let h(x,y) be the local displacement from the average posi-
tion of the interfaceh(x,y)=z(x,y) —z,, wherez is the
direction normal to the interface argg is the average posi-
tion of the interface. We will now rewrite Eql) in terms of
h(x,y) ash(x,y) can be monitored easily in the simulations.
For small curvatures, c;+c,=V?h and dA
=dxdyy1+(Vh)Z. For now we assumey,=0 in Eq. (1).

The surface integral over,c, is constant when the topology
does not change, specifically, it is zero for a fitnThis
implies thatx does not affect the energy fluctuations in a
monolayer and henceforth not the calculations of the bending
moduli. It also means that this elastic constant can not be
determined by studying a given topology as in this study.
The leading terms in curvature becothe

et b e ek ke g Tt v s s RGO = (M)~ E()/A ©
drawn larger compared to the tail beads to visualize the high head—head

repl_JIsion: Watefin the midd_lé and oil (on the side)shave'been omitted for =Z(Vh(x,y))2+ E(Vzh(x,y))z. (10)
clarity. [Picture prepared with VMORef. 27.] (Color online only) 2 2
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While the last term is the energy cost related directly to the
bending of the monolayer, the first term on the right de-
scribes the energy cost due to an increase in area upon bend-
ing. Fourier transformation of Eq10) gives

s Y K =

&(h(a))= 50%h(0)*+ 5a*h(a)?. (11)
According to the equipartition principle,

«(F; B 1 kgT 12

(&h(@))=2 - (12)
such that

~ kgT
(R(@I%= "3 (va?+ xg*) . (13

For short wavelengths the continuum picture is not valid.
Molecular protrusions characterize the interface and these
will be described by a protrusion tensiensimilar in nature
to the interfacial tensiof

L
-
e .

~ kgT FIG. 3. Snapshots from a system with 50% bnhd 50% ht surfactant at
<| h(q)|2>= _(a-qZ)*l_ (14 interfacial tensiony=0.1y,. Only the head groups and the first tail bead
A (the one connected to the heade shown. The head beads have been drawn

. . larger compared to the tail beads to visualize the high head—head repulsion.
Because we have applied a coarse-grained surfactant mod ater(in the middle and oil (on the sidesas well as the four last tail beads

we will not investigate the interface at this level of detail. of hty have been omitted for claritya) and (b) represent the same configu-
Equation (13) predicts the spectral intensities of each ration. In(a) beads are colored according to type; heads in yellow, ht

; : tails in gray, ht heads in green, and ht tails in red(dnthe head groups are
undulation mode as a function of wave vectprFrom the colored yellow if they are assigned to the interface and red otherjiée.

simulation we can obtairf|h(qg)|?) by monitoring h(x,y) ture prepared with VMDRef. 27.] (Color online only)
and by fitting the results to E@13), the elastic constants can
be estimated.

where superscript denotes the head bead closest to the tail
andt the tail bead closest to the head. The four first criteria
F. Spectral analysis ensure that both the two head groups and the two tail groups

To perform spectral analysis we need to monitor the |o.2reé close. The last criterion states that their head—tail bonds

cal positionz(x,y) of each of the two interfaces. Note that must have the same direction projected onto the interfacial

we treat the two monolayers separately. The periodic bouncJjormal. This is efficient in filtering out single surfactant mol-

ary conditions prohibit simulation of a single monolayer be_ecul;:‘src;;] m'cer"?ﬁ \;ery clcr:s(,jeRto wermterf%ci. lerf]%ri(ra]nt V:I'
tween oil and water. A grid with 3830 points was assigned ues for the parameter;, a xy WEre used depe 9o

to each interface. In the systems with high concentration O¥hi'lt>tlﬁe tOf STrfaCtatm)l' Tth|s mvolvettlj sprr:e dt”gl {ﬁnd (ejrrorl
surfactants we defined the position of the interface locall ntil the two fargest clusters correctly included afl and only

from the positions of the surfactant head groups connected t%IOSE surfactant molecules making up the interface. Visual

the first tail bead. Two practical problems arise: First, how tolnspection of snapshots in which molecules belonging to the

determine whether a surfactant molecule belongs to one gyve largest clusters were color-marked served as a final

the two interfaces or not. If it is dissolved in the bulk phasesCheCk' Typical values that gave a good description of the

interface wereR,=0.9—-1.1 andR,,=1.8—2.1. For each

or is part of a micelle it should be disregarded when the tactant t d densit found in which I
position of the interface is calculated. Second, for each gric?ur actant ype and density, we found a range in which sma

point (i,j), the positionz(i,j) must be defined as some variationsé of R, andR,, did not affect the number of sur-

(weighted average of thez-coordinates of the surfactant factant molecules in the interface. Then all the surfactant
head groups nearby. molecules at the interfaces are included in the cluster and

To determine which surfactant molecules belong to theft.rl]tOse dthatt ar_fhathdls;ange d_bet\f[\_/elép a_?d .Rz+ 6 away are

interface, we used a cluster algorithm with the following ! erFe_ ou ;V' h € bon |rec| lon Crf'_ enor:_ anyvﬁysoo ht

criteria: Given two cut-off parameteR,, andR,, two mol- Igure S ShOWS an example configuration with %
and 50% ht surfactant ag=0.1y, where y,=3.45 is the

eculesa andb belong to the same cluster if . . . ;
9 bare oil-water interfacial tension. Only the head groups and

(1) (zh—z%)2< R?, the tail groups attatched to them are shown for clarity. The
(2 (xE—xb)2+ (yQ—yE)2< R)z(y, small surfactant molecules are soluble in water and there are
(3) (z,—z})°<R?, also a few micelles. In Fig.(8) the head groups of the large
@ (Xa—Xp) 2+ (Ya—Yp)2<RZ, and small surfactant molecules are shown in yellow and

(5) (Z—Z)/|2h -2 =(L—-2)/|1zh- 2}, green, respectively, the tails are in gray and red. In Fig) 3
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the surfactants are colored according to the outcome of the
cluster analysis: Surfactants that are determined to be part of
the interface have yellow head groups, while the rest have
red head groups.

The positionz(i,j) must be defined as some function of
the z-coordinates of surfactant molecules close to the grid
point, for example,

Ekr lz ka

S (15

z(i,j)=
where r,.= (x,—Ai)?+ (yx—Aj)? and the sum is over all
surfactant molecules that hawg<R. R must be large
enough such that at least one molecule is assigned to the grid
point but small enough such thai,j) is indeed thdocal
position. A highp gives the molecules close to the grid point
more weight. We chosp=5 andR around unity to get 1-4
surfactant molecules withiR. We find that the values cho-
sen forR, p and the number of grid points affect the inten-
sity of the highestg-modes(protrusion modes However,
they have only a negligible effect on the layymodes from
which we determine the bending modulus.

For the systems with few or zero surfactant molecules
(the first four points in Fig. 5 beloythe interface could not
be described by the surfactants alone so we used a different
definition of the interface. We let all pairs consisting of one
hydrophobic and one hydrophilic bead which were closer
thanr . contribute to the interface. Now all surfactant mol-

ecules are at the interfaces so no cluster routine was needed.

The assignment of positions to grid points were done in the
same way as for high surfactant concentrations.

The two-dimensional discrete Fourier transformation
yields

h(igq.jq)= (II aFirdg |-

(16)

We can replacé(i,,j,) by z(i,,j,) in Eqg. (16) as the con-
stantz, vanishes in the summation. After averang@'q g
over all snapshots we can obtairTn(q,) for q,

=( 2+jz )2m/Ly, whereLX is the average box size x
andy “direction and G+id=(n—1)%

Figure 4 shows the spectral intensiyq) =(|h(q)|?A)
versusq=2mw/\, whereA is the average box area ands
the undulation wave length fornty surfactants ay=0. The
full line in Figs. 4a) and 4c) representsS(q)=1/(3.3%).

n-1n-1
3 S n r,lr)exp{

FIG. 4. Spectral intensities fopty at y=0. The slopes of the full and dotted
lines represent the values ferand the lower and upper error bars in Fig. 11,
respectively.
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errors shown in the plots. Alk values reported here have
been calculated by fitting the first four pointseighted by
their statistical erropsto y= y+ xX. The reported error bars
include results and uncertainties if we fit to three or five
points.

The agreement with Eq13) is very good: At long wave-
lengths, the continuum picture is valid asq)=1/(xq%).
In the log/log plot we can identifg~* behavior for lowq
values and a transition towards 2 behavior for highg.
When plotting 1/6(q)q?) versusg? we get a straight line in
the continuum regime, where is the slope andy is the

crossing with they-axis.

The box dimensions limit the lowest mode we can
measure ta,=2m/\A. We stress that Eq13) is valid in
the continuum limit so 18(q)qg?) versusg? is only linear in

G. Comparison between constant
A simulations

v and constant

To compare the results and accuracy in the constant in-
terfacial tension and the constant area ensemble, we studied
the dependence of on interfacial density for the htsurfac-
tant. First we performed constant area simulations with vari-
ous surfactant concentrations. We sampled the interfacial
tension and continued the simulations imposing this interfa-
cial tension. We found no difference in results between the
two ensembles within the uncertainty of the res(stse Fig.

the limit g— 0. This means that there is some uncertainty in5 in Sec. Il A). However, the accuracy differs. Because the
the extrapolation needed to determikeThus a systematic constant interfacial tension is more time consuming, the
error due to the finite system size might add to the statisticaNVT ensemble is more efficient for a given CPU time, but
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for a given number of DPD steps, tiNeyT ensemble gives 25 ' -

better accuracy. This is mainly because there is no uncer- ey TQ’IF
tainty in y, and the accuracy oy influences the accuracy in 2T %‘
« when fitted to Eq(13). s ﬁl’

We perform most simulations in thdyT ensemble to
compare different structures and compositions at the same *
(zero or very low interfacial tension, resembling saturated b
monolayers and microemulsion conditions. ? *

H. Asymmetric surfactants or i

Equation(10) is valid for interfaces where the preferred ° 02 (,i,':m,A o8 o8 1

curvature is zero, for example bilayers or monolayers of sur-
factants which are symmetric in the sense that they do ndflG. 5. Bending modulus as a function of surfactant density p&htfac-
prefer to bend towards either the oil or the water phase. ThEt The simulations at constant interfacial tensjomcles are continua-

. . tions of simulations at constant arésguares imposing the average inter-
surfactants studied here are, like most real surfactants, aSYMzial tension from the constant area simulations. Sampling was done during
metric. However, in a simulation with periodic boundary 5x1¢° DPD steps in both cases.
conditions the interfaces are constrained to be flat on aver-
age. This means that the average curvatare{c,+c,)/2
=0, differs from the preferred curvatugg which is deter- simulations and constant interfacial tension simulations. Fig-
mined by the characteristic volums, chain lengthlg and ure 5 shows that the bending modulus increases monoto-
head group area, of the surfactant. nously with increasing density of surfactant. While the area

The replacement of, with ¢ in Eq. (1) may in general fluctuations increase with increasing density due to lower
lead to a distribution of modes differing from E@.3). This  interfacial tensionpbendingthe sheet becomes increasingly
would be observed in the fluctuation spectrum wa{q) energy costly. Without surfactant, bending of the layer has
differing from Eq. (13). Since the model fits the spectrum little effect on the packing, only on the area. The bending
well, we neglect this error. Specifically, we can checkdgfe modulus is therefore very low. With surfactant at the inter-
dependence since the interfacial tension is imposed and cdace, bending involves squeezing of the chains on one side of
also be calculated independently from the pressure téhsor.the layer. Oil and water molecules close to the surface can
We obtain the interfacial tension on the y-axis within theeasily diffuse away from the compressed volume but the sur-
errors by extrapolating the linear partde-0 [Fig. 4@)]. We  factant molecules cannot. As their density increases, steric
conclude that Eq13) is a good description of the fluctuation forces due to bending increase accordingly.
spectrum within the uncertainties of the method. A nonmonotonic dependence &fwith area per surfac-

In real microemulsions where#0 curvature fluctua- tant molecule for weak linear surfactants was reported
tions appear as deviations in droplet shape and size fromreviously* Local fluctuations in the alignment at the inter-
spheres with radius, *. The size and shape fluctuations canface can decrease the bending modulus from the bare oil/
be described in terms of spherical harmonifc& That al-  water value. This effect disappears as the density increases
lows experimentalists to extract the bending moduli fromand/or as the surfactant molecules become longer or stronger,
analyzing the neutron scattering on microemulsioni.€., when their tendency to align increases. For dense mono-
droplets?>34Those bending moduli describe the energy cosiayers and/or strong surfactants the tendency to align perpen-
of curvature deviations away from the average droplet sizélicular to the interface will increase monotonously with sur-
with radiusc, *. The bending moduli reported here describefactant density. The surfactants investigated in this study, in
instead the average energy cost of curvature deviations awaarticular the hf surfactant in Fig. 5, must be regarded as

from aflat surface. strong surfactants in the sense that the solubility in waser
very low. Because of the coarse-graining they represent
lIl. RESULTS AND DISCUSSION larger surfactants than the Lennard-Jones based four- and

eight-beaded surfactants in Ref. 14. This might account for

We will here determine how the bending modulus de-the qualitative difference observed.
pends on the molecular structure and composition of surfac-
tants. First we investigate the dependence on density for
simple linear surfactar(Sec. 11l A). This is done using both
the constant area and constant interfacial tension ensembles We simulated monolayers of linear surfactants of type
for comparison. The remaining simulations will be at a con-ht,, n=1-6 in the constant interfacial tension ensemble. A
stant low interfacial tension to resemble the conditions intensionless state could be obtainedriier 3. Figure 6 shows
microemulsions. We usg=0 or y=0.1y, wherey,=3.45 that the bending modulus increases linearly with the number
is the bare oil-water interfacial tension. of tail beads. As the monolayer becomes thicker, the energy
cost of bending the monolayer increases. For monolayers of
surfacants with a given area per molecule, one intuitively

For the linear surfactant hive studied the dependency expects the energy cost of bending the membrane to increase
on interfacial density. We performed both constant areas the tails become longer. Here we find that this is also true

B. Effect of chain lengths

A. Effect of surfactant density
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FIG. 6. Bending modulus as a function of the number of tail beafis ht,

FIG. 7. Bending modulus as a function of mole fraction of cosurfactant
surfactants aty=0.

added to the Rtsurfactants(squares, lowex-axis) and as a function of
chain lengthn for pure ht, surfactantgcircles, uppex-axis). The imposed
. . . . interfacial tension wasy=0.1y, (open symbols except forx,=0.9 and
if one compares the different chain lengths at the same integ. —1.0 which are aty=0.2y, (solid symbols.

facial tension rather than interfacial density. This means that

the chain length affects bending moduli more than the pack-

N9 d_en3|ty does. B.Otl% 4 andK_mcrease W'th. |nterfa<_:|al the surfactant molecules to the same average. We see that the
density and/or chain lengths. It is, however, interesting to . X

. S . effect of replacing some long surfactant molecules with short
note thatx is more sensitive to these parameters thais.

For a given increase in chain length, the density can be IOW(_)nes is larger than the effect of reducing the chain length of

. all molecules. A low tension monolayer cannot be obtained
ered to give the same. «, however, depends more strongly

on chain length than density and will increase unless th(\?Nith all surfactant types, see discussion in Sec. IID. We
density is further decreased. herefore usedy=0.1y, except forx,;=0.9 andx;=1.0

. . . . . .where we usedy=0.2y,. Those two points are therefore
Figure 6 suggests a linear increase with chain length in dy Yo P

the aiven range. Theorv predicts a power-laywwnP slightly higher than the trend in Fig. 7 suggests.
9 216 ge. yp Pe avns, P The effect of binary mixture versus single-component
=2-3""° often used as a theoretical reference in : . . .
: 1-37 ) monolayer was also investigated using mean-field theory as
experiments?~3" However, in the theory the area per mol-

) . ; : " suming constant aréx'®!® and assuming saturated
ecule is kept constant. That is not the case in our simulations 718 . 15 . .

) . o . " thonolayers.’'8 Szleifer et al1® predicted that the bending
nor in the experimental situation. The rate of increase in Fig,

. . . modulus of an equimolar mixture could become as low as
6 would be higher if one compared different surfactants at.%hat of a membrane composed of only the short molecules.

given density rather than at a given interfacial tension. Th'SCantoi” found no pronounced difference between a mixed
follows from two observations: The surfactant density at a

iven interfacial tension increases with increasin tailand pure monolayer at any average chain length. Our resuilts
Igen th® and the bending modulus increases with dens%t forare somewhat in between: A lowerfor the binary mixture,
gtn, . 9 . y decreasing with mole fraction of the ht surfactant. The cal-
a given chain lengtliFig. 5). Our results are in accordance . ] . .
: s .71 culations in Ref. 17 are carried out under the condition of
with theory at similar condition’”: ; ” L . .
. . . . .., “saturated” monolayers, which is similar to imposing a low
It is interesting to make a more detailed comparison with, . .
. . . interfacial tension. In Ref. 16 the monolayers are compared
the experimental data. A tail bead in our model represents

aporoximately three Charoups. The surfactants in Fia. 6 at a given area, i.e., not accounting for the variation in sur-
bp Y Fgroups. 9 face density. It is therefore interesting to note that our simu-

herefore cormespond 1o chains wih 918 ally units, Whiehiation resuts differ qualitatively from both these works.
suregpex erimgentall for surfactants wifh number of alkyl The suppression of a possible spontaneous curvagire
units bet\F/)veen 8—1% olyethyleneglycol alkyl ethe?é y might have an effect on the measuredCalculations have
polyethy glyco Y . shown that the cosurfactant has a larger effect on the curva-
and 12-18 (-alkyl-n-dodecyldimethylammonium :
ture than on the bending modultfsHere, a mean curvature

bromides’ and alkyl amine oxid€$). The data are fit to , e "
. of zero is forced through the periodic boundary conditions.
power laws withp=2.3 andp=2.95 grounded on the theo- S . S . "
. - . A reduction in bending rigidity with addition of short
retical prediction at constant area. However, with only 3—-4_, _. . .
. o7 chain surfactant was also observed experimentally. Gradziel-
points for each surfactant type and some scattering in thg, . . . .
L . Ski et al. studied a binary mixture of GE5 and GE, surfac-
results they could equally well fit a linear curve in the sam

e
range, especially because an investigation toware® is tant (polyethyleneglycol alkyl etheysand found a trend and

impossible both in experiments and simulatigasy=0) values very similar to thosg in Fig.37 It was also found that

' the decrease i upon adding cosurfactant depends on the
difference in chain length between the short and long surfac-
tants; short surfactants reducingmore for a given mole
Figure 7 shows the bending modulus as a function ofraction3%3°
mole fraction of cosurfactariht) added to the Rtsurfactant. An interesting question is how behaves atow mole

Also shown is the effect of reducing the chain length for allfractions of ht. Figure 8 shows a linear decrease in the range

C. Effect of adding cosurfactant
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FIG. 8. Bending modulus as a function of mole fraction of cosurfactantFIG. 10. Two-dimensional radial distribution function for head beads of
added to hf and hts surfactants ayy=0.1y,. pairs of ht—ht;, ht;—ht, and ht—ht molecules for various mole fractions of
cosurfactant. Numbers on theaxis refer to graphs foxy=0.10. Graphs
for the other mole fractions have been shifted down by 0.2, 0.4, 0.6, and 0.8,
of investigation. Mean-field theory at constant area predict&SPectivel:
that the film can become very flexible by adding only a small
amount of cosurfactant, i.e., a hyperbolic decrease wvith
mole fraction'®!® Without the constant area constraint the

decrease is linear fox<0.6.17 This is consistent with our Ween two surfactant head groups projected onto the inter-

results. The available experimental data also supports a liface- t;\lotg thﬁt thE at()jsence oflhard—lcorehrepu_lsmrr: between
ear decreas¥. It therefore seems that a constant area conPPD beads allow beads to overlap. Also, there is short-range

straint overestimates the efficiency of cosurfactants in reducc-)rder b_Ut ho ]ong-rgnge order. Theshhts ’ h%_ht’_ a_nd.
ing the film rigidity. ht—ht distributions differ for all mole fractions. This indi-

We will now discuss the results of Fig. 7 in terms of the cates short-range order in the distribution of the two types.
chain packing constraint€*° Short molecules acting as The first peak is higher for pairs of different surfactants and

spacers between longer molecules reduce the chain—cha‘i’ﬁeI d:cffere_nce |_Ir_1r(]:_re§\s§s with dec:ceasmg Elﬁﬁnrslncelm the
repulsion. That is particularly beneficial for a curved mono-"M0'€ fractions. This indicates a preference foy mblecules

layer because the available area decreases towards the end®f2€ Surrounded by ht molecules and vice versa. This is
the chain, see Fig. 9. The cartoon shows how the availablEXPEcted as the entropic repulsion between chains is higher
chain area changes with bending for surfactant molecules ¢P" the surfactants with longer chains, and it supports the
uniform length and for a mixture between short and |Ongpack|ng order shown in Figs.19 and 9d).

surfactants. For those of uniform length, the area per chain

segment increases close to the water phase and decreases

towards the end of the chain compared to the flat layer. This

is also the case for the mixed monolayer, but here this i$- Linear versus branched surfactants

highly beneficial as the density of chain segments is higher  The difference between linear and branched surfactants
close to the water phase. This explains the difference bejith the same number of chain segments is interesting both
tween the two curves in Fig. 7. Figure 7 also suggests thatom a theoretical and practical view point. Previously we
the effect of the spacers is highest when the mole fractiongsported that these branched surfactants are more efficient
are roughly equal. A snapshot from the simulation With  than the linear ones in reducing the interfacial tenSid:
=0.5 was shown in Fig. 3. o the same area density of surfactants, the branched give a
To investigate possible ordering in the two-componentower interfacial tension. We will now determine the effect of
monolayer we calculated the two-dimensional radial diStri'branching on the bending modulus.
bution functiong,p(r) (Fig. 10. r is here the distance be- We simulated monolayers of the linear surfactagts h
and the branched surfactangt(t,), at y=0 and atvy
=0.1y,. The results are shown in Fig. 11. The linear surfac-
a) b) tant has a higher bending modulus than the branched surfac-
Q ? Q O) tant. Because the linear one has highdor a given density,
é z its packing is denser at a given Due to the double chain of
h,t(t,),, we might expect it to have a bending modulus simi-
c) d) lar to hpt, or hyts at the same interfacial tension. Given the
g ge % Q linear increase inc with chain length(Fig. 6), the difference
W between branched and linear surfactants is as expected.
Cosurfactant was added to both linear and branched sur-
factants. This decreases the difference between the two. It
FIG. 9. Cartoon showing medium-length surfactants and a mixture of Ionghas less effect on the branched surfactant because its double
and short-chain surfactants at a planar and curved interface. tail already acts as a kind of spacer.
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