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Abstract

Charge distribution effects on polar head groups for a mixture of amphiphilic molecules at the water/oil interface were studied. For th
purpose a model which allowed us to investigate the charge effects exclusively was created. As a molecular model we used the structu
sodium dodecyl sulfate. Then we prepared molecules with the same molecular structure but with different charge distributions i
have one cationic and one nonionic molecule. So, in this way, we were able to focus only in the charge effects. The monolayer
were composed of anionic/nonionic and cationic/nonionic surfactants. Simulations of these systems show that the location of th
surfactants at the interface is determined by the interaction and the charge distribution of the molecules. Due to the difference in
distribution of the surfactant monolayers, the water molecules present distinct orientations in the mixture. Finally, it was found
electrostatic potential difference across the interface depended on the interactions (charge distribution) of the anionic, cationic, anc
molecules in the mixture.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Studies of surfactant molecules at liquid/vapor and
uid/liquid interfaces have beenthe subject of investigation
for a long time, not only for their scientific interest b
also for their applicability in industry. Consequently, a va
ety of experiments have been conducted on one-compo
monolayers [1–9]. However, most commercial products c
sist of mixtures of surfactants, which have richer proper
than individual surfactants. Therefore, surfactant mixtu
have also been investigated using several experimental
niques such as calorimetry, X-ray, neutron scattering,
surface tension measurements, among others [10–22]. M
over, mixtures of anionic–anionic, cationic–cationic, an
nonionic–nonionic surfactants and combinations of th
molecules have been also treated from the theoretical p
of view [23,24].

Over the past years, authors have been investigating
structure and composition of surfactant mixtures, e.g.,
arrangement of the surfactants at the interface, the exten
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of the chains, and the thickness of the monolayer mix
[15,18,20–22,25]. For instance, in neutron reflection exp
ments Lu et al. [22] investigated mixtures of dodecanol
sodium dodecyl sulfate (SDS) at the air/water interface
they found variations in the position of the different mo
cules along the interface. The SDS seemed to penetrate
into the solvent than the dodecanol. They also found tha
dodecanol molecule is slightly thicker than the SDS and
less tilted than the SDS in the monolayer. On the other han
Penfold et al. [18] conducted experiments with cation
nonionic (C16TAB/C12E6) surfactants and they found an i
creasing change in position of the nonionic molecules at
interface relative to the solvent with increasing solubility
the nonionic molecules.

The position of the different surfactants in the interfac
attributed to the different polar groups of the molecules.
instance, surface tension experiments have shown that
tures with similar hydrophobic tail lengths but with differe
head groups may show different properties which can af
the structure of the monolayer atthe interface. Furthermore
Goloub et al. observed that nonionic mixtures present m
ideal behavior compared to anionic/nonionic mixtures [1

http://www.elsevier.com/locate/jcis
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On the other hand, over the past years computer sim
tions have been shown to be a powerful tool to study s
complex interfacial systems [26–33]. Using this tool is p
sible, at a molecular level, to extract more information ab
dynamical and structural properties of such systems w
are not easy to get from real experiments. A practical c
venience of using computer simulations is the possibility
studying, with an appropriate model, either general or
ticular properties of a system. Moreover, variations of
model could help us to better understand situations w
are not possible in real experiments. For instance, with
appropriate model it is even possible, sometimes, to fo
on one particular property of the problem while we ke
the other parameters fixed. In this way it is possible to
alyze the effect of one particular parameter and its in
ence on the system. In the present work, the main inte
is in studying the effect of the charge distribution on surf
tant mixtures at interfaces. Therefore, we prepare a mo
ular model which allows us to investigate the effect of t
unique contribution only. For this purpose, we investig
anionic/nonionic and cationic/nonionic surfactant mixtu
at the water/carbon tetrachloride interface. Moreover, in th
present work we concentrate on the structure of the su
tants in the vicinity of the interface rather than in the tails
in other works [34]. We analyze how the charge distribut
of the molecule heads might affect the monolayer config
tion at the interface.

The structure of the prototypical surfactant model wh
we used was sodium dodecyl sulfate (anionic molec
SDS). The nonionic and cationic surfactants were create
a model which has an identical SDS molecular structure
cept in the distribution of the atomic charges; i.e., we w
able to have different molecules by changing the charge
tribution of the head group. A better description of the mo
cules and the results will be presented in the next sectio

2. Computational method and model

For the present study we performed computer sim
tions for two different systems, the anionic/nonionic and
cationic/nonionic monolayer mixtures. For the anionic mo
cule we used a molecular model of a hydrocarbon chain
12 united carbon atoms (sites 6S–C12 in Fig. 1) attache
a head group (sites 1S–5S in Fig. 1). The present con
ration has been used to model the sodium dodecyl su
surfactant. Moreover, the intermolecular and intramolecula
potential parameters for that model were calculated an
ported in the literature as well as the charges used fo
different sites [29]. Therefore, in this paper we used th
parameters (Table 1) to represent the common sodium d
cyl sulfate surfactant [29]. Therefore, we call this molec
SDS. We chose this molecule since its molecular structu
simple and it has been used in other simulations [29,34
order to concentrate only on the effects of the charge dis
ution, we constructed two other surfactants using the s
t

-

Fig. 1. Molecular model for the anionic surfactant. The cationic and no
ionic surfactants have the same structure but different charge distribu
(see Table 1). The sites are given by 1S, 2S, 3S,. . . , etc., and the sites of th
cationic and nonionic molecules are represented with a C (for the cationic
or E (for the nonionic) at the end of the label, i.e., 1SC, 2SC, etc., and 1S
2SE, etc., respectively.

Table 1
Atomic charge for each site of the SDS, SDSC and SDSE molecules

q (charge, site) SDS SDSC SDS

1 1.284 −1.284 −1.284
2 −0.654 0.654 0.654
3 −0.654 0.654 0.654
4 −0.654 0.654 0.654
5 −0.459 0.459 0.459
6 attached to 5 0.137 −0.137 −1.137
C2–C12 0.000 0.000 0.000
Counterion 1.000 −1.000

See also Fig. 1 (the SDS charges correspond to the sodium dodecyl s
molecule with the SO4 head group).

structure of the previous anionic molecule. However,
changed the charges of the new surfactants to have a ca
or a nonionic molecule. For the nonionic molecule the si
of all charges were reversed from the anionic model; i.e.
replaced positive charges by negative ones and vice v
and we removed the counterion. The charge of the cou
rion was included in the head group (Table 1). The tails
all the molecules were kept thesame as in the SDS molecu
We call the new nonionic molecule SDSE. The selection
this model has shown good experimental tendencies for
ulations of anionic/nonionic monolayers [34]. Finally, f
the cationic molecule we employed the same model use
Berkowitz and coworkers [30] (Table 1), where the mo
cule is identical to the SDS except that the signs of
charges, including the counterion, are reversed. We cal
new molecule SDSC. It is worth to mention that the n
molecules (SDSE, SDSC) do not represent real surfact
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since the charge sites might not correspond to the charg
real molecules. However, by using the same anionic mol
lar structure for the nonionic and cationic molecules we w
be able to maintain the same surface coverage, chain le
and head group geometry, while focusing only on the effe
of the polar interactions.

Therefore, due to the model of nonionic and catio
molecules we have to be careful with any direct comp
ison with experiments. Nevertheless, even though the
molecules might not have the structures of real nonio
(cationic) surfactants, the model of these surfactants
allow us to investigate the role of the polar groups in
structure of monolayer mixtures at the water/oil interface
Moreover, the model will help us to obtain more inform
tion about the behavior of the different surfactants at
interface that sometimes is not easy to get from experime
Therefore, we believe that the present model will give us n
insight (from a microscopic point of view) and it will esta
lish how the polar head group of the surfactants affects
structure of the monolayers. Furthermore, when and w
possible, a comparison with experimental situations coul
performed.

For water molecules we used the SPC model and for
bon tetrachloride, CCl4, we used the same rigid molecule
in a previous work [33]. All simulations were carried o
in the NVT ensemble with a time step of 0.002 ps us
the DL-POLY package [35]. Bond lengths were constrain
using the SHAKE algorithm with a tolerance of 10−4. The
temperature was controlled using the Hoover–Nose ther
stat with a relaxation time of 0.2 ps. All simulations we
performed atT = 300 K. For the long-range electrosta
potential we used the particle mesh Ewald method wit
precision of 10−4 and the van der Waals interactions we
cut off at 10 Å.

The initial configuration was prepared as in Ref. [33]. I
tially, we constructed a monolayer of 56 SDS molecule
the all-trans configuration placed ina box of dimensions
x and y of 46.09 Å. This configuration corresponds to
area per head group of 37.9 Å2/molecule, which is lower
than the saturation area of 59 Å2/molecule for a SDS mono
layer at the water/CCl4 interface [4]. Thez-dimension of the
box was set to 150 Å. This length was enough to acc
modate two liquid slabs and to prevent the formation o
second water/CCl4 interface. Instead, two vapor/liquid in
terfaces at the opposite ends of the box (on thez < 0 side
the vapor/water interface and on thez > 0 side the liquid
CCl4/vapor interface) were present in the box.

With the head groups of the molecules initially pinne
we performed a short MD simulation atT = 300 K. Then
the temperature was increased to 400 K in order to rand
ize the tails. Subsequently, the temperature was decreas
short runs until we reachedT = 300 K. At this point, we
added 1185 water molecules surrounding the head gr
and a layer of 415 CCl4 molecules was placed in the regio
of the tails. Water was placed atz < 0 and CCl4 atz > 0. The
system was then equilibrated for 100 ps. Finally, 56 coun
f

,

.

n

ons were randomly inserted in to the interfacial region. T
final configuration was equilibrated for 300 ps.

The anionic/nonionic (SDS/SDSE) monolayer was c
structed from the single SDS monolayer. We replace 18 S
with 18 SDSE molecules, also removing 18 counterions.
cationic/nonionic (SDSC/SDSE) mixture was prepared fr
the SDS monolayer by replacing 38 SDS molecules by
SDSC molecules (with their counterion atoms) and the o
18 SDS molecules by SDSE molecules (removing the s
number of counterions).

In this way we prepared two different monolayer m
tures which were simulated for 25 ps with the head gro
pinned. Finally, with the head groups free, each system
equilibrated for an extra 300 ps. All the simulations we
performed up to a 1.25-ns run and we collected data from
last 500 ps for analysis. Configurational energy was m
itored as a function of time to determine when the sys
reached equilibrium.

It should be mentioned that the behavior of the nonio
(SDSE) surfactant is affected not only by contact with th
two distinct cosurfactants but also by contact with the ot
molecules in the system. Since water molecules should
different arrangements around the SDS or SDSC surfact
the counterions can be locatedat different positions along
the interface (depending on the water molecules’ orienta
tions) in each mixture. Therefore, the electrostatic interac
tions between the SDSE and the SDS or SDSC molec
should also be influenced by the interactions with the cou
rions and the different water molecules in the two mixtur
This point will be discussed furthermore in the results.

3. Results

In this section we present the calculations of the mo
layer mixtures. Analysis of the structure and the orienta
of the surfactant molecules in the mixture is also discuss

3.1. Density profile, head group, and hydrocarbon
chain length

The first analysis was performed for the density profi
In Fig. 2 we show the profiles for the neat water/CCl4 in-
terface (top), SDSC/SDSE (middle), and SDS/SDSE (
tom) mixtures at the water/CCl4 interface. Thez-dependen
density profiles for the liquids, headgroups, and hydro
bon tails of each surfactant molecule are plotted separa
The head group density profile includes the polar group a
when it is the case, the counterion. In the SDS/SDSE mix
(bottom of Fig. 2) we have more SDS than SDSE molecu
Thus the profiles of the SDS molecule are higher than th
of the SDSE molecule. It is also observed for this sys
that the head group of the SDS (anionic molecules) pe
trates more into the waterphase than the SDSE head gro
(nonionic molecules). What is interesting to analyze is
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Fig. 2. Density profiles for the neat water/CCl4 interface (top) and
the cationic/nonionic (SDSC/SDSE)(middle) and the anionic/nonioni
(SDS/SDSE) (bottom) monolayers at the water/CCl4 interface. The mid-
dle picture corresponds to the monolayer of 38 SDSC molecules wit
SDSE molecules. The bottom picturerepresents the monolayer of 38 SD
molecules with 18 SDSE molecules. Water is depicted by the solid
CCl4 by the dotted line, the SDS (SDSC) head groups by the short ligh
dashed line, and the SDS (SDSC) tails by the long light dashed line.
SDSE head groups are given by the short dark dashed line and SDSE ta
by the long dark dashed line.

average position, calculated by fitting a Gaussian, in the
files of the head groups and the tails,

(1)ρ = ρ0 exp

(−4(Z − Z0)
2

σ 2

)
.

The mean average position of the SDS head group (Z0 in
the Gaussian) is located aroundZ0 = −1.4 Å, whereas for
the SDSE, the head is aroundZ0 = −0.850 Å. The last re-
sults agree with previous simulations of the same syste
different concentrations [34]. In neutron reflection exp
ments at 300 K on monolayermixtures of SDS/dodecano
at the water/air interface it is observed that the SDS volu
fraction profile is displaced toward the water from the do
canol profile [18,22]; i.e., the SDS seems to be closer to
solvent [36].

For the SDSC/SDSE mixture (middle) it is observed t
the profiles are more spread at the interface, even thoug
head group profile of the SDSE (nonionic) molecules se
to be deeper into the water than the SDSC (cationic) m
cules. In previous experiments on C16 TAB/C12E6 at the wa-
ter/air interface [18] it was observed that the volume frac
profiles of both molecules coincide for lower C12E6 con-
centrations. In experiments on benzyl alcohol with C16TAB
at the air/water interface, it was observed that the rela
positions of the volume fraction distributions are not too d
ferent [37]. Also, experiments on C16TAB and C12E6 show
similar positions of the volume fraction distribution at t
air/water interface for both surfactants [38]. In other exper
ments on dodecane and C12TAB, that the C12TAB is slightly
t

e

deeper into the solvent [36]. However, for systems riche
C16TAB than in C12E6 the distribution of the nonionic mole
cules seem to be slightly shifted to the solvent [18]. In
case we conducted simulations of those experiments at m
lower surface coverage areas and the SDSC/SDSE m
layer was richer in cationic than in nonionic molecules.
that could be the reason for this behavior. We also obs
from the profiles that the SDSC/SDSE monolayer exten
greater than that of the SDS/SDSE mixture at the wate
interface. Computer simulationsof pure cationic surfactant
(using the same model described above) showed that th
head and the tail groups of these molecules penetrate
into the water than the head and the tail groups of pure
molecules at the same water/CCl4 interface [30].

It is also possible to observe the reduction of the sur
tension of the water/oil interface due to the surfactant mo
layer by observing the width of the interfaces. The mid
and bottom pictures of Fig. 2 show a large increase in
width of the interfacial region relative to the pure water/CC4
system (top). However, it is also possible to calculate the
face tension by the quantity

(2)Γ = Lz

(〈Pn〉 − 〈Pt 〉
)
,

where〈Pn〉 is the normal pressure,〈Pt 〉 is the average tan
gential pressure, andLz is the length of the box in th
z-direction. When the simulation box contains several in
faces, the value ofΓ is equal to the surface tensionγ of each
interface,

(3)Γ =
∑

γi.

For instance, in the vapor/water/CCl4/vapor system

(4)Γ = γv/w + γw/o + γo/v,

whereγv/w is the surface tension for the vapor/water int
face,γw/o is the surface tension for the water/organic liq
interface, andγo/v is the surface tension for the organic li
uid/vapor interface. In the presence of surfactant molec
at the water/CCl4 interface the surface tension of the int
face water/organic liquid will be changed,γ̃w/o.

The surface tensions for the systems are 128.0±4 Nm/m,
87.2 ± 5 Nm/m, and 83.1 ± 5 Nm/m for the water/CCl4,
water/SDS–SDSE/CCl4, and water/SDSC–SDSE/CCl4 in-
terfaces, respectively; i.e., the surface tension of the w
CCl4 interface decreases in the presence of the su
tant mixtures. For the surface tension of the air/water
CCl4/air interfaces we found 68.8 Nm/m and 21.4 Nm/m,
respectively [33]. However, since the same interfaces
present in all the systems, those values are consta
Eq. (4). Due to the strong interactions between the w
molecules and the polar head groups (of the surfacta
compared to those between the water and the CCl4 mole-
cules these last molecules try to move away from the in
face, leading the water molecules closer to the polar gro
than to the oil molecules. Therefore, since there are a lar
number of surfactant molecules at the interfacial area we
observe few CCl4 molecules close to the water.
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The orientation of the head group of each surfactan
the mixture is measured from the total length from the m
opposite atoms, sites 2–5 (Fig. 1), (δhg) and the projection
of the head group along the normal to the interface (δzhg),
δzhg/δhg. In the SDS/SDSE mixture, the angle that the S
head group makes with the normal is slightly lower than t
of the SDSE, indicating that the head group of the SD
somehow is more bent toward the interface plane. The an
of the head groups with the normal to the interface are◦
and 58◦ for the SDS and SDSE molecules, respectively.
the SDSC/SDSE mixture we found angles of 51◦ and 53◦ for
the SDSC and SDSE molecules, respectively. It seems th
the last case the headgroups of both surfactants have si
inclinations with respect to the normal to the interface.

The thickness of the tails was also measured for each
factant of the SDS/SDSE and SDSC/SDSE mixtures.
found that in the SDS/SDSE monolayer the thickness (m
sured as the projection of the total tail length along the n
mal to the interface) is 9.4 and 10.3 Å for the SDS and
SDSE tails, respectively. Experiments on SDS/C12E6 shown
that the thickness of the adsorbed layer at the oil/wate
terface varies from 8.0 to 15.0 Å [39]. With these values,
tilt angles were estimated as 36◦ and 31◦ for the SDS and
the SDSE tails, respectively.These results are in agreeme
with experiments where people see that the tails of n
ionic molecules are thicker and more straight than the
of the anionic molecules [22]. For the SDSC/SDSE mo
layer mixture we found that the thicknesses of the tails
9.6 and 9.9 Å for the SDSC and SDSE tails, respectiv
The tilt angles are 35◦ and 33◦ for the SDSC and the SDSE
respectively. Therefore, for this mixture, under the pres
conditions, the tails of both surfactants have nearly the s
length and inclination.

3.2. Structure of the molecules at the interface

The arrangement of the head groups of the surfac
molecules with water was also analyzed by the pair distrib
ution functiong(r). g(r) can give us information about ho
water molecules are located at the interface and their d
bution around the head groups of the different surfactan
the mixture. Then, we looked at the relative positions of
central atoms (sites 1S, 1SC, and 1SE for the SDS, SD
and SDSE, respectively, in Fig. 1) with the water oxyge
and we calculated theg(r). Fig. 3 shows theg(r1S–OW) and
g(r1SE–OW) of the SDS/SDSE monolayer. The picture in
cates that there are more water molecules and they are clos
to the 1S (anionic head groups) than to the 1SE (noni
head groups) atoms. The first peak ofg(r1S–OW) is around
4.0 Å, where the first solvation shell is defined. This d
tance of first water neighbor molecules from central ato
of a SDS molecule was also found in previous studies
SDS at the water/CCl4 interface at low coverage [29]. How
ever, in this case it is difficult to define a second peak for
next nearest neighbors. It is important to mention that
monolayer is an inhomogeneous and nonsymmetric sy
r

,

Fig. 3. The radial distribution function,g(r), of S3–OW (gS3–OW(r), solid
line) and S3E–OW (gS3E–OW(r), dashed line) in the SDS/SDSE monolaye
mixture.

Fig. 4. The radial distribution function,g(r), of S3C–OW (gS3C–OW(r),
solid line) and S3E–OW (gS3E–OW(r), dashed line) in the SDSC/SDS
monolayer mixture.

in the z-direction; i.e., in our case, the water is placed o
on the negativez-axis. Therefore, theg(r) of the surfactant–
water does not go to unity and it seems to take large
ues compared to the usualg(r)’s of bulk systems. For the
SDSC/SDSE monolayer we observe that water molec
are also slightly closer to the cationic than to the nonio
surfactant (Fig. 4). It is also interested to observe that th
g(r)’s have more structure than those of the SDS/SD
monolayer. We found the first solvation shell around 4.0
and in this case we clearly observe a second peak ar
6.5 Å. It seems that there are more water molecules ne
the surfactants of the SDSC/SDSE monolayer than ne
the surfactants of the SDS/SDSE monolayer.

The orientation of the water molecules next to the sur
tants at the interface was also analyzed. We calculated
probability distributionP(cosθ), whereθ is the angle of the
vector going from one water oxygen to one central atom (
1SE, or 1SC) of the surfactant molecule and the water di
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Fig. 5. Orientational distribution functions of water in the (a) first and (b
second solvation shells around the central atoms of the anionic (S3
nonionic (S3E) mixture.θ refers to the angle between the S3(S3E)–O
(water oxygen) vector and the water dipole vector in the SDS/SDSE mix
ture. The solid line is the distribution of the S3–OW and the dashed lin
the distribution of the S3E–OW vector.

vector of the same water molecule (1S–OW and 1SC–OW
The distribution was calculated in two surrounding sh
defined by the distances of the first and second nearest n
bors in theg(r1S–OW), g(r1SE–OW), and g(r1SC–OW) calcu-
lated above (Figs. 3 and 4) for each monolayer mixture.

Fig. 5 shows the 1S–OW and 1SE–OW angular distr
tions for the SDS/SDSE mixture. The top of Fig. 5 indica
that the water dipole has the highest probability point
approximately 51◦ away from the oxygen-to-central ato
vector with respect to the anionic molecules. This valu
in agreement with that observed previously in simulati
of SDS at the water/oil interface [29]. On the other ha
the angular distribution of dipole water molecules around
nonionic molecule presents a different shape with respe
that of those next to the anionic molecules. In this case
distribution is broader and it has its maximum approxima
at 92◦. Therefore, the water dipoles point further away fr
the nonionic molecules than from the anionic ones. The
gular water dipole distribution in the second solvation s
looks similar. As mentioned above, in this system ther
not a second solvation shell; therefore we calculate the
from 5.5–6.0 Å to 9.5 Å from theg(r1SE–OW). The maximum
value for both distributions is approximately at 40◦. Thus,
for distances larger than 5.5 Å, the water dipoles seem
have similar orientations with respect to the central atom
and 1SE) for the different surfactants. We also measure
average orientation of the water dipoles at the interface (nex
to the head groups) and we found an angle of 78◦ pointing to
the positivez-axis with respect to the normal to the interfa

For the SDSC/SDSE monolayer mixture different f
tures were observed for the angular distributions with res
to the SDS/SDSE monolayers (Fig. 6). For instance,
shapes of the SDSC/SDSE distributions are different f
those of the SDS/SDSE. However, if we compare the di
-

l

Fig. 6. Orientational distribution function of water in the (a) first and (b) s
ond solvation shells around the central atoms of the cationic (S3C)
nonionic (S3E) mixture.θ refers to the angle between the S3C(S3E)–O
(water oxygen) vector and the water dipole vector in the SDSC/SDSE mix
ture. The solid line is the distribution of the S3C–OW and the dashed
is the distribution of the S3E–OW vector.

bution of the SDSC/SDSE monolayer in the first solvat
shell we note that both distributions, i.e., the angle betw
the water dipole and the 1SC–OW or 1SE–OW vector,
similar. However, the maximum values of the distributio
are at 125◦ and 116◦ for the 1SC–OW and 1SE–OW ve
tors (with the water dipole), respectively. On the other ha
from the bottom of Fig. 6 it is possible to observe that b
distributions are quite similar and more uniform in the s
ond solvation shell. In this case the average angle that w
dipoles (at the interface) make with the normal to the in
face is approximately 72◦, pointing to the negativez-axis.

The common surfactant in both mixtures is SDSE
due to the symmetry of charges between the anionic
the cationic molecules the properties of the SDSE mole
could depend only on the charge distribution of the co
factants. However, from the last results we observed
the structure of the interfacial water molecules is differ
around the SDS and the SDSC molecules, as well as
average dipole orientation at the interface in each mixt
Even more, close to the SDSE headgroup, the orientatio
water is also different in the two mixtures. The respec
counterion distribution ineach mixture might also be dif-
ferent. Therefore, the properties of the SDSE surfactan
influenced not only by the charge distributions of the cos
factants but also by the interactions with the water and
counterions. For instance, the positions of the SDSE mole
cules and their orientations are not the same at the inte
when they are with the SDS or SDSC molecules, as is
served.

3.3. Electrical potential

An important difference between the surfactant mo
cules in the mixture is the charge in their head groups
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we measured a property that is directly connected with
distribution of charges in the system; i.e., we analyzed
electric potentials of the different monolayer mixtures.
computer simulations, the electrical potential is calculated
using the formula

(5)�φ = φ(z2) − φ(z1) = −
z2∫

z1

dz′Ez(z
′),

where the electric field is given by

(6)Ez(z) = 1

ε0

z1∫
z

dz′ρq(z′);

here ρq(z) is the charge density. The reference poten
φ(z1) = 0.0 V was chosen in the vacuum region (z < 0) far
from the interface. For the calculation of the potential we
cluded the surface term in the electrostatic forces discu
in early works [33,40].

In Fig. 7, the charge density profile, the electric field, a
the potential difference across the interface are plotted
the different systems. We observed that the charge de
profile does not show much difference between the dif
ent monolayer mixtures in comparison with the electrost
field, where a more significant difference can be appr
ated. However, a higher difference is observed in the sur
potential. Measuring the potential difference across the in
face, we obtain potential differences of approximately 1
and 840 mV for the SDS/SDSE and SDSC/SDSE mixtu
respectively. This large difference (by a factor of 6) in t
potential was also observed in simulations of pure catio
and anionic monolayers at the water/CCl4 interface with the
same molecular model [30]. We explain the large poten

Fig. 7. Charge density profile for the SDS/SDSE and the SDSC/SDS
monolayer mixtures at the CCl4/water interface (top panel). The electr
field is depicted in the middle and the potential profile in the bott
panel. The solid line is for the SDS/SDSE and the dashed line is fo
SDSC/SDSE mixture.
difference in the two mixtures by two effects. The orien
tions of the water dipoles, at the interfaces in the two mo
layer mixtures are different (as pointed out in the previ
section) and the SDSC/SDSE monolayer is more sprea
the interface than the SDS/SDSE monolayer.

4. Conclusions and discussion

We performed a series of molecular dynamics co
puter simulations of anionic/nonionic (SDS/SDSE) a
cationic/nonionic (SDSC/SDSE) mixtures at the water/C4
interface. The cationic surfactant was prepared with th
same SDS molecular structure but reversing the ato
charges. For the nonionic surfactant we used a similar
cedure; the charge distribution of the SDS molecule
changed in order to get a zero total net charge in the m
cule. We studied the structure of the anionic, cationic,
nonionic surfactants in the monolayers at the interface. F
the density profiles we observed the difference in the st
ture of the anionic, cationic, and nonionic molecules, wh
occurs simply because of the different charge distribution
in the head groups. For the anionic/nonionic mixture i
observed that the anionic surfactant penetrates more
the water, whereas for the cationic/nonionic mixture
nonionic surfactant is slightly deeper in the water regi
Orientation of the water near the surfactants in the mix
was also measured. We found for the anionic/nonionic m
ture that water is closer to the anionic than to the nonio
headgroups. Moreover, the water hydrogens next to ani
molecules point toward the central group, whereas hy
gens next to nonionic molecules seem to point away f
that group. For the cationic/nonionic mixture we obser
that water near to the surfactants is slightly closer to
cationic than to the nonionic headgroups. In this case
ter oxygens are pointing to the positive head group.
also investigated the tail configuration of the monola
mixtures. The results indicate that for the anionic/nonio
mixture the tails of the nonionic surfactant are thicker a
more straight than the anionic tails. On the other hand,
the cationic/nonionic mixture, both surfactants have si
lar thicknesses and inclinations with respect to the interf
Finally, we also measured the difference in the electro
tic potential across the interface and we found that for
anionic/nonionic monolayer this difference is significan
lower than for the cationic/nonionic monolayer.

As mentioned before, due to the models of the catio
and nonionic molecules, the comparison with experimen
not straightforward, even though, in some cases, it was
sible to observe similarities to experimental results. The
fore, these simulations would show us more insight ab
the role of the polar head group and the charge distr
tion of the surfactants in the behavior of monolayer m
tures.
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