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Abstract

Charge distribution effects on ol head groups for a mixturd amphiphilic molecules at the watei interface were studied. For this
purpose a model which allowed us to investigate the charge effedissasedy was created. As a molecular model we used the structure of
sodium dodecyl sulfate. Then we prepared molecules with the same molecular structure but with different charge distributions in order to
have one cationic and one nonionic molecule. So, in this way, we were able to focus only in the charge effects. The monolayer mixtures
were composed of anionic/nonionic and cationic/nonionic surfactants. Simulations of these systems show that the location of the different
surfactants at the interface is determined by the interaction and the charge distribution of the molecules. Due to the difference in the charge
distribution of the surfactant monolayers, the water molecules present distinct orientations in the mixture. Finally, it was found that the
electrostatic potential difference across the interface depended on the interactions (charge distribution) of the anionic, cationic, and nonioni
molecules in the mixture.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction of the chains, and the thickness of the monolayer mixture
[15,18,20-22,25]. For instance, in neutron reflection experi-
Studies of surfactant molecules at liquid/vapor and lig- ments Lu et al. [22] investigated mixtures of dodecanol and
uid/liquid interfaces have bedhe subject of investigations  sodium dodecyl sulfate (SDS) at the air/water interface and
for a long time, not only for their scientific interest but they found variations in the position of the different mole-
also for their applicability in industry. Consequently, a vari- cules along the interface. The SDS seemed to penetrate more
ety of experiments have been conducted on one-componeninto the solvent than the dodecanol. They also found that the
monolayers [1-9]. However, most commercial products con- dodecanol molecule is slightly thicker than the SDS and it is
sist of mixtures of surfactants, which have richer properties |ess tilted than the SDS in theanolayer. On the other hand,
than individual surfactants. Therefore, surfactant mixtures penfold et al. [18] conducted experiments with cationic—
have also been investigated using several experimental technonionic (GgTAB/C12Es) surfactants and they found an in-
niques such as calorimetry, X-ray, neutron scattering, and creasing change in position of the nonionic molecules at the

surface tension measurements, among o.thers [_10722]- Moreinterface relative to the solvent with increasing solubility of
over, mixtures of anionic—aonic, cationic—cationic, and  the nonionic molecules.

nonionic—nonionic surfactants and combinations of those  The position of the different surfactants in the interface is
molecules have been also treated from the theoretical pointyyiribyted to the different polar groups of the molecules. For
of view [23,24]. _ o instance, surface tension experiments have shown that mix-
Over the past years, authors have been investigating the,res with similar hydrophobic tail lengths but with different
structure and composition of surfactant mixtures, e.g., the oo groups may show different properties which can affect
arrangement of the surfactants at the interface, the extensior}he structure of the monolayertie interface. Furthermore
Goloub et al. observed that nonionic mixtures present more
E-mail addresshectordc@servidor.unam.mx. ideal behavior compared to anionic/nonionic mixtures [10].
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On the other hand, over the past years computer simula-
tions have been shown to be a powerful tool to study such
complex interfacial systems [26—33]. Using this tool is pos- 33
sible, at a molecular level, to extract more information about
dynamical and structural properties of such systems which
are not easy to get from real experiments. A practical con-
venience of using computer simulations is the possibility of
studying, with an appropriate model, either general or par-
ticular properties of a system. Moreover, variations of the
model could help us to better understand situations which
are not possible in real experiments. For instance, with an
appropriate model it is even possible, sometimes, to focus
on one particular property of the problem while we keep
the other parameters fixed. In this way it is possible to an-
alyze the effect of one particular parameter and its influ-
ence on the system. In the present work, the main interest
is in studying the effect of the charge distribution on surfac-
tant mixtures at interfaces. Therefore, we prepare a molec- Cl1
ular model which allows us to investigate the effect of this c12
unique contribution only. For this purpose, we investigate o o
anionic/nonionic and cationic/nonionic surfactant mixtures 19: 1- Molecular model for the anianisurfactant. The cationic and non-

.. . ionic surfactants have the same structure but different charge distributions
at the water/carbon tetrachlds interface. Moreover, in the (see Table 1). The sites are given by 1S, 2S, 3Setc., and the sites of the
present work we concentrate on the structure of the surfac-cationic and nonionic molecules argresented with a C (for the cationic)
tants in the vicinity of the interface rather than in the tails as or E (for the nonionic) at the end of thadel, i.e., 1SC, 2SC, etc., and 1SE,
in other works [34]. We analyze how the charge distribution 2SE. etc., respectively.
of the molecule heads might affect the monolayer configura-

C10

tion at the interface. Table 1

The structure of the prototypical surfactant model which Atomic charge for each site of the SDS, SDSC and SDSE molecules
we used was sodium dodecyl sulfate (anionic molecule, ¢ (charge, site) SDS SDSC SDSE
SDS). The nonionic and cationic surfactants were created by1 1284 —-1.284 —1.284
a model which has an identical SDS molecular structure ex- 2 —0.654 0654 0654
cept in the distribution of the atomic charges; i.e., we were 3 _g'ggi gggj gggj
aple t'o have different molecules by chang'lng the charge dis-¢ 0459 Q459 0459
tribution of the head group. A better degcrlptlon of the mole- 6 attached to 5 a37 0137 1137
cules and the results will be presented in the next sections. c2-c12 0000 Q000 Q000

Counterion 1000 —1.000

See also Fig. 1 (the SDS charges correspond to the sodium dodecyl sulfate
2. Computational method and model molecule with the S@head group).

For the present study we performed computer simula- structure of the previous anionic molecule. However, we
tions for two different systems, the anionic/nonionic and the changed the charges of the new surfactants to have a cationic
cationic/nonionic monolayer mixtures. For the anionic mole- or a nonionic molecule. For the nonionic molecule the signs
cule we used a molecular model of a hydrocarbon chain with of all charges were reversed from the anionic model; i.e., we
12 united carbon atoms (sites 6S—C12 in Fig. 1) attached toreplaced positive charges by negative ones and vice versa
a head group (sites 1S-5S in Fig. 1). The present configu-and we removed the counterion. The charge of the counte-
ration has been used to model the sodium dodecyl sulfaterion was included in the head group (Table 1). The tails for
surfactant. Moreover, the int@olecular and intramolecular  all the molecules were kept tikame as in the SDS molecule.
potential parameters for that model were calculated and re-We call the new nonionic molecule SDSE. The selection of
ported in the literature as well as the charges used for thethis model has shown good experimental tendencies for sim-
different sites [29]. Therefore, in this paper we used those ulations of anionic/nonionic monolayers [34]. Finally, for
parameters (Table 1) to represent the common sodium dodethe cationic molecule we employed the same model used by
cyl sulfate surfactant [29]. Therefore, we call this molecule Berkowitz and coworkers [30] (Table 1), where the mole-
SDS. We chose this molecule since its molecular structure iscule is identical to the SDS except that the signs of all
simple and it has been used in other simulations [29,34]. In charges, including the counterion, are reversed. We call the
order to concentrate only on the effects of the charge distrib- new molecule SDSC. It is worth to mention that the new
ution, we constructed two other surfactants using the samemolecules (SDSE, SDSC) do not represent real surfactants,
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since the charge sites might not correspond to the charges obns were randomly inserted in to the interfacial region. This
real molecules. However, by using the same anionic molecu-final configuration was equilibrated for 300 ps.
lar structure for the nonionic and cationic molecules we will The anionic/nonionic (SDS/SDSE) monolayer was con-
be able to maintain the same surface coverage, chain lengthstructed from the single SDS monolayer. We replace 18 SDS
and head group geometry, while focusing only on the effects with 18 SDSE molecules, also removing 18 counterions. The
of the polar interactions. cationic/nonionic (SDSC/SDSE) mixture was prepared from
Therefore, due to the model of nonionic and cationic the SDS monolayer by replacing 38 SDS molecules by 38
molecules we have to be careful with any direct compar- SDSC molecules (with their counterion atoms) and the other
ison with experiments. Nevertheless, even though the new18 SDS molecules by SDSE molecules (removing the same
molecules might not have the structures of real nonionic number of counterions).
(cationic) surfactants, the model of these surfactants will  In this way we prepared two different monolayer mix-
allow us to investigate the role of the polar groups in the tures which were simulated for 25 ps with the head groups
structure of monolayer mixtes at the water/oil interface.  pinned. Finally, with the head groups free, each system was
Moreover, the model will help us to obtain more informa- equilibrated for an extra 300 ps. All the simulations were
tion about the behavior of the different surfactants at the performed up to a 1.25-ns run and we collected data from the
interface that sometimes is not easy to get from experiments.jast 500 ps for analysis. Configurational energy was mon-
Therefore, we believe that the present model will give us new itored as a function of time to determine when the system
insight (from a microscopic point of view) and it will estab-  reached equilibrium.
lish how the polar head group of the surfactants affects the |t should be mentioned that the behavior of the nonionic
structure of the monolayers. Furthermore, when and where(SDSE) surfactant is affestl not only by contact with the
possible, a comparison with experimental situations could be two distinct cosurfactants but also by contact with the other
performed. molecules in the system. Since water molecules should have
For water molecules we used the SPC model and for car-different arrangements around the SDS or SDSC surfactants,
bon tetrachloride, CGJ we used the same rigid molecule as the counterions can be locatad different positions along
in a previous work [33]. All simulations were carried out the interface (depending onethwater molecules’ orienta-
in the NVT ensemble with a time step of 0.002 ps using tions) in each mixture. Therefeythe electrostatic interac-
the DL-POLY package [35]. Bond lengths were constrained tjons between the SDSE and the SDS or SDSC molecules
using the SHAKE algorithm with a tolerance of 10 The  should also be influenced by the interactions with the counte-
temperature was controlled using the Hoover—Nose thermo-rions and the different water molecules in the two mixtures.

stat with a relaxation time of 0.2 ps. All simulations were Thjs point will be discussed furthermore in the resullts.
performed atT = 300 K. For the long-range electrostatic

potential we used the particle mesh Ewald method with a
precision of 104 and the van der Waals interactions were 3. Results
cut offat 10 A.

The initial configuration was prepared as in Ref. [33]. Ini-
tially, we constructed a monolayer of 56 SDS molecules in
the alltrans configuration placed ira box of dimensions
x andy of 46.09 A. This configuration corresponds to an
area per head group of 37.% Anolecule, which is lower ) .
than the saturation area of 5& Anolecule for a SDS mono- ~ 3-1. Density profile, head group, and hydrocarbon
layer at the water/CGlinterface [4]. The:-dimension ofthe ~ chain length
box was set to 150 A. This length was enough to accom-
modate two liquid slabs and to prevent the formation of a  The first analysis was performed for the density profiles.
second water/CGlinterface. Instead, two vapor/liquid in- In Fig. 2 we show the profiles for the neat water/¢@i-
terfaces at the opposite ends of the box (onzhe0 side terface (top), SDSC/SDSE (middle), and SDS/SDSE (bot-
the vapor/water interface and on the- 0 side the liquid tom) mixtures at the water/Cginterface. The;-dependent
CCly/vapor interface) were present in the box. density profiles for the liquids, headgroups, and hydrocar-

With the head groups of the molecules initially pinned, bon tails of each surfactant molecule are plotted separately.
we performed a short MD simulation &t = 300 K. Then The head group density profile includes the polar group and,
the temperature was increased to 400 K in order to random-when it is the case, the counterion. In the SDS/SDSE mixture
ize the tails. Subsequently, the temperature was decreased ifbottom of Fig. 2) we have more SDS than SDSE molecules.
short runs until we reachefl = 300 K. At this point, we Thus the profiles of the SDS molecule are higher than those
added 1185 water molecules surrounding the head groupsf the SDSE molecule. It is also observed for this system
and a layer of 415 CGlmolecules was placed in the region that the head group of the SDS (anionic molecules) pene-
of the tails. Water was placedak 0 and CCj atz > 0. The trates more into the wat@hase than the SDSE head group
system was then equilibrated for 100 ps. Finally, 56 counteri- (nonionic molecules). What is interesting to analyze is the

In this section we present the calculations of the mono-
layer mixtures. Analysis of the structure and the orientation
of the surfactant molecules in the mixture is also discussed.
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5 O o P deeper into the solvent [36]. However, for systems richer in
(\5), 12 ] C16TAB than in G 2Eg the distribution of the nonionic mole-
= 08r / . cules seem to be slightly shifted to the solvent [18]. In our
T 04 . case we conducted simulations of those experiments at much
0 : TR lower surface coverage areas and the SDSC/SDSE mono-
. 16 | 7 3p3Cneadgrovp [ layer was richer in cationic than in nonionic molecules. So
P g ] that could be the reason for this behavior. We also observe
2 5l ] from the profiles that the SDSC/SDSE monolayer extent is
l’g 0al ] greater than that of the SDS/SDSE mixture at the water/oil
0 A > . interface. Computer simulatioms pure cationic surfactants
1 [ Sostessaen (using the same model desceth above) showed that the
8 [ 7 sosE headroup 1 head and the tail groups of these molepules penetrate more
k) 0s | 1 into the water than the head and the tail groups of pure SDS
5 molecules at the same water/G@iterface [30].
e 04T ] It is also possible to observe the reduction of the surface
O30 25 20 145 10 5 0 5 10 15 20 25 30 tension of the water/oil interface due to the surfactant mono-
z(A) layer by observing the width of the interfaces. The middle

. . . and bottom pictures of Fig. 2 show a large increase in the
Fig. 2. Density profiles for the neat water/GCinterface (top) and . . . . .
the cationic/nonionic (SDSC/SDSHjniddle) and the anionic/nonionic width of the interfacial r(:j'g_lon relative FO the pure water/gCl
(SDS/SDSE) (bottom) mnolayers at the water/Cglnterface. The mid- system (top). However, itis also possible to calculate the sur-
dle picture corresponds to the monolayer of 38 SDSC molecules with 18 face tension by the quantity
SDSE molecules. The bottom pictuiepresents the monolayer of 38 SDS
molecules with 18 SDSE molecules. Water is depicted by the solid line, " = Lz((Pn> - (Pt>), (2)

CCly by the dotted line, the SDS (SIC$ head groups by the short light . .
dashed line, and the SDS (SDSC) tails by the long light dashed fine. The WNEr€(Fx) is the normal pressurep;) is the average tan-

SDSE head groups are given by the shiark dashed line and SDSE tails ~ gential pressure, and is the length of the box in the
by the long dark dashed line. z-direction. When the simulation box contains several inter-

faces, the value af is equal to the surface tensigrof each
average position, calculated by fitting a Gaussian, in the pro-interface,

files of the head groups and the tails,

group 2 r= Z Vi 3)
0 =00 exp<_4(27_220)>, (1) For instance, in the vapor/water/GGlapor system

o
The mean average position of the SDS head gragpir I = yum + Ywio + Yon, (4)

the Gaussian) is located arouddd = —1.4 A, whereas for whereyy is the surface tension for the vapor/water inter-
the SDSE, the head is aroutfd = —0.850 A. The last re- face, ywio is the surface tension for the water/organic liquid
sults agree with previous simulations of the same system atinterface, and,, is the surface tension for the organic lig-
different concentrations [34]. In neutron reflection experi- uid/vapor interface. In the presence of surfactant molecules
ments at 300 K on monolayenixtures of SDS/dodecanol at the water/CGlinterface the surface tension of the inter-
at the water/air interface it is observed that the SDS volume face water/organic liquid will be chang€edyo.

fraction profile is displaced toward the water from the dode-  The surface tensions for the systems areA28 Nm/m,
canol profile [18,22]; i.e., the SDS seems to be closer to the 87.2 + 5 Nm/m, and 831 + 5 Nm/m for the water/CCj,
solvent [36]. water/SDS—-SDSE/CgJ and water/SDSC—-SDSE/CLCIn-

For the SDSC/SDSE mixture (middle) it is observed that terfaces, respectively; i.e., the surface tension of the water/
the profiles are more spread at the interface, even though theCCly interface decreases in the presence of the surfac-
head group profile of the SDSE (nonionic) molecules seemstant mixtures. For the surface tension of the air/water and
to be deeper into the water than the SDSC (cationic) mole- CCla/air interfaces we found 68.8 Nfm and 21.4 Nryim,

cules. In previous experiments oadTAB/C12Es at the wa- respectively [33]. However, since the same interfaces are
ter/air interface [18] it was observed that the volume fraction present in all the systems, those values are constant in
profiles of both molecules coincide for lowen£Eg con- Eqg. (4). Due to the strong interactions between the water
centrations. In experiments on benzyl alcohol witls TAB molecules and the polar head groups (of the surfactants)

at the air/water interface, it was observed that the relative compared to those between the water and the, @@lle-
positions of the volume fraction distributions are not too dif- cules these last molecules try to move away from the inter-
ferent [37]. Also, experiments omgTAB and G 2Eg show face, leading the water molecules closer to the polar groups
similar positions of the volume fraction distribution at the than to the oil molecules. Thefore, since there are a large
air/water interface for both sfactants [38]. In other experi-  number of surfactant molecules at the interfacial area we just
ments on dodecane andAB, that the G>TAB is slightly observe few CGlImolecules close to the water.
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. . . 15 T T T
The orientation of the head group of each surfactant in — S30W  SDS/SDSE menoiayer

the mixture is measured from the total length from the most -~ S3E-OW
opposite atoms, sites 2-5 (Fig. 1Jnd) and the projection
of the head group along the normal to the interfa@ag,
8zhg/Shg. In the SDS/SDSE mixture, the angle that the SDS or
head group makes with the normal is slightly lower thanthat <
of the SDSE, indicating that the head group of the SDSE 5
somehow is more bent toward the interface plane. The angles

of the head groups with the normal to the interface are 54 5r
and 58 for the SDS and SDSE molecules, respectively. For
the SDSC/SDSE mixture we found angles of ahd 53 for

the SDSC and SDSE molecules, respectively. It seems thatin
the last case the headgroups of both surfactants have similar 0 s
inclinations with respect to the normal to the interface. 2 ¢ r (GA)

The thickness of the tails was also measured for each sur-

factant of the SDS/SDSE and SDSC/SDSE mixtures. We Fig. 3. The radial distribution functiorg,(r), of S3-OW gs3_ow(r), solid
found that in the SDS/SDSE monolayer the thickness (mea-!in€) and S3E-OWgsge—ow(r), dashed line) in th SDS/SDSE monolayer

10

sured as the projection of the total tail length along the nor- ™*"e:

mal to the interface) is 9.4 and 10.3 A for the SDS and the 15 . . .

SDSE tails, respectively. Experiments on SDSEg shown [\ —— S3C-OW, SDSC/SDSE monolayer
that the thickness of the adsorbed layer at the oil/water in- [ | ~- SSEOW

terface varies from 8.0 to 15.0 A [39]. With these values, the
tilt angles were estimated as “36nd 3% for the SDS and
the SDSE tails, respectivelyhese results are in agreement
with experiments where people see that the tails of non-
ionic molecules are thicker and more straight than the tails
of the anionic molecules [22]. For the SDSC/SDSE mono-
layer mixture we found that the thicknesses of the tails are 5
9.6 and 9.9 A for the SDSC and SDSE tails, respectively.

The tilt angles are 35and 33 for the SDSC and the SDSE,
respectively. Therefore, for this mixture, under the present
conditions, the tails of both surfactants have nearly the same 0
length and inclination.

10

a(r)

3.2. Structure of the molecules at the interface Fig. 4. The radial distribution functiorg(r), of S3C-OW gg3c_owr),
solid line) and S3E-OWgls3e_owr), dashed line) in the SDSC/SDSE

[ ixture.
The arrangement of the head groups of the surfactant o oyor MPEHre

molecules with water was also agzed by the pair distrib-

ution functiong(r). g(r) can give us information about how  in the z-direction; i.e., in our case, the water is placed only
water molecules are located at the interface and their distri- on the negative-axis. Therefore, the(r) of the surfactant—
bution around the head groups of the different surfactants in water does not go to unity and it seems to take large val-
the mixture. Then, we looked at the relative positions of the ues compared to the usugdr)'s of bulk systems. For the
central atoms (sites 1S, 1SC, and 1SE for the SDS, SDSC,SDSC/SDSE monolayer we observe that water molecules
and SDSE, respectively, in Fig. 1) with the water oxygens are also slightly closer to the cationic than to the nonionic
and we calculated thg(r). Fig. 3 shows the (r1s_ow) and surfactant (Fig. 4). It is also interested to observe that these
g(rise_ow) of the SDS/SDSE monolayer. The picture indi- g(r)'s have more structure than those of the SDS/SDSE
cates that there are more wateolecules and they are closer monolayer. We found the first solvation shell around 4.0 A
to the 1S (anionic head groups) than to the 1SE (nonionic and in this case we clearly observe a second peak around
head groups) atoms. The first peakgif1s_ow) is around 6.5 A. It seems that there are more water molecules next to
4.0 A, where the first solvation shell is defined. This dis- the surfactants of the SDSC/SDSE monolayer than next to
tance of first water neighbor molecules from central atoms the surfactants of the SDS/SDSE monolayer.

of a SDS molecule was also found in previous studies of  The orientation of the water molecules next to the surfac-
SDS at the water/Cglinterface at low coverage [29]. How- tants at the interface was also analyzed. We calculated the
ever, in this case it is difficult to define a second peak for the probability distributionP (cos?), whereg is the angle of the
next nearest neighbors. It is important to mention that the vector going from one water oxygen to one central atom (1S,
monolayer is an inhomogeneous and nonsymmetric system1SE, or 1SC) of the surfactant molecule and the water dipole
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Fig. 5. Orientational distributionuhctions of water in the (a) first and (b)  Fig. 6. Orientational distribution function of water in the () firstand (b) sec-
second solvation shells around the central atoms of the anionic (S3) andond solvation shells around the central atoms of the cationic (S3C) and
nonionic (S3E) mixtureo refers to the angle between the S3(S3E)-OW  nonionic (S3E) mixtured refers to the angle between the S3C(S3E)-OW

(water oxygen) vector and the watepole vector in the SDS/SDSE mix-  (water oxygen) vector and the watdpdle vector in the SDSC/SDSE mix-
ture. The solid line is the distribution of the S3—OW and the dashed line is tyre. The solid line is the distribution of the S3C—OW and the dashed line
the distribution of the S3E-OW vector. is the distribution of the S3E-OW vector.

vector of the same water meslule (1S-OW and 1SC-OW).  pution of the SDSC/SDSE monolayer in the first solvation
The distribution was calculated in two surrounding shells shell we note that both distributions, i.e., the angle between
defined by the distances of the first and second nearest neighthe water dipole and the 1SC—OW or 1SE-OW vector, are
bors in theg(ris-ow), g(rise-ow), and g(risc-ow) calcu-  similar. However, the maximum values of the distributions
lated above (Figs. 3 and 4) for each monolayer mixture. are at 125 and 1168 for the 1SC—OW and 1SE—-OW vec-

~ Fig. 5 shows the 1S-OW and 1SE-OW angular distribu- tors (with the water dipole), respectively. On the other hand,
tions for the SDS/SDSE mixture. The top of Fig. 5 indicates from the bottom of Fig. 6 it is possible to observe that both
that the water dipole has the highest probability pointing distributions are quite similar and more uniform in the sec-
approximately 51 away from the oxygen-to-central atom  ond solvation shell. In this case the average angle that water
vector with respect to the anionic molecules. This value is dipoles (at the interface) make with the normal to the inter-
in agreement with that observed previously in simulations face is approximately 72 pointing to the negative-axis.

of SDS at the water/oil interface [29]. On the other hand,  The common surfactant in both mixtures is SDSE and
the angular distribution of dipole water molecules around the due to the symmetry of charges between the anionic and
nonionic molecule presents a different shape with respect tothe cationic molecules the properties of the SDSE molecule
that of those next to the anionic molecules. In this case, the could depend only on the charge distribution of the cosur-
distribution is broader and it has its maximum approximately factants. However, from the last results we observed that
at 92'. Therefore, the water dipoles point further away from  the structure of the interfacial water molecules is different
the nonionic molecules than from the anionic ones. The an- ground the SDS and the SDSC molecules, as well as the
gular water dipole distribution in the second solvation shell average dipole orientation at the interface in each mixture.
looks similar. As mentioned above, in this system there is Even more, close to the SDSE headgroup, the orientation of
not a second solvation shell; therefore we calculate the shellwater is also different in the two mixtures. The respective
from 5-5—6-0At9 9.5 A_fromlth@(rlsnz—pvv)- The maximum  counterion distribution ireach mixture nght also be dif-
value for both distributions is approximately at°40hus, ferent. Therefore, the properties of the SDSE surfactant are
for distances larger than 5.5 A, the water dipoles seem toinfluenced not only by the charge distributions of the cosur-
have similar orientations with respect to the central atom (1S factants but also by the interactions with the water and the
and 1SE) for the different surfactants. We also measured thecounterions. For instance,dlpositions of the SDSE mole-
average orientation of the wateipdles at the interface (next  cules and their orientations are not the same at the interface

to the head groups) and we found an angle 6f@ntingto  when they are with the SDS or SDSC molecules, as is ob-
the positivez-axis with respect to the normal to the interface. served.

For the SDSC/SDSE monolayer mixture different fea-
tures were observed for the angular distributions with respect3.3. Electrical potential
to the SDS/SDSE monolayers (Fig. 6). For instance, the
shapes of the SDSC/SDSE distributions are different from  An important difference between the surfactant mole-
those of the SDS/SDSE. However, if we compare the distri- cules in the mixture is the charge in their head groups. So
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we measured a property that is directly connected with the difference in the two mixtures by two effects. The orienta-
distribution of charges in the system; i.e., we analyzed the tions of the water dipoles, at the interfaces in the two mono-
electric potentials of the different monolayer mixtures. In layer mixtures are different (as pointed out in the previous
computer simulations, the eleicial potential is calculated  section) and the SDSC/SDSE monolayer is more spread at
using the formula the interface than the SDS/SDSE monolayer.

22

A¢=¢(Zz)—¢(11)=—/ d7'E;(2), (5)

<1

4. Conclusions and discussion

where the electric field is given b
g y We performed a series of molecular dynamics com-

1 a puter simulations of anionic/nonionic (SDS/SDSE) and
E.(2) = —/ dz'py(2); (6) cationic/nonionic (SDSC/SDSE) mixtures at the water/CCl

€0 Y interface. The cationic swttant was prepared with the
same SDS molecular structure but reversing the atomic
charges. For the nonionic surfactant we used a similar pro-
cedure; the charge distribution of the SDS molecule was
dphanged in order to get a zero total net charge in the mole-
) cule. We studied the structure of the anionic, cationic, and
in early works [33,40]. . . .

nonionic surfactants in the monolayers at the interface. From

In Fig. 7, the charge density profile, the electric field, and ] . . .
the potential difference across the interface are plotted forthe density pr.of|I.es we opserved the.dn‘_ference in the str.uc-
ture of the anionic, cationic, and nonionic molecules, which

the different systems. We observed that the charge density ) . Co
profile does not show much difference between the differ- oceurs simply because of the @fent chgrgg dISFI’IbUtIO.n'
ent monolayer mixtures in comparison with the electrostatic in the head groups. F'or.the anionic/nonionic mixture it 'S
field, where a more significant difference can be appreci- observed that the anionic surfactant penetrates more into
ated. However, a higher difference is observed in the surfacel® Water, whereas for the cationic/nonionic mixture the
potential. Measuring the potential difference across the inter- "OMONIC surfactant is slightly deeper in the water region.
face, we obtain potential differences of approximately 140 Orientation of the water near the surfactants in the mixture
and 840 mV for the SDS/SDSE and SDSC/SDSE mixtures. Was also measured. We found for the anionic/nonionic mix-
respectively. This large difference (by a factor of 6) in the ture that water is closer to the anionic than to the nonionic
potential was also observed in simulations of pure cationic "€adgroups. Moreover, the water hydrogens next to anionic
and anionic monolayers at the water/G@iterface with the ~ Molecules point toward the central group, whereas hydro-

same molecular model [30]. We explain the large potential 9€ns next to nonionic mo!eculeg seem to point away from
that group. For the cationic/nonionic mixture we observed

that water near to the surfactants is slightly closer to the

here p,(z) is the charge density. The reference potential
¢(z1) = 0.0 V was chosen in the vacuum regian< 0) far

from the interface. For the calculation of the potential we in-
cluded the surface term in the electrostatic forces discusse

0.2
0.1

Q(z2)

—— SDS/SDSE monolayer
— — - SDSC/SDSE monolayer

0.1

cationic than to the nonionic headgroups. In this case wa-
ter oxygens are pointing to the positive head group. We
also investigated the tail configuration of the monolayer
mixtures. The results indicate that for the anionic/nonionic
mixture the tails of the nonionic surfactant are thicker and
more straight than the anionic tails. On the other hand, for

N . _ the cationic/nonionic mixture, both surfactants have simi-
Wl ST AT lar thicknesses and inclinations with respect to the interface.
PP e Finally, we also measured the difference in the electrosta-

tic potential across the interface and we found that for the

08 1 anionic/nonionic monolayer this difference is significantly

N oaf ’ . lower than for the cationic/nonionic monolayer.

S . As mentioned before, due to the models of the cationic
el and nonionic molecules, the comparison with experiments is

0.4

not straightforward, even though, in some cases, it was pos-
sible to observe similarities to experimental results. There-

Fig. 7. Charge density profile foh¢ SDS/SDSE and the SDSC/SDSE fore, these simulations would show us more insight about
monolayer mixtures at the C@lvater interface (top panel). The electric

field is depicted in the middle and the potential profile in the bottom t_he role of the polar h?ad group ar_]d the charge dIStrl,bu-
panel. The solid line is for the SDS/SDSE and the dashed line is for the tion of the surfactants in the behavior of monolayer mix-
SDSC/SDSE mixture. tures.
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