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We have simulated a hexadecyltrimethylammonium (CTA) chloride monolayer adsorbed at the water/
air and water/1,2-dichloroethane (DCE) interfaces. A diffusive electrical double layer was found formed
by the chloride and CTA ions. It was found that the water molecules change their dipole orientation to
help on the neutralization of this electrical charged layer. The DCE molecules penetrate the CTA tails and
an increased concentration exists inside the tails. The tilt angle maximum probability for the CTA tails
is 20° at the water/DCE interface, while at the water/air interface the maximum probability is located at
40°. The average tilt angle values are 27° and 40°, respectively. The average number of trans conformations
per chain is similar at both interfaces with a maximum probability corresponding to 12 trans conformations.
Nevertheless, the percentage of trans conformations in the chains is greater for the water/DCE interface
and consequently the CTA tails at the water/air interface are more folded, present more defects, and are
less stretched. The distribution of the chains is broader when the monolayer is adsorbed at the water/DCE
interface. The motion in the monolayer plane of the terminal methyl group is less at the water/DCE
interface.

1. Introduction

Molecular monolayers and thin films have been exten-
sively studied for more than a century. They display
complex phase diagrams and elaborate structures1 and
pose some yet unresolved chemical problems. They play
an important role in processes such as lubrication,
molecule self-assembly, foam stability, ion transfer, mi-
croemulsions, and detergency. They are extensively used
in several industries, such as the mining and oil industry
for extraction and separation or the household industry
for fabric softeners.2

The appearance of several review articles concerning
the chemistry of organized surfactant systems2-7 and the
development of instrumentation and analysis techniques8

are a clear indication of the extensive research carried
out in this field of chemistry.

The study of monolayer systems can be very valuable
since they are simplified models for bilayers or biological
membranes. For this reason, the detailed study of the
electrostatic potential profile and the dielectric profile is
very important if we want to evolve to a good mesoscale
description of monolayers and bilayers adsorbed between
two immiscible liquids or the interactions of druglike
molecules with adsorbed films.

The theoretical treatment of this kind of system began
by the use of lattice models or the application of mean

field theory approximation. The early simulations ac-
counted for the main features using idealized oil-like and
waterlike particles and the surfactant being a mixture of
both particles.9,10

A large number of computational and theoretical
studies11-13 have been done in monolayers and bilayers of
Langmuir and Langmuir-Blodgett interfaces since the
pioneeringcomputational studiesbySmit14 andBerendsen
et al.15,16 Yet only a small number of computational
investigations have been carried out at the interface
between two immiscible liquids.17-20

Monolayers between two immiscible liquids are suitable
for studies by electrochemistry techniques, namely, cyclic
voltammetry. They are easily built and mechanically
stable, and the potential drop across the interface can be
accurately controlled externally.21-24
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Some experimental techniques used to study thin films,
such as Brewster angle microscopy,25 Fourier transform
infrared spectroscopy,26 or optical sum-frequency genera-
tion,27,28 among others, although important, are unable to
give detailed information at a molecular level. Meanwhile,
the molecular information obtained by atomistic computer
simulations can now be compared with experimental data
from new techniques such as vibrational sum frequency
generation spectroscopy,29,30 neutron reflection,31-35 or
scanning tunneling microscopy.1,36 Nevertheless, these
techniques have been mainly applied to the water/air
interface.

The molecular behavior of a monolayer between two
immiscible liquids is very difficult to observe directly, even
by the newest experimental techniques. Only recently
Conboy et al.37 have applied vibrational sum-frequency
spectroscopy to a series of monolayers adsorbed at the
deuterated water and carbon tetrachloride interface and
Penfold38,39 and co-workers have studied a monolayer of
monododecyl pentaethylene glycol at the solution/air
interface with and without an oil layer of dodecane and
dodecyl and hexadecyltrimethylammonium bromide mono-
layers mixed with dodecane at the water/air interface.

The molecular dynamics simulation method has given
insightful information when applied to the study of the
interface between two immiscible liquids40-45 or to the ion
transfer across this interface type.46-54 In this work, we
study the behavior of a hexadecyltrimethylammonium
chloride monolayer adsorbed at the interface between

water/air and water/1,2-dichloroethane (DCE) by molec-
ular dynamics.

Böcker55 and co-workers have simulated the behavior
of a hexadecyltrimethylammonium chloride (CTAC) mono-
layer at the water/air interface with an area per headgroup
of 45 Å2. They studied two systems, one containing 32
CTACs and another containing 64 CTACs. They present
mainly the results for the bigger system and find, for this
system, a wavelike arrangement of the headgroups that
is absent in the smaller one. They conclude that the system
size has an effect on the calculated properties. This
observation is in accordance with earlier observations56-58

of the severe influence of the system size on the properties
of monolayers.

The influence of the monolayer size upon the properties
of the system depends on the surface coverage density,
the length and nature of the surfactant tails (branched,
functionalized), the nature and charge of the heads, the
tilt angle distribution, and the type of interface in which
the surfactant is adsorbed. As far as we know, little work
has been done to understand this important phenomenon,
and some results appear to be contradictory. In fact, Bishop
and Clarke56 simulated a Langmuir-Blodgett monolayer
with 16, 64, and 100 surfactant molecules and concluded
that for the densities used (19.6, 20.8, 22.0, and 23.2 Å2

per chain) a 64 chain system was large enough to give
accurate calculations of the tilt angle. Siepmann and
McDonald57 simulated three different Langmuir-Blodgett
monolayers with 30, 90, and 224 chains at 21 Å2 per chain.
They find a difference in the degree of homogeneity with
the smaller systems formed by a single domain. For the
larger system, they also found that the domain boundaries
were clearly visible and the surfactants presented a
different tilt angle and larger than average conformational
defects. Due to the higher disorder, the mean potential
energy was higher for the larger system and the thickness
of the monolayer was weakly dependent on the system
size. For the radial distribution functions, they find a
broadening of the peaks but no shifting. Karaborni and
Siepmann58 find a lower level of ordering in a 256 than
on a 64 surfactant system.

Klein and co-workers59 have also studied a similar
system containing 64 tetradecyltrimethylammonium bro-
mide (CTAB) molecules at two different areas per head-
group (45 and 67 Å2) built on opposite sides of a water
lamella (32 CTABs on each monolayer of both sides).

In a previous attempt to build our system, a simple test
with a monolayer containing 36 CTACs demonstrated that
the collective properties of the monolayer corresponded
clearly to a more ordered system. Indeed, this effect due
to the periodic boundary conditions on systems containing
monolayers with small box sizes was already noticed, and
the effect of the box side length is even more pronounced
in this kind of system where the surfactant has a net
charge.

Not only the monolayer size is important, but also the
lamella of neighboring liquids used. The counterions that
are dissolved on the water lamella should not feel the
presence of some kind of interface that may exist on the
water side but only feel the presence of bulk water. Since
the major contribution to the total number of sites is by
far coming from the ones present on the liquid lamellae,
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their increase poses a problem because the computation
time is proportional to the square of the number of sites.

As the natural state of the biological membranes is
liquidlike, the molecular study of monolayers at a similar
state can bring valuable information about the possible
relations between structure, behavior, and kinetics of
interfacial processes.

As most theoretical studies are performed at the water/
air interface and experimental electrochemistry is per-
formed at liquid/liquid interfaces, the main purpose of
this article is to understand at the microscopic level what
are the differences in structure and behavior of monolayers
when a bulk oil layer is added and a liquid/liquid interface
is constructed. We want to understand how properties
are changed in order to use the large amount of information
gathered at the water/air interface for the interpretation
of phenomena at liquid/liquid interfaces. On the other
hand, there is some information at the molecular level
that despite the advances in the experimental techniques
still is not yet accessible but can be obtained by this type
of computer simulation.

2. Simulation Details

For the water potential, we used the simple point charge
model (SPC model60). For the hexadecyltrimethylammo-
nium ion, we used the charges calculated by Böcker and
co-workers55 with the van der Waals and ligand forces
parametrization of the CHARMM2261 force field except
for the dihedral angle that was replaced by the Ryckaert-
Bellemans62,63 description. For the DCE, we used the
potential developed by Jorgensen and co-workers.64 For
the chloride ion, we use the parameters developed by Smith
and Dang.65

The water angle and all bond lengths were constrained
using the SHAKE66 algorithm with a tolerance of 10-5 Å.

To obtain the Lennard-Jones parameters between sites
of unlike atoms, the Lorentz-Berthelot61,67 mixing rule
was used (as required by the CHARMM22 potential).

All simulations were performed with a modified version
of the DL_POLY68 molecular dynamics package in the
NAT ensemble (T ) 300 K) using a Nosé-Hoover69,70

thermostat in the Melchionna et al.71 implementation.
Periodic boundary conditions were applied in the

monolayer surface (x and y axes) except for the longitudinal
axis in which the system interfaced with a vacuum.

In all the simulations, the velocity Verlet algorithm was
used for the integration of the equations of motion with
a time step of 2 fs. A 10 Å cutoff was used for the short-
range interactions and a 12 Å one for the long-range

interactions with a smoothing function72 applied between
11 and 12 Å. A multiple time step was also used for
interactions greater than 11.5 Å with an update frequency
of 8 time steps. A system check in the microcanonical
ensemble was performed to verify the validity of the
parameters, and a good energy conservation was found.

The system was prepared by constructing a square
lattice monolayer with 100 hexadecyltrimethylammonium
ions with 45 Å2 per headgroup. This corresponds to a cross
section of about 67 × 67 Å2. All the hexadecyltrimethy-
lammonium tail dihedral angles were set in a trans
conformation and parallel to the z axis. Chloride ions were
added at a distance of about 3-4 Å from the hexadecyl-
trimethylammonium head positions. A rapid equilibration
was performed with the nitrogen atom positions frozen
just to randomize the tails, changing the orientation and
the dihedral conformations. In all the following simula-
tions, the nitrogen atom positions were free to move
according to Newtonian dynamics.

A water box with 4500 molecules and a box containing
1372 DCE molecules, with the same cross section of about
50 × 50 Å2, were equilibrated for 150 ps in the NpT
ensemble with periodic boundary conditions and simula-
tion parameters similar to those described for the hexa-
decyltrimethylammonium chloride lattice.

The water molecules split across the boundaries were
reunited and a system corresponding to a Langmuir
interface was constructed by joining together the hexa-
decyltrimethylammonium chloride layer and the water
box with a gap of 3-4 Å between them. A new equilibration
of 300 ps was performed in the NAT ensemble with periodic
boundary conditions in all axes except the longitudinal z
axis. The molecules of the DCE box which were split across
the boundaries were joined together. Finally, the mono-
layer between water and DCE was constructed by joining
the oil box to the Langmuir interface using a gap of 3-4
Å between the hexadecyltrimethylammonium tails and
the oil molecules. This system has about 100 Å along the
major z axis. The systems interface with a vacuum at
both ends of the longitudinal z axis and have periodic
boundary conditions in the monolayer plane (x and y axes).
In this way, we have obtained two systems with mono-
layers adsorbed at the water/air and water/DCE interfaces
with exactly the same coverage density (45 Å2 per
headgroup).

Both systems were equilibrated for at least 1200 ps.
After this equilibration, a production run was started for
1000 ps. During this production run, the trajectories of
the particles present in the systems were written to files
every 32 steps and later analyzed.

The use of Ewald summations or the effect of truncations
on the properties of the systems under study has been
discussed in the literature. For systems containing
charges, the interactions are more accurately calculated
by Ewald summations, but only recently an efficient and
accurate way was developed to perform these calculations
on systems containing periodicity in two dimensions.73 As
the system size affects the calculated properties, a
compromise is needed between system size and computa-
tion time. We opted for the use of truncation with a
smoothing function72 as we believe that the effect of this
kind of approximation is less severe than the use of a
small number of surfactant molecules.
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3. Results

The systems simulated are represented in Figure 1 by
the density profile of the CTA monolayer adsorbed at the
water/air interface and in Figure 2 by the average density
profile of the monolayer adsorbed at the water/DCE
interface. As can be seen in these figures, the density
profiles match the bulk densities of the liquids.

Figures 1 and 2 show a diffuse electrical double layer
formed by a negatively charged diffuse barrier of chloride
ions and a positively charged diffuse barrier of CTA heads.
The penetration of the water molecules stops at the point
where there are no more heads to be solvated. The diffusive
layer of chloride ions is located mainly near the CTA heads,
but some of the ions diffuse throughout the water lamella.

It is important to note in Figure 2 that the density profile
of the DCE lamella near the CTA tails and the density
profile of the water near the CTA heads are rather
different. While the water profile decreases almost
linearly, the DCE profile has a little shoulder that indicates
a greater DCE concentration. It seems that the DCE
molecules are concentrated to a greater extent in the region
where they start to feel the presence of the double layer
charges already inside the CTA chains. The penetration
of oil-like molecules in monolayers was experimentally
observed for dodecane on tetradecyltrimethylammonium
bromide74 and dodecyl and hexadecyltrimethylammonium
bromide38 monolayers and other monolayers.39

The density maximum of the CTA is greater when
adsorbed at the water/air interface than when adsorbed
at the water/DCE interface. This indicates that the CTA
ions are more folded when adsorbed at the water/air
interface since there is nothing to interact with. The
chloride counterions are mainly located near the CTA
charged headgroups and exist only in the water side (they
do not cross the CTA tails).

The average electron density profiles for the CTA ions
adsorbed at the water/air interface and at the water/DCE
interface are represented in Figures 3 and 4, respectively.
The counterions do not have the ability to completely
neutralize the positive charge layer formed by the CTA
headgroups, and the orientation of the water molecule
dipoles is important. This behavior occurs at both inter-
faces, and the contribution of the water molecules is
different near the headgroups from that near the tails
since the average electron density profile for the sum of
the CTA and chloride ions changes sign.

In Figures 5 and 6, the number density profiles for the
water and CTA heads and tails are presented. The fits to
the water profiles were done using the same hyperbolic
tangent function that is commonly used by the experi-
mentalists:7

where ú is the width of the distribution and z0 is the center.

(74) Lu, J. R.; Thomas, R. K.; Aveyard, R.; Binks, B. P.; Cooper, P.;
Fletcher, P. D. I.; Sokolowski, A.; Penfold, J. J. Phys. Chem. 1992, 96,
10971.

Figure 1. Average density profiles for the water, chloride ions,
and CTA ions as a function of the box coordinate for the
Langmuir interface (water/air).

Figure 2. Average density profile for the water, chloride ions,
CTA ions, and DCE as a function of the box coordinate for the
water/DCE interface.

Figure 3. Average electron density profile for the water,
chloride ions, CTA ions, and CTA plus chloride as a function
of the box coordinate for the water/air interface.

Figure 4. Average electron density profile for the water,
chloride ions, CTA ions, and CTA plus chloride as a function
of the box coordinate for the water/DCE interface.

F )
F0

2 [1 ( tanh(z - z0

ú )] (1)
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For the CTA heads and tails, a Gaussian function was
used:

where σ is the width of the distribution and z0 is also the
center.

The parameters obtained by fitting the simulation
results are presented in Table 1.

In analysis of the values in Table 1, it should be noticed
that due to the added contribution of the thermal
roughness, the experimental value for σc should be
corrected:

where obs means observed value and cor means corrected
value.

The corrected σc obtained by Lu et al.7 is 10 for the
hexadecyltrimethylammonium which is much closer to
the value that we have obtained. We should also be careful
when comparing these values with the results obtained
by Tarek et al.59 because of the different definition for σ.
We have used the experimental definition for the width,
while they have used the full width at half-maximum (they
differ by a factor of (ln 2)1/2). Nevertheless, these results
are in fair agreement with the results obtained by Tarek
et al. for a tetradecyltrimethylammonium bromide mono-
layer. The larger values are due to the fact that the
surfactant that we have used as a longer chain.

If we compare the behavior of the CTA in the two
interfaces, we find that σh has the same value. On the
other hand, the width for the distribution of the chains
is larger for the water/DCE interface. The larger values
for the distances between the distribution centers occur
also at the water/DCE interface. This means that the CTA
tails must have a greater percentage of trans conforma-
tions or must be more aligned with the interface normal.
This will be analyzed later in more detail, and we will see
that both of these contributions are positive.

The tilt angle θ is defined as

where R1N is the vector between the nitrogen atom and
the terminal methyl group in the same molecule, R1 -
RN, and Z is the unit vector of the z axis. This angle was
calculated over all the CTA ions, and a probability
distribution was obtained for both interfaces. As can be
seen in Figure 7, the presence of the DCE liquid phase
changes the tilt angle distribution. For the CTAs adsorbed
at the water/air interface, the average angle and the
maximum probability are located around 40° (average,
40 ( 19). A different behavior is observed for the CTAs
adsorbed at the water/DCE interface. The maximum
probability for this interface is located at near 20°, and
the profile is much sharper (average, 27 ( 15). In this
case, a greater difference between the average tilt angle
and the maximum probability exists because this distri-
bution is less symmetric. This dramatic difference should
be experimentally observed with appropriate techniques
and can certainly cause differences in some interfacial
phenomena such as the interactions of druglike molecules
with monolayers.

For both interfaces, the existence of a tail in the tilt
angle distribution means that some CTA ions prefer large
angle values. Nevertheless, for the water/DCE interface
there are no CTA ions parallel to the interface, unlike the
CTA ions at the water/air interface.

A similar mean tilt angle value was obtained by Böcker
et al., but the tilt angle distribution is a little broader
with a maximum probability near 20°. This difference is
possibly due to the system size dependence and also to a
short production run (100 ps) as we could notice that the
maximum probability does not have a rapid statistical
convergence.

Comparing Figures 8 and 9, we find a great similarity
between the tilt angle distribution for the CTA ions at the
Langmuir interface that have a greater penetration in
the water and the average distribution for the water/DCE
interface. This means that these CTA ions feel the presence
of the reminder of the surfactant layer as an added oil
layer. This result is interesting and means that the data
gathered for monolayers with an added oil layer, obtained
from neutron reflection experiments,38,39,74 could be used
to help in more directly understanding the behavior of
monolayers at liquid/liquid interfaces.

We can also see the greater disorder of the chains at the
Langmuir interface when compared with the water/DCE
interface.

The average number of trans conformations per chain
at both interfaces is similar, with a maximum probability
corresponding to 12 trans conformations (cf. Figure 10).
This corresponds to the preference of 2 gauche conforma-
tions per chain and is in good agreement with the results
of Böcker et al. Nevertheless, in the water/DCE interface,
the CTA chains have a little less defects. This is under-

Figure 5. Profiles for the water and CTA (heads and tails)
number densities at the Langmuir interface. The fits are also
displayed. The water scale is on the left-hand side.

Figure 6. Profiles for the water and CTA (heads and tails)
number densities at the water/DCE interface. The fits are also
displayed. The water scale is on the left-hand side.
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standable, since the presence of another condensed phase
stabilizes energetically the trans conformations.

The influence of the DCE oil phase on the CTA tail bond
conformations is more clearly seen if we report the
percentage of trans conformations per bond number (cf.
Figure 11).

When we go through the CTA chain from the water into
the oil phase, the number of trans conformations dimin-
ishes at both interfaces. The terminal dihedral has also
the greater percentage of gauche conformations at both
interfaces. However, at the water/air interface, the
decrease in trans conformations is more rapid and remains
almost unchanged from the middle till the end of the chain.
At the water/DCE interface, the decrease is gradual and
almost linear. The usual odd-even effect is observed and
is most prominent for the water/air interface, with the
odd dihedral numbers presenting a smaller percentage of
trans conformations.

The percentage of trans conformations for the hexa-
decyltrimethylammonium chloride tails is very similar to
the values obtained by Tarek et al.59 with a tetradecyl-
trimethylammonium bromide monolayer. Böcker et al.55

obtained an average value of 81% of trans conformations
for all the 17 hexadecyltrimethylammonium dihedrals.
We obtained 69 ( 22%. The large fluctuation is due to the
large difference between the values of the dihedrals of the
heads (mainly cis conformations) and the dihedrals of the
tails.

The higher percentage of trans conformations in the
CTA chain for the water/DCE interface also suggests a
higher value for the average distance from the headgroup
to the terminal methyl group for this interface, as can be
seen in Figure 12. This distance distribution is broad at
both interfaces, and most molecules have a distance that
is less than the maximum probability value. A small
relative maximum exists near 20 Å, corresponding to the
distance of a CTA ion in the gas phase with all the tail
dihedral angles in the trans conformation.

Several order parameters can be obtained by the
following tensor:16

where θi is the angle between the ith molecular axis and
the monolayer normal (z axis). The order parameter is a

Table 1. Widths ú and σ of the Water and CTA Head and Tail Profiles As Defined by Equations 1 and 2a

interface σh/Å σc/Å ú/Å δch/Å δhs/Å δcs/Å

Langmuir, this work 11.0 ( 0.2 12.3 ( 0.1 6.53 ( 0.09 8.0 ( 0.1 0.2 ( 0.1 8.22 ( 0.09
Langmuir, expt 14 ( 3 16.5 ( 1 6.5 ( 1 8.0 ( 0.5 2 ( 1.5 9.0 ( 0.5
water/DCE, this work 11.0 ( 0.1 16.45 ( 0.07 5.97 ( 0.08 8.72 ( 0.06 0.40 ( 0.09 9.12 ( 0.08
a δij are the separations between the distribution centers (c, chains; h, heads; s, water). The experimental values were taken from Lu

et al. (ref 7), uncorrected (see eq 3).

Figure 7. Tilt angle distribution of the CTA ions for the
Langmuir interface and for the water/DCE interface.

Figure 8. Probability to find a given number of trans
conformations in the CTA chain for the Langmuir interface.
The 20% max/min refers to the 20% of CTA ions that have the
nitrogen atom with a larger/smaller z position (less/more
penetration in the layer).

Figure 9. Probability to find a given number of trans
conformations in the CTA chain for the water/DCE interface.
The 20% max/min refers to the 20% of CTA ions that have the
nitrogen atom with a larger/smaller z position (less/more
penetration in the layer).

Figure 10. Probability of finding a given number of trans
conformations in the CTA chain.

Sij ) 1/2〈3 cos θi cos θj - δij〉 (5)
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measure of the deviation of the surfactant molecules from
the monolayer normal. For each CH2 unit, we can define
the z axis as the vector from the Cn-1 to the Cn+1 unit; the
y axis is the vector in the plane of these two units and is
perpendicular to the z axis; the x axis is perpendicular to
the y and z axes.

The chain order parameter is usually defined as

and is related to the local order of the long molecular axis.
The experimentally observed deuterium order parameter
can be obtained using the following equation:

The values that we have obtained for the chain order
parameter and for the deuterium order parameter are
summarized in Figures 13 and 14, respectively. These
values are in good agreement with the experimental values
found for lipids chains75 or values obtained by computer
simulation for a dodecyl sulfate monolayer20 or for
phosphatidylcholine monolayers.19 The values obtained
for the Langmuir interface are always smaller than the
values obtained for the water/DCE interface. Since a
completely randomly oriented alkyl chain presents an
order parameter of zero, this means that the orientation
disorder is higher at the Langmuir interface. For both
interfaces, the randomness in the orientation increases
from the head to the tail.

The bond order parameter is defined using the bond
vector as the molecular axis. In Figure 15, the bond order
parameter is displayed as a function of the methyl number,
for each interface. As shown elsewhere,15 the bond order
parameter is a measure of the average inclination of the
bond axes with respect to the monolayer normal. This
property shows that the interface type can have a clear
influence on the behavior of the CTA tails. For the water/
air interface, the bond order parameters of all CTA tail
bonds are always smaller than those for the water/DCE
interface. The evolution of the bond order parameter as
one goes from water to the DCE lamella is different. The
decrease at the water/DCE interface is smaller than the
one for the water/air interface, and a plateau exists till

(75) Sheng, Q.; Shulten, K.; Pidgeon, C. J. Phys. Chem. 1995, 99,
11018.

Figure 11. Percentage of trans conformations in the CTA
hydrocarbon chains as a function of the dihedral number. On
the left-hand side, we found the water lamella, and on the right
the DCE lamella.

Figure 12. Average head to tail distance distribution.

Szz ) 1/2〈3 cos θi cos θj - 1〉 (6)

SCD ) 2/3Sxx + 1/3Syy (7)

Figure 13. Average chain order parameter as a function of
methyl number. The water lamella is located on the left-hand
side, and the oil lamella on the right.

Figure 14. Average deuterium order parameter as a function
of methyl number. The water lamella is located on the left-
hand side, and the oil lamella on the right.

Figure 15. Average bond order parameter as a function of
methyl number. The water lamella is located on the left-hand
side, and the oil lamella on the right.

964 Langmuir, Vol. 19, No. 3, 2003 dos Santos and Gomes

http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/la026448q&iName=master.img-010.png&w=209&h=149
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/la026448q&iName=master.img-011.png&w=209&h=149
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/la026448q&iName=master.img-012.png&w=211&h=148
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/la026448q&iName=master.img-013.png&w=210&h=149
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/la026448q&iName=master.img-014.png&w=207&h=149


the middle of the chain for the water/DCE interface. This
shows that the CTA tails at the water/DCE interface are
more strongly bent from the middle till the end.

In Figure 16, the in-plane mean square displacement
for the terminal methyl group of the CTA chains for both
interfaces is displayed. We can see that the presence of
the liquid DCE phase leads to a smaller mean square
displacement. This is expected since the presence of a
condensed phase decreases the diffusion capability of the
CTA atoms. On the other hand, and this is a rather strange
behavior as an inversion occurs, the nitrogen atom
presents a greater mobility at the DCE interface (cf. Figure
17).

If the motion in the monolayer plane were diffusive, the
in-plane mean square displacement would obey the
Einstein relation67 for two dimensions (valid for long
times):

and the diffusion coefficient parallel to the interface could
be determined:

where ri(t) is the particle position at time t. Using this
relation to calculate the diffusion constant D, we find a
value of 7.05 ×10-6 cm2 s-1 for the diffusion of the terminal
methyl group at the water/air interface and a value of
4.68 × 10-6 cm2 s-1 for the water/DCE interface. These
values seem quite reasonable since they are between 2.5
and 3.5 times greater than the values obtained by Tarek

et al. for the lateral diffusion of the tetradecyltrimethy-
lammonium’s mass center and it is natural that the
terminal methyl group can move more freely than the
large tetradecyltrimethylammonium ion.

4. Summary and Conclusions

In the present study, we report a molecular dynamics
simulation study of a hexadecyltrimethylammonium
chloride monolayer between the water/air and water/DCE
interfaces. Both the collective and individual properties
of the CTA ions are studied, and a comparison is made in
order to try to understand the influence of the bulk DCE
lamella on the static and dynamic microscopic properties
of the monolayer. Our results are in good agreement with
available experimental and simulation data.

A diffusive electrical double layer was found, formed on
one side by a diffusive negative layer of chloride ions and
on the other by a diffusive positively charged layer formed
by the CTA heads. The chloride ions do not totally
neutralize the positive charge of the CTA heads, and an
appropriate orientation of the water dipoles accounts for
this deficiency. We also notice that an increase in the
concentration of the DCE molecules exists, inside the CTA
chain where they start to feel the influence of the diffuse
electrical double layer.

Without a DCE lamella, the CTA tails are more folded,
and the addition of the DCE bulk layer helps to stabilize
the trans conformations of the dihedral angles in the CTA
chains. For this reason, the CTA head to tail distance is
larger at the water/DCE interface.

When analyzing the position probability distribution of
the headgroup, we found that the distribution is broader
when the monolayer is adsorbed at the water/DCE
interface.

When changing the interface type, the tilt angle
distribution of the CTA monolayer also changes. When
we add the DCE molecules to the interface, the CTA chains
are more aligned with the interface normal. For the water/
air interface, the tilt angle distribution is sharper and
has the maximum probability near 20° with an average
of 27°, while for the water/DCE interface the maximum
probability is located near 40° and the average is also 40°.
For the water/DCE interface, there are no CTA chains
which are normal to the interface, while for the water/air
interface there are some chains (a very small percentage)
that the tail penetrates more than the respective head.

The average number of trans conformations per chain
is similar at both interfaces with a maximum probability
at 12 trans conformations. Nevertheless, the percentage
of dihedrals in the chains with trans conformations is
greater for the water/DCE interface. For this reason, the
length of the CTA ions is greater in the water/DCE
interface.

The motion in the monolayer plane of the nitrogen atom
and the terminal methyl group was analyzed, and it was
found that the presence of a condensed phase of DCE
molecules decreases the diffusion coefficient of the ter-
minal methyl group but enhances the diffusion of the
nitrogen atom.

For systems of simple liquids, the number of particles
used to reproduce the properties of the thermodynamic
limit is not less than 100. It is important to note that large
differences exist in the collective properties of the CTA
monolayer when using a rather small number of surfac-
tants. While testing a system with only 36 CTA and 36
chloride ions, we could observe a homogeneity in the
organization of the monolayer that was absent from the
final 100 CTA monolayer. This is caused by the use of

Figure 16. Mean square displacement of the terminal methyl
group for both interfaces. A fit was made with the last 50 ps
values.

Figure 17. Mean square displacement of the nitrogen atom
for both interfaces. A fit was made with the last 50 ps values.

〈|ri(t) - ri(0)|2〉 ) 4Dt (8)

D ) lim
tf∞

1
4t

〈|ri(t) - ri(0)|2〉 (9)
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periodic boundary conditions on systems with small size.
We could also see on the production system some domain
formation caused by the existence of canyonlike structures
with dimensions of the order of half the box size. These
structures are caused by the tilting of the CTA ions with
a difference of about 180° in the azimuth orientation. In
this situation, a V-shaped structure forms and when
replicated in space originates the canyon structures.

Penfold et al.7 pointed out that a large number of
surfactant molecules should be included in the simulations
because of the reduction in surface tension, the corre-
sponding increase in the thermal fluctuation of the
adsorbed monolayer, and the consequent possibility of
modification in the conformations of the monolayer.

There is not much information about the behavior of
monolayers at liquid/liquid interfaces, namely, informa-
tion at a microscopic level that can be used to correlate

composition, structure, and dynamics. With this work,
we contribute to this understanding. A still open question
is about the factors that influence the behavior of the
monolayers at liquid/liquid interfaces. Is it the dielectrical
constant, the hydrophobicity, or the degree of penetration
of the oil in the monolayer? This question is currently
being addressed at our laboratory.
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