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We report a study on the effects of the amount of oil (100, 300, and 1372 1,2-dichloroethane molecules)
spread on a hexadecyltrimethylammonium (CTA) chloride monolayer adsorbed on water. There are some
related experimental results, namely, by neutron reflection on the Langmuir interface (air/water interface),
that could be used carefully to understand the behavior of monolayers adsorbed at liquid/liquid interfaces.
With this work we make a bridge between the Langmuir and the liquid/liquid interfaces. The addition of a
small amount of DCE molecules changes dramatically various properties, namely, the distribution of the
width of the chains, the distribution of the distance between the chain heads and tails, and the distribution of
the tilt angle. On the other hand, the in-plane mean square distribution and the diffusion coefficient of the
nitrogen atom are very similar in the systems studied, except for the system containing the largest amount of

DCE molecules, which corresponds to the water/DCE interface.

1. Introduction of dodecane. Although these studies are important per se, from
. . the liquid/liquid interfaces study point of view, we would like
The stgdy of the adsorbed_ monolayers and bilayers is a veryq know if these systems can be regarded as containing a liquid/
vast subject due to the richness of systems that can bejiqyid interface, whose properties are more or less dependent
produced:~® Although the Langmuir interface (air/water inter- o the quantity of added oil or on the thickness of the film in
face) is one of the most studied, it is far from being the one ¢ontact with the monolayer, and what amount of oil should be
with the greatest technological or industrial applications. On gqded to attain the thermodynamic limit of a liquid/liquid
the other hand, the study of liquid/liquid interfaces is relatively interface. From another point of view, we would like to know
recent mainly because the classical experimental techniquesyhat experimental information gathered by this technigue can
cannot give useful information on interfaces buried inside pe girectly used to better understand the behavior of monolayers
condgnsed phasésWith thg advent of new SPECtroscopIC  adsorbed at liquid/liquid interfaces. On the other hand, the
technigues (second-harmonic and sum frequency genefation) monolayer system with the added oil can also be regarded as a

or the use of neutron reflection techniquebe system behavior  -ontaminated monolay®# and used to study the contaminant
can now be interpreted on the basis of the information at the effect upon the monolayer organization.

molecular level. Recently, Walker and co-worketd used a
very promising technique that uses second-harmonic generatiorp. Simulation Details
to study the response of molecular rulers (solvent-sensitive
cromophores) to the environmental changes occurring at liquid/
liquid and solid/liquid interfaces.

We have adopted the same strategy, simulation parameters,
techniques, and model potentials already used in a previous
. . study of a hexadecyltrimethylammonium (CTA) chloride mono-

The Monte Carlo and molecular dynamics techniques also aver adsorbed at the Langmuir and at the water/DCE inter-
play an important role, since they can be used to connect the¢, .21 \We have used the SPGvater potential and a modified
micro and thermodynamic point of view and because there is model due to Bker and co-workers for the CTA, with the van

still some information that is obtainable by simulation, but not der Waals and ligand potentials extracted from the CHARMM22
by the state-of-the-art experimental techniques. Using these¢, o field, except for the tails' dihedral angles that were

techniques, several authors were successful at studing liquid/qpityted by the RyckaerBellemans potential. The potential
liquid interfacial phenoment. 21

for the DCE was developed by Jorgensen and co-woRensd
Liquid/liquid interfaces are usually studied by simulation for the chlorine ion we have used the parameters obtained by
techniques, by sum frequency spectroscdffy?* and by some  Smith and Dang!
electrochemical teChniqUeS, namely, CyCliC Voltametry. The Using a previous|y equ”ibrated System Containing a CTA
neutron reflection technique, although very important, is unable monolayer adsorbed at the water/DCE interface with 100 CTA,
to give information on buried interfaces. Nevertheless, Thomas 100 chlorine ions, 4500 water molecules, and 1372 DCE
and co-workers have studied monolayers of dOdecyltrimethy- m0|ecu|esz’l we have removed the DCE molecules that were
lammonium and hexadecyltrimethylammonium (CTA) bro- fyrther away from the interface to obtain two systems, one
mides?® tetradecytrimethylammonium bromid&sand penta-  containing only 100 DCE molecules and another containing 300
ethylene glycol monolayefs,all of them with an added layer  DCE molecules, all of them at the same coverage density of 45
A2 per surfactant. We have used the same coverage density,
* Corresponding author. E-mail: dasantos@fc.up.pt. since Thomas and co-workérserified that the incorporation
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Figure 1. Average density profiles for the water, chloride ions, CTA Figure 3. Average density profiles for the water, chloride ions, CTA
ions, and DCE as a function of the box coordinate for the system ions, and DCE as a function of the box coordinate for the system
containing 1372 DCE molecules. containing 100 DCE molecules.
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Figure 2. Average density profiles for the water, chloride ions, CTA Figure 4. Average electron density profile for the water, chloride ions,
ions, and DCE as a function of the box coordinate for the system CTA ions, DCE, and CTA plus chloride ions as a function of the box

containing 300 DCE molecules. coordinate for the system containing 1372 DCE molecules.

of alkane molecules in the CTA monolayers in equilibrium with 0'035; ' ' ' ' 00025
the alkane vapor has a relativelly small effect on the surfactant 0,030l heads ]
density coverage. I J10.0020
These two systems were equilibrated for at least 750 ps, and 0.025\ ]
a production run just followed by 1000 ps. The particles’ -
trajectories were written to a compressed disk file at every 32 |7, 0.020- ‘_0-00‘5'3<
steps and later analyzed. ~ T ] ~
<0015+ Joooro &
3. Results o010k ]
The three different systems containing 1372, 300, and 100 I -0.0005
DCE molecules are represented by the density profiles in Figures 0.0051 )
1, 2, and 3, respectively. For the system containing 1372 DCE 0000' oA AN 30,0000
molecules we can find in equilibrium with the monolayer a DCE ’ -40 -30 -20 -10 0 ’
slab with some bulk DCE. This system corresponds to a CTA ZLA

monolayer adsorbed at the water/DCE interface. For the systemFigure 5. Profiles and fits for the water and CTA (heads and tails)

containing 300 DCE molecules (a 3:1 DCE/CTA ratio) we can number densities for the system containing 1372 DCE molecules. The

see that an important amount of DCE’ exists inside the monolayerwater scale is located on the left-hand side, and the heads and tails
. . scale is located on the right-hand side.

and that the remainder covers the CTA tails. For the 100 DCE g

molecule system (a 1:1 DCE/CTA ratio) we can see that allthe  From Figure 4, we can look at the system containing 1372
DCE molecules are incorporated inside the monolayer tails. In DCE molecules from the average charge density profile of the
these last two systems, the amount of DCE is insufficient to species present. This property was also calculated for the other
achieve bulk type oil and can be understood as a very thin film two systems and was found to behave similarly as in other
of different thicknesses in equilibrium with a monolayer systems with adsorbed CTA monolayers at different liquid/liquid
adsorbed on water. For all systems we have bulk water in interfaces! It seems also to be rather insensitive to the
equilibrium with the monolayer, but bulk DCE exists only in  differences in the amount of DCE molecules present in the
the system containing 1372 DCE molecules. systems.
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TABLE 1: Widths ¢ and o of the Water and CTA Head and Chain Profilest

DCE on/A odA CIA Oc/A OndA OcdA
1372 11.0+ 0.1 16.45+ 0.07 5.97+ 0.08 8.72+ 0.06 0.40+ 0.09 9.12+ 0.08
300 10.8£0.2 17.2+0.1 5.96+ 0.08 9.23+ 0.09 0.4+ 0.1 9.59+ 0.08
100 10.8+ 0.2 14.7+ 0.1 6.1+ 0.1 8.8+ 0.1 0.2+0.1 9.1+ 0.1
0 11.0+ 0.2 12.3+ 0.1 6.53+ 0.09 8.0+ 0.1 0.2+ 0.1 8.224+ 0.09

a¢; are the separations between the distribution centers (c, chains; h, heads; s, water). The 0 DCE corresponds to the Langmuir interface, and
the 1372 DCE corresponds to a water/DCE interface.
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Figure 6. Profiles and fits for the water and CTA (heads and tails) Figure 8. Definition of the tilt angled. Ty is the vector between the
number dengltles for the system containing 300 DCE molecules. Th_e nitrogen atom and the terminal methyl group in the same CTAfand
water scale is located on the left-hand side, and the heads and tailss the surface normal vector. The surface plane is laid irytids and

scale is located on the right-hand side. the surface normal in the axis.
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Figure 7. Profiles and fits for the water and CTA (heads and tails) . N P -
" - Figure 9. Tilt angle probability distribution of the CTA ions for the
number densities for the system containing 100 DCE molecules. The systems containing 1372, 300, 100, and 0 DCE molecules.

water scale is located on the left-hand side, and the heads and tails

scale s located on the right-hand side. the system containing 300 DCE molecules, as one would expect

The number density profiles for the water and CTA heads an intermediate. value (width of the chains distribution) when
and tails are represented in Figures 5, 6, and 7 for the systemsompared with the values obtained for the other two systems.
containing 1372, 300, and 100 DCE molecules, respectively. For this system the. value is the largest and can suggest a
The fittings in these figures are for a hyperbolic tangent (water nonideal behavior for systems containing an oil film in
profile) and for a normal distribution (CTA heads and tails equilibrium with a monolayer. For this property, only a small
profiles). By directly inspecting these figures, we can see that amount of DCE is necessary to produce a large increase in its
unlike in the other systems, the distribution of the CTA tails of value. Our results agree with those of Thomas and co-wafkers
the system containing 100 DCE molecules is skewed. The because they have also reported an increase in the thickness of
parameters resulting from the fittings are presented in Table 1the surfactant layer when dodecane is added.

(the results for the Langmuir interface obtained from a previous  The distance between the chains and heads distribution
calculatiord! are also shown). centers,dcn, and the distance between the chains and solvent
From Table 1, we can see that the width of the distribution distribution centers,dcs, are larger when there are DCE
of CTA heads is the same for all the systems. In opposition, molecules in the system, and we can also say that only a small
the distribution width of the CTA tails is different among these amount of DCE is necessary for the values to increase
systems. On average, we can say that the distribution width of dramatically. It is interesting to note that for these properties
the CTA tails increases as more DCE molecules are added tothe system containing only 100 DCE and the system containing

the system. Nevertheless, there is an unexpected behavior forl372 DCE molecules have similar values. The lardestalue
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Figure 10. Tilt angle probability distribution of the CTA ions for the systems containing 1372 (top left), 300 (top right), 100 (bottom left), and
0 DCE molecules (bottom right). The 20% max/min refers to the 20 CTA ions that have the nitrogen atom with a largeZgoaltem (less/
more penetration in the water).

belongs to the system containing 300 molecules, and this and the average value is 3123, and 27 for the systems
suggests that the average tilt angle (angle between the normatontaining 100, 300, and 1372 DCE molecules, respectively.
vector of the interface and the vector between the nitrogen atomAlthough the maximum probability angle is almost constant
and the terminal methyl group in the same moleciland, among the systems containing DCE, the average value is smaller
maybe also, the number of cis conformations along the CTA and the distribution is sharper for the system containing 300
chains are smaller than for the other systems. In fact, as weDCE molecules. For the Langmuir interface, the maximum
will later show, both factors have a positive contribution for probability tilt angle is located near 4Qwith the same average
the existence of a smaller; and d¢p. value.

For the water number density distribution width, we have a By analyzing Figure 10, we can have a clear picture of the
larger value for the system without DCE molecules (Langmuir differences between the tilt angle distributions, namely, the
interface), and it is quite similar among the systems that contain differences between the tilt angle distributions of the CTA heads
DCE. This means that near the interface and for the Langmuir that penetrate more or less into the water slab. We can see that
interface, the decrease in the number of water molecules with although a small quantity of DCE is sufficient to have an average
the box position is smaller; that is, the water interface is less tilt angle distribution similar to the one found for the system
sharp. On the other hand, the center of the distribution of the corresponding to the water/DCE interface, the same does not
distance between the water and the CTA heads is equal at thehappen with the distributions of the CTA that penetrate more
Langmuir interface and for the system containing 100 DCE or less into the water layer. It is clearly seen that a 1:1 CTA to
molecules, but it is larger for the other two systems. For these DCE ratio is insufficient to have similar distributions. This result
reasons, we can say that it is at the Langmuir interface where shows that an amount of oil to completely cover the CTA tails
we can find the greatest contact between the water and the CTAis necessary to obtain small differences between the distribution

heads. of the CTA that penetrate more and less into the water layer.
In Figure 8 the tilt angle of a CTA molecule is defined, and In Figure 11, we present an analysis of the average percentage
in Figure 9, the tilt angle probability distributiotisfor the of trans conformations for every dihedral angle along the CTA

Langmuir interface, for the water/DCE interface, and for the chain. The smaller percentage of trans conformations is generally
systems containing 100 and 300 DCE molecules are presentedfound for the system containing 100 DCE molecules, and the

We can see that 100 DCE molecules are enough to dramaticallygreatest percentage is found for the system containing 300 DCE
change this distribution, since the average tilt angle and the molecules, while the system containing 1372 DCE molecules

maximum probability angle are very similar to the values found has intermediate values. For this property, the system containing
for the system containing 1372 DCE molecules. For the systems300 DCE molecules presents also an unexpected behavior
containing DCE, the maximum probability angle is neaf 20 because it does not assume an intermediate position. Neverthe-
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Figure 11. Percentage of trans conformations in the CTA hydrocarbon Figure 13. Average deuterium order parameter as a function of the
chains as a function of the dihedral number. On the left-hand side is ¢arbon atom number. The water slab is located on the left-hand side
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Figure 12. Average head to tail distance distribution. Figure 14. Average bond order parameter as a function of the carbon

less, for all systems the usual zigzag profile and the decreaseatom number. The water slab is located on the left-hand side and the

. . oil slab on the right.
in the percentage of trans conformations are observed when one
goes along the CTA chain from the head until the terminal
methyl group. A large percentage of trans conformations is
linked to a large head to tail distance. As can be seen in Figure
12, itis also for the system containing 300 DCE molecules that
there is a larger probability of finding a more stretched tail.
For this property, the systems containing 100 and 1372 DCE
molecules have a similar probability distribution.

Several order parameters can be calculated that give local
information about a molecular axis deviation from the monolayer
normal. The chain order parameter is defineth&s

deuterium order parameter. For all the systems we find an
increase in the randomness of the orientation of the molecular
axes as one goes along the tails from the heads to the terminal
methyl group. For all the systems, the chain order parameter
and the deuterium order parameter suffer a slight increase from
the first to the second molecular axis, near the CTA heads. The
order parameters for the system containing 1372 DCE molecules
have an intermediate value when compared with the other two
systems. For this system, we can see that the order parameter
curve is steeper (the absolute slope value increases) after the
1 ninth molecular axis, and the order parameter changes more
SZZ=§ [3 cost), cosH; — 10 Q) rapidly. For the system containing 300 DCE molecules, this
change is not so clearly seen, since the curve has a round shape.
where#; is the angle between thigh molecular axis and the Nevertheless, the difference between the first and last order

monolayer normalz axis) and is related to the local order of parameter values is similar for all three systems. The bond order
the long molecular axis. The bond order parameter is defined Parameter curve has a general dependence on the bond number

using the bond vector as the molecular axis. The experimentally SiMilar o the one described for the other order parameters on

observed deuterium order parameter can be obtained using théhe carbon_atom nu_mber. This order .pa_rameter also has a zigzag
following equation: shape, typical of this property and similar to the one found for

other system&! The values obtained for these order parameters
2 1 are in good agreement with available data, namely, for lipid
S0~ 35T 3y (2) chaing® or computer simulation data obtained for dodecyl
sulfaté or phosphatidylcholine monolayets.

In Figures 13 and 14 we present some order parameters that The in-plane mean square displacement was calculated, and
can be calculated, namely, the deuterium order parameter andhe results are presented for the CTA terminal methyl group in
the bond order parameter, respectively. The chain order Figure 15 and for the nitrogen atom in Figure 16. The results
parameter was also calculated but has a behavior similar to thefor the Langmuir interface are also presented.
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Figure 15. Mean square displacement of the CTA terminal methyl
group for the Langmuir and water/DCE interfaces and for the systems
containing 100 and 300 DCE molecules.
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Figure 16. Mean square displacement of the CTA nitrogen atom for
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reached when there is some bulk DCE in equilibrium with the
monolayer. Although the CTA chains are flexible, a perturbation
in one end is easily propagated to the other. It seams that when
there is bulk DCE, this bulk layer decreases the mobility of the
terminal methyl group (there is a large amount of DCE
molecules that hindered the movement of the methyl group),
but in opposition, since the methyl group is more fixed, it can
serve as a fixed point for the CTA molecule to rotate, increasing
the nitrogen diffusion coefficient.

4. Summary and Conclusions

In this study we have examined DCE films with 100, 300,
and 1372 DCE molecules spread on a hexadecyltrimethyl-
ammonium (CTA) chloride monolayer adsorbed on water. The
systems with 100 and 300 DCE molecules have a 1:1 and 1:3
CTA/DCE ratio, while the system containing 1372 DCE
molecules can be regarded as a CTA monolayer adsorbed at
the water/DCE interface. We have verified that the addition of
a small amount of DCE molecules can notoriously change the
oc (width of the chains distribution) andg, values (distance
between the distribution centers of the CTA heads and tails).
Nevertheless, the largest and d¢, values were obtained for
the system containing 300 DCE molecules. This is unexpected,
since the largest value was supposed to be obtained for the
system containing 1372 DCE molecules, which corresponds to
a macroscopic limit model of the water/DCE interface.

When comparing the widths of the water and CTA heads
distributions, we have verified that the largest contact between
the CTA heads and the water slab occurs at the Langmuir
interface, and this contact decreases with the number of DCE
molecules present in the system.

For the tilt angle distribution we have also found large
differences. To change the mean value and the maximum
probability angle, 100 DCE molecules are enough. On the other
hand, we have found that more than 100 DCE molecules are

the Langmuir and water/DCE interfaces and for the systems containing N€€ded to obtain a more similar distribution for CTA heads that

100 and 300 DCE molecules.

penetrate more and less into the water slab. This means that
the amount of DCE molecules must be enough to cover the

Using the last 50 ps values of the averaged 100 ps series toCTA tails to obtain more similar distributions.

fit the results using the Einstein relatiéh3>we have obtained
values of (7.05= 0.04) x 10 6 cn? s ™%, (8.56+ 0.05) x 1076
cn? s, (6.374 0.05) x 106 cn? s7%, and (4.68+ 0.04) x
1076 cn? s71 for the in-plane diffusion coefficient of the CTA
terminal methyl group at the Langmuir interface and for the
systems containing 100, 300, and 1372 DCE molecules,
respectively. As expected, the diffusion coefficient is on average
inversely proportional to the number of DCE molecules present
in the system (thickness of the film). Although the results could
be grouped in two different groups, one with a relatively large
quantity of DCE present and the other without or with few DCE
molecules, the largest diffusion coefficient is found for the
system containing 100 DCE molecules, which constitutes an
unexpected result.

The in-plane diffusion coefficients for the nitrogen atom are
(0.7484 0.002)x 10 %cn? s %, (0.713+ 0.003)x 10 6 cn¥
s 1, (0.6374+ 0.003) x 1078 cn? s7%, and (1.36+ 0.01) x

When analyzing the dihedral conformation state along the
CTA chains, we have found an unexpected behavior for the
system containing 300 DCE molecules due to the largest
percentage of trans conformations found. The system containing
100 DCE molecules has the minor percentage, whereas the
system containing 1372 DCE molecules has an intermediate
position.

Analyzing the order parameters for some molecular axes
along the CTA chains, we have verified that the system
containing 100 DCE molecules presents the largest randomness
in the orientation of the molecular axis just followed by the
system containing 1372 DCE molecules.

The in-plane mean square displacement and the diffusion
coefficient are very dependent on the number of DCE molecules
present in the system. The in-plane mean square displacement
for the nitrogen atom is very similar between the different
systems studied, except for the system corresponding to the

1076 cm? s71 for the Langmuir interface and for the systems water/DCE interface. The mean square displacements are very
containing 100, 300, and 1372 DCE molecules, respectively. similar between the systems containing 300, 100, or no DCE
We can see that all but the value found for the system containingmolecules. For the terminal methyl group of the CTA chain,
bulk DCE molecules are similar. For this system, the in-plane the mean square displacement decreases with the addition of
diffusion coefficient is much larger than for the others. DCE molecules.

Of all the calculated properties, the tilt angle distribution and  The unexpected behavior of the system with 300 DCE
the in-plane diffusion coefficient are the most sensitive to the molecules poses an interesting problem that can suggest a
amount of DCE present in the system. For the nitrogen in-plane nonideal behavior or, because of the small amount of DCE
diffusion coefficient we can say that a different regime is molecules, can point in the direction of carefully handled
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polarization effects simulations. We expect to study this effect
in more detail in a future work.
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