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Chain length effect on the structure
of alkyltrimethylammonium chloride
monolayers between two immiscible liquids

Abstract The main purpose of this
article is to understand at the
microscopic level the possible effect
of the chain length on the properties
of an adsorbed monolayer between
two immiscible liquids. We report a
molecular dynamics simulation
study of an alkyltrimethylammoni-
um chloride monolayer adsorbed in
the water/isooctane interface. The
surfactants studied have 8, 12 and 16
carbon atoms in the chain and are
studied at a constant area of 45 A?
per surfactant. It was found that the
chain widths of the number density
profile distributions increase with
the chain length and the tilt angle
distribution does not change with
the chain length. There is also no
correlation between the percentage
of trans conformations in an
alkyltrimethylammonium chain and

the length of the chain. The proba-
bility of finding a given number of
trans conformations per chain is also
similar in the three different surfac-
tants. An increase of four methylene
groups in the central part of the
chain just displaces this distribution
by about two trans conformations.
The mean-square displacement of
the terminal methyl group of the
alkyltrimethylammonium chains is
also very similar in the different
surfactant types. Our results support
the conclusions of Bell et al. [(1998)
J. Phys. Chem. B 102:218] concern-
ing the structures of the alkyltrime-
thylammonium monolayers (they
are very similar and independent of
the chain length).
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Introduction

Molecular monolayers and thin films have been exten-
sively studied and play an important economic and
scientific role. They are used extensively, for example, in
the mining and oil industry for extraction and separa-
tion, or in the household industry for fabric softeners [1].
Clear evidence of the extensive experimental work in this
field of chemistry is the appearance in the literature of
several reviews [1, 2, 3, 4, 5, 6].

The knowledge of the relationship between the
surfactant molecular structure and the macromolecular
interfacial structure is important to understand and
predict the performance of the surfactant. Yet, only

recently the molecular behaviour of the monolayers
could be obtained thanks to the advent of new experi-
mental techniques, like vibrational sum-frequency-gen-
eration spectroscopy [7, 8], neutron reflection [9, 10, 11,
12, 13, 14], or scanning tunnelling microscopy [15, 16],
that can provide information on interfacial phenomena
at a molecular level. With this new information, the data
obtained by computer simulation can now be more
thoroughly compared and validated.

Extensive theoretical [17, 18, 19] and experimental
work (see the reviews already cited and the references
therein) has been performed for Langmuir and Lang-
muir-Blodgett interfaces but only recently a small
number of simulation studies have been performed on
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monolayers between two immiscible liquids [20, 21, 22,
23].

Monolayers between two immiscible liquids are
suitable for studies by electrochemistry techniques,
namely cyclic voltammetry. They are easily built,
mechanically stable, and the potential drop across the
interface can be accurately controlled externally [24, 25,
26, 27]. The molecular behaviour of a monolayer between
two immiscible liquids is very difficult to study even by
the newest experimental techniques. Nevertheless, Con-
boy et al. [28] have applied vibrational sum-frequency
spectroscopy to a series of monolayers adsorbed at the
deuterated water and carbon tetrachloride interface and
Lu and coworkers [29, 30] have studied a monolayer of
monododecyl pentaethylene glycol at the solution/air
interface with and without an oil layer of dodecane and
dodecyltrimethylammonium (C;,TA) bromide and hex-
adecyltrimethylammonium (C;4TA) bromide monolay-
ers mixed with dodecane at the water/air interface by
neutron reflectometry.

Lyttle et al. [31] have studied by neutron reflection a
series of alkyltrimethylammonium (C,TA) bromide
monolayers with different chain lengths. They found
that the monolayer thickness is constant and indepen-
dent of the length of the carbon chain. For this to occur,
the density of the monolayer and the mean tilt of the
surfactant chains must increase as the chain length
increases. On the other hand, Bell et al. [7] studied this
same series of monolayers by sum-frequency spectros-
copy and ellipsometry and found that neither the mean
chain tilt nor the density varies significantly with the
chain length.

Molecular dynamics can provide insightful informa-
tion and help to clarify this issues. On the other hand,
there is some information at the molecular level that
despite the advances in the experimental techniques is
still not yet accessible, but can be obtained by this type of
computer simulation.

Simulation details

For the water potential we used the simple point-charge model
[32]. For the C;¢TA we used the charges calculated by Bocker et al.
[33] with the van der Waals and ligand forces parameterisation
of the CHARMM?22 [34] force field except for the dihedral
angle, which was replaced by the Ryckaert—Bellemans [35, 36]
description.

To obtain the charges for the other C,TA ions, CgTA and
C,TA, the Gaussian98 [37] ab initio computer program was used
with the 6-31G* basis set in a way similar to that used by Boker at
al. [33]. The charges on the sites of the united atom model were
obtained by a Mulliken population analysis and they were found to
be independent of the surfactant carbon tail length.

For isooctane (ISO) we used the same parameters as for the
C,,TA carbon chains with no partial charges. For the chloride ion
we used the parameters developed by Smith and Dang [38]. The
water angle and all bond lengths were constramed using the
SHAKE [39] algorithm with a tolerance of 107> A. To obtain

the Lennard-Jones parameters between sites of unlike atoms the
Lorentz—Berthelot [34, 40] mixing rule was used (as required by the
CHARMM22 potential).

All simulations were performed with a modified version of the
DL_POLY [41] molecular dynam1cs package in the NAT ensemble
(300 K and an area of 45 AZ per head group) using a Nosé—Hoover
[42, 43] thermostat in the implementation of Melchionna et al. [44].

Periodic boundary conditions were applied in the monolayer
surface (x- and y-axes) but not for the longitudinal axis, in which
the system interfaces with vacuum. In all simulations the velocity
Verlet algorithm was used for the integration of the equations of
motion with a time step of 2 fs. A 10-A cutoff was used for the
short-range interactions and a 12-A one for the long-range
interactions, with a smoothing function [45] applied between 11
and 12 A. A multiple time step was also used for interactions
greater than 11.5 A with an update frequency of eight time steps. A
system check in the microcanonical ensemble was performed to
verify the validity of the parameters and good energy conservation
was found.

The system was prepared by constructing a square lattice
monolayer with 100 C,cTA ions with 45 A per head group. This
corresponds to a cross-section of about 67x67 A2, All the dihedral
angles of the C4TA tails were set in a trans conformation and
parallel to the z-axis. Chloride ions were added at a distance of
about 34 A from the C,cTA head positions. A rapid equilibration
was performed with the positions of the nitrogen atoms frozen
while the tails were randomised — changing the orientation and the
dihedral conformations. In all the following simulations the
nitrogen atom positions were free to move according to Newtonian
dynamics.

A water box with 4,500 molecules and a box containing 753
isooctane molecules, with the same cross-section of about 50x50 A,
were equilibrated for 150 ps in the NpT ensemble with periodic
boundary conditions and simulation parameters similar to those
described for the C4TA chloride lattice.

The water molecules split across the boundaries were reunited
and a system corresponding to a Langmuir interface was con-
structed by joining together the C;¢TA chloride layer and the water
box with a gap of 3-4 A 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 isooctane box which were split across the
boundaries were also joined together. Finally, the monolayer
between water/isooctane was constructed by joining the oil box to
the Langmuir interface using a gap of 3-4 A between the C;cTA
tails and the oil molecules. This system has a length of about 100 A
along the major z-axis. The molecules interface with a vacuum at
both ends of the longitudinal z-axis and have periodic boundary
conditions in the monolayer plane (x-axis and y-axis).

This system was equilibrated for, at least, 1,200 ps. The other
two monolayer systems with surfactants containing eight and 12
carbon atoms were constructed by subtracting from the first
equilibrated system the excess carbon atoms in the surfactant tails.
Both systems were equilibrated for at least 700 ps. In this way we
obtained three systems with monolayers adsorbed between water
and isooctane that only differ in the number of atoms in the carbon
chains (8, 12 and 16).

After this equilibration, a production run of 1,000 ps on the
three systems was started. During this production run the
trajectories of the particles present in the systems were written to
three different files every 32 steps and were analysed later.

Results

The simulated system containing the C;¢TA monolayer is
represented by the average density profile in Fig. 1. The
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Fig. 1 Average density profiles for the water, chloride ions isooctane
and hexadecyltrimethylammonium (C;¢TA) ions as a function of the
box coordinate

other two systems are also very similar and for all we
could see the density profiles match the bulk densities of
the liquids (water 0.997 and isooctane 0.6980 g cm™>)
[46].

The simulation with the CgTA monolayer is intended
to test our results a step further since the carbon tail is
very short. We performed a similar simulation with the
CgTA surfactant adsorbed at the water/2-heptanone
interface and found that the monolayer was not stable. In
the physically short simulation time, the surfactant
started to dissolve into the 2-heptanone lamellae and
also started to form a double layer. The stability of this
monolayer when adsorbed in the water/isooctane inter-
face is due to the fact that isooctane is much more
hydrophobic than 2-heptanone. The water solubility in
2-heptanone is rather high, for an oil.

In the density profile for the three systems we could
see a diffuse electrical double layer formed by a
negatively charged diffuse barrier of chloride ions and a
positively charged diffuse barrier of C, TA heads (n=38,
12 and 16). The penetration of the water molecules stops
at the point where there are no more heads to be solvated.
The diffuse layer of chloride ions is located mainly near
the C, TA heads, but some of the ions diffuse throughout
the water slab.

The number density profiles were calculated for the
water and C, TA heads and tails, for the three different
surfactants. As an example, in Fig. 2 we present C;(TA
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Fig. 2 Profiles for the water and C;¢TA (heads and tails) number
densities at the water/isooctane interface. The fits are also displayed.
The water scale is on the left-hand side

and water number density profiles. The fits to the water
profiles were done using the same hyperbolic tangent
function that is commonly used to fit experimental data

[6]:
p:%{litanh (Z_CZ())} (1)

where { is the width of the distribution and z, is the
centre.
For the C, TA heads and tails, a Gaussian function

was used:
—4 <(Z — 20)2>1
a2 ’
where ¢ is the width of the distribution and z, is also the
centre. The parameters obtained by fitting the simulation
results are presented in Table 1.

Although the experimental results presented in
Table 1 were obtained for a series of C, TA monolayers
where the counterion was bromide and not chloride, and
at the water/air interface instead of the water/isooctane
interface, the fitting parameters agree quite well. Aro-
matic anions can cause a major change in the structure of
monolayers [8], but in our case, since the nature of the
counterions is similar, this effect is absent and the
experimental and simulation results can be directly

p = poexp (2)

Table 1 Widths { and ¢ of the water and alkyltrimethylammonium (C, TA) head and tail profiles as defined by Egs. (1) and (2). J;; are the
separations between the distribution centres (chains, ¢, heads, &, water, s). The experimental values were taken from Refs. [6, 31]

Surfacant on/A oA ¢/A Sen/A Sns/A Ses/A
CyTA - this work 11.80 £ 0.09 11.67 + 0.03 6.45 £ 0.06 4.90 £ 0.04 0.22 £ 0.07 512 £ 0.05
C,»TA - this work 120 + 0.1 13.42 + 0.03 6.59 £ 0.07 6.70 £ 0.05 0.22 + 0.08 6.93 £ 0.05
C1»TA — exp 125 + 3 16.0 + 1 55+ 0.5 6.5 £ 1 1+ 1 70 £ 1
Cy6TA — this work 120 + 0.1 15.96 + 0.04 6.50 £ 0.06 8.07 £ 0.05 0.44 £ 0.07 8.51 £ 0.05
Ci6TA — exp 14 +3 16.5 + 1 6.5+ 1 8.5 + 1 2+ 1.5 9.0 + 1
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Fig. 3 Tilt angle distributions for the alkyltrimethylammonium
(C,TA) ions adsorbed at the water/ISO interface

compared. The presence of the isooctane oil layer instead
of air can change some properties, namely the average
mean tilt angle (Eq. 3). The tilt angle distribution can be
different if a monolayer is adsorbed at the water/air
instead of at the water/oil interface, but cannot modify a
consistent change in behaviour with the chain length at
the same interface.

The major difference between the fitting parameters
obtained by simulation and those obtained by neutron
reflection refer to the values for ¢ of the chains. The
experimental values for o, let Penfold and coworkers state
that the thickness of the monolayer is independent of the
chain length (about 16 A for the surfactant series). On
the other hand, our results agree with the conclusion of
Bell et al. [7] since there is an increase in the width of the
chain distribution profile as the chain length increases.

The tilt angle, 0, is defined as

Rin )
0 = arccos | Z-—— |, 3
( [Rin| ®)

where Ry is the vector between the nitrogen atom and
the terminal methyl group in the same molecule, R;—Ry,
and Z is the unit vector of the z-axis. This angle was
calculated over all the C,TA ions and a probability
distribution was obtained for each surfactant type.

As can be seen in Fig. 3 the tilt angle distribution does
not change when changing the chain length. For the three
distributions, the maximum probability is located
between 20 and 30° and the average angle is about
334 18°. We can conclude that for a surfactant mono-
layer at the same coverage density, the tilt angle
distribution and consequently the mean tilt do not
change when the length of the chain changes. Bell et al.
also found that neither the density nor the mean tilt angle
varies significantly with the chain length.

The percentage of trans conformations as a function
of the dihedral number in the chains of the C, TA series is
presented in Fig. 4. Similar behaviour occurs for this
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Fig. 4 Percentage of trans conformations in the C,TA hydrocarbon
chains as a function of the dihedral number. On the left-hand side we
found the water lamellac and on the right-hand side the ISO lamellae

C, TA series: when one goes through the C,TA chain
from the water into the oil phase, the number of trans
conformations decreases and the terminal dihedral has
the greater percentage of gauche conformations. The
percentage of trans conformations for the terminal
dihedral of the chain is almost the same for the three
different surfactants. This also occurs with the penulti-
mate and with the dihedral angles that are closer to the
surfactant heads. This behaviour means that when we
increase the chain length by introducing methylene
groups in the middle of the chain, the average confor-
mation remains unchanged and we are just introducing
dihedral angles with similar conformations in the central
part of the chain. This also agrees with the findings of
Bell et al. [7].

The independence of the conformation of the
chains upon the chain length is also clearly seen when
we calculate the probability of finding a given number
of trans conformations per chain and discover that
they are similar (Fig. 5). An increase of four methy-
lene groups in the central part of the chain just
displaces this distribution by about two trans confor-
mations.

Several order parameters can be obtained by the
following tensor [47]:

Sij = 1/2(3 cos 0; cos Hj — 5ij>7 (4)

where 0; is the angle between the ith molecular axis and
the monolayer normal — z-axis. The order parameter is a
measure of the deviation from the monolayer normal.
For each CH, unit we can define the z-axis as the vector
from the C,_; to the C,. 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-axis and the
Z-axis.
The chain order parameter is usually defined as

S.. = 1/2(3cosb;cos0; — 1) (5)
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for each C, TA surfactant type
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Fig. 6 Average deuterium order parameter as a function of methyl
number for each C,TA surfactant type. The water slab is located on
the left-hand side and the oil slab on the right-hand side

and is related to the local order of the long molecular
axis. The experimentally observed deuterium NMR
order parameter can be obtained using Eq. (6):

Sep = 2/3Sw + 1/3S,,. (6)

The values for the chain order parameter and for the
deuterium order parameter (Fig. 6) were calculated and
found to be in good agreement with the experimental
values for other surfactant types [22, 23, 48].

For all three different surfactants, the randomness in
the orientation increases from the head to the tail and
similar behaviour as described for the percentage of trans
conformations in the C, TA hydrocarbon chains occurs.
The addition of methylene groups modifies the slope of
the curve but maintains the same characteristics: the
order parameters for the carbon atoms near the heads
and at the end of the tails remain the same, the only
difference remains at the central part of the chains.

The bond order parameter was calculated using the
bond vector as the molecular axis and is a measure of
the average inclination of the bond axes with respect to

the monolayer normal. The differences between the three
surfactant types and the evolution of the bond order
parameter as one goes from the head to the tail of a given
surfactant type is similar to the description already made
for the other order parameters. However, the seesaw-like
behaviour is more pronounced for the surfactants with
the longest chains.

The in-plane mean-square displacement for the ter-
minal methyl group of the C,TA chains was calculated
and was found to be very similar between the different
surfactant types, but a positive correlation exists with the
chain length. This was to be expected since for the longer
chains a trans-to-cis conformation conversion in the
central part of the chain makes a large movement of the
terminal methyl group.

We can use the Einstein relation [40] for two
dimensions and valid for long times to calculate the
diffusion coefficient parallel to the interface:

D= lim o (1n() ~rOF), )

where r(t) is the particle position at time ¢. Using this
relation to calculate the diffusion constant, D, for the
terminal methyl group, we find values of 6.80x10°,
5.99x10 % and 5.59x10 ° cm?® s ', for C;¢TA, C;,TA and
CsTA, respectively. These values are in fair agreement
with those obtained by Tarek et al. [49] for the lateral
diffusion of the tetradecyltrimethylammonium mass
centre.

Summary and conclusions

In the present study we reported on a molecular
dynamics simulation study of a C,TA chloride mono-
layer (with n=28, 12 and 16) between the water/isooctane
interface. Both the collective and the individual proper-
ties of the C, TA ions were studied and a comparison was
made in order to try to understand the influence of the
chain length on the static and dynamic microscopic
properties of the monolayer. Our results are in good
agreement with available experimental and simulation
data.

A diffuse electrical double layer was found, formed on
one side by a diffuse negative layer of chloride ions and
on the other by a diffuse positively charged layer formed
by the C, TA heads.

When analysing the number density profile distribu-
tions, we could find that when varying the surfactant
chain length the head-group widths remain unchanged;
however, the chain widths increase with the chain length.
The tilt angle distribution does not change with the chain
length; the maximum probability is located between 20
and 30° and the average angle is about 33 £18°.

The average number of trans conformations per chain
exhibits similar behaviour for this C, TA series. When the
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chain length increases, the average number of trans
conformations remains unchanged and we are just
introducing dihedral angles with similar conformations
in the central part of the chain. The probability of finding
a given number of trans conformations per chain is also
similar in the three different surfactants. An increase of
four methylene groups in the central part of the chain just
displaces this distribution by about two trans conforma-
tions.

The mean-square displacement of the terminal methyl
group of the C,TA chains is very similar among the
different surfactant types. Nevertheless, when the chain
length increases, the diffusion coefficient also increases
because a trans-to-cis conformation conversion in the
central part of the chain leads to a large movement of the

The data that best characterise the monolayer and
surfactant behaviour, namely the width of the number
density profiles for the chains, the distance between the
distribution centres of the heads and tails, the tilt angle
distribution and the percentage of trans conformations,
lead us to suggest, in harmony with the findings of Bell
et al. [7], that the structures of the C,TA monolayer
studied are very similar and are independent of the chain
length.
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