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The effect of monovalent counterions on the struc-
tural and interfacial properties of dodecyl sulfate
monolayers’

Daniel T. Allen,* Yussif Saaka,”, Luis Carlos Pardo, M. Jayne Lawrence,” and Christian
D. Lorenz,*

A series of molecular dynamics simulations have been conducted in order to study the struc-
tural and interfacial properties of dodecyl sulfate (DS™) monolayers with Li*, Na*, Cs* and NH;
cations. Varying the counterion has no significant effect on the structural properties of the sur-
factant molecules within the different monolayers. However, the different counterions have a sig-
nificant effect on the interfacial properties of the monolayer. The NH; ions are the most strongly
bound to the headgroup, the least hydrated at the interface, directly compete with the hydrating
water molecules for hydrogen bonds with the headgroup and more frequently interact with more
than one headgroup. The Cs™ ions are strongly bound to the headgroup and weakly hydrated,
such that they would prefer to displace water in the DS~ hydration shell to interact with headgroup.
Also, the Cs™ ions frequently interact with more than one headgroup. In the case of the Li* ions,
they interact almost as strongly with the DS~ headgroups as the Na* ions, but are generally less
hydrated than the Na™ ions and therefore they bring less water to the monolayer interface than
the Na™ ions. Therefore, by changing the counterion, one can modify the interfacial properties of
the aggregates, and therefore effect their ability to encapsulate drug molecules, which we discuss

in further greater detail.

1 Introduction

The ability of surfactant molecules to adsorb to the air/water in-
terface is crucial in a variety of application areas including the
production of pharmaceutical, food and personal care products,
mineral separation processes, petroleum recovery and environ-
mental remediation!=8. As a result, there has been and contin-
ues to be a lot of scientific research using an array of experimen-
tal®22 and simulation 20-22-34 approaches in an attempt to under-
stand the behaviour of various surfactant molecules, and the self-
assembled structures which they form, at the air/water interface.
The underlying chemistry of any given surfactant molecule will
determine its adsorption properties, which are dependent upon
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the relative strengths of the hydrophobic and hydrophilic inter-
actions that are derived from the chemical nature of the tail and
head groups of the surfactant molecule, respectively.

In this study, we have studied dodecyl sulfate (DS~;
C12H,5S04, as shown in Figure 1), which is one of the more com-
mon anionic surfactants utilised in the various applications listed
previously, with several different monovalent counterions (LiT,
Na®, Cs* and NHJ, as shown in Figure 1). Specifically, we are in-
terested in understanding how the different counterions effect the
interfacial properties of the monolayers that form at the air/water
interface. This interest is driven by the results of recent experi-
mental work using a combination of density, viscosity and small
angle neutron scattering experiments, which showed that ammo-
nium dodecyl sulfate (ADS) micelles solubilised a lower amount
of poorly water soluble testosterone derivatives than sodium do-
decyl sulfate (SDS) micelles, although the ADS micelles exhibited
a lower level of hydration and formed bigger micelles3>. There-
fore, seemingly this difference in solubilisation of the drugs is due
to a difference in the interfacial properties of the self-assembled
structures of the surfactants caused by changing the counterions.

Other studies have been carried out investigating the effect of
varying the counterion of anionic surfactants on the ability of the
micelles to solubilise molecules. Kim et al. found that the solu-
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bilisation of pyrene in DS~ aggregates increases with increased
aggregation numbers as the counterion is changed from LiT to
Na® to NH; but the number of pyrene solubilised per surfactant
molecule is only slightly increased3°. Cohen et al. found that the
solubilisation of a corn protein, zein, decreases as the counterion
used with a similar anionic surfactant, linear alkylbenzene sul-
fonate, is changed from Li* to Na* to K* to NH,, with an even
larger decrease observed when using the divalent cation Mg2+©.

The effect of the counterion to DS~ surfactants has on the self-
assembly and the structure of the surfactants in aqueous systems
has been previously studied using both experimental and simu-
lation methods, particularly for micellar systems37-42. Molecular
dynamics (MD) simulations of Li™, Nat and NHI cations with
DS~ micelles in aqueous solution by Rakitin and Pack#® showed
that the most compact structure for a micelle occurs with Li™
cations that penetrate considerably deeper into the micelle than
either Na™ or NH]. Zana and coworkers used fluorescent mea-
surements to determine that the aggregation number of ADS mi-
celles is larger than those for SDS micelles and similar to caesium
dodecyl sulfate (CDS) micelles3%41. Sammalkorpi et al. used MD
simulations to show that ionic strength of the solution affects not
only the aggregate size of the resulting DS~ micelles but also their
structure, where specifically they found that the presence of CaCl,
induces more compact and densely packed micelles than those in
the presence of NaCl42.

In an attempt to gain a clear understanding of the interfacial
properties of DS~ surfactants with different counterions, exper-
imental and simulation studies of monolayer systems have also
been carried out. Neutron reflection and surface tension mea-
surements have been used by Lu et al. to determine that the area
per molecule of DS~ surfactant monolayers and the number of
water molecules per head group decreases as the counterion is
changed from Lit to Na* to Cs*°. Hantal et al. found that the
thickness of the outer Helmholtz plate, a key quantity off the vari-
ous adsorption theories, depends on the size of the cation and the
surface density of the anionic surfactant using MD simulations
of DS~ monolayers with Li*, Nat, K™, Rb* and Cs™ counteri-
ons28. MD simulations of SDS monolayers in contact with so-
lutions of NaCl, MgCl, and CaCl, salts have been carried out by
Chen et al. from which they found that the sulfate groups are less
bridged by ions in the divalent salts and more solvated by water
and the alkyl tails become more disordered than for the mono-
valent salt34, While these studies have provided further insight
into the specific systems that were simulated, they also provide
further information into the behaviour of ionic systems at inter-
faces which has drawn a significant amount of attention in the
colloidal and interfacial science field, as is summarised in several
recent review articles 434>,

This manuscript represents, to the best of our knowledge, the
first systematic study of the interaction between DS~ monolayers
with lithium (Lit), sodium (Nat), caesium (Cs™), and ammo-
nium (NHI) counterions, in which MD simulations are used to
provide an atomistic description of how the different ions affect
the interfacial properties of the monolayers. In Section 2, we
describe the systems that we have simulated and the simulation
protocol that has been applied. The various measurements that
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we have used to characterise the interfacial properties reported in
this manuscript are described in Section 3. The structural prop-
erties of the DS~ monolayers and the interactions between the
DS~ headgroup and the water molecules and counterions are re-
ported in the various subsections of Section 4. Finally, in Section
5, we discuss our results in light of the measurements that have
been previously reported from both experimental and simulation
studies and we discuss how these measured properties may lead
to the observed difference in solubilisation of testosterone deriva-
tives within SDS and ADS micelles.

2 Simulation Details

Fig. 1 The chemical structures of the molecular species featured in the
current study: DS—, water and counterions. The colours cyan, grey, red,
yellow and blue are used to represent the elements: carbon, hydrogen,
oxygen, sulphur and nitrogen respectively for the non-monatomic
species. The monatomic counterions Li*, Nat and Cs™ are depicted in
the colours magenta, green and orange respectively.

Results are reported from four all-atom molecular dynamics
(MD) simulations which were used to investigate the structural
and interfacial properties of dodecyl sulfate (DS™) surfactant
monolayers at the air/water interface with different counterions
(Li*, Na™, Cs*, NH]) present. The monolayer systems are all
comprised of two monolayer leaflets separated by a 60 A thick
water slab. Each leaflet contains 100 DS™ monomers within a
simulation box with x— and y— dimensions of 69.28 A each such
that the area per surfactant is ~ 48 A2, which is in agreement with
the experimentally determined value for SDS monolayers. Pe-
riodic boundary conditions were applied in all dimensions, with
the z— dimension of the simulation box set to 200 A to insure that
the monolayers do not interact with one another through the pe-
riodic boundary in the z—axis. The centre of masses of each of the
systems were constrained to be at the position z = 0 throughout
the simulations in order to make the analysis of the simulations
as easy as possible.

The initial structures of the SDS and ADS monolayers were
built using the Packmol software package4” and were neutralized
by the addition of 100 Na*/NH, counterions per leaflet, placed
near the head group regions of the DS~ molecules. For both of
these systems, 9600 water molecules were subsequently placed
within the simulation box between the monolayers to form 60
A water slabs with a resulting water density of 1 g/ml. Energy
minimizations were performed on both systems using 100000 as
the maximum number of force/energy evaluations and the mini-
mized states of these systems were then simulated in the constant
NVT ensemble for 10 ns for thermalization. Finally, 50 ns produc-
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tion runs were performed in the NVT ensemble from which the
analysis is performed. For litium dodecyl sulfate (LDS) and CDS,
the final state of the SDS monolayer simulation was taken as a
starting point and the parameters for the point-like counterions
were simply modified to represent the appropriate ionic species.
The above simulation protocol was repeated for the LDS and CDS
monolayers.

All monolayer simulations were performed at T = 300 K us-
ing the LAMMPS simulation package“® with the CHARMM force
field49->0 for the description of both inter- and intra-molecular
interactions of the DS~ and the various counterions®!->2. The
TIP3P water model®3, which was modified for the CHARMM
forcefield>*, was used to describe interactions involving wa-
ter. The van der Waals interactions were cut-off at 10 A whilst
the electrostatic interactions were cut-off at 12 A. The PPPM
method®> was used to compute long-range Coulombic interac-
tions. The equilibration and production runs for all monolayer
simulations utilized the Nose-Hoover thermostat°® to fix the sys-
tem temperature. A timestep of 2 fs was used in all simulations
to ensure stable integration of Newton’s equations of motion with
the velocity Verlet algorithm whilst all hydrogen-containing bonds
were constrained using the SHAKE algorithm®’. The measure-
ments discussed in the following sections were conducted using
the last 10 ns of the production periods obtained, in which the
dynamics were deemed to be stable for each simulation.

3 Analysis of simulation trajectories

3.1 Intrinsic surfaces

The ability to locate the monolayer/water interface is of great im-
portance as we are particularly interested in the effect that the
various counterions have on the structure of this interface. To
study properties with reference to the interface, the concept of
the intrinsic surface is introduced. The intrinsic surface of the
monolayer is denoted by &(R;) = &(x;,y;). We require a continu-
ous surface to represent the location of the DS~ /water interface
for any given (x;,y;), constructed from a finite number of anchor
points. In this particular case, the choice of anchor points is triv-
ial: the sulphur atoms in the DS~ headgroups.

There are a number of different ways of constructing the intrin-
sic surface for surfactant/water interfaces in the literature includ-
ing the capillary wave theory approach used by Tarazon et al®8
and the coarse-grained density field approach utilised by Chan-
dler et al®®. For computational efficiency, the algorithm proposed
by Berkowitz et al® was employed in this study. In essence, this
method is performed by projecting the location of a particle of
interest and the anchor points used to define the interface onto
the x-y plane. Next, the closest anchor point to the particle of
interest within this projected two-dimensional representation is
established and then the position of the intrinsic surface for the
particle of interest is assigned the value of the z-coordinate of the
closest anchor point.

The intrinsic density of a given atomic species is defined math-
ematically as:
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N
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where the summation indexed by i runs over all N particles of
a given atomic species, & (R;) represents the intrinsic surface for a
given configuration, R; = (x,y) is the location of particle i in the x-
y plane for a given configuration, Ay is the cross sectional area of
the interface, z denotes the vertical distance from the DS~ /water
interface to particle i where values of z > 0 and z < 0 represent
locations within the water slab and towards the vacuum respec-
tively. Finally z; is the z-coordinate of the i particle.

3.2 Measurement of monolayer structural properties

DS molecule
N

Chain thickness

Fig. 2 A schematic diagram showing several of the quantities
measured and reported in the current study. The thick dashed line
represents the average z coordinate of the DS~ head groups in a
monolayer, from which |z; — z..| is calculated and used to quantify
monolayer roughness. Chain thickness and head-group thickness
measurements are also shown pictorially to aid the reader.

We have measured various structural properties of the DS~
monolayers in order to quantify the effect that the various coun-
terions have. In the following paragraphs, we summarise how the
reported quantities were calculated, and Figure 2 shows a pictoral
description of each of these calculations as well.

The instantaneous monolayer thickness is calculated by taking
the end to end vectors of the surfactant molecules within a mono-
layer and projecting these onto the z-axis and then taking the
average. Ensemble-averaged monolayer thickness values were
calculated by averaging the instantaneous monolayer thickness
values over all snapshots from the production simulations.

Meanwhile, the instantaneous thickness of the headgroup region
of the DS~ monolayer is calculated in a similar manner as the
full monolayer thickness. The thickness of a headgroup in a given
DS~ molecule is determined by first determining the maximum
and minimum z-coordinates of the four oxygen atoms in the head-
group, and then taking the difference between the maximum and
minimum z-values. Then to find the thickness of the headgroup
region of a monolayer, we average over all DS~ molecules over
the entire 10 ns trajectory.

To quantify the monolayer interfacial roughness, the root-mean-
squared (RMS) deviation value of the difference between the z—
coordinate of a S atom in the DS™ headgroup and the mean value
of the z—coordinates of all the S atoms present in a monolayer
within a given configuration of the trajectory was calculated:
|zavg — zi|, as shown in Figure 2.
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3.3 Radial and spatial distribution functions

In this manuscript, we report the results of radial distribution
functions (rdfs) and spatial distribution functions (SDFs) in or-
der to describe the interactions between the DS~ headgroups and
the ionic solutions in the various systems. In doing so, molecular
axes are decided upon and assigned to all molecules in the sys-
tem by the addition of pseudoatoms which form an orthogonal
basis set, as shown in Figure 3. It is known that DS~ forms hy-
drogen bonds with water molecules via the ionic oxygen atoms in
the headgroup. The simulation parameters are identical for these
ionic oxygen atoms and thus it is reasonable to assume that the
interaction between any one of them and the surrounding water
molecules is the same. For this reason, the molecular axis for the
surfactant molecule is chosen such that the z-axis points along
the vector connecting the sulfur atom to one of the ionic oxygen
atoms. In this way, we can study the behaviour of water around
just one of the ionic oxygen atoms in a very detailed manner. Sim-
ilarly, for water/ammonium molecules the z-axis points from the
oxygen/nitrogen atom to the hydrogen atom which is involved
in the hydrogen bond. Of the four different counterions studied,
ammonium is the only species which has an orientation as it is
not point-like.

The position of a molecule is then given by the pseudoatom,
which forms the origin of the axis set on that molecule. The po-
sition and orientation of any two molecules in the system is de-
scribed completely by the vector: (7, 8:m, @cm, Oor, Por, Wor), Where r
denotes the magnitude of the separation between the two molec-
ular axis sets, 6., and ¢, denote the azimuthal angle and polar
angle of the neighbouring molecule around the axis of the central
molecule, respectively, and 6,,, ¢, and y,, are the three principal
Euler angles of the neighbour molecule relative to the axis of the
central molecule. Thus both the position and the orientation of
a neighbouring molecule relative to the fixed axis set of a central
molecule is completely described by these 6 variables.

(a) SDS (b) H,0 (c) NH;

Fig. 3 Molecular axes of (left to right) dodecyl sulfate, water and
ammonium counterions. Axes for dodecyl sulfate and water are shown
in blue. The axes for ammonium are shown in red rather than blue
because that is the conventional colour used to depict nitrogen in
simulations.

Radial distribution functions, as shown in Figure 5, are used to

identify the nearest neighbour distance, which is defined as the
distance corresponding to the first minimum in the rdf curves.
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SDFs of different neighbouring atomic species are produced by
plotting points corresponding to the position of the neighbour-
ing atoms relative to the central molecule axis (7, 60um, Pem). An
isosurface is constructed based upon the density of these points
in space. The resulting isosurface represents the most probable
spatial region(s) to find a particular nearest neighbour atom and
is advantageous over rdf curves as it contains information about
three spatial dimensions as opposed to just one. In this way, an
intuitive representation of positions of nearest neighbours is con-
structed around the central molecule.

Bivariate probability plots can be constructed in conjunction
with SDFs. These show the probability of finding a nearest neigh-
bour at a given set of azimuthal and polar angles (6., §c;n ). These
have a direct correspondence with the appropriate SDFs how-
ever they reveal the varying probability of neighbours within the
isosurfaces. If one takes only the data from the maximum re-
gion of these bi-variate probability plots then the orientational
states of neighbour molecules in a highly localized region of space
can be studied by examining the Euler angles adopted by these
molecules.

The orientational state of a neighbour molecule relative to
the fixed axis of a central molecule can be represented in a 3-
dimensional space, where each individual point corresponds to a
unique orientation of the neighbour molecule. The three axis, x,
y and z in this space represent the three principal Euler angles.
In a similar manner to the SDFs, points are plotted which rep-
resent observations of orientations adopted by nearest neighbour
molecules within the selected localized region in space. An iso-
surface can be constructed which forms a trivariate plot. These
trivariate plots can then be used to elucidate the most probable
orientational states adopted by the neighbour molecule. This is
achieved by cutting the trivariate plot at periodic intervals along
the axis which has the highest variance. Each slice is a bivariate
probability distribution of two of the Euler angles, given a third
(determined by where the slice was taken). From each slice, the
most probable orientation is determined by the maximum of a 2d
histogram.

4 Results

In this section, we present our findings from four different sur-
factant monolayer simulations each composed of different coun-
terions, namely LDS, SDS, CDS and ADS. We have investigated
the effect that the different monovalent counterions have on the
structure of the surfactant monolayers, the hydration of the DS~
head groups, the structure of the water around the head group
and the binding of the ions with the head group.

4.1 Intrinsic density profiles

Intrinsic density profiles are used to study the location of counte-
rions in the simulations with respect to the monolayer interface,
see Figure 4. On these plots, positive and negative values of z
correspond to positions towards the bulk water and towards the
hydrocarbon tail regions, respectively. These plots reveal large
peaks in the ion density at small positive values of z, correspond-
ing to the most probable location of the counterions is at the sur-
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Fig. 4 Intrinsic density profiles of the different counterion species.
Lithium, sodium, caesium and ammonium are shown in the colours
magenta, green, orange and blue respectively.

factant/water interface on the side of the bulk water. The density
peaks all tend to zero as we move into the bulk water i.e, positive
values of z and the counterion intrinsic density curves are coin-
cident at large values of z which suggests that the counterions’
behaviour differs around the interface, not in the bulk water.

The Li™ and Na™ intrinsic density profiles exhibit ’shelves’ on
both sides of the main interfacial density peak. These correspond
to ions located in the vicinity of the surfactant/water interface.
The value of the cation density within the LDS monolayer is larger
than that within the SDS monolayer (values of z < 0), conversely
for the ‘shelf’ on the other side of the main peak, the Na™ peak
is at a larger density than the Li™. This is most likely due to the
size difference between these ionic species: lithium is smaller and
thus more able than sodium to fit into the small spaces in between
the sulfate head groups of the DS~ molecules.

Cs™ ions are the largest of the point-like ions in the current
study and their density follows the same trend of decreasing den-
sity within the monolayer with increasing ion size. Cs™ ions are
large in comparison to Lit and Na™ and their intrinsic density
profile exhibits a minima and a secondary peak of density within
the monolayer rather than a shelf. This minima corresponds to
the region just under the surfactant head groups and is located at
z = —0.5A. This minima arises due to the larger size of Cs* and
the many steric interactions resulting from the surfactant head
group oxygen atoms in this location. Because of these strong in-
teractions, Cs* will likely be forced either within the monolayer
or to larger z values. Cs' exhibits a shelf at z ~ 5A, a feature
which is also present in the intrinsic density profiles for Li™ and
Na*.

The intrinsic density profile of the nitrogen atoms in the am-
monium ions is also plotted. Only the nitrogen atom density was
plotted so that the total number of atoms used to construct the
intrinsic density plots was equal and thus the integral under all
of the curves are equal. This ensures that meaningful compar-
isons of density can be drawn between the different ionic species.
The nitrogen atoms in the NH; ions exhibit the broadest peak of
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the different counterion species. The position of this peak is in a
slightly different place to those from both the Li* and Na™ ions.
For the monatomic ions, there is a trend of decreasing density
inside the monolayer as the ionic radii increases. The density of
NH; ions within the monolayer is lower than any of the monova-
lent cations. This trend agrees with what is explained in a recent
publication by Sivan in which an unified explanation of various
interfacial interactions of ions including the phenomena that re-
sult in small cations being attracted to hydrophilic interfaces4°.
These plots reveal that the counterions exhibit distinctly differ-
ent behaviour at the monolayer interface which could have a sig-
nificant effect on other monolayer structural and interfacial prop-
erties such as roughness, interfacial tension and hydration water
behaviour, which will be discussed in the following sections.

4.2 Monolayer structure

The results from the calculations of the monolayer and headgroup
thickness for the various systems are presented in Table 1 with the
standard deviations of the measurements reported as the errors.
These results reveal that the monolayer thickness is unchanged
by varying the counterion, a result which is unsurprising as the
counterions have little effect on the surfactant chain tilt angle (as
shown in Figure ?? in the SI), which plays a large role in deter-
mining monolayer thickness. The headgroup thickness is also un-
changed when the DS™ monolayers are interacting with solutions
containing different counterions.

Whilst the monolayer and headgroup thicknesses are un-
changed with counterion species, these measurements contain
no information regarding roughness of the surfactant-water in-
terface: a property which could be pivotal in determining local
water structure and thus the ability of an aggregate to effec-
tively operate as a solubilizing agent. The roughness of the LDS
and ADS monolayers are the same with RMS deviation values of
2.5+0.2. The fluctuations of surfactants in the SDS monolayers
reveal slightly larger values with an RMS of 2.7+ 0.2. The CDS
monolayers however are significantly more rough with a RMS
value of 3.4 +0.4. This may be due to stacking of adjacent surfac-
tant head groups due to the large size of the caesium ions. See
Table 1 for a summary of all of the structural properties of the
various monolayers.

4.3 Dehydration of cations

As the ions interact with the DS~ headgroups, we wanted to
gain a better understanding to what degree they are dehydrated.
Therefore, we have calculated the hydration of the counterions
themselves as a function of distance from the intrinsic surface of
the monolayers. The nearest neighbour distances found from the
g(r)’s for the interaction between each cation and the Oy atoms in
the water molecules was used as the metric to determine whether
a given water molecule was hydrating an ion or not.

Figure 8 shows the mean hydration number of the different
counterion species as a function of their distance to the inter-
face, z. For all different counterions we see that the hydration
number is always at a maximum in the bulk water as one might
expect. The hydration numbers of the various ions in the bulk
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Table 1 A table showing various different physical properties for the monolayer simulations in the present study.

LDS SDS CDS ADS
Full Thickness (A) 10.7 £ 0.2 10.7 £ 0.2 10.7 £ 0.2 10.7 £ 0.2
Head Thickness (A) 2.24+0.01 2.2+0.01 2.2 +£0.01 2.2+0.01
Roughness (RMSD) A 25+0.2 2.7 £0.2 34+04 25+0.2
Hydration water # 7.3+3.3 8.3+ 3.6 7.3 £3.0 6.6 £2.8
% ions bound to headgroup 53% 55% 68% 70%

water region (large values of z) are in good agreement with
those measured using various simulation methods elsewhere:
Lit (4.24£04)%, Nat (5.8+£0.4)%2, Cs™ (9.6+1.3)% & NH;
(4.9+1.4)%*. For the point-like ions, at all values of z, the av-
erage number of hydrating water molecules increases with the
ionic radii of the ion.

All systems exhibit a decrease in the mean hydration number
around the cations as they approach the monolayer/water inter-
face (z ~5—6 A). In this region, the DS~ headgroups will start to
compete with neighbouring water molecules for the interaction
with the cations and therefore result in a decrease in the average
number of hydrating waters within the first hydration shell of the
cations.

Beyond the interface, into the hydrocarbon tails (z < —2 i’\), the
mean hydration number increases and converges at a value which
is less than that in the bulk for the monatomic counterions. This
increase is due to the fact that there are less atoms (Opg) in this
region that will compete with the water molecules for interactions
with the ions and so they interact more with the ubiquitous water
molecules.

In the case of the NH; ions, we observe a dehydration of the
cations starting at z ~ 6 A. The decrease in hydration is then more
or less monotonically until z ~ -2 A, at which point the average
number of hydrating water molecules plateaus. This would sug-
gest that in general in this region, the NH; ions are interacting in
a similar way with the DS~ headgroups and surrounding water
molecules, and as we have seen in the intrinsic density plots that
there is a continually decreasing number of ions in this region,
it seems that the motion of these ions is restricted by their de-
sire to form hydrogen bonds with the Opg atoms in the surfactant
headgroups.

4.4 Hydration of DS~ headgroups

Radial distribution functions have been calculated to quantify
the interactions between the DS~ headgroup and the water
molecules. Figure 5 shows the rdf, g(r), curves for interactions
between the ionic oxygen atoms in the surfactant headgroups
Ops and the oxygen atoms in the water molecules Ow and the
Ops atoms and the hydrogen atoms in the water molecules Hy.
The nearest neighbour distances calculated for all systems are dis-
played in Table 2.

The Ops-Hw g(r) shows very little change as the counterion is
changed. However, the g(r)’s for Ops—Oyw show slight differences
in both peak amplitude and the curve shape. These differences
arise from the effect that the different cations have on the struc-
ture of the interfacial water molecules, which will be discussed in
greater detail in the following sections.
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Table 2 A table showing the nearest neighbour distances from the g(r)
curves between the ionic oxygen atoms in surfactant head groups and
various different atomic species

LDS SDS CDS ADS
Ow 3.55 3.75 3.25 3.25
Hw 2.45 2.45 2.45 2.45
Lit 2.65 - - -
Nat - 3.05 - -
Cst - - 3.95 -
Ny - - - 3.55
Hyys - - - 2.35

2 4 G 10
) N !
(a) Ops-Ow
. - . : it . : . . -
5LDS 51DS
2r SDS 14 SDS 1
CDS CDS!
o ADS 2} ooADS|
15y ) 1 10f 1
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Ell IR ]
6 ]
0. a 1
2r f« ]
L L N ,
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th) e ®

(b) Ops-Hw (c) Ops-lons

Fig. 5 Radial distribution functions between (left to right):
surfactant-oxygen atoms and water-oxygen atoms, surfactant-oxygen
atoms and water-hydrogen atoms and finally surfactant-oxygen atoms
and counterions.

Using the nearest neighbour distances between sulfur atoms
in the DS~ headgroup, Sps, and the Oy atoms for each sys-
tem (ds,o, = X.xx A), the number of hydration water molecules
around a surfactant head group was determined by counting the
number of nearest neighbour water molecules. Precautions were
taken not to double count any water molecules around the head
groups, such that a water molecule was only counted as hydrat-
ing one surfactant molecule at any instance in time. The values
reported in Table 1 are determined by averaging over every sur-
factant molecule and over every configuration in the production
trajectory. We found that mean values of the number of hydra-
tion waters per head group are ordered as follows: NH; (6.6) <
LiT, CsT (7.3) < Na™ (8.3). A similar trend has been reported
in a previous simulation study of LDS, ADS and SDS micelles in
solution 40,
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Histograms were constructed using all snapshots from the pro-
duction simulations for the different systems and are shown in
Figure 6. All of these histograms show broad distributions with
hydration numbers per surfactant molecule ranging from 0 to 22
(in the case of SDS). ADS has the smallest value for the aver-
age number of hydrating water molecules and also the smallest
spread of values in the histogram. CDS has the same average hy-
dration number as LDS with a slightly smaller standard deviation.
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Fig. 6 Histograms showing the probability of a surfactant head group
having a given hydration number in the monolayer simulations. LDS,
SDS, CDS, and ADS have 7.3 +3.3,8.3 + 3.6, 7.3 £ 3.0 and 6.6 + 2.8,
respectively.

4.5 Interfacial water orientation

Using the methods described in Section 3.3, we were able to
determine the most and least likely orientation of the water
molecules that are hydrogen bonded to the DS~ headgroup. The
least likely configuration, as shown in Fig. 7a, shows the water
molecule is oriented such that one Hy atom is forming a hydro-
gen bond with a Opg atom and the other is oriented such that it
points away from the air/water interface and into the bulk water
region. On the other hand, the most likely configuration is one
in which the water molecule is oriented such that one Hy atom
is forming a hydrogen bond with a DS~ headgroup and the other
Hyw atom is directed toward the air/water interface such that it
maximizes hydrogen bonding between water and surfactant head
groups. This most likely configuration is in agreement with the
configuration of the water observed in recent sum-frequency gen-
eration spectrum studies of SDS monolayers 2122,

4.6 Counterion - DS~ headgroup interactions

Fig. 5(c) shows the g(r)’s for the Opg atoms and the counterions
in the various systems. The nearest neighbour distances for each
Ops — counterion interaction are summarised in Table 2. From
these values and the g(r)’s, we observe that both the seperations
between ions in direct contact with the sulfate head groups (first
peaks) and the seperations between hydrated ions and the sul-
fate head groups (second peaks) both increase in the series Li™

This journal is © The Royal Society of Chemistry [year]

’.o

(a) (b)

Fig. 7 Figures a) and b) show snapshots of the orientation of water at
the least and most probable values of y respectively calculated from the
CDS simulation.

< Na™ <NHj <Cs™, which is consistent with the trend of their
respective ionic radii. Also, this is consistent with a previous sim-
ulation study of similar counterions with DS~ micelles0.
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Fig. 8 A plot showing the mean hydration number of the different
counterions as a function of distance away from the monolayer interface,
z. The mean hydration numbers for the counterions in the bulk are:
LDS:4.2 + 0.4, SDS:5.8 + 0.4, CDS:9.6 + 1.3 and ADS:4.9 + 1.4.

While rdfs provide a two dimensional description of the inter-
action between two atomic species, they do not reveal where they
are likely to be located in three dimensional space relative to one
another. Spatial density maps (SDMs) do exactly this by provid-
ing a visual representation of the most probable spatial regions
to find a neighbouring atomic species. In our study, these plots
allow a three-dimensional intuitive depiction of the structure of
the water molecules and counterions around the surfactant head
groups which will allow us to understand how the various ions
affect the hydration shell of the DS~ headgroup.

SDMs of water molecules and counterions were produced for
all of the monolayer systems and are shown for LDS, SDS, CDS
and ADS in Figures 9a, 9b, 9¢ and 9d respectively. Note that in
these figures, the molecules which have an orientation (i.e water
and ammonium ions) only have clouds around one of the Opg
atoms, this is so that the orientational states of these molecules
could be studied by examining the Euler angles adopted by
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molecules in a highly localised region. Whereas, the clouds repre-
senting the monatomic counterions were constructed taking the
Sps to be the origin.

The SDMs produced for all of the monolayer systems reveal
that the oxygen and hydrogen atoms in nearest neighbour wa-
ter molecules occupy a region of space which is donut shaped.
The region representing the Hy atoms is nearer the Opg than
the region representing the Ow atoms, which is consistent with
what we observed from the g(r)’s for these systems. Additionally,
the diameter of the donut-shaped region for Hy atoms is smaller
than that for the Ow atoms. When these two observations of com-
bined, it indicates that the water molecules in the first hydration
shell are hydrogen bonded to the Opg atoms in the headgroup,
and this provides an explanation for the two donut-shaped when
taking into account that the OHyaqter -+ Ops angle would need to
be no larger than 30'.

The SDM s also reveal that the point-like counterions (Li*, Na™,
Cs™) have a strong preference to reside behind the nearest neigh-
bour Oy atoms in the nearest neighbour water molecules. The
LiT and Na™ clouds exhibit a very localised interaction with the
DS~ headgroups, in which they both occupy pancake-shaped re-
gions behind the Ow clouds. The SDM for Cs™ differs somewhat
from those of Lit and Na™, as it exhibits larger clouds which sug-
gest that the position of Cs™ is less localized in relation to the
surfactant head group. We see then that the point-like counte-
rion clouds are located elsewhere in space from the clouds repre-
senting water molecules. From this we deduce that none of the
monatomic counterions (Na*, LiT and Cs™) are likely to displace
a water molecule which is hydrogen bonded to the DS~ head
group.

Meanwhile, the NH; ions show very different behaviour to the
point-like ions. The clouds for nitrogen and hydrogen atoms in
NHI ions around the Opg atoms are coincident with the clouds
for Ow and Hy atoms respectively, as can be seen by the blue
and pink clouds in Figure 9d. This suggests that the NHI ions are
able to displace interfacial water molecules from the DS~ head-
groups which explains why the mean hydration water number
of the ADS surfactant head groups are significantly less than for
the other systems. The NH; ions are directly competing with the
water molecules for hydrogen bonding partners within the DS~
headgroups, and are therefore forming stronger interactions with
the headgroup than the other monatomic cations.

The SDMs show an isosurface of the most probable regions in
space to find different atomic species depicted by clouds, how-
ever the probability within these SDMs varies with some regions
within the clouds being more probable than others. To elucidate
the variance in probability within different regions of the SDMs,
bivariate plots are exploited which show the probability as a func-
tion of the polar angles cos 0., and ¢.,. The bivariate plots for
the water molecules which are hydrogen bonded to the DS~ head
groups are similar for all systems. The donut-shaped SDMs of the
Ow and Hyw atoms in the water molecules materialize as strips
on the bivariate plots, as shown in Figure 10. These strips show
a little variance in cos 6., near the pole of the positive z-axis on
the surfactant molecule but the angle ¢, has occupied states for
the full range of this variable which gives rise to the donut-shape.

8| Journal Name, [year], [vol.],1-13

There is a region of minimum probability within the distribution
of Ow atoms, centered at approximately ¢, = —25° which corre-
sponds to a region of space between the DS~ headgroups and the
hydrocarbon tails of the surfactant molecules. Within this same
region, one finds the most probable location of the nitrogen atoms
in the NH; ions.

4.7 Salt bridging of DS~ headgroups

In order to quantify the number of counterions around a surfac-
tant head group, we measured the g(r) between Spg and coun-
terions and then obtained the nearest neighbour distance in the
same way as for the water molecules. In contrast to the hydra-
tion water calculations, we are indeed interested in ions which
are simultaneously interacting with multiple surfactants. This is
an effect referred to as ’salt-bridging’ in the literature.

We have determined the percentage of ions bound to the
headgroup of the surfactant molecules ppoung, Which can be
used to find the degree of ionisation o by just calculating 1 —
(Pbound/100%). The values of a we find for our various systems
are 0.3 (ADS), 0.32 (CDS), 0.45 (SDS) and 0.47 (LDS), which
agree very well with those determined from electrical conductiv-
ity measurements of micellar solutions of similar systems, with
the one exception in which the value for LDS in our systems
is slightly smaller than the experimental value (0.63 + 0.07)3.
Meanwhile, the values do not agree as well with the electri-
cal conductivity measurements by Benrraou et al.,3® but they
do follow the same trend observed within their measurements
(a(CDS) < «(SDS)).

Salt-bridging was investigated by constructing histograms of
each different counterion species being bound to n surfactant
head groups through the duration of the production simulation
runs, see Figure 12. For LDS and SDS, the probability of an ion
interacting with n surfactants is monotonically decreasing with n.
The corresponding histograms for CDS and ADS are distinctly dif-
ferent. First, a larger majority of the counterions in these systems
are bound to at least one surfactant which is clear from the sharp
decrease in n = 0 compared to the corresponding histograms for
LDS and SDS. The probability of the Li", Na*, Cs™ and NH] ions
being bound to at least one surfactant head group is 0.53, 0.55,
0.68 and 0.70 respectively. Second, there is an almost equal prob-
ability of a Cs™ or NHI ion being bound to one or two surfactants.
In fact, in the case of ADS, it is more probable for an ion to be in-
teracting with two surfactant molecules than one. Additionally,
ADS and CDS are approximately twice as likely to be bound to
3 surfactant head groups as either LDS or SDS. There is also a
non-negligible proportion of ions which are bound to 4 surfactant
headgroups in all simulations. LDS has the smallest probability
of this at 0.006, followed by SDS (0.02), CDS (0.03) and ADS
(0.04). This indicates that salt-bridging is more prominent in the
CDS and ADS systems than in LDS and SDS. A similar trend was
observed in the simulation study of LDS, SDS and ADS micelles
carried out by Rakitin and Pack 0.

It has been established that all of the different counterion
species exhibit salt bridging with ions bound to different numbers
of surfactant head groups with ranging probabilities. To see how

This journal is © The Royal Society of Chemistry [year]



(a) LDS

(b) SDS

(c) CDS

(d) ADS
Fig. 9 Spatial density maps of various different atomic species present in monolayer simulations. Oxygen and hydrogen atoms in water are shown by

the red and grey clouds respectively. The monatomic counterions lithium, sodium and caesium ions are shown in the colours magenta, green and
orange respectively and the nitrogen and hydrogen atoms in ammonium are depicted in blue and pink respectively.
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Fig. 10 SDS bi-variate probability distributions of oxygen (left) and
hydrogen (right) atoms in water molecules around the SDS molecular
axis.

this process changes for varying numbers of bound head groups,
if at all, we calculated the distributions of Az: the difference in
the z-components of the position vectors of the counterion and
Sps atoms. We also calculated the Spg-ION-Spg angles. These
distributions are shown in Figure 13.

For all simulations, there is a slight tendency for the Az distribu-
tions to shift towards smaller values as the number of bound head
groups increases. This implies that for bridging events involving
larger numbers of surfactant head groups, the ion involved in the
event is more likely to be situated level with the head groups, with
respect to the z direction, as opposed to being located towards the
hydro-carbon tail region away from the bulk water. The S-ION-S
angle distributions are directly related to Az and thus it follows
that the observed shift in Az towards smaller values results in a
shift of the S-ION-S angles towards smaller angles also. We would
like to emphasize that this is a very slight affect.

Figure 14 shows an example of an ammonium ion from the
ADS simulation involved in a bridging event between three sur-
factant head groups. The snapshot provides visual evidence that
the NH; ions form hydrogen bonds with the Ops atoms in the
DS~ headgroup, which was also suggested by the SDMs we have
calculated.
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Fig. 11 Bi-variate probability distributions of nitrogen (left) and
hydrogen (right) atoms in ammonium counterions around the ADS
molecular axis.

5 Conclusions

We have conducted all-atom molecular dynamics simulations of
DS~ surfactant monolayers at the air/water interface with four
different monovalent counterion species (Li*, Na*, Cs*, NH}) in
order to determine how the structural and interfacial properties
of the monolayers were affected.

Generally, ion specificity within a wide range of systems is
ususally referred to as Hofmeister effects, in acknowledgement
of the pioneering work done by Franz Hofmeister®>° that sys-
tematically classified ions in sequences based on their influence
on protein solubility and denaturation (these sequences are now
commonly referred to as the Hofmeister series). In the direct
Hofmeister series, Na™ is the reference cation, with Li™ being
more kosmotropic (more hydrated) than Na™ and Cs* and NHI
are more chaotropic (less hydrated than Na™), such that they are
ordered like NH; <Cs* <Na' <Li* 434467  This order will be
used as a reference while discussing the results of this study in
the following paragraphs.

In general, we observe very little effect of varying the counte-
rion on the structure of the DS~ monolayers. The thickness of
the monolayer and the thickness of the headgroup both remain
unchanged when the counterion is changed. This is consistent
with the results of neutron reflectivity measurements of LDS, SDS
and CDS monolayers®. The only observed effect that varying the
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Fig. 13 Left: Plots showing the probability distributions for Az between
sulfur atoms in DS~ and counterions. Right: Probability distributions of
the S-ION-S angles. The colours black, red, green and blue are used to
represent distributions obtained from salt bridging events involving 1,2,3
and 4 surfactant head groups respectively.

counterion had on the structure of the monolayer was that the
roughness of the CDS monolayer (3.4 A) was larger than that for
the other three systems, which were all approximately the same
25-274).

However, we have observed significant differences in the inter-
facial properties of the monolayers in the presence of the different
counterions. The interfacial properties of these systems will re-
sult from the interactions of the DS~ headgroups with the water
molecules that hydrate them and with the counterions that are
binding to them, and the competition between these two interac-
tions.

In order to quantify the amount of hydrating water molecules,
we have calculated the number of water molecules in the first
hydration shell of the DS~ headgroup for each system and they
follow the series: SDS (8.3) > LDS,CDS (7.3) > ADS (6.6). From
the SDMs in Fig. 9, we observe that only the NH, ions will di-

This journal is © The Royal Society of Chemistry [year]

Fig. 14 A snapshot from the ADS simulation of an ammonium ion
bound to three different surfactant head groups at one time. The colours
cyan, grey, red, yellow and blue are used to represent the elements:
carbon, hydrogen, oxygen, sulphur and nitrogen respectively.

rectly compete with the water molecules for direct contact with
the DS~ headgroups, while the other ions are all most likely to be
found behind one hydrating water molecule.

The amount of binding of the counterions to the DS~ head-
group was determined by calculating the percentage of counte-
rions bound to a headgroup, which followed this trend: ADS
(70%) > CDS (68%) > SDS (55%) > LDS (53%). Additionally,
we investigated the likelihood that salt bridging would occur be-
tween the DS~ headgroups with the various counterions. The
ADS and CDS systems show significantly more salt bridging occur-
ing than the LDS and SDS systems. While we have kept the area
per surfactant molecule constant in each of our simulated sys-
tems, this is consistent with the various studies that have found
that the area per surfactant of ADS and CDS systems is smaller
than those found for SDS and LDS systems %10,

We also quantified the effect of interacting with the headgroup
had on the dehydration of the cationic species within the head-
group region, and found that the most dehydrated are the Cs™
and NH] ions as they both lose ~ 40% of their hydration shell
when interacting with headgroup. Meanwhile, the Na™ and Li*
ions only lose ~ 30% of the water molecules within their hydra-
tion shell. This trend in the dehydration of the ions agrees well
with the Hofmeister series, which states that the Cs™ and NH;r
ions are the most weakly hydrated of the four we have simulated
and therefore the easiest to dehydrate, while Na* and Li™ are
more strongly hydrated.

Therefore, taking all of these various pieces of information into
account, it seems that the trend of the hydration of the DS™
headgroups in the presence of the various counterions can be
explained as follows. For the least hydrated headgroups in the
ADS system, the mechanism seems to be fairly clear as the NH,
ions are the most strongly bound to the headgroup, the least hy-
drated at the interface, directly compete with the hydrating water
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molecules for hydrogen bonds with the headgroup and more fre-
quently interact with more than one headgroup. The next most
hydrated headgroups are those in the LDS and CDS monolayers.
In the case of the CDS system, the Cs™ ions are strongly bound to
the headgroup and weakly hydrated, such that they would pre-
fer to displace water in the DS~ hydration shell to interact with
headgroup. Also, the Cs™ ions frequently interact with more than
one headgroup. In the case of the Li* ions, they interact almost as
strongly with the DS™ headgroups as the Na™ ions, but are gen-
erally less hydrated than the Na™ ions and therefore they bring
less water to the monolayer interface than the Na™ ions. There
is a 1 water molecule difference in both the number of hydrating
waters per cation and per DS~ headgroup in the two systems, so
this seems to be the difference.

The differences in the interfaces that result from using the dif-
ferent counterions with the DS~ surfactants undoubtly have sig-
nificant implications on their ability to encapsulate solutes. One
example of this is, as was mentioned in the Introduction, the re-
sults of some recent experimental work which show that ADS
micelles have a poorer solubilisation capacity for encapsulating
testosterone derivatives than SDS micelles, despite the fact that
the ADS micelles have a larger aggregation number and lower
hydration3°. Taking into account the results presented in this
manuscript, this could be due to strong interactions between the
surfactant headgroups and the ammonium counterions. These in-
teractions are strong enough to displace water molecules from the
interface because of the ability of ammonium ions to form hydro-
gen bonds with the surfactant headgroups. Additionally, we see
that there is a significant increase in the salt bridging between the
DS~ headgroups when NH; ions are present than when Na™ ions
are, which would result in a more dense packing of the headgroup
at the micelle’s surface.

The chemical structure of the poorly soluable molecule also
plays a role in the ability to be solubilised within certain sur-
factant aggregates. For example, Kim et al. found that the sol-
ubilisation of pyrene in DS~ aggregates increases with increased
aggregation numbers as the counterion is changed from LiT to
Na® to NH; but the number of pyrene solubilised per surfactant
molecule is only slightly increased3®. Therefore, in the future,
we will conduct more simulations to study the free energy land-
scape that results from the penetration of a variety of testosterone
derivatives and other drugs into monolayers and micelles of the
DS~ surfactants with different counterions. The results of these
simulations will allow us to determine the free energy barriers
are required to be overcome in order to successfully encapsulate
these drugs in these structures, and also understand the molec-
ular mechanisms that are necessary to overcome them. In doing
so, we aim to build on our previous work®® on these systems to
continue to develop an understanding of what role the underly-
ing chemistry of the drug molecules and the surfactant molecules
play in the encapsulation process.
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