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The interfacial tension (IFT) of a fluid—fluid interface plays an important role in a wide range of applications
and processes. When low IFT is desired, surface active compounds (e.g. surfactants) can be added to the
system. Numerous attempts have been made to relate changes in IFT arising from such compounds to
the specific nature of the interface. However, the IFT is controlled by an interplay of factors such as
temperature and molecular structure of surface-active compounds, which make it difficult to predict IFT
as those conditions change. In this study, we present the results from molecular dynamics simulations
revealing the specific role surfactants play in IFT. We find that, in addition to reducing direct contact
between the two fluids, surfactants serve to increase the disorder at the interface (related to interfacial
entropy) and consequently reduce the water/oil IFT, especially when surfactants are present at high
surface density. Our results suggest that surfactants that yield more disordered interfacial films (e.g. with
flexible and/or unsaturated tails) reduce the water/oil IFT more effectively than surfactants which yield
highly ordered interfacial films. Our results shed light on some of the factors that control IFT and could
have important practical implications in industrial applications such as the design of cosmetics, food
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1 Introduction

Surface and interfacial tension (IFT) are fundamental concepts,
which affect our everyday life and play important roles in many
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chemical processes and industrial applications. For example,
surface and interfacial tension determine the quality and the
efficiency of detergent formulations. Usually, high performance
formulations are those that can induce low surface/interfacial
tension, which help in removing stains, fats, and oils from
clothing." Many food products are emulsions and/or dispersions,
for example milk, mayonnaise, and chocolate pastes and
syrups. These products require emulsifiers (surface active
agents) to reduce the IFT and assist emulsion formation and
stabilization.>? In the oil and gas industry, controlling IFT is
crucial in many areas.” One of the most prominent applications
is oil production,®” in which case low water/oil IFT is required
to lower the capillary force, allowing oil to detach from the rock
surfaces.®

Due to scientific interest and industrial importance, many
studies have been conducted to understand the relation between
molecular structure and performance for various surfactants.”™°
However, to fully understand, predict, and manipulate IFT using
surfactants more experimental and theoretical work needs to be
conducted due to the complex interplay of many different factors
e.g. temperature, nature and concentration of surface-active
compounds. IFT is defined either as the energy required to
create a unit of interfacial area or the interfacial free energy of
two immiscible fluids. The energy term here is actually the
interfacial free energy which is comprised of enthalpic and
entropic contributions. Solely considering the difference in the
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interaction energy of atoms at the interface and that of atoms in
the bulk due to the difference in the number and the types of
neighbouring atoms is inadequate for complex systems with
water, salts, and surfactants, because it neglects the degrees
of freedom of molecules (vibrations, conformations and
orientation), as well as the potential enrichment of some
molecules at interfaces as respect as to the bulk. These terms
are included in the entropy contribution, and are an important
component of the interfacial energy. Indeed, previous studies
have demonstrated that there is a strong correlation between
surface tension and surface entropy. For example, Shah et al.>
studied the effect of different salts (NaCl, NaBr, NaNO;, KCl,
KBr, KNO;) and temperature on water surface tension and
found that the entropy of surface formation decreases as the
salt concentration decreases, whereas the enthalpy of surface
formation stays almost constant. Hu et al.>* measured surface
tension of water in the presence of different surfactants at
different temperatures. They found that surface entropy plays
an important role in describing the surface tension of water,
specifically the water surface tension is found to decrease as
surfactants are added.

While most previous studies have focused on water/air
systems, water/oil systems have received less attention. However,
understanding the fundamental physics behind water/oil IFT is
highly desirable because (a) water/oil systems are fundamentally
different from water/air systems due to the different chemistry of
the oil phase, and (b) controlling water/oil IFT is important in
many industrial sectors especially cosmetics production and the
petroleum industry.

(a)
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With the rapid development of force fields, algorithms, and
computer power, molecular simulations are increasingly proving
useful in the study of interfacial problems.>**' Simulations can
also be used to understand interfacial tension at the molecular
level.*>° In this study molecular dynamics (MD) simulations are
employed in an attempt to clarify connections between water/oil
IFT and thermodynamic properties. The effect of temperature is
firstly studied to disentangle the enthalpy and entropy contribu-
tions to the resultant IFT. By comparing the two contributions,
interfacial entropy is identified among the controlling factors in
reducing IFT when surfactants are added. We then systematically
modify certain molecular features of the surfactants as a way to
control interfacial entropy and investigate the influence this has
on the water/oil IFT. Indeed, by adding a double bond in the
surfactant alkyl tail or increasing the overall chain stiffness, the
interfacial film becomes more disordered and consequently
the water/oil IFT is reduced.

2 Theory and computational details

Atomistic molecular dynamics (MD) simulations were performed
using the GROMACS package,* version 2018.4. Fig. 1a shows a
representative simulation box. The initial dimension of the simu-
lation box was set to 5 x 5 x 20 nm® Each simulated system
contains a water slab, of approximate volume 5 x 5 x 4 nm?®
located in the middle of the box. Two surfactant layers were
placed on both sides of the water slab with the alkyl tails pointing
outwards along the Z direction.
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Fig.1 (a and b) Representative simulation snapshots for the systems with and without surfactants, respectively, considered in this study. Zoomed-in
images of the interfacial film are also provided for the systems with and without surfactants indicating a well-aligned conformation of oil molecules
(in gray color) at the oil-water interface (parallel to the interface) as opposed to their disordered structure at the interfacial film with surfactants. In these
snapshots water is represented as red dots or red solid surface, n-dodecane: gray lines, SDS surfactants: cyan lines as the tails, red and yellow balls as the
oxygen and sulfur atoms in the head groups, respectively. (c) Molecular structure of n-dodecane, saturated and unsaturated (cis- and trans-) sodium
dodecyl sulfate (SDS) surfactants.
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In order to quantify the effect of surfactant concentration on
the IFT, the number of surfactants at the interface was varied
systematically from 0-5.2 x 10~ ® mol m 2. Those values of SDS
surface densities fall within the range of experimental observations
varying from 1.1-8.0 x 10~® mol m > from a variety of sources
(please refer to Table S1 for more details, ESIT).*'~*> The remainder
of the simulation box was filled with n-alkane, representing the oil
phase. It is worth noting that in this study, the adsorption and
desorption of surfactant to/from interfacial films are not consi-
dered because they are slow processes (on the scale of a few
microseconds to seconds)*® compared to the time accessible to
molecular simulations when conducted at atomistic resolution.
Indeed, we do not observe surfactant desorption from interfaces
during our simulations, nor do we observe the formation of SDS
micelles in the oil and water phases. As a result, the SDS surface
density is effectively fixed in our simulations and calculated using
the interface’s planar average area (i.e., area = Ly X Ly, where Ly, Ly
are the box lengths in the X and Y directions). By changing the
number of surfactants in our initial configurations, we attempt to
quantify the surface density effects on interfacial tension.

2.1 Force fields

The TIP4P-2005 model*” was used to simulate water. Due to the
fact that crude oil contains a large portion of alkanes, in this study
we chose n-dodecane, C12, to represent the equivalent carbon
number for the alkane fraction. n-Dodecane was modeled using
the united-atom version of the TraPPE-UA force field.** The
combination of these models yields good agreement with experi-
mental data in terms of interfacial tension [see the study by
Underwood and Greenwell*® as well as Fig. S1 of the ESI{]. sodium
dodecyl sulfate (SDS) was chosen as the model surfactant for this
study because it is used in a wide range of applications, and
because it has been used in many academic studies, thereby
providing ample sources to validate our results and corroborate
our interpretations. The SDS alkyl tail was modelled using the
TraPPE-UA force field*® with an exception that the torsional angle
potential was refitted to ab initio data to correctly capture the
melting point of long alkanes.’® The SDS headgroup was mod-
elled explicitly using the parameters from Schweighofer et al.>"
The counter ion, Na', was modeled as a single charged Lennard-
Jones (L]) sphere with parameters taken from the study of Smith
and Dang without polarizability.>> Non-bonded interactions were
modeled by means of dispersive and electrostatic forces. The 12-6
LJ potentials were used to model dispersive interactions, using the
Lorentz-Berthelot mixing rules to determine the parameters
for non-like interactions.”»** The electrostatic interactions were
modeled by the Coulombic potential with long-range corrections
treated using the particle mesh Ewald (PME) method. The dis-
tance cutoff for all non-bonded interactions was set to 1.4 nm with
energy and pressure tail corrections for van der Waals inter-
actions. Periodic boundary conditions were applied in three
dimensions for all simulations.

2.2 Simulation protocols

To relax the initial configurations and eliminate steric overlap
of molecules, an energy minimization routine was conducted

This journal is © the Owner Societies 2021
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from the initial configurations using the steepest-descent method.
Subsequently, NP, AT simulations (N = constant number of
atoms, P, = constant normal pressure, A = constant surface
area, T = constant temperature) were conducted at the pressure
of 1 bar. The NP,AT ensemble is a reliable ensemble for
calculating the interfacial tension of gas/liquid systems®*”®
(such as water/CH,, water/CO,, water/H,S systems), and
liquid/liquid systems (including lipid bilayers, hydrocarbon/
water), at conditions in which the surface area is constant.>” >’
Simulations at constant surface area allow us to control the
surface density of surfactants in different systems, simply by
adding/removing the desired number of molecules at the
relevant interfaces. The leapfrog algorithm with a 2 fs time
step was employed to integrate the equations of motion. For the
first 20 ns, velocity rescaling and the Berendsen barostat were
used to efficiently re-scale the simulation temperature and box
volume.®° After 20 ns, the thermostat and barostat were switched
to Nosé-Hoover chain®® and the Parrinello-Rahman,®® respec-
tively. Simulations were run for 100-150 ns, which was long
enough to ensure stable interfaces, as shown in Fig. S2 of the ESL}

2.3 Entropy estimation

The entropy of surfactants adsorbed at the interface, water, and
dodecane was estimated with the Quasi harmonic approach.®*~%>
In this method, the molar entropy, S, is calculated using:

Bho;

S=R» ——————In[l —exp(fhow; 1
where R is the molar gas constant, f = 1/kT where k is the
Boltzmann’s constant and T is temperature, % is Planck’s constant
divided by 2, o is the fluctuation frequency calculated:

det <M1/20M1/2 - ﬁl) =0 2)

In eqn (2), M is a diagonal matrix with the masses of the atoms
(mass-weighted) on the diagonal elements while all off-diagonal
elements are set to zero, ¢ is the covariance matrix of all Cartesian
coordinates of the atoms, 1 is the unit matrix. Element o, in the
covariance matrix is the covariance between atoms ¢ and j and
defined as o;; = ((F; — (7))(7; — (7;))) where 7; and 7; denote the
position vectors of atoms 7 and j, the brackets denote average over
the selected simulation time. By performing translational and
rotational fitting of all frames to a reference (the average struc-
ture), one can separate the contribution of translational, rota-
tional, and vibrational motions from the total entropy. In this
study, non-weighted entropy was calculated using covariance
analysis tools including gmx covar and gmx anaeig implemented
in the GROMACS simulation package.

2.4 Identification of interfacial molecules

The interfacial water and dodecane molecules were determined by
using the Identification of Truly Interfacial (ITIM) algorithm.®®
An illustration of the method is shown in Fig. 2. In the ITIM
algorithm, a fictitious probe sphere with a given radius is moved
along straight test lines that are perpendicular to the plane of the
interface (the Z direction). The test lines are generated from a grid

Phys. Chem. Chem. Phys., 2021, 23, 25075-25085 | 25077
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L Probe spheres

Ry probe sphere radius
Ad: grid spacing

Fig. 2 Illustration of the method for identifying the interfacial atoms/
molecules. The dashed vertical lines are the test lines (along the Z
direction, perpendicular to the interface) along which the probe spheres
are moved. The circles represent probe spheres moving from the bulk to
the interface. When the probe sphere moving along the test line first
touches an atom/molecule, that atom/molecule is identified as an inter-
facial one.

in the XY plane with the distance between two adjacent grid
points (grid spacing) considerably smaller than the radius of the
probe sphere. Molecules first hit by the probe spheres are
identified as the interfacial ones. For more details, please refer
to the paper of Partay et al.®® In this study, the probe sphere radius
and the grid spacing were set to 1.5 A and 0.2 A, respectively,
similar to those used in previous studies of interfacial water.®”~*°

3 Results and discussion
3.1 Temperature effects on interfacial tension

Fig. 1a shows a schematic of the simulated system, in which
n-dodecane and sodium dodecyl sulfate (SDS) were chosen as
the model oil and surfactant, respectively. In our study, to
quantify the relation between IFT and temperature, we simu-
lated each system at three different temperatures. The water/oil
interfacial tension, 7y, is calculated through the following
relation:">7*

S N CRCI A SN

Px(z) + Py(2)
2
tangential components of the pressure tensor at position z
along the Z direction of the simulation box. L, is the box length
along the Z direction. Py and Py are the average normal and
tangential pressure tensors calculated over the entire box
length L,. Note that in our simulations we maintain constant
the size of the simulation box along the X and Y directions,
while the Z dimension changes to maintain constant pressure
in that direction using the NP, AT ensemble. Nevertheless, to
probe the suitability of the algorithm for the systems studied,
additional simulations were run using a constant volume
ensemble (NVT) to calculate the n-dodecane/water IFT at three
different temperatures and a surface density of 2.1 x 10~° mol m >
for SDS. Table S1 of the ESIf compares the results obtained from

In eqn (3), Px(z) and Pr(z) = are the normal and
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the two ensembles. As it can be seen, the results indicate that
the IFT values obtained from the two ensembles are compar-
able, yielding values within statistical uncertainty of each other,
implying the algorithm used to calculate the oil/water IFT
in our simulations is reliable and appropriate for the issues
addressed in this manuscript.

In Fig. 3a we report the IFT results as a function of
temperature at different SDS surface densities, and compare
with the system without surfactant (black curve). The results
indicate that the IFT decreases as the temperature increases,
which is consistent with experimental data for SDS”>7*
as for other surfactants’ and follows the Eotvos rule for surface
tension of pure liquids.”® The effect of temperature is more
noticeable when surfactants are added, which is indicated by
the steeper slope of the IFT profiles at increasing surface
densities. The results obtained are consistent with the experi-
mental IFT values for the system of hexane/water,”> in which
the magnitude of IFT reduction at increasing temperature is
higher for the systems with SDS compared to that of the
systems without SDS.

To understand why the IFT changes are more pronounced as
temperature changes in the presence of SDS, in Fig. 3b we
disentangle the contributions of interfacial entropy (AS®), and
enthalpy (AH*) to the IFT as a function of SDS surface density at
constant temperature of 293.15 K. Since the IFT is also defined
as the change of Gibbs free energy needed to create a unit of
interfacial area at constant pressure, temperature, and number
of molecules:

as well

()
OA) npr
It follows that interfacial entropy and enthalpy can be defined
consistently:””7°
dy
AS? = —( =% 5
(o), 0
AHA:y+TASA=y7Tﬂ (6)
oT ) p

In eqn (4)-(6) G is the free Gibbs energy, A the interfacial area,
T the absolute temperature, P the pressure, N the number of
atoms in the system, AS* the interfacial entropy per unit
interfacial area, and AH" the interfacial enthalpy. The interfacial
entropy and enthalpy contributions to IFT were calculated via
eqn (5) and (6) by least squares fitting the IFT-temperature curve
to a linear function.

The results presented in Fig. 3b indicate that as SDS surface
density increases both interfacial entropy and interfacial
enthalpy increase. In our systems, it is worth noting that the
entropy difference comes from the change in the entropy of
water, oil, and surfactant molecules at the interface. To better
understand the contributions of water, dodecane, and SDS on
the system’s interfacial entropy, the entropy changes experienced
by water, dodecane, and SDS molecules at increasing SDS surface
density were computed with respect to the system without SDS.
The results are shown in Fig. 3c. In these calculations, the entropy

This journal is © the Owner Societies 2021
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Fig. 3 (a) Interfacial tension as a function of temperature calculated for systems at different SDS surface densities. (b) Decomposition of interfacial

tension in terms of enthalpy and entropy contributions (with the same unit as IFT) calculated at 293.15 K at different SDS surface densities. Error bars are
present but most are smaller than the symbols used to display the data. (c) Entropy change of water, dodecane, and SDS as a function of SDS surface
density at 293.15 K with respect to the system without SDS. The entropy of water and dodecane is calculated using the Quasi harmonic approach,
whereas the entropy of SDS is calculated by subtracting the system entropy from the contributions of water and dodecane. (d) Representative simulation
snapshots illustrating the interfacial molecules identified using the ITIM algorithm with the recommended probe sphere of 1.5 A and a grid spacing of
0.2 A% Top panels: Interfacial dodecane molecules are shown in black, bulk dodecane in orange, SDS in cyan, and water oxygen and hydrogen in red

and white, respectively. The bottom panels depict the interfacial water molecules.

of water and dodecane is calculated using the quasi harmonic
approach,®*®> whereas the entropy of SDS is calculated by
subtracting the system entropy from the contributions of water
and dodecane. The system interfacial entropy is calculated as
the partial derivative of the IFT with respect to temperature
(with the opposite sign), following eqn (5). The results indicate
that as the surface density of SDS increases, the entropy of
water slightly decreases, resulting in a positive contribution to
the IFT (thus increasing the IFT). This entropy loss occurs as a
result of two diametrically opposed mechanisms: (1) a decrease
in water entropy as a result of the strong interaction with
surfactant headgroups; and (2) an increase in water entropy
as a result of increased surface roughness. As illustrated in
Fig. 4a, the strong interaction between water and SDS head-
groups is demonstrated by an increased number of hydrogen
bonds formed between water molecules and the oxygen atoms
of the sulphate headgroups. This yields a small increase in the
total number of hydrogen bonds in the system, despite the
decrease in the number of hydrogen bonds formed between
water molecules. Fig. 4b illustrates the relationship between

This journal is © the Owner Societies 2021

surface roughness and SDS surface density. The interfacial
roughness was defined as the full width at half maximum of
the interfacial water distribution in the Z direction of the
simulation box (see Fig. S3 of the ESIT for more details). The
interfacial water molecules were identified using the ITIM
algorithm®® with the recommended probe sphere of 1.5 A and
a grid spacing of 0.2 A. The results indicate that as the surface
density of SDS increases, so does the interfacial roughness,
which is consistent with what has been observed with tri-n-
butyl phosphate surfactants.®” Visual inspection of the inter-
facial film shown in the bottom panel of Fig. 3d confirms our
observation. Increased surface roughness compensates for the
loss of entropy caused by the strong interaction with the SDS
headgroups.

The entropy of dodecane, on the other hand, increases
linearly as the SDS surface density increases, thus contributing
a non-negligible amount to the reduction of IFT. This is most
likely because when no surfactant is present, the oil molecules
at the interface lose some of their degrees of freedom as they
align somewhat parallel to the interface (see the zoomed-in

Phys. Chem. Chem. Phys., 2021, 23, 25075-25085 | 25079
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Fig. 4 (a) Number of hydrogen bonds as a function of SDS surface density calculated for all atoms, water—water, and water—SDS molecules. (b) The

interfacial roughness based on the calculation of the width of the interfacial water film. The interfacial water film is identified using the ITIM algorithm.®®
The inset plot depicts the distribution of interfacial water molecules along the Z axis of the simulation box used to determine the interfacial width/
roughness. (c) Probability distribution of the angle formed by the end-to-end vector of the interfacial dodecane molecules and the Z direction at different
surface densities of SDS. (d) Calculation of —>" p;In(p;) (proportional to the rotational entropy) for the interfacial dodecane molecules based on the
orientational probability distribution in panel (c). In this calculation, p; is the orientational probability of angle i € [0; 180°].

snapshot in Fig. 1b and the left panel of Fig. S5 of the ESIY). The
parallel alignment of dodecane molecules along the interface is
consistent with previous observations.®*”** This could be due
to strong short-range van der Waals interactions at the interface
between alkane and water molecules.?® However, when surfac-
tants are added, dodecane molecules are pushed away from the
water surface, making them more disordered and allowing
them to rotate and translate more freely, as illustrated in the
zoomed-in snapshot of Fig. 1a, the top panels of Fig. 3d, as well
as the middle and right panels of Fig. S5 of the ESL{ The
disordered structure of the oil molecules in the surfactant
interfacial film is also indicated by the broader orientational
distribution of the oil chain at increasing SDS surface density as
presented in Fig. 4c. Similar calculations were performed to
quantify the orientation of interfacial water molecules (see
Fig. S6 of the ESIt). The results indicate that at low SDS surface
densities, the water dipole moment is likely to align with the
interface plane, resulting in a non-polarized interface that
could facilitate/accommodate the dodecane molecules. This
could be another reason explaining why dodecane molecules
align parallel at the water-dodecane interface at low SDS surface
densities (see above). However, as the SDS surface density
increases, the dipole moment points away from the interface,
allowing water O-H groups to form hydrogen bonds with
oxygen atoms in the SDS sulphate headgroup. This is in

25080 | Phys. Chem. Chem. Phys., 2021, 23, 25075-25085

agreement with findings from the study of Tummala et al®®

regarding the effect of SDS on the orientation of water near
various solid-liquid interfaces. It is worth mentioning that the
interfacial molecules are identified using the ITIM algorithm®®
with the probe radius of 1.5 A and a grid spacing of 0.2 A (please
refer to Fig. S4 of the ESIt). The oil molecules with broader
orientational distribution indeed have higher rotational
entropy ~ — Y p;In(p;) (see Fig. 4d), where p; is the orienta-
tional probability of angle i € [0; 180°]. The effect of the oil
molecules on the performance of SDS was also demonstrated by
a greater degree of IFT reduction when water/dodecane/SDS
was compared to water/air/SDS at the same SDS surface density
(please refer to the results presented in Fig. S7 of the ESI¥).

The contribution of SDS entropy was determined by sub-
tracting the total interfacial entropy of the system from the
contributions of water and dodecane. The results in Fig. 3c also
indicate that SDS contributes significantly more to interfacial
entropy than molecules from oil and/or water phase.

The results in Fig. 3 and 4 suggest that, in the presence of
surfactants, increasing interfacial disorder is crucial in reducing
the IFT especially at high surface density. This is usually the case
in practical applications as surfactants accumulate significantly
at the interface (with more than 80% saturated even at low bulk
concentration).®* Because the increase in interfacial entropy is
primarily due to an increase in the entropy of the oil and
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surfactant molecules, we believe that increasing the interfacial
entropy could be accomplished by altering the molecular
characteristics of the surfactant molecules. The following sec-
tions examine how altering the molecular structure with a
particular emphasis on the surfactant tails, can affect the
interfacial film properties, thereby affecting the water/oil IFT.

3.2 Surfactant tail structure effect: unsaturated vs. saturated

Experimental observations indicate that surfactants with unsa-
turated alkyl chains induce lower surface/interfacial tension
than those with saturated alkyl chains of equivalent chain
length.®>%¢ To provide a solid scientific basis for those observa-
tions, a double bond was added to the middle of the SDS alkyl
tail (between carbon numbers 6 and 7), and then the IFT was
calculated and correlated to the interfacial film’s molecular
properties. We expect that adding a double bond to the SDS
surfactant tails will increase the disorder of the interfacial film,
inspired by the fact that vegetable oils with double bonds in the
hydrophobic tails have lower melting temperature than animal
fat (with saturated tails) of the same length due to their low
chain packing efficiency,”” thus further reducing the IFT.
A schematic of the new surfactant is shown in Fig. 5a (and also
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in Fig. 1c), where we also present the IFT results obtained for
the surfactant with and without the double bond in the tail. The
simulations were conducted at 293.15 K. The results in Fig. 5a
indicate that adding a double bond in the cis conformation to
the alkyl tail has little effect at low surfactant surface density
but noticeably reduces the IFT (up to 6 mN m ') at high surface
density (>4 x 10~° mol m™?). These results are consistent with
experimental data where water-air surface tension calculated
for oleyl surfactant (unsaturated with cis conformation) is lower
than that of stearyl surfactant.?® In that study, Bhadani et al.®®
suggested that the decrease in the IFT of the oleyl surfactant is
probably due to cation-r interactions between the C—C double
bond and the surfactant headgroup.

This argument does not apply to our systems, where the
double bonds are far from the surfactant headgroups (see
Fig. 5c for a representative simulation snapshot and density
profiles of C=C, water, SDS, showing that the double bonds in
purple are far from the water phase where the surfactant
headgroups reside). In fact, we found that the water/oil IFT is
strongly correlated to the disorder of the surfactant interfacial
film. To quantify the molecular order within the interfacial
films, we calculated the order parameter So.ger [S€€ eqn (7)]

0.30
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—y(

(b

0.251 unsaturated - trans

==+ unsaturated - cis

0.20

0.15 -

0.10

Order parameter Sqger
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(a) Water/dodecane interfacial tension at 293.15 K as a function of SDS surface density. (b) Order parameter for the SDS tails. The results

calculated for surfactants with a saturated tail (black curve) and an unsaturated tail with one double bond maintained in trans and cis conformations (blue
and purple curves, respectively). The low-index carbon atoms (e.g. carbon number 1-3) are the ones close to the head groups, whereas the high-index
carbon atoms represent the carbon atoms at the tail end near the dodecane phase. (c) Representative simulation snapshot and density profiles of C—C
(solid purple curve), SDS (dashed cyan curve), and water (dash-dotted red curve) of the interfacial film with cis-unsaturated SDS at surface density of
4.9 x 107® mol m~2, the double bonds are highlighted in purple, color codes for other components are the same as those in Fig. 1.
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based on the so-called deuterium order parameter®*°° for the
SDS alkyl tails. The order parameter describes the orientation
of the C-H bond vector with respect to the Z direction and are
calculated as a function of the carbon atom in the alkyl tails of
the surfactants.

3(cos? p) — 1
Heod) 1 o)

Sorder =
In eqn (7), ¢ is the angle between the C-H bond vector and the
Z direction of the simulation box. It is worth pointing out that
|Sorder| = 0.5 indicates an alkyl tail perfectly ordered in the
all-trans conformation. Note that the order parameter here is
only applied to sp® carbons in the tail, not sp> carbons, i.e.
carbons with a double bond. The results of the order parameter
obtained for the alkyl tails of the saturated, cis-, and trans-
unsaturated SDS are shown in Fig. 5b. We found that the order
parameter value is higher for the low-index carbon atoms and
decreases as the index increases. The results show good agree-
ment with experimental data obtained for alkyl tails of
lipids.”>°" This is because the low-index carbon atoms are
attached to the head groups, which strongly interact with the
water phase. Whereas, the high-index carbon atoms are the
ones at the tail end and are able to move more freely. The results
also indicate that SDS with a double bond in the cis conformation
in the tails increases the disorder of the interfacial film (lower
values of the order parameter). Specifically, the carbon atoms next
to the double bond (carbon number 5 and 8) have significant
lower order parameter values, which are consistent with experi-
mental and simulation data from Ferreira et al.°* This is because
the double bond reduces the packing efficiency of the tails.
Indeed, by applying a principal component analysis (PCA) on
the MD trajectories to quantify the main motion modes of SDS
molecules, we found that the unsaturated SDS molecules in the cis
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conformation are in a more folded form compared to the satu-
rated one (see Fig. S8 of the ESIf). Calculations of the radius of
gyration, Reyration, and the end-to-end tail length, di,;, for SDS
surfactants confirm our observation. The saturated SDS has
higher Rgyration and de values (0.505 £ 0.003 nm and 1.16 +
0.13 nm, respectively) compared to those of the cis-unsaturated
SDS (Rgyration = 0.472 % 0.003 nm, de = 1.04 £ 0.15 nm). The
highly folded conformation observed for the cis-unsaturated SDS
molecules induces a lower molecular packing efficiency for the
SDS alkyl tails as compared to that of the saturated SDS. This
effect is believed to yield the highly disordered interfacial film as
indicated by the low order parameter S,qer in Fig. 5, effectively
leading to a decrease in the IFT.

3.3 Surfactant molecular flexibility effect

In the previous section, we observed clearly the dependence of
the water/oil IFT on the presence of a double bond in the
surfactant tail. We now investigate the effect of another para-
meter that controls the architecture of the surfactant hydro-
phobic tail, namely, the degree of molecular flexibility or chain
stiffness. Because the stiffness of the SDS alkyl chain is con-
trolled by the C-C-C-C torsional angle terms, in our simula-
tions we quantify two different sets of the torsional angle
potentials, one from the original TraPPE-UA force field
(denoted as TraPPE-UA) and another one from refitting to
rotational energy profiles obtained from ab initio calculations
in the study of Siu et al.,>® for long alkanes (denoted as refitted
torsion). Noting that the refitted torsion potential is used
throughout this study to model surfactant alkyl tails, as it was
previously used to develop a force field for long alkanes (the
L-OPLS force field) that accurately describes their physical
properties such as diffusion coefficient, density, viscosity,
and the melting point. It is worth mentioning that the main
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Fig. 6 Left: Water/oil interfacial tension as a function of SDS surface density. Experimental data are from literature*! (assuming the saturation surface
density of SDS is 5.2 x 10~ mol m~2). Two sets of simulation results are shown, the difference being in the description of the torsional angles within the
SDS tail. In one force field, the original TraPPE-UA was implemented. In the other the torsional potential were fitted to reproduce ab initio simulation
results, from literature.>® Middle: Representative simulation snapshots contrasting ordered (top) and disordered (bottom) surfactant interfacial films
obtained when using the original TraPPE-UA and the refitted torsional potentials, respectively. Right: estimation of entropy applying the quasi harmonic
approximation method for SDS modelled with the two different torsional potentials. Contributions of conformational, rotational, and translational
components to the entropy are obtained by appropriately fitting these motions to the reference structure. Specifically, rot + trans fit represents the
contribution of conformational entropy, trans fit represents the contribution of both conformational and rotational entropy, and no fit represents all three
contributions.
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difference between the two potentials is the energy difference
between gauche and trans configurations, which is higher in the
TraPPE-UA force field than that observed from recent ab initio
data (please refer to the left panel of Fig. S9 of the ESIT).

In the left panel of Fig. 6, the simulated IFT results obtained
by implementing the two sets of torsional angle potentials are
shown and compared with experimental data from Llamas
et al.*’ The results show that the refitted torsional potential
reproduces better the experimental data especially at high
surface density of SDS. Upon visual inspection of simulation
snapshots (see the middle panels of Fig. 6) we found that the
original TraPPE-UA potential induces a more ordered inter-
facial film at high surface densities of SDS, whereas the refitted
potential induces a much less ordered film. The order para-
meter obtained for the surfactant tails confirms this observa-
tion as shown in the right panel of Fig. S9 of the ESL.}

As discussed in previous sections, the reduction in the
water/oil IFT is strongly correlated to the interfacial entropy
or degree of disordering. To strengthen our conclusion, here
we estimate the entropy values for SDS using the two sets of
torsional angle potentials using the quasi harmonic approach.®* %
The results are shown in the right panel of Fig. 6. They reveal that
indeed the entropy obtained for SDS with the refitted torsional
potential is higher than that of the original TraPPE-UA one.
It is important to point out that the conformational component
(with rotational and translational fit) is the main contributor to
the entropy difference obtained implementing the two set of
torsional angle potentials. Whereas, rotational and transla-
tional components have minimal effect. The results presented
above highlighted the effect of the chain stiffness of surfactant
molecules on the behavior of the adsorbed surfactant layer at
the water/oil interface. It has been shown that changing in the
chain stiffness can alter the rigidity and packing efficiency of
the interfacial film, which lead to a change in the water/oil
IFT.>*** In practice, the chain stiffness of the surfactants can
be controlled by changing their chemical composition (e.g
fluorinated surfactants),”>°® the addition of functional groups,
and branches.”

4 Conclusions

We have conducted equilibrium molecular dynamics simulations
on systems containing n-dodecane, water, and SDS surfactant to
identify molecular-level factors that control the water/oil interfacial
tension. The simulations were conducted at different surfactant
surface densities, molecular features (e.g. surfactant tail flexibility,
adding a double bond), as well as temperatures. The results are in
good agreement with experimental observations. The results of the
water/oil IFT obtained at different temperatures indicate that the
ability to reduce the IFT is strongly driven by the degree of disorder
of the interfacial film, which is related to the interfacial entropy.
We discovered that the increase in interfacial entropy in the
presence of surfactant is primarily due to an increase in the
entropy of the surfactant film and the interfacial oil molecules.
By modifying the surfactant’s molecular structure, we were able
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View Article Online

Paper

to further enhance its performance. Indeed, our simulation
results show that adding a double bond to the surfactant alkyl
tails reduces the surfactant film order, which in turn helps to
reduce the IFT. More flexible surfactants with higher gauche/
trans ratio within the alkyl tail also induce lower the IFT. The
results reported here underline the importance of interfacial
entropy in rationalising changes in surface structure and
interfacial tension at oil/water interfaces in the presence of
SDS, the most frequently used anionic surfactant. We hope that
such insight can be exploited for designing new effective
surface-active compounds for various applications.

It is important to point out that in this study we mainly
focused on the entropy effect of the interfacial layer, specifically on
the contribution of the surfactant tails. However, the surfactant
headgroups also play an equally important role. For example,
experimental data shows that head group chemistry and inter-
action with water, salts impose strong influence on the water/oil
IFT.'*°2 Therefore, future studies (e.g. via molecular modelling)
focusing on the fundamental physics behind those effects could
further advance our understandings of how to control the
water/oil IFT.
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