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ONa

Fig. 1. Chemical structure of the 8-C16 surfactant.
1. Introduction

The interfacial properties of the adsorption film formed by surfactant faclecCules at oil/water inter-
face play a crucial role on many scientific technological processes such“as bil recovery [1-3]. In order
to obtain the maximum benefit from surfactants used in this procegsy ‘good knowledge of their inter-
face behavior is demanded [3]. Additionally, in designing new typcs oi the most efficient oil-displacing
surfactants, the key question is how to gain an insight into the Structure/function relationship of these ma-
terials [1]. In this sense, many studies have been reported frpiboth experimental [1-16] and theoretical
points of view [17-24]. A considerable number of experifiiarital research works have been reported con-
cerning interface properties such as the behavior of inté;facial tension (/FT), area per surfactant molecule
(A), density profile, etc., between oil and water foi, alkyl benzene sulfonates [2—4,8,11], alkyl methyl-
naphthalene sulfonates [9], Gemini surfactantg-{7], other quite complicated surfactant system such as
sorbitan [5] and also at the air water interfagey! #¥2-16]. Molecular dynamics simulation of similar prop-
erties, namely, surface tensions, density_groides and several radial distribution functions of surfactant
monolayers at the air/water [17-22] and\hydrocarbons/water [23,24] interfaces, have also been reported.
Molecular simulations have become ‘2l fmportant tool for the study of the complex interface systems, as
they are capable of providing quife accurate estimates of the dynamical, thermodynamical and structural
properties of the interface sys(en) at the molecular level [24].

Sodium linear alkylbenzénefsulfonates (LAS) belong to the kind of very popular surfactants which are
widely used in industryand daily life. In fact, linear alkyl benzene sulfonates form the most important
synthetic surfactant €aniily in the world [20]. This compound has a sulfonate group and a linear alky]
chain which is usually attached to the para positions of a benzene ring (Fig. 1). The alkyl chain may have
m + n carbons atoms with the benzene ring attached to the (m + 1) carbon (m < n) [20]. The specific
example in Fig. 1 has a chain of 16 carbons atoms, and the benzene ring is attached to the 8" carbon,
This is the O-(1-hetylnonyl) benzene sulfonate, more briefly denoted as 8-phenyl hexadecane sulfonate,
8-C16. These surfactants may be regarded as Cn alkyl benzene sulfonates with a substituted Cm alky]
chain. Previous works [4,24] have clearly indicated that the nearer to the end of the chain the benzene
ring is attached, the lower the molecular weight is of the alkane which yields the lowest IFT. In general,
when the total number of carbons atoms in the alkyl chain of the surfactant is increased, the minimum|
in /FT appears at a higher alkane carbon number [4]. Scanning of interfacial tensions against all or part
of the homologous series of n-alkanes is a useful method [4,8,11] of characterizing the low tension
behavior of surfactants and oil at the water/oil interface. Each surfactant shows a minimum tension at
a particular n-alkane carbon number. In this way, a key concept is the alkane carbon number, n,,;,,
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corresponding to the minimum /F7T when measured against an n-alkane series. For the 8-C16 case the
optimum n,,,;, at undecane was experimentally determined [4].

Deep insights into the nature of the interaction at the molecular level between the immiscible phases
and the surfactant at the interface can be gained by studying the adhesive forces operating at that inter-
face. In the present paper, to get a better understanding of the behavior of surfactants, we have performed
a systematic study of those forces calculated as the interaction energy or binding energy per area for the
water/n-alkane (hexane, octane, decane, dodecane and tetradecane) interface, for the 8-C16 monolayer|
at the water/vacuum interface and for this monolayer at the n-alkane (decane, undecane, dodecane and
tetradecane)/water interface. As a result, through the use of the concept of adhesive forces we have been
able to explain in greater detail the origin of the minimum of the /FT for 8-C16 at C11 and have gained
a more adequate understanding of the nature of the interface interactions.

2. Methods
2.1. Adhesion and interfacial tension.

The work of adhesion, W, is the free energy change, or reversible~yosk per unit area done to separate
to infinity two different media initially in contact, a process tha§ iasults in the creation of two new
surfaces [25]. W, it is related to the intermolecular forces théf op€rate at the interface between the two
media. When the media are liquids W;; is defined by the eguatiqn of Dupre as [25],

Wij =i+ — i (1)
\Where +; and ~y; are the surface tensions of the two individual liquids and +;; is the IFT between the two|
liquids in contact. For two identical media, the woiiz o) cohesion, W; for the liquid i is given by

Wi =2, 2
From Eqgs (1) and (2), the relationship befwegn the work of adhesion and /FT can be written as,
1
Yij = §(Wi+Wj)—Wz“ 3)

This equation suggests that the iatc=facial tension results from the competition between the cohesion
forces holding molecules togethcr ini the separate liquids and the adhesive forces at the interface [25].
Experimental reports [26—28},0f measured /FT for the n-hydrocarbon water interface, hyd/wat, with
the n-hydrocarbon going.fram Cg to Cy6, have clearly shown that there is a linear relationship with the
number of carbon, nc4, &f the chain length: /FT systematically increases as n¢; increases.

Equation (3) has Wwervvimportant implications for enhanced oil recovery (EOR). In EOR, surfactant
formulations are injected into the reservoirs to reduce the interfacial tension to very low values between
the aqueous chemical solution and the crude oil, with the purpose of mobilizing the oil and thus produc-
ing more oil than by conventional methods. Equation (3) shows that by increasing W;; it is possible to|
obtain very low values of vygyamwa. This is just the role [29] of the surfactant: to produce an appreciable
increase of the adhesive forces between the interfaces involved in the water/surfactant/oil systems.

The energy change for separating two media ¢ and j in a medium % [29], such as a surfactant monolayer
(medium k) between hydrocarbon/water interfaces is given sby

Wik = Wi + Wij) — Wi + Wig) 4)
Where W, is the work of cohesion between the surfactant molecules, while W;; is the corresponding
work of adhesion water/hydrocarbon. In the case when the surfactant forms an entire monolayer, W;; will

be negligible (there is no direct contact water-hydrocarbon) and adhesion only involves forces between
the surfactant and the water and hydrocarbon phases.
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Fig. 2. (a) Simulation box of the water/s-hyatocarbon interfaces. Red and yellow spheres denote the oxygen and hydrogen
atoms of the water molecules while graj and white spheres denote the carbon and hydrogen atoms of the Cn molecules. (b)
Density profile along the z-axis norinal o the interface at the left for the water molecules (red line) and C14 molecules (blue
line). The perpendicular axis corfesppnds to the density in gr/cm® and the horizontal one to the position (A) along the z-axis.
Heavy black lines define the iQtestaCe zone.

02

2.2. Calculations

The hydrocarbons/water interface was determined by running a combination of NVT (constant volume
and temperature) and NPT (constant pressure and temperature) molecular dynamics simulations for a|
cell under periodic boundary conditions [22]. An orthorhombic simulation box with dimension of 34 A
x 34 A x 110 A containing two water-hydrocarbon interfaces (Fig. 2a) with 900 water molecules and
1080/n¢; hydrocarbon molecules (1080 carbon atoms per molecule) was initially constructed. These
simulation boxes have similar dimensions as those used in previous molecular dynamic studies of the
water/n-alkane interface [24]. First the hydrocarbon and water phases were prepared separately using the
\Amorphous Builder software [30] to create an initial random and low density sample using a suitable
Monte Carlo procedure to achieve a right distribution of conformational states. After that, the two phases
were integrated into the simulation box. The next step was an energy minimization to relax the system.
Finally, NVT and NPT simulations were sequentially carried out to equilibrate the system. First, a NVT|
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Table 1
[Equilibrated Cell parameters of the orthorhombic simulation box, calculated density and interfacial thickness, /7, of the hydro-
carbon/water system

nei a b [¢ Calculated density Hydrocarbon IT calc IT IT
(g/cm3) Experimental density [33] A Exp [34] Estimated [34]
6 25545 25545 75.132 0.754 £ 0.006 0.659 376 35402 3.99
8 25242 25242 74240 0.780 + 0.006 0.703 4.02 55+02 4.28
10 25.000 25.000 73.529 0.802 + 0.0062 0.730 441 46+02 4.58
12 26.045 26.045 76.603 0.804 £ 0.0056 0.749 4.60 50=£0.2 4.89
14 27.384 27384 80.540 0.839 + 0.0056 0.763 4.83 5.20

simulation was performed for 4 ns at 300K to thermalize and equilibrate the system. Then, a NPT
simulation for 4ns at 300K was done to adjust the system to the right density. To obtain a good statistic
at constant volume, a final equilibration was performed by means of a NVT simulation for 4ns. Forcite
software [31] with Compass force field [32] for the MD simulations was used,

Forcite [31] allows the possibility to extract potential energy contribution’ between pre-specified
groups defined as sets. The work of adhesion, taken as the binding energy (R =Esp — (Ea + Ep)) per]
cross sectional area for each pair of sets can be calculated along the traieciory, taking a final averaging
of the calculated values. A script in Perl program language was writin/for that purpose.

3. Results and discussion
3.1. Water/n-alkanes interfaces

The cell parameters of the simulation box fesulting from the equilibration process are collected in
Table 1. The obtained density in g/cm? is alo’iimmarized in Table 1. Density fluctuations less than 1%
of the average values for subsequent NPT $teps were observed. Note that the density of the total system
shows an intermediate value betweenthat.4f the pure bulk phase, 0.997 g/cm? for water and those of the
linear hydrocarbons [33] (also repaitéd.in Table 1). The present result for C10 is in good agreement with
the value calculated in ref. [231%0.814 0.01 g/cm?®). In general, the density of the hydrocarbon/water
system increases with the derisity of the hydrocarbons and shows a systematic increase with the hydro-
carbon chain length. Density brofiles of each system along the Z-axis direction of the simulation box
were also calculated by*dividing the system into Z/100 thick slabs parallel to the xy plane. Figure 2(b)
shows the density piwfile for water/C14 box. Two well-defined interfaces can be observed. The alkane
densities show significant fluctuations with peaks of about SA from one another. In a previous report [24]
a similar effect was observed and it has suggested that these peaks correspond to the position of mini-
mum energy for the carbon Lennard-Jones potential. This means that alkane density fluctuations do not
dissipate until far from the alkane/water interface and that small potential system size effects may be
present in the alkane phase.

The interfacial thickness, I7, between the hydrocarbons and water phases was determined using the
“90-90” criteria which is the distance between two positions where the densities of hydrocarbon and
water are 90% of their own bulk densities [23]. The calculated /T values are in good agreement with the
measured thickness (see Table 1) observed from the synchrotron X-ray reflectivity experiment [34], ex-|
cept for octane where an anomalous experimental high value was reported. Additionally, in that work, an
estimation combining the capillary-wave prediction, o2, | with a contribution from the intrinsic structure

cap’
was reported. The intrinsic contribution was chosen to be the radius of gyration, Rg, of the alkane. Thesel
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Table 2
Calculated n-alkane/water work of adhesion

nc;  BE/area (dyn/cm)  Wij exp (dyn/cm) [26]

6 43.693 40.9
8 45.370 43.3
10 46.850 44.9
12 47.905 45.8
14 49.104 46.6

estimated values are shown in the last column of Table 1. It can be seen that our calculated IT values
show the same trend as the estimated /7 values and a good linear relationship IT ., = 1.098 I'T osimar
- 0.158 with R? = 0.98 was found. Note also that the interfacial thickness grows monotonically with
the length of the n-alkane chain. i.e., it increases with the number of carbon atoms. The following linear|
relation with the carbon number, T, = 0.136 noi+ 2.964; R? = 0.99 was.determined. Thus the
present results corroborate the linear variation of the interfacial width for the.water/n-alkane interface
with the alkane length chain.

Finally, to estimate the work of adhesion at the interface we have calCriated the binding energy per|
cross sectional area, BE/area, and the results are collected in Table 2 Th¢ experimental values for the
work of adhesion for the studied interfaces are shown, as well, i, s’ Table. The agreement with the
experiment is good and validates our adhesion calculations. The Calsulated BE/area values indicate that
the adhesion at the interface shows the same behavior as that.evwinced by the density and IT with respect
to the hydrocarbon chain length, namely, a linear increase.0f B'%/area with nc: BE/area = 0.706 nc; +
43.080; R? = 0.97.

BE/area is a measurement of the adhesive forces™actween the water and hydrocarbon molecules at
the interface and depends on the intrinsic structure ongthis interface. Experimental measurements of the
nonlinear susceptibility using optical second Harrponic generation [35] have suggested the presence of]
highly ordered n-alkanes molecules at the (mertace; similarly, molecular simulation studies [36] have
shown a preferred parallel orientation of4h¢wa-alkanes molecules close to the interface. We have checked
our simulation boxes for the studied sitcsfaces and for all these cases we have corroborated the favored|
parallel orientation of the hydrocarhoi=riolecules at the interface. For example, Fig. 3 shows the snapshot
(4000 ps of the last simulation stcp) at the interface (depth A Z= 4.83 A) for the water/C14 cases where
the H atoms were deleted. Rud spheres denote the water oxygen atoms and the yellow ones the C14
molecules inside the intesface in parallel orientation (see Fig. 3a); the blue and green molecules only
have their end parts ingside the interface. Thus, the present results support the parallel orientation of the
studied n-alkane moiecyiies at the water/alkane interface. This orientation will produce the best packing
of the molecules favored by the HoO-CH,, interaction. At the interface the structures of both water and n-
alkane are different from those in the bulk: there occurs a decrease in the density of the water molecules
at the interface due to a local expansion of the structure of these molecules (this can be seen in Fig. 2),
whereas there is an increase in the local density of alkanes due to their local concentration at the interface
(see Table 1 and Fig. 2). The alkane molecules are laterally oriented with respect to the interface in order
to be in close contact with water. Hence, because the alkane molecules lay somewhat flat against the
water surface in order to maximize surface contact they minimize penetration into the water phase. The
combination of the water expansion and a more marked inclination of the alkane molecules as the chain|
gets larger could be at the origin of the IT increase. The increase in the alkane density should produce
an increase in the number of water molecules having their hydrogens pointing towards the carbons of]
the alkane phase and thus showing greater orientation preference. All these factors contribute toward
increasing the number of water molecules having greater contact with the alkane molecules, which, in
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AR\
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Fig. 3. Snapshot of the C14 molecules at the water/C14 interface. (a) Interface sideiview and (b) top-view (perpendicular to the
z-axis). For visual clarity the hydrogen atoms have been removed. Red spi&res denote the water oxygen atoms while yellow
sticks denote the C14 molecules closets to the interface. Note in (a) that ficwetlow molecules are parallel to the interface.

turn produce an adhesion increase at the interface. Fowever, additional studies about the inclination
degree of the alkane molecules at the interface as theiijchain length increases should be done.

At this point, we would like to emphasize thaithe aiove results suggest that the COMPASS force field
provides an acceptable accuracy for describing therinterfacial n-hydrocarbon/water system in which we
are interested.

3.2. 8-C16 monolayers at the air/wgier irtterface

At the air/water interface, watcs miolecules are subjected to unequal short-range attraction forces and
produce a net inward pull iptCith2 bulk phase [29]. Minimization of the contact area with the gas phase
is therefore a spontaneops ‘process. Depending on the surfactant molecular structure, adsorption takes
place over various concentration ranges and rates. Above a well-defined concentration (the critical mi-
celle concentration —_MiC) micellization or aggregation takes place. At the CMC, the interface is at its
maximum coverage forming an adsorbed surfactant monolayer. Above the CMC value, molecules begin
to aggregate in the bulk phase [29]. Understanding the structure and properties of the adsorbed mono-
layer is of considerable interest not only because of their scientific significance but also because of their]
importance in a number of industrial and technological processes. In order to obtain information about
the microscopic nature of the monolayer of amphiphilic molecules at the water/air interface, different
experimental techniques including fluorescence, resonance Raman scattering, neutron reflection, second
harmonic generation, Brewster angle microscopy, atomic force microscopy, calorimetry, X-ray, etc, have
been performed [15,19]. Special attention has been given to the study of the monolayer structure, its dy-
namic properties (extension of the chains, thickness of the monolayer, etc.) [19,39,40] and its interfacial
properties (surface excess concentration at surface saturation, minimal area per molecule at the air-water|
interface, A, and standard free energy of adsorption, AGS 4> €tc.). Information related to the degree off

packing and the orientation of the adsorbed surfactant molecules at the interface is provided by the area
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Table 3
Reported experimental A values for head group positional isomers of sodium
para-dodecyl benzene sulfonate and sodium hexadecyl o-xylene sulfonates
Structure #(A%) at 25°C
H3C\
2-C1,BS [41] CH@SO N 43
H,C(H ,C)
CH,CH,
3-C1;BS [41] \CHO*SOWV 54
H,C(H,0)y
H,C(H ,0),
4-Cp2BS [41] CH@*SO{Nef 58
H,C(H,C),
H3C(H2C§
5-C1,BS[41] /CHOSL N 61
H;C(H,0)¢
H3CH ,Qp
6-C1oBS [41] /:,{@—SO Ne 65
50
- +
H3CH ,C SO 3 Na
3-C160-XS [142 \ 4738
CH CH,
/ CH,
H3;CH ,0) 4,
- +
H3C(H ,C) 4 SO 3 Na
5-C160-XS[14] 79.67
CH CH,
CH,
H3CH ,0) 4o
- +
HyC(H ,0) 5 SO 3 Na
7-C160-XS [14] 88.83
CH CH,
CH
H,CH ,C) 3
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Table 4

Calculated average values of the area per molecule, .4, interfa-
cial thickness and binding energy per interfacial area for 6 to 12
surfactant molecules at the 8-C16/water interface

A Interfacial -BE/area

(A?) thickness A (Wat/8-C16) (dyn/cm)
6 96.000 6.50 1088.716
7 82.29 6.63 1382.831
8 72.000 6.70 1502.462
10 57.600 6.75 1062.244
12 48.000 6.80 1034.644

per molecule parameter, which is a measurement of the interface coverage density. Experimental A val-
ues for six monodispersed head group positional isomers (see Table 3) of sodium para-dodecyl benzene
sulfonate (C12BS) have been recently reported (43 A2 t0 65 A%) at CMC [413 Tar sodium hexadecyl
o-xylene sulfonate [14] the values lie between 47.38 and 88.83 A2 (see Talfle'3) . We have not found
experimental values for the corresponding parameter for 8-C16.

In the present work, in order to calculate A, we have constructed sifnuladion boxes of 24 A x 24 A
in the z and y directions and 100 A in the z direction (see Fig. 4) {pdftave placed inside the box 900
water molecules to form an initial 40 A thick slab with a density«oii I'0 g/cm?® . Then, 8-C16 molecules
were placed with the hydrocarbon chains extending perpendrénlarly with respect to the xy plane in all-
trans conformation, distributed averagely in that plane, and with the hydrophilic head pointing into the
water and the alkyl tails pointing out to the vacuum spi{ce} Four boxes with 6, 8, 10 and 12 surfactant
molecules with given area/molecules (A) values 0f.54.0, 72.0, 57.6 and 48.0 Az’ respectively, were
constructed. Each system was simulated for 8,ns using an NVT ensemble; the trajectories for the last
2 ns were used for data analysis. Table 4 colleqisthe calculated A values averaged along the last 2 ns of]
the trajectory. Simple inspection of this tablg gh6ws that the larger adhesion at the interface corresponds
to the 8-surfactant-molecule case (BE/arzain="1502.462 dyn/cm). By means of a polynomial regression,
the values of A were fitted against thexBE/area and a minimum A value of 74.0 A2 was calculated.
Unfortunately, we have not found thedexact data for 8-C16 in the literature; however, our results suggest
that, as one might expect, this value is larger than the corresponding one for 6-C12 (62 A2) [41] and
smaller than that for sodium hzxadecyl o-xylene sulfonates (88.83 A?) [14] where the benzene ring point
of attachment is located at thelseventh carbon of the hexadecyl tail.

Figure 4a shows a sfiapshot of the cross-sectional view perpendicular to the plane of the interface
for the 8-molecule dascy at the end of the simulation. Detailed structural properties can be obtained
by studying the density profile of the components of the system along the Z direction. The different
components of the surfactant molecule were computed separately each one as a set, including the carbon
chain, the benzene ring group, the head group — SO and the sodium atoms. The corresponding density
profiles are shown in Fig. 4b. It can be seen that the —SOg3 groups are hydrated and localized in the
water phase. The benzene ring groups are also almost hydrated while the carbon chains are very nearly
excluded from the interface. The degree of hydration gradually decreases along the carbon chain. Only
a very small fraction of the water molecules penetrates into the hydrocarbon tails. Most of the head, the
benzene ring and the sodium atoms are inside the interface.

In summary, the performed simulations for the 8-C16/water interface yield the values of A = 74.0
A2 1T = 6.7 A and BE/area = 1502.462 dyn/cm. It is interesting to notice that we have found very|
much stronger interactions between the surfactant polar head group with sodium and water molecules
than those occurring at the water/hydrocarbons interface (see Table 2). Additionally we have also found
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Fig. 4. (a) Interface side-view. Red, purple, yellow, blue and whites spheres denote the sodium, oxygen, sulfur, carbon and
hydrogen atoms of 8-C16. Light pink and green sticks denote the hydrogen and oxygen atoms of the water molecules. (b)
Density profile along the z-axis normal to the 8-C16/water interface. The sodium atoms, bencene rings, sulfonate, carbon chain
and water molecules have been defined as separated sets. The perpendicular axis corresponds to the density in gr/cm® and the
horizontal one to the position (A) along the z-axis. Heavy broken black lines define the interface zone.
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Fig. 5. (a) Simulation box of the water/8-(116,C14/8-C16/water interfaces. Red, purple, yellow, gray and whites spheres denote
the oxygen, sodium, sulfur, carbon and ¢\ydisgen atoms of 8-C16. Light pink and green sticks denote the hydrogen and oxygen
atoms of the water molecules. Bluesstitks at the center denote the carbon atoms of C14. (b) Density profile along the z-axis
normal to the interface at the left for the/water molecules (red line), C14 molecules (blue line), surfactant head (green line) and
surfactant hydrocarbon tail (graylind). The perpendicular axis corresponds to the density in gr/cm® and the horizontal one to
the position (A) along the z-axis. Heavy black lines define the interface zone.

that the surfactant head is practically hydrated and located inside the interface, whereas the carbon tails
are almost entirely excluded from the water/8-C16 interface.

3.3. Influence of the 8-C16 surfactant on the nature of the Cl4/water interface

Simulation boxes similar to those of Fig. 2(a) with two interfaces were constructed (Fig. 5(a)). Two
opposite 8-C16 monolayers at the alkane phase were built with the monolayer normal pointing in the
z-direction. The monolayer/alkane/monolayer system was placed in the middle of the box. Then, the
water molecules with experimental density were placed on both sides of the monolayers. The density of]
the alkane phase in the initial model corresponds to the experimental values. The number of water and
alkane molecules was exactly the same as in the above simulations. An initial periodic box with a size
of 32 A x 32 A x 140 A was used and NVT and NPT MD simulations similar to those described above
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Table 5

Equilibrated Cell parameters of the orthorhombic simulation box, area per
molecule, A and calculated density of the water/surfactant/Cn system for 1 to
12 molecules of 8-C16 surfactant at each interface

Nourf a b [ A (A% Density (g/cmS)
1 24.019 24.019 105.964 576.913 0.850
2 24.276 24.276 107.098 294.662 0.845
4 24.503 24.503 108.103 150.099 0.863
6 24.498 24.498 109.662 100.025 0.875
8 25.210 25.210 111.220 79.443 0.881
10 25.520 25.520 115.553 65.150 0.883
12 24.704 24.704 119.886 50.857 0.885
Table 6

Calculated BE/area for the water/8-C16/Cn interface, n = 14, 12, 11 and 10.
For C14 the number of surfactant molecules, ny, is changed from 1 to 12

Ngufi “BE(Wat/C14) “BE(Wat/8-C16) -BE(C4/L-C)6)

1 43.625 525.836 #81%

2 36.060 552.599 3276

4 27.876 922.444 129.592

6 18.622 1184.124 152.920

8 9.368 1445.803 162.248

10 6.083 1422.520 147.674

12 2.797 1399.24¢ 133.101
N “BE(Wat/C12) “BE(Wat/6*, 1) -BE(C12/8-C16)

8 8.241 1442977 150.016
Mgt -BE(Wat/C11) “BETWa¥8-C16) -BE(C11/8-C16)

8 9.048 1608.277 148.015
Nt BE(Wat/C10) BE(Wat/8-C16) -BE(C10/8-C16)

8 9.539 1203.351 142.445

were sequentially carried out to equilibfate e system. First, a NVT simulation was performed for 4 ns
at 300K to thermalize and equilibrat¢ thie System. Then, a NPT simulation for 4ns was done to adjust the
system to the right density. A finaieqdilibration was performed by means of a NVT simulation for 4ns
and the trajectories for these 1264 NV T 2 ns were used for data analysis.

For C14, boxes with 1, 2¢456/ 8, 10 and 12 surfactant molecules in each interface were constructed.
The resulting cell parametcrs/of the simulation box, density and the area/molecule, A are collected in
Table 5, while the BE/areq between the different phase components are reported in Table 6. Comparison
of A with BE/area an&2'polynomial regression have shown that the optimum value for the area/molecule
corresponds to the case when there are eight surfactant molecules at the interface leading in this case
to A = 79.44 A2 In agreement with experimental results [42] for mixtures of linear alkyl benzene
sulfonate, for which sodium dodecyl benzene sulfonate is the primary component, the area/molecule at
hydrocarbon/water interfaces in larger than the respective area at air/water interface. However, this value
is only 5.44 units bigger to that obtained in the above section for the water/8-C16 interface, while the
experimental reported valued at ref. [42] is significantly larger at the oil (soybean oil)/water interface
(106 A?) than the air/water interface (83 A2). This last value is significantly bigger than the reported
experimental range (43 to 65 A2) [41] for pure dodecyl benzene sulfonate.

For this surfactant molecule coverage, Fig. 5(b) shows the density profile along the z-axis direction.
The original IT of 4.83 A for the water/C14 interface increases to 18.77 A. In this case, due to the
presence of surfactant molecules, the interfacial thickness consists of three components: IT of the water

interface, IT of the surfactant and /7T of the C14 interface. Interestingly, the broadening of the interfacel
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mainly occurs in the hydrocarbon side. Note that the sulfonate and benzene ring are mainly inside the
water interface while the nonpolar tail groups tend to avoid the water molecules. Note (see Fig. 5a) that
when the 8-C16 molecules substitute water and C14 molecules at the original water/C14 interface, the
interaction across the interface occurs between the surfactant hydrophilic head and water molecules on
one side of the interface and between the alkyl tail and C14 molecules on the other side of the interface.
It is well known [29] that these interactions have to be much stronger than the original ones between
immiscible phases such as C14 and water. Our results (see Table 6) suggest that the BE/area of the 8-
C16/C14 and the water/8-C16 interfaces are about 3 and 29 times larger, respectively, than that of the
water/C14 (49.10 dyn/cm) interface. It is clear that the hydrophilic groups provide very strong interac-
tions between the surfactant molecules adsorbed at the water interface and the molecules of the solvent.
These results are coherent with reported values for the free energies of solvation, AGg, of alkanes in
water [43], alkanes in alkanes [44] and ionic molecules in water [45]. For example, for octane in water|
and octane in decane the values of AGg are 12.09 and —21.92 KJ/mol, respectiveiy, while the reported
solvation free energy for 90 anions [44] ranges from —57.80 for [NO2-CgH4-O )t0 —437.48 KJ/mol for
[HO]~. As one would expect, the interactions between phases formed by~poiar and ionic molecules are
much more favorable than the interactions between phases where disgersive forces are the main ones.
This is the origin of the surfactant effect: it changes unfavorable jitZmctions between molecules hav-
ing different natures (polar/non polar) by allowing the generatioe bf very favorable interactions at the
interface between molecules with similar character (polar/ionig, or non-polar/non-polar).

Finally we have studied the effect of the alkane scanniig bhn the calculated BE/area parameter for|
the 8-C16 surfactant, water interfaces with C10, C11 aiid €12 hydrocarbons were additionally studied
and the results are also collected in Table 6. It is weliknown [11] that n,,;, in alkane interfacial ten-
sion scanning curve can represent the hydrophilic-lizophilic ability of surfactant, the lower the 7y,
value is, the more hydrophilic the surfactant i{. Reduction of IFT depends directly on the replacement
of solvent at the interface by molecules of(sutfactant. The tension across the interface is significantly
reduced by the adsorption of surfactant moiecules because these interactions are much stronger than the
original interaction between the hydresasbon and water molecules. In general, the higher the interfacial
surfactant concentration is, the loweittke IFT is. From Table 6 it can be seen that the BE/area absolute
value of the water-head of 8C16«hdws a maximum just at C11. The obtained trend for this interaction
is C10 (1203.351 dyn/cm) <8C)1 (1608.277 dyn/cm) > C12 (1482.277 dyn/cm) > C14 (1445.803)
while for the tail-alkane interiiction the BE/area systematically increases as the chain length of Cn in-
creases, C10 (142.44)«<0Cr1 (148.015) < C12 (150.02) < C14 (162.25). This result shows that for the
water/8-C16/Cn interfage it is this trend in adhesion of the surfactant in the water phase that defines the
Nmin vValue of IFT and not the interaction between surfactant molecules. In this manner we are able to
rationalize the observed facts by resorting to the concept of binding energy per area as a measured of the
adhesion forces.

4. Conclusions

This work reports on a systematic study using molecular dynamics simulations of the density pro-
files and the adhesion forces (binding energy per cross sectional area, BE/area) for the water/n-alkane
(hexane, octane, decane, dodecane and tetradecane) interfaces. The calculated interfacial thickness, I7,
and BE/area are in good agreement with reported experimental values and both of these quantities grow
imonotonically with the atom carbon number. Excellent linear correlations with the carbon number were
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obtained (IT .y = 0.136 ng; + 2.964; R? = 0.99). Values of BE/area ranging from 46.69 for C6 to|
49.10 for C14 were calculated.

Similar studies for the vacuum/sodium O-(1-heptylnonyl) benzene sulfonate (8-C16)/water interface
were carried out. The optimum minimal area per molecule at the interface, A, the BE/area and profiles
densities were determined. These are: A =74.0 A2, IT = 6.7 A and BE/area = 1502.462 dyn/cm. This
study shows the presence of strong interactions between the surfactant polar head group with sodium and|
water molecules. The density profile suggests that the surfactant head (NaSOs-benzene) is almost en-
tirely hydrated and that it is located in the inside the interface while the carbon tails are almost excluded
from the water/8-C16 interface.

The effect of 8-C16 on the interfaces n-hydrocarbon/ 8-C16/water were also explored. For C14, an
optimum value of around eight surfactant molecules forming the monolayer at the interface was found;
this corresponds to a value of A = 79.44 A2, The calculated BE/area values of —162.25 and —1445.80
dyn/cm for the 8-C14/C14 and water/8-C14 interface sides, respectively, wer¢ faund. It is clear that
the hydrophilic surfactant-head provides very strong adhesive interaction an¢nyiseibility with the water
phase. Scanning of BE/area against Cn (C10, C11, C12 and C14) have shawathat the magnitude of the
binding per area of the tail-Cn interaction at the interface systematicalli ifiiczeases as the chain length of]
Cn increases, whereas, in agreement with the experimental /F'T valiies, the BE/area at the interface for|
the water-head interaction shows a maximum at C11. These results\stiggest that for the water/8-C16/Cn/
interface, the n,,,;;, of IFT is mainly determined by the trends‘zf adhesion of the surfactant head with the
water molecules at the interface.
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