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Abstract: We have directly resolved in the present work the interfacial composition during and
after the interactions of a saturated atmosphere of oil vapor with soluble surfactant solutions at a
planar water/air interface for the first time. Experiments were conducted on interactions of hexane
vapor with solutions of alkyltrimethylammonium bromides and sodium dodecyl sulfate to observe
the balance between cooperativity and competition of the components at the interface. In all cases,
hexane adsorption was strongly enhanced by the presence of the surfactant, even at bulk surfactant
concentrations four orders of magnitude below the critical micelle concentration. Cooperativity
of the surfactant adsorption was observed only for sodium dodecyl sulfate at intermediate bulk
concentrations, yet for all four systems, competition set in at higher concentrations, as hexane
adsorption reduced the surfactant surface excess. The data fully supported the complete removal of
hexane from the interface following venting of the system to remove the saturated atmosphere of oil
vapor. These results help to identify future experiments that would elaborate and could explain the
cooperativity of surfactant adsorption, such as on cationic surfactants with short alkyl chains and a
broader series of anionic surfactants. This work holds relevance for oil recovery applications with
foam, where there is a gas phase saturated with oil vapor.

Keywords: surfactant adsorption; alkyltrimethylammonium bromides; sodium dodecyl sulfate;
water/hexane vapor interface; neutron reflectometry; mixed adsorption layer; cooperative adsorption;
competitive adsorption

1. Introduction

We use surfactants in almost any situation of daily life, as cosmetics or medicine or
as stabilizers in foamed or emulsified food. In many industrial technologies, surfactants
are essential for highly efficient coatings or in the processing of mineral resources [1]. The
selection of the most suitable surfactants or their mixtures requires a broad knowledge of
their properties at the corresponding interface. Surfactants have been known for thousands
of years [2]. The first synthetic surfactant was invented and patented almost one century
ago by Bertsch [3], who was also the main person in the formulation of the first fully
synthetic detergent FEWA, still being marketed by Henkel AG & Co. KGaA. There are,
however, still many open questions in the understanding of the principles of surfactant
actions [4]. In particular, at water/oil interfaces, the structure of the interfacial layers
is not yet very clear. The main idea of these interfaces consists of a layer of adsorbed
surfactants penetrated by oil molecules [5,6] with a much higher interfacial roughness,
even than that implied by thermal broadening from the low interfacial tension [7,8]. This
picture was recently revised when it was demonstrated that at the water/oil interface, the
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surfactant molecules self-assemble with the molecules of the oil phase and form a mixed
interfacial layer [9]. The number of oil molecules structured at the interface compete with
the number of adsorbed surfactants. Due to the competition, with the increased amount
of surfactants, the number of oil molecules in the interfacial layer decreases. At a low
surfactant concentration, however, there are even cooperative effects observed; i.e., the oil
molecules assembled in a certain structure at the water/oil interface attract the surfactants
and incorporate them into the interfacial layer [9], which is observed in many water/oil
systems. In comparison to the water/air interface, the change in interfacial tension starts at
much lower surfactant bulk concentrations [10].

The interface between water (or aqueous surfactant solution) and oil vapor is an
intermediate situation between that of the water/air and water/oil interfaces. Of course, a
lot of research has been conducted to further understand surfactant design, both in bulk
emulsions [11,12] and at planar water/oil interfaces [13]. Even so, the interactions of oil va-
por with aqueous surfactant solutions require further work. It was shown recently that the
surface tension isotherm, for example, of dodecyltrimethylammonium bromide (C12TAB)
adsorbed at the solution/hexane vapor interface, is located between those measured at the
water/air and water/liquid hexane interfaces [10]. The slopes of these isotherms close to
the critical micelle concentration are the largest for the water/air interface and lowest for
the water/liquid hexane interface; i.e., the adsorbed amount of surfactant is largest at the
water/air and lowest at the water/liquid hexane interface.

In early experiments at the water/hexane vapor interface in the absence of surfactants,
a surface tension decrease was observed, which could only be described by the adsorption
of hexane molecules from the vapor phase [10]. Moreover, it was shown that in the pres-
ence of surfactants in the water phase, surfactants adsorb from the aqueous phase and oil
molecules from the vapor phase. A cooperativity between the adsorbing molecules was
evidenced: in the presence of hexane vapor in the gas phase, more surfactant molecules
were adsorbed so that the measured surface tensions were much lower than those for the
water/air but much higher than the respective values for the water/liquid oil interface.
This obviously intermediate situation between the water/air and the water/liquid oil inter-
faces was studied for many different surfactants, including sodium dodecyl sulfate (SDS)
and C12TAB in [10], and for the series of alkyltrimethylammonium bromides (CnTABs) for
n = 10, 12, 14, and 16 in [14]. A general overview for these and other surfactants adsorbed
at the water/alkane vapor interface and a comparison with the situation at the water/liquid
alkane interface was given in [9]. In all cases, a transition from a cooperative adsorption of
surfactant and alkane molecules at very low bulk surfactant concentrations to a competi-
tive adsorption between these two components at higher bulk surfactant concentrations
was observed.

Surface and interfacial tensiometry methods are most frequently used in studies of the
influence of various factors on interfacial phenomena, including the impact of additional
compounds such as added salts or co-surfactants. Among these tensiometry methods,
those based on single drops or bubbles are most suited for the present situation [15], i.e., to
investigate the adsorption process of surfactants at the solution/hexane vapor interface [10].
The same methods allow additional studies of the dilatational interfacial viscoelasticity,
which provides insight into relaxation mechanisms in the interfacial layer.

An alternative tensiometry approach is to use force measurements at a planar inter-
face, which itself has the bonus of being a platform that is amenable to the application of
reflectometry techniques [16]. Even so, tensiometry cannot be used to resolve the surface
coverage of a multi-component system, so other complementary techniques are needed.
Despite the high precision of interfacial ellipsometry, the technique is limited in accuracy
to quantify thin interfacial layers, especially of ionic surfactants, due to their complex
dielectric profile [17]; it also lacks the ability to distinguish different components in inter-
facial mixtures [18]. Hence, by itself, ellipsometry is not suitable for understanding the
composition of adsorbed layers at the water/air interface of surfactant molecules from the
aqueous phase and hexane molecules from the gas phase [19].
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An additional experimental approach is the application of neutron reflectometry (NR)
based on isotopically labelled molecules, such as deuterated oils or surfactants [20,21].
Even though NR is traditionally known as a powerful but slow technique, recent significant
improvements in instrumentation have opened the technique to time-resolved studies [22].
Indeed, over the last few years, kinetic studies on the interactions of peptides with lipid
monolayers have successfully resolved the interfacial composition of binary mixtures on the
minute time scale [23], and it is now even possible to resolve the 3D structural dynamics of
polymer/surfactant mixtures [24]. Most relevant to the present work, the first quantitative
assessment was published last year on the time-resolved interactions of fluorocarbon oil vapor
with lipid monolayers, thanks to the combined application of ellipsometry and NR [25].

The aim of the present work is to directly resolve the interactions of a hydrocarbon
gas with adsorbed surfactant monolayers, for the first time, using NR. The objectives are to
gain direct evidence for cooperativity versus competition between the surfactant and the
oil vapor, with respect to the surfactant chain length, surfactant headgroup charge, and
bulk surfactant concentration, and to identify additional experiments that would help to
elaborate and explain the nature of the interaction in future works. Experiments were con-
ducted using sealed adsorption troughs on a leading neutron reflectometer by pre-forming
a surfactant monolayer at a planar water/air interface, then saturating the atmosphere with
hexane, followed by venting the hexane from the system. Measurements were recorded
repeatedly on the minute time scale, and the surfactant and oil were quantified in sequen-
tial experiments, where that component alone was deuterated. While the relative surface
excesses of surfactants and oil vapor have been inferred from surface tension analysis in
previous works [14], such analysis is subject to certain assumptions and systematic errors.
Hence, the present work represents the first direct resolution of the surface excesses of the
interfacial components before the new results are discussed in the context of the previous
tensiometry data.

2. Materials and Methods
2.1. Materials

SDS, C12TAB, C14TAB, C16TAB, hexane, ethanol (≥99.8%), and D2O were purchased
from Sigma Aldrich, while d25-sodium dodecyl sulfate (d-SDS), chain-deuterated d25-
dodecyltrimethylammonium bromide (d-C12TAB), chain-deuterated d29-tetradecyltrime-
thylammonium bromide (d-C14TAB), and chain-deuterated d33-hexadecyltrimethylammo-
nium bromide (d-C16TAB) were purchased from CDN Isotopes. All materials were used as
received, except that SDS, which is highly susceptible to surface-active impurities. Before
experiments, it was recrystallized twice in ethanol, followed by drying under a vacuum.
Ultra-pure water was generated by passing deionized water through a Milli-Q unit (total
organic content ≤ 4 ppb, resistivity = 18 MΩ·cm).

2.2. NR Experiments

Neutron reflectivity measurements were performed on the FIGARO time-of-flight
reflectometer at the Institut Laue-Langevin (Grenoble, France). Choppers were used to
generate neutron pulses with a wavelength resolution of 7% dλ/λ over the range 2–16 Å,
and the angle of incidence used was θ = 0.62◦. Surfactant solutions of 20 mL were loaded
into the 6-position adsorption trough assembly belonging to the instrument, and 0.5 mL
of oil was injected into miniature dishes made from aluminium foil. Samples were sealed
tightly in an assembly involving o-rings and measured in 10-min kinetic slices for at least
3 h; longer measurements were conducted for the samples with the lowest bulk surfactant
concentrations to ensure sample equilibration.

An objective of the experiments was to saturate the gas phase with hexane vapor.
We can estimate the volume of hexane required to saturate the sealed chamber from the
equation for an ideal gas. At 100 kPa and 25 ◦C, the molar volume of a gas is 0.0248 m3.
The partial pressure of hexane in air at the same conditions is about 2 × 104 Pa [14], which
in turn corresponds to a molar volume of 0.124 m3. For a cell with about 200 cm3 of air
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volume, we would need 8 × 10−4 mole hexane. With a molecular mass of 86.178 g/mol and
a density of 0.66 g/cm3, we get about 0.14 g or 0.2 mL hexane to saturate each measuring
unit. Hence, the 0.5 mL hexane liquid used in each experiment was more than sufficient to
establish the required saturated air phase.

For every sample, four measurements were made of the surfactant solutions prior to
exposure to hexane vapor, and another four measurements were made after the venting of
the hexane vapor by removing the sealed lids. For each of the 4 surfactant systems, 9 mea-
surements were made of the surfactant surface excess and 5 of the hexane surface excess
over 4 orders of magnitude in the bulk surfactant concentration covering the approximate
range of 0.0005 to 5 times the critical micelle concentration [26]. Several measurements
were repeated to validate the reproducibility of the data.

All measurements were conducted at a room temperature of 21 ± 1 ◦C.

2.3. NR Principles

The specular neutron reflectivity, R, is defined as the number of neutrons reflected
from the interface divided by that in the incident beam and is typically recorded as a
function of the momentum transfer normal to the interface, Qz, defined as:

Qz = 4π.sinθ/λ (1)

where λ is the wavelength and θ the incident angle. Neutron scattering from a molecule
depends on its scattering length, b, which is defined as the ratio of the sum of the coherent
scattering lengths of its atoms. The scattering lengths of the materials in this work are listed
in Table 1.

Table 1. Scattering lengths of interfacial materials used in this work.

Material Scattering Length,
fm

H2O −1.678

D2O 19.145

Hexane −12.492

d14-hexane 133.270

Sodium dodecyl sulfate 15.926

d25-sodium dodecyl sulfate 276.216

Dodecyltrimethylammonium bromide −11.335

d25-dodecyltrimethylammonium bromide 248.955

Tetradecyltrimethylammonium bromide −13.006

d29-tetradecyltrimethylammonium bromide 288.931

Hexadecyltrimethylammonium bromide −14.676

d33-hexadecyltrimethylammonium bromide 328.907

For neutron reflectivity measurements at the water/air interface, it is usual to exploit
the opposite signs of the scattering lengths of H2O and D2O by mixing the two liquids in
a ratio of 8.1% v/v D2O in H2O called air contrast matched water (ACMW), which has a
scattering length of zero and provides no contribution to the specular reflectivity. While it
is also a commonly used approach to contrast-match individual components in bulk mea-
surements using small-angle neutron scattering [27,28], it is less common to do so explicitly
at the water/air interface. Nevertheless, to facilitate the simplest and most direct method
of data treatment, the same principle was applied to prepare contrast-matched hexane
(8.6% v/v d-hexane in hexane; cm-hexane), assuming as a first approximation equivalent
vapor pressures of d-hexane and hexane, and stock solutions of contrast-matched surfac-
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tant (4.3% v/v d-surfactant in surfactant; cm-surf). Two different types of measurements
were conducted for each system. For the interaction of hexane with cationic surfactants:
(1) cm-hexane and d-surfactant were combined where only the surfactant contributed to the
specular reflectivity, and (2) d-hexane and cm-surfactant were combined where only hexane
contributed to the specular reflectivity. For the interaction of hexane with SDS, it was not
possible to prepare contrast-matched surfactant because the scattering lengths of both
hydrogenous and deuterated SDS have the same sign, and therefore: (1) cm-hexane and
d-SDS were combined, where only the surfactant contributed to the specular reflectivity,
and (2) d-hexane and SDS were combined, where both components contributed to the
specular reflectivity.

2.4. NR Data Treatment

Data were reduced using bespoke software developed by the institution called COS-
MOS and were normalized with respect to the total reflection of a measurement of pure
D2O. A tight low-Qz range was used of 0.015–0.025 Å–2, using a restricted range of the
measured wavelengths to minimize sensitivity of the analysis to the interfacial structure.
Use of a broader Qz-range in the data analysis would have reduced precision in the re-
solved interfacial composition without any tangible gain in sensitivity to the interfacial
structure. The data were then analyzed using the batch fit function of the data analysis
software Motofit [29], which is based on the Parratt formulism for the reflection of light
at stratified media [30]. Six measurements of pure ACMW were made to determine the
background scattering value of 3.20 × 10–5. Data were analyzed according to the principles
of the low-Qz analysis approach [22]. A single-layer of arbitrary scattering length density,
ρ, equal to 6 × 10–6 Å–2 (close to the value for deuterated hexane or surfactant) was fixed,
and the layer thickness, d, was fitted. This approach was demonstrated to be independent
of the interfacial structure to an uncertainty of just a few percent [25]. Further, although
the value of the capillary wave roughness used had a minimal effect on the results, to
minimize systematic errors, it was estimated as ~4 Å and applied at all interfaces from the
inverse square root dependence of the known surface tension at limiting coverage, with
respect to the measured value of pure water [31,32]. For any measurement involving a
contrast-matched interfacial component, only the other interfacial component contributes
to the specular reflectivity, with its surface excess calculated using:

Γsurf = ρ.d/NA.bsurf (2)

Γhexane = ρ.d/NA.bhexane (3)

where NA is Avogadro’s number. For measurements of d-hexane and SDS, where both
components contributed to the specular reflectivity, the hexane surface excess was calcu-
lated using:

Γhexane = (ρ.d − Γsurf. NA.bsurf)/NA.bhexane (4)

where Γsurf was resolved using the parallel measurement in the complementary contrast.

3. Results and Discussion
3.1. Contrast Matching Demonstration

The contrast-matching approach adopted in the present work is illustrated in Figure 1,
which shows data from the interaction of hexane with 60 mM C12TAB, as well as the
measurement of the bare ACMW interface for reference. Panel A shows that 60 mM cm-
C12TAB (green) had a minimal signal that was almost superimposed on the measurement
of the bare ACMW interface (red). However, following the exposure of the adsorbed layer
to d-hexane from the vapor phase, the signal increased substantially (orange). Here, we
may bear in mind that the product of scattering length density (SLD) and fitted layer
thickness, i.e., the area under the curve shown in the inset, was directly proportional to
the surface excess of the single component that was measured in deuterated form, in this
case the hexane surface excess. Panel B shows that 60 mM d-C12TAB had a strong signal
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(purple) in comparison with the bare ACMW interface (red) yet following exposure of the
adsorbed layer to cm-hexane from the vapor phase, the signal decreased, which reveals
the mechanism of competitive adsorption, as the surfactant surface excess has reduced. It
may be noted from a fit to data following the exposure of d-hexane to d-hexane-infused
ACMW (panel A; pink) that the surface excess of hexane at a bare water/air interface can
be directly quantified as 0.57 µmol/m2.
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Figure 1. Neutron reflectivity data and model fits of (A) 60 mM cm-C12TAB solution in ACMW
before (green) and after (orange) exposure to d-hexane vapor and (B) 60 mM d-C12TAB solution in
ACMW before (purple) and after (blue) exposure to cm-hexane vapor; a bare ACMW measurement
(red) is shown in both panels, and a measurement of ACMW infused with d-hexane (to preclude
depletion effects) after exposure to d-hexane (pink) is shown in panel A for reference. SLD profiles
are shown as insets.

3.2. Cationic Surfactants

Data involving the interactions of hexane vapor with cationic surfactant monolayers
are shown in Figure 2 for C12TAB, C14TAB, and C16TAB at bulk concentrations spanning
four orders of magnitude. As noted in the Methods section, samples were measured for
between 3 and 10 h each, depending on the bulk surfactant concentration, to allow for
sample equilibration. The data shown consist of: (i) four points prior to the exposure of
the surfactant monolayer to hexane vapor, (ii) the last four points during the interaction
representing equilibrium, and (iii) four points following the removal of the sealed lids
to vent the hexane from the system; note that the full datasets are shown for reference
in Figures S1 (for C12TAB), S2 (for C14TAB), S3 (for C16TAB) and S4 (for SDS) of the
Supporting Information. Although nine measurements were made of the surfactant surface
excess, only five are shown here for clarity, again with the full datasets included in the
Supporting Information.

For the majority of the samples, the interactions were competitive in that as hexane
adsorbed to the interface, the surfactant surface excess decreased. This effect was more
pronounced for the higher bulk surfactant concentrations measured. The data also demon-
strated that the venting of hexane from the system generally resulted in the complete
removal of hexane from the interface. In this case, it should be mentioned that the non-zero
values measured prior to the exposure of hexane to the system was a result of non-zero-
level statistical noise in the data. For the highest bulk concentrations measured, the hexane
surface excesses returned to zero, while the surfactant surface excesses returned to their
values prior to the interaction. In contrast, for the lowest bulk concentrations measured,
the surfactant surface excesses were higher after the interaction than prior to it because the
values prior to the interaction did not represent sample equilibrium due to the slow kinetics
of adsorption. It may be noted that in some cases, the hexane signals did not return to zero,
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but this happened in isolated cases, and there were no discernible trends. We believe that
these experimental artefacts are related to residual spurious scattering in just a few cases
caused by changes of the meniscus of the sample, due to the reduced surface tension of the
samples during the interaction.
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Figure 2. Surface excesses of (A,C,E) surfactant and (B,C,F) hexane from neutron reflectivity mea-
surements involving (A,B) C12TAB, (C,D) C14TAB, and (E,F) C16TAB at the concentrations stated in
the legends: (i) the first 4 data points are prior to the exposure of the adsorbed layer to hexane, (ii) the
following 4 data points are the last recorded measurements representing equilibration during the
interaction, and (iii) the last 4 data points are following the venting of the hexane from the sample
changer by removing the sealed lids.

The changes in surface excess as a result of the interaction of hexane vapor with
adsorbed surfactant monolayers are shown in Figure 3. The change in surfactant surface
excess is represented by the average of the four data points shown during the interaction
(i.e., the last four points recorded representing the sample equilibration) minus the average
of the four data points shown after the interaction. This approach assumes that hexane
is fully vented from the system after the sealed lids are removed, which is evidenced in
Figure 2, and we believe that the values are more meaningful than subtracting the average
of the values prior to the interaction, given that the samples had not yet equilibrated.
The hexane surface excess is represented simply by the average of the four data points
shown during the interaction, again assuming full venting of the system, as we believe
that this reduces experimental uncertainty related to residual scattering due to changes
in the sample meniscus. There is not a clear trend in the extent of the hexane interaction
with the changing bulk surfactant concentration or the surfactant chain length; e.g., the
interaction appeared to be slightly stronger at lower bulk concentrations for C14TAB and
much stronger at higher bulk concentrations for C16TAB.
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bulk SDS concentrations, there was a cooperative interaction. This may have also been the 
case for a lower bulk SDS concentration, but it was below the detection limit. This is shown 
by the measurement at 0.04 mM in panel A, where the surfactant surface excess is higher 
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Figure 3. Change in surface excesses of the (A,C,E) surfactant and (B,D,F) hexane from neutron
reflectivity measurements involving (A,B) C12TAB, (C,D) C14TAB, and (E,F) C16TAB. The surfactant
values are the averages of the 4 last recorded measurements representing equilibration during the
interaction minus the average of the last 4 data points following the venting of the hexane from
the sample changer by removing the sealed lids. The hexane values are the average of the 4 last
recorded measurements representing sample equilibration during the interaction, an approach to
reduce experimental uncertainties through assuming full venting of the hexane. The dashed lines in
panels B, D, and F represent the surface excess of hexane adsorbed at a bare water/air interface of
0.57 µmol/m2.

The interfacial stoichiometry in terms of the molar ratio of hexane:surfactant during
the interaction at sample equilibration is shown in Figure 4. The molar ratio decreased with
increasing bulk surfactant concentration in every case. It is clear that a lot more hexane than
surfactant molecules were present at the interface. This is supported by the measurement
of 0.57 µmol/m2 of hexane on the surface of pure water, as discussed above.

3.3. Anionic Surfactant

The same types of data and analysis as shown in Figures 2–4 for the cationic surfactants
were combined in Figure 5 for SDS. The main difference was that at intermediate bulk SDS
concentrations, there was a cooperative interaction. This may have also been the case for a
lower bulk SDS concentration, but it was below the detection limit. This is shown by the
measurement at 0.04 mM in panel A, where the surfactant surface excess is higher during
the interaction with hexane than that prior to the interaction and venting the hexane from
the system. While there is just one example of the cooperative interaction shown in Figure 5,
the phenomenon was observed in two consecutive bulk concentrations, as can be seen in
the full dataset included in Figure S4 of the Supporting Information, and as confirmed by
the two strongly positive data points in panel D.
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Figure 5. Surface excesses of (A) SDS and (B) hexane from neutron reflectivity measurements at the
concentrations stated in the legends. Additional information about the nature of the data points in
regions (i), (ii) and (iii) can be found in the caption to Figure 2. (C) Surface excess molar ratios of
hexane:SDS reached at equilibrium for the interactions of hexane vapor with adsorbed surfactant
monolayers analyzed from neutron reflectivity measurements. The dashed lines simply highlight
a molar ratio of unity for reference. The arrow notes a value of the interfacial stoichiometry off
the shown scale, as in this case, the measured surfactant surface excess was minimal. Change in
surface excesses of the (D) SDS and (E) hexane from neutron reflectivity measurements. Additional
information about how the data were averaged can be found in the caption to Figure 3. The dashed
line in panels E represent the surface excess of hexane adsorbed at a bare water/air interface of
0.57 µmol/m2.
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4. Conclusions

The use of neutron reflectometry has allowed us to provide a direct resolution of the
formation of mixed adsorption layers at a planar interface formed by surfactants from
aqueous solution and hexane from the vapor phase for the first time. The incorporation of
hexane molecules adsorbed from the vapor phase is a reversible process. In most cases, the
changes in adsorption of the studied surfactant and the hexane molecules after injection
into the measuring cell disappear completely after venting the cell by opening the lid. The
few observed exceptions could be explained by experimental artefacts caused by changes in
the position of the liquid meniscus of the liquid on the PTFE trough. This point emphasizes
the complexity of the experiment, as a set volume of surfactant solution was added to each
trough, such that the liquid fully wetted the well of the trough, yet during the interaction
with hexane, the liquid started to spill over the rim due to the reduced surface tension.
Even so, there was only a small number of artefacts of this nature observed in the data.

Cooperativity effects were observed at intermediate concentrations for SDS (see
Figure 5). At low concentrations for the three cationic surfactants, we had also expected
cooperativity from our simulations discussed in [9]. However, the bulk surfactant concen-
trations may not have been low enough to observe the effect, as the data extrapolated to a
minimal difference in surfactant surface excess during the interaction at the lowest bulk
surfactant concentrations measured. In general, cooperativity was evident in terms of the
increased amount of hexane at the interface in the presence of all the studied surfactants.
However, was is only for intermediate concentrations of SDS where the surfactant surface
excess was enhanced as well. The origin of this difference remains unclear, although to
preclude the possibility that trace impurities contributed to the results [33], additional
experiments and simulations involving solutions of sodium alkyl sulfate surfactants with
different chain lengths in the future may be beneficial to consider. It may also be the
case that to observe the cooperativity of enhanced surfactant adsorption for the series of
cationic surfactants, we would need to conduct experiments with shorter alkyl chains than
C12TAB; the required bulk concentrations to observe cooperativity for surfactants with
longer chains would be so low that extremely long adsorption times would be required,
precluding NR experiments involving precious beam time. It could also be beneficial in the
future to conduct tensiometry experiments with generated convections in the drop, which
enhances the adsorption rate by 2–3 orders of magnitude, an approach which has been
taken for polymer solutions [34]. Lastly, with increasing bulk surfactant concentrations for
all surfactants, competition at the interface was evident, which was clearly observed in all
experiments and for all the systems studied.

The stoichiometry in the interfacial layers at the surfactant solution interface to hexane
vapor clearly shows that the adsorption of surfactants is enhanced at lower bulk concen-
trations, which is consistent with the lower interfacial tensions resolved previously [9].
This effect, caused by the interactions of the surfactants with the hexane vapor molecules,
can be thought of as an increase in surface activity and could be advantageous for various
applications. For example, in enhanced oil recovery based on foams, the used surfactants
co-adsorb with alkane molecules from the vapor phase, which emphasizes the relevance
of the scenario discussed in the present work, and it may explain why the already small
concentrations of surfactant in the bulk are efficient to enhance the cooperativity of the
alkane vapor interaction [35,36].

It is necessary to acknowledge two study limitations. First, a quantitative comparison
between existing tensiometry and the new NR data was not possible due to differences
in the pure surfactant isotherms inferred from tensiometry data from the Gibbs equation
and the surface excesses directly resolved, particularly at the low bulk surfactant concen-
trations studied. We infer the differences to be due to the presence of trace impurities in
the deuterated surfactants, which, due to their expense and short supply, were unable
to be further purified upon receipt from the manufacturer. Second, structural aspects
of the mixed interfacial layer were not resolved, due to the experimental design of the
compositional analysis exploiting a high neutron flux at a low Qz that was not sensitive to
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the locations of the two components at the interface. Indeed, it remains a major challenge to
reconcile surface excesses measured experimentally with techniques such as NR and results
from analysis using the Gibbs equation with theoretical models, as well as computational
simulations [37,38].

We have nevertheless delivered the study objectives of new, direct experimental
evidence of the reversibility of the interaction, the balance between cooperativity and
competition with respect to different experimental variables, and suggestions on pertinent
experiments to drive forward our understanding of the systems. Indeed, to the knowledge
of the authors, although related results have been published on interactions of fluorocarbon
gases with phospholipid monolayers [25], this is the first study where the surface excesses
of two components in equilibrium at the interface, where one is dissolved in the bulk phase
and the other volatile in the gas phase, has been directly resolved. This opens the possibility
to extend the work to related systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/colloids6040068/s1, Full Datasets: Figure S1. C12TAB; Figure S2.
C14TAB; Figure S3. C16TAB: Figure S4. SDS.
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