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The formation of surface multilayer structures, induced by the addition of multivalent counterions in
dilute surfactant solutions, has been widely observed in a range of anionic surfactants. The phenomenon
is associated with the ability to manipulate surface properties, especially in the promotion of enhanced
surface wetting, and in the presence of an extensive near surface reservoir for rapid surface delivery of
surfactant and other active components.

Hypothesis.

In the single alkyl chain anionic surfactants, such as sodium dodecysulfate, SDS, sodium alkylethoxyl-
sulfate, SAES, and alkylestersulfonate, AES, surface multilayer formation is promoted by trivalent counte-
rions such as AI**, and is generally not observed with divalent counterions, such as Ca®>* or with
monovalent counterions. In the di-alkyl chain anionic surfactant, dodecylbenzenesulfonate, LAS, surface
multilayer formation now occurs in the presence of divalent counterions. It is attributed to the closer
proximity of a bulk lamellar phase, resulting in a greater tendency for surface multilayer formation,
and hence should occur in other di-alkyl chain anionic surfactants.
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Experiments.
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Aerosol-OT, AOT, is one of the most commonly used di-alkyl chain anionic surfactants, and is exten-
sively used as an emulsifying, wetting and dispersing agent. This paper reports on predominantly neutron
reflectivity, NR, measurements which explore the nature of surface multilayer formation of the sodium
salt of AOT at the air-solution interface with the separate addition of Ca?* and AI** counterions.

Findings.

In the AOT concentration range 0.5 to 2.0 mM surface multilayer formation occurs at the air-solution
interface with the addition of Ca?" or AI** counterions. Although the evolution in the surface structure
with surfactant and counterion concentration is broadly similar to those reported for SDS, SAES and
AES, some notable differences occur. In particular the surfactant and counterion concentration thresholds
for surface multilayer formation are higher for Ca®* than for AI**. The differences encountered reflect the
greater affinity of the di-alkyl chain structure for lamellar formation, and how the surface packing is con-
trolled in part by the headgroup structure and the associated counterion binding affinity.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

The formation or adsorption of surfactant multilayers at the
air-water interface from dilute solution, induced by the addition
of multivalent counterions, oligoions or polyions, has been exten-
sively demonstrated, using predominantly neutron reflectivity
[1,2]. Macroscopically the surface multilayer formation is associ-
ated with enhanced wetting characteristics [3]. It provides the
opportunity to manipulate wetting properties in many diverse
applications. The surface multilayer structures also provide an
efficient near surface reservoir for rapid, enhanced and prolonged
delivery of other active agents in formulations, for example, in
perfume delivery [4,5]. Furthermore it offers greater opportunities
for improved solubilisation properties and more effective emulsi-
fication. Importantly these new functionalities in wetting, and
enhanced surface delivery extend beyond the air-solution inter-
face and have potentially greater importance at the solid-liquid
and liquid-liquid interfaces. It has the potential for implementa-
tion over a wide range of product sectors, in pesticides, enhanced
oil recovery, bio-lubrication and home and personal care
products.

The surface multilayer formation at the air-water interface at
low surfactant concentrations has now been extensively reported
for a range of different anionic surfactants, in the presence of the
trivalent counterions, AI**, other trivalent counterions, and mix-
tures of multivalent counterions. The role of headgroup geometry,
alkyl chain length and geometry, and surfactant mixing, has been
investigated [6-15]; and the systems investigated include sodium
dodecylsulfate, SDS, sodium alkylethoxylsulfate, SAES, and
alkylestersulfonate, AES, surfactants. These studies illustrated
how the alkyl chain structure affects the packing, and how the
headgroup structure affects the packing and relative counterion
binding strengths. The surface structure evolves from a monolayer,
So, to a range of different multilayer structures, which depend upon
the structural features of the surfactant and the relative surfactant
and counterion concentrations. Beyond the formation of a single
monolayer, Sg, structures with typically 1 to 3 bilayers beneath
that initial monolayer and separated by thin hydrated layers, and
S1-S3 structures have all been observed. Beyond that, with increas-
ing surfactant and counterion concentrations extended multilayer
structures, S,, are formed; where n is the number of bilayers
adsorbed beneath the initial monolayer. In some cases the number
of bilayers can be identified from the data, where n < 10; but for
large n instrumental resolution and disorder means that n cannot
be accurately determined, and such structures are designated S;,.
The strong in-plane counterion binding between neighbouring sur-
factant molecules, which reduces preferred curvature, and bridging
across layers, promote the attractive interaction required for the
surface multilayer formation. Although predominantly investi-
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gated at the air-water interface, it has also been observed and
reported at the hydrophobic and hydrophilic solid-solution inter-
faces [3,16,17].

At higher surfactant concentrations, both anionic and cationic
di-alkyl chain surfactants form lamellar phases, Ly, and complex
phase diagrams evolve with surfactant concentration, temperature
and electrolyte concentration. The basic lamellar phase can exist as
a concentrated or space filling lamellar phase, Ly(c) or Ly(sf), swol-
len lamellar phase, L,(sw), as vesicles and bicontinuous structures.
At these higher surfactant concentrations the concentrated or
swollen lamellar phases can preferentially adsorb to interfaces,
and this has been observed for a range of systems at the air-
solution [18-21] and solid-solution [20-24] interfaces. Penfold
et al. [18] reported the adsorption of a Ly(c) lamellar structure at
the air-water interface for the di-alkyl chain cationic surfactant
dihexadecyldimethylammonium bromide in NaBr, and observed
a Ly(c) to Lg(c) transition at the surface with temperature. Li
et al. [19-21], McGillivray et al. [22] and Hellsing et al. [24] have
reported on the structure of swollen lamellar phases in Aerosol-
OT and didodecyldimethylammonium bromide and variants, with
relatively large bilayer spacings, at both the air-solution and
solid-solution interfaces.

It is postulated the closer proximity of a bulk lamellar phase
offers a greater opportunity for surface multilayer formation in
the presence of multivalent counterions. This was demonstrated
by Tucker et al. [25-27] for the alkylbenzenesulfonate, LAS, anionic
surfactant at the air-water interface, in the presence of Ca®* diva-
lent counterions [25]. Unlike the single chain anionic surfactants
discussed earlier, SDS, SAES and AES surfactants, divalent and not
trivalent counterions are sufficient to induce surface layering in
dilute LAS solutions. Apart from the role of surfactant and counte-
rion concentration, the impact of a nonionic cosurfactant to disrupt
the divalent counterion binding was demonstrated [25,26]. Tucker
et al. [27] also investigated the role of the alkyl chain structure,
with different LAS isomers, on the nature of the surface multilayer
formation induced by Ca®" counterions. Some differences in the
counterion induced multilayer formation between the single and
di-alkyl chain anionic surfactants exist. Notably trivalent counteri-
ons are required for the single alkyl chain surfactant, but divalent
counterions are sufficient for the di-alkyl chain surfactants. Fur-
thermore, in the di-alkyl chain surfactant in the presence of Ca®*
the intermediate layered structures, S-S4, seem less prevalent,
and the S, structures have generally lower values of n. The differ-
ences observed between the formation of surface multilayer struc-
tures in the presence of Ca?* for LAS compared with the AI**
induced surface layering in the single alkyl chain anionic surfac-
tants raises the interesting possibility of surface multilayer forma-
tion in the presence of lower valence counterions in other anionic
di-alkyl chain surfactants.
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Exploring the surface multilayer formation in the presence of
multivalent counterions for a wider range of di-alkyl chain anionic
surfactants is the purpose of this study. The particular focus of this
paper is on the tendency of the sodium salt of Aerosol-OT, AOT, to
form surface multilayers at the air-solution interface in dilute solu-
tion in the presence of either Ca%* or AI** counterions.

AOT, Aerosol-OT, sodium (2-ethylhexyl) sulfosuccinate, is one
of the most commonly used anionic surfactants, with widespread
applications in the stabilisation of emulsions and microemulsions,
as a wetting and dispersing agent, in solubilisation and the forma-
tion of inverse structures [28-30]. These properties are widely
associated with the ‘wedge’ structure of AOT [31], which arises
from the ethyl-hexyl branched di-alkyl chain structure and the sul-
fosuccinate headgroup, as shown in Fig. 1.

The solution structure of AOT has been extensively studied [32-
38]. The regions of Ly, Ly(sw), sponge phase, L3, and the L,(sw)/L,
and L3/L; coexistence regions (where L; is a dilute isotropic micel-
lar phase) have all been quantified as a function of concentration,
temperature and salt concentration, in the concentration region
of a few wt % (~2 to 20 mM).

The nature of the monolayer adsorption of AOT at the air-water
interface has been studied [39,40] and particular emphasis on the
role of Ca%* impurities on the adsorption was made. Despite the
strong binding of Ca®" due to the chelating effect of the ester
carboxyl group adjacent to the sulfonate group, tetrasodium
ethylenediaminetetraacetate, EDTA, was shown to be an effective

CH,

CH;
CH,

Fig. 1. Molecular structure of AOT.
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sequestering agent. Bilayer adsorption from dilute solution and
the adsorption of a lamellar phase at more concentrated solution
have, as discussed earlier, been demonstrated at different solid-
solution interfaces [16,17,19-21,23,24].

Apart from the studies on LAS [25-27], most of the demonstra-
tions of surface multilayer formation have been with single alkyl
chain anionic surfactants [6-15]. Hence it is important to extend
the investigations to other di-alkyl chain anionic surfactants. Given
the particular and special structure of AOT, its unique properties
and widespread applications, AOT offers potential new characteris-
tics and opportunities. Hence in this paper neutron reflectivity, NR,
has been predominantly used to investigate and characterise the
nature of AOT adsorption at the air-solution interface, at solution
concentration in the range 0.5 to 2 mM, and in the presence of
either Ca®* of AI** counterions.

2. Experimental details

The surface properties of AOT at the air-water interface in the
presence of CaCl, and AICl; were evaluated using neutron reflectiv-
ity, NR, and surface tension, ST. The NR measurements were made
at 3 surfactant concentrations, 0.5, 1.0 and 2.0 mM; in CaCl, con-
centrations from 0.1 to 2 mM, and in AlICl; concentrations from
0.01 to 1 mM. Surface tension measurements were made in H,0,
100 mM Nadcl, 0.5 AlCl;, and 0.5 mM CaCl,.

(a) Surface tension

The surface tension measurements were made using a Kruss
K11 maximum pull tensiometer. The platinum plate of the ten-
siometer was rinsed in high purity water and dried in a Bunsen
flame between each measurement, and the tensiometer was cali-
brated to a surface tension of 72 mNm™' for pure water. The tem-
perature was controlled at 25 + 1 °C. Each measurement in a
dilution series, from a concentration above the critical micelle con-
centration, cmc, was repeated until the variation in the surface ten-
sion was < 0.1 mN m~. The average of the measured values at
each concentration is plotted, and the associated error at each
point is < 0.1 mNm ',

(b) Neutron reflectivity

The neutron reflectivity measurements were made on the CRISP
and SURF reflectometers [41,42] at the ISIS pulsed neutron source.
The reflectivity, R (Q), measurements at the air-water interface
were made using the ‘white beam time of flight’ method to cover
a wide range of Q values simultaneously. Q is the wave vector
transfer perpendicular to the surface and is defined as Q = 4msin
0/, 0 is the grazing angle of incidence of 1.5° and A is the neutron
wavelength. Neutron wavelengths in the range ~ 1 to 7 A were
used to cover a Q range ~ 0.045 to 0.35 A~'. The high Q limit is
determined by the point at which the reflected signal is compara-
ble to the background signal, arising from the incoherent scattering
from the aqueous sub-phase. The reflectivity is normalised to an
absolute scale by reference to the direct beam and the reflectivity
from a known surface, D,O using standard procedures [41,42].

The samples were contained in 25 ml sealed Teflon troughs,
controlled at 25 °C, and measured sequentially on a 5 position sam-
ple changer. Each measurement was repeated at least 3 times until
the reflectivity no longer changes. From an individual measure-
ment time ~ 40 mins this resulted in a total lapse time of up to
4-8 h.

(c) Materials

High purity D,0, NaCl, CaCl,, AlCl; (analytical grade) were
obtained from SIGMA and used as supplied. High purity H,0, from
an Elga Ultrapure system with a resistivity of 18.2 MQ cm, was
used. All glassware, Teflon troughs and containers associated with
sample preparation, NR and ST measurements were cleaned in
alkali detergent, Decon90, and rinsed extensively in high purity
water.
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The protonated AOT ((CgH;700C),C,H3S03Na), abbreviated h-
AOT, was obtained from SIGMA, and purified as described else-
where [44]. The deuterium labelled AOT ((C4H;700C)(C,D5)CD,-
00C),C,H3S03Na), abbreviated d-AOT, was synthesised and
purified by the ISIS Deuterium Facility [43], using the procedures
described in detail elsewhere [44]. The purity of both surfactants
was assessed by ST, illustrated by an absence of a minimum at
the cmc, and by NMR, to a purity > 99%.

The ST measurements were made using h-AOT in H,0. The NR
measurements were made using d-AOT in null reflecting water,
nrw, 8 mol% D,0/92 mol% H,0O mixture, with a scattering length
density or refractive index equal to air, 1.0.

3. Results and discussion

(a) Surface tension

The surface tension was measured for h-AOT in H,O, in
100 mM NacCl, CaCl, and AICls. The surface tension data for AOT
and AOT in 100 mM NacCl are shown in Fig. 2a, and the impact
of CaCl, and AlCl3 on the surface tension are shown for compar-
ison in Fig. 2b.

The surface tension behaviour of AOT, in NaCl, and CaCl, are
broadly similar to that previously reported for AOT [39,40]. The
cmc for AOT was determined from Fig. 2 as ~ 3.7 mM, and in the
presence of NaCl, CaCl, and AICl; the cmc decreased to ~ 0.2, 0.8
and 0.2 mM respectively. The impact of impurities, and particularly
Ca?", on the surface tension of AOT has been discussed and evalu-
ated at length elsewhere [39,40,45]. The strong binding of Ca*
impurities impacts directly upon the form of the surface tension
and the ability to estimate reliable adsorbed amounts [40,45],
and neutron reflectivity has been shown to provide a more consis-
tent and accurate evaluation. However the addition of the different
electrolytes here have a profound impact upon the cmc values.

The impact of AI>* on the surface tension of anionic surfactants,
and notably the SAES and AES surfactants [7,8,11-15], has been
previously demonstrated. The main features were a significant
reduction in the cmc and a reduction in the minimum or limiting
surface tension value. In general for these surfactants, as the sur-
face tension measurements are made at a fixed AI** concentration
and variable surfactant concentration, the surface tension
increases again towards the limiting value in the absence of elec-
trolyte when the surfactant concentration in well in excess of the
AI** concentration, as illustrated elsewhere [7,8,11]. From the sur-
face tension data for the SAES surfactants in the presence of AlI**,
Thomas et al. [46] were able to correlate the surface tension vari-
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ations in the region between the cmc’s in the presence and absence
of AI** to the associated solution phase behaviour and the role of
phase separation in such solutions. Although the ST data per se
shows no direct indication, Thomas et al. [46] have demonstrated
that this region also correlates with the onset of surface multilayer
formation.

For AOT, although the expected decrease in the cmc in the pres-
ence of NaCl, CaCl, and AlCl; is observed in Fig. 2, the minimum or
limiting values of the surface tension do not change significantly.
This is quantitatively different to what was reported for the SAES,
AES surfactants [7,8,11] and for SDS [45]. This is because the limit-
ing surface tension for AOT is already relatively low in the absence
of electrolyte. This may be due in part to the strong binding of
impurity ions such as Ca®*, as discussed earlier. However it has
been shown that the limiting surface tension was not significantly
affected even in the presence of the chelating agent ethylenedi-
aminetetraacetic acid, EDTA [39,40]. Hence the low surface tension
for AOT is associated with the more efficient packing of the alkyl
chains of AOT at the interface, with area/alkyl chain < 35 A2 Fur-
thermore the packing factor associated with AOT disfavours micel-
lisation, and this further promotes the reduction in the surface
tension with increasing surfactant concentrations, as shown in
Fig. 2. However, as previously show in other anionic surfactants
in the presence of multivalent counterions [46], the ST data does
provide an important indicator of the region where surface multi-
layer formation is likely to occur.

(b) Neutron reflectivity

Neutron reflectivity measurements were made at the air-water
interface at three different AOT concentrations, for d-AOT in nrw,
and at a range of CaCl, and AICl; concentrations, from 0.1 to
2 mM for CaCl,, and from 0.01 to 1.0 mM for AICls. The data shown
in Fig. 3a for 2 mM AOT/CaCl, and in Fig. 3b for 2 mM AOT/AICl3
illustrate the main structural features observed.

In the presence of CaCl, two main surface structures are
observed. At the lowest surfactant concentration, 0.5 mM, and at
low CaCl, concentrations at higher surfactant concentrations, 1
and 2 mM, the adsorbed surface layer is a single monolayer, S,
characterised by a simple monotonic curve. At the higher surfac-
tant concentrations, 1 and 2 mM, and for CaCl,
concentrations > 0.5 mM the surface structure is different. The
reflectivity exhibits a broad Bragg peak at a Q value ~ 0.2 A™!
and contains interference fringes at lower Q values arising from
the total thickness of the surface layer. As previously demonstrated
[1,2,7-15,25-27] this is consistent with the adsorption of a multi-
layer structure, S,, at the surface.
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model fits to the data, as described in the main text and for the key model
parameters summarised in Tables S1 and S2 in the Supporting Information.

In the presence of AlCl; the structural variations at the surface are
slightly different and richer, as illustrated in Fig. 3b. In this case three
different surface structural forms are observed. At low AlCl3 concen-
trations, and at all three surfactant concentrations explored, the
reflectivity is consistent with monolayer adsorption. At intermedi-
ate AlCl; concentrations, in the range 0.05 to 0.1 mM, the reflectivity
has a single broad interference fringe ataQ ~0.2 A~!, consistent with
an S; structure, comprising a monolayer at the air-water interface
and a single bilayer beneath the initial monolayer. At higher AlCl;
concentrations a broad Bragg peak ataQ ~0.2 A~' is again indicative
of a multilayer structure at the interface.

A quantitative analysis of the structural details of the three
main regions, Sq, S, and S, follows. The difficulties in obtaining
an accurate representation of the structure of the S, region due
to different forms of the structural disorder are highlighted in
Fig. 3. In particular the region in the reflectivity at Q values below
the Bragg peak is only approximately modelled, as a result of using
a simplified model. The impact and nature of the structural disor-
der is discussed in detail later in the paper, and use of a simplified
model justified.

In the meantime, from these structural variations an approxi-
mate surface phase diagram has been constructed, as shown for
CaCl, and AlCl; in Fig. 4 a and b.
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With the addition of CaCl, and AICl3, at all three AOT concentra-
tions, there are regions of monolayer adsorption, which are more
extensive with the addition of CaCl, than for AICls. The reflectivity
data for the monolayer adsorption are analysed using the exact
equation for a deuterated monolayer on a nrw subphase, of the

_ 1672

form [47],
. /Qd\?
R@ = or-@pysin(5)

where d and p are the thickness and scattering length density of the
adsorbed layer. The adsorbed amount is then directly related to the
product d.p, assuming a layer of uniform composition [47],

A=>"b/dp T =1/NaA

(1)

(2)

where >°b is the scattering length of the adsorbed species
(3.97x103 A for d-AOT), A is the area/molecule, I" is the adsorbed
amount in mol cm~2, and Na is Avogadro’s number.

In the monolayer region the key model parameters which are
refined are d and p, and those parameters and derived adsorbed
amounts for the AOT monolayer adsorption in CaCl, and AlCl3
are summarised in Tables S1a and S2a in the Supporting Informa-
tion. The mean thickness, <d>, averaging over the CaCl, and AlCl;
data, is 19 + 2 A; broadly consistent with previous observations
[39,40]. The mean area/molecule at the cmc was previously deter-
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Fig. 4. Surface phase diagram as a function of surfactant and electrolyte concen-
tration for (a) AOT/CaCl,, (b) AOT/AICIs. The red triangles are So, green squares, Sy,
and the blue circles are S, and are the points at which reflectivity measurements
were made. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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mined for AOT as 78 A? and for Ca-AOT as 68 A [39,40]. The mean
area/molecule determined here for AOT in the presence of CaCl,
was 67 + 3 A2 and in the presence of AICl; was 72 * 3 A2, This rep-
resents an increase in the adsorption with the addition of
CaCl, ~ 15% and ~ 8% for the addition of AlCl;. These increases
are comparable to those previously reported for the SAES and
AES surfactants with the addition of electrolyte [11,14,15,48]. A
significantly larger change was reported for SDS [48], and the rel-
ative change is associated with the level of dissociation of the sur-
factant. The SAES and AES surfactants were observed in general to
exhibit a lower degree of dissociation and a stronger counterion
binding. However the results reported here for AOT are associated
with the intrinsic closer packing in the monolayer for AOT, where
the area/alkyl chain is < 35 A2, which mitigates against a signifi-
cant increase in the packing (reduction in the area/molecule) in
the presence of electrolyte.

Furthermore the differences between the impact of CaCl, and
AlCl; are in part due to the differences in ionic strength of the
added CaCl, and AlCl3, which is typically greater than a factor 10
for Ca%* compared to AI** in the regions where monolayer adsorp-
tion exists.

The reflectivity data in the presence of AICl; has a narrow region
at AICl; concentrations ~ 0.05 mM where the reflectivity is charac-
terised by a single broad interference fringe. The simplest model
consistent with the data, as illustrated elsewhere for the SAES
and AES surfactants [6-15], comprises of three layers. This is
described as the S; structure, and is interpreted as an initial mono-
layer at the air-water interface with a bilayer adsorbed beneath the
monolayer and separated by a thin layer comprising primarily of
solvent and surfactant headgroups. The data are hence modelled
using the optical matrix formulism [49], in which the minimum
number of layers and refinable parameters; that is, the simplest
model consistent with the data, is used. The key model parameters
that are refined are the thicknesses and scattering length densities
of each layer, d;, p;, and these are summarised in Table S2b in the
Supporting Information. Although a relatively simple NR profile,
comprising of a single broad interference fringe, due to the inher-
ent disorder it is relatively difficult to model, and this is reflected in
a relatively large spread in the values in Table S2b. However the
mean thicknesses of the three layers are 18 + 2, 12 + 4, and
18 + 2 A respectively; and are broadly consistent with those
reported for related structures [6-15], and with the model of a
monolayer and bilayer separated by a thin solvent layer.

The appearance of a Bragg peak at a Q ~ 0.2 A! is consistent
with the adsorption of multilayers at the interface, S, in the pres-
ence of CaCl, and AlCl; at higher surfactant and electrolyte concen-
trations. The broad Bragg peak and the occurrence of interference
fringes in the lower Q region are consistent with a finite number
of bilayers adsorbed, n < 10. However at higher surfactant and
electrolyte concentrations the Bragg peak narrows and the inter-
ference fringes are no longer visible. This occurs when the number
of bilayers adsorbed is greater, for n > 20. The simplest model
which encapsulates the main features is used to analyse the data,
in which the surface is represented by a series of identical bilayers.
In the kinematic approximation this can be expressed by a simple
recursive relationship, as developed by Tidswell et al. [50] and
Sinha et al. [51], such that,

1

2 N
RQ) =105 13 (0 - pre(iodjep (-0t 2) | (3
i=0

where p; is the scattering length density of the i" layer, i = 0 repre-
sents the subphase, d; is the distance to the interface between the it
and i-1th layers from the subphase, d; = 3"Kol;, |; is the thickness of
the j™ layer, pin+1) is the scattering length density of the upper phase
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(air), N is the number of layers, N/2 (or n) is the number of bilayers,
and o; is the roughness between the i and i + 1th layers.

This simple bilayer model has been extensively applied to a
range of surfactant bilayer structures at the air-water interface
[6-15,25-27]. Although the formulism provides flexibility in the
variation in the bilayer parameters, generally it has been applied
on the assumption that the structure is invariant from bilayer to
bilayer, and that the interfacial roughness is minimal; and the
same assumptions are made in its initial application here. However
the width of the Bragg peak is generally broader than the expected
1/n dependence and the total thickness interference fringes are
damped to a greater or lesser degree. This implies a degree of dis-
order, both laterally and vertically, in the surface structure. The
broadening of the Bragg peak and the damping of the interference
fringes are in part due to the instrumental resolution, AQ, which is
incorporated into the model. However the instrumental resolution
is typically ~ 0.05, and the AQ values obtained are typically larger
(see Tables S1b, S2¢ and S3 in the Supporting Information). AQ is
treated as a variable and the additional contribution, over and
above the instrumental resolution, is used to model some aspects
of the surface disorder. It is assumed that the surface consists of
domains of multilayer structures and that the additional contribu-
tion to AQ is associated with the mosaic of the orientational distri-
bution of those patches.

In broad terms the simple multilayer model encapsulates the
main features of the AOT data, as shown in Fig. 3a and b; consistent
with the observations on a range of related systems [6-15,25-27].
The key model parameters for the multilayer structures for AOT in
CaCl, and AICl; are summarised in Tables S1b and S2c in the Sup-
porting Information. For the multilayer structures consistent with
a larger number of bilayers, n > 10-20 the data are most sensitive
to 2d, (d; + dy), and Ap, (p1-p2). Furthermore the AQ term ensures
that the interference fringes are effectively damped and the width
of the Bragg peak accounted for. However it is difficult in this
regime to be precise about the value of n, other that it is relatively
large. For the multilayer structures where n < 10 the occurrence of
the total thickness fringes can enable the number of bilayers to be
determined with greater certainty. In the modelling presented here
the key adjustable parameters are hence dy, py, da, p2, N and AQ.
However, as discussed earlier, it is often 2d, Ap, N and AQ which
are most readily accessible and to which the data are most sensi-
tive to. In the data presented here and in the tables of parameters
in the Supporting Information 2d is relatively constant and the
main variations occur in Ap, N, and AQ, as the visibility of the
Bragg peak and definition of the multilayer structure varies. With-
out introducing further complexities, the model adequately
describes the main features of the structures observed, see Fig. 3.

However the model fits are not perfect due to the disorder in
the structure. This is especially revealed in the ability to model
the total thickness interference fringes that occur at Q values
below the Bragg peak. Hence further potential sources of the disor-
der associated with the structures and how they affect the reflec-
tivity profile, and especially the total thickness fringes, are
explored in the more detail in the following discussion.

A major source of potential disorder in the surface multilayer
structures is the time dependence of the evolution of the surface
structure. That is, different regions of the surface may evolve on
different time scales. Although the experimental procedures
adopted are designed to ensure equilibrium structures are
achieved, the timescales are relatively long and some uncertainty
can still exist. Fig. 5 shows an example of how the surface structure
can evolve with time, for 2 mM AOT in 1.5 mM CaCl,, for an initial
measurement immediately following sample transfer and after 240
and 480 min respectively.

From the visual trends in the reflectivity profiles and from the
model parameters, the multilayer structure at the interface is
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Fig. 5. Neutron reflectivity versus wave vector transfer, Q (A™!), for 2 mM AOT in
1.5 mM CaCl,, measured at different times, over a period ~ 500 mins. See legend for
details. Each curve is shifted vertically with respect to the previous curve. The solid
lines are model calculations, as described earlier, and for the key model parameters
summarised in Table S3 in the Supporting Information.

broadly similar with time, but there is an increase in the intensity
of the Bragg peak with time. From the modelling this is initially
interpreted as an increase in the contrast between the two layers
in the bilayer structure, as the structure becomes ordered (see
Table S3 in the Supporting Information). This eventually results
in a modest increase in the number of bilayers adsorbed at the
interface being required to account for the increasing intensity of
the Bragg peak.

The use of AQ to incorporate the effect of instrumental resolu-
tion on the reflectivity from the multilayer structures and to sim-
ulate the effects of orientational distributions of lamellar
fragments at the interface was discussed earlier. From the param-
eters in Table S3 and in Tables S1b and S2c in the Supporting Infor-
mation for similar data, show that the contribution from AQ is
large when the number of bilayers, n, is relatively low; and gener-
ally decreases when n is large, >20. This implies a greater degree of
ordering and greater surface coverage associated with a growth of
the fragments towards fuller coverage.

It has been demonstrated elsewhere that model fitting using
approaches such as maximum entropy minimisation [52] can be
used to provide a comprehensive modelling of the complex reflec-
tivity profiles that arise in such systems [21,22,3]. This usually
results in a scattering length density distribution, which then can
be subject to the ambiguities and uncertainties in interpretation.
Here a different approach has been adopted, in order to capture
the main features and to attempt to understand the factors which
contribute to the observed structure, and the impact of different
potential contributions to the structural disorder.

As illustrated in Figs. 3 and 5, the incorporation of the resolution
term, which in part accounts for the smearing due to instrumental
resolution, and in part accommodates disorder in terms of an ori-
entational distribution of surface lamellae, accounts for the broad-
ening of the Bragg peak and some of the damping of the total
thickness interference fringes. In Figs. 6 and 7 two further potential
contributions to the surface disorder are explored in the modelling
of the reflectivity data for 2 mM AOT/1.5 mM CaCl,.

The same fundamental model and model parameters, as used in
Figs. 3a and 5, are used for the data in Figs. 6 and 7.

In Fig. 6 the impact of two different aspects of disorder are illus-
trated. The impact of modifying the definition of the bilayer struc-
ture with increasing depth is illustrated, where the structure is
modified by an exponential decay in the scattering length density
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Fig. 6. Neutron reflectivity data for 2 mm AOT/1.5 mM CaCl,, at T = 480 mins (see
also Figs. 3 and 5). (a) Solid red line is multilayer model fit (as described in the main
text) for d; = 15 A, d, = 145 A, p; = 5.5x107°A2, p, = 1.0x10°°A2, n = 12,
AQ = 0.12. (b) Solid blue line, as (a) with 1 = 250 A, and (c) solid green line, as (a)
with modified 1st bilayer, d; = 14 A, d, = 14 A, p; = 4e%, p, = 2e7C. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

10 5
1@
j? 10% 4 .
2 ]
()
R
)
2
10% 4 € 53352
] 299,
0.05 0.06 0.070.080.090.1 0.2 03 04 05

Wave vector tansfer, Q (A™")

Fig. 7. Neutron reflectivity data for 2 mm AOT/1.5 mM CaCl,, at T = 240 mins. (a)
Solid red line is multilayer model fit (as described in the main text) for d; = 14.5 A,
dy=14.5A, p; =3.0x10°A~2, p, =1.3x1077A=2, n = 5, AQ = 0.12. (b) Solid blue line,
as (a) with first bilayer modified, d; = 14 A, d, =13 A, p; =2e 75, p, = 1e 7%, (c) Green
solid line, as (a) with first bilayer modified, d; =13 A,d, =13 A, p; =2e 7, p,=1e7S.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

contrast between the two layers in the bilayer structure, of the
form [25],

pi = pn — Apexp(—di/n) (4)
and m is the damping coefficient.

Introducing such a damping factor effectively reduces the visi-
bility of the total thickness interference fringes, but also markedly
reduces the visibility of the Bragg peak. Incorporating an interfacial
roughness, o;, (see Eq. (3)), produces a similar effect, and so has not
been used in the analysis presented here. Shown also in Fig. 6 is the
impact of changing parameters associated with just the first
bilayer, adjacent to the upper air phase, in order to illustrate the
effect of varying bilayer characteristics in a more controlled and
limited way. Whilst having minimal impact on the Bragg peak it
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is clear that such changes can effectively change the modulation of
the total thickness interference fringes. In Fig. 7 the impact of mod-
ifying the first bilayer is explored further, where changes in thick-
ness and scattering length density contrast are both explored.
Although the thickness changes modulate the total thickness inter-
ference fringe pattern, changing the scattering length density con-
trast has a more profound impact upon the whole profile.

However, it is likely that the variations explored here occur ran-
domly throughout the multilayer structure, and so a precise model
to incorporate such effects is difficult to specify. The impact of
some of the different origins of disorder has been illustrated, and
highlights some of the difficulties in incorporating such defects
in a meaningful way. However given the intrinsic uncertainties
associated with the nature of the surface disorder, the simple
model used here adequately describes the main features of the
observed reflectivity profiles.

4. Discussion.

Although ST provides no direct evidence for the formation of
surface multilayer structures, as discussed by Thomas et al. [46]
the form of the ST data between the cmc values in the presence
and absence of multivalent counterions correlate with the onset
of phase separation, the solution phase behaviour and the occur-
rence of surface multilayer formation. The more efficient alkyl
chain packing for AOT is responsible for the reduced ST variation
in that region in the presence of Ca?* and AI** counterions com-
pared to the values in the absence of electrolyte, as discussed ear-
lier. However the same correlation with the onset of surface
multilayer formation exists, and so the ST data provides an impor-
tant guide to the region of interest. The form of the ST data in that
region also indicates that the greater surfactant packing at the
interface for AOT may have an important role in the nature of
the structural trends observed here.

The notable feature of the surface multilayer formation observed
here for AOT is that it can be induced by the addition of either diva-
lent (Ca?*) and trivalent (AI**) counterions. For the wider range of
anionic surfactants, which are mostly monoalkyl chain surfactants,
in which surface multilayer formation occurs, it is not observed for
the addition divalent counterions and requires the addition of triva-
lent counterions [1,2,6-16]. Xu et al. [11] commented that the more
weakly ionic nature of surfactants such as SLES and MES are indica-
tive of a stronger binding of Na*. This implied that the stronger
binding of AI>*, rather than Ca?*, was required to promote the sur-
face multilayer formation. In addition to the role of trivalent coun-
terions in binding to adjacent surfactant ions the bridging across
layers to promote the surface lamellar ordering is an important fac-
tor. The exception to the need for trivalent counterions was the
observation of surface multilayer formation with the addition of
Ca?* for the dialkyl chain LAS surfactant [25-27]. The importance
of the alkyl chain geometry in surface multilayer formation has
been highlighted elsewhere. Tucker et al. [27] showed that the
LAS-4 isomer and the LAS-4/LAS-6 isomeric mixtures more readily
form surface multilayers in the presence of Ca?* than LAS-6. This
was attributed to a more favourable packing of the alkyl chains
for the LAS-4 isomer. In contrast, Wang et al. [14] showed that
the AES surfactant with a C;g isostearic alkyl chain, isoC;gMES,
did not form surface multilayer structures in the presence of Al**,
unlike its straight chain equivalents such as MES, due to unfavour-
able alkyl chain packing [11]. For both AOT and LAS it is assumed
that the denser packing of the di-alkyl chains, the preferred planar
curvature, and the closer proximity of a bulk lamellar phase, enable
the binding of Ca®* to promote the surface layering observed.

As discussed in the Introduction, and dependent upon the struc-
tural features of the anionic surfactant, a range of surface structures
from Sy to S, are observed. For AOT a more limited range of struc-
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tures, both for the addition of Ca®* and AI**, are observed (see
Fig. 4). In the presence of Ca** only monolayer adsorption, S, and
multilayer adsorption, Sy, are observed. In the presence of AI>* there
is an additionally a narrow region with a S; structure, between the
So and S;, regions. The other significant difference in the observed
structures, compared to previous data, is that in the multilayer
region, S, (see Fig. 4), and over much of the surfactant and counte-
rion concentration range explored, the number of bilayers, n, is rel-
atively small, n < 10. This contrasts with the observations for the
SAES and AES surfactants, where n was generally > 20. This may
be because the adhesion forces are greater for the SAES and AES sur-
factants compared to AOT and LAS, or because of the greater intrin-
sic disorder for AOT and LAS. The discreet and finite nature of these
multilayer structures was highlighted in a dilution experiment at
the air-solution interface with 2 mM LAS/2 mM CaCl, [2], see
Fig. 54 in reference 2. The dissolution of the initial multi-bilayer
structure with n = 7 in a series of discreet steps (layer by layer)
was observed as the bulk subphase was replaced by nrw.

A more limited range of surface structures was also observed
with the AES surfactant, ethyl ester sulfonate [ 14]. In that case only
the Sp and S; structures were observed with the addition of AlCls,
although Sp, S; and S, structures were observed with the addition
of a mixture of AICl; and CaCl,. Similar observations were also
reported for the mixtures of methyl ester sulfonate, ethyl ester sul-
fonate, and propyl ester sulfonates in the presence of AICl3 [15].
However, in both cases no S, structures were observed over the
range of surfactant and electrolyte concentrations investigated.
These observations were attributed to impact of changing the
headgroup structure on the relative counterion binding strengths
of Na*, Ca%*, and AI**. A limited range of surface multilayer struc-
tures has been reported in some other related systems. In the Cy¢
and C;g-MES surfactants, in the presence of A%, only Sp and S,
structures were reported by Xu et al. [12]. This was attributed to
the closer proximity of precipitation in these systems. A similar
observation was also reported by Xu et al. [7] for the longer alkyl
chain SAES surfactants, which were also closer to precipitation in
the presence of multivalent counterions.

The other main feature in the AOT data is that for the addition of
Ca?* and AI®* the threshold for the transition to the formation of S,
surface structures occurs at noticeably larger counterion concen-
trations for Ca%*, ~ 0.5 mM, than for AI**, ~0.1 mM. This suggests
that compared to Ca?* the AI** binding is stronger relative to Na*,
and that AI** is more effective in inducing the attractive interaction
required for the surface layering due to the additional bridging role
between adjacent layers. The impact on the relative counterion
binding strengths on the surface layering has been previously dis-
cussed [9,13-15]. Xu et al. [9] reported the ion specific effects of
trivalent counterions on the surface layering and solution self-
assembly in the anionic surfactant SLES. The structural variations
observed correlated with the strength of the binding and the
hydrated radius of the counterion, in the order Sc3*, Gd3*, and
La3*, compared to AI**. Cr** showed distinctly different effects
due to a less labile hydration shell. For the AES surfactants, Xu
et al. [13] investigated the role of competitive counterion adsorp-
tion on the MES surface multilayer formation. The nature of the
layering depended critically upon relative binding strengths of
Na*, Ca?*, Mg?* and AI*". This relates also to the observations of
Wang et al. [14,15], as discussed above, who showed how changing
the AES headgroup structure impacts upon the relative counterion
binding strengths. All these observations also correlate with a
wider range of studies related to the effects of relative counterion
binding on different phenomena in anionic surfactants, related to
precipitation, flocculation, micelle growth and the evolution of
the surfactant mesophases [53-57].

In some cases, where there is a richer variation in the surface
structure [7,8,11], changes in those structural variations with sur-
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factant and counterion concentration can be quite subtle. It is
likely that the surface free energy differences associated with the
different structures is quite small [57]. Hence whether certain
intermediate surface phases are observed or not may be due to
the sampling of the concentration space explored. The consistency
of the results presented here for AOT would mitigate against such
an explanation.

The limited range of structures observed, and the limited
extent, in terms of the number of bilayers, of the multilayer struc-
tures may be intrinsically linked to the greater inherent disorder
observed for AOT. Although the timescales for the evolution of
the surface structures seem to be comparable to the previous sys-
tems studied [6-15,25-27], there may be a kinetic contribution to
the disorder which is on a relatively longer timescale. There may
also be an additional or alternative contribution to the disorder.
The bulk phase behaviour for AOT is characterised by extensive
regions of coexisting mesophases [35], where regions of L;/Ly, L;/
L3, and L;/L,/Ls have been identified. This suggests that the sponta-
neous curvature for AOT has some ambiguity. This may well man-
ifest itself into a range of similar but different equivalent structures
at the surface. However the causes of the increased disorder in the
surface structures remains uncertain.

5. Conclusions

The neutron reflectivity results show the extent to which sur-
face multilayer formation occurs at the air-water interface for
dilute solutions of AOT in the presence of Ca%* and AI**. The results
parallel those previously reported for another dialkyl chain anionic
surfactant, LAS, [25-27], in that the surface layering is induced
with Ca®*, as opposed to the need for trivalent counterions for a
range of monoalkyl chain anionic surfactants [1,2,6-15]. The
results and similarity with LAS imply that the closer proximity of
a bulk lamellar phase in such systems is an important factor. Sim-
ilar to the observations for LAS [25-27], the multilayer structures,
Sy, have mostly a relatively low number of bilayers, and is attribu-
ted to a greater degree of disorder in the surface structures. Some
potential origins of this greater structural disorder have been dis-
cussed. The differences in the Ca®" and AI** concentrations
required to induce the transition to the multilayer structures is
associated with the relative counterion binding strengths of the
different counterions and the additional role of the trivalent coun-
terion to promote the required attractive interaction [1,2]. The lim-
ited range of surface structures observed for AOT, in the presence
of Ca®* and AI**, is also indicative of the role of the relative coun-
terion binding strengths, as illustrated previously in the context
of the ethyl ester sulfonates [14] and mixtures of the methyl, ethyl,
and propyl ester sulfonates [15].

Finally the results further illustrate the rich opportunities for the
manipulation of the surface properties in such systems, in the appli-
cations related to adjusting wetting behaviour and efficient
enhanced interfacial delivery [3-5], and in enhancing emulsification
and solubilisation properties [28]. The potential applications at the
air-solution, solid-solution and liquid- liquid interfaces are far
reaching, and cover home and personal care products, soft lubrica-
tion and bio-lubrication, pesticides, pharmaceuticals, enhanced oil
recovery, and foods. The results presented here for AOT significantly
extend those opportunities, and illustrate further how the surface
properties can be manipulated or tailored for a specific purpose.
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