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Hypothesis: The interaction of Aerosol OT (AOT) surfactant with systems of model colloids in nonaqueous
solvents (water-in-oil microemulsions, surfactant-stabilized silica organosols, and sterically-stabilized
PMMA latexes) is expected to be system specific. Two limiting cases are expected: adsorption, with sur-
factant located at the particle surfaces, or absorption, with surfactant incorporated into the particle cores.
Experiments: Two approaches have been used to determine how AOT is distributed in the colloidal sys-
tems. The stability of the colloids in different alkanes (heptane to hexadecane, including mixtures) has
been studied to determine any effects on the colloid surfaces. Contrast-variation small-angle neutron
scattering (SANS) measurements of the colloid cores and of AOT-colloid mixtures in colloid-matched
solvent have also been performed. Normalization to account for the different scattering intensities and
different particle radii have been used to enable a system-independent comparison.
Findings: AOT in water-in-oil microemulsions and surfactant-stabilized silica organosols is determined to
be adsorbed, whereas, surprisingly, AOT in sterically-stabilized PMMA latexes is found to be absorbed.
Possible origins of these differences are discussed.

� 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Colloids in nonpolar solvents are crucial in many industries and
applications; this motivates the extensive research into their prop-
erties. For example, water-in-oil microemulsions can be used as
‘‘nanoreactors’’ to produce many types of nanoparticles [1]; metal
carbonate colloids have been used as lubricant detergents [2,3];
charged colloids can form crystal structures, which can be studied
on a microscopic scale [4,5]. Charged species, in particular, which
are not as easily stabilized in nonpolar solvents as in water, are
important in many applications [6,7], such as preventing explo-
sions in petrochemical processing [8] and, recently, in elec-
trophoretic displays [9–11]. Novotny reviewed the applications of
nonaqueous colloids, identifying four technologies making sig-
nificant use of such systems: magnetic recording media, ceramics
in electronic components, reprographic printing, and elec-
trophoretic displays [12]. These high technology applications show
the importance of colloids in nonpolar solvents.

Due to the properties of nonpolar solvents, the interparticle
interactions are reduced as compared to aqueous colloids. In par-
ticular, unless charging agents are added, there is little electrostatic
interaction between colloids, a consequence of the reduced relative
permittivity (�r � 2 for alkanes compared to �r ¼ 80:1 for water
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[13]). This can be seen from analyses of small-angle neutron scat-
tering (SANS) data of such colloids where there is little contribu-
tion from the structure factor (SðQÞ) in the dilute limit, indicating
that the colloids are uncorrelated, weakly interacting, and randomly
dispersed [14–16]. Colloids in nonpolar solvents can be considered
to behave as essentially model, hard spheres. For example, water-
in-oil microemulsions only show attractions as the phase-separa-
tion boundary is approached [17], and sterically-stabilized poly-
mer latexes show fluid, crystal, and glass phases which can be
described by an effective hard-sphere model [18].

Given the importance of colloids in nonpolar solvents, in terms
of both fundamental and applied research, it is worthwhile to
improve understanding of their properties and structures. In this
article, different model systems of colloids with a typical added
surfactant (Aerosol OT or AOT) will be considered. As multicompo-
nent systems, the role and distribution of each component is not as
clear initially. There are three systems of interest.

� Water-in-oil microemulsions—These are thermodynamically
stable dispersions of water in oil with surfactant [19].
� Surfactant-stabilized silica organosols—‘‘Organosol’’ is a well-

known term in colloid science used to denote inorganic
nanoparticles that are stable dispersed in organic solvents [20].
� Sterically-stabilized poly(methyl methacrylate) (PMMA)

latexes—These particles were initially developed in the 1980s
[21]. They consist of PMMA cores, coated with aliphatic
poly(12-hydroxystearic acid) (PHSA) brushes to provide steric
stabilization.

This paper will assess the nature of the surfactant layer in these
three systems. Is there evidence for adsorption on the surfaces, or
on the other hand, is there evidence for absorption into the colloid
cores? Fig. 1 shows a schematic of the two scenarios. In this study,
adsorption is defined as the localization of the added surfactant at
the colloid-solvent interfaces; absorption is defined as the distribu-
tion of the added surfactant throughout the particles.

Two approaches have been used to determine how AOT is dis-
tributed in these three model colloid systems. The effect of varying
the solvent molecular volume on the stability of the dispersions
reveals how effective the surfactant layer is in providing stability.
There has been some previous work into the effect of different sol-
vents on water-in-oil microemulsions [22,23] and surfactant-stabi-
lized silica organosols [15,24]. There have been no systematic
studies on the effect of different solvents on PMMA latexes, but
they have been used in various organic solvents in different studies
[25–28]. Additionally, SANS is used to reveal the distribution of
surfactant in these different systems. By using appropriate normal-
ization, it is possible to draw comparisons between these colloids
ranging in size from � 1 to � 100 nm.
Fig. 1. Schematic of the distribution of surfactant in the two limiting cases:
adsorption and absorption.
By considering the results of these two studies, it is possible to
determine whether surfactant adsorption or surfactant absorption
occurs for the three different systems. Some features are universal,
whereas some features depend on properties of the particles. This
provides insight into the mechanism by which surfactants, in gen-
eral, and AOT, in particular, both stabilize and interact with col-
loids in nonpolar solvents.

2. Materials and methods

Sodium dioctylsulfosuccinate (Aerosol OT or AOT, 98%, Aldrich)
was initially purified using dry diethyl ether followed by centrifu-
gation to remove undissolved salts. Klebosol 30CAL25 (a gift from
AZ Electronic Materials, France) was provided as a 30 wt.% disper-
sion in water. Heptane (CHROMASOLV P 99%, Sigma–Aldrich),
octane (97% pure, Acros Organics), dodecane (ReagentPlus P 99%,
Sigma–Aldrich), tetradecane (99%, Acros Organics), and hexade-
cane (minimum 99%, Sigma) were all stored over molecular sieves.
Deuterium-labeled heptane-d16 (> 99:0 atom % D, Apollo Scien-
tific) and dodecane-d26 (> 98%, Cambridge Isotope Laboratories)
were used as supplied.

2.1. Silica organosols

Silica organosols were prepared using the drying method of
Tabor et al. [15]. AOT surfactant was dissolved in water and com-
bined with the required amount of 30CAL25. The 30CAL25 silica
particles used in this study were positively charged in water with
an electrophoretic mobility of (2.1 ± 0.2) � 10�8 m2 V�1 s�1, mea-
sured using phase-analysis light scattering. The positive charge
arises from alumina surface modification. The dispersions were
mixed under sonication for 30 min; then the water was evaporated
under vacuum at 60 �C for 12 h. The organic solvent mixture was
added, and the dispersions were mixed under sonication for
30 min.

Unstable aggregates were removed by gently centrifuging the
dispersions for 5 min at 3000 rpm. The sediment was dried under
vacuum at 70 �C for 2 h to remove organic solvent. The transfer
efficiency (E) was calculated by converting the mass of the sedi-
ment after gentle centrifugation to the mass remaining dispersed
and divided by the mass of the solid before adding organic solvent.

2.2. PMMA latexes

PMMA latexes (as a dispersion in dodecane) were a gift from
Merck Chemicals Ltd. and were prepared using the method
described by Antl et al. [21]. The steric stabilizer was a graft
copolymer with poly(12-hydroxystearic acid) (PHSA) brushes
[29]. The solvodynamic diameter in dodecane is 392� 4 nm with
a polydispersity index of 0.06, measured by dynamic light scatter-
ing (Malvern ZetaSizer Nano S90, Malvern, U.K.).

The latexes were transferred to octane and hexadecane by cen-
trifuging the dispersions for 10 min at 6000 rpm and then redis-
persing in the desired alkane. This was repeated three times.

2.3. Small-angle neutron scattering (SANS)

Neutron scattering measurements were performed at both at
the ISIS Pulsed Neutron Source (STFC Rutherford Appleton Labora-
tory, Didcot, U.K.) and the Institut Laue-Langevin (Grenoble,
France). The magnitude of the momentum transfer vector (Q) is
defined in Eq. (1), where h is the scattering angle and k is the inci-
dent neutron wavelength.

Q ¼
4psin h

2

k
: ð1Þ
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Two instruments were used at ISIS. On Sans2d [30], two detec-
tor configurations were used. When using one detector, a simulta-
neous Q-range of 0.0045–0.7 Å�1 was achieved utilizing an
incident wavelength range of 1.75–16.5 Å and employing an
instrument set up with source-sample and sample-detector dis-
tances of L1 = L2 = 4 m and the 1 m2 detector offset vertically
60 mm and sideways �290 mm. When using two detectors, a
simultaneous Q-range of 0.004–1.96 Å�1 was achieved utilizing
an incident wavelength range of 1.75–16.5 Å and employing an a
collimation length of 4 m and the two 1 m2 detectors arranged so
that one was 4 m from the sample and offset vertically 60 mm
and sideways 180 mm (small-angle detector) and the other was
2.4 m from the sample and offset 900 mm and rotated to face the
sample (wide-angle detector). On LOQ [31], data were recorded
on a single two-dimensional detector to provide a simultaneous
Q-range of 0.008–0.24 Å�1 utilizing neutrons with 2 6 k 6 10 Å.
The beam diameter on both instruments was 8 mm. Each raw scat-
tering data set was corrected for the detector efficiency, sample
transmission and background scattering and converted to scatter-
ing cross-section data (@R=@X vs. Q) using the instrument-specific
software, Mantid. These data were placed on an absolute scale
(cm�1) using the scattering from a standard sample (a solid blend
of hydrogenous and perdeuterated polystyrene) in accordance
with established procedures [32].

Measurements were also performed on D11 at the Institut Laue-
Langevin. Two sample-detector distances of 1.2 and 8 m were used
with collimation distances of 4 and 8 m. This gave an accessible
Q-range of 0.004–0.3 Å�1 at k ¼ 10 Å. The beam size was
7 mm � 10 mm; the data were placed on an absolute scale
(cm�1) by the measurement of a 1 mm thick sample of H2O as a
standard.

The dispersions were contained in either 2 mm or 1 mm path
length Hellma quartz cells as appropriate, depending on the level
of D-labeled solvent.

Data have been fit to models as described in text using the
SasView small-angle scattering analysis software package. Form
factors (PðQÞ) for spheres and core–shell spheres were used
depending on the system being studied [33–35]. For spheres, the
only variable parameter is the radius r. For core–shell spheres,
the volume and the radius of the core (Vc and rc) and shell (Vs

and rs) can vary, and contrasts between the core (qc), the shell
(qs), and the solvent (qsolvent) must be considered. The fit radii val-
ues have a representative uncertainty of �1 Å (considering repeat
measurements and the use of different instruments) [36].
2.4. Phase-analysis light scattering (PALS)

Electrophoretic mobilities were measured using a Malvern
Zetasizer Nano Z (Malvern, U.K.) with a universal dip cell electrode
(for nonpolar solvents) or a disposable folded capillary cell (for
water). PMMA latexes in alkanes were diluted to a volume fraction
(/) of 10�3 into a solution of AOT at a concentration of 100 mM.
Silica dispersions in water were diluted to an acceptable turbidity.
For nonpolar solvents, the applied field strength was
2:0� 104 V m�1, and six runs of 50 measurements were averaged.
For water, the applied field strength was 2:5� 104 V m�1, and five
runs of variable numbers of measurements were averaged.
3. Results and discussion

As mentioned in Section 1, three systems of colloids in nonpolar
solvents (water-in-oil microemulsions, surfactant-stabilized silica
organosols, and sterically-stabilized PMMA latexes) are compared.
All contain polar components which on their own are immiscible
with alkanes, and these are sterically stabilized using a hydrocar-
bon chain. All have AOT surfactant added.

Water-in-oil microemulsions are thermodynamically stable dis-
persions with very small droplet sizes (typically < 100 Å) [19]. The
amount of dispersed water is quantified by the w ratio, equal to
[water]/[AOT].

Silica organosols consist of surfactant-coated nanoparticles
which have been transferred into organic solvent [15,24]. Different
surfactants have been used to disperse silica nanoparticles,
depending on the nature of the solvent and the particle surface
chemistry [15]. Several groups have recently studied charges of
silica nanoparticles dispersed in alkanes in the presence of AOT
[37–41], but only very small concentrations of silica can be dis-
persed due to the lack of Coulombic attraction between AOT anions
and the negatively charged silica surfaces. Alumina nanoparticles
can also be charged in alkanes in the presence of AOT [40]. Howev-
er, these studies are generally performed at low particle concentra-
tions, but by using the method of Tabor et al., highly concentrated
dispersions can be prepared, promoted by the Coulombic attrac-
tion between AOT and the alumina-modified 30CAL25 surface [15].

The chemistry to produce sterically-stabilized PMMA latexes
has been well-established, primarily using a steric stabilizer brush
copolymer of PHSA [21,42]. The stabilizer brush copolymer con-
sists of a methacrylate-tipped PHSA, methyl methacrylate, and gly-
cidyl methacrylate [29]. This synthetic approach achieves latexes
with low dispersity that are stable in aliphatic solvents.

In this section, two properties of these nonaqueous colloids will
be discussed with the goal of determining the distribution, parti-
tioning, and localization of added AOT surfactant. The stability of
the colloids in different solvents will be discussed first. SANS mea-
surements of the colloids with both core and AOT contrasts will
then be discussed. This discussion will consist partly of new data
and partly of reinterpretations of data in the literature [16,22,36]
to give a comprehensive view on the distribution of AOT in differ-
ent systems.

3.1. Varying solvent and effect on stability

3.1.1. Water-in-oil microemulsions
The effects of varying the alkane on the phase stability and scat-

tering of water-in-oil microemulsions have been discussed exten-
sively by Robinson et al. [22,23]. As the chain-length of the
alkane solvent is increased (for example, from heptane to dode-
cane), less water can be solubilized in the microemulsions, and
the maximum w value that can be stabilized decreases across the
accessible temperature range. w–T phase diagrams for these three
oils are shown in Fig. 2. SANS measurements of w ¼ 20 microemul-
sions in these solvents support the data in Fig. 2; in heptane and
decane, the microemulsion droplets are similar, and in dodecane,
the microemulsion droplets are large with high dispersity. (SANS
curves and fits to spherical form factors are shown in Supporting
Material, Fig. S1 and Table S1.)

Several explanations have been proposed as the origin of the
differing stability of surfactant-stabilized water–oil films. The
phase behavior can be normalized by a parameter such as either
the critical temperature [23] or the density of the alkane under
increased pressure [43,44]. This suggests that it is the physical
properties of the alkanes under specified conditions that causes
solvent effects. An alternative explanation is that the bending elas-
ticity constant of the AOT layer at the oil–water interface varies in
different alkanes, causing the extent of oil penetration to vary as
well [45]. Regardless of the exact origin of the solvent effects, it
is clear from the literature (demonstrated well in Fig. 2) that there
is a difference in microemulsion stability with varying chain length
of the alkane solvent. This is consistent with AOT being located at
the water–oil interface.



Fig. 2. Phase behavior of water-in-oil microemulsions in heptane, decane, and
dodecane at an AOT concentration of 100 mM. The area under the curve represents
the microemulsion phase; above this curve, there are two phases present. (Data are
reproduced from Robinson et al. [22].) Fig. 3. The transfer efficiency (E) of silica organosols as a function of Vmol for

samples with 2 wt.% 30CAL25 silica and 4 wt.% AOT. Longer-chain alkanes lead to
dispersion instability at lower Vmol than shorter-chain alkanes, demonstrating a
tangible effect of varying solvent on dispersions. The curves are fits to Eq. (2). The
subfigure shows Vi as a function of the longer-chain alkane Vmol. This quantifies the
difference in stability between the different alkane mixtures.
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3.1.2. Surfactant-stabilized silica organosols
In the first report of such surfactant-stabilized silica organosols,

the dispersions were found to be stable in several solvents (cyclo-
hexane, toluene, and heptane) as well as their mixtures [15]. In
longer chain alkanes, the dispersions are found to become unstable
[24]. This latter study, however, was limited by only considering
two binary solvent systems. The solvent pairs were normalized
by the effective molecular volume (Vmol) assuming ideal mixing,
calculated by summing the mol fraction-weighted molecular vol-
umes of the solvents alone. In reality, there is a small excess molar
volume that arises from mixing alkane solvents. The excess molar
volumes for the binary solvents used in this study are negative and
less than 1 cm3 mol�1 [46,47]. The magnitude of this nonideality is
small compared to the magnitude of Vmol (� 100 cm3 mol�1), and
any differences are within the error of data fitting. Therefore, it is
appropriate to use Vmol calculated assuming ideal mixing.

By restricting this study to alkane solvents, which have similar
intermolecular interactions, it is possible to isolate the influence of
the solvent Vmol on the stability of the dispersion. Three long-chain
alkanes have been selected (dodecane, tetradecane, and hexade-
cane) and have been prepared in mixtures with heptane to give
Vmol values spanning that of pure heptane (146 cm3 mol�1) to that
of pure dodecane (228 cm3 mol�1). The transfer efficiency (E), the
fraction of silica remaining dispersed after gentle centrifugation,
is measured for each dispersion. The results of these measure-
ments are shown in Fig. 3. As Vmol of heptane–alkane mixtures can-
not be less than that of heptane, V0 is defined as Vmol of heptane.

To quantify the relationship between dispersion stability and
alkane size, the data in Fig. 3 can be fit to a logistic function, which
is appropriate given the asymptotic limits at extreme values of
Vmol. Eq. (2) has been used to fit the data. The transfer efficiency
(EðVmolÞ) is a function of the limiting transfer efficiency
(limVmol!0EðVmolÞ ¼ E0), the molar volume at the inflection point
(Vi), and the exponent n, which relates to the steepness of the tran-
sition between the two asymptotes. At limVmol!1, the transfer effi-
ciency decreases to 0.

EðVmol � V0Þ ¼
E0

1þ Vmol�V0
Vi�V0

� �n ð2Þ

As can be seen in Fig. 3, the logistic function gives a very good fit
to the data. At Vmol ¼ V0, the fit values of E0 are all similar
(E0 � 0:9). The inflection point of the function in the different
solvent mixtures, however, is very different, and the fit values of
Vi as a function of long-chain alkane Vmol are shown in the inset
of Fig. 3. (The values of the fits are shown in Supporting Material,
Table S2.) The relationship between Vi and the long-chain alkane
Vmol is linear, and this demonstrates a strong correlation between
the two. (The error for Vi in dodecane–heptane mixtures is large
because Vi is greater than Vmol for pure dodecane so cannot be
reached.)

The data in Fig. 3 clearly shows the effect of varying the solvent
type on the stability of the silica dispersions. The different solvent
mixtures are prepared to have the same Vmol, rather than at the
same mol fraction, and therefore, it is even more remarkable that
the longer alkanes destabilize the dispersions at lower Vmol. The
results for the dodecane–heptane mixtures differ from the lit-
erature [24], where complete instability was observed in pure
dodecane. However, the particle sizes used in the two studies are
different (r ¼ 15 nm for 30CAL25 and r ¼ 38 nm for 30CAL50),
which clearly has an effect.

In addition to observing the bulk stability of the organosols,
SANS measurements have been performed on the dispersions to
determine if there are any significant structural differences as a
consequence of varying solvent. The scattering length density (q)
of the solvent was matched to the silica cores to isolate the scatter-
ing from the AOT surfactant. (The value of q for the silica is
3:64� 10�6 Å�2, measured experimentally from the scattering in
different H2O/D2O mixtures, shown in Supporting Material,
Fig. S2. This agrees well with the literature [48].).

SANS data from 30CAL25 organosols in dodecane and heptane
are shown in Fig. 4. The data have been modeled as a linear summa-
tion of contributions from AOT inverse micelles and from AOT on
the silica particle surfaces, which has previously been shown to be
appropriate for these systems [15]. (Only the summed curves are
shown in Fig. 4. The individual curves are shown in Supporting
Material, Fig. S3. The best fit values to the SANS data are also shown
in Supporting Material, Tables S3 and S4.) This model gives a good fit
to the data, although there are some deviations at low-Q and at the
first fringe at mid-Q. This can be ascribed to a combination of parti-
cle inhomogeneities and residual scattering from the particle cores.

The curves in heptane and dodecane are very similar, par-
ticularly at high-Q, corresponding to the AOT inverse micelles.



Fig. 4. SANS of AOT-stabilized silica organosols with 2 wt.% 30CAL25 and 4 wt.%
AOT in heptane and dodecane core-matched solvent. The measured data are well
described by a summation of contributions from AOT inverse micelles and an AOT
shell around the silica particles. There is little difference in the inverse micelles in
the two solvents at high-Q, and there is a small difference in the thickness of the
shell and the contrast (Dq) between the shell and core in the scattering from the
AOT shell at low-Q. (Fit parameters are shown in Supporting Material, Tables S3
and S4.)
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At low-Q, the profiles of the curves are similar but the intensities
differ slightly. This is due predominantly to a difference in the fit
values of Dq between core and shell (Dq in heptane = 2:6� 10�6 Å�2

and Dq in dodecane = 1:9� 10�6 Å�2), which indicates that there is
more surfactant on the surfaces of the organosols in heptane. Addi-
tionally, there is a slight difference in the thickness of the shell (t in
heptane = 28 Å and t in dodecane = 30 Å), although the difference
in Dq is the more significant parameter. SANS measurements have
also been performed for silica organosols dispersed in binary alka-
ne solvents (hexadecane–heptane and dodecane–heptane) at sol-
vent Vmol = 171 and 182 cm3 mol�1 where the organosols are still
highly stable (Fig. 3). These data are shown in Supporting Material
(SANS curves in Fig. S4 and model fits in Tables S3 and S4). The pro-
files and intensity of these curves are very similar regardless of the
solvent mixture, but the trends in the model fits are similar to
those in pure heptane and dodecane. Organosols in hexadecane–
heptane mixtures, which include a higher proportion of heptane
at a specified Vmol, have thinner and more concentrated AOT layers
(t � 24 Å and Dq � 2:3� 10�6 Å�2, average of both compositions)
than in dodecane–heptane mixtures, which include a lower pro-
portion of heptane (t � 34 Å and Dq � 1:6� 10�6 Å�2, average of
both compositions). Also, in order to ensure that differences in
the AOT inverse micelles themselves were not responsible for this
difference in stability, SANS measurements of AOT in mixtures of
heptane-d16 with hexadecane, tetradecane, and dodecane were
performed. These data are shown in Supporting Material (SANS
curves in Fig. S5 and model fits in Table S5). No differences in
the structure of the AOT inverse micelles is observed.

The fact that varying the solvent has an effect on the stability of
the silica dispersions and the thickness and density of the AOT lay-
er suggests that the AOT is located at the silica-oil interface. This is
also the case for microemulsions, although the origin of the sol-
vent-induced instability for silica dispersions may be different to
microemulsions, given that curves cannot be normalized by using
a parameter such as the solvent Vmol.
3.1.3. Sterically-stabilized PMMA latexes
Two properties of the PMMA latexes will be considered: sta-

bility and electrophoretic mobility in different alkane solvents.
The latexes are studied both with and without added AOT. The
specific particles in this study are stabilized by a poly(12-hydrox-
ystearic acid) PHSA brush copolymer [21], and AOT has been fre-
quently used as a charge control agent for such particles
[16,27,28,49].

The stability of the latexes in alkane solvents has been observed
for 24 h, and images at the start and finish are shown in Fig. 5. The
dispersions have been prepared in both pure solvent (Fig. 5a and c)
and with 100 mM AOT added (Fig. 5b and d). The identity of the
solvent does not appear to considerably change the stability of
the dispersions. Some sedimentation is observed in the solvents,
particularly octane, but this is due to a density mismatch between
PMMA and solvent, not a solvent-induced instability. The average
density of PMMA latexes is 1.09 g cm�3 [50], and the densities of
the alkanes are 0.70 g cm�3 for octane, 0.75 g cm�3 for dodecane,
and 0.77 g cm�3 for hexadecane [51]. Solvent-induced instability
would lead to sedimentation of nearly all the particles, as was
the case for the silica organosols (Fig. 3). This appears to be a func-
tion of the stabilizer polymer that is used. The latexes in this study
are stabilized by PHSA and are stable from octane to hexadecane,
but latexes stabilized by poly(dimethylsiloxane) are only stable
up to dodecane and not in hexadecane [52].

In addition to the stability of the particles, the electrophoretic
mobility of latexes with AOT added has been measured. The elec-
trophoretic mobility (l) is the constant of proportionality between

the velocity (~v) of a charged particle and the electric field (~E),
shown in Eq. (3) [53].

~v ¼ l~E ð3Þ

The electrophoretic mobility of a charged particle in a solvent
depends on the properties of the fluid, specifically the viscosity
(g) and the relative permittivity of the medium (�r). The permit-
tivity is conveniently accounted for by considering the Bjerrum
length (kB) of the solvent, shown in Eq. (4), the length where the
Coulombic attraction is equal to the thermal energy (kBT) [54]. It
depends on the elementary charge (e), the vacuum permittivity
(�0), and �r .

kB ¼
e2

4p�0�rkBT
ð4Þ

Equivalently charged particles will move more slowly in a higher
viscosity fluid and more rapidly in a lower permittivity fluid. To
normalize for this, a scale for the electrophoretic mobility (l0)
can be defined, shown in Eq. (5), equal to the mobility of a sphere
of charge e with a radius equal to kB in a solution with viscosity g
[55].

l0 ¼
e

6pgkB
ð5Þ

Both the experimental mobilities (l) and the reduced mobilities
(l=l0) for PMMA latexes in 100 mM AOT solutions are shown in
Table 1. The values of l vary over an order of magnitude between
octane and hexadecane, but this is a consequence of the increase in
viscosity (g ¼ 0:51 mPa s for octane, g ¼ 3:0 mPa s for hexadecane
[56]). The consequence of this can clearly seen by comparing the
values of l=l0 for octane, dodecane, and hexadecane, which are
equal within the error.

The fact that PMMA latexes are stable and equivalently charged
in the presence of AOT in different alkanes indicates that the AOT
does not seem to be important in determining the stability and
properties of the latexes. The identity of the stabilizer polymer
seems to have more of an influence, as, for example, PHSA-stabi-
lized latexes are stable in hexadecane [28,57–60] whereas PDMS-
stabilized latexes are not [52].



(a) PMMA latex (b) PMMA latex with AOT,  initial

(c) PMMA  latex, after 24 hr (d) PMMA latex with AOT, after 24 hr

Fig. 5. Photographs of PMMA latexes in three alkanes of different chain lengths (octane, dodecane, and hexadecane) both with and without added AOT to monitor
sedimentation over 24 h. The small amount of sedimentation is due to the density mismatch between PMMA latexes and the alkanes, rather than solvent-induced
destabilization. The addition of surfactant does not cause any visible change.

Table 1
Electrophoretic mobilities of PMMA latexes in alkanes with [AOT] = 100 mM.

Solvent l/(10�9 m2 V�1 s�1) l=l0

Octane �2:0� 0:3 �3:8� 0:6
Dodecane �0:8� 0:1 �3:9� 0:6
Hexadecane �0:38� 0:07 �4:1� 0:8
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3.2. Structure of AOT layers by SANS

The structures of the AOT layers in these three colloidal systems
have also been studied using SANS by considering two contrasts.
Scattering from colloid cores is highlighted by performing mea-
surements on stable colloids. For water-in-oil microemulsions,
D2O is added with AOT in unlabeled heptane. For silica colloids,
dispersions are prepared in H2O where the particles are stable.
For PMMA latexes, dispersions are prepared in unlabeled dode-
cane. Scattering from AOT is highlighted by matching the alkane
solvent to the core and using appropriately labeled AOT.

Some SANS results have been presented earlier in this paper
(Fig. 4 and in Supporting Material). In this section, scattering mea-
surements will be generalized and used to study the differences
and similarities of the structures in the systems, rather than mod-
eling the data. The particles are of a different size and composition,
so the Q-range that the particles scatter over as well as the inten-
sity of scattering will be different for each. This makes normaliza-
tion necessary; natural scales can be developed to normalize the
scattering curves for systems on different scales.

The scattered intensity per unit volume is given in Eq. (6) [61]. It
is a function of the volume fraction (/), the volume of the particle
(Vp), the contrast between particle and solvent (Dq), and the form
factor PðQÞ, which depends on the particle geometry. No structure
factor (SðQÞ) is required to fit the data due to low interparticle
interactions in low dielectric solvents, and so it can be excluded.

IðQÞ ¼ /VpDq2PðQÞSðQÞ ð6Þ

To normalize the intensity (IðQÞ axis), the Guinier approximation,
shown in Eq. (7) [61], is used to determine the SANS intensity at Q ¼ 0
(referred to as IðQ ¼ 0Þ). The Guinier approximation also gives the
radius of gyration (Rg) of the scattering particles. IðQ ¼ 0Þ and Rg

can be obtained from a plot of ln IðQÞ as a function of Q2.

ln IðQÞ ¼ � ln IðQ ¼ 0Þ �
QRg

� �2

3
ð7Þ

Using this value of IðQ ¼ 0Þ, all SANS curves were normalized to
give an intensity independent scattering curve. This effectively
reduces the scattering curves to the form factor (PðQÞ) without
any a priori information about the composition of the particles.

To normalize the Q axis, the difference in particle size needs to

be accounted for. ~Q is the scattering or momentum transfer vector
defined as the difference between the incident and scattered wave

vectors (~Q ¼ ~ks � ~ki). The magnitude of ~Q is defined in Eq. (1), and
by using the Bragg law, the expression shown in Eq. (8) can also be
used to define the magnitude of Q [61]. This relates the magnitude
of Q to the lengthscale being measured (d).

Q ¼ 2p
d

ð8Þ

This provides a simple way to normalize the Q-axis for particles
of different sizes. By rearranging Eq. (8) and substituting the parti-
cle radius for the lengthscale (2r ¼ d), a size independent



Table 2
Core radii r for particles from SANS data.

Particle system r/Å r

D2O-in-heptane microemulsions, w ¼ 30a 46 0.22
CAL25 dispersions in H2O 147 0.14
PMMA latexes in dodecaneb 335 0.20

Published particle sizes: a Nave et al. [36] and b Smith et al. [16].
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scattering curve can be obtained by plotting Qr=p as the x-axis. The
values of r have either been fit in this study or are taken from
the literature and are shown in Table 2, along with the values of
the Schulz dispersity (r) [62].
Fig. 6. Normalized SANS of colloid cores (D2O-in-heptane microemulsions,
30CAL25 dispersions in H2O, and PMMA latexes in dodecane). By normalizing the
SANS data, the curves fall onto a single curve. This confirms that normalizing by
IðQ ¼ 0Þ and r is valid.

Fig. 7. Normalized SANS of nonaqueous colloids with AOT highlighted (D2O-in-
heptane-d16 microemulsions, AOT-stabilized 30CAL25 organosols in silica contrast
3.2.1. Particle core scattering
SANS measurements of colloid cores will be discussed first to

confirm the applicability of the normalization procedure discussed
in the previous section. Core contrast for SANS consists of D2O-in-
heptane microemulsions, 30CAL25 dispersions in H2O, and PMMA
latexes in dodecane. (The SANS data for PMMA latexes were previ-
ously published [16].) The normalized scattering curves are shown
in Fig. 6.

The normalized scattering intensity (IðQÞ=IðQ ¼ 0Þ) approaches
1 at low-Q, although the difference in particle sizes means that the
larger colloids (silica particles and PMMA latexes) do not reach a
sufficiently low-Q to reach an asymptote. Guinier-type plots of
the normalized SANS data (Supporting Material, Fig. S6 and
Table S6) are essentially equivalent, and as expected, the values
of IðQÞ=IðQ ¼ 0Þ � 1. The normalized Q-axis (ðQrÞ=p) dependence
of the scattering also agrees for the three colloids. The 30CAL25
particles deviate slightly from the other two colloids, and this is
likely due to hydration leading to poorly defined particle interfaces
for silica in water. The curves are plotted on a semi-log axis to
emphasize the similarities at low-Q, but all the curves show the
expected scattering from spheres in the high-Q Porod region.
Log–log plots of this normalized SANS data are shown in Support-
ing Material, Fig. S7.

From the data in Fig. 6 and Guinier-type plots of the normalized
SANS data, it is clear that the normalization procedure is appropri-
ate for reducing the scattering curves to a single master curve. This
shows that the cores of the colloids on normalized axes can be con-
sidered to be equivalent.
matched heptane, and AOT-d34 with PMMA latexes in PMMA contrast matched
dodecane). The curves do not fall onto a single curve, indicating that the structure of
the AOT layer is not equivalent.
3.2.2. AOT scattering

Having established that the normalization approach is appro-
priate for small-angle scattering data, the same procedure is per-
formed for SANS measurements where the AOT component is
highlighted. AOT contrast consists of D2O-in-heptane-d16

microemulsions, AOT-stabilized 30CAL25 organosols in silica con-
trast matched heptane, and AOT-d34 with PMMA latexes in PMMA
contrast matched dodecane. (The data from the D2O-in-heptane-
d16 microemulsions [36] and the AOT-d34 with PMMA latexes
[16] were previously published.) The same r (Table 2) as for the
core SANS normalization is used for the Q-axis normalization. If
the AOT is adsorbed, the curves should shift to lower-Q (larger
size), whereas if the AOT is absorbed, then the curve should be
the same as for the cores alone.

Fig. 7 shows the normalized SANS curves for AOT-highlighted
samples. It is clear that the curves are no longer equivalent, as
was the case for the core scattering in Fig. 6. This provides strong
evidence that the added AOT surfactant has a different distribution
in the three systems.

It is worth noting several further points about the SANS curves.
The curves are plotted on a semi-log axis to emphasize the simila-
rities at low-Q, but core–shell form factors show pronounced peaks
at high-Q arising from the layer thickness. These peaks are not visi-
ble on a semi-log plot, but the peaks are visible on log–log plots,
which are shown in Supporting Material, Fig. S8. Also, there does
not seem to be any effect of solvent on the AOT-highlighted nor-
malized scattering, as the 30CAL25 organosols in heptane and
dodecane give the same scattering curves. This is shown in Sup-
porting Material, Fig. S9. Finally, for both AOT-stabilized 30CAL25
organosols and AOT-d34 with PMMA latexes, there are free AOT
inverse micelles in solution. The scattering from free AOT has been
subtracted from these scattering curves, in accordance with lit-
erature [15,16,49].

To truly assess how the colloid cores and the added AOT differ
structurally, it is worthwhile comparing the two normalized SANS
curves for each system. This comparison is shown in Fig. 8. The dif-
ferences between the three systems are immediately apparent. The
core and AOT-highlighted scattering from the microemulsions
(Fig. 8a) and silica organosols (Fig. 8b) are very different, with
the AOT-highlighted scattering shifting to lower-Q. This indicates
that the whole scattering center is larger than the radius of the



(a) D 2 O-in-heptane microemulsions

(b) 30CAL25 organosols

(c) PMMA  latexes

Fig. 8. Normalized SANS of core vs. AOT-highlighted scattering for systems of
nonaqueous colloids. The two curves for D2O-in-heptane microemulsions and for
30CAL25 organosols are different, whereas the two curves for the PMMA latexes are
essentially identical.
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particle. The difference in the amount that the scattering is shifted
is due to the ratio of the shell thicknesses to the core radii. The
curves from the core and AOT-highlighted scattering for the PMMA
latexes in dodecane (Fig. 8c), however, are essentially identical.
This indicates that for this system the structure of the PMMA cores
and the space that the AOT fills are the same.

3.3. Adsorption or absorption?

In the previous sections, two studies of model nonaqueous col-
loids have been considered: the effects of solvent variation and the
distribution of the surfactant AOT as measured by SANS. These
have helped provide insight into the colloids and the way that
AOT, as a typical example surfactant, interacts with different sys-
tems. Referring back to Fig. 1, this interaction of the surfactant with
the colloids can be considered as two extremes, adsorption or
absorption. It appears that the exact interaction of AOT with non-
aqueous colloids depends on the specific system under study.

As expected, AOT in water-in-oil microemulsions and surfac-
tant-stabilized silica organosols adsorbs at the particle surfaces.
Varying solvent has a profound effect on the stability of the col-
loids, due to the AOT molecules being located at the colloid sur-
faces where changes in adsorbate–solvent interactions lead to
destabilization in longer-chain alkanes. Normalized SANS mea-
surements also show marked differences between scattering com-
paring the particle cores and added AOT. These analyses are
consistent with AOT shells coating the polar cores.

On the other hand, AOT absorbs into the PHSA-stabilized PMMA
latex cores. There is no effect of varying solvent on either the sta-
bility of the colloids or their electrophoretic mobility. The latexes
are equally stable with and without added AOT, demonstrating
that it is the brush copolymer mediating the colloid-solvent inter-
actions. Normalized SANS measurements show no difference
between scattering from the particle cores and from the added
AOT, demonstrating that the contrasted species in both fills the
same volume. This was proposed recently in a detailed contrast-
variation SANS study of this system [16], but more certainty has
been obtained by considering the PMMA latexes in context with
other model nonaqueous colloids.

The systems are not entirely this simple, as AOT is also present
as monomers in both organic solvents and water, in addition to
forming interfacial layers, inverse micelles, and absorbed surfac-
tants. Strictly some AOT must be dissolved (alternatively ‘‘ab-
sorbed’’) into the water cores of microemulsions, but it will only
be present at the level of the critical micelle concentration in water
(2.56 mM [63]). Likewise, some AOT is dissolved into the organic
solvent at the level of the critical micelle concentration in oil
(0.12 mM in cyclohexane, for example [64]). These concentrations
are much less than the concentrations of AOT used (� 100 mM), so
the majority of AOT is present either at interfaces or as inverse
micelles.

Why does AOT adsorb onto some colloids and absorb into
others? Clearly, the details of the system are important. For silica
organosols, it is obvious that AOT can only adsorb; these are solid
nanoparticles, unlikely to be penetrated by organic species. For
microemulsions and PMMA latexes, it is worthwhile considering
the colloid interiors as a ‘‘solvent.’’ The cores of sterically-stabilized
PMMA latexes can be penetrated by small molecules [65–67], which
shows that it is reasonable to consider the cores as a ‘‘solvent.’’ The
Hildebrand solubility parameter (d, the cohesive density) can be
used as an index to determine the solubility of a species; similar
cohesive densities have a higher affinity to dissolution. The value
of d for AOT is 25.0 MPa1/2, for PMMA is 19.0 MPa1/2, and for water
is 47.9 MPa1/2 [68]. While AOT is soluble and acts as a surfactant
in water [63], given these values of d, it is more likely in nonpolar
solvents that AOT would be ‘‘dissolved’’ in PMMA than in water.
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4. Conclusions

Colloids in nonpolar solvents are used extensively in industry
[1–12], and in addition to their many applications, they provide
excellent model systems, in some cases even behaving effectively
as hard spheres [18]. Although their physical interactions are sim-
ple, their chemical compositions can be complex, requiring the
addition of surfactant molecules to either stabilize the polar cores
or to impart charge. Three ternary systems of nonaqueous colloids
have been considered in this study, consisting of a polar core, a
nonpolar solvent, and added surfactant. The nature of the added
surfactant is of primary importance to the stability and activity
of the colloids, and the distribution of this component has been
studied. As an amphiphilic molecule, the surfactant AOT can be dis-
tributed either in water [63] or oil [36]. The distribution of AOT in
these ternary systems can be considered as two limiting cases:
adsorption, where it is located preferentially at the interface,
or absorption, where it is located throughout the colloids.
Whether adsorption or absorption occurs depends on the chemical
nature of the colloid cores. Water and silica do not allow extensive
penetration of AOT; therefore, adsorption dominates for water-in-
oil microemulsions and surfactant-stabilized silica organosols.
PMMA latexes are sufficiently porous [65–67] to allow penetration
of AOT; therefore, absorption can occur for PMMA latexes. It is not
sufficient to assume that surfactants behave as their name implies
and act as only as ‘‘surface-active agents’’ [69] at colloidal surfaces.
By considering ternary systems, there can be multiple interfaces,
both on the interior and exterior of the colloids. The experiments
presented here act as a template for future studies on the struc-
tures present in colloidal systems as a function of both surfactant
and colloid type.
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