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A systematic study of the physico-chemical properties of a series of new catanionic surfactants with ionic
liquid properties is reported. Importantly, by avoiding environmentally unfriendly halide and imidazoli-
um based moieties highly tunable surfactant ionic liquids have been prepared.
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1. Introduction

For some time, ionic liquids (ILs) have been attracting much
interest as a class of environmentally friendly solvents, which,
due to different microenvironments and solvent properties com-
pared to molecular solvents, have been shown to have dramatic ef-
fects on the rates and selectivity of certain organic reactions [1].
Their green credentials arise from low vapor pressures and their
potential for recyclability.

However, even though there are 109 possible anion cation com-
binations that lead to IL formation [2], virtually all studies have fo-
cussed on imidazolium based moieties with halide counterions.
This has significant practical implications such as relative expense,
unknown toxicity, environmentally hazardous starting materials,
incompatibility with active metals and strong bases due to the
acidity of the C-2 proton of the imidazolium [3], and issues with
purification [4]. This was recently addressed by considering a
new class of surfactant so-called ionic liquid (SAILs) based on qua-
ternary ammonium as cations with common surfactant anions
such as dodecylsulfate (DS) and bis(2-ethyl-1-hexyl) sulfosucci-
nate (AOT) [5] and a trichain (TC) analog (Fig. 1). These compounds
are easily made from cheap environmentally benign and commer-
cially available starting materials by simple ion exchange
processes.

It has been shown [5,6] that the ionic liquid nature confers no
special properties in terms of surfactant properties or aggregation
behavior of SAILs, behaving just like regular surfactants. However,
SAILs do offer advantages over conventional (microheterogeneous)
ll rights reserved.
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ionic liquids. An investigation into imidazolium based SAILS
showed structuring of pure ionic liquids, aggregation in dilute
aqueous solution, and the possibility of switching between these
two states might have potential applications in electrochemistry,
battery design and catalytic reaction control [7].

Catanionic surfactants are made up of stoichiometric amounts
of cationic and anionic surfactants, where the inorganic counte-
rions have been removed, leaving two amphiphilic ions oppo-
sitely charged [8]. This modification of electrostatics leads to
physico-chemical properties and aqueous aggregation distinct
from cationic/anionic surfactant mixtures [9]. Catanionics behave
as swelling double chained amphiphiles [10], which, with highly
asymmetric chain lengths, also exhibit unusual phase behavior
as a function of temperature and concentration due to solubility
mismatches between the two amphiphilic ions [8]. This paper
makes use of the surfactant anions mentioned previously but
now, importantly, reduces the order of symmetry of the tetraal-
kylammonium (TAA) cations (Fig. 1) to produce catanionic SAILs,
with very low melting points (only one such SAIL has ever been
reported in the literature and only surfactant properties were
mentioned with no investigation into the ionic liquid properties
[11]).

The catanionics studied here include a range of structures and
symmetry, leading to interesting aqueous phase behavior and
inducing a transition from solid surfactants to ionic liquids.

The cause of this transition is also responsible for water solubil-
ity and therefore the compounds presented here demonstrate that
solvent solubility may be readily tuned by careful selection of cat-
ion and anion. Solubility is important; for example, water insoluble
ILs allow for new work up methods, including the separation of
water soluble by-products by simple extractions [12].
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Fig. 1. Anion and cation combinations used in this study.
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In accordance with Traube’s rule [13] surfactant hydrophobicity
increases with the number of carbon atoms in the hydrophobic
chain for a homologous series of straight-chain surfactants.

However, not all carbons are thermodynamically equal, and
straight alkyl-chain surfactants are more efficient than branched
alkyl-chain surfactants containing the same number of carbon
atoms [13]. The long chain TAA cations used in this work have
advantages over the differently substituted analogs studied previ-
ously [5], allowing for greater surfactant efficiency for the equiva-
lent methylene bulk, and also due to a smaller step-wise chain
evolution, there is an increased sensitivity towards tuning physico-
chemical properties. Another important advantage of the com-
pounds reported here is the simple and straightforward synthetic
routes. Now the gain or loss of a single methylene group can lead
to ionic liquid formation or aqueous solubility.
2. Experimental

2.1. Surfactant synthesis

Sodium dodecylsulfate was purchased from Sigma–Aldrich and
purified by recrystallization using methanol as solvent. Sodium
bis(2-ethylhexyl) sulfosuccinate (Aerosol-OT or AOT) was pur-
chased from Sigma-Aldrich and purified by Soxhlet extraction
using dry acetone as the solvent followed by dissolving in the min-
imum amount of dry acetone and subjecting to repeat centrifuga-
tion [5]. Tetraalkylammonium bromide and D2O were used as
purchased (Sigma–Aldrich) without further purification.

Na-TC was synthesized following a method previously re-
ported,[14] whereby transaconitic acid (5 g, 28.75 mmol) and hex-
anol (3.2 eq., 9.39 g, 92 mmol) were dissolved in toluene (100 ml)
and p-toluene sulfonic acid (0.99 g, 5.75 mmol) added. The reaction
mixture was heated to 110 �C for 15 h and the water generated re-
moved via a Dean and Stark apparatus. The reaction mixture was
washed repeatedly with saturated NaHCO3 (aq) solution, the or-
ganic phase dried over MgSO4 and solvent removed to give an
off-white oil. Purification was achieved via flash column chroma-
tography over SiO2 using 10% Et2O/petroleum ether. The resulting
triester (9.57 g, 22.4 mmol), was dissolved in ethanol (100 ml) and
water added up to saturation. Na2S2O5 (2.2 eq., 9.37 g, 49.3 mmol),
Na2SO3 (1.8 eq., 5 g, 40.3 mmol) was then added and the mixture
was allowed to heat under reflux for 6 h. Solvent was completely
removed to give white solid product which underwent crude puri-
fication via sohxlet extraction using dry distilled AcOEt. Further
purification was achieved by dissolving in the minimum amount
of dry MeOH and centrifuging at 6000 rpm for 30 min. The super-
natant solution was decanted from residual salts and solvent re-
moved to yield white solid.
SDS, AOT and Na-TC were then converted into the surfactants
bearing different counterions by an ion-exchange technique [5]
using strong ion exchange resin (Amberlite IR 120 H+ form) as fol-
lows: surfactant (sodium salt, 80 mmol) dissolved in 30 ml EtOH/
H2O (1:1 v/v) and passed through a column (30 cm � 1 cm2) of
the ion exchange resin. First of all the column was rinsed with pure
water. The free sulfonic acid formed on passing the sodium salt
through the resin was then immediately neutralized with an aque-
ous solution of tetraalkylammonium hydroxide of the desired
counterion. These tetraalkylammonium hydroxide solutions were
produced by passing tetraalkylammonium bromide through a
hydroxide exchange resin (Dowex Monosphere 550A), the same
way as for the sodium salts. The solvent was then removed by
evaporation and drying in vacuo for 36 h. The synthesized surfac-
tants were characterized by elemental analysis all being consistent
with experimental chemical structures.
2.1.1. Melting points
The melting points and thermal behavior of the ILs were mea-

sured using a TA instruments DSC Q200 (differential scanning cal-
orimetry) as well as by visual inspection using a Nikkon Nikon
Optiphot-2 optical microscope combined with a Linkam TH600
controller comprising a THS 91 heating and LNP 1 cooling stage.
For DSC the heating and cooling ramp for each sample was
10 �C min�1 and cyclic profiles were repeated three times.
2.2. Small-angle neutron scattering (SANS)

Scattering was measured on the D22 diffractometer at ILL, Gre-
noble, France. D22 is a reactor-based diffractometer, and a neutron
wavelength of k = 10 Å was employed at two different detector dis-
tances giving 0.0024 < Q < 0.37 Å�1. Appropriate normalization
using site-specific procedures gave the absolute cross section I(Q)
(cm�1) as a function of momentum transfer Q (Å�1). Measurements
of the dilute aqueous systems were carried out in D2O (scattering
length density q = 6.33 � 1010 cm�2) to provide the necessary con-
trast, and were placed in Hellma fused silica cuvettes with a path
length of 2 mm. Raw SANS data were normalized by subtracting
the scattering of the empty cell and a solvent background, using
appropriate transmission measurements. Any low level of residual
incoherent scattering was accounted for by a flat background term
during the fitting process. Details on data analysis, and scattering
laws employed in the model fitting, are presented in Supporting
information. Data were analyzed in absolute units, with the scale
factors being consistent with expectations based on the sample
compositions, and the models employed can be found in Support-
ing information.
2.2.1. Solubility studies
Solubility was investigated at 25 �C using visual examination by

mixing 0.25 wt% of compound in the appropriate purified solvent.
Heptane (Sigma Aldrich, <99%) and was purified according to liter-
ature. Water was ultrapure (Elga, resistivity = 18 MX cm) and eth-
anol (Sigma Aldrich >99.5%) was used without further purification.
Samples were prepared by vortex mixing for 15 min and then plac-
ing in an ultrasonic bath (Ultrawave U300, Cardiff, UK) for 20 min.
3. Results and discussion

3.1. Melting points

Ionic liquids are typically regarded as salts that are liquid below
100 �C. The AOT and TC based compounds investigated here exhi-
bit a transition from surfactant to surfactant ionic liquid on



Fig. 2. Melting points of the surfactants as a function of cation chain length. Fig. 3. SANS profiles for compounds listed in Fig. 1 at 1 wt% in D2O at 25 �C. Lines
through data points are fits using a model for charged ellipsoid micelles, disks or
multi-lamellae. Data from D22.
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increasing alkyl chain length, whereas for the single chain DS based
compound no ionic liquid is observed.

For the linear chain sodium analogs DS is able to pack efficiently
and therefore has a higher melting point than the branched di- and
tri-chain analogs where crystal packing is disrupted. On introduc-
ing a large organic counterion (C4) the melting point drops signif-
icantly, again in agreement with packing arguments. However, any
further increase in hydrophobic bulk actually slightly increases the
melting point, as alignment of tail groups in the catanionic surfac-
tants is possible (Fig. 2, Table 1), and enhancing liquid crystal
phase formation (Fig. 3). Although the melting point increases for
C8DS, this only occurs after the progression through many poly-
morphs and liquid crystalline phases, due to an increase in the
molecular motion of the tail groups.

This is not the case for di- and tri-chain surfactants, where pack-
ing might be less efficient and no overlap of the cation and anion
tails is possible. Here, melting points drop dramatically (melting
points below �80 �C were not measured) and also liquid crystal
phase formation in aqueous solution is inhibited meaning that
the low temperature ILs may no longer be classed as SAILs. How-
ever, such compounds are still very interesting as very low temper-
ature ionic liquids have potential for replacing current thermal
battery and supercapacity technology (<�60 �C) [15] and even
application for producing liquid mirror telescopes based on Earth’s
moon (��130 K) [16]. It is also of interest that tetraalkylammo-
nium based ionic liquids have already proved themselves as poten-
tial electrochemical solvents [7].
Table 1
Melting points and solubility results for all compounds. Solubility investigated at 0.25 wt%

Anion Cation m.w. (g mol�1) Melting point (�C)

DS Na 288.37 206
DS C4 381.46 145
DS C6 409.48 148
DS C8 437.50 154
DS C10 465.52 209
AOT Na 444.56 155
AOT C4 537.35 116
AOT C6 565.37 105
AOT C8 593.39 18
AOT C10 621.41 1
TC Na 507.30 109
TC C4 623.38 67
TC C6 651.40 <�80
TC C8 679.42 <�80
TC C10 707.44 <�80
3.2. Solubility studies

In traditional inorganic salts aqueous solubility is dictated by
lattice energy and ion solvation. However, for ILs hydrophobicity
largely accounts for any differences in water solubility. For all com-
pounds studied here (at 0.25 wt%) larger cations with more hydro-
phobic bulk lead to water insoluble ILs that are soluble in an alkane
(Table 1). This becomes obvious when looking at small-angle neu-
tron scattering and the mesophase structure of these compounds.
3.3. Small-angle neutron scattering

SANS data were collected as a function of concentration for all
the water soluble surfactants. The single chain NaDS has been well
studied in the literature and has a scattering profile consistent with
charged ellipsoidal micelles, and a P(Q) with principal axis R1 and
aspect ratio X (R3 = R1 � X) multiplied by an electrostatic interparti-
cle structure factor S(Q) at 0.5 wt% the fitted dimensions are
R1 = 18 Å, commensurate with the NaDS tail length, and X = 1.2
(Fig. 3 and Table 2). Increasing the concentration to 1 wt% and then
2 wt% has little effect on size and shape, increasing the aspect ratio
slightly (X = 1.4). On moving to C4DS the micellar dimensions are
affected. R1 increases slightly to 21 Å and the ellipticity increases
significantly with increasing concentration. Still for the single
chain surfactant, increasing the counterion to C4 and C6 logarith-
mic Q�2 scattering can be seen, indicating sheet-like structures.
.

Solubility H2O Solubility EtOH Solubility hexane

Y N N
Y Y N
Y Y N
Y Y N
N Y N
Y Y N
Y Y N
Y Y N
N Y Y
N Y Y
Y Y N
Y Y N
Y Y N
N Y Y
N Y Y



Table 2
Parameters fitted to SANS data from all systems in water at 25 �C.

Compound Conc. wt% Shape R1 X R3 D L N

NaDS 0.5 Ellipsoid 18 1.2 22 – – –
NaDS 1.0 Ellipsoid 17 1.4 24 – – –
NaDS 2.0 Ellipsoid 17 1.4 24 – – –
C4DS 0.5 Ellipsoid 21 1.8 38 – – –
C4DS 1.0 Ellipsoid 21 2.2 46 – – –
C4DS 2.0 Ellipsoid 21 4.2 88 – – –
C6DS 0.5 Lamellar sheets – – – – –
C6DS 1.0 Lamellar sheets – – – 29 – 1.0
C6DS 2.0 Lamellar sheets – – – 27 – 1.0
C8DS 0.5 Multi-lamellar sheets – – – 28 580 1.6
C8DS 1.0 Multi-lamellar sheets – – – 28 465 1.8
C8DS 2.0 Multi-lamellar sheets – – – 28 350 3.3
NaAOT 0.5 Ellipsoid 13 1.6 21 – – –
NaAOT 1.0 Ellipsoid 12 2.1 25 – – –
NaAOT 2.0 – – – – – – –
C4AOT 0.5 – – – – – – –
C4AOT 1.0 Polydisperse P(Q)a – – – – – –
C4AOT 2.0 – – – – – – –
C6AOT 0.5 Lamellar sheets – – – 26 – 1
C6AOT 1.0 Lamellar sheets – – – 22 – 2
C6AOT 2.0 Multi-lamellar sheets – – – 248b

NaTC 0.5 Multi-lamellar sheets – – – – – –
NaTC 1.0 Multi-lamellar sheets – – – 14 307b 2.9
NaTC 2.0 Multi-lamellar sheets – – – – – –
C4TC 0.5 Multi-lamellar sheets – – – 26 570 1.3
C4TC 1.0 Multi-lamellar sheets – – – 25 615 1.3
C4TC 2.0 Multi-lamellar sheets – – – 24 0 1.0
C6TC 0.5 Lamellar sheets – – – 25 – 1.0
C6TC 1.0 Lamellar sheets – – – 26 – 1.0
C6TC 2.0 Multi-lamellar sheets – – – 23 440 3.0

a Model-independent function.
b Bragg peak assigned using 2p/Q. Parameters include the principal axis, R1; aspect ratio, X (X = R1 � X); bilayer distance, D; interlamella distance, L; and the number of

lamellar sheets, N.

188 P. Brown et al. / Journal of Colloid and Interface Science 395 (2013) 185–189
C6DS at all concentrations was fitted to a unilamellar sheet (which
might also be considered analogous to an infinite disk). Here, the
bilayer distance, D, is around 29 Å, suggesting interdigitation of
surfactant tail groups. C8DS profiles were fitted to multi-lamellar
sheets with a bilayer thickness the same as for C6 (suggesting
packing expected of catanionic surfactants) but now with increas-
ing concentration decreasing interlamellar distances (L) and
increasing the number of lamellar sheets (N) present.

Moving to the twin-tailed AOT-based compounds similar
behavior is seen. At low concentrations (0.5 wt%) Na-AOT forms
charged micelles (R1 = 13 Å, X = 1.6) which elongate with concen-
tration until mixed systems are observed (L1 + La). On exchanging
the counterion from sodium to C4 and finally C6 (a truly catanionic
surfactant) the same transition from unilamella sheets to multi-
lamellar stacks is seen.

Finally, the tri-chain, analogs all exhibit Q�2 regimes of scatter-
ing consistent with disk/lamellar like structures with undulations
at lower Q regions, dependant on concentration, suggesting long
range ordering. For NaTC at 1 wt% the scattering exhibits stacked
lamella phase fragments of repeat distances �310 Å (=2p/Q)
increasing to 615 Å for C4TC. The trichain forms lamellar phases
even at low concentrations to increase packing efficiency.

It is well known that counterion radius impacts shape and size
of aggregates. In comparison to the recently reported symmetrical
tetraalkylammonium counterions [5], these long chain counterions
appear to exhibit more of an effect at forcing higher order meso-
phase structures. This should not be surprising as for catanionic
surfactants (or ion-pair amphiphiles) the anion and cation effec-
tively act as counterions to each other. Here both counterions are
surface active but importantly have strong attractive non-covalent
interactions between the charged headgroups, causing aggregation
different to that commonly observed for conventional surfactants
with small inorganic counterions.
4. Conclusions

This paper introduces a matrix of new compounds, which span
normal surfactants through surfactant ionic liquids to conventional
ionic liquids. These new surfactants can be prepared via a simple
route, allowing for generation of an array of homologous com-
pounds with systematic structural variations. Previously, the po-
tential structural diversity of ionic liquids has been suggested
and this work demonstrates fine control over physicochemical
properties that may be achieved with cation–anion pairs [17]. In
part, this is owing to the fact that most ionic liquids have been
based upon simple inorganic anions, which offer little scope for
controlled structural evolution. Attempts to address this have re-
sulted in the use of sulfonate based anions [5,7,18], which, fortu-
itously, are also likely to be non-toxic and biodegradable [19].
Conversely, most cations are based on N,N0-dialkylimidazolium
ions [20], which are themselves easily tunable, but the studies rely
mainly on only a few common analogs. Reports of imidazolium-
free ionic liquids have fixed on symmetrical tetraalkylammonium
cations [5,21], which are tunable but in a rather cumbersome way.

Surprisingly, though the building blocks for highly tunable ionic
liquids have been reported in the literature their systematic study
has been overlooked. This work uses a combination of cations and
anions which are both based upon organic surfactant moieties,
showing that even the most subtle of changes in their molecular
design leads to fine control of properties such as melting point
and solubility as well as their self-aggregation in aqueous solution.

The self-aggregation of these compounds is particularly inter-
esting and important as true catanionic surfactants (where a stoi-
chiometric amount of ionic surfactants are present with the
inorganic salts removed) are quite rare [22] and their aggregation
behavior is inconsistent with conventional surfactants. The SANS
data reported in this paper demonstrates how small changes in
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molecular design lead not only to large changes in the physico-
chemical properties of the compounds, but also aqueous phase
behavior.
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