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Microemulsions (pe) with water and a hydrophobic ionic liquid (IL)
usually require 45—-60 wt% surfactant to solubilize equal amounts of
water and IL. To increase the efficiency we designed a new class of
surfactants by combining a hydrophilic but IL-ophobic carbohydrate-
based part with a hydrophobic but IL-ophilic IL-based part. These
surfactants allow formulating microemulsions with 20 wt% surfactant
only which opens up a new arena for efficient water—IL pes.

Conventional, commercially available surfactants self-assemble
in H,0,' in hydrophilic ionic liquids (ILs),> and in hydro-
phobic ILs,*” ie. they form micelles. In all three cases self-
assembly is caused by the solvophobic interaction between the
solvent and the hydrocarbon chain of the surfactant. We will
come back to this important point further below. Conventional
surfactants can also self-assemble in the presence of two (or
more) solvents, which is the basis for the formation of water-oil
and IL-oil microemulsions (pe). In the latter case the IL must be
lipophobic. The hydrophilic ILs 1-butyl-3-methylimidazolium
tetrafluoroborate ([BMIm|BF,)®*"® and ethylammonium nitrate
(EAN)'>'®" are the two most commonly used ILs for the
formulation of IL-oil pes. To the best of our knowledge, the only
“task” conventional surfactants cannot carry out is forming
efficient water-IL pes. The majority of all investigations were
carried out with the hydrophobic IL 1-butyl-3-methylimidazolium
hexafluorophosphate [BMIm|PF¢**"** and it was found that very
high amounts of surfactant are required to formulate a one-phase
pe consisting of equal amounts of water and [BMIm]PF, and a
nonionic surfactant whose head group contains ethyleneoxide
(EO) units. Note that a low efficiency is always connected with a
weakly structured system and eventually with the total loss of
microstructure!*®
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Fig. 1 T(y)-section of the system H,O-[BMIm]PFs—CiEs at ¢ = 0.50.
The numbers denote three (3) and two (2) coexisting phases, respectively,
while 1 stands for a one-phase microemulsion. In 3 the middle phase, in

2 the lower phase, and in 2 the upper phase contains most of the
surfactant.

In Fig. 1 one sees a typical “fish-like” phase diagram of such a
ternary system. This diagram is obtained by measuring the phase
boundaries as a function of the temperature 7' and the total
surfactant concentration y (y = MgyiMuom) for equal volumes
of water and a hydrophobic solvent,”” which in our case is an IL
(¢ = Vi/(ViL + Vi,0) = 0.5). The system shown in Fig. 1 consists of
H,O, [BMIm]PF,, and the nonionic surfactant hexaethyleneglycol
monododecyl ether C;,Eq (see Fig. 2a). What is of importance for
our proof of concept is the fact that around 45 wt% C;,E¢ are
required to solubilize equal volumes of water and IL in one
phase (1), ie. the surfactant is very inefficient! Attempts to
increase the efficiency by increasing the hydrophobicity of the IL
failed.”®*° Despite the low efficiency it is claimed in all studies
that the system H,O-[BMIm|PF¢-TX100 forms “normal” pes,
i.e. the formation of IL droplets in water, water droplets in IL
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Fig. 2 Solvophilicity/solvophobicity contrast of different surfactants with
respect to water and a hydrophobic IL. (a) Alkyl ethoxylate, (b) alkyl
carbohydrate, (c) alkylated IL, (d) carbohydrated IL.
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and bicontinuous phases is postulated. However, an indispu-
table experimental proof is provided in none of these studies.

We are aware of a couple of studies which are not in line
with this picture. (1) For example, Behera et al.>* found for the
system H,O-[BMIm]PF¢-TX100 that the EO head group of the
nonionic surfactant TX100 interacts with [BMIm]PF. Since at
the same time the solubility of [BMIm|PF, in many oils is very
limited it is argued that the formation of a pe where H,O and IL
are separated by a surfactant monolayer is very unlikely because
the hydrophobic chain is compatible neither with the IL nor
with water. They suggest that the IL is accumulated in the
palisade layer, i.e. in the layer formed by the head groups of
the TX-100 micelles. Further experimental evidence for this
scenario was provided by our group only recently.*® (2) Zech
and Kunz*' summarize everything they read about water-IL pes
with the sentence “...knowledge gained from classical water/
oil/surfactant systems cannot readily be transferred to aqueous
pes with ionic liquids as nonpolar phase.” This is an important
statement since the opposite holds true for pes where the
IL replaces water: in this case the general rules are exactly
the same as for classical water/oil/surfactant systems.'®'®'®
(3) Inoue and Misono®” studied the change of the cloud point
temperature Tc in mixtures of [BMIm]PFg and C;E; surfactants,
which differ in the length of the alkyl- and EO-chain. They
clearly demonstrated that the alkyl chain is IL-ophobic, while
the EO-chain is IL-ophilic.

As already mentioned, we carried out an extensive study with
the system H,O-[BMIm|PF,-TX100 and found no experimental
evidence for the formation of traditional microemulsions.*
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We speculate that the same holds true for the system seen in
Fig. 1. What hinders pe formation?

We recall that the alkyl chain of a conventional surfactant is
not only hydrophobic but also “IL-ophobic” (Fig. 2a and b), thus
this surfactant will not assemble at the interface between water
and [BMIm|PFs. The surfactant required for the formulation
of a water-IL pe must consist of a hydrophilic part, which is
“IL-ophobic”, and an “IL-ophilic” part, which is hydrophobic!
Our aim was to formulate an efficient pe consisting of H,O,
[BMIm]PFg, and a tailored surfactant. The strategy for the design
of the surfactant was to combine a carbohydrate group, namely
an inositol group, with a hydrophobic IL group (Fig. 2d). The
reason for choosing a carbohydrate head group was the fact that
carbohydrates are well water soluble but only very poorly soluble
in most BMIm-based ILs as opposed to ethyleneoxide groups
which are soluble in both H,O and IL. Even more, carbohydrates
can be used to “salt out” [BMIm]BF, from aqueous solutions.**~**
A ROESY spectrum of the ternary system indeed shows that there
are no interactions between the carbohydrate head group and the
IL (see ESIt). For the IL group we decided to take a motif similar
to [BMIm|PF,. The two parts are connected via an alkyl spacer.
The rationale behind this design was to have a hydrophilic but
IL-ophobic carbohydrate-based part and a hydrophobic (and
lipophobic) but IL-ophilic IL-based part. Note that we introduce
the concept of being IL-ophilic and IL-ophobic, respectively, since
the argument hydrophobic = lipophilic does not hold true when
an IL is used as oil. In the study at hand we present the first two
examples of such IL-based surfactants which we synthesized
in our group according to Scheme 1 and which we tested as
regards their efficiency to solubilize equal volumes of water and
[BMIm]|PFs. (For the sake of completeness we like to mention that
surfactants with an IL-based head group and a long hydrocarbon
chain (Fig. 2c) were synthesized and successfully used to for-
mulate IL-oil pes.'***'” However, these surfactants still contain a
hydrocarbon chain which - as already mentioned - is both
hydrophobic and IL-ophobic.) The two IL-based surfactants differ
in the length of the alkyl spacer, which is 7 = 8 for [In-Cg-MIm]PF,
and n = 10 for [In-C;,-MIm]PFs. Measuring the ternary phase
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Scheme 1 Synthesis of the IL-based surfactant. (i) Triethyl orthoformate,
p-TsOH, DMF, 100 °C, 6 h, 87%; (i) 1 NaH, 2 BrC,Hz,+1Br, DMF, r.t. to
100 °C, 14 h, 63% (n = 8), 46% (n = 10); (iii) HCL, H>0, 80 °C, 2 h, 91% (n = 8),
93% (n = 10); (iv) N-methyl imidazole, 80 °C, 14 h, 99% (n = 8), 99%
(n =10); (v) PF¢ ™ -loaded anion exchange resin (Amberlyst A26) 90% (n = 8),
88% (n = 10). The synthesis is described in detail in the ESI.¥
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Fig. 3 Top: T(y)-section of the system H,O—-[BMIm]PF¢—[In-Cg-MIm]PFg
at ¢ = 0.50. Bottom: T(y)-section of the system H,O—-[BMIm]PF¢—[In-Cyo-
MIm]PFg at ¢ = 0.50.

diagrams as a function of T and y at a fixed 1:1 volume ratio
(¢ = 0.50) of the two solvents one obtains the phase boundaries
seen in Fig. 3. For n = 8 (Fig. 3, top) we observed one phase
boundary separating a two-phase (2) from a one-phase (1) region.
The former consists of a lower IL excess phase and an upper IL-in-
water pe. For n = 10 (Fig. 3, bottom) things are different.

Here the two-phase region (2) consists of an upper water
excess phase and a lower water-in-IL pe. In addition, a three-
phase region (3) is present. Assuming that our system behaves
like a traditional ternary water-oil-surfactant system one can
argue as follows: the surfactant with the Cg spacer bends
around the IL (curvature H > 0), while the one with the Cy,
spacer bends around water (H < 0). For the formulation of an
efficient pe, however, we need a surfactant that is able to form a
layer with an average curvature of zero (H = 0).>* The two new
surfactants are obviously not able to fulfil this requirement.
However, since we are talking about a surfactant with a
tendency to bend around the IL (H > 0) and one with the
tendency to bend around water (H < 0) there must be a certain
ratio at which a mixed layer with H = 0 is formed.

We thus measured the phase diagram as a function of the
surfactant ratio (0 = mg, /(mc,, + mc,)) and the total surfactant
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concentration at ¢ = 0.50 and 7 = 50 °C. The reason for choosing
this temperature becomes obvious if one looks at Fig. 3: at
T = 50 °C the surfactant [In-Cg-MIm|PF; is bend around the IL,
while [In-C,-MIm]PF; is bend around water. Thus mixing these
two surfactants at 50 °C allows one to change the curvature from
being bend around the IL to being bend around water with
increasing amount of [In-C;,-MIm|PFs.

Indeed, our mixing strategy led to the expected result,
namely to an efficient pe (only 20 wt% surfactant are required
for the formation of the one-phase region as compared to
45 wt% for conventional surfactants) whose curvature can be
tuned via the surfactant ratio. The presence of a nanostructure
was confirmed by SAXS measurements (see ESIT). Looking at
Fig. 4 (top) one sees that the ratio required to form a layer with
an average curvature of zero is é = 0.8, which, in turn, corre-
sponds to an average spacer length of 9.6! Since this spacer
length cannot be synthesized the formulation must be based on
this mixing “trick”, a trick which is well known for trimming
phase behaviour towards a desired direction.***” The final
phase diagram we measured was another 7(y)-section where
the surfactant consisted of a mixture of the two new IL-based
surfactants at a ratio of ¢ = 0.8 (see Fig. 4 (bottom)). At this ratio
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Fig. 4 Top: d(y)-section of the system H,O—[BMIm]PFg—[In-Cg-MIm]/[In-
Cy0-MIm]PFg at 50 °C and ¢ = 0.50. Bottom: T(y)-section of the system
H,O—-[BMIm]PFg—[In-Cg-MIm]/[In-C1o-MIm]PFg at 6 = 0.8 and ¢ = 0.50.
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it is indeed possible to bend the curvature of the surfactant layer
from H > 0 over H = 0 to H < 0 with increasing temperature!

Let us conclude with an outlook. We showed that it is
possible to tailor-make surfactants which allow forming effi-
cient water-IL pes. This proof of concept is the first of its kind
and we hope that it triggers new research activities in the field
of surfactant design! To further increase the efficiency we will
play around with the surfactant’s side chain. Replacing the
methyl group of the IL-unit e.g. by a propyl group is expected to
decrease the monomeric solubility of the surfactant in water
and thus increase its efficiency. (A phase triangle is shown in
the ESIL.T) An alternative may be to replace the alkyl spacer by a
propyleneoxide unit. In addition, we will challenge our new
surfactants as regards their ability to microemulsify other
water-IL couples. Once we know how to design surfactants
for the formulation of efficient H,O-IL pes detailed studies of
the structures will follow including SANS, self-diffusion NMR
and transmission electron microscopy. Here, however, we do
not expect any surprises but general patterns as those known
from the oil-containing counterparts.

Once this research area is established, a complete new arena
opens up as regards applications. Water-IL pes can be used,
for example, as reaction media for enzymatic reactions or for
the synthesis of nanoparticles (NPs). The major benefit of
water-IL microemulsions over water-oil microemulsions is
the fact that a lot of reactants used for either enzymatic
reactions or NP synthesis dissolve better in ILs than in conven-
tional oils. Moreover, ILs are considered green solvents due to
their low flammability and low vapour pressure. Thus, when
aiming to use water-IL microemulsions as reaction media, both
the number of substrates is widened and accident hazard
and ecological risk are reduced. For enzymatic reactions, the
combination of membrane-bound enzymes, being active at the
water-IL interface, with substrates which are poorly soluble
in water or oil but well soluble in ILs is of enormous interest.
One example of such an important substrate class are polar
poly-aromatics. The presence of an IL may also increase the
stability and catalytic activity of the generated metal NPs since
it is known that imidazolium-based ILs tend to stabilize the
NPs and prevent agglomeration.*®*® Another highly promising
application is the use of these microemulsions as pseudo-
stationary phase (PSP) in ‘“microemulsion electrokinetic
chromatography” (MEEKC). Conventional microemulsions
with chiral surfactants are successfully used as PSP for MEEKC
for the separation of racemates.’” On the other hand, it was
found that the usage of an IL as additive in a non-chiral MEEKC
increases the efficiency of the separation.*"*> Thus, the separation
efficiency is expected to increase even further if one combines
these two ideas, i.e. if one formulates chiral IL-in-water micro-
emulsions. Though the currently used surfactant was synthe-
sized as a racemate, carbohydrates are an ideal platform
to generate cost-efficient chiral surfactants from the natural
chiral pool.

We thank PD Dr Thomas Sottmann for many fruitful discus-
sions. We acknowledge funding from the Deutsche Forschungsge-
meinschaft (STU 287/3-1).
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