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ABSTRACT: Ionic liquids are composed of an organic cation and
a highly delocalized perfluorinated anion, which remain tight to
each other and neutral across the extended liquid framework. Here
we show that n-alkanes in millimolar amounts enable a sufficient
ion charge separation to release the innate acidity of the ionic
liquid and catalyze the industrially relevant alkylation of phenol,
after generating homogeneous, self-stabilized, and surfactant-free
microdroplets (1−5 μm). This extremely mild and simple protocol
circumvents any external additive or potential ionic liquid
degradation and can be extended to water, which spontaneously
generates microdroplets (ca. 3 μm) and catalyzes Brönsted rather
than Lewis acid reactions. These results open new avenues not
only in the use of ionic liquids as acid catalysts/solvents but also in
the preparation of surfactant-free, well-defined ionic liquid microemulsions.
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■ INTRODUCTION

The extended framework of a typical ionic liquid (IL)
neutralizes the innate ion charge separation between the
cation, typically ammonium of general formula R4N

+, and the
anion, typically a highly delocalized perfluorinated counter-
anion XFn

− [i.e., BF4
−, PF6

−, or TFSI− (bis(trifluoromethane-
sulfonyl)imide)], thus keeping the material neutral and
without acidity.1−3 In stark contrast, the corresponding
perfluorinated Brönsted acids and also the metal salts prepared
thereof by halide metathesis, with general formula MXFn, show
some of the higher acidity values recorded so far, active as
superacid catalysts (pH < H2SO4) in organic reactions.4−7 In
order to use the IL as an acid catalyst and a solvent, additional
chemical modifications if not the partial decomposition of the
IL have been reported, such as the generation of protons by
partial hydrolysis,8−10 the addition of metal nanoparticles or
external acids,11−15 and the incorporation of sulfonic,
carboxylic, and metal anion functions into the IL chemical
structure, which have been named Brönsted (BAILs) and
Lewis acidic ionic liquids (LAILs), respectively.16 However, all
these strategies require the permanent modification of the
original IL structure, increasing significantly the costs for the
acid function synthesis and just overlooking the innate acidity
of ILs.
It is well-known that the polarity of ion pairs is enhanced in

the presence of very apolar molecules, which is the basis of ion-
pairing catalysis.17−20 Thus, it may very well occur that tiny
amounts of very apolar molecules will significantly disturb the

IL structure, to separate the ionic charges and enable the
isolated ammonium cation to act as a Lewis acid.21,22

Figure 1 shows that, although conventional ILs do not
dissolve simple alkanes even at very low amounts, their

interaction is governed by subtle interfacial forces, strongly
dependent on the alkane length, that can lead to ion par
separation.23,24 If so, the IL could be employed as a catalyst
and a solvent without any significant alteration of the chemical
structure, after just adding a very simple, cheap, and unreactive
substance.25,26

Alkane/IL mixtures tend to separate in a two-phase system
unless a surfactant is added to generate microemulsions.27−31

Figure 1. Transformation of a neutral into an acid ionic liquid (IL) by
polarization with small amounts of n-alkanes. X= P, B, N(SO2C)2; n =
4−6.
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These microemulsions are very sensitive to pH fluctuations
and, thus, are not suitable for strong acid catalysis.32 However,
we have found by serendipity, while employing tiny amounts
(<1 vol %) of long linear carbon alkyl chain n-alkane as
internal standards during catalyzed reactions in ILs that
surfactants are not needed to generate well-dispersed alkane
microdomains within the IL structure. At <1 vol %, the higher
surface tension, good packaging, and higher number of van-
der-Waals forces in the long linear alkane (compared with
shorter derivatives) provide enough enthalpic energy to self-
stabilize the aggregates,33 in good accordance with recent
reports on self-stabilized and surfactant-free water-in-IL34−38

and water-in-alkane mixtures.39 Remarkably, the apolar/polar
microstructured media can sufficiently separate the ion pair to
impart catalytic behavior.40,41 The homogeneously distributed
microdomains unleash the acidity of the IL to trigger strong
Lewis acid-catalyzed organic reactions, i.e. the Friedel−Crafts
alkylation of phenol. It will also be shown here that, in a similar
way, water generates well-defined microdroplets to turn the IL
into a powerful Brönsted acid catalyst.42−46

■ EXPERIMENTAL SECTION

General Procedure for Alkylation of Phenol in Ionic
Liquids
Phenol (2 mmol) was dissolved in 2 mL of 1-butyl-3-methyl-
imidazolium hexafluorophosphate ([bmim][PF6]; see Table S1 for a
complete description of the ILs used in this work), and 1-decene
(0.25 mmol) was then added to the solution, followed by n-
hexadecane (0.5 vol %). The sealed reaction tube, equipped with a
magnetic bar, was stirred at 750 rpm in a preheated oil bath at 150 °C
for 16 h. After cooling, the reaction mixture was extracted with diethyl
ether (3 × 4 mL) and analyzed by GC, GC-MS, and NMR in order to
identify and quantify the products, using the added n-hexadecane as
an internal standard. For kinetics, each point was taken from an
individual reaction.

General Procedure for the tert-Butylation of Alcohols

The corresponding alcohol (0.1 mmol) and AcOtBu (0.15 mmol)
were added under ambient conditions to an aqueous dispersion (5 vol
%) in 1-butyl-3-methylimidazolium tetrafluoroborate [bmim][BF4], in
a sealed tube containing a magnetic bar, and the mixture was stirred in
a preheated oil bath at 75 °C during 2 h. Then, the reaction mixture
was cooled and extracted with diethyl ether (1.5 mL). The extracts
were analyzed by GC, GC-MS, and NMR after adding n-dodecane
(22.4 μL, 0.2 mmol) as an external standard.

■ RESULTS AND DISCUSSION

Generation of n-Alkane Microdomains in ILs

Figure 2 shows optical microphotographs of the benchmark IL
[bmim][PF6] after addition of different n-alkanes (0.5 vol %)
and heating at 150 °C for 1 h. The formation of well-dispersed
microdomains can be observed for long alkanes (>C12). No
microdomain formation occurs at room temperature (25 °C,
Figure S1) and the addition of >1.5 vol % of n-alkane
drastically reduces the homogeneity of the alkane microdomain
(Figure S2). The concomitant addition of other additives such
as H3PO4, 1-decene, and 1-decanol does not significantly alter
the microdomain formation in many cases (Figure S3).
Residual water in the starting IL has no influence in the
microdroplet formation.
The formation of microdomains in the IL can be explained

by the increasing interfacial tension with the n-alkane length,
which is calculated by the Girifalco and Good equation: γAB =
γA + γB − 2Φ(γAγB)1/2 (where γ is the surface tension at the
working temperature for each component and Φ is a
characteristic constant of the system, which can be determined
either experimental and theoretically; see Figure S4 for
calculations).47,48 The mixture of the highly polar but soft IL
with the apolar, extremely soft C14−18 n-alkanes, generates a
calculated interfacial tension γAB > 15 mN·m−1, which is within

Figure 2. Optical microphotographs of [bmim][PF6] in the presence of different n-alkanes (0.5 vol %) after heating at 150 °C. The scale bar
indicates 50 μm.

Figure 3. 31P- (left) and 19F-NMR study (right) of [bmim][PF6] in the presence of different additives (0.5 vol %) after heating at 150 °C. (insets)
Magnification of the diagnostic areas, where the displacement exerted by n-hexadecane on the corresponding signals can be seen.
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the accepted values to spontaneously generate stable micro-
droplets in liquid−liquid mixtures.49−52 The slight decrease of
interfacial tension produced by the increasing temperature is
apparently compensated by the higher mobility of the organic
molecules in the IL, to give the final microstructured IL/alkane
material.53

Figure 3 shows the 31P- and 19F-nuclear magnetic resonance
(NMR) spectra of [bmim][PF6] in the presence of different
additives after heating at 150 °C, including n-hexadecane.
Samples were prepared in CD3CN, where the microdroplets
retain their integrity according to microimages and by a
parallel experiment with a capillary NMR tube where both the
IL and the CD3CN phases are physically separated (Figure
S5). The results clearly show that only n-hexadecane and not
the rest of additives produces a downshift in the original 31P
and 19F signals of PF6

−, which means that the PF6
− anion is

gaining electron density or, in other words, that the
ammonium cation bmim+ is becoming more electrophilic
and acid. Notice that the downshift of the NMR signals does
not occur at 25 °C, when the microdomains are still poorly
defined (Figures S6−S7). The cyclic voltammogram at Pt
electrode of [bmim][PF6] (Figure S8) shows that a clear
enhancement of the signals with a dramatic decrease in the
original onset potential of the IL (from 1.8 to ca. 1.2 eV)
occurs after the addition of n-tetradecane (0.25 vol %, black
line), which is consistent with the formation of new cationic
species in the IL.54

In order to confirm the acidification of [bmim][PF6] after
the addition of long chain n-alkanes, trimethylphosphine oxide
(TMPO) was used as a probe molecule and the acidity change
was evaluated by 31P-NMR. The results show that the IL gains
some acidity after the addition of n-hexadecane, since two new
TMPO 31P-NMR signals upshifted respect to the neat IL (39.8
and 39.4 vs 39.3 ppm), appear (Figure S9). Despite these
values being far from those reported for BAILs and
LAILs,55−57 they are in line with the acidification of the IL
after alkane addition and, moreover, the appearance of a first
broad signal and a second signal as narrow as the original
TMPO signal, suggests the formation of both Lewis and
Brönsted acid sites, respectively.57 These results suggest the
generation of polarized ionic pairs in [bmim][PF6] after the
addition of long n-alkanes, which may be now employed as
Lewis catalysts for organic reactions.

Catalytic Alkylation of Phenol

Figure 4 shows the results in n-alkane/IL mixtures of the
Friedel−Crafts alkylation of phenol with 1-decene, an
industrially relevant organic reaction typically catalyzed by
very strong Lewis acids (i.e., AlCl3)

58−60 and where charge
separation in the reaction media can be beneficial.61,62 The
alkylation proceeds in >95% conversion and selectivity toward
the desired carbon-alkylated products only when n-alkanes,
able to generate the microdomains (C14 or longer), are added
to the IL, even highly branched (Figure S10). In contrast, the
reaction conversion dramatically decreases if shorter alkanes
are used, and also if the amount of n-alkane is too large to
generate the microdomains (>1.5 vol %, Figures S11−S12),
which is evidenced by the stopping of the reaction in the
primary oxygen-alkylated product and the formation of
degradation products at complete conversion.63 In accordance
with this, only specially designed BAILs have been reported to
catalyze this reaction; otherwise, the Friedel−Crafts alkylation
of phenol does not work in any conventional IL.64 These

results strongly support a direct connection between alkane
microdomains and strong Lewis acidity in the IL.

Figure 4. Catalytic results for the alkylation of phenol with 1-decene
to give decyl phenol.

Kinetic experiments (Figure S13) show that the alkylation
reaction follows the rate equation v0 = kexp[n-alkane][1-
decene][phenol]2 at low concentrations, which is in good
agreement with the initial formation of the O-alkylated product
followed by a trans-C-alkylation to a second phenol molecule.
Control experiments were then carried out in order to discard
any Brönsted catalysis that may be promoted by hydrolysis of
[bmim][PF6] under reaction conditions. First, optical micro-
photographs discard the significant formation of microdomains
not only in phenol/[bmim][PF6] mixtures but also after
addition of other alcohols (Figure S14), which infers that the
alcohols are in the IL phase. However, the stirring rate has a
positive influence on the catalytic reaction, in accordance with
the limited mobility of organic substances in the IL (Table S2).
Second, the alkylation reaction was attempted with typical
strong Brönsted acids such as H3PO4, HOTf (triflic acid), and
HF (the typical acid byproduct of hydrolysis) and the
alkylation proceeded in <50% conversions (Figure S15),
even if neat water is added. These low conversions are
partially palliated if n-hexadecane is added (Figure S15), which
strongly supports the independent action of the alkane respect
to the Brönsted acid. The same independent and enhanced
catalytic effect of n-hexadecane was observed for typical Lewis
acid and solid catalysts such as AlCl3, FeCl3, zeolite HY, and
amberlyst A15 (Figure S16). Besides, if the IL 1-butyl-3-
methymethylimidazolium hexafluorophosphate [bmmim]-
[PF6] is used instead of [bmim][PF6], where the acidic proton
in the C-2 position of the imidazolium ring has been
substituted by a methyl group, the alkylation proceeds in
similar good conversions (Figure S17), which discards any
catalytic action of the C-2 hydrogen.65 Indeed, 11 different ILs
were tested for the reaction and all those containing the PF6
anion were very active and selective, only mimicked by one
LAIL and one BAIL, while coline-based ILs were completely
inactive (Figure S17). The use of mesitylene as a cosolvent,

http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00107/suppl_file/au1c00107_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00107/suppl_file/au1c00107_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00107/suppl_file/au1c00107_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00107/suppl_file/au1c00107_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00107/suppl_file/au1c00107_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00107/suppl_file/au1c00107_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00107/suppl_file/au1c00107_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00107?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00107?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00107?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00107?fig=sec3.2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00107?fig=sec3.2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00107?fig=sec3.2&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00107/suppl_file/au1c00107_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00107/suppl_file/au1c00107_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00107/suppl_file/au1c00107_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00107/suppl_file/au1c00107_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00107/suppl_file/au1c00107_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00107/suppl_file/au1c00107_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00107/suppl_file/au1c00107_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00107/suppl_file/au1c00107_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00107?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00107?fig=sec3.2&ref=pdf


which destroys the microdomains, completely inhibits the
reaction, even adding an external Brönsted acid such as AcOH
(Figure S18). These results together confirm that the acid
catalysis does not come from in situ generated protons in the
IL. Indeed, the IL could be recycled up to three times,
although with some loss of catalytic activity throughout the
reuses, despite adding n-hexadecane in each cycle (Figure
S19). When increasing amounts of 2,6-di-tert-butylpyridine
(DTBP) and pyridine (py) were used as Brönsted and
Brönsted/Lewis acidity probes, respectively, during reaction,
the catalytic activity decreased significantly with the amounts
of pyridines (Figure S20). DTBP produced catalytic
deactivation until reaching a plateau at ∼50% conversion, in
accordance with its selective quenching of protons but not of
Lewis species. In contrast, py produced a smoother
deactivation to nearly suppress any catalytic activity, in
accordance with the quenching of Lewis and also Brönsted

catalytic sites. These results indicate that the catalytic activity
of the [bmim][PF6]/n-hexadecane system comes basically
from Lewis sites but that a no marginal contribution of
Brönsted sites occurs.
Other representative ammonium ionic liquids such N-butyl-

4-methylpyridinium hexafluorophosphate [bmpy][PF6] also
generate the microdroplets after n-hexadecane addition and
catalyzes the alkylation reaction (Figure S17). In contrast, the
substitution of the PF6

− anion by BF4
− or TFSI− completely

inhibits the microdroplet formation, in accordance with the
catalytic results (Figure S17), which can be tentatively ascribed
to a much more hydrophilicity of the latter, thus changing the
subtle charge balance in the alkane/IL system. Indeed, it is
difficult to firmly assess the phase location of the reagents,
particularly the alkene. However, in view of the very specific
correlation between the anion of the IL and the alkane to
generate the microdomains, we studied the possible formation

Figure 5. Optical microphotographs of different ILs in the presence of water (5 vol %) at 25 °C. (inset) Representative histogram with >1000
microdroplets.

Figure 6. (A) Scanning Raman map of a [bmim][BF4]−H2O (5 vol %) mixture (IL−H2O). The signal from the blue background corresponds to
the characteristic Raman active modes of the IL (range 601−623 cm−1), and the greenish circles correspond to IL−H2O aggregates. (B) Raman
mean spectra of IL (black line) and IL−H2O aggregates (red line) highlighting the gauche to trans conformation change observed in IL alkyl chains
of the aggregates after water addition. (C) Noncontact soft tapping mode AFM phase (left) and topography (right) images of several IL−H2O
aggregates laying on an IL background.
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of microdomains with a polar molecule such as water, by
changing the IL employed.

Generation of Well-Defined Water Microdroplets

Figure 5 shows microphotographs of the homogeneous
formation of microdroplets when water (5 vol %) was added
to different ILs at room temperature.34,35 The formation of the
microdroplets is immediate, as soon as water is added, and the
amount of water can vary from 2 to 5 vol % with a constant
microdroplet size distribution centered at 2.8 μm (see Figure
S21 for a bigger image).
To further characterize the IL−H2O microdroplets, scanning

Raman microscopy (SRM) was performed on a [bmim]-
[BF4]−H2O (5%) mixture, drop-casted on Si/SiO2 wafers
using previously purified [bmim][BF4] (<0.1 ppm of O2, <10
ppm of H2O) as a reference. Figure 6A contains a 50 μm × 50
μm SRM images where the Raman active modes are between
601 and 623 cm−1 (indicative of the butyl chain conformation,
i.e., gauche and trans forms) are observed. It has been
predicted66 that different nanostructures could be formed
depending on the H2O:IL composition and that the
coordination of water molecules with the BF4

− will shift the
anion from the initial position, inducing changes in the chain
conformation of the cation that should be reflected in the
conformation around the C(7)−C(8) bond of the IL butyl
chain.
Specifically, this change will consist in the transformation

from a mixture of trans/gauche configuration with similar
strengths (IL, black spectra) to a predominant trans
configuration (IL−H2O, red spectra). Figure 6B shows that
the aggregates can be clearly recognized in the Raman mean
spectra, with different active bands (see also Figures S22−24).
Figure 6C shows atomic force microscopy (AFM) measure-
ments in noncontact soft tapping mode (see also Figure S24),
where the phase and topography images present round
microstructures ranging from 1 to 2.5 μm in diameter and
up to 70 nm in height, embedded on an IL layer, and with a
morphology very similar to optical microscopy (see Figure 5
above). It is important to note that these values offer just an
estimation of the dimensions and are strongly affected by the
wavy background, produced by the IL layer that coats the
underlying wafer. The doughnutlike shape observed in the
phase images is explained by the force that the AFM tip

induces on the microdroplets. Overall, AFM and SRM
unambiguously confirm the formation of IL−H2O micro-
droplets and provide some hints about the charge transfer from
the IL anions to the water molecules, leading to a drastic
charge separation.
The IL−H2O mixture can be heated up to 100 °C without

any loss in microdroplet size, as assessed by field emission
scanning electron microscopy (FESEM, Figure S25), while
further heating up to 150 °C produces the decomposition of
the IL, as evidenced not only by FESEM visualizations but also
by 31P- and 19F-NMR spectra (Figures S6−S7). For amounts
of water >5 vol %, microdroplets seem to aggregate in still
defined microdomains, which remain spread over the IL and
do not separate in a two phase system, as determined by AFM
measurements where the height of the water aggregates
remains within the IL film limits (Figure S26A).34,35 Fourier-
transformed infrared (FT-IR) spectroscopy shows that
increasing amounts of water produces a progressive shift of
the corresponding signal toward higher wavenumber values, in
accordance with the aggregation of the separated micro-
droplets (Figure S26B).67,68

Catalytic tert-Butylation of Alcohols

With the above data in mind, a representative organic reaction
catalyzed by strong Brönsted acids, i.e. the tert-butylation of
BnOH with tert-butyl acetate (AcOtBu),69 was tested under
the acid aqueous/[bmim][BF4] conditions shown above. It
was previously checked that the reactant benzyl alcohol
(BnOH) do not generate microdomains, but rather hierarchi-
cally structured macrodomains which do not interfere in the
water action (Figure S27).70 Indeed, the addition of 1 vol % of
neat water or aqueous H3PO4/K3PO4 to the IL/benzyl alcohol
mixture generates the microdroplets without any alteration
(Figure S28). Figure 7 shows that the reaction proceeds in
high conversion and with good selectivity toward the C-
alkylated rather than the O-alkylated product and that if the
reaction is performed with the water-soluble and fluorescent
molecule carboxyfluorescein (5-FAM)71 and monitored by in-
situ fluorescence optical microscopy, the starting material
reacts within the aqueous droplets, at least during the first 10
min and until the organic compounds start to diffuse into the
IL bulk. Notice that the bright and dark field images
superimpose perfectly, beyond the natural movement of the

Figure 7. (from left to right) Nonfluorescence and fluorescence optical microscopy images of the acid−catalyzed tert-butylation of benzyl alcohol
with aqueous microdroplets in [bmim][BF4] at 75 °C (reaction scheme and conversion also shown), followed in situ by using carboxyflourescein
(5-FAM) as a reactant.
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liquid film, thus particular microdroplets can be followed
during the in-situ monitored tert-butylation reaction (see
Figure S29 for bigger images), and it can be said that the initial
location of 5-FAM is the water phase. Blank experiments
showed that the released HOAc does not catalyze the reaction
(not shown). 5-FAM was also used as a pH-dependent probe,
and the results show that the emission of 5-FAM shifts toward
higher values after incorporation into the aqueous IL
microdroplets, which according to a calibration curve
corresponds to a very acid pH (Figure S30), within the
limitations of the available illuminating wavelengths. TMPO as
an acid probe confirmed the acidification of the IL in the form
of Bröntsed species (Figure S9).55−57 Cyclic voltammograms
of [bmim][BF4] show a clear current enhancement and a
considerable positive shift of around 400 mV in the onset
potential after the addition of 1.5 vol % water, and both effects
increase with the percentage of water, until the hydrogen
evolution reaction occurs and the production of H2 bubbles on
the electrode surface produces an irregular current record
(Figure S31).72,73 These results, together, strongly support the
formation of very strong catalytic acid sites in the water
microdroplets of the more hydrophilic [bmim][BF4] IL.74 It
must be noted here that the high density of water
microdroplets in the IL significantly increases the surface
area of the IL in contact with water, since a simple calculation
leads to a value of 480 m2·mL−1 of IL (Figure S32). This result
suggests that the increase in surface could also be behind the
enhanced catalytic activity.

■ CONCLUSIONS
The addition of tiny amounts of long n-alkanes or water to
conventional ILs spontaneously generates well-defined super-
ficial alkane microdomains or water spherical microdroplets
with Lewis and Brönsted acid catalytic sites, after polarization
of the IL structure. This extremely simple protocol circumvents
any chemical modification or significant degradation of the IL
and provides an extremely mild, easy, and cheap methodology
to acidify and microstructure ILs.
The surface area is significantly increased, which promises

new applications not only in catalysis but also in material
synthesis and chemistry in confined spaces, to name a few. The
potential extension of this effect to other polar solvents is also a
relevant issue to be studied.
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