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y of amphiphilic 1-alkyl-3-
methylimidazolium hydrogen sulfate ionic liquids:
surfactants with catalytic function

Janusz Nowicki,*a Justyna Łuczak*b and Dorota Stańczyka

A series of amphiphilic 1-alkyl-3-methylimidazolium hydrogen sulfate ionic liquids were synthesized. Acidic

hydrogen sulfate ionic liquids with the alkyl chains C6–C14 are characterized by good surface properties.

Their surface properties (adsorption and micellization parameters, degree of ionization of micelles, Krafft

temperatures and thermodynamic parameters) were determined. Synthesized ionic liquids were applied

as a co-catalyst in an oxirane ring opening reaction in epoxidized fatty acid methyl esters (FAME). Their

co-catalytic activities were determined and discussed as a function of their structure and surface

properties. It was found that the co-catalytic properties, both conversion and selectivity, of

alkylimidazolium hydrogen sulfate ionic liquids noticeably depended on the alkyl chain lengths, and in

consequence their properties.
1 Introduction

The term “ionic liquids” (ILs) describes a group of organic salts,
characterized by having melting points below 100 �C and
a number of unusual and diverse properties, for example, low
vapor pressure, non-ammability, high conductivity, thermal
stability, good solvation properties and so on. The extensive
interest in the synthesis, physicochemical properties as well as
application of ILs is a consequence of their extreme versatility,
because their properties can be readily modied by varying the
cation and anion species.1 Most of the ILs described in the
literature are characterized by relatively strong ionic asymmetry,
their low melting points, and they exhibit the characteristics of
being amphiphilic compounds with specic hydrophilic and
lipophilic centers. Intensive studies on the surfactant properties
of the ILs have been carried out for many years. These results
obtained in particular for imidazolium ILs have been described
inmany papers and also collected in several reviews.2–16 Based on
a variety of methods such as surface tension measurements,17

conductivity,4 calorimetry,18,19 spectroscopy20 and so on, as well
as molecular dynamics,21 the relationship between alkyl chain
length in the IL cation as well as the anion structure and
susceptibility to micellar aggregate formation was proposed. Up
to the present time, the surface activity and aggregation behavior
of amphiphilic ILs have been used in many synthetic, catalytic
and separation applications. For example, Li et al. applied
micellar solutions of polymeric ILs in the preparation of gold
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nanoparticles with a controlled size because of the combination
of the unique chemical and physical properties of ILs and the
micellar template.22 Dodecyltrimethylammonium bromide
micelles can act as a size- and structure-directing template as
well acting as a stabilizing agent for the formation of iron oxy-
hydride (a-FeOOH) nanoparticles.23 The surface active properties
of ILs were used for the modication of the zeolite surface to
enhance the adsorptive removal of anionic contaminants such
as chromate from water.24 Pino et al. proposed the application of
the 1-hexadecyl-3-methylimidazolium bromide micellar solution
for the extraction of the polycyclic aromatic hydrocarbons from
sediments.25 It was revealed that ILs cannot be considered as
only common cationic surfactants. The structure of the cation is
far more complex than that of conventional quaternary ammo-
nium salts that are the most popular cationic surfactants. In the
molecule of imidazolium ILs, with a partially delocalized positive
charge constituting the nucleus, it is possible to dene a number
of interactions (van der Waals, p–p interactions, hydrogen
bonding) that have a signicant impact on their surface prop-
erties, formation of micelles, and, consequently, on the
processes utilizing them.

Furthermore, many chemical reactions, involving ILs, are
carried out in biphasic systems assisted by an amphiphilic
catalyst.23,24 For this type of process, the progress of reaction is
determined by diffusion taking place between the two immis-
cible phases. In reactions which proceed with the use of the
catalysts, besides isolation and purication of the product, an
important element is to develop a method for catalyst separa-
tion from the post-synthesis mixture. However, most of these
methods do not oen work well when ILs are used as catalysts
because of poor solubility in the catalytic phase, particularly
when it is water. However, solubilizing the properties of ionic
RSC Adv., 2016, 6, 11591–11601 | 11591
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Scheme 1 Amphiphilic IL – surfactant with catalytic function.
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liquids in combination with their surface properties can be
a very promising alternative for the classical two-phase catal-
ysis, as it is similar to common phase transfer catalysis.26–31 One
of the features that distinguishes ILs from most common
solvents is their dual functionality in various aspects. The dual
functionality of ILs in the “classic” form, where the IL plays both
the role of solvent and the catalyst, has been well described in
the literature.32–37 An interesting example of the dual function-
ality of ILs was reported by Alizadeh.38 In the condensation of
aromatic carbonyl compounds with nitroalkanes, 2-hydrox-
yethylammonium formate IL was used. It emerged that the
ammonium proton participated in the protonation of the
aldehyde group in the rst step of the synthesis.

In the studies reported in this paper, the aim was to investi-
gate the dual functionality of the acidic ILs by means of both of
catalytic and amphiphilic properties. For the rst time, the
synthesis and use of the amphiphilic Brønsted acidic ILs as
effective co-catalysts in a biphase catalytic process of nucleo-
philic addition of water to an oxirane ring are reported. This
reaction proceeds according to an SN1 mechanism and requires
acidic catalysts. In this study, 1-alkyl-3-methylimidazolium
hydrogen sulfate ILs are used because their surface properties,
will strongly affect the development of the interfacial surfaces.
However, the Brønsted acidic catalytic center will catalyze the
process more efficiently (Scheme 1). In this respect, the surface
properties of the ILs were correlated with their catalytic activity
in the reaction of epoxydized methyl oleate with water as the
nucleophile. Addition of water to the oxirane ring in epoxidized
fatty acid derivatives turns it to the corresponding glycols, which
are valuable oleochemical by-products. Finally, based on the
experimental studies, the role of the IL structure as well as its
catalytic activity in the biphasic reaction was proposed.
2 Materials and methods
2.1 Materials

1-Bromohexane (99%), 1-bromooctane (99%), 1-bromodecane
(99%), 1-bromododecane (99%) and 1-bromotetradecane were
purchased from Tokyo Chemical Industry (TCI). 1-Methyli-
midazole was obtained from Merck Millipore (Poland). Potas-
sium bisulfate Puriss (KHSO4, 99%) was obtained from Sigma-
Aldrich (Poland). Octyltrimethylammonium chloride (OTMAC;
99%) was obtained from Sigma-Aldrich. Ethanol Puriss and
diethyl ether Puriss were obtained from POCH (Poland). All the
chemicals were used without drying or any further purication.
11592 | RSC Adv., 2016, 6, 11591–11601
Epoxidized methyl oleate was synthesized according to a proce-
dure described in the literature with the use of distilled methyl
oleate (minimum 92 wt%, GC), 30 wt% of aqueous solution of
hydrogen peroxide and formic acid as an active oxygen source.39

2.2 Ionic liquid preparation

All the ILs used in this study were synthesized according to well-
known procedures described in literature.40 Thus, a mixture of
1-bromoalkane (0.2 mol) and 1-methylimidazole (0.2 mol) were
placed in a 100 mL glass reactor. The mixture was then stirred
under a N2 (nitrogen atmosphere) for 18 h at 90 �C. The oily
crude product was washed several times with diethyl ether to
remove unreacted reagents. The residual volatile solvent was
evaporated under vacuum (1–2 mbar, 2 h) to give corresponding
imidazolium bromides as light yellow, viscous oils (C6–C10) or
a white solid (C12–C14). The obtained imidazolium bromides
were then dissolved in 200 mL of isopropyl alcohol. An appro-
priate amount of KHSO4 (20% molar excess) was added to the
solution and stirred at room temperature for 18 h. A white
precipitate of potassium bromide was ltered off and the clear
ltrate was evaporated under vacuum to give hydrogen sulfate
ILs as yellowish oils (C6–C10) or hygroscopic solids (C12, C14).

2.3 Analytical methods

The composition of the post-synthesis mixtures were deter-
mined using gas chromatography (GC) with mass spectrometric
(MS) detection. Analyses were performed on a HP chromato-
graph model 7890A (Agilent) equipped with a mass selective
detector type 7000 GC/MS Triple Quad MS detector. For analysis
an HP-5ms column (length ¼ 30 m, diameter ¼ 0.25 mm,
working temperature of 70–280 �C, detector temperature of
300 �C, helium as carrier gas) was used. Analytical data were
obtained using MassHunter soware (Agilent).

The epoxide numbers of both the raw materials and the
products were determined using Fourier-transform infrared
spectroscopy (FTIR). For the determination of epoxide number,
bands 916 and 835 cm�1 were assigned to the epoxy ring
stretching region. FTIR analyses were performed on a Thermo
Scientic FTIR Nicolet 6700 spectrophotometer. The reection
technique with horizontal attenuated total reectance using
Smart ARK (Thermo Scientic), with zinc selenide crystals, the
number of reections was 7, and the sample penetration depth
by the IR beam was 1.11 m. The hydroxyl numbers were deter-
mined according to DIN 53240.

Surface tension (s) of the IL solutions were measured at 25�
0.1 �C using a video-based optical contact angle meter (OCA 15,
DataPhysics), together with the supportive soware, SCA22
(pendant dropmethod), and a resolution of�0.01 mNm�1. The
temperature of the samples were controlled using a thermo-
static water bath (AD07R-20, PolyScience). The error calculation
was performed using the DataPhysics soware.

The critical micelle concentration (CMC) values of the IL
solutions were also conrmed by the results of conductivity (k)
and isothermal titration calorimetry (ITC) methods. The
conductivity measurements were performed at 25� 0.1 �C using
a conductivity meter equipped with an autotitrator (CLS/M/07/
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Krafft temperature (KT) determination for 1-tetradecyl-3-
methylimidazolium hydrogen sulfate.
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06, Cerko Lab System, Poland) and amicroconductivity electrode
(EPST-2ZA, Eurosensor, Poland). A thermostatic water bath
(PolyScience 9106, Cole-Palmer, USA) was used to maintain
a stable temperature during the measurements. The degree of
ionization of the micelles (b) was calculated from the ratio of the
dk/dc slopes of the two linear fragments of the conductivity
curves.41,42 The conductivity method was also applied for the
Kra temperature (KT) determination. For this purpose the
aqueous solutions of ILs at concentrations ten times their CMC
were placed in a refrigerator at a temperature of 253 K for at least
24 h to ensure complete precipitation of the salts in the form of
hydrated crystals. The temperature (T) of the sample was then
raised gradually using a thermostat bath and the conductivity of
the sample was measured under stirring until a steady value was
reached.43 The measurements were carried out until the turbid
solution became transparent. The Kra temperature was taken
as a discontinuity in the conductivity versus temperature curve.
This temperature is analogous to the point of complete clari-
cation of the solution judged visually.

The ITC experiments were performed with a Nano-Isothermal
Titration Calorimeter III [Calorimetry Sciences Corporation
(CSC), USA]. The IL solutions with concentrations of about ten
times higher than the expected CMC values were used to observe
the demicellization process. The titration experiment consisted
of 48 injections of 5.15 mL aliquots of the IL into the sample cell
loaded with 958 mL of water aer a stable base line was achieved.
The enthalpograms were created using Titration BindWorks
soware provided by CSC. Using the enthalpograms, the
enthalpy of demicellization (DHdm) and CMC were deter-
mined.18,43 The surface excess concentration, Gmax, and the
minimum area per surfactant molecule, Amin, at the air/solvent
interface were calculated using surface tension measurement
values by means of eqn (1) and (2):

Gmax ¼ � 1

RT

�
dg

d ln c

�
T ; p

(1)

Amin ¼ 1016

NAGmax

(2)

where R is the gas constant, T is the absolute temperature, NA is
Avogadro's number, g is the surface tension, and c is the
concentration of the surfactant in the solution. Surface pressure
at the CMC, PCMC, was obtained using eqn (3):

PCMC ¼ go � gCMC (3)

The Gibbs free energy ofmicelle formation,DGm, of a nonionic
surfactant is related to the CMC by the following formula:

DGm ¼ RT ln xm (4)

where xm is the CMC expressed in mole fraction units. The
standard entropy, DSm, of the micellization was calculated from
eqn (5):

DSm ¼ ðDHm � DGmÞ
T

(5)

where T is the temperature.
This journal is © The Royal Society of Chemistry 2016
2.4 Nucleophilic addition of water to the epoxidized methyl
oleate

The reactions were carried out in a 100 mL laboratory glass
reactor equipped with a mechanical stirrer and a water jacket
connected with thermostat. Epoxidized methyl oleate (50 g), an
aqueous solution of sulfuric acid (H2SO4; 63 mL) and additional
co-catalyst were placed in the reactor, heated to the desired
temperature (thermostat) and stirred at 500 rpm for 7 h. Aer 1, 3
and 5 h of reaction time, samples were taken and analyzed. Aer
completion of the reaction, the organic phase was washed until
a neutral pH was reached and the sample was dried. An analo-
gous procedure was applied in relation to the analytical samples.
3 Results and discussion
3.1 Surface properties of alkylmethylimidazolium hydrogen
sulfate ILs

The solubility of ionic amphiphilic compounds in aqueous
solutions is highly temperature-dependent. The characteristic
feature is the KT, which is the minimum temperature at which
the solubility of the salt monomer becomes high enough to start
forming micellar aggregates, thus corresponding to the onset of
the surface activity of the compound. First of all, the tempera-
ture range at which micellization of the ILs may occur was
investigated. The selected relationship of the conductivity
measurements of the 1-tetradecyl-3-methylimidazolium
hydrogen sulfate ([C14mim]HSO4) solution versus temperature
(in the range of 0–20 �C) used to determine the KT is presented
in Fig. 1.

Below the KT, the surfactant is in the solid crystalline
hydrated state, therefore the conductivity of the sample grad-
ually increases with temperature because of the progressive
increase of its solubility in water. At the KT, a dramatic rise in
the conductivity was observed reecting an equilibrium among
the ordered, solvated solid phase, dispersed monomers, and
micellar aggregates. The lower slope in the conductivity prole
aer the Kra point is related to the limited mobility of the
formed micelles as compared to the free ions. The KT is
strongly dependent on the surfactant structure, that is, the
RSC Adv., 2016, 6, 11591–11601 | 11593
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Fig. 2 Surface tension data vs. aqueous solutions concentration of 1-
alkyl-3-methylimidazolium hydrogen sulfate ILs isotherm (25 �C).

Fig. 3 Exemplary results of specific conductivity variation vs.
concentration of [C10mim]HSO4, and [C12mim]HSO4 ILs in aqueous
solutions at 25 �C.
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alkyl chain length, the type of polar head, the nature of the
counter-ion as well as possible interactions (particularly
hydrogen bonding). The results obtained for ILs presented in
this study conrmed chain length dependency. Aqueous solu-
tions of the ILs with an alkyl chain length below or equal to 12
carbon atoms did not indicate a clear KT above 0 �C. Therefore,
the KT either falls to below 0 �C or does not exist in these
conditions because the solubility curve does not intersect the
Kra boundary, but rather the ice boundary.43,44 Only
[C14mim]HSO4 IL have a clearly detectable KT at 10 �C. The KT

determined for the C14 compound was higher than those which
were characteristic for tetradecyltrimethylammonium chloride
(<0 �C) and bromide (�0 �C), as well as 1-tetradecyl-3-
methylimidazolium chloride (<0 �C) indicating the lower
hydrophilicity of the hydrogen sulfate ILs. Nevertheless, these
results are favorable from a practical point of view because of
the wide range of use.

3.1.1 Effect of hydrocarbon chain length and the type of
counterion. In order to investigate the surface properties of 1-
alkyl-3-methylimidazolum hydrogen sulfate ILs the surface
tension and conductivity methods were used. The surface
tension measurements versus concentration of various ILs are
shown in Fig. 2, whereas selected conductivity results are pre-
sented in Fig. 3. As a result of their amphiphilic structure and
positive charge on the nitrogen atom, all the ILs used in this
study have the ability to adsorb at the air/water interface, and to
reduce surface tension of the aqueous solutions eventually
forming micellar aggregates. It is well known that the hydro-
carbon chain length, as well as the counterion type are the most
important factors determining the interface behavior and
surface activity of the amphiphilic compounds. Therefore,
behavior that was typical for quaternary ammonium
compounds was observed, that is, the longer the chain length in
the cation, the lower the concentration at which surface tension
lowering begins. Micelles are not surface active agglomerates of
amphiphilic compounds, therefore the surface tension of the
dispersion aer passing the CMC is almost constant (the
plateau region in the surface tension isotherms). Furthermore,
micellar aggregates have a lower mobility in comparison with
monomers in solution, therefore the lower slope aer the
discontinuity was observed in the conductivity curve. The
adsorption and micellization parameters, which characterize
the behavior of the ILs in the aqueous systems, are shown in
Table 1.

A decrease of the CMC from near 600 mM to about 2 mM
was observed with increase of the number of the carbons
atoms in the alkyl chain of the imidazolium cation from 6 to
16. This conrms that elongation of the hydrocarbon chain
facilitates micelle formation because of increased energeti-
cally unfavorable contact of the chains with water, stronger
hydrophobic interactions between the alkyl chains and the
more delocalized charge reducing the electrostatic repulsion.
An analogous decrease in the CMC values was also observed
for ILs with different anions, for example, [Cnmim]Cl,17,43

[Cnmim]Br16,47 and [Cnmim]BF4.48 Comparing the CMC values
of the ILs with different anions the following order was
deduced [Cnmim]BF4 < [Cnmim]HSO4 z [Cnmim]Br < [Cnmim]
11594 | RSC Adv., 2016, 6, 11591–11601
Cl. This sequence reects hydration, polarizability and size of
the anions, thus, larger, less hydrated (more hydrophobic)
anions easier interact with the micelle surface, thereby
decreasing electrostatic repulsion and facilitating micelle
formation. This can be conrmed by the values of the degree of
micelle ionization (b) which is estimated on the basis of the
conductivity measurements that are lower than that for imi-
dazolium ILs with the BF4 anion (presented as degree of
counterion association to the aggregates)48 and higher than
that determined for salts containing the Cl anion.43 In addi-
tion, ionization of the micelles increases with elongation of
the alkyl chain length because of the larger size of micelles
formed by the more highly ordered and compact micellar
structures of the higher homologues.

The relationship between CMC and the number of carbon
atoms in the alkyl chain (x) for a homologous series of linear
single-chain amphiphiles can be described by the logarithmic
rule:

log CMC ¼ A � Bx (6)
This journal is © The Royal Society of Chemistry 2016
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Table 1 The adsorption and micellization parameters determined for 1-alkyl-3-methylimidazolum hydrogen sulfates

Ionic liquid
CMCa

(mol L�1)
CMCb

(mol L�1)
CMCc

(mol L�1) bd
gCMC

(mN m�1) pC20

Gm � 106e

(mol m�2)
Am
(nm2)

PCMC

(mN m�1)
DGads

(kJ mol�1)

[C6mim]HSO4 597 � 15 599 � 19 — 0.21 � 0.02 35.2 1.07 1.85 0.87 37.01 �41.17
[C8mim]HSO4 205 � 10 206 � 10 — 0.33 � 0.02 33.9 1.32 2.18 0.74 38.16 �38.52
[C10mim]HSO4 37.4 � 2.0 37.7 � 0.85 45.3 � 1.45 0.34 � 0.02 34.2 2.03 2.24 0.72 37.87 �46.90
[C12mim]HSO4 10.25 � 0.9 9.86 � 0.36 10.05 � 0.70 0.36 � 0.03 34.3 2.69 2.33 0.69 37.53 �50.95
[C14mim]HSO4 1.23 � 0.1 2.18 � 0.08 2.34 � 0.26 0.38 � 0.02 35.7 3.20 2.40 0.67 36.10 �56.2

a Surface tension. b Conductivity. c Calorimetry. d b – the degree of ionization, gCMC – the surface tension at the CMC; pC20 – the surfactant
concentration required to reduce the surface tension of the solvent by 20 mN m�1. e Gmax – the maximum surface excess concentration; Am –
the minimum area per molecule at the interface; DGads – free energy of adsorption.
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where A and B are empirical constants. The A value depends on
the type and number of the polar head groups in the amphi-
phile, whereas the value of B indicates the contribution of the
methylene group in the hydrophobic chain to the micelle
formation (Fig. 5). Micellization is favored by smaller values of A
or larger values of B.49 The values of A and B calculated using
eqn (6) for [Cnmim]HSO4 are 4.92 and 0.34, respectively, and are
similar to proper A, B constants describing the homologues
series of the 1-alkyl-3-methyimidazolium salts with Cl and Br
anions.10
Fig. 4 Enthalpograms of ITC titration determined for [C12mim]HSO4

aqueous solution at a concentration of 102.5 mM into water (A),
[C14mim]HSO4 aqueous solution at a concentration of 34.7 mM into
water (B). The first derivative (dQ/dc) indicates the CMCof the solution.

Fig. 5 Logarithmic dependence of CMC and pC20 on the alkyl chain
length of 1-alkyl-3-methylimidazolium hydrogen sulfate ILs.

This journal is © The Royal Society of Chemistry 2016
The IL adsorption efficiency, the concentration at which the
surfactant provides a surface tension reduction of 20 mN m�1

(pC20), was observed to increase from 1.07 for [C6mim]HSO4 to
3.2 for the IL with the longest chain length in the imidazolium
cation (e.g., C14). The higher pC20, the more efficiently the IL
adsorbs at the interface and reduces surface tension. The values
of surface tension at CMC, gCMC, were found to be close to 34–35
mN m�1 for all of the ILs, whereas the surface pressure values,
PCMC, were calculated to be in the range of 36–38mNm�1. Both
of these parameters describe the effectiveness of the surfactant
to adsorb at the interface and reduce surface tension, and for
ionic compounds (such as ILs) are controlled by CMC, solubility
or KT.44,50 The efficiency and effectiveness of the 1-alkyl-3-
methylimidazolium hydrogen sulfates were found to be
consistent, in other words, the more efficient ILs, the more
effective they are. When comparing these parameters with ILs
possessing different anions, it can be observed that hydrogen
sulfate derivatives are more surface active compounds than
halogen-based salts.48

The estimated area per IL ion pair at the air/water interface,
Amin, obtained from the Gibbs adsorption isotherm (eqn (1) and
(2)), appeared to decrease from 0.87 to 0.67 nm2 with increasing
alkyl chain length in the imidazolium cation. The area occupied
by the amphiphilic compound, reecting the surface arrange-
ment of surfactants at the air/liquid interface, was determined
by the hydrophobic chain cross-sectional area, and the area
RSC Adv., 2016, 6, 11591–11601 | 11595
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Table 2 Thermodynamic parameters of selected [Cnmim]HSO4

micellization in aqueous solution determined by calorimetry

Ionic liquid DHm [kJ mol�1] DGm [kJ mol�1] TDSm [kJ mol�1]

[C8mim]HSO4 0.84 � 0.6 �21.23 22.1
[C10mim]HSO4 �0.49 � 0.8 �29.25 26.3
[C12mim]HSO4 �1.4 � 0.2 �34.93 33.6
[C14mim]HSO4 �5.1 � 0.14 �40.34 36.0
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required for closest packing of the head group. Therefore, this
provides information on the degree of packing and the orien-
tation of the adsorbed surfactant molecules. The maximum
surface excess concentration at the air/water interface, Gmax,
was observed to increase from 1.85 � 10�6 mol m�2 as deter-
mined for [C6mim]HSO4 to 2.40 � 10�6 mol m�2 for [C14mim]
HSO4. The behavior of the [Cnmim]HSO4 ILs is characterized by
a larger Gmax and correspondingly lower Amin values than
[Cnmim]Br, indicating a denser arrangement of hydrogen
sulfate-based compounds at the air–water interface compared
to that of [Cnmim]Br.49

3.1.2 Thermodynamics of micellization. The thermody-
namic parameters of the micellization process provide valuable
information about the driving force of the self-assembly of ILs.
By using the ITC technique, a direct result of the CMC values as
well as enthalpy of demicellization (DHdm), and thereby the
enthalpy of micellization (DHm),45,46 can be determined. The ITC
titration peaks obtained by addition of concentrated IL solution
towards water were integrated and normalized taking into
account the number of moles of the solute. The selected
enthalpograms obtained for ILs with the C12 and C14 alkyl chain
of the imidazolium cation are as shown in Fig. 4. At a concen-
tration below the CMC (titration of water with concentrated IL
solution; rst part of the enthalpogram), an enthalpic effect is
a consequence of the transition: micelles/monomers (heat of
micelle dilution, demicellization and dilution of monomers in
the solvent). Micellar aggregate formation is visible as a sharp
increase of the heat effect (the second region in the enthalpo-
gram). At concentrations above the CMC, the third part of the
enthalpogram, the heat effect arises from the dilution of the
concentrated micelles into the micellar solution. Demi-
cellization enthalpy was calculated from a difference between
the enthalpy values of the terminal and initial regions of the
enthalpogram (DHdm), as was previously shown in research by
Łuczak et al. and Jiang et al.18,43 The CMC was taken as the
surfactant concentration at the midpoint of the titration curve
inection (the rst derivative of the line from where the inte-
grated peaks reach maximum).

The enthalpy of micellization determined by the ITC method
as well as the thermodynamic parameters, DGm, and DSm,
calculated using eqn (4) and (5) are shown in Table 2. The values
of free energy of micellization are negative, indicating a spon-
taneous micellization process. As was expected, elongation of
the hydrocarbon chain length facilitates micelle formation. The
experiments revealed that the micellization of the ILs with C10–

C14 alkyl chains at 25 �C is exothermic, whereas for C8 chains,
the reaction is endothermic and DHm decreases with increasing
chain length. Based on the observed trend, it can be assumed
that micellization of the ILs with an alkyl chain shorter than C8

is endothermic. The higher DHm values are because of the
higher energy required to release the solvent molecules from
the hydration layer and the water cage surrounding the hydro-
philic and hydrophobic domains of the amphiphilic
compound. The contribution to the overall DHm value also have
energy that is released when the hydrocarbons are transferred
to the micelle and the hydrogen bonding structure of the water
around the micelle is recreated.43,51 Higher energy demands
11596 | RSC Adv., 2016, 6, 11591–11601
appear because of the shorter chain length in the cation, and as
a consequence the higher affinity of the short-chained
compounds to water.

An increase of the entropy change is a driving force of the
micellization process, being initiated by a highly ordered struc-
ture of the solvents, mainly around the hydrophilic part of the
surfactant. During micellization, water molecules become
reduced in the hydration network providing an increase in DSm
and a decrease in DGm. According to the Gibbs–Helmholz equa-
tion, DHm and DSm have an opposite effect on the free energy of
the micelles' formation. For all of the IL systems, DHm is lower
than TDSm indicating that they are entropy driven processes.
3.2 Reaction of epoxydized methyl oleate with water

Oxirane ring opening by various nucleophiles occurs by one of
two different mechanisms, the choice of which depends on the
character of the nucleophile. Strong nucleophiles such as
Grignard reagents, alkali hydroxides or alkali alcoxides react
with the oxirane ring using an SN2 substitutionmechanism. The
key step of this mechanism is the nucleophile attack to the
more substituted C atom of the oxirane ring. Weaker nucleo-
philes, such as water or alcohols, react with the oxirane ring
using an SN1 substitution mechanism. The key step of this
mechanism is protonation of the O atom in the oxirane ring.
This makes the acid catalysts have a strong positive impact on
this reaction. Thus, the reaction of epoxidized methyl oleate
with nucleophiles such as water occurs using an SN1 substitu-
tion mechanism and is catalyzed by various acidic catalysts. For
a preliminary assessment of this reaction in conventional
reaction conditions and for comparison purposes, a series of
experiments with various concentrations of an aqueous solu-
tion of H2SO4 as catalyst were conducted. The results are pre-
sented graphically in Fig. 6. As can be seen, the concentration of
H2SO4 has a strong impact on the reaction efficiency. Changes
of the epoxide number for a concentration of 1 wt% were
observed to be negligible, however, for a concentration of 5 wt%
aer a reaction time of 7 h, the epoxide number decreased to
0 mg potassium hydroxide (KOH)/g, which corresponds to
a conversion of epoxide of 100%.

In the next step, to 1 wt% of an aqueous solution of H2SO4,
a Brønsted acidic IL, 2 wt% (based on epoxidized methyl oleate)
of [C8mim]HSO4 (chosen as a model IL) was added. The effect of
the IL addition to the reaction system is presented in Fig. 6.
Fig. 6 clearly shows, that addition of an acidic IL to a 1 wt%
aqueous solution of H2SO4 results in a strong increase of the
reaction rate, which can be explained by the synergistic effect of
This journal is © The Royal Society of Chemistry 2016
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Fig. 8 Effect of alkyl chain length in 1-alkyl-3-methylidazolium
hydrogen sulfate ionic liquids used as co-catalyst in reaction of
hydrolysis of epoxidized methyl oleate.

Fig. 6 Effect of concentration of H2SO4 on epoxide number changes
(reaction condition: T ¼ 80 �C).
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the surface active IL on the catalysis of nucleophilic addition of
water to the oxirane ring in the epoxidized methyl oleate. As was
stated previously, the surface properties of homologous amphi-
philic ILs, are highly dependent on the length of the hydro-
phobic alkyl chain. In this respect, the analogous reactions of
water addition to the oxirane ring using a series of amphiphilic
ILs [Cnmim]HSO4, (n ¼ 6–14) was carried out. The results are
depicted in Fig. 7. As is demonstrated by the results shown in
Fig. 8, all the ILs used as co-catalysts that were tested are char-
acterized by a strong synergistic effect. Aer a reaction time of 7
h the epoxide number (Lep) in each of the samples were close to
0 mg KOH/g, which corresponds to a conversion close to 100%.
Results presented in Fig. 8 also revealed that for the shorter alkyl
chain in the imidazolium cation of the IL, the catalytic effect is
stronger. For the IL [C6mim]HSO4 the epoxide value Lep ¼ 0 mg
KOH/g was obtained just aer a reaction time 5 h. Fig. 8
summarizes the results of syntheses, in which in the studied
reaction different catalytic systems were used: 1 wt% aqueous
solution of H2SO4 containing the IL and either a quaternary
ammonium salt, and H2SO4 and the IL used separately.

Results of these studies clearly conrmed the dual func-
tionality of the amphiphilic ILs. This is clearly seen when
comparing the two catalytic systems 1% H2SO4/IL and 1%
Fig. 7 Effect of ionic liquid addition on epoxide number changes
(reaction condition: T ¼ 80 �C).

This journal is © The Royal Society of Chemistry 2016
H2SO4/common quaternary ammonium salt, OTMAC. In
comparison to the classical ammonium salt surfactant, the IL
has a signicantly stronger co-catalytic effect. For the 1%
H2SO4/IL system a faster growth in the conversion of epoxide
was observed. Aer a reaction time of 7 h, the conversion of
epoxide was almost 100%, while for the 1% H2SO4/OTMAC aer
the same time, it was only 80%. For comparison, results ob-
tained for H2SO4, and the IL [C8mim]HSO4 used independently
as a main catalyst are shown in Fig. 8. The strong mineral acid
showed much weaker catalytic ability than the H2SO4/IL
mixture; however, the IL by itself was characterized by only
a little higher activity compared to H2SO4.

Examining the reaction of water addition to the epoxide ring,
its selectivity should also be taken into account. It is known that
nucleophilic addition to the oxirane ring, using the SN1 mech-
anism, leads to the formation of two products. The main
product of the addition corresponds to a 1,2-diol (Scheme 2).
Under the reaction conditions (presence of aqueous solution of
acid catalysts at elevated temperatures) may, however, take
place the isomerization of the epoxide ring leading to the
ketone (Scheme 3).51

The isomerization reaction of the oxirane ring is catalyzed by
Lewis acids. The key step is the creation of a hydrogen bond
with the oxirane oxygen atom. Imidazolium ILs are also known,
oen under the reaction conditions, to behave as typical Lewis
catalysts. In particular, the imidazolium cation may act as
a Lewis acid, which is reected, among other things, by the
formation of hydrogen bonds with a C2–H hydrogen atom.52–54

In the case of epoxy compounds in the presence of imidazolium
ILs the following complexes may be formed55 (Scheme 4).
Scheme 2 Nucleophilic addition of water to epoxide, by the 1,2-diol
route.

RSC Adv., 2016, 6, 11591–11601 | 11597
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Scheme 4 Ionic liquid – epoxy FAME complex.

Scheme 3 A Lewis acid catalyzed isomerization of epoxide, by the
ketone route.

Table 3 Results of addition of water to epoxidized fatty acid methyl
esters, effect of catalyst on selectivity of reaction (reaction time – 7 h;
temp. – 80 �C)

Entry
[Cnmim]HSO4

(wt%)
H2SO4 aq.
(wt%)

Conversion
(%)

Selectivity
to diol (%)

Selectivity
to ketone (%)

1 — 5 100 84.5 15.5
2 — 2 100 83.9 16.1
3 1 16.4 83.3 16.7
4 C10, 5 wt% 1 100 79.2 20.8
5 C6, 2 wt% 1 100 66.6 33.4
6 C8, 2 wt% 1 99.1 74.5 25.5
7 C10, 2 wt% 1 99.3 76.7 23.3
8 C12, 2 wt% 1 99.3 78.9 22.1
9 C14, 2 wt% 1 99.2 79.4 21.8
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Accordingly, as a results of water addition to the epoxidized
FAME, two types of products can be created (Scheme 5). An
evaluation of the surface properties of the homologous series of
the 1-alkyl-3-methyloimidazolium ILs was presented in
a previous section. Based on those results, the effect of the ILs
structure in the reaction of a nucleophilic addition of water to
epoxidized FAME was investigated. The results obtained are
shown graphically in Fig. 6–8. Considering the theoretical
assumptions shown in Scheme 4, the assessment of the IL
impact on the selectivity of the addition reaction was per-
formed. The results are summarized in Table 3.

Just as it did when assessing the effect of the alkyl chain
length on the co-catalytic effect, the alkyl chain length also has
a noticeable impact on the selectivity of the reaction studied.
The highest concentration of [C6mim]HSO4 IL causes the
highest effect on the oxirane ring – imidazolium cation struc-
ture showed in Scheme 4. Formation of this structure favors the
formation of the side product – ketone (Table 3, entry 5)
compared to reaction conducted in absence of the IL (Table 3,
entries 1, 2 and 3). In Fig. 9 a representative GC chromatogram
of reaction product is presented.

The results presented in Table 3 clearly show that the type of
catalytic system has a noticeable effect on reaction selectivity.
Scheme 5 Nucleophilic addition of water to epoxidized FAME, alternati

11598 | RSC Adv., 2016, 6, 11591–11601
The reaction carried out in the presence of H2SO4 alone was
strongly directed to 1,2-diol. The selectivity to diol was 83.3–
84.5% and did not depend on the acid concentration. The
selectivity to the ketone was 16.7–15.5%. Application of the
amphiphilic IL as a co-catalyst shis the reaction a little more
towards the ketone. For the catalytic system 1 wt% H2SO4/IL
selectivity to 1,2-diol was 66.6–79.2% and the selectivity to the
ketone was 33.4–20.8%. Furthermore, the results presented in
Table 1 clearly show that the selectivity to 1,2-diol and ketone
depends on the length of the alkyl chain in the IL. When the
alkyl substituent is shorter, the content of the ketone in the
post-reaction mixture is greater. These results are consistent
with those described in the literature for the effects of the chain
alkyl length of imidazolium ILs on their physicochemical
properties.
3.3 Discussion of the catalytic activity

The systems that exhibit the highest efficiency of the catalytic
opening of the epoxide ring is the epoxidized methyl oleate in
the biphasic system containing 1 wt% of H2SO4 and 2 wt% of
[C6mim]HSO4 or [C8mim]HSO4. For those ILs, the epoxide
number equal to 0 mg KOH/g, reecting epoxide conversion of
almost 100%, was obtained aer just 5 h of the reaction time. In
this respect, addition of the acidic 1-hexyl- or 1-octyl-3-
methylimidazolium IL revealed the highest synergistic effect
providing a strong increase of the reaction rate in the compar-
ison to the system without the IL. Furthermore, these systems
also revealed a higher catalytic activity than the analogous
catalytic system containing 1% H2SO4/OTMAC, and this was
only an 80% conversion aer 7 h. The crucial difference
ve route.

This journal is © The Royal Society of Chemistry 2016
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Fig. 9 Representative GC chromatogram of products of reaction; (a) – fatty acid C16 methyl ester; (b) – fatty acid C18 methyl ester; (c) – ketone
3; (d) – glycol 2, (e) – epoxy oleic acid methyl ester; (f) – diepoxides and diglycols.
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between imidazolium and ammonium compounds is the
presence of the acidic C2–H hydrogen atom in the imidazolium
ring that may interact with the oxygen atom in the oxirane ring.
Dong et al., studying the physicochemical properties of the
alkylimidazolium ILs, have shown experimentally that the
number of the carbon atoms in the alkyl chain have a noticeable
effect on the C2–H bond length.55 For longer alkyl chains, the
C2–H bond is shorter, thus affecting the acidity of this proton.
Therefore, elongation of the alkyl substituent in the imidazo-
lium ILs decreases the pKa of the imidazolium cation, which is
characterized by lower acidity. This affects the low stability
C2–H–O (epoxy) hydrogen bonds and consequently the stability
of the hydrogen complexes oxirane–IL. This observation was
also conrmed by studies conducted for model systems using
nuclear magnetic resonance spectroscopy.56–59 The ILs con-
taining long alkyl chains, for example R ¼ C10, shis the reac-
tion of the water addition to epoxidized FAME towards the more
preferred dihydroxy compound (1,2-diol). In turn, in the pres-
ence of the ILs with shorter alkyl chains, for example R ¼ C6,
a side reaction towards the ketone becomes a bit more
important.

The higher catalytic activity of the system containing IL can
be related to the surface properties of the ILs. Because of the
amphiphilic structure, the IL reveals the ability to adsorb at the
oil/water interface and form micellar aggregates in the aqueous
phase. Therefore, epoxidized methyl oleate may diffuse to the
aqueous–organic interface, where it interacts with IL ions, fol-
lowed by the increase of the solubility in the aqueous phase via
their incorporation into the micelles (solubilization). Analysis
This journal is © The Royal Society of Chemistry 2016
of the dependence of the alkyl chain length on the surface
properties of 1-alkyl-3-methylimidazolium ILs, in particular on
the CMC values, revealed that the shorter the alkyl chain length
(C6), the higher the critical concentration representing micelle
formation. The effect of the alkyl chain length on the CMC
values of the homologous series of alkylimidazolium hydrogen
sulfate ILs is presented in Table 1 and Fig. 5. It should be
mentioned that 2 wt% concentration of the ILs added to the
reaction system exceeds the CMC values only for the systems
containing ILs with C10–C14 alkyl chain length. This means that
for only these compounds can micelle formation be expected.
For a C8 IL, the concentration applied in the experiment
exceeded the concentration needed to decrease the surface
tension by 20 mN m�1 which is the gure that has been iden-
tied to give complete (or close to complete) saturation of the
interface. On the contrary, [C6mim]HSO4 was used at a concen-
tration that was lower not only than the CMC but also lower
than the C20 concentration meaning that saturation of the
interface was not attained. It should also be remembered that
ILs reveal some affinity not only to water but also towards the
organic fatty acid phase because of the presence of the hydro-
phobic part of the cation. Some partial solubility of the IL in the
organic phase results in a decrease of the [C6mim]HSO4 at the
interface. In addition, ILs with a shorter alkyl chain length are
also characterized by the higher specic surface area values per
IL ion pair at the interface (0.87 nm2 for [C6mim]HSO4 and
0.67 nm2 for [C14mim]HSO4). That is, the cross-sectional area
occupied by the amphiphilic compounds with shorter alkyl
chain is higher. The short chained ILs are not in the closed-
RSC Adv., 2016, 6, 11591–11601 | 11599
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packed arrangement to the surface normally but are probably
more tilted with respect to the interface than the long chained
ones. As a consequence, the maximum surface excess concen-
tration, that describes the effectiveness of the amphiphile
adsorption, is lower for ILs with shorter alkyl chains. Based on
these results, it can be assumed that adsorption of the ILs at the
oil/water interface rather than micellization/solubilization
processes plays a crucial role in the mechanism of the
epoxide conversion. Adsorption of the ILs at the interface
results in a lowering of the interfacial tension facilitating
contact of the substrates in both phases. In addition, the length
of the alkyl chain also inuences the strength of the interaction
between cations and anions of the IL. That is, the longer the
hydrocarbon chain, the more delocalized is the charge, the
more acidic the imidazolium H2 hydrogen atom is, and as
a consequence the weaker is the interaction between ions. From
this perspective, ILs with a higher catalytic activity (C6–C8) are
characterized by the strongest cation–anion interactions and
a lower acidity of the C2–H hydrogen atom. On the other hand,
elongation of the alkyl chain in the imidazolium cation may
also result in stronger van der Waals interactions between
hydrocarbons (shown as higher surface excess) and additional
steric hindrance limiting ability of the imidazolium cation to
interact with the organic substrate. A similar conclusion has
been reported by Xu et al.60 in his study on dissolution of
cellulose in 1-alkyl-3-methylimidazolium ILs. The increasing
alkyl chain length leads to an increase in the acidity of the
hydrogen atoms H2 and H4 in the imidazolium cation which
contributes to the hydrogen bond formation between the acidic
hydrogen and the hydroxyl oxygen of cellulose, and thus,
cellulose dissolution. However, as the alkyl chain length
increases further, the steric hindrance of the hydrogen bond
formation between the acidic hydrogen and the hydroxyl oxygen
increases, and the hydrophilicity of the imidazolium cation
decreases, which is not conducive to cellulose dissolution.

4 Conclusions

In summary, a series of amphiphilic 1-alkyl-3-
methylimidazolium hydrogen sulfate ILs were synthesized and
analyzed to determine their surface and co-catalytic properties.
Surface properties (surface tension, micellization, degree of
ionization of micelles and Kra temperatures) were deter-
mined. The length of the alkyl chain substituents was found to
have a vital effect on the adsorption and micellization behavior.
All the acidic ILs were tested as co-catalysts in an oxirane ring
opening reaction in epoxidized FAME. Their co-catalytic activi-
ties were studied as a function of surface and physicochemical
properties. It was found that the co-catalytic properties, both
conversion and selectivity, of the alkylimidazolium hydrogen
sulfate ILs depend noticeably on the alkyl chain lengths
attached to imidazolium nitrogen atom, the acidity of the C2–H
imidazolium hydrogen atom and the micellization properties.
The surface properties of 1-alkyl-3-methylimidazolium
hydrogen sulfate ILs were found to have a noticeable impact
on the co-catalytic effect, whereas the acidity of the C2–H
hydrogen atom inuences the selectivity of this reaction. The
11600 | RSC Adv., 2016, 6, 11591–11601
results obtained conrm the specic dual functionality of the
amphiphilic Brønsted acidic ILs.
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