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This paper extends the study of the induced temperature change in the mesostructure and in the physical properties
occurring in aqueous mixtures of the ionic liquid 1-ethyl-3-methyl imidazolium octyl-sulfate [EMIm][OSO4]. For some
compositions these mixtures undergo a phase transition between the liquid (isotropic in the mesoscale) and the
mesomorphic state (lyotropic liquid crystalline) at about room temperature. The behavior of mixtures doped with a divalent
metal sulfate in order to observe their applicability as electrolytes. Calcium sulfate salt is almost insoluble even in the 20 w%
water mixture. The magnesium salt, in contrast, can be dissolved up to concentrations of 730 ppm in the same mixture and
it has a profound impact on its properties. Six aqueous mixtures (with water content from 10 wt% to 33 wt%) of [EMIm][0SO4]
were saturated with magnesium sulfate salt, producing the ternary mixture [EMIm][0SO4]+H20+MgSO0s. Viscosity, density
and ionic conductivity for these samples were measured from 10°C to 90°C. In addition, SAXS, FTIR, diffussion NMR and
Raman spectroscopy of the most interesting samples have been performed, and structural data indicate a transition
between a hexagonal lyotropic liquid crystalline phase below and an isotropic solution phase above room temperature. The
octyl sulfate anions of the cylindrical micelles in the hexagonal phase are coordinated with water molecules through H-bonds
(about four per sulfate anion), while the [EMIm] cations seem to be poorly coordinated and so free to move. Inorganic salt
addition reinforces that network, increasing the phase transition temperature.
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1. Introduction

Room temperature ionic liquids (ILs) have a combination of
physico-chemical properties that make them attractive for
many technical applications.! Due to their intrinsic ionic
conductivity, they have been suggested as non-aqueous
electrolytes for electrochemical applications, as the
electroplating of base metals and semiconductors and also for
energy storage and conversion in e.g. fuel cells, batteries,
electrolytic capacitors and dye-sensitized solar cells.23 In all of
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these applications the electrolyte conductivity and the width of
its electrochemical window is a crucial parameter. Compared to
usual electrolytes however, the ionic conductivity of most ILs is
relatively poor (< 0.1 S‘m). This has recently triggered studies
of aqueous mixtures of ILs with the aim of achieving a
combination of good bulk ionic conductivity as in aqueous
electrolyte solutions, while retaining the beneficial interfacial
properties of ILs.4#5 Attempts have been made to further
increase the applicability of such mixtures by adding metal salts,
whose impact has been studied both theoretically and
experimentally.®7?

Alkali salts of long chain alkyl sulfates, e.g. sodium dodecyl
sulfate, are anionic surfactants and are known to form micellar
aggregates in aqueous solutions. While sodium octyl sulfate is
solid up to its decomposition temperature of 195 °C, 1-ethyl-3-
methyl imidazolium octyl sulfate [EMIm][OSO,4] is a room
temperature ionic liquid, with a solidification temperature of -9
°C.82 This IL is hygroscopic, and viscosity measurements
together with polarized light microscopy have indicated the
formation of a lyotropic liquid crystalline phase upon mixing
with water at temperatures up to 259C, depending on the
concentration of water, which can be naturally absorbed from
the atmospheric moisture.?

Such lyotropic mesophases are otherwise formed by adding
amphiphiles to a solvent. These form aggregates above the
critical micelle concentration, which can have various shapes
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and sizes and constitute the building blocks of liquid crystals.
Usually, the normal topology (or Type 1) phase structures
forming upon increasing the amphiphilic concentration range
from micellar cubic, via hexagonal and bicontinuous cubic, to
lamellar.10 Sometimes a gel phase is observed in between the
hexagonal and the lamellar mesophase. A further increase in
amphiphilic concentration leads to the formation of inverse
topology lyotropic (or Type 2) phases, where the polar domain
is discontinuous.

The mesophase structure and behaviour of binary mixtures of
ILs and water has attracted considerable interest.11-14 For dry 1-
decyl-3-methyl imidazolium bromide only a single broad Bragg
peak is observed in small angle X-ray scattering (SAXS),
indicating significant lattice and orientational disorder.1*
Addition of water to the sample to yield a composition
containing = 5-40 \+% of H,0 results in a strong, anisotropic 2D
pattern featuring two diffraction rings, which indicate the
presence of a lamellar lyotropic liquid crystalline phase.l* A
characteristic optical texture of the birefringent sample in
polarized light microscopy supports this finding. Inoue et al.
have studied the binary mixture of 1-dodecyl-3-methyl
imidazolium bromide and water by differential scanning
calorimetry and polarized optical microscopy and found the
hexagonal and the lamellar liquid crystalline phase.12 A similar
behaviour observed by SAXS has been reported for 1-hexadecyl-
3-methyl imidazolium chloride.!> Russina et al. have studied the
water-free IL [EMIm][OSO,4] by SAXS.16.17 The low-Q peak in the
SAXS pattern of this and a range of similar ILs, provides evidence
for an intermediate range order existing in [EMIm][OSO4], and
other ILs1#18 with a large variety in the nature and spatial extent
of the interactions of heads and tails. As mentioned, the
aqueous mixtures of [EMIm][OSO,4] are in a semi-solid liquid
crystalline state around room temperature for certain water
concentrations (which can be directly absorbed from the
atmospheric moisture).? These last samples decrease their
solidification temperature down to —90 °C.

The application of ILs as electrolytes is promising, but the usage
of conducting liquid crystalline phases in a semi solid state and
based on ILs is even a more interesting option, and many
attempts have been made to have the optimum recipe.19-24
Common approaches include mixing monomers with an IL and
polymerize the mixture,®2! adding a gelator to an aqueous
mixture of a given IL2223 or preparing poly-ILs which self-
polymerize.?* The main problem for the majority of the polymer
gel electrolytes based on ILs is that their ionic conductivities
drop by about two orders of magnitude with respect to its value
in the liquid phase.?* In the lyotropic liquid crystalline phase
that we have discovered, that problem does not appear
because the electrical conductivity remains high (> 1 S/m, due
to the water presence) through the phase transition.®

The addition of active metal salts to ILs results in a redox
element that can interchange charge with the electrodes. We
have studied [EMIm][0SO;] + H,O0 mixtures doped with
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univalent salts in a very recent paper,2> where we proposed a
model to explain the mesophase formation, whose transition
temperature is affected by the salt nature. Here, we report the
phase transition involving the mesostructures experienced by
those aqueous mixtures when doped with magnesium or
calcium sulfate salts. These are promising cations for
electrolytes due to their double charge and, in the case of Mg?*,
a similar size to the lithium cation.?? In addition, Mg and Ca are
much more abundant than Li, widely spread on earth and,
accordingly, cheaper. More specifically, we present new results
based on the use of infrared (IR) and Raman spectroscopy,
diffusion nuclear magnetic resonance spectroscopy, SAXS and
optical microscopy, which help elucidating the mesostructured
of the investigated samples. In addition, experimental values of
other relevant properties such as ionic conductivity, density and
viscosity as a function of temperature are also provided.

2. Experimental

2.1. Chemicals

The chemicals used are summarized in Table 1, where we
include the supplier, purity, water content and molar mass. The
water employed to prepare the mixtures was of Milly-Q grade.
The IL used here can be also denoted in literature as C,CiIm-
CsS0O4. Note that both sulfate salts used are not soluble in the
pure IL, being the concentration of the metal in the saturated
solution at room temperature about 2 ppm.

2.2. Samples

To begin, we have prepared five different aqueous mixtures of
[EMIm][OS0O,4] with water content below 33 %, which is the
limit for the formation of a liquid crystal.?2> These binary
samples were named as (n), and their composition is given in
Table 2. This table includes also a pure IL sample, named (0).
Part of the volume of each of the aqueous mixtures was
saturated with the MgS0O, and, another part, with CaSO, salt.
For that we add excess of the inorganic salt to each binary
mixture, airtight sealed the tube and shake well the sample.
Then, it is heated up 80 °C for some minutes, ultra-sounded and
left at 25 °C for 24 hours to equilibrate the solution. Finally, the
clear solution is extracted leaving the salt deposit in the bottom
of the tube used. The solubility of the CaSO, is negligible, thus
for example, sample (3) saturated with this salt has about 15
ppm of Ca. In contrast, the same mixture saturated with MgSO,4
presents about 60 times higher concentration for the Mg.

Table 1. Supplier, purity, water content and molar mass for the chemicals used

. . Water Molar
Supplier Purity
content mass (g)
[EMIm][OS04] Aldrich >98% 560 ppm 320.45
MgS0s Panreac >99% Anhydrous 120.37
CaS04 Alfa Aesar >99% Dihydrated 136.14
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Table 2. Properties (density, p; viscosity, 11; and ionic conductivity, k) experimentally measured; weight percentage composition of the samples; Mg cation content in ppm; molar

fraction of the IL, and phase transition temperature of the mesomorphic state for each mixture studied.

Mixture Mag. w0 IL w% water wt% Mg Salt Mg (ug/g) XiL Tra (°C)
(0) o, M, K 99.94 0.06 0.00 <2 0.989 -
(2) o, M, K 90.82 9.18 0.00 <2 0.357 4.5
(2) o, M, K 83.20 16.80 0.00 <2 0.218 19.0
(3) o, M, K 77.42 22.58 0.00 <2 0.161 17.0
(4) P, M, K 71.24 28.74 0.00 <2 0.122 2.0
(5) K 66.89 33.11 0.00 <2 0.102 -
(1+) K 90.68 9.16 0.16 310+20 0.357 6.0
(2+) K 83.07 16.78 0.15 3065 0.217 27.0
(34) P, M, K 77.05 22.47 0.48 975+7 0.161 27.0
(4+) K 70.78 28.58 0.64 130020 0.122 12.0
(5+4) K 65.94 32.94 1.42 286050 0.100 1.0

(2.5) P, M, K 80.63 19.37 0.00 <2 0.190 20.0

(2.5%/3) p, M, K 80.53 19.35 0.12 248+2 0.189 20.5

(2.5%/3) p, M K 80.44 19.32 0.24 488+2 0.189 26.0

(2.5%/4) K 80.42 19.31 0.27 54742 0.189 28.0

(2.54) P, M, K 80.34 19.30 0.36 73342 0.189 29.0

ur(wt%) = 0.01 %; u(xi) = 0.001; u(Trs) = 0.5 °C

Due to that, the data obtained for the CaSO, doped samples
equal those of the corresponding non-doped liquids within the
experimental errors. Therefore, these mixtures were not
analysed further.

The samples (n) saturated with the MgSO, salt have been
denoted as (n+), and their compositions are included in Table 2.
Finally, a sixth agqueous mixture was prepared with water
content between those of (2) and (3) samples, looking for the
maximum phase transition temperature, which was named
(2.5) and its composition is also included in Table 2. Again, part
of this sample was saturated with the Mg sulfate salt as
explained above, and it was named sample (2.5+). These last
two samples were mixed in different proportions to investigate
influence of the salt content on the different measured
properties. The composition of these not saturated samples,
named as (2.52/,), also appears in the bottom lines of Table 2.
The fraction 2/, indicates roughly the (2.5+) mixture weight with
respect to the total of the sample. j

2.3. Equipment

All the mixtures were prepared by weight using a Gram ST-510
balance, which has a repeatability of 1-10°° kg. Moreover, the
metal concentration in each sample were measured with a
quadrupolar Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) Thermo-X with High-Performance Liquid
Chromatography (HPLC) in the Research Support Facilities (SAI)
of the Universidade da Corufia. Lastly,
determination of the concentration of the samples is

as far as the
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concerned, the quantity of water in any of the studied mixtures
was obtained by Karl Fisher titration.

lonic conductivity (x) was measured using a CRISON GLP31
conductivity meter, which uses a constant ac current of 500 Hz
and 4.5 V peak to peak. All measurements were performed in
the isothermal
uncertainty is less than 0.5 % of the measured value, while the

basis described below. The experimental

repeatability is better than 3 %. The sample was immersed into
a Julabo F25 thermostatic bath which controlled the
temperature within 0.1 °C. lonic conductivity measurements
were repeated at least three times at 25 °C. Calibration was
performed with two certified KCl solutions every 30 days.

Density and dynamic viscosity (p and m, respectively) were
simultaneously measured with an Anton Paar Stabinger SVM
3000 viscodensimeter with a repeatability better than 5-104
g-cm3 and 0.4 % of the measured value, respectively. This
device has an internal Peltier thermostat featuring an
uncertainty in the temperature of £0.02 °C from 20 °C to 90 °C.
It allows the measurement of viscosities from 0.2 to 20,000
mPa-s without changing any instrumental part, and so it is the
most adequate apparatus to measure the phase transition
process, where differences of some orders of magnitude in a
narrow transition temperature interval from liquid to
mesomorphic states appear. In that temperature range the
sample is in an intermediate liquid crystalline phase (named
quasi-gel state in Ref. 25) as we will see below. All
measurements were performed in an isothermal basis, thus the
sample is tempered at least 15 minutes at each temperature
before measuring it (and more than 30 minutes around phase
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Figure 1. (a) Viscosity (squares, at left), density (triangles, at right) and ionic conductivity (rhombus, at left) at 60 °C (solid symbols) and at 25 °C (open ones) of the binary
mixtures [EMIm][0SO,4] + H,0, denoted as (n). (b) Phase transition temperature of the (n) samples without salt (solid symbols) and the (n+) samples doped to saturation with
Mg sulfate salt (open ones). Composition of samples (n) and (n+) is given in in Table 2. Lines are guides for the eye.

transition). Density and viscosity have not been measured for
all samples, as observed in Table 2.

Raman spectra were collected using an InVia Reflex Raman
spectrometer from Renishaw. Both the 532 nm and the 785 nm
laser lines were used to collect and compare spectra, although
those shown in this work and further analysed by a peak fit
approach were obtained by the 785 nm line of a near infrared
diode laser. Together with a grating of 1,200 lines per mm, a
spectral resolution better than 2 cm™! was obtained. Spectra
were collected at variable temperatures using a Linkam cell
(THMS600) for a precise control of the temperature in the
sample environment. The sample (i.e. a droplet of the mixture
with a diameter of approximately 1 mm) was cooled at 5 °C/min
and let to equilibrate at every temperature for 20 minutes,
while the time needed to collect Raman spectra of good quality
was about 10 minutes. Using a laser power of ca 100 mW, five
accumulations of 10 seconds each were needed for a good
signal-to-noise ratio. Finally, note that the sample is in a
protective atmosphere.

Pulsed field gradient (PFG) NMR experiments were performed
on a Bruker Avance 600 spectrometer at a magnetic field of 14.1
T. The spectrometer was equipped with a 'H diffusion probe
and a maximum gradient field of 1200 G-cm. The stimulated
echo pulse sequence was employed to determine the self-
diffusion coefficient of the different molecular species.
Diffusion measurements were performed at two different
temperatures, (15 and 25 °C). The self-diffusion coefficients
were obtained by fitting the decay of the echo signal with the
well-known Stejskal-Tanner expression,

I =1 exp{-(y86)-D-(a-2)} (1)

where [ is the signal intensity, o is the signal intensity of spin-
echo at zero gradient, G is the gradient strength, D is the self-
diffusion coefficient, dthe length of the gradient pulse, and A is
the diffusion time. The applied linear gradient was varied in the
range 0-200 G-cm'l, while the diffusion time and the pulse
duration were set to 100 and 10 ms respectively. Each
experiment was based on 8 acquisitions, and the relaxation
delay was set to 9 s according to the specific temperature values
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measured for the different samples, that were found to fall
within the interval 1.30-1.75 s. The magnetic field gradient was
calibrated using a standard solution of D,O/H,0.

Infrared spectra were recorded in the range 400 to 4000 cm-!
using a Bruker Vector 22 mid-infrared FT-IR spectrometer
equipped with a Specac Golden Gate single-reflection diamond
ATR accessory with KRS-5 optics from the UAE Unity in SAIl of
UDC. All data were obtained at a sample temperature of 23 °C.
Spectra were processed with the Bruker Opus software
package.

SAXS data for the metal-free samples were collected at the ID02
beamline at the European Synchrotron Radiation Facility (ESRF)
using an instrumental setup allowing to cover Q range between
0.3 and 11 nm. Samples were inserted into a temperature
controlled flow-through cell, with internal diameter of 1.9 mm.
The corresponding empty cell contribution was subtracted.
Calibration to absolute units (mm) was obtained using a neat
water sample in a 2 mm capillary. For the Mg doped samples,
SAXS was performed with a high-flux SAXSess camera (Anton
Paar, Graz, Austria) connected to a Debyeflex 3003 X-ray
generator (GE-Electric, Germany), operating at 40 kV and 50 mA
with a sealed-tube Cu anode. The Goebel-mirror focused and
Kratky-slit collimated X-ray beam was line shaped (17 mm
horizontal dimension at the sample) and scattered radiation
from the samples (measured in the transmission mode) was
recorded with a one-dimensional MYTHEN-1k microstrip solid-
state detector (Dectris, Switzerland), within a Q-range (with Q
being the magnitude of the scattering vector) of 0.1 to 5 nm-1.
Copper Kq radiation of wavelength 0.154 nm was used and the
sample-to-detector distance was 309 mm. This corresponds to
a total 20 region of 0.14° to 7°, applying the conversion Q (hm™1)
= 4m(sin@)/A, with 26 being the scattering angle with respect to
the incident beam and the wavelength A of the X-rays. Samples
were filled into a 2 mm (diameter) thin-walled plastic capillary
tubes (polycarbonate) with vacuum-tight sealing caps at both
ends. The automated temperature scan extended from 5 °C up
to 50 °Cin 5 °Cor 10 °C steps with a waiting period of 5 minutes
to allow equilibration and a subsequent exposure time of 10
min for each step. The recorded SAXS data (scattered intensities
vs. scattering vector) of the samples were analysed by indexing
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Figure 2. Viscosity (squares, at left) and density (triangles, at right) in function of
temperature for the salt free (3) sample (solid symbols) and MgSO, saturated
sample (3+) (open symbols). Lines are the best fit of a VTF curve for viscosity and
of a straight line for density.

the diffraction peaks and extracting the lattice spacing a. In case
of a 2D hexagonal lattice the expected peak positions are Q:\3,
Q:1-V4, Q1\7, Q-9..., with Q; being the first reflection order of
a hexagonal lattice, with a lattice spacing

a=4n/(Q:1V3) (2)
and a representing the centre-to-centre distance of the
hexagonal unit cells.

3. Results and discussion
3.1. Physical Properties: Water concentration influence

As previously reported, water has a profound influence on all
physical properties measured in [EMIm][OSO4], including
viscosity, density, ionic conductivity and phase transition
temperature, Tgs (defined as the temperature at which the
sample does not flow under gravity (simultaneously exhibiting
a huge value for dynamic viscosity, n > 20 Pa-s).).>2>26 The value
of this last magnitude was obtained by eye for each mixture
several times and the values appear in Table 2. At temperatures
just above Tge the sample begins to flow as a paste, passing
through a stable intermediate liquid crystal phase (called quasi-
gel state in Ref. 25) in a narrow range of temperatures (within 2
°C to 7 °C depending on the sample composition), before
becoming completely liquid at a temperature denoted as Ts. We
have observed that this intermediate state is stable at least for
24 h. In addition, we have verified that the huge viscosity value
experimentally measured with the sample in intermediate state
is reproduced, within the experimental errors, independently
on if temperature is reached from below or above Tg. This last
temperature has been obtained from the viscosity data, i.e. as
the temperature where n looses its Vogel-Tamman-Fulcher
(VTF) characteristic behaviour.® The experimentally measured
viscosity and density data at T > Tgg are included in Table S1 of
the Supporting Information file, being the data for T< T in bold
case. Also, in Table S2 we include data of the ionic conductivity
for all of the binary aqueous samples (n) studied.

The influence of the water on viscosity on viscosity, density and
ionic conductivity of the agueous mixtures (n) 25 °C and 60 °C is
shown in Figure 1(a). Viscosity decreases exponentially with the
water content, while density decreases linearly. In contrast

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. lonic conductivity decreas in percentage due to MgSQO, salt saturation in
the six pairs of samples, (n) and (n+), given in Table 2. Solid squares correspond to
(1), solid rhombus to (2), solid dots to (2.5), open dots to (3), open squares to (4) and
open rhombus to (5). Lines are guides for the eye.

ionic conductivity increases exponentially with water content.
These results are in accordance with the behaviour of other
IL+water mixtures previously studied.*22427 Note that the
inverse proportionality between ionic conductivity and viscosity
that we observe in this IL is in full agreement with the
predictions of Walden’s rule.825

Figure 1(b) shows Tgs values for (n) samples, which present a
bell-shape (solid dots at left axis) with a maximum at about 20
wt% of water, which corresponds to x;. = 0.2. These results also
agree with previous measurements.?25 Note that samples (0)
and (5) do not form any liquid crystalline phase. Hence, the
novel aspect studied here will be understanding the influence
that Mg-doping may have on these mixtures.

3.2. Physical Properties: Magnesium salt influence

Viscosity and density values measured for samples (3) and (3+) are
plotted in Figure 2 as a function of temperature, the corresponding
data being available also in Table S1. Upon addition of the salt, both
viscosity and density increase, as was also observed upon addition of
univalent salts.2* Ty increases by up to 10 °C in the Mg-doped
samples respecting the no doped ones as shown in Figure 1(b). In
addition, MgS0O4 narrows the temperature range of the intermediate
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Figure 4. lonic conductivity (rhombus, at left), viscosity (squares, at left) and density
(triangles, at right) for the (2.5a/b) samples at 60 °C, and phase transition
temperature (dots, at left), in function of weight percentage of the magnesium
sulfate salt. Curves are the best fit of a straight line.
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state, as observed in Figure 2, where T and Tge for the two samples
are marked. Note that this range (equal to T¢ - Tgs) diminishes from
about 7 °C for sample (3) to only 3 °C for sample (3+). Figure 2 shows
that density decreases linearly with temperature (triangle symbols
referred to right axis), and that the salt addition increases density
values without affecting the linear dependence on T (which is about
-0.7 kg:-m=3-K1). The increase of mass due to the salt addition, even
assuming that the molar volume of sample (3) does not change,
cannot justify the increase of the density value. Thus, it must be
assumed that ionic packing is favoured by the addition of MgSQO,.

The ionic conductivity experimental data for the doped (n+)
samples are included in Table S2. As observed xvalue decreases
as a result of MgSO,4 salt addition. The conductivity loss, in
percentage (Ax%) is defined as,

A% = 100 @D 3)

Kn)

Except for the sample (1) (which has the lowest quantity of
water) the percentage of the ionic conductivity decrease is
almost independent of the water content, as shown in Figure 3.
Also, Ax% decreases slightly with temperature for all mixtures,
ranging from about 25 % at -5 °C to about 18 % at 70 °C (except
again for sample (1) which percentage decrease is about 7.5 %
independently of temperature).
Next, we are going to analyse the influence of the Mg salt
concentration in the studied physical properties. As explained
in Section 2, we mixed samples (2.5) and (2.5+) in different
proportions to obtain five samples (including the saturated
mixture and the salt free one) with increasing Mg content,
which composition appears in Table 2. In Figure 4 we plot the
obtained values of | (square at left), p (triangles at right) and «
(rhombus at left) for those five samples at 60 °C (to have all of
them in liquid state), and also Tre (dots at left axis). As observed
the dependence of all properties is roughly linear with the salt
content, so we can tune it adding the optimal salt quantity.

3.3. Raman Spectroscopy

Figure 5 shows the Raman spectrum of a [EMIm][0SO4] aqueous
mixture, sample (3), obtained at 30 °C with the 785 nm laser line
as the excitation source. The vibrational modes of the [SO4]%
group of the octylsulfate as well as of the —CH group of the
imidazolium ring (cation) and of the alkyl chain of the
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Figure 5. Raman spectrum of sample (3) recorded at 30 °C. See Table 2 for sample
composition.
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Table 3. Vibrational frequencies of selected vibrational modes and their proposed
assignment according to previously reported works

Wave number Assignment Reference
580 cm™ —-S0 deformation [28,29]
in-plane v N—-CH
598 cm’! mn-plane v A= 130]
stretch [EMIm]
v CO-S [31]
798 cm™ or Or
v C-0S [32]
960 cm™® v C—C (C:C1im*) [30,33,34]
v S-0C
[29,35]
or
977 cm™ . . or
gauche isomers in alkyl [36]
chain
1060 cm™* S—05" stretch [31,32,37]
2800-3000 cm™* C—H stretch (alkyl) [38,39]
3112 cm™® C2—H stretch (ring) [40,41]
3163 cm™? C*5—H stretch (ring) [40,41]

octylsulfate anion are observed at distinct frequency ranges. A
full assignment of these vibrational modes based on precedent
studies is given in Table 3.2841

The Raman spectrum of the sample (3+) is very similar to that
of sample (3) (see Figure S1 in the supplementary Information
for a comparison of both spectra) since the low concentration
of the added salt (even at saturation, as observed in Table 2)
does not result in strong signatures from the additional [Mg]%*
and [SO4]? ions.

Upon cooling, which drives the sample into a liquid crystalline
state, the Raman spectra of sample (3+) show clear changes in
the position and/or intensity of the characteristic vibrational
modes, as shown in Figure 6. More precisely, the deformation
modes at 570 and 580 cm™ become narrower and increase in
intensity, Figure 6(a), the intensity of the symmetric S—O stretch
decreases compared to other proximate vibrations, Figure 6(b),
while the C—H stretch vibrations show a relative intensity
change in the alkyl chain, Figure 6(c), and both intensity and
frequency change in the imidazolium ring, inset of Figure 6(c).
All these changes were also detected in the binary mixture
sample (3), as summarized in Figure S2 in the Supplementary
Information file. The symmetric S—O stretching mode is the
strongest signature in the recorded Raman spectra, due to the
large change in
polarizability. The frequency of this mode is known to be a
strong indication of the association state of —SO, containing
anions, shifting to higher frequencies in the case of ion-pairs or
larger ionic aggregates, while lower frequencies are observed
for more free anions in association to for instance bulky
cations.28 A deeper analysis of Figure 6(b) reveals that this mode
shifts by less than 1 cm! upon decreased temperature from 32
°Cto 5 °C, and that its intensity decreases slightly upon cooling.
Altogether, this behaviour indicates a change in the local
geometry (anion-cation-water relative positions) rather than in

symmetry of this vibration and thus a

the strength of ionic association or H-bonding.

This journal is © The Royal Society of Chemistry 2018
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Figure 6. Selected regions of the Raman spectra recorded for sample (3+) at 30 °C (liquid phase) and 5 °C (rigid gel phase).

In addition, the 2800-3000 cm! region shows that when the
sample cools (and thus becomes a liquid crystal) the intensity of
the peak at 2885 cm (asymmetric C—H, stretch) slightly
increases with respect to the one at 2850 cm™ (sym. C-H,
stretch), Figure 6(c), an observation that has previously been
used as an indication of increased chain packing and decreased
chain mobility.?? The small but detectable downshift in
frequency and increase in intensity of the mode at 2885 cm-!
upon cooling can thus be attributed to reduced chain rotations
around the chain axis and increased chain-chain interactions.
To get a better understanding of these spectral changes a peak
fit analysis has been employed using a set of Lorentzian
functions and a linear background, as shown in Figure 7 for the
representative case of sample (3+) (see also the Supplementary
Information file). This approach reveals a more precise
temperature dependence of the spectral changes and in
particular more pronounced peak frequency shifts and peak
narrowing effects at a temperature of 25 °C. This temperature
is in perfect agreement with the transition temperature
determined from light microscopy and viscosity measurements

3114 3170

and previously attributed to an isotropic-mesomorphic phase
transition.®2%> In Figure 7(a) it is observed that the C-H
stretching modes of the imidazolium ring found at 3112 cm™ (v
C2—H) and at 3163 cm™ (v C*>—H) show a red shift in frequency
upon cooling, indicating the experience of stronger H-bonds by
the C245H groups. In addition, the vibrational modes associated
to the C2—H stretch get narrower than the C*5—H counterpart,
suggesting that on cooling the —C2H group on the ring becomes
a preferred site of interaction. Also, Figure 7(b) shows that the
two peaks associated to the —SO deformation at 570 and 580
cm! become narrower, which is in contrast to the peak width
of the N—CHj3 stretching mode of the cation observed at 598 cm-
1 that is much less affected by the temperature decrease. To
summarize, the results obtained by Raman spectroscopy
indicate a structural transition upon cooling that involves both
anion-cation and water-ion interactions, as will be discussed
later in further details.

3.4. Diffusion NMR

Figure 8 shows the relationship between the self-diffusion
coefficient measured for the cation (Dcation) and for the anion
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Figure 7. Results from the peak fit analysis of selected regions of the Raman spectra recorded at variable temperatures for the sample (3+).
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Figure 8. Ratio between the self-diffusion coefficients of the cation and the anion for
the pure IL (at 25 °C), and the water/IL mixture at both 25 and 15 °C.

(Danion) at different compositional or thermal conditions. These
values were obtained by fitting the decay of the echo signal with
the well-known Stejskal-Tanner expression, Equation (2) (the
original values are also given in Table 4). Figure 8 shows that in
the pure ionic liquid the diffusivity of the cation is twice that of
the anion at 25 °C, and about three times that of the anion upon
addition of water. However, at 15 °C, the temperature at which
the mixture is in the liquid crystalline state, the cations move
seven times faster than the anion. This is in nice consistency
with the mesomorphic phase structure shown below, where
anions are supposed to be rigidly bound by H-bonds while the
cations are more mobile by experiencing a water-rich domain.

3.5. Infrared spectroscopy

Figure 9 displays the infrared spectra recorded for sample (0)
(blue line at bottom), sample (2) (brown line in the middle) and
sample (3+) (yellow line at top), vertically offset for a better
visualization. Spectral features characteristic of the [EMIm]*
cation (ring stretching at wavenumber 1570 cm and bending
at 1450 cm1),%2 and the sulfate anion (stretching at k = 1160 and
990 cm?, and bending at 600 cm™1) are observed.*3 In addition,

Table 4. Diffusion coefficient values for cation and anion from NMR for sample (0
See Table 2 for sample compositions.

3400 2400

k/ cmt

Figure 9. FTIR spectra for samples (0), blue line at bottom; sample (3), brown line in
the middle, and sample (3+), yellow line in the top. Samples composition is given in
Table 2.

the vibrational modes of water (1650 cm™! for bending and 3500
cm! for stretching)** are also observed. In Figure 10 we show
in greater details three regions with the spectra normalized to
the base line to emphasize intensity differences. Thus, in Figure
10(a) two characteristic peaks corresponding to the [EMIm]*
cations are observed, with comparable position and intensities.
In Figure 10(b) peaks corresponding to the [SO4]% anion show
differences in the relative height of each, mainly from the pure
sample (blue line) and the aqueous mixed ones. This reveals a
change in the different modes of the sulfate anion due to the
presence of water because the height of a peak is related with
the number (or strength) of that interaction. The addition of the
Mg sulfate does not change appreciably the position of these
peaks or its relative height. Finally, in Figure 10(c) we show in
detail the peak corresponding to water stretching, including
that of pure H,0 as a black line. The water content is reflected
by the intensity of that peak (that of pure water has been
divided by 5), while the position reflects the number of H-bonds
formed, which are typically manifested by a red-shift.** The red-
shift observed upon addition of the salt, indicates stronger H-
bonds with respect to both the nearly dry (0) and the salt-free
(2) samples.

) and sample (3), this last in both phases, liquid (at 25 °C) and liquid crystal (at 15 °C).

Sample (temp., state) Deation (C*H) Deation (C*°H) Danion (CH3) Deation/Danion
(0) (25 °C, liquid) 4.51 um?/s 4.57 um?/s 2.45 um?/s 1.85
(3) (25 °C, liquid) 88.8 um?/s 91.5 um?/s 30.7 um?/s 2.93

(3) (15 °C, lig. crystal) 52.6 um?/s 49.0 um?/s 7.12 um?/s 7.14

3.6. Small Angle X-ray Scattering (SAXS)

Let’s first analyse the SAXS data obtained from the aqueous
mixtures of [EMIm][OSO4] from high dilution, x,. = 0.003 (about
95 \+% of water) to medium diluted ones, x. = 0.343 (about 10
wt% of water). The resulting curves are shown in Figures 11(a)
and (b), after subtraction of the empty cell contribution. Data in
Figure 11(a) refer to the concentration range from x,. = 0.003 to

8 | Physical Chemistry Chemical Physics, 2018, 00, 1-3

0.049. In the more dilute regime (dashed lines; x,. < 0.014), the
scattering curves resemble similar data sets from aqueous
solutions of other alky sulfate-based salts, such as sodium
dodecyl sulfate.?>48 Similarly to other cases, these data can be
described as originating from core-shell ellipsoidal micelles,
whose sizes remain approximately constant, as witnessed by
the invariance of the minimum position at ca. Q = 1.3 nm?!
indicated by the dashed line in Figure 11(a). At larger IL content

This journal is © The Royal Society of Chemistry 2018
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Figure 10. Selected regions of FTIR spectra normalized for samples (0), continuous blue line; sample (2), doted brown line, and sample (3+), shaded yellow line: a) Region of
[EMIm] peaks. b) Region of sulfate peaks. c) Peak for water stretching (including pure water given by black line. Samples composition is given in Table 2.

(continuous lines; x;. > 0.014), a structural transition is observed
as demonstrated by the low shift of the minimum, centred at
ca. 1.3 nm?, and the growing of a form factor peak at ca. 1.7
nm-L, resulting from the formation of a cylindrical structure. We
note that this transition occurs in a concentration range
comparable to that reported by Kumar and co-authors for
changes of properties like speed of sound and conductivity in
aqueous solutions of 1-butyl-3-methyl imidazolium octylsulfate,
or [BMIm][0S04].4°

In Figure 11(b) data for IL-richer mixtures are shown, where the
concentration ranges from x,. = 0.10 to 0.343 (data for neat
[EMImM][OSO,], sample (0), are also included). It appears that
together with an amorphous halo centred at ca. Q =2 nm-1, also
sharp Bragg peaks are present in the concentration range 0.2 <
xiL £ 0.26 at room temperature. We note that the mentioned
amorphous halo is present also in sample (0) and it has been
related to structurally segregated alkyl tails in the neat sample,
similarly to a plethora of other ILs.1759-52 The Bragg peaks are a
more uncommon feature, as they evidence the formation of a
liquid crystalline phase.145354

These diffraction features, that seem to correlate to the
complex behaviour detected by the other techniques, were
further analysed as a function of temperature, between -40 °C
and +30°C, for sample (2.5), see Figure 12. It appears that data
above 23 °C show just an amorphous halo at Q = 2.38 nm!
(indicative of the mesophase), but upon cooling additional and
narrower Bragg peaks develop. Using a temperature resolution
of 2 °C, we identified the temperature at which the appearance
of the Bragg peaks occurs, which agrees the
experimental errors with that where the intermediate crystal

within

liquid phase, obtained from viscosimetry, appears at T¢.>2% In
order to extract additional information from Figure 12, we
observe the presence of three Bragg peaks (at 2.18, 3.78 and
5.77 nm! for 0 °C. These peaks can be indexed to a columnar
hexagonal structure 1:V3:V7 (peak at V4 is missing). As known,
hexagonal mesophases consist of densely packed cylindrical
micelles that are organised into a 2D hexagonal lattice. The
lattice parameter a, i.e. the distance between the centres of
adjacent cylinders, is given by Equation (1), where Q is the
principal peak position.>> Based on this definition, we show in
Figure 13 the concentration and temperature dependence of

This journal is © The Royal Society of Chemistry 20xx

the lattice parameter a for selected samples. It can be noticed
that at any given temperature in lyotropic crystalline regime,
increasing the IL content leads to a decrease of a, which in all
cases is of the order of several nm.

These results indicate that upon increasing the IL concentration,
a progressive transition from ellipsoidal micelles to cylindrical
ones occurs and eventually the latter will tend to lead to a 2D
hexagonal lattice. Further increase of the IL content will lead to
a strong change of organization, leading to 2D hexagonal
packing of the cylindrical aggregates. This dramatic change in
organization is responsible for the sudden increase in viscosity,
while maintaining properties such as density or
conductivity unaltered.

The influence of adding MgS0O,4 on the SAXS patterns is shown
in Figure 14. Figure 14(a) shows a broad correlation peak for
sample (0), whose position remains constant over the
temperature range investigated. This indicates an isotropic fluid
phase over the entire temperature range, with a correlation
distance of a = 2.51 nm. This single broad correlation has been
attributed to structurally segregated alkyl chains (vide supra).>°-
52 The SAXS data of sample (3) for a range of temperatures are
shown in Figure 14(b), while those corresponding to sample (3+)
appear in Figure 14(c). Both exhibit the scattering pattern of a
hexagonal phase at low temperatures, with a phase transition
to an isotropic fluid phase above 25 °C for sample (3) and above
30 °C for sample (3+). In Figure 14(b) we can observe that at 20
°C the SAXS data for sample (3) reveal that it is in the
intermediate liquid crystalline state, which does not appear in
Figure 14(c) (due to the temperatures studied). The lattice
spacingais3.14+0.02nmat5 °Cand 3.10 £ 0.02 nm just before
the phase transition. The isotropic fluid above T again shows a
broad peak at Q = 2.5 nm-1, similar to that of sample (0). Again
we observe that at temperatures below 25 °C in sample (3), and
below 30 °C in sample (3+), the formation of an ordered 2D
mesophase with a defined hexagonal lattice appears.

ionic

3.7. Polarised microscopy

As an additional confirmation of the phase transitions, we have
taken some micrographs by cross polarized microscopy, with an

Physical Chemistry Chemical Physics, 2018, 00, 1-3 | 9
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Figure 11. (a) Small Angle X-ray Scattering data from mixtures of [EMIm][0SO,4] and water in the dilute regime. Dashed lines refer to concentrations lower than x,= 0.014.

The dashed vertical line indicates the invariance of the minimum position for the dilute mixtures, fingerprinting the invariance of characteristic sizes of the core-shell
elliptical aggregates. (b) SAXS data from mixtures of [EMIm][OSO,] and water at concentration above x,= 0.1. In both Figures, the legends report the water content in ,,%.

area of 400 x 290 um2. When the sample is in the isotropic liquid
state no light passes. In contrast, when sample is in the lyotropic
liquid crystalline state we can observe clearly the typical optical
textures reported for these mesophases.>¢ Similar micrographs
have been already published for other polymeric ILs in their
quasi-solid state.’?” The structure is strongly affected by
boundary effects as can be seen in Figure 15, where the left
image was taken for a droplet deposited over a glass substrate
while the right image was taken for a sample sandwiched
between two glass plates.

In Figure 16 we present a micrograph recorded for sample
(2.5+) at room temperature (hence in the liquid crystalline
state). They were made with a confocal microscopy with white
polarized light. Structures longer than 100 um and with
diameters of some um are observed, formed by aggregation of
thinner cylindrical structures. The origin of these
microstructures must be attributed to MgSO, crystals not
dissolved in the bulk of the sample, in spite of the fact that they
resemble those of the H, liquid crystal phase proposed for the

20 -
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—_—8"

25°
—
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Figure 12. Temperature dependence of SAXS pattern from the sample (2.5). Data
are vertically offset for the sake of clarity.
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mixtures. Unfortunately, this last mesostructure cannot be seen
with optical microscopy.

4. Structure of the mesomorphic phase

To explain the experimental facts described in the previous
sections, we have proposed a mesostructure model for the
binary aqueous mixture behaviour that schematically appears
in Figure 17.25 The formation of the mesomorphic liquid
crystalline state is triggered by water molecules interacting
through H-bonds with the oxygen atoms of the octyl sulfate
anion (being the most effective 4 water molecules per sulfate
anion, i.e. a water molecule per sulfate oxygen, which means x;_
=~ 0.2). The amphiphilic character of the anion results in the
formation of micelles with the tails in the core and the sulfate
head at the surface, which are H-bonded to water molecules.
The chromonic character of [EMIm] cation would generate
tubular micelles, being placed in the mantle of them,>8 only

34
33 . "
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32 Liquid crystalline :
2
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T(CO

Figure 13. Lattice parameter a for the mixtures of [EMIm][0SO,4] and water with
0.15 < x. < 0.29, as a function of temperature obtained from the analysis of the
SAXS patterns.
temperature, only micellar aggregates can be detected. At low temperatures, the

The resultant phase diagram indicates that at high enough

formation 2D hexagonal lattice occurs.
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weakly connected with the anions due to the water film
between both ions. Thermal motion will prevent micelle
association, which occurs in a hexagonal H, fashion when
temperature diminishes, giving place to the lyotropic liquid
crystalline phase. Diffusion of [EMIm]* cations on these
cylindrical micelles network would be much easier than anion
diffusion. Thus, charge transport would be mainly due to the
cations, with the same ionic density and velocity in isotropic and
mesomorphic states (deduced from the absence of any
transition at Tgg for k). A similar mechanism of charge transport
has been recently proposed to explain ionic conduction in quasi
solid poly ionic liquids.2* When the magnesium sulfate is added
to the aqueous solutions, the metal cations are solvated in the
water-[0SO4] network forming solid nanodomains in the polar
region, which would increase viscosity in liquid state and also
reduce the network motion (which increases Trg).

This nanostructure has been recently observed by some of us
from molecular dynamics simulations for univalent®35%-61 and
although for ILs that do not form
mesomorphic state. In this last reference we observed that
divalent cations will generate a more ordered structure than
univalent ones, which could explain the higher Tgrg increase
obtained for the Mg doped sample respecting those doped with
univalent salts.2> The [SO4] anions would coordinate with
[EMIm] cations in the wall of the tubular micelles, so decreasing

divalent metals®2

the number of them free to transport charge (which would
decrease the conductivity). That effect would explain why the
decrease of ionic conductivity is the same for all samples,
independently of the water (and MgS0O,) content observed in
Figure 3. This mesostructure picture is substantiated through
the Raman spectroscopy results described above, where we
observed that, when water is added the [0SO,4] head group is
expected to H-bond to water, these H-bonds being more or less
symmetric around the anionic group. The new vibrational mode
observed at 977 cm, shown in Figure 8(b), is thus tentatively
assigned to H-bound S-Os groups, due to the frequency being
intermediate between that of fully dissociated S-Os  groups
(1061 cm1) and that of a S-OH group (890-900 cm™1).63 Upon
cooling these H-bonds become stronger, the chains interact
more strongly and some water molecules are pulled out to the
ionic region. This geometry change can explain the loss in
Raman intensity for the S-Os stretching mode (at 1061 cm1), the
red shift of the S-O---H modes (970 cm), and consequently
suggest that the cation can keep its high dynamics because it
has more water molecules around while the anion is glued in
place by both van der Waals forces (in the non-polar domains)
and H-bonds (in the polar domain). The self-diffusion ratio
between cation and anion shown in Figure 10 demonstrates
that charge transport is mainly due to cations, both in the liquid
and, as more evident, in the liquid crystalline state. This charge

Figure 15. Micrographs of the sample (3+) in liquid crystalline state obtained by cross polarizing microscopy. At left a drop, and at right, same sample in a sandwich.

This journal is © The Royal Society of Chemistry 20xx
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Figure 16. Confocal micrographs made with white polarized light of sample (2.5+)

in liquid crystalline state showing a MgSO, crystal not dissolved.

transport mechanism resembles that observed in 1D channels
suggested for nanostructured columnar liquid crystals.®* In spite
of the fact that the systems and scales are different, the
mesostructure in columnar H, hexagonal pattern is very similar.
SAXS results are also consistent with the above given picture
and can be explained if mesostructrure consists of micellar rods
with a central hydrophobic core arranged in a regular 2D
hexagonal lattice surrounded by water in the interstitial space
between the neighbouring rods (H;-phase). Upon heating, a
phase-transition occurs at Tgg to an isotropic fluid phase, where
the long-range order of the hexagonal lattice is lost. However, a
short-range local order is maintained, being in a range similar to
that of the hexagonal lattice, which is indicated by
approximately the same Q-position of the broad correlation
peak in the SAXS pattern. The Tgg is up to 10 °C higher with
MgSO, than without it, probably because the higher stability of
the lattice structure due to the hydration of the Mg2* ions.

5. Conclusions

In this paper, we show the H, mesostructure of the aqueous
mixtures of the ionic liquid [EMIm][0SO,]. Also, we study the
influence on that mesostructure and their physical properties of
the MgS0O, salt addition in the mixture. The mesostructure

(a) = (b)

proposed is in agreement with results obtained from SAXS,
infrared, Raman and diffusion NMR for samples in the liquid and
the mesomorphic state. The mesomorphic structure can be
observed through polarized microscopy. Finally, some of the
Mg-doped samples in the liquid crystalline phase present a
relatively high ionic conductivity at room temperature. This
indicates that the mixtures studied here are potential quasi-
solid electrolytes based on Mg ions as smart materials for
electrochemical devices.
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