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ABSTRACT: The lyotropic liquid crystalline (LLC) mesophase
forms upon evaporation of water from aqueous solutions of LiX
salts (X is Cl−, Br−, NO3

−, or SCN−) and a surfactant
[C12H25(OCH2CH2)10OH, abbreviated as C12E10]. The LiX/
C12E10/H2O aqueous solutions have been monitored (during
evaporation of their excess water to obtain stable LLC
mesophases) by gravimetric, spectroscopic, and conductivity
measurements to elucidate the role of water in these mesophases.
The water/salt molar ratio in stable mesophases changes from 1.5
to 8.0, depending on the counteranion of the salt and the ambient
humidity of the laboratory. The LiX/C12E10/H2O LLC meso-
phases lose water at lower humidity levels and absorb water at
higher humidity levels. The LiCl-containing mesophase holds as
few as four structural water molecules per LiCl, whereas the LiNO3 mesophase holds 1.5 waters per salt (least among those
assessed). This ratio strongly depends on the atmospheric humidity level; the water/LiX mole ratio increases by 0.08 ± 0.01 H2O in
the LLC mesophases per percent humidity unit. Surprisingly, the LLC mesophases are stable (no salt leaching) in broad humidity
(10−85%) and salt/surfactant mole ratio (2−10 LiX/C12E10) ranges. Attenuated total reflectance Fourier transform infrared
spectroscopic data show that the water molecules in the mesophase interact with salt species more strongly in the LiCl mesophase
and more weakly in the case of the nitrate ion, which is evident by the shift of the O−H stretching band of water. The O−H
stretching peak position in the mesophases decreases in the order νLiCl > νLiBr > νLiSCN > νLiNO3

and accords well with the H2O/LiX
mole ratio. The conductivity of the LLC mesophase also responds to the amount of water as well as the nature of the counteranion
(X−). The conductivity decreases in the order σLiCl > σLiBr > σLiNO3

> σLiSCN at low salt mole ratios and in the order σLiBr > σLiCl >

σLiNO3
> σLiSCN at higher ratios due to structural changes in the mesophase.

■ INTRODUCTION

Electrochemical cells, consisting of three major components,
an anode, a cathode, and an electrolyte, are widely employed to
store and convert clean and renewable energy.1 Electrolytes are
important components of these cells because the ion transport
and electrode contacts occur within and with the electrolyte.2

For these applications, electrolytes must have good ion
conductivity, large electrochemical windows, low toxicity, low
volatility, low flammability, and high viscosity.3 Most of the
organic-based and water-based electrolytes fail in one or more
of these realms.4 Gel electrolytes could be a good alternative to
solution-based electrolytes if their conductivity issues could be
resolved.5−12 Liquid crystalline electrolytes (LCEs) have also
been widely investigated in the literature as gel electrolytes.8−24

The liquid crystalline gel electrolytes are in general in two
different forms, thermotropic12 and lyotropic liquid crystalline
(LLC),17−19 such as salt/surfactant LLC mesophases.20−22

LCEs have been employed as gel electrolytes in many
ways15−24 such as optical modulation of graphene, effectively
switching electrochromic devices, and dye-sensitized solar cells.

Salt/surfactant mesophases make up an important class of
materials that could be used as gel electrolytes in electro-
chemical systems and constitute an important platform20−22

for the synthesis of mesoporous materials.25−28 Salts in their
molten state or as a highly saturated solution can organize
surfactants into liquid crystalline phases.20,29−31 In the salt/
surfactant LLC mesophases, molten salt or saturated salt
solutions act as a nonvolatile solvent as one of the major
components of the phase. Therefore, the salt/surfactant LLC
mesophase differs from the salt-containing and salt free water/
surfactant LLC mesophase32−35 in terms of phase stability and
usability in material synthesis and design.25−28 Moreover, one
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can also use a volatile solvent in addition to the salt/surfactant
mixture to obtain homogeneous solutions. The solutions
spread over any substrate to afford the salt/surfactant
mesophase as thin films.25−28 Thinner gel films can be
prepared by simply diluting the solution or spin coating
solutions at a higher speed. The LLC film can be as thin as tens
of nanometres as determined by this approach. This gives
flexibility and applicability to the LLC phases. Another
important aspect in such a self-assembly process is the amount
of water in the mesophase. The amount of water determines
the structure, stability, and conductivity of these mesophases.
Therefore, investigating the role of water and understanding
the specific effects of ions on water are important for the
development of water-based LLC gel electrolytes.
Specific ion effects were first reported by Hofmeister in 1888

for the separation of proteins.36,37 Although substantial effort
has been focused on exploring the underlying mechanisms of
the reoccurring ion series, there is still no unified theory to
explain the role of ions in colloidal and molecular assembly
systems in various aqueous media.38−42 The Hofmeister series
(CO3

2− > SO4
2− > S2O3

2− > HPO4
2− > H2PO4

− > F− >
CH3COO

− > Cl− > Br− > NO3
− > I− > ClO4

− > SCN− > I3
−)

has been expanded over the years, including many anions and
cations using different macromolecules and colloids.43−50 This
work focuses on only the effect of anions. In this series, the
anions on the left-hand side of the series are kosmotropic and
enhance the structure of water (also termed structure makers)
and the other end is chaotropic and breaks the structure of
water (structure breakers) and interacts with the macro-
molecules via direct binding or through their hydration water
molecules.43−50 Recent experimental results show that these

behaviors dominate on the ion and its hydration shell(s), yet
there is no probe for exploring the bulk water structure. The
literature data were obtained by probing the local O−H
stretching or bending modes by surface selective techniques
such as vibrational sum frequency generation and their
dynamics explored by two-dimensional (2D) infrared (IR)
spectroscopy.51−54

Here, we examine LiX/C12E1O LLC systems {where X is
Cl− , Br− , NO3

− , or SCN− and C12E1O refers to
[C12H25(OCH2CH2)10OH]} that could be employed to
explore the function of water and its interaction with ions
and surfactant domains using gravimetric, spectroscopic, and
conductivity measurements. Evaporation from the salt/
surfactant solutions, prepared in excess water, is monitored
over time until the gel phase forms as determined by
gravimetric, spectroscopic, and conductivity techniques. Notice
that at the end of this process, the LLC mesophase reaches an
equilibrium with the surrounding water (atmospheric water)
and contains the hydration water that is identified by
spectroscopic (ATR-FTIR) and gravimetric techniques.
These LLC mesophases display high ion conductivity with
the potential to serve as an electrolyte for electrochemical cells.
The LLC mesophase can also serve as a model system for
exploring the specific effects of ions under water-starved
conditions.

■ EXPERIMENTAL SECTION
Materials. All chemicals used in this work were Sigma-Aldrich

grade and used as received with purities of ≥99%. Deionized water
was obtained from a Millipore Synergy 185 water purifier.

Figure 1. POM images of (a) 2LiCl/C12E10/H2O and (b) 3LiBr/C12E10/H2O systems and small angle XRD patterns of (c) 4LiCl/C12E10/H2O
(red line, magnified 20 times) and (d) 5−10LiBr/C12E10/H2O (aged for 8 months) systems.
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Preparation of the LiX/xH2O/C12EO10 Solutions. Predeter-
mined amounts of salt (LiCl, LiBr, LiNO3, and LiSCN), surfactant
[C12H25(OCH2CH2)10OH represented as C12E10], and 5 g of water
are placed in a vial and stirred for ≥6 h to afford homogeneous
solutions. Compositions of all of the LiCl, LiBr, LiNO3, and LiSCN
solutions used in this work are listed in Tables S1−S4, respectively.
Preparation of LiX/C12E10/H2O LLC Mesophases. The

solutions were coated over glass slides as films, and then the excess
water was evaporated for 24 h under ambient laboratory conditions to
afford the LLC mesophase.
Instrumentation. Polarized optical microscope (POM) images

were recorded using a ZEISS Axio Scope A1 polarizing optical
microscope. The X-ray diffraction patterns were recorded by using a
Rigaku Miniflex diffractometer, having a high-power Cu Kα source
operating at 30 kV and 15 mA with a wavelength of 1.5405 Å. The
measurements were conducted by spreading the samples on clean
glass slides by either spin-coating at different spin rates or drop
casting. Small angle X-ray diffraction (XRD) patterns were collected
from 1° to 5° and high-angle XRD patterns were collected from 5° to
60°, 2θ, with scan speeds of 0.5°/min and 5.0°/min, respectively.
Attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectra were recorded by using a Bruker Alpha-P FT-IR spectrometer
with an ATR attachment. The spectra were recorded by dropping the
samples on the ATR diamond and recording the spectra over time
during the evaporation of water. The humidity-dependent spectra
were also recorded by using a homemade setup, in which a saturated
salt solution in a vial is placed next to the sample and sealed using a
plastic container to adjust the humidity. Saturated solutions of LiCl,
MgCl2, K2CO3, NaBr, KI, NaCl, and KCl salt ensure 11%, 33%, 43%,
57%, 68%, 75%, and 85% humidity on the sample, respectively.55 Ion
conductivities of the samples were measured by employing ac
impedance spectroscopy using a Gamry G750 potentiostat/galvano-
stat and a homemade conductivity cell.19 First, a 0.01 M KCl standard
solution, which has a conductivity of 1.413 mS/cm, is used to
determine the cell constant (K) using the conductivity equation (σ =
K/R, where σ is the conductivity in siemens per centimeter and R is
the measured resistance in ohms) and measured resistance. Then, the
same cell is cleaned and reused to measure the resistance of the
sample solution at any time during the evaporation of water. The
resistance data are converted to time-dependent conductivity by using
the predetermined cell constant. The humidity-dependent con-
ductivity data of the gel samples were collected by using the same
saturated salt solutions in the vicinity of the conductivity cell in a
sealed constant-volume chamber.

■ RESULTS AND DISCUSSION

Clear aqueous solutions of LiX (X is Cl−, Br−, I−, NO3
−, or

SCN−) and C12E10 in a broad range of salt amounts (LiX/
C12E10 mole ratio of 2−10) were prepared as homogeneous
solutions (all ingredients are fully dissolved, especially the
surfactant molecules). As a first set of experiments, the
solutions were coated over glass substrates for characterization
by POM and XRD. Coating and then aging steps ensure the
formation of an LLC mesophase. Figure 1 shows characteristic
POM images and XRD patterns, recorded using various LiX/
C12E10 mesophases. Careful inspection of the POM images
together with XRD patterns shows that the LiX/C12E10 LLC
mesophases have a 2D hexagonal structure (except LiSCN/
C12E10) at low salt concentrations and display a focal conic fan
texture (see Figure 1a). However, increasing the amount of
LiX in the mesophase (such as 4LiCl/C12E10/4mH2O, where
m is the H2O/LiCl mole ratio, and 3LiBr/C12E10/3xH2O,
where x is the LiBr/C12E10 mole ratio) leads to a change in the
texture (see Figure 1b) that is characteristic of a three-
dimensional (3D) hexagonal mesophase.52 The XRD patterns
of these samples are also in accord with this transformation
(2D to 3D hexagonal); the diffraction lines [such as (002),

(101) and (102)] that do not exist in the 2D hexagonal phases
appear in the patterns (see Figure 1c).56,57 With a further
increase in the molar ratio of LiBr to >5, in the LiBr/C12E10/
H2O LLC, the mesophase becomes cubic and dark under the
POM. However, LiCl and LiNO3 mesophases are hexagonal in
all compositions, at LiX/C12E10 mole ratios from 2 to 10.
Figure 2 schematically summarizes the phase behavior of LiX/

C12E10/H2O LLC mesophases. Notice that the morphology of
the LLC mesophase changes with counteranion (see Figure 2).
It is due to the amount of water each ion holds in the
mesophase and the change in the ion−water−surfactant
interactions (see below). Figure 1d displays a set of diffraction
patterns recorded from LiBr/C12E10/H2O mesophases. The
gradual shift of the main line to smaller angles indicates that
increasing the amount of LiBr in the mesophase also increases
the unit cell dimensions that gradually expand to accommodate
extra salt/water species in the hydrophilic domains of the
mesophase; the typical expansion is ∼25% in the 10LiBr/
C12E10 mesophase (see Figure 1d). The phase transformation,
from 2D (disordered along the c-axis, cylindrical micelle
surfactant domains) to 3D hexagonal (spherical micelle
surfactant domains) and to the cubic phase with an increase
in salt content, occurs for the same reason; simply, the
mesophase expands its hydrophilic domains to accommodate
more LiX/H2O species. A similar trend is observed in the LiI/
C12E10 mesophase that is 2D hexagonal at low salt
concentrations, but the LLC phase transforms into a soft
mesocrystal at mole ratios of >3.58 Moreover, the LiI/C12E10
mesophase has been previously investigated in the presence of
I2 as a gel electrolyte in dye-sensitized solar cells.59 Therefore,
we excluded the LiI/C12E10/H2O system and did not
investigate it further in this work. The patterns in Figure S1
show the XRD patterns of the LiSCN/C12E10/H2O system at
small and large angles. Because the mesophases are dark under
POM, it is reasonable to suggest that the LiSCN/C12E10/H2O
system is cubic at all concentrations. Keeping these basic
characterizations in mind, we have investigated each system
further to evaluate the amounts of water and its behavior in
each LLC system by monitoring the evaporation of water
under various conditions using gravimetric, spectroscopic, and
conductivity techniques.
First, the LiX/C12E10 solutions were prepared in 5 mL of

water. Then, a small amount of each solution was dropped
over a balance, and its evaporation of water was gravimetrically
monitored for 24 h. Figures 3a shows the weight change of the
sample over time for the LiCl system with a LiCl/C12E10 mole
ratio of 5 (the other mole ratios and salt systems are given in

Figure 2. Diagram summarizing the phase behavior of the LiX/
C12E10/H2O mesophases.
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the Supporting Information; see Figures S2−S4). The weight
versus time plot drops perfectly linearly and reaches a plateau,
where the change stops after 24 h. Because the initial
composition of the solution is known and assuming the salt
and surfactant do not evaporate and remain unchanged over
time, the weight change can be directly attributed to lost water.
Therefore, the sum of the weight of salt and surfactant (Wss) is
known in the initial solution and remains constant during the
evaporation of water. The final weight (Wf) of the sample
minus the sum of the salt and surfactant weight of the solution
(Wf − Wss) is the weight of water (Ww) that remains in the
mesophase. The amount of water in the sample at time t (Wwt)

can also be calculated by simply subtracting Wss from the
weight of the sample (Ws) at the same time t (Wwt = Ws −
Wss). Therefore, the H2O/LiX mole ratio can also be
calculated at any time (see the plot in Figure 3b). The straight
black lines on the plots in Figure 3b and Figures S2−S4 clearly
show three regions of evaporation of water with different
kinetics. Table 1 shows the calculated H2O/LiX mole ratios of
all compositions for all salt/surfactant systems, upon complete
evaporation of water. We also evaluated the change in the salt
concentration ([LiX], calculated using only LiX and water)
during evaporation of water and plotted the data together with
the H2O/LiX mole ratio versus time. The plot of [LiX]t versus
time displays at least three main regions, where the evaporation
of water follows different kinetics. In the first region or step,
the change in [LiX] is slow. We assume this is the evaporation
of only bulk water; the mixture is still in the liquid phase in this
region. In the second region or step, the change is faster and
corresponds to a gelation (macroscopically, the liquid mixture
transforms into an LLC gel), and in the third region, there is
further yet slow evaporation of water from the LLC gel phase.
The break points between the regions in the plot also provide
valuable information and serve as reference points with regard
to evaporation of water, gelation, and stability of the LLC
phases. For instance, in the 5LiCl/C12E10 sample, the gelation
process starts around 15H2O/LiCl and reaches completion
around 5H2O/LiCl. However, evaporation of water continues
in the gel phase and reaches equilibrium around 4H2O/LiCl.
From these measurements and calculations, we found that as

the LiX concentration increases in the mesophase, the H2O/
LiX mole ratio remains almost constant. However, for the salts
of more chaotropic anions, such as LiSCN, the H2O/LiSCN
mole ratio remains constant at around 1.9 for samples with a
LiSCN/C12E10 mole ratio of ≤5. However, it gradually
increases with a further increase in the amount of LiSCN in
the mesophase and reaches 2.7 for samples with a LiSCN/
C12E10 mole ratio of 10. However, all H2O/LiX mole ratios are
subject to the humidity level of the laboratory. It increases
linearly with humidity. This is also clear in the plots in Figure
3c. The third region of the evaporation of water corresponds to
the gel phase that is stable over a broad range of water
contents. This range corresponds to the humidity tolerance
region in a stable gel phase. Therefore, we also identified the
H2O/LiX mole ratios at different humidities. The humidity
levels of the samples were set by keeping the samples in a
humidity chamber or in a closed container together with a
saturated salt solution that provides a constant humidity at a
given temperature.
The humidity-dependent H2O/LiX mole ratios were

evaluated using 5LiX/C12E10 samples of all four salts. Notice
also that the H2O/LiX mole ratio varies from day to day due to
the change in the humidity of our laboratory (see Table 1). We
picked four different days with four different humidity levels of
10%, 16%, 21%, and 33%. The plot in Figure 3c shows that
there are slight differences from salt to salt, but the change in
the H2O/LiX mole ratio fits a linear function with an R2 of
≥0.99. The slope of the plots varies from 0.08 ± 0.01H2O/LiX
mole ratio per humidity. In fact, this is not a small amount of
water in the mesophase; for instance, in the LiNO3 sample, the
change, from 10% to 33% humidity, is from 1.49H2O/LiNO3
to 3.28H2O/LiNO3 (it is 2.2 times or an increase from 7.5 to
16.4 in the H2O/C12E10 mole ratio). It is similar in LiCl and
LiBr samples, in which the amount of water increases by 1.7
and 1.6 times, respectively. Therefore, the fluctuation of the

Figure 3. Evaporation of water. (a) Gravimetric data of the 5LiCl/
C12E10/H2O system (28% humidity). (b) H2O/LiCl mole ratio and
[LiCl] vs time (guide to the eyes) of the 5LiCl/C12E10/H2O system.
(c) Humidity-dependent H2O/LiX mole ratio of the LLC phases of
5LiX/C12E10/H2O samples (fitted to a linear equation; blue for LiCl,
black for LiBr, and red for LiNO3).
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H2O/LiX mole ratios in Table 1 is due to the mildly changing
humidity level of the laboratory.
In another set of experiments, we employed ATR-FTIR

spectroscopy to investigate the spectral changes and water
removal process in the LiX/C12E10/H2O systems. In Figure 4,
the water bending and stretching spectral regions are plotted in
four panels for the samples containing LiCl, LiBr, LiNO3, and
LiSCN as saturated aqueous solutions and as LLC mesophases
together with neat water. It was clear for all spectra that as the
relative salt concentration increases the intensity of the water
spectra decreases primarily from its ice-like (tetrahedral H-
bonded) water signal around 3200 cm−1. Moreover, the band
due to more weakly interacting water (water-like) assigned to

around 3400 cm−1 blue-shifts. When we move from the
saturated salt solutions to gel LLC mesophases of these salts,
the effect of the salt on water is clearly enhanced. Namely, the
intensity of the 3200 cm−1 band decreases further and the
water stretching band blue-shifts even further. The blue-shift in
the O−H stretching band is generally attributed to weaker H-
bonds in aqueous solutions and interfacial water molecules.54

It was also shown that weaker H-bonds should yield a red-shift
in the H−O−H bending mode.54,60,61 In sharp contrast in the
LLC mesophase, it is difficult to form a direct analogy to
known aqueous phase systems simply due to very small water/
salt mole ratios formed by the stable LLC mesophases (as low
as 2). As such, the major contribution to the spectral changes

Table 1. H2O/LiX Mole Ratios in the nLiX/C12E10/mH2O LLC Mesophase (X− is Cl−, Br, NO3
−, or SCN−, and m is n times the

H2O/LiX mole ratio), Calculated from Gravimetry Data

LiCl LiBr LiNO3 LiSCN

Salt/C12E10 ratio (n) 1 day 4 days 1 day 4 days 1 day 4 days 1 day 4 days

1.3 − − − − − − 2.1 1.7
2 4.49 3.63 3.69 2.73 1.99 1.58 2.0a 1.6a

3 3.69 5.75 3.68 3.10 1.52 1.32 2.0b 1.5b

4 4.11 3.17 3.49 2.78 1.99 1.45 1.9 1.6
5 4.40 3.84 4.25 3.97 2.37 2.04 2.0 1.9
6 3.08 3.81 5.23 6.27 1.89 2.08 2.2 2.1
7 3.96 3.91 3.74 3.90 2.08 2.05 2.3 2.2
8 4.02 3.84 4.03 3.93 2.40 2.05 2.4 2.4
9 4.52 4.08 4.43 3.98 1.42 2.05 2.6 2.5
10 4.32 3.83 4.33 4.27 2.38 2.19 2.7 2.5

aLiSCN/C12E10 mole ratio of 1.9. bLiSCN/C12E10 mole ratio of 2.

Figure 4. ATR-FTIR spectra of (I) H2O, (II) a saturated LiX solution, and (III) a 5/1 LiX/C12E10 mole ratio gel, where X is (a) Cl−, (b) Br−, (c)
NO3

−, or (d) SCN−.
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here should be the lack of the H-bonding network of water
(partially eliminated intermolecular coupling) as well as
structural water, trapped between the ions and surfactants,
and in the hydrations. These water spectra clearly indicate that
the LLC phase contains salt/water mixtures, which has an even
higher salt ion concentration, and thus, it contains water
molecules that are more distorted compared to saturated salt
solutions.
Moreover, ATR-FTIR spectroscopy can also be applied to

monitor the entire water removal process. A drop of the
sample solution with known initial compositions was placed on
the ATR diamond crystal, and the spectra were recorded as a
function of time. Figures S5−S9 show a set of row spectra of
the 5LiX/C12E10/H2O system during evaporation of water and
a set of normalized spectra of the 5LiBr/C12E10/H2O system.
One must be careful how to evaluate this set of data to
understand the observed changes (see the Supporting
Information under ATR-FTIR). Comparing the raw ATR-
FTIR spectra of a sample, which undergoes multiple changes
over time by changing its concentration and/or refractive
index, can be misleading. This work is an excellent example for
such samples (increases in both concentration and refractive
index). Therefore, we normalized the time-dependent data
using surfactant signals, the (νas-CH2) peak at 2923 cm−1.
Namely, we used the surfactant as an internal reference in the
sample and report our results per surfactant (see the
Supporting Information for details). Because the gel has the
highest refractive index and concentration, it has the highest
absorbance. The spectrum of the gel, recorded after the
complete evaporation of water, is used to evaluate the
normalization constants of each spectrum recorded during
the evaporation of water. In other words, the time-dependent
spectra are normalized to the spectrum of the sample after the
evaporation of water reaches an equilibrium. The typical
normalization constant of the first spectrum is around 6−8.
The intensity of the normalized water peak decreases from
2.25 to 0.21 absorbance unit (see Figure S9). The intensity
ratio is ∼10.5 and consistent with the gravimetric data. Note
that the H2O/LiBr mole ratio is ∼35.2 in the initial solution
and decreases to 3−5 after the evaporationof water for 24 h,
depending on the percent humidity level of the laboratory for
the 5LiBr sample.
Figure 5 shows the difference spectra, obtained from the

normalized spectra, and displays the time-dependent spectral
changes [in three different time domains during the
evaporation of water from the LiCl/C12E10/H2O (5/1/176)
sample, like gravimetric data]. In the first region, the spectral
changes show the evaporation of bulk water. This is evident
because the spectral shape in this region is quite like that of
bulk water. The spectral changes in the water stretching region
change in the second region, indicating a change in the type of
water evaporating from the sample, and correspond to
evaporation of bulk and water in the extended hydration
shells (except the first hydration shell due to energy
considerations). In the third region, the spectral changes
correspond to evaporation of hydration water. All three peak
maxima due to water stretching, bending, and libration modes
blue-shift from one region to the next (see Figure 5). As the
O−H bond strengthens, the stretching bands blue-shift and the
strength of hydrogen bonding becomes weaker among the
hydration water molecules in the mesophase. All other LiX/
C12E10/H2O (X is Cl−, Br−, NO3

−, and SCN−) samples, at
LiX/C12E10 mole ratios from 2 to 10, were also followed

spectroscopically (see Figures S10−S12), and similar trends
were observed consisting of the same three regions.
Figure 6a shows the ATR-FTIR spectra of the LiSCN/

C12E10/H2O system at different LiSCN/C12EO10 mole ratios.
As gravimetrically determined in the LiSCN samples, the
H2O/LiSCN ratio gradually increases above 5LiSCN/C12E10
mole ratio samples. Because of the surfactant (νas-CH2) peak at
2923 cm−1, used as a reference for normalization of the spectra,
the intensity of water peak maxima (IW) can be divided by the
surfactant peak intensity (IS) to normalize the spectra of each
LiX sample at different mole ratios. Figure 6b shows the plots
of IW/IS versus LiX/C12E10 mole ratios. Each plot fits a linear
relationship (R2 varies from 0.95 to 0.99) with a different
slope; the values are 0.41, 0.40, 0.27, and 0.17 for LiCl, LiBr,
LiSCN, and LiNO3, respectively (see Figure 6). This trend is
consistent with the gravimetric data.

Figure 5. Difference spectra of the normalized ATR-FTIR spectra,
recorded during the evaporation of water from the 5LiCl/C12E10/
H2O system (a) from a solution, (b) during gelation, and (c) from a
gel.
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The evaporation of water was also monitored using
conductivity measurements. The conductivity was measured
using a homemade cell using FTO glass (see the Experimental
Section for details). The plot of conductivity versus time
closely follows the IW/IS in the ATR-FTIR spectroscopic data
(see Figure 7a). The conductivity plot can also be divided into
three regions, solution phase, gelation, and evaporation of
excess water in the gel phase. The conductivity slowly decays
as water evaporates from the solution phase (see Figure 7a).
This is consistent with the formation of ion pairs and the decay
in the mobility of free ions in the solution with an increase in
the viscosity of the media together with mesophase formation.
The decrease in conductivity is sharper during gelation and
further decreases in the gel phase. Figure 7b shows the
variation in conductivity with an increase in the level of LiX in
the LiX/C12E10/H2O mesophases. It is also important to
notice that the amount of water in the mesophase is more
dominant in the conductivity values. With complete evapo-
ration of water under a constant humidity, the conductivity
gradually increases with an increasing salt/surfactant ratio in
the following order: σLiCl > σLiBr > σLiNO3

> σLiSCN. However,
the order changes at a salt/surfactant ratio of 5: σLiBr > σLiCl >
σLiNO3

> σLiSCN. There is a sharp increase in the conductivity of
6LiBr, due to a change in the mesostructure. Indeed, the LiBr/
C12E10/H2O mesophase transforms from hexagonal to cubic at

around the same mole ratio. A similar behavior exists in other
LLC phases in which the phase transformation from hexagonal
to cubic enhances the conductivity.62

The ATR-FTIR technique was also employed to check the
response of the humidity of the samples using a homemade
setup that provides a constant humidity using saturated salt
solutions. A drop of the LiX/C12E10/H2O solution was placed
over the ATR crystal and aged for gelation (until it reaches an
equilibrium, aged for 24 h); then the saturated salt solution
was placed next to the sample in a vial, and the sample and
saturated salt solution together were sealed with a plastic
container to ensure a well-sealed atmosphere with a constant
volume. Then, the spectrum of the sample was recorded after it
had aged for an additional 24 h to ensure the sample reaches a
new equilibrium under the new humidity conditions. This test
was repeated using the atmosphere of each saturated solution
(LiCl, MgCl2, K2CO3, NaBr, KI, NaCl, and KCl salts that
ensure 11%, 33%, 43%, 57%, 68%, 75%, and 85% humidity,
respectively). Figure 8a shows the water stretching region of
the normalized ATR-FTIR spectra of the 5LiCl sample. The
inset of Figure 8a is the plot of IW/IS that follows a linear
dependence and only positively deviates at low humidity.
However, the amount of water in the sample gradually
increases by 3 times going from 11% to 85% humidity. The
same sample was checked to determine whether the

Figure 6. (a) ATR-FTIR spectra of LiSCN/C12E10/H2O mesophases at LiSCN/C12E10 mole ratios from 1.3 to 10 and (b) plot of IW/IS vs LiX/
C12E10 mole ratio (fits to a linear equation) of all LLC phases.

Figure 7. (a) Plots of conductivity vs time and IW/IS ratio vs time of the 5LiBr sample and (b) plots of conductivity vs LiX/C12E10 mole ratio of
LiX/C12E10/H2O mesophases [X is Cl− (black), Br− (red), NO3

− (blue), and SCN− (dark yellow)]. Symbols show data points, and lines only
connect the data points.
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mesophase is still stable or not with such large amounts of
water by keeping it in a humidity chamber, prior to gelation, at
75% humidity for 24 h. Then it is sealed in the humidity
chamber with a cover glass to keep the water in the sample for
inspection under POM. The POM image displays birefringent
texture, indicating that the mesophase is still stable under such
high humidity (see Figure S13). The humidity-dependent

conductivity measurements were also carried at three different
humidity levels using the same setup, and as expected, the
conductivity gradually increases with the humidity of the
atmosphere (see Table S5).
The time-dependent spectroscopic data (during the

evaporation of water) were recorded for all salt systems and
all compositions. Figure 8b shows a set of spectra collected
from the 5LiSCN sample after it had aged for 5 h over the
ATR crystal until 24 h. The IW/IS ratio decreases from 11.94 to
3.44 in the first 5 h and further decreases to 0.87 in 24 h. After
the sample had been aged for 24 h, its composition was 5/1/10
LiSCN/C12E10/H2O, with two waters per LiSCN. Note also
that the spectra display features similar to those recorded
under around 75% to 17% humidity, at which the LLC gel
phase is stable. This region also corresponds to the third region
in the gravimetric data. The inset of Figure 8b shows the ν-CN
stretching region of the same spectra. Notice that the ν-CN
region is observed around 2060 cm−1, but at such a high salt
concentration, the SCN− ions cannot remain as free ions; it
instead forms ion pairs (Li-SCN) and dimers [Li2(SCN)2],
which appear at 2081 and 2045 cm−1, respectively, in the
spectrum.63,64 Clearly, different ionic species (free ion, ion pair,
and dimer) coexist in the mesophase even in the solution
phase. With the evaporation of water, specifically in the third
region, the intensity of the ion-pair band (at ∼2081 cm−1)
gradually increases at the expense of that of the free ion
(∼2060 cm−1) (see the inset of Figure 8b). Unlike the spectra
of LiBr/C12E10/H2O and LiCl/C12E10/H2O samples, the
spectra of both LiSCN/C12E10/H2O and LiNO3/C12E10/
H2O samples display features related to SCN− and NO3

−

ions, respectively. Like SCN− ions, the NO3
− ions also display

features related to the ion pair and dimers. The free nitrate ion
appears at 1350 cm−1 as a single peak due to doubly
degenerate asymmetric stretching modes (νas-NO3) in a dilute
solution phase. However, even in the solution phase of our
samples, the νas-NO3 mode weakly splits into two due to
strong and weak interaction with water;65 however, with
further evaporation of water, the splitting becomes large,
indicating stronger interactions with the Li+ ion as an ion pair
and dimer. Figure 8c displays difference spectra toward the end
of the evaporation of water (third region). The intensities of
the ion-pair and dimer-related peaks, observed at 1318 and
1456 cm−1, respectively, increase, and the peak intensity of the
free nitrate, interacting with water, declines upon further
evaporation of water in the 5LiNO3/C12E10/H2O mesophase,
like in the case of SCN− ions. The inactive symmetric
stretching mode of the nitrate ion also appears as a peak
around 1054 cm−1 due to the interactions mentioned above
(see Figure 8c). The other features around 1100 cm−1 could be
due to interaction, and a red-shift of the C−O-related peaks of
the surfactant indicates that the LiNO3 species are also
interacting with the ethylene oxide sides of surfactant domains
in the mesophase.
Overall, the ATR-FTIR spectroscopic data correlate with the

gravimetry data. Figure 9 shows normalized ATR-FTIR spectra
of all of the samples with LiX/C12E10 mole ratios of 5 after the
evaporation of water and the stable mesophase form. As
already determined from the gravimetric data, the amount of
water kept in the mesophase decreases in the following order:
LiCl > LiBr > LiSCN > LiNO3. The water stretching peak
maxima also follow the same trend; the peak maxima are
observed at 3377, 3388, 3410, and 3444 cm−1, respectively.
The weakly H-bonded water molecules in the sample are

Figure 8. ATR-FTIR spectra of (a) the 5LiCl/C12E10/H2O
mesophase at various percent humidities (the inset is the plot of
IW/IS vs humidity, fitted to an exponential function), (b) the third
region of the 5LiSCN/C12E10/H2O system (5−24 h period of
evaporation of water; the inset is the ν-CN region), and (c) difference
spectra in the third region of the 5LiNO3/C12E10/H2O system.
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present among the salt ions and between the ions and
surfactant ethylene oxide domains. More importantly, the
remaining water in the sample is the hydration water around
the ions. For more weakly hydrated anions (SCN− and NO3

−),
a small amount of water is necessary to maintain the stability of
the mesophase. The required amount increases with
monatomic anions. To gain more in-depth information, we
also normalized all of the water stretching peak maxima (see
Figure 9b) and compared the water bending modes. The
bending region displays interesting behaviors. First, the
frequency of the bending mode follows quite a different
order, δLiNO3

> δLiCl > δLiBr > δLiSCN, with an intensity order of

ILiSCN > ILiNO3
> ILiCl > ILiBr. The peak position and intensity

orders together show that the molecular level picture is
complex. Although the stretching band positions show H-bond
weakening in the samples, the bending mode does not support
this notion with the expected red-shifted peak positions. This
should be due to the structurally broken H-bond network of
water.
Surprisingly, the ion specific effects shown in this study do

not exactly follow the anionic Hofmeister series. However, the
intensity ratios of the water stretching to bending bands
phenomenologically follow the Hofmeister series. The ratios
are 1.37, 1.64, 2.03, and 2.33 for LiSCN, LiNO3, LiBr, and
LiCl, respectively. The concepts of “structure makers” and
“structure breakers” have lost their impact for aqueous
solutions. For the water-starved systems, as we have shown
for the LLC mesophases, the specific ion effects still hold the
traditional view of structure makers and breakers of the H-
bond network.

■ CONCLUSION

Lithium salts (LiX) and oligo(ethylene oxide) type surfactants,
namely 10 lauryl ether, form lyotropic liquid crystalline
mesophases in the presence of water in a broad range of salt
amounts (LiX/C12E10 mole ratios of 1.3−10). Here, four
lithium salts (LiCl, LiBr, LiNO3, and LiSCN) were used to
investigate the role of water that is required for mesophase
formation. Aqueous solutions of LiX and C12E10 lose their
excess water to form their LLC mesophases. The amount of
water that remains in the mesophase depends on the salt and
humidity. Typically, the H2O/LiX ratio is around 4 for LiCl
and LiBr mesophases but as low as 2 for LiSCN and 1.5 for
LiNO3 at around 20% humidity; it increases with humidity by
0.08 H2O per humidity. Mesophases are also stable in a broad

range of humdities (10−85% humidity; values outside of this
range are not measured in this work). Evaporation of water
from these solutions can be monitored by gravimetric,
spectroscopic, and conductivity techniques. All methods
show that there are three different evaporation regions in
which the kinetics of evaporation of water are different. In the
first region, evaporation of bulk water is observed from a highly
saturated solution phase. In the second region, evaporation
leads to the formation of the LLC mesophase (gelation,
evaporation of bulk water, and likely the extended hydration
spheres), where the evaporation slows. The last region is the
release of water from the LLC mesophase, which is the slowest
step. Typically, evaporation reaches completion in 24 h. The
same process can be followed using ATR-FTIR spectroscopy.
However, the spectra must be normalized to follow time-
dependent changes during the evaporation of water. Normal-
ization can be performed by either using the intensity of the
surfactant C−H stretching bands or taking the change in LiX
concentration into account (for instance, in the 5LiCl sample,
the LiCl concentration changes from 1.6 to 11 M). Both water
stretching and bending modes sense the X− ions in the
mesophase and can be put into an order. The stretching
frequecy order of the four salts is as follows: νLiCl < νLiBr <
νLiSCN < νLiNO3

(related to hydrogen-bonding and ion−water
interaction). The bending mode frequency and intensity also
respond to the X− ion type. The frequecy decreases in the
following order: δLiNO3

> δLiCl > δLiBr > δLiSCN. The intensity

decreases in the following order: ILiSCN > ILiNO3
> ILiCl > ILiBr.

The order of ionic conductivity of the mesophases is as follows
at a LiX/C12E10 mole ratio of <6: σLiCl > σLiBr > σLiNO3

> σLiSCN.
The order is as follows due to a structural change in the
mesophase: σLiBr > σLiCl > σLiNO3

> σLiSCN. The LiBr/C12E10/
H2O mesophase is cubic at LiBr/C12E10 mole ratios of ≥6. The
conductivity data can also be correlated with the spectroscopic
data, showing that this order is related to the formation of an
ion pair and dimerization and ion−surfactant interactions.
The methods employed in this work are unique for exploring

the role of water and ions in the structure, mesophase stability,
and assembly of LLC mesophases. Further investigations in
other systems, such as acid/surfactant and transition metal
salt/surfactant mesophases, may be performed to contribute to
the discussion of specific ion effects from concentrated systems
that have not yet been investigated.

Figure 9. ATR-FTIR spectra of the 5LiX/C12E10/H2O system (X is Cl−, Br−, SCN−, or NO3
−) after the complete evaporation of water (a)

normalized to surfactant peaks and (b) normalized to the water peak.
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crystalline mesophase of lithium triflate−nonionic surfactant as gel
electrolyte for graphene optical modulator. J. Phys. Chem. C 2017,
121, 11194−11200.
(22) Yılmaz, E.; Olutas,̧ E. B.; Barım, G.; Bandara, J.; Dag, Ö.
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salt self-assembly: synthesis of mesoporous LiCoO2 and LiMn2O4 thin
films and investigation of electrocatalytic water oxidation performance
of lithium cobaltate. Small 2018, 14, 1701913.
(26) Balci, F. M.; Karakaya, I.; Alsac,̧ E. P.; Yaman, M. Y.; Saat, G.;
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