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d i3N/CENIMAT, Department of Materials Science, NOVA School of Science and Technology, NOVA University of Lisbon, Caparica, Portugal   

A R T I C L E  I N F O   

Keywords: 
Ionic liquid crystals 
Confinement 
Dielectric Relaxation Spectroscopy 
Ionic conductivity 
Charge migration mechanisms 
Nyquist plots and circuits 

A B S T R A C T   

Hybrid solid-like materials prepared from the incorporation of liquid-like ionic conductors into nanoporous 
matrices could represent an advantage for a variety of electronic applications. Aiming to obtain such materials, 
three composites of the polymorphic ionic liquid crystal (ILC) 1-hexadecyl-2-methylpyridinium bromide ([C16-2- 
Pic][Br]), loaded in the mesoporous inorganic silica SBA-15 (~6.8 nm in pore diameter), were prepared at 
guest–host weight fractions of ~ 40, 60 and 80% (w/w) and investigated by different techniques: ATR-FTIR, BET, 
TGA, XRD and DSC. Complete amorphisation was achieved for the 40 and 60% composites, while the 80% 
preparation was stabilised in the low-T morph of native C16, being in the liquid state at room temperature. 
Furthermore, through Dielectric Relaxation Spectroscopy, the ionic conductivity of the three hybrid materials 
was characterised, allowing to deconvolute this property in a pure ohmic contribution (conductivity I) and the 
overlapping of ac − dc transition with interfacial polarisation resulting from the coexistence of the ionic liquid 
and the quasi-insulating inorganic matrix (conductivity II). From –20 to 20 ◦C, the conductivity and the corre
sponding charge migration are faster in all composites relative to the neat ILC, as deduced from the inferior radii 
of Nyquist arcs. The 60% preparation stood out from the other materials, exhibiting direct conductivity unaf
fected by electrode polarisation over a larger T-range, leading to the assumption of a nearly continuous silica- 
mediated charge migration pathway, which is never reached for the 40% composite, while, in the 80% prepa
ration, some C16 deposits on the outer surface of the pores. Incorporation into the silica matrix proved to be a 
good strategy for the production of cost-efficient materials with long-term stabilisation of the ionic liquid in a 
single phase over a large range of temperatures, enabling the prediction of flow and conductive properties.   

1. Introduction 

In a previous study by some of us [1], the conductive behaviour of n- 
alkyl-2-picolinium bromide [Cn-2-Pic][Br] ionic liquids (ILs) was 
investigated. ILs with n = 12 and 16 turned out to be ionic liquid crystals 
(ILCs) that undergo conversion between polymorphs, as well as crystal 
to liquid crystal transition and isotropisation. The multiplicity of phase 
transitions may represent a disadvantage when these emerge at oper
ating temperatures. Aiming to solve this issue, deposition on a surface 
can be used as a strategy to stabilise the material in a different phase 
other than the most stable one. This surface mediated effect was 
observed for materials with interest in electronics [2] and 

optoelectronics [3], as well as in active pharmaceutical ingredients 
(APIs) [4]. Furthermore, encapsulation within pores at a nanometric 
scale allows the guest to be retained in a single phase, as a metastable 
polymorph, which is the case for a perovskite [5] and some APIs [6,7]. 
Ultimately, incorporation inside a nanostructured matrix may fully 
prevent crystallisation and the guest is stabilised in a structurally 
disordered amorphous material [8]. The introduction of disorder could 
enhance conductivity [9–11], providing new pathways to charge 
migration across interfaces [12,13], with the beneficial of homogeneous 
expansion and contraction of the material in the case of electrodes [14]. 
However, it could also hamper the ionic transport by interrupting fast 
charge migration pathways [15]. Therefore, the impact of introducing 
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disorder and defects is unclear, although it has already been established 
that their extension allows to tune the ionic conductivity [16]. In this 
context, the present work explores the incorporation into a mesoporous 
silica matrix as a strategy to build a hybrid material that retains the ionic 
liquid crystal [C16-2-Pic][Br] in a single phase to fulfil the increasing 
demand for solid electronic devices with improved performance at room 
temperature [17,18]. The need for silica loading arises from the fact that 
the target material undergoes polymorphic transitions between –10 and 
50 ◦C, a range that includes the usual working temperatures, with the 
disadvantage that their exact location in temperature depends on the 
cooling/heating rate. Additionally, incorporation into the pores may 
prevent reversion to the original state, as observed for other ionic con
ductors after mechanical induction of disorder by ball milling [19] and 
also in a long-term stabilisation of otherwise unstable forms [20]. 

The mesoporous silica SBA-15 was chosen to host [C16-2-Pic][Br], 
being obtained by using an amphiphilic block copolymer as organic 
structure directing agent [21]. It exhibits a well-ordered hexagonal 
array of pores, whose diameter can be tuned during synthesis by the 
appropriated choice of the alkyl chain length of the surfactant [22], 
making it possible to tailor the material to suit specific applications. 
These materials have found uses in many fields of interest, such as 
catalysis [23], environmental remediation [24,25], biochemistry [26], 
drug delivery [27–29] and, more recently, electronics [30], since the 
high surface area and large pore volume, resulting in high loading ca
pacity, as well as the narrow pore size distribution and ordering at a 
nanometric scale, represent an advantage for the control of charge 
transport [30], increasing proton conductivity [31], ionic transport 
[32], energy and power density, exhibiting improved lifetime and sta
bility [33]. Moreover, the volatility and flammability of high power 
density materials [34] is reduced upon incorporation inside such ther
mal resistant hosts [35,36]. In fact, confinement into a porous matrix 
makes it possible to obtain an enhanced solid-type electrolyte [37], as, if 
the charged material is kept in the liquid state, either supercooled or 
isotropic liquid, it is possible to overcome the disadvantages of solid 
electrolytes arising from their high internal impedance [38]. 

Aiming to evaluate the feasibility of a solid-type material with in
terest for electronic applications, [C16-2-Pic][Br] was loaded into SBA- 
15 at three different guest-to-host weight ratios: 40%, 60% and 80% 
(w/w). After preparation, the hybrid materials were investigated by a set 
of experimental techniques to confirm loading (Thermogravimetric 
Analysis (TGA), Porosimetry (BET), Attenuated Total Reflectance 
Fourier Transform Infrared (ATR-FTIR)), to access the guest physical 
state (X-Ray Powder Diffraction (XRD)) and Differential Scanning 
Calorimetry (DSC)) and, finally, to characterise their ionic conductivity 
(Dielectric Relaxation Spectroscopy (DRS)) from which the equivalent 
electrical circuit is derived. Moreover, the composites’ conductivity near 
room temperature was compared with the bulk ILC and discussed in 
terms of guest physical state and silica-assisted charge migration 
pathways. 

2. Experimental part 

2.1. General remarks 

All commercial organic solvents were purchased from different 
chemical companies. 2-Picoline (Solchemar, 98% purity) and 1-bromo
hexadecane (Aldrich, 97% purity) were used as received without further 
modifications. Tetraethyl orthosilicate (TEOS, 98% purity) and poly 
(ethylene)glycol-block-poly(propylene)glycol-block-poly(ethylene)gly
col (P123) were supplied by Aldrich. 

2.2. Synthesis of starting materials 

1-Hexadecyl-2-methylpyridinium bromide, [C16-2-Pic][Br], was 
previously synthetised and chemically characterised [1]. Table 1 com
prises some information regarding the starting ILC. The mesoporous 

silica was prepared following an adapted procedure based on the liter
ature [39]. To obtain the desired pore size (6.8 nm), 2 g of triblock 
copolymer P123, as structure–directing agent, was dissolved in 15 mL of 
deionised water and 60 mL of a 2 M HCl solution, followed by the 
addition of 4.4 g of the silica source, TEOS, dropwise at room temper
ature. The obtained solution was stirred for 24 h at 40 ◦C and, then, 
transferred to a Teflon-lined autoclave at 100 ◦C for another 24 h. The 
resulting precipitate was filtered, washed with deionised water and 
dried. The final SBA-15 was obtained after calcination at 500 ◦C in air 
for 5 h to remove the template. 

2.3. Loading into mesoporous silica matrix 

To eliminate water and other volatile impurities, which could be 
contained in the pores of the SBA-15 mesoporous silica, ~ 150 mg of 
silica were vacuum-degassed (10− 4 bar) at 150 ◦C for 8 h. The temper
ature of the glass silica container was assured by an electric cylindrical 
oven. After this period, the silica container was allowed to cool down to 
room temperature. Then, a solution of ~ 40, 90 or 120 mg of [C16-2-Pic] 
[Br] dissolved in 4 mL of chloroform was transferred to the glass cell 
containing the silica matrix under vacuum, after which the solvent was 
slowly evaporated under gentle stirring for three days at room temper
ature and a dry powder was recovered. The obtained hybrid materials 
were designated as C16@SBA_40%, C16@SBA_60% and C16@SBA_80%, 
in weight percentage (wC16/wsilica). For comparison purposes, [C16-2- 
Pic][Br] was also incorporated in a MCM-41 matrix (3.5 nm in pore 
size), named as C16@MCM_60% (see the respective physical character
isation in Figure S1 in ESI). 

2.4. Characterisation of composites 

Porosimetry (BET): N2 adsorption–desorption isotherms at –196 ◦C 
were acquired on an ASAP 2010 V1.01B Micromeritics equipment at 
Analysis Laboratory of LAQV-REQUIMTE, Chemistry Department, 
NOVA School of Science and Technology, Portugal. Apparent surface 
area (SBET) was determined using Brunauer-Emmett-Teller (BET) equa
tion, while total pore volume was determined by the amount of nitrogen 
adsorbed at the relative pressure P/P0 = 0.95. Pore diameter and volume 
were calculated from Barret-Joyner-Halenda (BJH) in the desorption 
branch and Density Functional Theory (DFT) methods, respectively. 

Thermogravimetric Analysis (TGA): The degradation profile of the 
materials was monitored from 33.50 to 500 ◦C in a Thermogravimetric 
Analyser from Setaram Labsys EVO with weighing precision of ± 0.01%. 
Each run was conducted at a heating rate of 5 ◦C min− 1, under a highly 
pure argon atmosphere purged at 50 mL min− 1, with a mass sample 

Table 1 
Chemical structure, molar mass, physical state and geometrical pa
rameters of [C16-2-Pic][Br].   

[C16-2-Pic][Br] 

Chemical structure 

Molar mass (g mol− 1) 398.47 
Physical state Polymorphic crystal 
Cation sizea (Å) 25.007 
VdW diameterb (Å) 26.94  

a Cation size estimated by Avogadro molecular modelling software 
(version: 1.2.0). 

b Van der Waals diameter determined for the cation longer radius, 
which was assessed by MarvinSketch software (version: 22.11.0). 
Regarding bromide, the diameter was calculated from the corre
spondent VdW volume (26.5 Å3) [40]. 
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between 9 and 10 mg. 
Attenuated Total Reflectance Fourier Transform Infrared Spec

troscopy (ATR-FTIR): Attenuated Total Reflectance Fourier Transform 
Infrared Spectroscopy spectra were carried out on a PerkinElmer Two 
FT-IR Spectrometer equipped with a universal attenuated total reflec
tance sampling accessory. The respective spectra were obtained through 
Spectrum 10 software, also from PerkinElmer, and the samples were 
analysed in the 400 − 4000 cm− 1 spectrum range. 

X-Ray Powder Diffraction (XRD): X-Ray scattering profiles were 
acquired at room temperature, using a variable geometry setup equip
ped with a Max-Flux Optic graded multilayer monochromator (CuKa 
radiation: λ = 1.54056 Å) and an INEL CPS 590 gas curved detector in 
association with a computer-controlled data acquisition system. The 
apparatus acquisition system was calibrated using the scattering peaks 
of a Silver Behenate sample. 

Differential Scanning Calorimetry (DSC): Thermal studies were 
carried out using a DSC Q2000 from TA Instruments Inc. (Tzero DSC 
technology) coupled to RCS 90 cooling system and operating in the Heat 
Flow T4P option. Measurements were performed under anhydrous 
conditions purged with 50 mL min− 1 of high purity nitrogen flow. DSC 
Tzero apparatus calibration was done in the temperature range between 
–90 and 200 ◦C. Enthalpy (cell constant) and temperature calibration 
were based on the melting peak of indium standard (Tm = 156.60 ◦C) 
supplied by TA Instruments (lot number: E10W029). For each experi
ment, ~3 − 9 mg of sample were weighted and encapsulated in a her
metic Tzero aluminium pan and lid. All capsules were sealed before the 
analysis and the respective lids were perforated to avoid the pressure 
increase due to water evaporation. The experimental procedure con
sisted of first equilibrate all samples at 20 ◦C followed by cooling to 
–90 ◦C and heating up to 80 ◦C, keeping the sample 20 min at this 
temperature to cause water evaporation. Then, the sample was sub
mitted to two successive cooling and heating runs between –90 and 
160 ◦C carried at 10 ◦C min− 1. To better disclose the glass transition, 
temperature modulated DSC (TMDSC) was performed from –60 to 80 ◦C, 
using the oscillation periods 60, 80 and 100 s, with the respective am
plitudes 0.32, 0.42, 0.53 ◦C, at a heating rate of 0.5 ◦C min− 1. At the end 
of each modulated segment, the sample was heated up to 140 ◦C to melt 
any possible crystalline fraction. The glass transition was obtained from 
the heat capacity reversing signal. Data treatment was carried out 
through Universal Analysis 2000 software by TA Instruments Inc. 

Dielectric Relaxation Spectroscopy (DRS): For the dielectric 
measurements, performed in an ALPHA-N impedance analyser from 
Novocontrol Technologies GmbH, the powder sample was sandwiched 
between two gold plated electrodes (10 mm in diameter) in the BDS 
1200 sample cell. Moreover, two silica spacers (50 μm in thickness) were 
used to avoid short-circuit and to assure constant thickness. The sample 
cell was placed in a cryostat (BDS 1100) and the temperature control 
was assured by the Quatro Cryosystem with an uncertainty ± 0.5 ◦C. 
Firstly, samples were submitted to a pre-treatment up to 160 ◦C to 
remove adsorbed water. Spectra, scanned over a frequency range from 
10-1 to 106 Hz, were isothermally acquired from –110 to 160 ◦C, in steps 
of 5 ◦C, except in the region between –40 and 50 ◦C in which the 
acquisition was every 2 ◦C. 

Dielectric Relaxation Spectroscopy data treatment: In DRS, the 
material is submitted to an outer electrical field that causes a prefer
ential alignment of internal dipoles, designated orientational polar
isation. However, this dielectric response does not develop 
instantaneously due to viscosity, a measure of the fluid resistance acting 
against dipole reorientation. Also, when the electric field is removed, as 
in static measurements, the loss of alignment is not instantaneous. 
Instead, there is a time-dependent loss of dipole orientation, called 
dipolar relaxation. In dynamic measurements, a frequency-variant 
electric field is applied causing a phase lag between the applied oscil
lating stimulus and the resulting orientational polarisation, which is 
mathematically described by the formalism of complex numbers [41]. 
DRS measures then a complex permittivity as a function of angular 

frequency, ε*(ω) = ε′(ω)-iε″(ω), whose real, ε′(ω), and imaginary, ε″(ω), 
components are associated, respectively, with the energy stored and 
dissipated by the material; the latter is due to dipoles unable to follow 
the oscillating field. If a relaxation process is being probed, the real 
component follows a sigmoidal profile, while the imaginary one is bell- 
shaped, corresponding to the logarithmic derivative of the former, both 
being related by Kramers-Kronig transforms [42,43]. The analysis of the 
isothermal complex permittivity is usually made through the Havriliak- 
Negami (HN) model function [44,45]. Nevertheless, when data are 
greatly affected by conductivity, as in the case of the present investi
gation that deals with ionic species, it could be advantageous to analyse 
the complex electrical modulus, M*

HN(ω), defined as the reciprocal of the 
complex permittivity: M*(ω) = 1/ε*(ω) [41,46]. The ionic conductivity 
appears as a peak in the imaginary modulus component, facilitating the 
conductivity analysis and allowing a better resolution between dipolar 
relaxation and conduction relative to ε″ [47]. 

In the present work, isothermal conductivity spectra were analysed 
through Jonscher equation (Equation (1)) [48]: 

σ′(f ) = σdc

[

1 +

(
f

fcross

)s ]

(1)  

where σdc is the direct current conductivity estimated from the range 
where the conductivity is frequency independent, s (0.5 ≤ s ≤ 1) is a 
material and temperature dependent parameter, meaning pure ohmic 
conductivity if s = 1 [46], and ƒcross the linear frequency at which the 
plateau bends off, separating the semi-diffusive (ac) and diffusive (dc) 
regimes. 

In electrical modulus representation, and when a multimodal profile 
is found, a sum of HN-type functions is considered to fit the acquired 
modulus spectra, identical to what is used to simulate the complex 
permittivity [46,47], here expressed in function of linear frequency, ƒ. 

M*
HN(f ) = M∞ +

∑n

j=1

ΔM
(

1 +

(

− i
(

f
fo

)− 1
)αHN

)βHN
(2)  

In Equation (2), j is the index over which the individual n processes are 
summed. ΔM = M∞ – Mo [49], while αHN and βHN are shape parameters 
(0 < αHN < 1 and 0 < αHN.βHN ≤ 1), describing, respectively, the sym
metric and asymmetric broadening of the complex electric function 
[46]. The simulation of the experimental imaginary component of M* 
was carried out using the software Grafity (GrafityLabs). From the fre
quency obtained by the fit (ƒ0), a model independent ƒmax is estimated 
according to Equation (3) [44]: 

1
fmax

=
1
f0

[

sin
(

αHNπ
2 + 2βHN

)] 1
αHN
[

sin
(

αHNβHNπ
2 + 2βHN

)]− 1
αHN

(3)  

that allows to extract the characteristic relaxation time, τM″, as τM″ =

(2πƒmax)-1. To further describe τM″ temperature dependence, the Vogel- 
Fulcher-Tammann-Hesse (VFTH, Equation (4)) law [50–52] was used 

τM″ (T) = τ∞exp
(

B
T − T0

)

(4)  

where τ∞ is the relaxation time at the high temperature limit, B is 
inversely related to the deviation from linearity of the plot (roughly, 
higher curvatures correspond to lower B values) and T0 is the absolute 
Vogel temperature. 

3. Results and discussion 

3.1. Evidence of guest loading 

In order to get evidence that [C16-2-Pic][Br] was successfully loaded 
in the mesoporous silica, the prepared hybrid materials were submitted 
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to Porosimetry (BET, Fig. 1) and Thermogravimetry (TGA, Fig. 2) ana
lyses to evaluate the pore size and distribution as well as the weight loss 
profile and percentage of loading. 

Textural studies were carried out by nitrogen sorption for both 
matrices before and after loading. The N2 adsorption (full symbols) and 
desorption (open symbols) isotherms obtained for the unloaded matrix 
is shown in Fig. 1a. According to the most recent IUPAC classification 

[53], the obtained profile can be assigned to type IV(a) physisorption 
isotherms, characteristic of mesoporous materials. Moreover, the 
observed hysteresis loop originated by capillary condensation is 
coherent with H1 type, consistent with pore ordered structure and 
narrow mesopores size distribution [54], as illustrated in Fig. 1b for the 
synthesised SBA-15 and composites. After loading, nitrogen adsorption 
volume decreases as the C16 content increases. However, the isotherm 
type IV(a) is preserved along with the hysteresis loop H1 (see Fig. 1a). 
This indicates that the mesoporous structure of the silica is maintained 
and suggests that the incorporation of the guest occurs within the pores, 
reducing the volume available for nitrogen adsorption. Furthermore, the 
closure point of the hysteresis loop occurs at decreasing relative pres
sures upon [C16-2-Pic][Br] increase, compatible with a reduction of pore 
diameter [55,56]. This is confirmed by the shift to lower values of the 
pore size distribution with increasing loading, as shown in Fig. 1b, 
reinforcing that the incorporation of the guest took place inside the 
pores. Since the overall salt dimensions are determined by the cation 
size (2.5 nm) and Van der Waals diameter (2.7 nm) (Table 1), which are 
smaller than the pore diameter (see Table 2), incorporation was ex
pected to occur within the pores. A different scenario was observed for 
C16 loaded in another silica matrix (Figure S1a), MCM-41 type, with 
inferior pore diameter (3.5 nm). This pore dimension is much closer to 
the length of C16, whose isotherm reveals almost no nitrogen uptake due 
to pores occlusion [57–59]. 

Moreover, an initial concave rise is observed in the adsorp
tion–desorption isotherms of the unloaded silica at the low relative 
pressure region due to micropore filling [60]. This effect is almost absent 
in the loaded matrices, indicating that micropores are inaccessible for N2 
molecules due to prior ILC adsorption. 

The loaded C16 amount was quantified by Thermogravimetric 
Analysis. Fig. 2 displays the obtained thermograms. While no mass loss 

Fig. 1. Porosimetric analysis for the unloaded SBA-15 (darker circles) and the three composites: a) nitrogen adsorption/desorption and b) pore size distribution 
(desorption branch), showing the decrease of pore average with the increase amount of C16 (arrow). 

Fig. 2. Thermogravimetric curves obtained on heating at 5 ◦C min− 1 for the 
unloaded SBA-15 and the three composites. Neat C16 is included 
for comparison. 

Table 2 
Textural parameters obtained from BET, BJH and DFT methods for unloaded and loaded SBA-15.   

Surface area (m2 g− 1) Pore diameter (nm) Pore volume (cm3 g− 1) Loading % (w/w) 

SBA-15 (unloaded) 483  6.84  0.78 −

C16@SBA-15_40% 226  5.42  0.42 35.8 
C16@SBA-15_60% 145  5.36  0.27 56.7 
C16@SBA-15_80% 59  5.59  0.08 74.4 

For all materials, the specific surface area was determined from the linear portion of the Brunauer-Emmett-Teller (BET) plots, whereas pore diameter and volume were 
calculated from Barret-Joyner-Halenda (BJH) desorption and Density Functional Theory (DFT) methods, respectively. The percentage of loading was estimated by 
Thermogravimetric Analysis (TGA). 
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is observed for the pristine matrix, except a small decrease up to 150 ◦C 
due to water desorption (4% w/w), the neat ionic liquid starts to 
decompose above 170 ◦C [1]. The thermal resistance increases by 
loading C16 into SBA-15, as the onset of degradation shifts towards 
higher temperatures with the increase amount of silica matrix. The 
loading percentage in each composite was estimated from the mass loss 
after discount the adsorbed water (~1%), closely agreeing with C16 and 
SBA-15 amounts used in the starting preparations (see the last column of 
Table 2). Therefore, the rounded designation 40, 60 and 80% (w/w) was 
adopted. 

These techniques confirmed the presence of guest in all hybrid ma
terials, evidence that was also provided by Attenuated Total Reflectance 
Fourier Transform Infrared Spectroscopy (ATR-FTIR, Figure S2) by 
comparing the spectra of the composites with those of neat ILC and 
empty matrix. In the latter, the siloxane framework exhibits the 
Si− O− Si asymmetric stretching vibration mode at 1071 cm− 1, with a 
high wavenumber shoulder at 1139 − 1240 cm− 1. The respective 
bending is detected at 444 cm− 1. The bands registered at 968 and 806 
cm− 1 are attributed to Si− OH vibrations in the silanol moieties and 
symmetric stretching vibrations of Si− O− Si, respectively [61–63]. For 
the composites, these bands still dominate the spectra, although the 
C− H stretching modes of the C16 alkyl tail (2918 and 2851 cm− 1) and 
the C=C− C stretch of the aromatic ring (1633, 1516 and 1465 cm− 1) are 
also detected (highlighted areas in Figure S2), confirming the presence 
of [C16-2-Pic][Br]. 

Table 2 summarises the textural parameters obtained from the 
porosimetric analysis and the percentage of loading calculated by the 
weight loss profile of each hybrid material. 

3.2. Physical state of loaded C16 

To access the physical state of loaded C16, the three incorporations 
were submitted to X-Ray Powder Diffraction (XRD, Fig. 3) and Differ
ential Scanning Calorimetry (DSC, Fig. 4). 

Concerning XRD analysis, the collected diffractograms are presented 
in Fig. 3. For neat [C16-2-Pic][Br], at room temperature, a Bragg 
diffraction pattern is obtained, characteristic of an ordered crystalline 
structure. On contrary, the XRD pattern registered for the pristine SBA- 
15 matrix in the scanned 2θ range only shows peaks relative to long- 

distance order of the two-dimensional hexagonal arrays of SBA-15 
mesopores at lower angles (2θ < 2◦), being more accurately detectable 
by Small-Angle X-Ray Diffraction [64–66]. The lack of Bragg peaks at 
higher 2θ values (2θ > 10◦) for the pristine matrix is indicative of SBA- 
15 amorphous nature. For all composites, only the SBA-15 low angle 
peaks are reproduced, confirming the structural invariance of the silica 
matrix upon loading and the absence of a C16 crystalline component. The 
[C16-2-Pic][Br] amorphisation points to a guest incorporation inside 
pores. For the highest concentration sample (80%), a longer XRD 
acquisition was performed in search of any residual ILC fraction 
deposited outside the pores. Although no evidence supporting this hy
pothesis was obtained using this technique, it was provided by calo
rimetry, as will be discussed next. 

To gain additional insights into the physical state of [C16-2-Pic][Br] 
after being loaded in SBA-15, the different materials were submitted to 
calorimetric analysis, being the thermograms represented in Fig. 4. After 
an initial heating to 80 ◦C, where samples were held isothermally for 20 
min to remove water adsorbed by the hydrophilic silica matrix, the 
materials were cooled down to –90 ◦C and subsequently heated up to 
160 ◦C. The final temperature was chosen to evaluate if the transition to 
the liquid crystalline phase (Cr → LC ~ 100 ◦C) and isotropisation (LC → 
I ~ 124 ◦C), detected in neat [C16-2-Pic][Br] [1], also occur in the hybrid 
materials. 

For C16@SBA_80%, the respective DSC curves show that, although 
with rather small magnitudes, those bulk-like transitions are observed at 
nearly the same temperatures (see asterisks). If crystallisation took place 
inside the pores, a depression of the melting point would be expected. In 
fact, for confinement sizes comparable to the critical size for crystal 
growth, a decrease in melting temperature is predicted according to the 
Gibbs-Thomson equation [67], as observed for several low molecular 
weight guests [68–74] and confined water [75]. This effect was not 
detected in the 80% compound, corroborating the assumption that, at 
least, a small fraction of C16 is deposited outside the pores. The obser
vation of an unchanged melting temperature was also found for C16 
loaded in MCM-41 (Figure S1d), a lower pore size matrix, for which, the 
respective BET adsorption–desorption isotherms (remember Figure S1a) 
are characteristic of a completely or partially filled matrix with blocked 
pores. In this MCM-41 composite, the bulkiness of C16 impairs the 

Fig. 3. Diffractograms obtained for the unloaded SBA-15 matrix the three 
composites compared with the crystalline pattern of neat C16. The long-distance 
order of the matrix gives rise to peaks detected below 3◦, while the absence of 
Bragg peaks at higher 2θ values confirms its amorphous nature, a spectral 
signature that is preserved in the composites. 

Fig. 4. Comparison of the thermograms obtained for the second heating run of 
[C16-2-Pic][Br], C16@SBA_40%, C16@SBA_60% and C16@SBA_80%, all carried 
out at 10 ◦C min− 1. For the latter, a scan at higher rate (30 ◦C min− 1) is pro
vided to show the enhancement of the low-T morph endotherm upon thermal 
cycling. The inset presents the sinusoidal temperature variation of TMDSC 
cooling runs, performed at 0.5 ◦C min− 1, disclosing the glass transition steps of 
C16@SBA_40% and C16@SBA_60%. 
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entrance in the small pores, leaving a fraction of material on the outer 
surface, which melts at the same temperature of the neat ILC. Likewise, 
also in the 80% hybrid material, some ILC remains on the outer surface 
of SBA-15. Nonetheless, the small enthalpy value (<1 J g− 1) associated 
with the melting of C16@SBA_80% indicates a residual crystalline 
component that was not distinguished by XRD, even in a long run dif
fractogram. Furthermore, a crystallisation/melting near above 0 ◦C, in 
both cooling and heating runs, is clearly detected for C16@SBA_80%. It is 
worth to note that the two weak bulk-like transitions already referred 
progressively fade away from the DSC curve upon thermal cycling, 
probably due to migration of the molten liquid to inside pores 
(remember the corresponding BET isotherm in Fig. 2 that still allows a 
minor fraction to enter). On the other hand, the transition associated 
with crystallisation and melting of the low-T morph becomes more 
pronounced (see the bottom curve in Fig. 4), which seems to confirm 
that the respective material is located inside pores, losing its liquid 
crystalline nature and stabilising the lower temperature polymorph 
upon loading in the SBA-15 matrix. A similar surface mediated effect 
was observed for several materials [2,3]. Moreover, as the melting 
endotherm undergoes only a small depression of ~ 3 ◦C relative to bulk 
C16, the associated critical radius for crystal growth of this low-T morph 
must lye below or be in the same order of the pore diameter [76]. A 
possible arrangement may consist of cations lying with their long alkyl 
tails parallel to the pore axis, preventing the layered organisation of the 
smectic mesophase found in pure C16 and justifying the suppression of 
liquid crystalline behaviour. Even more, when the 80% composite is 
analysed through TMDSC, the intermediate polymorph calorimetrically 
observed at ~ 50 ◦C in neat C16 is also resolved at such low heating rate 
(0.5 ◦C min− 1, Figure S3). It cannot be completely ruled out, due to the 
similarity of the endotherms profile between C16@SBA_80% and [C16-2- 
Pic][Br], that the polymorphs disclosed for the composite at ~ 0 and 
50 ◦C in TMDSC experiments correspond to significant downwards shifts 
of the melting of the bulk-like intermediate morph (50 ◦C) and con
ventional crystal (124 ◦C) of neat ILC. 

Oppositely to what occurs in C16@SBA_80%, no signs of a bulk-like 
melting were detected for C16@SBA_40% and C16@SBA_60%, leading 
to conclude that, in both hybrid materials, all the guest is incorporated 
inside pores. Therefore, a suppression of the guest’s liquid crystalline to 
the isotropic phase transition occurs for the three preparations, in line 
with was reported for other ILCs [77]. Moreover, for the 40 and 60% 
composites, no low-T melting is registered and so the in-pores C16 
fraction avoids crystallisation, which should give rise to a glass transi
tion. However, no clear indication is provided, just a small discontinuity 
in the heat flow during cooling, being imperceptible upon heating. In 
search for a glass transition, TMDSC experiments were also performed 
for these two composites, as temperature modulated DSC increases both 
resolution and sensitivity [78]. The inset of Fig. 4 shows a scale up of the 
temperature region where a step of the reverse heat capacity is detected 
during heating at 0.5 ◦C min− 1, disclosing the signature of the glass 
transition in both 40 and 60% composites. The inflection points are 
located, respectively, at ~ 21 ◦C and ~ 22 ◦C, corresponding to the peak 
position of the first derivative of the reverse heat capacity signal. Hence, 
DSC confirms the amorphisation of C16 in these preparations, as previ
ously stated through XRD analysis. Due to the high tendency to undergo 
crystallisation, it was not possible to detect the glass transition in neat 
C16. However, an estimate by the empirical rule Tg = 2/3 Tm [79], which 
is strictly obeyed by the lower member of the series [C6-2-Pic][Br] [1], 
gives a value of –8 ◦C. Therefore, the increased Tg in composites could be 
originated by a more rigid population adsorbed to the pore walls [80]. 

For these two hybrid materials, the multiple transitions underwent 
by native C16 are reduced only to vitrification (on cooling) and devit
rification (on heating), revealing high stability against temperature 
changes. This was confirmed even after 12 months of incorporation. 
Taking into account that the material’s ordering is highly dependent on 

the alkyl chain length [81,82], it is worthwhile to emphasise that the 
polymorphic ionic liquid 1-hexadecyl-1-methylpyrrolidinium bis(tri
fluoromethanesulfonyl)imide [C16MPyrr][NTf2] [81] always crystallise 
on cooling when incorporated in anodised aluminium oxide membranes 
with pore diameters of 10 and 80 nm. Thus, the avoidance of crystal
lisation in 40 and 60% composites can be seen as a manifestation of 
finite size effects in the 6.8 nm SBA-15 pores. 

3.3. Dielectric characterisation 

3.3.1. Conductivity analysis 
The prepared composites were investigated by Dielectric Relaxation 

Spectroscopy. After a first heating ramp up to 160 ◦C to remove adsor
bed water, spectra were collected from –100 ◦C to 160 ◦C, following the 
same procedure adopted for the study of neat C16 [1]. The real 
component of conductivity thus obtained is plotted in function of fre
quency at some representative temperatures, between –50 and 100 ◦C, 
in Fig. 5. 

The universal conductivity profile found for semiconducting disor
dered materials is obeyed [48,83–85]. At low temperatures and/or high 
frequencies, a semi-diffusive region gives rise to frequency dependent 
(ac) conductivity, where charges are trapped in potential-energy valleys 
due to Coulombic forces of the cage-forming counter ion neighbours 
[86]. On the other side, long-distance translational charge migration 
originates a sort of plateau, meaning a frequency independent (dc) 
conductivity. For both 60 and 80% preparations, the direct current 
conductivity (σdc) plateau clearly emerges above 20 ◦C (Fig. 5c and 5d), 
while it is never attained for the 40% composite (Fig. 5b) due to elec
trode polarisation (EP). This EP effect manifests in a decrease of the 
conductivity at low frequencies, as charges accumulate near the elec
trode surface, building an interfacial layer that blocks electrical 
discharge [46,87]. The Jonscher law (Equation (1)) was fitted to the 
conductivity isotherms up to 160 ◦C, starting at ~ 10 ◦C (in the case of 
60 and 80% hybrid materials) and 60 ◦C (for the 40% composite). Ex
amples of such data treatment are provided in Figure S4: the s parameter 
was found to increase from 0.51 (60 ◦C) to 0.61 (160 ◦C) for 
C16@SBA_40% and from 0.66 (~10 ◦C) up to 0.76 (160 ◦C) for the other 
two. Both temperature increase and range of estimated s values are 
coherent with the correspondent values found in ionic conductors [88]. 
The extracted σdc(T) (Figure S4d) will be analysed in the Modulus 
section. 

Furthermore, the conductivity spectra are compared in Fig. 6a at 
20 ◦C, illustrating the different regimes and effects. Fig. 6b and 6c 
comprise the dielectric response expressed in terms of real conductivity 
σ′(ƒ), imaginary electrical modulus M″(ƒ) and dielectric loss ε″(ƒ) for 
C16@SBA_40% and C16@SBA_80%. 

Regarding C16@SBA_80% (Fig. 6c), the respective ε″(ƒ) spectrum 
(circles) in a log–log plot has a conductivity tail, with a slope close to 1, 
at the lowest frequencies, indicating the emergence of ohmic conduc
tivity, hereafter designated as conductivity I. This agrees with the 
presence of the plateau in the σ′(ƒ) spectra (squares). At intermediate 
frequencies, the ε″(ƒ) plot exhibits a lower slope in which conductivity is 
not strictly dc, henceforth mentioned conductivity II. In the modulus 
representation (triangles in Fig. 6b and 6c), the conductivity gives rise to 
a peak [46,47]. As frequency increases (103 − 104 Hz), a sort of 
relaxational process overlaps the conductivity for the 80% composite, 
converting to a peak in both M″(ƒ) and ε″(ƒ), being better resolved in the 
former representation. Therefore, the three properties provide evidence 
of such relaxational behaviour where the maximum in the modulus 
representation is slightly shifted to higher frequencies relative to the 
correspondent ε″ peak, as theoretically predicted [46,47]. In addition, 
for the 40% preparation (Fig. 6b), a relaxational response superimposes 
the conductivity plot at intermediate and high frequencies. 
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3.3.2. Modulus analysis 
To better disclose the underlying processes, spectra were analysed in 

the modulus representation. Fig. 7a to 7d display the isothermal spectra 
from –20 to 130 ◦C in steps of 10 ◦C. To guide the reader in order to 
compare the response of neat ILC and composites, the individual HN- 
type functions are included for spectra acquired at 20 ◦C. As it can be 
seen, the peaks of C16, 40 and 60% preparations have an asymmetric 
shape, being simulated by a sum of two HN-type functions (Equation 
(2)). The existence of two underlying processes (purple and light red 
shadowed areas in Fig. 7a to 7d) is in line with the aforementioned 
existence of conductivity I and II contributions. For C16@SBA_80%, it 
was necessary to consider an additional HN function (light blue shad
owed area in Fig. 7d), which, from the comparison (Fig. 6c), was 
ascribed to a relaxational mode. Moreover, a low intense relaxation 
process (yellow shadowed area) was also considered for the hybrid 
materials in the high frequency side. 

The extracted HN relaxation times, after transformation to a model 
independent τmax through Equation (3), are plotted in Fig. 7e to 7h and 
compared with the σdc values estimated from Jonscher equation, which 
are included in the right axis as star-shaped symbols. Both left and right 
logarithmic scales have the same number of decades, turning clear the 

similarity between log(σdc_I) and –log(τmax_I) plots. This match between 
the T-dependence of the two properties confirms that the low-frequency 
M″ process is due to pure ohmic conductivity (conductivity I), supported 
also by the respective HN shape parameters: αHN = β HN = 1. The 
contribution at intermediate frequencies (light red curve in Fig. 7e to 
7h), that immediately follows the ohmic peak, is then associated, as 
previously stated, to a non-strictly ohmic contribution (conductivity II) 
assigned to the transition from dc to ac regime [89]. It is worthwhile 
noting how the deconvolution of the individual processes related with 
conductivity I and II is facilitated in the modulus formalism, which also 
allows to extract information until much lower temperatures when 
compared to the σ′(ƒ) analysis. 

In Fig. 8, the different relaxation times are compared: a) conductivity 
I, b) conductivity II and c) relaxational processes. Regarding Fig. 8a, it is 
notorious the monotonic temperature dependence followed by τM″(1/T) 
in the composites, instead of the Arrhenian-like multiple regimes found 
for the neat ILC (diamonds). Therefore, upon incorporation in the 
nanoporous matrix, the ILC phase transition in 40 and 60% preparations 
was supressed, originating a VFTH (Equation (4)) temperature depen
dence of the relaxation times in the supercooled liquid state. This 
behaviour is typically found in glass forming materials [90], including 

Fig. 5. Real conductivity spectra for a) [C16-2-Pic][Br], b) C16@SBA_40%, c) C16@SBA_60% and d) C16@SBA_80%. Blue circles correspond to the isotherms collected 
at –50 ◦C and –20 ◦C, solid lines to the ones obtained from 0 to 24 ◦C (every 2 ◦C) and red circles to the isotherms between 50 to 100 ◦C in steps of 25 ◦C. 
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the lower member of the series [C6-2-Pic][Br] [1]. The VFTH parameters 
are included in Table S1 under the designation of “modulus ohmic 
conductivity I”, which also presents the corresponding parameters of the 
direct current conductivity. Although no clear evidence was provided by 
DRS of a glass transition relaxation process, the VFTH dependence of the 
relaxation times for charge migration can be taken as an indication of 
guest amorphisation. It is important to remember that vitrification was 
only detected by TMDSC at a higher temperature than the one estimated 
for neat ILC with a rather small discontinuity in the heat flow. These 
features are compatible with a highly hindered molecular mobility of the 
confined material, lacking of dielectric response associated with a glass 
transition. Indeed, for other ionic liquids incorporated in different 
nanostructured matrices, molecular dynamics simulations provided ev
idence low mobility of the guest close to the interface [91,92]. 

Although above 20 ◦C the relaxation rate is higher for the crystalline 
[C16-2-Pic][Br], it is important to highlight that, below this temperature, 
the relaxation times for the process related to ohmic conductivity 
(shadowed area in Fig. 8a), conductivity I, are always shorter for the 
composites relative to neat C16, indicating a faster charge migration 
inside pores. Also, the real conductivity at 0.1 Hz (Figure S5) evidences 
the better conductive behaviour of the hybrid materials between –20 
and 20 ◦C, a range that covers the usual operating temperature window, 

representing another advantage of C16 incorporation in a porous matrix, 
despite the almost insulating character of the carrier. Regarding the 
process associated with conductivity II, it follows almost the same 
temperature dependence as the former. Nonetheless, data collapse into 
one chart at high temperatures for all systems, pointing to a similar 
origin (see Fig. 8b). For 40% composite, it exhibits the features of a 
relaxation process (remember Fig. 6a and 6c) that could be addressed to 
a sort of Maxwell-Wagner-Sillars [93,94] polarisation owing to either 
interfacial polarisation inside the supercooled/confined liquid material, 
arising from structural heterogeneities as ionic nanodomains [95], and/ 
or, as expected in guest carrier systems [96], due to silica matrix/C16 
interfaces. Therefore, conductivity II is the superposition of non-strictly 
ohmic conductivity associated with the dc to ac transition, as above 
mentioned, and interfacial polarisation. 

Additionally, C16@SBA_80% has a process with characteristics of a 
true dipolar relaxation located at intermediate frequencies. The 
respective isochronal ε″(T) plots, depicted in the inset of Fig. 8c, exhibit 
a mixed behaviour between a crystalline and a supercooled material. 
Indeed, at high frequencies, the Arrhenian T-dependence denotes a 
crystalline-like behaviour (delimited by the arrows), in line to what was 
observed for neat crystalline [C16-2-Pic][Br] [1]. However, the fre
quency dependent peak in ε″(T) and the step in ε′(T) (Figure S6) are 

Fig. 6. a) Comparison between the real conductivity spectra at 20 ◦C for [C16-2-Pic][Br] and the three composites, illustrating the different conductivity regimes, 
electrode polarisation and relaxation effects; dielectric response of b) C16@SBA_40% and c) C16@SBA_80% at the same temperature in σ′(ƒ) (squares), M″(ƒ) (tri
angles) and ε″(ƒ) (circles) representations. 
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Fig. 7. Imaginary component of the complex electrical modulus for a) [C16-2-Pic][Br], b) C16@SBA_40% c) C16@SBA_60% and d) C16@SBA_80%. The isotherms are 
presented from –20 to 130 ◦C in steps of 10 ◦C, in which the spectrum collected at 20 ◦C is highlighted. The black solid line corresponds to the overall fit with a sum 
HN-type functions: conductivity I (purple), conductivity II (light red) and relaxation (light blue and yellow) processes. The respective relaxation times (τM″) are 
plotted against the temperature reciprocal (different 1000/T scales were used), with the same colour scheme, and compared with σdc (star-shaped symbols) in Fig. 7e 
to 7h. 
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coherent with the relaxation process associated with a glass transition. 
Since this composite contains the greatest amount of ionic liquid, it is 
plausible to assume the coexistence of some uncrystallised confined 
liquid with a low-morph crystalline fraction within pores. The corre
sponding temperature dependence of the relaxation times requires more 
than one VFTH function to describe the overall data. Considering two 
VFTH laws, below and above 20 ◦C (pink solid and dotted lines in 
Fig. 8c, respectively), the one at lower temperatures can be extrapolated 
to τ = 100 s [97], taken as an empirical estimate of the glass transition 
temperature through dielectric measurements, yielding to Tg_DRS (τ=100s) 
= –5.1 ◦C, a very close value to the previously estimated by the 2/3Tm 
rule (–8 ◦C). Therefore, in this temperature range, the probed dielectric 
response should be dominated by dipolar reorientation (ion pairs) in a 
supercooled-like state, as supported by the observation of: i) a frequency 
dependent behaviour in both ε′ and ε″(T) traces, denoting the kinetic 
nature of the glass transition phenomenon (inset of Fig. 8c), contrary to 
the purely thermodynamic melting event that should be T-invariant in 
the isochronal plot; ii) the obeyance of the extracted relaxation times to 
a VFTH law; and iii) the reasonable value for the glass transition tem
perature obtained by the extrapolation to τ = 100 s. This glass transition 

is not unequivocally detected by DSC, being probably submerged under 
the melting of the low-T morph. Another possibility is the conversion to 
a rotator crystalline phase. While an ideal crystal has a perfect crystal
line order, plastic crystals possess some degree of internal disorder 
[98,99], as the ability of small molecular moieties to rotate or even 
vibrate with limited amplitude around the long molecular axis [100]. 
These so-called rotator phases occur in the range between the fully 
crystalline phase and the molten liquid [101], being reported for a va
riety of materials, including ionic liquids [101], methylimidazolium 
based ionic crystals [102] and n-alkanes [103,104]. Contrarily to a 
perfect crystal that lacks of dielectric response, materials exhibiting 
rotational degrees of freedom have a dielectric signature and tempera
ture dependence of the respective relaxation times identical to a con
ventional glass former [105,106]. Therefore, it is hard to distinguish if 
the registered dielectric spectra are characteristic of a supercooled or a 
rotator phase. In fact, the latter hypothesis was already raised for [C16-2- 
Pic][Br] [1], having an alkyl chain homologue to n-hexadecane for 
which a transient rotator phase was recently characterised [107]. This 
rotationally disordered phase in the neat ILC seems to emerge in the 
dielectric spectra between –20 and 16 ◦C (see arrow in Figure S7a). 

Fig. 8. Relaxation times extracted from the fit of the electrical modulus M″(ƒ), through Equation (2), associated with: a) conductivity I, b) conductivity II and c) 
relaxational contributions. The inset of Fig. 8c represents the isochronal plot, ε″(T), for C16@SBA_80%, whose arrows denote the crystalline-like behaviour in the high 
frequency range, whereas supercooled signature emerges at intermediate frequencies. 
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Assuming that it persists under confinement, particularly for the 80% 
hybrid material, the dielectric strength of such rotationally disordered 
phase becomes highly enhanced, probably due to a higher amplitude of 
the respective dipolar fluctuations occurring in a less dense medium 
compared to bulk at the same temperature (Figure S7b). 

Furthermore, the three composites present a high frequency relaxa
tion (open circles in Fig. 8c), clearly detected on C16@SBA_40%, which 
can be a relaxation process of [C16-2-Pic][Br] when existing in such low 
density/high dispersed state. This fast relaxation could play a role in the 
charge transport of C16@SBA_40%, as this preparation is the one 
exhibiting the highest conductivity at low temperatures. 

3.3.3. Impedance analysis 
An alternative way to compare the electrical performance of the 

prepared composites with neat ILC is through the complex impedance 
(Z*(ω) = Z′(ω) + jZ″(ω)), equivalent to the conductivity and modulus 
representations, as they are interrelated. When the symmetric of the 
imaginary part (–Z″) is represented against the real part (Z′), a so-called 
Nyquist plot is obtained. Such representation was performed for the 
herein studied systems at 20 ◦C and depicted in Fig. 9. Contrary to the 
conductivity and modulus analyses, in which the frequency is explicit, in 
the Nyquist plot, the frequency is hidden in the high frequency region, 
being plotted towards the origin (left side) and the low frequency region 
outward from the x,y origin (right side) [108]. 

When an ideal Voigt circuit [109] is considered, a relaxation 
element, R/(1 + jωτ), is assumed, consisting of a parallel combination of 
a resistor (R) and a capacitor (C), in which the relaxation time (τ) is 
equal to the product R × C; R corresponds to the semi-circle diameter 
and τ to the frequency reciprocal of Z″ maximum. For such Voigt circuit 
element, the –Z″ vs. Z′ representation gives rise to a perfect semi-circle 
[110–113]. This was not strictly observed for the hybrid materials nor 
neat ILC [1]. Instead, skewed or depressed arcs in the complex plane are 
obtained. In general, the non-ideal behaviour is caused by in
homogeneity of charge carriers’ distribution caused by structure het
erogeneities, such as grain boundaries, crystal defects [114] or even 
guest–host interfaces, leading to distributed relaxations with different 
time constants. The modulus analysis already revealed the need to as
sume processes with a distribution of relaxation times (α and β ∕= 1) to 
adequately simulate the spectra. The α parameter assumed in the 
equations describing the equivalent circuits of neat ILC and composites 
R/(1+(jωτ)α) is a measure of such distribution of relaxation times: α = 1, 

for Debye elements and < 1 for real circuits (see the respective values in 
Figure S8). Concerning C16@SBA_40%, an inclined spike [106] is 
observed in the Nyquist plot due to electrode polarisation. This effect 
negatively impacts the conductivity that decreases at the lowest fre
quencies owing to the extra capacitance arising from blocked charges. 
The plot at a higher temperature (40 ◦C), displayed in the inset of Fig. 9, 
confirms the attribution to electrode polarisation since this effect in
creases with the temperature increasing. Therefore, electrode polar
isation was taken into account by adding a parallel combination of a 
resistor and a constant phase element (CPE) [115] to the bulk equivalent 
electrical circuit (Figure S8). Moreover, for C16@SBA_40%, CPE 
admittance and intrinsic capacitance increase from 20 ◦C (Y0 = 48; C =
91 nF) to 40 ◦C (Y0 = 7080; C = 7250 nF) due to the rise of blocked 
charges at the origin of EP effect. Such electrode polarisation contri
bution was also considered in the simulation of 80% preparation, 
although at much lower level. In fact, at 20 ◦C, the associated capaci
tance in C16@SBA_80% is tenfold lower relative to the 40%. For neat C16 
and 60% composite, no EP was detected at this temperature. The solid 
lines in the Nyquist plots (Fig. 9) represent the fit to the experimental 
data, resulting from the simultaneous analysis of six different properties 
(C′, C″, M′, M″, Z′ and Z″ (ƒ), Figure S9) instead of just Z′ and Z″, which is 
not as sensitive to the processes occurring at moderate and high fre
quencies. The fittings quality also validates the proposed equivalent 
circuits. 

It is important to mention that the conductivity isotherm of 
C16@SBA_40% at lower temperatures, e.g., –10 ◦C (Figure S10), seems 
to exhibit a sort of crossover frequency. However, the decrease is not 
caused by EP, as the correspondent Nyquist plot does not show a spike. 
Instead, the arc is starting to be defined, suggesting the impossibility of 
building a continuous percolation path to enable dc- conductivity due to 
insufficient loading that gives rise to interrupted charge migration 
pathway. 

Additionally, the radii of the arcs obtained for the most loaded 
hybrid materials, 60 and 80%, are the shortest, meaning that both 
resistance and relaxation time of charge migration are inferior [116] 
relative to C16. Therefore, the incorporation in the silica matrix allowed 
a faster charge migration, due to a modification of the guest physical 
state, converting to more mobile arrangements. Furthermore, the 
insignificant effect of electrode polarisation, especially in the case of the 
60% preparation, and contrary to what was observed for the homolo
gous [C6-2-Pic][Br] glass former [1], which is highly affected by elec
trode polarisation, indicates that charge transport and discharge at the 
electrodes might be mediated by the silica host. Therefore, it was 
possible, through nanoconfinement, to take advantage of the amorphous 
state, improving conductivity without the inconvenience of high EP. 

Fig. 9. Nyquist plots at 20 ◦C for [C16-2-Pic][Br] and the three composites. 
Impedances measured at high frequencies lie on the right side and those 
measured at low frequencies on the left. The solid lines are the theoretical 
simulation through the equivalent circuits proposed in Figure S8. The inset is 
the Nyquist representation for C16@SBA_40% at 40 ◦C, in which the spike due 
to electrode polarisation is enhanced. 

Fig. 10. Schematic comparison of the conductivity behaviour for [C16-2-Pic] 
[Br] and the composites, emphasising the regions where electrode polarisation, 
dc- and ac-conductivity are observed. 
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The overview of the conductivity behaviour found for all materials is 
summarised in Fig. 10, highlighting the potential of these silica incor
porated composites. In the region where 60 and 80% preparations 
exhibit pure σdc, the conductivity is around one decade higher than the 
one of neat C16. Moreover, the window where direct current conduc
tivity emerges is wider for C16@SBA_60%, which is also the material 
least affected by electrode polarisation, even when compared to [C16-2- 
Pic][Br]. These characteristics, along with its long-term stability, point 
out the 60% composite as the one presenting the best performance in 
–20 to 20 ◦C. 

4. Conclusions 

This work reports the investigation of hybrid materials produced by 
confining the ionic liquid crystal [C16-2-Pic][Br] in mesoporous SBA-15 
silica (6.8 nm) in three different weight ratios: 40, 60 and 80% w/w. 
While the neat ILC undergoes several crystal-crystal transitions and a 
smectic A mesophase, these are suppressed in the least loaded com
posites (40 and 60%), which only exhibit a glass transition around 20 ◦C. 
The low intensity of the respective heat capacity step and significantly 
higher glass transition temperature value seem to support that the ma
terial is in a hindered dynamic state, lacking of a correspondent 
dielectric response. This amorphous/supercooled state remains stable 
for more than one year, which is a plus over the neat ILC undergoing 
polymorphic conversion that depends on the thermal history. In the 80% 
preparation, the material crystallises intra-pores in a low-T morph. 
Nevertheless, the respective dielectric behaviour shows the features of a 
true relaxation process, pointing to the coexistence of a bulk-like 
amorphous/supercooled phase (Tg ~ –5 ◦C) or a highly mobile rotor 
phase with a crystalline low-T morph fraction. 

Aiming the use in electronic devices, the conductive behaviour of the 
prepared hybrid materials was evaluated. For C16@SBA_40%, dc-con
ductivity is never attained due electrode polarisation and, probably, 
insufficient loading that impairs continuous charge transport pathways. 
However, its high dispersion in the silica matrix allowed to better 
disclose a high frequency process that could play a role in charge 
transport at cryogenic temperatures. Notably, and despite the almost 
insulating nature of SBA-15 matrix, all composites revealed, through 
impedance analysis and corresponding Nyquist plots, lower resistance 
and faster charge migration compared to the neat ILC between –20 and 
20 ◦C, which includes the usual operating temperature window. From a 
fundamental point of view, this work highlights the importance of 
electrical modulus analysis, as it allows to characterise the studied 
materials not only until a much lower temperature, but also to decon
volute overall conductivity in multiple processes. 

Under a practical perspective, the introduction of some degree of 
disorder positively impacts the conductivity in that T-range, which 
could also involve a silica assisted pathway. Moreover, the relaxation 
times of conductivity I and II, extracted from the electrical modulus 
analysis, revealed to follow a single VFTH law in all composites. This 
makes their conductive behaviour more predictable relative to [C16-2- 
Pic][Br], exhibiting multiple Arrhenian branches. Furthermore, the 
conversion to an amorphous/supercooled material with the corre
sponding conductivity improvement was achieved without significant 
manifestation of undesirable EP effect and so the silica carrier seems to 
play a role also in discharging at the electrodes. This was particularly 
relevant for C16@SBA_60%, showing the best compromise between bulk 
conductivity, phase stability inside pores and lack of electrode polar
isation between –20 to 20 ◦C. Finally, the low price of the silica matrix 
allows to obtain cost-efficient solid electronic devices with liquid-like 
conductive features that outperform the neat ionic liquid crystal at 
ambient temperature. 
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[97] R. Böhmer, K.L. Ngai, C.A. Angell, D.J. Plazek, Nonexponential relaxations in 
strong and fragile glass formers, J. Chem. Phys. 99 (1993) 4201–4209, https:// 
doi.org/10.1063/1.466117. 

[98] J. Timmermans, Plastic crystals: A historical review, J. Phys. Chem. Solids. 18 
(1961) 1–8, https://doi.org/10.1016/0022-3697(61)90076-2. 

[99] A. Simonov, A.L. Goodwin, Designing disorder into crystalline materials, Nat. 
Rev. Chem. 4 (2020) 657–673, https://doi.org/10.1038/s41570-020-00228-3. 

[100] D. Cholakova, N. Denkov, Rotator phases in alkane systems: In bulk, surface 
layers and micro/nano-confinements, Adv. Colloid Interface Sci. 269 (2019) 
7–42, https://doi.org/10.1016/j.cis.2019.04.001. 

[101] A.-V. Mudring, Solidification of Ionic Liquids: Theory and Techniques, Aust. J. 
Chem. 63 (2010) 544–564, https://doi.org/10.1071/CH10017. 

[102] C. Bin Park, B.J. Sung, Heterogeneous Rotational Dynamics of Imidazolium-Based 
Organic Ionic Plastic Crystals, J. Phys. Chem. B 124 (2020) 6894–6904, https:// 
doi.org/10.1021/acs.jpcb.0c02433. 

[103] S.Y. Chazhengina, E.N. Kotelnikova, I.V. Filippova, S.K. Filatov, Phase transitions 
of n-alkanes as rotator crystals, J. Mol. Struct. 647 (2003) 243–257, https://doi. 
org/10.1016/S0022-2860(02)00531-8. 

[104] D. Cholakova, K. Tsvetkova, S. Tcholakova, N. Denkov, Rheological properties of 
rotator and crystalline phases of alkanes, Colloids Surf. A Physicochem. Eng. Asp. 
634 (2022) 127926, https://doi.org/10.1016/j.colsurfa.2021.127926. 

[105] P. Lunkenheimer, M. Michl, A. Loidl, Nonlinear Dielectric Response of Plastic 
Crystals, in: Nonlinear Dielectr. Spectrosc, Springer, 2018, pp. 277–300, https:// 
doi.org/10.1007/978-3-319-77574-6_9. 

[106] T. Ying, Y. Huang, N. Song, Y. Tan, Y. Tang, Z. Sun, J. Zhuang, X. Dong, Dielectric 
switching from a high temperature plastic phase transition in two organic salts 
with chiral features, Mater. Adv. 3 (2022) 1581–1586, https://doi.org/10.1039/ 
d1ma01108a. 

A. F.M. Santos et al.                                                                                                                                                                                                                           

https://doi.org/10.1021/acsami.6b12647
https://doi.org/10.3390/pharmaceutics15051320
https://doi.org/10.3390/pharmaceutics15051320
https://doi.org/10.1016/j.micromeso.2021.111563
https://doi.org/10.1016/j.micromeso.2021.111563
https://doi.org/10.1007/s10450-019-00047-z
https://doi.org/10.1016/j.micromeso.2019.01.012
https://doi.org/10.1021/acs.molpharmaceut.0c00908
https://doi.org/10.1021/acs.molpharmaceut.0c00908
https://doi.org/10.1016/j.micromeso.2009.04.013
https://doi.org/10.1016/j.jsps.2019.11.002
https://doi.org/10.1016/j.jsps.2019.11.002
https://doi.org/10.1155/2020/8456194
https://doi.org/10.1155/2020/8456194
https://doi.org/10.1088/0953-8984/17/15/R01
https://doi.org/10.1088/0953-8984/17/15/R01
https://doi.org/10.1103/PhysRevB.79.125442
https://doi.org/10.1021/jp2003358
https://doi.org/10.1021/ar200147v
https://doi.org/10.1021/acs.jpcc.6b04078
https://doi.org/10.1021/acs.jpcc.6b04078
https://doi.org/10.1021/acs.jpcc.7b10946
https://doi.org/10.1021/acs.jpcc.7b10946
https://doi.org/10.1007/s10853-018-2853-8
https://doi.org/10.1007/s10853-018-2853-8
https://doi.org/10.1016/j.carbon.2022.09.049
https://doi.org/10.1016/j.carbon.2022.09.049
https://doi.org/10.1016/j.colsurfa.2023.131851
https://doi.org/10.1016/j.colsurfa.2023.131851
https://doi.org/10.1016/j.pcrysgrow.2019.100464
https://doi.org/10.1021/acsanm.3c02473
https://doi.org/10.1016/S1573-4374(02)80005-X
https://doi.org/10.1016/S1573-4374(02)80005-X
https://doi.org/10.1016/0022-3093(81)90047-8
https://doi.org/10.1016/j.eurpolymj.2015.11.010
https://doi.org/10.1016/j.eurpolymj.2015.11.010
https://doi.org/10.1016/j.molliq.2020.115115
https://doi.org/10.3390/ijms22115935
https://doi.org/10.1063/1.341681
https://doi.org/10.1103/RevModPhys.72.873
https://doi.org/10.1007/978-3-642-56120-7_12
https://doi.org/10.1007/978-3-642-56120-7_12
https://doi.org/10.1038/s42004-023-00878-6
https://doi.org/10.1038/s42004-023-00878-6
https://doi.org/10.1088/0957-0233/24/10/102001
https://doi.org/10.1039/c8ra00037a
https://doi.org/10.1039/c7ra08007g
https://doi.org/10.1007/978-3-662-04365-3
https://doi.org/10.1007/978-3-662-04365-3
https://doi.org/10.1016/j.molliq.2020.114264
https://doi.org/10.1016/j.molliq.2020.114264
https://doi.org/10.1016/j.molliq.2020.114446
https://doi.org/10.1007/978-3-642-56120-7_13
https://doi.org/10.1063/1.4919877
https://doi.org/10.1016/j.jpowsour.2022.231084
https://doi.org/10.1016/j.jpowsour.2022.231084
https://doi.org/10.1016/j.jallcom.2006.04.048
https://doi.org/10.1016/j.jallcom.2006.04.048
https://doi.org/10.1063/1.466117
https://doi.org/10.1063/1.466117
https://doi.org/10.1016/0022-3697(61)90076-2
https://doi.org/10.1038/s41570-020-00228-3
https://doi.org/10.1016/j.cis.2019.04.001
https://doi.org/10.1071/CH10017
https://doi.org/10.1021/acs.jpcb.0c02433
https://doi.org/10.1021/acs.jpcb.0c02433
https://doi.org/10.1016/S0022-2860(02)00531-8
https://doi.org/10.1016/S0022-2860(02)00531-8
https://doi.org/10.1016/j.colsurfa.2021.127926
https://doi.org/10.1007/978-3-319-77574-6_9
https://doi.org/10.1007/978-3-319-77574-6_9
https://doi.org/10.1039/d1ma01108a
https://doi.org/10.1039/d1ma01108a


Journal of Molecular Liquids 403 (2024) 124830

15

[107] S.A. Burrows, E.E. Lin, D. Cholakova, S. Richardson, S.K. Smoukov, Structure of 
the Hexadecane Rotator Phase: Combination of X-ray Spectra and Molecular 
Dynamics Simulation, J. Phys. Chem. b. 127 (2023) 7772–7784, https://doi.org/ 
10.1021/acs.jpcb.3c02027. 

[108] S.I. Abdul Halim, C.H. Chan, J, Apotheker, Basics of teaching electrochemical 
impedance spectroscopy of electrolytes for ion-rechargeable batteries - part 1: a 
good practice on estimation of bulk resistance of solid polymer electrolytes, 
Chem. Teach. Int. 3 (2021) 105–115, https://doi.org/10.1515/cti-2020-0011. 

[109] E. Barsoukov, J.R. Macdonald, Impedance Spectroscopy: Theory, Experiment, and 
Applications, Wiley (2005), https://doi.org/10.1002/0471716243. 

[110] W. Bolton, 12 - Nyquist diagrams, in, Instrum. Control Syst., Newnes (2004) 
282–289, https://doi.org/10.1016/B978-075066432-5/50012-7. 

[111] B.-A. Mei, O. Munteshari, J. Lau, B. Dunn, L. Pilon, Physical Interpretations of 
Nyquist Plots for EDLC Electrodes and Devices, J. Phys. Chem. C 122 (2018) 
194–206, https://doi.org/10.1021/acs.jpcc.7b10582. 

[112] H. Herrera Hernández, A.M. Ruiz Reynoso, J.C. Trinidad González, C.O. González 
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