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ABSTRACT: Liquid crystals (LCs) are prime examples of
dynamic supramolecular soft materials. Their autonomous self-
assembly at the nanoscale level and the further nanoscale events
that give rise to unique stimuli-responsive properties have been
exploited for sensing purposes. One of the key features to employ
LCs as sensing materials derives from the fine-tuning between
stability and dynamics. This challenging task was addressed in this
work by studying the effect of the alkyl chain length of
cyanobiphenyl LCs on the molecular self-assembled compartments
organized in the presence of ionic liquid molecules and gelatin. The
resulting multicompartment nematic and smectic gels were further
used as volatile organic compound chemical sensors. The LC
structures undergo a dynamic sequence of phase transitions,
depending on the nature of the LC component, yielding a variety of optical signals, which serve as optical fingerprints. In particular,
the materials incorporating smectic compartments resulted in unexpected and rich optical textures that have not been reported
previously. Their sensing capability was tested in an in-house-assembled electronic nose and further assessed via signal collection and
machine-learning algorithms based on support vector machines, which classified 12 different gas analytes with high accuracy scores.
Our work expands the knowledge on controlling LC self-assembly to yield fast and autonomous accurate chemical-sensing systems
based on the combination of complex nanoscale sensing events with artificial intelligence tools.
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■ INTRODUCTION

Soft matter is an enticing approach toward designing functional
chemoresponsive materials due to their tuneable self-assembly
and dynamic properties occurring at the nanoscale level.1 In
this respect, liquid crystals (LCs) represent a great example of
dynamic structure formation and reformation via self-assembly.
LCs are considered ordered fluids. They flow like conven-

tional liquids but also exhibit significant orientational order
and, in some cases, positional order. Liquid crystalline
materials respond to perturbations occurring in their molecular
organization resulting from external stimuli such as electrical or
magnetic fields, surface effects, mechanical shear, temperature,
and chemical analytes.
Sensing targeted chemical species is an ongoing trend

application of LCs since they can act as optical probes with low
power consumption, operation at room temperature with
simple instrumentation, and with excellent opportunities for
high selectivity at the molecular level. As a result, gas and
volatile organic compound (VOC) sensors incorporating an
LC element are gaining increasing interest and have so far
demonstrated their potential as promising alternatives to
conventional gas-sensing platforms.2 In general, this capability
arises from the fact that gas and VOC molecules can diffuse

into the LC surface, resulting in a change of the liquid
crystalline molecular orientation3−5 or a decrease of the order
parameter,6−9 depending on the geometry of the system.
Typical sensor formats are LC films with a free surface,10,11

spherical droplets,12,13 and fibers.14,15 A great majority of these
studies employ thermotropic nematic LCs; however, a variety
of LC phases exist, such as the smectic A phase. On the other
hand, spherical geometries are considered an effective platform
among LC-based sensing formats due to the large surface-area-
to-volume ratio facilitating increased sensitivity. Recently, LC−
ionic liquid (IL) droplets embedded in a biopolymeric matrix
emerged as gel-like materials for VOC sensing. Exposing these
hybrid gels to VOCs resulted in a decrease of the order
parameter of the LC molecules inside the droplets, which in
certain cases triggered a phase transition.6,7 The LC used was
the nematic 5CB (4-cyano-4′-pentylbiphenyl). Considering
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that VOC molecular recognition and selectivity result from the
dynamic nanoscale assembly of the gel components, such as
the LC moiety, a question remained to be studied on the effect
of the LC structure on the reversible self-molecular
organization of LC droplets.
The current study is focused on answering this question (i)

by revealing for the first time the molecular self-organization of
room-temperature nematic and smectic LCs of the cyanobi-
phenyl family of nCBs and (ii) by using the gel formulations as
gas-sensing elements in a custom-made prototype electronic
nose (e-nose) tailored to monitor light transmittance.
Interestingly, hybrid gels containing 8CB, which exhibits the
smectic A phase, self-assembled into molecular systems that
yielded rich optical textures and optical signal profiles upon
sequential VOC exposure to 12 distinct analytes (heptane,
hexane, toluene, chloroform, dichloromethane, diethyl ether,
ethyl acetate, acetone, acetonitrile, ethanol, methanol, and

acetic acid). The signals were further analyzed using a uniquely
developed machine learning algorithm based on support vector
machines (SVM) for the classification of the tested volatiles.
The best overall performance was exhibited by the 5CB and
the 8CB hybrid gel compositions (evaluated via the correct
predictions of the algorithm). As such, our results expand the
hidden potential of LCs as nanoscale tools for chemical
sensing.

■ RESULTS AND DISCUSSION
Morphological Characterization of nCB Hybrid Gels.

It is already known that 5CB can be encapsulated in
[BMIM][DCA] spherical interfaces via cooperative assembly
and furtherly stabilized within a biopolymeric matrix
(gelatin),6,7,16 overall forming a multicomponent gel. [BMIM]-
[DCA] is a methylimidazolium-based IL, a class of compounds
comprised entirely by ions. Here, dicyanamide ([DCA]−) is

Figure 1. Optical, thermal, and morphological characterization of the nematic-based hybrid gels containing gelatin, [BMIM][DCA], and a nematic
LC component. (a) IL [BMIM][DCA], (b) nematogenic members of the homologous series of alkyl-cyanobiphenyl LCs, (c) microscopy
photograph of a nematogenic droplet with a radial director profile and schematic illustration of the IL−LC droplets, (d,g,j) polarizing optical
microscopy micrographs with crossed polarizers, (e,h,k) corresponding bright-field micrographs, (f,i,l) AFM images, (d−f) hybrid gel containing
gelatin, [BMIM][DCA], and 5CB, (g−i) hybrid gel containing gelatin, [BMIM][DCA], and 6CB, and (j−l) hybrid gel containing gelatin,
[BMIM][DCA], and 7CB.
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the anion. The gel formulation results in a physical
compartmentalization of the constituents that gives rise to a
unique stimuli-responsive material with electro-optical proper-
ties. The neat LCs studied here were four members of the
homologous series of alkyl-cyanobiphenyls (nCBs) with a
number of carbon atoms in the alkyl chain, ranging from five to
eight (5CB−8CB), see Figures 1 and 2.
The first step of our investigations was the morphological

characterization of the hybrid gels by polarized optical
microscopy (POM) at room temperature, in order to study
the shape, size, and population of the assembled droplets and
the determination of the adopted director profiles within the
droplets. It has been already reported by Hussain et al.7 and
Esteves et al.6 that hybrid gels containing 5CB (Figure 1d,e)
exhibit polydisperse droplets, featuring a radial configuration.
The distinctive Maltese cross pattern, seen in POM under
crossed polarizers, does not change upon rotation of the
sample due to the spherical symmetry of the director profile.17

Furthermore, in bright-field images (Figure 1e), the character-
istic core defect, named hedgehog, located in the center of the
droplet can be observed. The radial director configuration
suggests that the LC molecules are aligned perpendicularly at

the IL interface. This is probably achieved through molecular
interactions generated between the alkyl moieties of [BMIM]-
[DCA] and the 5CB mesogen, as previously reported.6,7

Similar POM morphologies with radial polydispersed droplets
were observed for the 6CB hybrid gel (seen in Figure 1g,h)
and 7CB hybrid gel (seen in Figure 1j,k). The droplet
diameters vary between 10 and 25 μm (see Figure S1 in the
Supporting Information). On the other hand, the control gels
without the IL exhibit LC droplets, some of them being
irregularly shaped, with a bipolar or a random planar director
configuration (see Figure S2 in the Supporting Information).
This strengthens the importance of the IL regarding the shape
of the assembled droplets and most importantly the anchoring
and further orientation it can provide to the LC component.
Hybrid gels containing 8CB presented instead of radial

droplets bright rings comprised by smectic defects (Figure 2).
Their diameters are typically larger than the gel thickness
(roughly 35 μm, see Figure S1 in the Supporting Information),
indicating that they are deposited on the substrate and not in
the bulk. Whereas all the LC compounds used for the
preparation of the gels exhibit the nematic phase at room
temperature, 8CB is smectic and the result is this unexpected

Figure 2. Optical and morphological characterization of the smectic-based hybrid gels containing gelatin, [BMIM][DCA], and 8CB. (a) IL
[BMIM][DCA] and the smectogenic 8CB, (b) microscopy photograph of an 8CB droplet exhibiting a ring of TFCDs, which suggests that the
projection of the director field onto the plane of the substrate is radial within the area contained in the circular basis of the defect,21 (c) micrograph
with crossed polarizers of a hybrid gel prepared with 8CB, (d) enlargement of the area depicted inside the white rectangle in (c), (e) AFM
topographical image of the toric focal domains in a ring formation, (f) bright-field photograph of the texture shown in (c). The white arrows mark
some of the IL interfaces that appear dark under crossed polarizers, for example (c), (g) enlargement of the area depicted inside the white rectangle
in (f), and (h) AFM topographical image of one of the droplets that appear dark under crossed polarizers.
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smectic texture. On the other hand, control 8CB gels, without
[BMIM][DCA], present droplets which do not have a
preferred director configuration and exhibit smectic-like
defects (see Figure S2g,h in the Supporting Information).
Upon closer inspection of the deposited smectic rings, it

became obvious that the defects are in fact toric focal conic
defects (TFCDs) generated by layers folded around con-
jugated lines and circles as can be seen in the schematic in
Figure 2b.18−20 This texture typically stems from hybrid
boundary conditions. In our case, since the IL interface
promotes a homeotropic anchoring of the LC molecules, we
suggest that the alignment changes gradually as we reach the
bottom of the glass substrate. Probably, the spreading
procedure promotes a more planar orientation at the bottom
part of the droplet, resulting in an overall hybrid alignment.
Another interesting detail revealed by investigations of 8CB
hybrid gel textures taken in bright-field microscopy conditions
was the existence of several IL interfaces (see Figure 2f, some
of them are marked with a white arrow) where the orientation
of 8CB lies along the observation axis, which is perpendicular
to the substrate and perpendicular to the IL interface at the top
of the droplet surface, making them appear dark under crossed
polarizers (from now on, we will refer to those interfaces as
dark droplets).
The morphology of the gels was further investigated through

AFM. Hybrid gel compositions prepared with 5CB, 6CB, and
7CB exhibit smooth surfaces and the IL−LC droplets that
assemble are symmetrical and smooth protuberances, with
heights between 0.2 and 1 μm (see Figure 1f,i,l respectively).
The plots in Figure S3 represent a cross section of their
corresponding AFM morphology photographs along two
directions and help visualize better the droplet profiles.
Contrary to the AFM results of the nematic-based hybrid

gels, the TFCDs exhibited by the 8CB hybrid gels present a
totally different topography. The patterns generated by AFM
investigations are associated with depressions on the surface of
the gel (see Figure 2e), a typical characteristic for TFCDs.22

According to the cross section plot (Figure S4), these
depressions are symmetrical, a finding that also confirms that
the smectic defects forming the rings seen under crossed
polarizers in POM are indeed TFCDs. Depending on their
size, the depth of the depressions can vary from 0.02 up to 0.1
μm.
Another interesting observation, revealed by AFM studies,

was that the interfaces that encapsulate 8CB may be
symmetrical with a smooth surface, but the central part is

bent toward the glass substrate (see the dark droplet in Figures
2h and S4 for cross section plots and a droplet with ring
formation). Revisiting the POM photograph with uncrossed
polarizers in Figure 2, we note that the central parts of both the
ring-forming and the dark droplets (the latter marked with a
white arrow) have a different color than in their periphery,
which can be associated with the bent profile revealed by AFM
observations. It can be hypothesized that the bending occurs as
a result of the packing of IL headgroups coupled with the
smectic nature of 8CB,23,24 facilitating altogether the ring
formation of TFCDs.
We also performed AFM investigations in control gels

prepared without [BMIM][DCA] (see Figure S5 in the
Supporting Information). These gels present rough surfaces
with droplets that can be either protuberances or holes. Cross
section plots of the acquired AFM topography photos reveal
that the assembled LC droplets do not exhibit symmetrical
profiles, similar to the results reported by Hussain et al.7 for
control gels containing 5CB.
The diameter size distribution of the assembled droplets in

all the hybrid gels was also studied (Figure S1 in the
Supporting Information). Interestingly enough, the distribu-
tions depend on the LC present in the hybrid formulations.
More specifically, from Figure S1, we can deduce that the
droplet diameters vary as the aliphatic terminal chain of the LC
increases. It is also observed that for gels containing 5CB
(Figure S1a) and 7CB (Figure S1c), the distribution of the
diameters is quite narrow, with a dominant value around 10−
15 μm for 5CB6 and 15−20 μm for 7CB. In the case of 7CB,
the distribution extends to higher values, but with low counts.
On the other hand, 6CB (Figure S1b) and 8CB (Figure S1d)
exhibit wider distributions with a variety of diameter values,
which are non-negligible. This could be attributed to the parity
of the alkyl chain of the LCs. It could be another interesting
manifestation of the well-known odd−even effect first observed
in LC dimers,25,26 but it also characterizes the monomers of
the nCB homologous series, where material properties are
dependent on the number of carbon atoms in the alkyl
chain.27−29

Lastly, the morphological characterization investigations of
the hybrid gels were concluded by studying the droplet
stability during storage over a 30-day period. The resulting
representations of the relative variation of the droplets’
position and size over time can be found in the Supporting
Information (Figures S6−S9). With the exception of the 7CB-
based hybrid gel, the rest of the LC-containing gel

Figure 3. Polarized optical micrographs taken with crossed polarizers during heating from room temperature of a hybrid gel containing 7CB.
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compositions exhibited fairly stable droplets at room storage
conditions, with no substantial variations in their size or
position. On the other hand, the results for the 7CB gels
revealed that humidity variations during storage affected the
droplet morphology greatly, that is, droplet translation leading
to coalescence into larger inclusions or IL interfaces tearing
and generating LC spillage into the matrix, to name a few.
Thermal Characterization of nCB Hybrid Gels. De-

tailed thermal studies via POM using a heating/cooling
hotstage were performed on all the hybrid and control gels.
With regard to the nematic-based gels, an example is depicted
in Figure 3 where a 7CB hybrid gel is heated from room
temperature during POM observation at a 3 °C min−1

temperature rate. At 37.9 °C, the nematic−isotropic transition
starts, observed first for the smaller droplets (see, e.g., at 38.6
°C in Figure 3). As the temperature increases, the larger
droplets follow, and isotropization is concluded at 41.6 °C (at
a temperature slightly below that of the isotropization of the
neat 7CB compound, observed at 42.1 °C via POM).
Evidently, the size and shape of the LC droplets confined in
spherical cavities influence the transition temperatures.30,31 In
the case of control gels (see Figure S10) and during heating
from room temperature, isotropization starts from the large
droplets followed by the smaller droplets, a process carried out
over several degrees of temperature. This is comparable with
what has been observed for polymer-dispersed LCs prepared
by phase separation, where a small fraction of mesogen remains
in the polymer matrix.32 Phase transition temperatures were
also assessed using differential scanning calorimetry (DSC)
and are featured in Table 1. The neat LC compounds are also
included for comparison purposes.

Studies of the textural transformations of the 8CB hybrid
gels upon varying the system’s temperature were performed on
both the ring arrangements of the TFCDs and on the dark
droplets. Specifically, we quickly heated the hybrid gel until
8CB was isotropic (approximately at 41 °C) and let the gel
remain at that temperature for 5 min. We subsequently began
to cool down the sample with a temperature rate of 3 °C min−1

while observing through the POM.
In the case of the TFCD rings (Figure 4a), the isotropic to

nematic transition was detected at 38.9 °C. In the nematic
phase, the 8CB droplets feature a radial configuration. The
transition to the smectic A phase occurred at 32.2 °C and was
marked by the appearance of a striped texture. The stripes
develop along the nematic director field, originating from the
periphery of the droplet. However, as it has been reported for

several smectic systems with hybrid boundary conditions, the
striped texture is not stable.33,34 The stripes quickly transform
into toric focal conic domains via an intermediate corrugated
texture named virgule. Upon further cooling, dark areas start
appearing around the center of the droplet, for example, as
seen in Figure 4a at 29.7 °C, finally resulting in a ring
arrangement of the toric focal conics at room temperature.
This could be attributed to an induced homeotropic alignment
due to the adsorption of the IL aliphatic tails into the LC to a
certain extent. In the Supporting Information in Figure S11, a
similar series of photos can be found, obtained without the
analyzer. Thus, it is easy to identify the existence of the
hedgehog defect in the nematic phase of 8CB and realize that
during the nematic to smectic transition, the adsorption of
[BMIM][DCA] into 8CB does not occur only at the center of
the droplet but also in the periphery of the interface.
The textural transformations upon cooling of the dark

droplets can be seen in Figure 4b. The isotropic to nematic
transition occurred at 38.7 °C, whereas the nematic to smectic
A transition started at 32.4 °C. The patterns developing during
the transition are identical to those seen in Figure 4a, with
stripes as the initial texture followed by the formation of
TFCDs. However, in this instance, the appearance of the dark
patches does not stop at the periphery of the interface but
continues to completion, creating a completely pseudo-
isotropic texture, for example, at 30.9 and 25 °C in Figure
4b. In Table 2, the phase transition temperatures of the
smectic-based gels and neat compound can be found, extracted
from DSC scans. The DSC thermograms for all the studied
nematic- and smectic-based gels can be found in Figure S12.
Additionally, ATR−FTIR spectra of all the studied gel
formulations and controls (e.g., gelatin hydrogel, pure
[BMIM][DCA], and neat LC compounds) are shown in
Figure S13, which suggest that the presence of the LC
component does not affect the overall gel organization
established in the final hybrid formulation. This is corrobo-
rated by Raman spectroscopy investigations, seen in Figure
S14, depicting a compartmentalization of the LC droplets
within the gelatin−IL matrix.

Hybrid Gel Optical Properties upon VOC Exposure.
Our approach relies on the notion that VOC molecules
diffusing into a LC surface can result in a decrease of the order
parameter, potentially leading to an analyte-induced phase
transition.3−9 For control purposes, we first tested spin-coated
films of the studied pure LCs under the presence of various gas
analytes at room temperature and confirmed via POM that the
tested diffusants could prompt a shift in the LC transition
temperatures toward lower values14 (see the Supporting
Information for more details in Figures S15 and S16).
The textural transformations of hybrid gels containing 5CB

upon exposure to VOCs have been already reported by
Hussain et al.7 and Esteves et al.6 According to their POM
observations, analyte molecules diffuse into the self-assembled
droplets and decrease the organization of the LC mesogens. In
most cases, this triggers a nematic to isotropic transition, which
is reversible when the gas analyte is flushed out of the system
with ambient air. In this work, the optical investigation of the
nCB hybrid compositions in the presence of gas analytes was
conducted with the use of an in-house-designed glass chamber
placed between the crossed polarizers of the POM (see the
Methods section for details). During each experiment, images
and videos were recorded for further analysis. The hybrid gels
containing the nematic LC compounds studied here exhibit

Table 1. Transition Temperatures for the Nematic-Based
Gels and Neat Compoundsa

Cr → N (°C)+ N → Iso (°C)+

5CB neat 33.3
hydrogel
hybrid gel 32.7

6CB neat 13.0 25.6
hydrogel
hybrid gel 14.8 26.8

7CB neat 17.3 40.9
hydrogel
hybrid gel 15.8 39.6

aThe temperatures were taken from the second DSC heating scan.
+Cr = crystal; N = nematic; Iso = isotropic.
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pattern changes, when responding to the 12 gas analytes,
similar to the previously reported gel composition.6,7

An example is given in Figure 5a, where a 5CB hybrid gel is
exposed to hexane vapors for a single cycle. During exposure,
the nematic droplets start shrinking until the whole field of
view is dark. It is interesting to note that the smaller droplets
disappear first, followed by the larger ones, on par with the
thermal investigations. Upon the recovery period, the reverse
was observed. Moreover, it is evident that the isotropic−
nematic transition starts from the periphery of the droplet
because this is where the gas is expelled from. This whole
process has proven to be repeatable, on par with the pure LC
experiments (see the Supporting Information).
Regarding POM studies of 8CB hybrid gels, the textural

changes during the experiments are more complex, when
compared to nematic-based gels. For example, in Figure 5b, the
response of an 8CB hybrid gel to vapors of ethyl acetate is
depicted for a single cycle. This experiment involves the
observation of the ring formations of toric focal conic domains.
Upon exposure to ethyl acetate, the diffusion of the analyte
inside the IL interface decreased the LC order, and the
exposure duration was enough to trigger a smectic A to a
nematic and finally an isotropic transition within 3.9 s. These
transitions start from the periphery of the droplet (e.g., seen in
Figure 5b at 0.7 s) as it is the entering point for the diffusant.
When the recovery period started, the reverse process was
detected. The isotropic−nematic transition began from the
periphery of the IL interface (5.1 s in Figure 5b), similar to the
5CB hybrid gel case. Upon completion of the nematic
transition, a radial-like configuration was observed (6.3 s in

Figure 5b). This was followed by the nematic−smectic A
transition, presenting a stripe-like pattern superimposed onto
the previous nematic texture, as seen at 7.3 s in Figure 5b. The
transformation was completed with the formation of the ring
configuration of TFCDs.
The response of dark droplets formed in 8CB hybrid gels in

the presence of gas analytes, as observed through the POM, is
worth mentioning. As an example, exposure to chloroform
vapors is depicted in Figure 5c. On par with the previously
discussed experiment, the diffusion of chloroform inside the
dark droplets prompts a smectic A to nematic (0−0.6 s in
Figure 5c) to isotropic transition, which in this experiment was
completed within 3.2 s. In the recovery period, following a
well-defined isotropic to nematic transition (6.3−6.9 s Figure
5c), the transition to the smectic A phase is less defined (8.3−
14.8 s in Figure 5c). It manifests as a dark texture starting from
the periphery of the droplet and advances toward the center,
while the nematic phase continues to develop. After further
time, the nematic texture shrinks and disappears, leaving the
smectic phase to fully develop into a pseudo-isotropic texture.
This contraction of the nematic texture is possibly due to
adsorption of the [BMIM][DCA] within the 8CB, promoting
a homeotropic orientation23 in conjunction with the bending
of the central part of the interface. It should be noted that an
apparent shrinking of textures occurs in the toric focal conic
ring-type droplets as well, but it is not always prominent. For
example, in Figure 5b, it became more obvious during the
transition to the smectic A phase (6.3−7.3 s in Figure 5b), but
the development of the TFCDs within the ring negates the
effect. This may be due to the dynamic state of molecular
rearrangement within the droplet, correlated with the fast
absorption/desorption rate of the diffusant, which results in
such rich textural changes.
As for the performance of the control gels, without

[BMIM][DCA] in the presence of gas analytes as observed
via POM, an example is shown in Figure S17 of an 8CB
control gel, where the composition is exposed to acetone for a
single cycle. The presence of the acetone vapors led to a
decrease in the order parameter, driving the majority of the
droplets to isotropization. Almost identical to the thermal
investigations on control gels, the larger droplets turned
isotropic first and the smaller ones followed. Upon recovery,

Figure 4. POM micrographs of 8CB droplets assembled in hybrid gels. The photographs are taken upon cooling from the isotropic state, (a)
droplets forming TFCDs in ring formations, (b) dark droplets. The white line corresponds to 50 μm.

Table 2. Transition Temperatures for the Smectic-Based
Gels and the Neat Compounda

Cr → SmA
(°C)+

Cr → N
(°C)+

SmA → N
(°C)

N → Iso
(°C)+

8CB neat 19.3 30.7 37.9
hydrogel
hybrid gel 15.0 38.3

aThe temperatures were taken from the second DSC heating scan.
The smectic A to nematic transition was not traced by the DSC for
the 8CB hydrogel and the 8CB hybrid gel. +Cr = crystal; SmA =
smectic A; N = nematic; Iso = isotropic.
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the reverse process was observed, and the smectic phase was
fully restored in the gel.

The videos recorded during these POM experiments were
analyzed with the use of the ImageJ software. Through frame

Figure 5. Textural changes of hybrid gels during exposure to vapors of (a) hexane, (b) ethyl acetate, and (c) chloroform and subsequent recovery,
as observed through the POM and corresponding signals extracted from video analysis. POM photos were taken with crossed polarizers at room
temperature, (a) 5CB hybrid gel. The hexane vapors drive 5CB to isotropization, whereas during the recovery period, the nematic radial droplets
are restored. Time stamps refer to the time after the start of exposure. The white line corresponds to 50 μm, (b) ring formation of TFCDs exhibited
by a hybrid gel containing 8CB. 0 s: initial state, exposure to ethyl acetate starts, 0.7 s: onset of the smectic A to nematic transition, 1.3 s: nematic
phase almost at completion, 3.9 s: 8CB turns isotropic. At 5 s, diethyl ether is expelled and the recovery period starts. 5.1 s: isotropic to nematic
transition, 6.3 s: nematic phase, 7.3 s: onset of the nematic to smectic A transition, 7.8 s: onset of the TFCD formation, 14.7 s: completion of the
TFCD formation. The white line corresponds to 25 μm. Time stamps refer to the time after the start of exposure, (c) dark droplets formed in 8CB
hybrid gels. 0 s: initial state, exposure to chloroform starts, 0.3 s: onset of the smectic A to nematic transition, 0.6 s: progress of the nematic phase
formation, 3.2 s: 8CB turns isotropic. At 5 s, chloroform is expelled and the recovery period starts, 6.3 s: isotropic to nematic transition, 6.9−9.8 s:
nematic phase progress toward the smectic A transition, 14.8 s: smectic A phase. The white line corresponds to 50 μm. Time stamps refer to the
time after the start of exposure. An example of the signals was obtained through video frame analysis using ImageJ from e-nose experiments
conducted using the polarizing optical microscope. Exposure to acetone vapors (calculated via ImageJ) is portrayed for the hybrid nCB gels (d)
5CB, (e) 8CB. Four consecutive cycles are depicted, each 5 s of exposure (gray columns) followed by 15 s of recovery with ambient air.
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analysis, the variation of the light intensity transmitted through
the gels along time was determined, and the results were
plotted against time. Examples can be seen in Figure 5d for the
case of a 5CB based hybrid gel and in Figure 5e for an 8CB
hybrid gel, both of them exposed to acetone vapors for four
consecutive cycles. This representation can offer a first
estimation on how the gels could perform on the e-nose. In
these plots, an increase in the optical response corresponds to a
decrease in the light intensity seen from the microscope. The
two gels exhibit very different response profiles. In the case of
the 5CB hybrid gel (in Figure 5d), the gel responded rather
quickly in the presence of acetone, and complete isotropization
was achieved within 2 s of exposure. However, the recovery
process was quite slow, as it started after 5.4 s within the
recovery period with ambient air. On the other hand, the
prolific optical profile exhibited by the 8CB-based hybrid gel
can be correlated with the multiple phase transitions the LC
component undergoes during exposure and recovery. More
examples can be found in the Supporting Information, in
Figure S18.
It is important to comment on the interactions between the

tested VOCs and the hybrid gel compositions. Overall, the
system’s reaction to the presence of an analyte depends on the
chemical nature of the specific diffusant. We have already
reported6,7 that hydrophobic non-polar analytes (e.g. hexane,
heptane, and toluene) may interact directly with the LC and
similar to the presence of an impurity, they reduce the LC

order parameter and lower its clearing temperature (an
example can be found in Video S1 in the Supporting
Information for a 5CB hybrid gel being exposed to toluene).
Polar and protic analytes (such as ethanol, methanol, and
acetic acid) tend to interact preferably with the IL and gelatin
through hydrogen bonding and less with the LC component.
These interactions can disrupt the IL interfaces, which leads to
a disturbance of the LC order and potential droplet mobility
within the medium (as an example, Video S2 in the Supporting
Information shows a 8CB hybrid gel exposed to ethanol). For
analytes with intermediate polarity, hydrophobicity, and
hydrogen bond tendency, we believe that their interaction is
a combination of their degree of preference toward the
different compartments of the hybrid gel composition. Hence,
different analyte affinities toward distinct gel compartments
can trigger different magnitudes of response and affect
differently the response/recovery process and potential LC
isotropization. This leads to a variety of responses, which
ultimately can serve as “fingerprint” responses.6 Essentially, the
combination of functional components is far more superior
than the individual constituents in the hybrid sensors.
It is likely that hexane (5CB hybrid gel in Figure 5a) and

both ethyl acetate and chloroform (8CB hybrid formulation
seen in Figure 5b,c) interact preferentially with the LC
component. Complete isotropization was achieved faster for
ethyl acetate vapors (within 3.2 s) interacting with the 8CB
hybrid composition. This signifies that among the presented

Figure 6. Example of the signals generated by the nCB-based hybrid gels during exposure to volatile vapors and a collective accuracy prediction
plot for the 12 VOCs yielded by all the tested hybrid gels, (a) exposure to chloroform, (b) exposure to toluene, and (c) exposure to acetonitrile.
Seven cycles are depicted here, each of 5 s of exposure (gray columns) and 15 s of recovery with ambient air and (d) bars prediction plot represents
the prediction accuracy of the automatic classifier trained and tested with the collected e-nose signals.
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LC compounds, this diffusant exhibits a higher affinity toward
8CB than, for example, for chloroform, even though we need
to add that isotropization depends to a certain degree on the
droplet size since analyte-induced transitions share character-
istics with the thermally induced transitions. Furthermore, the
rather slow recuperation of the texture depends probably on
the geometry of the system and the restrictions it can impose
on its components. Understandably, the pure neat LCs are
faster (e.g., as seen in Figure S15 and S16), but as we
mentioned earlier, the overall system of hybrid gels is superior
to the neat components in terms of the overall performance
toward gas analytes.
Hybrid Gels as Sensors in the e-nose. Our POM studies

established that all the tested nCB hybrid gels can be utilized as
sensors in a tailor-made e-nose device. During the e-nose
experiments, the sensors were exposed sequentially to vapors
of 12 different VOCs, which are representative of distinct
groups such as alcohols, ketones, aliphatic, aromatic, and
halogenated compounds. The sensors are exposed to vapors
for 5 s, followed by a 15 s recovery period with ambient air
(defined as a cycle). Typically, the experiment for one gas
analyte lasts 7.5 min (22 cycles). The collected signals were
plotted against time for each tested analyte for further
assessment. As we mentioned earlier, the signals generated
by all the sensors are the result of the collaborative
performance of the individual components.
Figure 6 shows examples of the signals generated by the

tested cyanobiphenyl-based gels when exposed to chloroform
(Figure 6a), toluene (Figure 6b), and acetonitrile (Figure 6c).
These signals are essentially the output voltage of the
photodiode that monitors the light exiting the system. As the
sample’s brightness decreases (decrease of the LC order
parameter/emerging isotropization), the signal amplitude
increases. According to the plots, 5CB, 6CB, and 7CB hybrid
gels yield upward signal profiles during exposure to gas
analytes, which has proven to be typical for nematic
droplets.6,7,35 The profiles exhibit various differences in their
features, for example, response/recovery profiles, response/
recovery times, signal plateau during exposure, and signal
amplitude. For example, both 5CB and 6CB signals reached a
plateau during exposure in the depicted plots (i.e. isotropiza-
tion was complete before the exposure period ended), whereas
this was not the case for the 7CB signals, indicating that
isotropization was not fully complete in all the nematic
droplets of the sensor. 8CB signals exhibit richer profiles when
compared to the nematic hybrid gels. The response to
acetonitrile (Figure 6c) yields a downward signal, which
indicates that the sample becomes brighter. According to POM
studies, this occurs when analyte vapors enable a smectic A to
nematic transition, but they are not sufficient enough to drive
the LC to isotropization. When the gas analyte is able to fully
disorganize 8CB, triggering a smectic A to nematic to isotropic
transition, the variations in the light intensity transmitted by
the sample can produce signals with such detailed profiles, like
in the case of chloroform (Figure 6a) and toluene (Figure 6b).
With regards to analyte-induced isotropization, apart from

the preferred affinity of a volatile, a secondary factor that could
be considered is a potential threshold correlation between the
LC clearing temperature and the VOC concentration needed
to trigger a transition.36 The higher the clearing temperature is,
the more analyte amount is needed to induce a transition to
the isotropic state. Noting that during our e-nose experiment,
the analyte concentration is constant as the sample volume is

fixed at 15 mL, this could be relevant in our work especially for
the volatiles that interact directly with the LC component. This
element could be responsible for the full isotropization
tendency of 5CB- and 6CB-based hybrid gels in the case of
chloroform, for example, but not for 7CB and 8CB hybrid gels
(see Figure 6a for the corresponding signals and Table1 for
transition temperatures).
Taking into consideration all these remarks, it is noteworthy

to discuss the rather slow recovery profiles of the 6CB hybrid
composition, seen in Figure 6. In some cases, the signal could
barely reach the baseline before the next exposure, when
compared to 5CB and 7CB, suggesting that a 15 s recovery
period is insufficient for this LC compound. We opted to
investigate further into this matter, performing e-nose
experiments where 6CB hybrid gels were exposed to vapors
of 12 analytes for 5 s with a 25 s subsequent recovery with
ambient air, for 22 consecutive cycles per VOC. It was
discovered that a longer recovery period facilitated efficiently
the reorganization of 6CB nematic droplets, when recuperating
from the isotropic phase. This resulted in the acquisition of
well-rounded, fully featured signals, which aided in a better
performance evaluation of this gel formulation (see details
below). As an example of the collected signals, in Figure S19 in
the Supporting Information, the response of 6CB hybrid gels
to acetonitrile vapors with a recovery period of 25 s (Figure
S19b) is shown. Signals acquired with a 15 s recovery period
(Figure S19a) have been included for comparison purposes.
We need to point out, however, that even with an extended
recovery period, 6CB droplets are still rather slow in their
recuperation from the isotropic phase, indicating that this
could be an intrinsic property of 6CB toward the tested gas
analytes. It is plausible that this is because 6CB has the lowest
clearing temperature among the tested nCB LCs, meaning that
a less amount of analyte would be needed to trigger an
isotropic transition.36 The excess amount of analyte vapors
could result in an exaggerated suppression of the clearing
temperature (impurity effect), leading to a slow recovery
process when the VOC is flushed out of the system. This is a
very interesting response behavior, and we intend to
investigate more on this subject in our future works.
Control gel formulations were also tested in the e-nose for

the whole spectrum of 12 volatile gases, for comparison
purposes. Examples of the collected signals are presented in
Figure S20 for the case of exposure to vapors of chloroform
(Figure S20a), toluene (Figure S20b), and acetonitrile (Figure
S20c). As seen in the plots, all the control formulations
(including the 8CB-based gel) generate signals with an upward
profile. It is interesting to note that the signal profiles still
exhibit distinct differences in features such as response/
recovery profiles, response/recovery times, and signal plateau
during exposure or signal amplitude, although these gel
compositions lack [BMIM][DCA]. An interesting detail is
the spike-like signals generated by the 7CB- and 8CB-based
control gels when exposed to acetonitrile (Figure S20c). This
indicates for the case of the 7CB control composition that the
acetonitrile vapors can indeed cause a disruption in the
molecular organization; however, they cannot sustain it, thus
allowing 7CB to recuperate back to its initial state during the
exposure period (i.e., the signal reaches the baseline during
exposure). Similarly, for the 8CB control gel, the acetonitrile
vapors trigger a quick disorganization possibly to isotropization
(i.e., the spike part of the signal profile); however, this is
followed by an immediate downward curve, lower than the
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corresponding baseline, which suggests that the sample
becomes brighter than when in its initial state, that is, 8CB
recuperated quickly from isotropization and then transitioned
to the nematic phase. Another notable observation is that in
the case of the 6CB-based control formulation, a 15 s recovery
period is quite sufficient for the LC to recuperate from
isotropization, unlike the corresponding hybrid composition.
At this point, we could hypothesize that in the control
formulations, the gelatin matrix creates a rather rigid and stiff
environment for the LC, whereas in the hybrid gels, the
presence of the IL component results in a rather “mobile”
interface, accommodating the fluidity of the LC while
differently influencing the 6CB clearing temperature (see
DSC thermograms for the liquid hydrogels in Figure S12).
Profiles of all the signals collected for the whole spectrum of
the 12 tested gas analytes can be found in the Supporting
Information in Figure S21 (hybrid gels) and Figure S22
(control gels).
After signal collection, dedicated machine learning tools

were employed in order to analyze our data. Signal features of
two types, morphological features and parameters of curve
fitting models,6,37 were extracted and used as the input to train
and test an automatic VOC classifier based on the SVM
algorithm. Each gel formulation was analyzed independently
from the rest. The classification results for each type of the
studied LC-based hybrid gel are presented in a collective
accuracy prediction plot, seen in Figure 6d. The bars represent
the percentage of correct prediction for each VOC.
Overall, for the 5CB hybrid composition, the classifier

exhibited high accuracy scores (above 70%) for all the tested
VOCs, with the exception of ethyl acetate where the prediction
was less accurate (between 57 and 64%). 6CB hybrid gels,
tested with a 15 s recovery period, provided high accuracy
predictions for acetic acid, heptane, hexane, and toluene,
whereas the rest of the predictions were essentially random
(below 50%). On the other hand, testing the 6CB hybrid gels
with a 25 s recovery period increased the prediction
performance of the sensor, as seen in Figure S23. The
predictions of 7CB hybrid formulations were high for acetic
acid, acetone, chloroform, and toluene, while the rest were a
combination of less accurate and random predictions. Finally,
for 8CB hybrid gels, the algorithm provided highly accurate
predictions for most of the tested VOCs, with the predictions
for ethanol, heptane, hexane, and methanol lying in the range
between 54 and 68%. The complete classification performance
of the SVM classifier is presented in confusion matrices for
each hybrid composition, depicting the prediction results
(both correct and incorrect) of the algorithm (see Figure S24
for the hybrid gels and Figure S25 for the 6CB hybrid gel
tested with a 25 s recovery period). The overall accuracies of
all the tested hybrid formulations (calculated from the average
of the correct predictions), seen in Figure S26, demonstrate
that the best gas-sensing performance was exhibited by the
5CB (81.7%) and 8CB hybrid gels (81%), while the 6CB
hybrid sensor, when tested with a 15 s recovery period,
performed the least (53.4%).
The overall performance of the control formulations is

presented in Figure S20d. For the 5CB control gel, the
algorithm exhibited a high accuracy for acetic acid, acetonitrile,
and heptane, while the rest were a combination of less accurate
and random predictions. In a similar vein, the classifier’s
performance for the 7CB and 8CB control formulations was
rather poor for most of the tested gas analytes. Nevertheless,

the predictions for the 6CB control composition were the most
successful since highly accurate predictions were provided for
acetic acid, dichloromethane, diethyl ether, methanol, and
toluene. The overall accuracies for the control compositions
are presented in Figure S25b, where clearly it is shown that the
automatic classifier performed the best for the 6CB control gel
(66.2%). Evidently, the predictions of the classifier were less
successful, when compared to the hybrid formulations case,
which irrevocably demonstrates that the hybrid LC gels are far
superior in their gas-sensing performance. In the Supporting
Information, confusion matrices for the control formulations
can be found in Figure S27.
As a final note, we would like to comment on the

outstanding potential of the automatic classifier since it allows
the systematic processing and classification of the huge amount
of signals collected during the e-nose experiments, a task that
would be challenging for human researchers. As part of our
future work, we intend to explore the possibility of the
classifier’s performance on a virtual array comprising the
studied hybrid compositions and investigate their possible
complementarity in terms of their VOC classification
capabilities.

■ CONCLUSIONS

The development of LC-based gas-sensing platforms is a fast-
growing research field, opening a promising perspective for
highly sensitive, fast, and low-cost chemical sensors. Confine-
ment of LCs in spherical geometries can generate unique
optical textures that serve as media for detecting molecular
events at the nano-scale. Gas-sensitive LC-based gel
compositions, which emerge from the cooperative assembly
of functional componentsLC−IL droplets, embedded in a
biopolymeric matrixwere studied in this work for optical gas
sensing, including nematic and smectic systems. The nematic-
based sensors respond in a dynamic on/off manner, an
alternation between the nematic and the isotropic state, in
accordance with the current technological demands for
materials with tuneable physical properties. On the other
hand, the 8CB-based gels yield complex optical signals while
undergoing successive transitions from the smectic A to the
nematic to the isotropic states. The dynamic self-assembly
features of the droplets and optical changes observed upon
supramolecular (re)organization resulted in the acquisition of
diverse optical signal profiles, which proved to be advantageous
to efficiently discriminate and classify the tested gas analytes.
Without a doubt, the LC gel compositions exhibit essential

sensing performance features such as sensitivity, selectivity, and
fast response/recovery times. Most importantly, they present
an elegant approach to the current challenges met by the
conventional sensor formats, namely, cost of production, long-
term stability, enhanced selectivity, and energy consumption.
The gels are simple to prepare and store. They are versatile
formulations and can be further functionalized with rationally
chosen moieties for targeted sensing. The overall sensing
platform uses simple and low-cost instrumentation, and the
coupling with automatic pattern recognition tools has led to a
system with improved performance, increased selectivity
toward specific analytes, and operating at environmental
conditions. Essentially, this work presents a systematic and
creative approach toward real-time gas sensing and molecular
recognition, by simply exploiting the cooperative assembly
capabilities of soft materials.
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■ METHODS
Materials and Reagents. The IL 1-butyl-3-methylimidazolium

dicyanamide ([BMIM][DCA], >98%) was purchased from Iolitec.
The LCs 4′-cyano-4-pentylbiphenyl (5CB), 4-heptyl-4′-cyanobiphen-
yl (7CB), and 4-cyano-4′-n-octylbiphenyl (8CB) were acquired from
TCI Europe. 4-Cyano-4′-hexylbiphenyl (6CB) and gelatin from
bovine skin (gel strength ≈225 g; Bloom, type B) were supplied by
Sigma-Aldrich. Solvents used in the e-nose experiments: dichloro-
methane and hexane (purity ≥99.9%) were acquired from VWR, and
ethanol (purity ≥99.8%) was purchased from Sigma-Aldrich.
Acetonitrile (purity ≥99.9%), chloroform, diethyl ether (HPLC
grade), ethyl acetate, heptane, methanol (HPLC grade), and toluene
were supplied by Fisher Scientific. Acetone (purity ≥99.5%) was
purchased from Honeywell. Milli-Q water was used. Solvents were of
analytical grade and used as received.
Hybrid Gel and Sensor Preparation. All the gels in this work

were produced following the protocol reported by Hussain et al.,7

Semeano et al.,16 and Esteves et al.6 Optical gas sensors were prepared
as follows: the gel formulation was deposited onto an untreated glass
slide and spread into a film, using an automatic film applicator (TQC
Sheen) equipped with a heated bed and a quadruplex with a
predefined thickness of 30 μm. The films were left at room
temperature for 24 h before being used either for characterization
or an e-nose experiment. Control gel films were also made containing
an LC component, gelatin, and water, for comparison purposes.
Hybrid Gel Characterization. All prepared gels (both hybrid and

control gels) were initially characterized by POM using a Zeiss Axio
Observer.Z1 microscope equipped with an Axiocam 503 color
camera. Photographs taken were processed by the ZEN 203 software.
The thermal behavior of the gels was investigated using a Zeiss
Axioskop 40, equipped with a Linkam hotstage, an ECP water
circulating pump for cooling, and an Axiocam 503 color camera.
Photographs taken were processed by the ZEN 203 software. The
diameter size distribution of the assembled droplets in the hybrid gels
were determined using bright-field POM images of a sensor’s active
area. The diameters of the present droplets and their population on
each photograph were defined using a python script. The results for
each gel were presented in a histogram plot. AFM images were
recorded using an Asylum Research MFP-3D Stand Alone AFM
system operated in alternate contact (tapping) mode. The resulting
topographs were plane-fitted. Further analysis of the photographs and
cross-sectional plots were conducted using Gwyddion software. To
observe the compartmentalization of LC droplets inside the gelatin−
IL matrix, the surface of hybrid gel films was analyzed using Raman
spectroscopy using a Witec Alpha 300 confocal RAS with a 532 nm
argon laser at a 0.5 mW power. ATR−FTIR was performed using a
PerkinElmer Spectrum Two FTIR spectrometer with a LiTaO3/
DTGS detector and an ATR accessory equipped with a ZnSe cell.
Samples of hybrid gels, control hydrogels, and the neat LC
compounds were prepared as described previously. Deuterium oxide
was used instead of Milli-Q water during sample preparation. All
measurements were made in the region between 400 and 4000 cm−1

with 25 scans at room temperature and an atmosphere of ambient air.
The background spectrum of ambient air was subtracted from the
samples spectra and the results were presented in absorbance (%)
units. Thermal investigations of the prepared gels (both hybrid and
control gels) and neat LC compounds were conducted via DSC using
a SETARAM DSC 131 calorimeter fitted with a liquid nitrogen
cooling accessory. The equipment was calibrated before use against an
indium standard. Two consecutive heating/cooling scans were
performed, using scanning rates of 5 °C min−1. Experimental data
were taken from the second heating run.
In order to monitor the morphological changes of the assembled

LC droplets in the hybrid gels upon storage at room conditions, we
defined specific regions of interest on the hybrid gel films. We studied
those regions through POM for 1 month, following any changes that
could occur in the morphology. POM images with crossed polarizers
were taken at 1 day and then 1, 2, 3, and 4 weeks after gel production.
The resulting photographs were processed using a TrackEM2 plugin

within Fiji (more details on the process can be found in Esteves et
al.6). The resulting files were analyzed using a python script, which
yields a representation of the relative variation of the position and size
of the droplets with time.

VOC Effect on Hybrid Gel Optical Properties. For the visual
observation of the VOC effect on the gels, the sensors (both hybrid
and control gels) were placed in an in-house-designed glass chamber
placed between the polarizers of an Axio Observer.Z1 microscope
(details above). The gels were exposed to vapors of 12 different
solvents (15 mL of the solvent preheated at 37 °C in a water bath for
15 min) for five consecutive cycles. Each cycle corresponds to a 5 s
exposure to gas (via an air pump), followed by a 15 s recovery period
with ambient air (via a second air pump), unless stated otherwise.
During each VOC experiment, images and videos were recorded using
the ZEN software. Frame analysis using the ImageJ software was
performed on all the captured videos and the corresponding signal
responses were determined by the variation of the intensity of the
transmitted light through the gels along time. The results were plotted
against time.

The prepared gels (both hybrid and control gels) were used as
chemical sensors in the detection chamber of an in-house-assembled
e-nose device.6,35,37 The detection chamber, isolated from light and
ambient air, includes six independent sensor slots. In each slot, a
sensor is placed between crossed polarizers and paired with a light-
emitting diode and a light-dependent resistor to monitor the light
transmittance. The sensors are exposed sequentially to vapors of 12
solvents (15 mL of the solvent preheated at 37 °C in a water bath for
15 min) for 22 consecutive cycles. Each cycle corresponds to a 5 s
exposure to gas, followed by a 15 s recovery period with ambient air,
unless stated otherwise. The total solvent volume per analyte
experiment was 15 mL. VOC concentrations have been measured
indirectly via solvent evaporation.6 The VOCs employed in all the e-
nose experiments exhibit similar structures but belong to distinct
groups, such as alcohol, ketones, aliphatic, aromatic, and halogenated
compounds. Different batches of each tested gel formulation were
produced, so that triplicates of each batch could be analyzed and
ensure reproducibility of the results.

Processing of the acquired signals was performed using data
analysis tools based on Python libraries (SciPy, scikit-learn, and
novanistrumentation). A smoothing filter was first applied (20 points
sliding window) and then a median filter, followed by dividing the
signals into cycles and the subsequent normalization of each cycle.
After that, the outliers were removed. Twelve features relevant to the
morphology of the signal curves were extracted per cycle37 and used
as input to train an automatic classifier based on SVM. The
classification results for all the gel compositions tested (both hybrid
and control gels) were presented in normalized confusion matrices
and accuracy plots.

The SVM classification model used in this work was implemented
and optimized by our research group, as described in a previous
publication,37 using a data pool of signals generated by 5CB hybrid
gels upon exposure to the same set of 12 VOCs used in this work.
Briefly, the classification model is trained with features extracted from
the cycles’ curves. Twenty-four features were initially chosen, defined
to describe the typical morphology of these curves. For example, while
the derivatives describe slow or fast signal rising or decreasing
moments, the amplitudes and the area under the curve describe the
intensity of the signal. The full description of the extracted features
can be found in our previous work.37 In order to select the best of the
twenty-four extracted features, recursive feature elimination with with
10-fold cross validation was used, resulting in the final set of 12
features. The SVM classifier parameters were also tuned, resulting in a
radial basis function kernel and parameters C: 100 and γ: 0.1.37

In this work, the cycles collected for each hybrid gel formulation
were divided into training and testing sets. There was no validation
set, as the classification model had been previously validated with
independent data of the same type as explained above .37 Two-thirds
of the cycles were used to train the classifier and one-third was used to
test it and generate the confusion matrices. There were 606 cycles for
the 5CB data set (roughly 49 cycles per VOC), 703 cycles for the
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6CB data set (roughly 58 cycles per VOC), 630 cycles for the 7CB
data set (roughly 52 cycles per VOC), and 444 cycles for the 8CB
formulation (roughly 37 cycles per VOC).
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