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Tunable Gas Sensing Gels by Cooperative Assembly

Abid Hussain, Ana T. S. Semeano, Susana I. C. J. Palma, Ana S. Pina, José Almeida,
Bdrbara F. Medrado, Ana C. C. S. Pddua, Ana L. Carvalho, Madalena Dionisio,
Rosamaria W. C. Li, Hugo Gamboa, Rein V. Ulijn, Jonas Gruber,* and Ana C. A. Roque*

1. Introduction

The cooperative assembly of biopolymers and small molecules can yield func-

tional materials with precisely tunable properties. Here, the fabrication, char-
acterization, and use of multicomponent hybrid gels as selective gas sensors
are reported. The gels are composed of liquid crystal droplets self-assembled
in the presence of ionic liquids, which further coassemble with biopolymers
to form stable matrices. Each individual component can be varied and acts
cooperatively to tune gels’ structure and function. The unique molecular
environment in hybrid gels is explored for supramolecular recognition of
volatile compounds. Gels with distinct compositions are used as optical and
electrical gas sensors, yielding a combinatorial response conceptually mim-
icking olfactory biological systems, and tested to distinguish volatile organic
compounds and to quantify ethanol in automotive fuel. The gel response is
rapid, reversible, and reproducible. These robust, versatile, modular, pliant
electro-optical soft materials possess new possibilities in sensing triggered by

chemical and physical stimuli.

Supramolecular self-assembly is attracting
significant interest as an approach to
functional materials design, with tremen-
dous, mostly untapped opportunities in
creating new types of sensors. There is
clear evidence that cooperative assembly
of polymers and small molecules endows
composites with new properties, not
found in the individual components.l!! So
far, this coassembly approach has largely
focused on tuning mechanical properties,
but not in engineering supramolecular
recognition.”! Molecular recognition and
detection of analytes in the gas phase is
becoming increasingly relevant in such
diverse areas as medicine,’l manufac-
turing industry,! security,®! environment,
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agricultural, and food sciences,”! as well as for the fundamental
understanding of biological processes.®] Electronic noses
(e-noses), specially those based on metal oxide semiconductors,
are currently the most widespread devices for detection of gases
and volatile organic compounds (VOCs).!% E-noses comprise
of an array of chemical sensors with partial selectivity coupled
to an appropriate pattern recognition system, capable of rec-
ognizing simple or complex odors and greatly resembling the
biological olfactory system.'!] The lack of selectivity of chemical
sensors has been one of the key challenges, minimized with the
introduction of selective elements as biological receptors,!!213l
engineered peptides,'¥ or biomimetic nanostructures. ']

Tonic liquids (ILs)!'®'”) and liquid crystals (LCs)!"8 are mole-
cules with self-assembly potential, which have been individually
assessed for gas sensing.'1*2?% Ionic liquids present substantial
structural and functional diversity, being appealing for the gen-
eration of selective gas sensing materials.?!l Liquid crystals are
able to report and amplify interfacial events at the nanoscale
and widely explored for the detection of analytes in aqueous
solutions.?223] The potential of LCs for the detection of gases
and VOCs has been acknowledged recently. In the examples
reported thus far, LCs are typically used as planar films depos-
ited onto chemically treated glass surfaces. The surface-aligned
LCs are then perturbed due to the interaction of VOCs with
chemical groups on the anchoring surfaces,?*?’! on the LC
films, 2% or with chemical dopants,?’! giving rise to changes in
the optical pattern of the LCs visible under polarizing optical
microscopy (POM). The encapsulation of LCs into droplets
increases the available surface area, avoids extensive surface
treatments to define the initial LC orientation, and takes advan-
tage of self-assembled and phase-segregated LC structures.?82°)
This approach has been particularly prominent for LC sensing
in aqueous solutions,3*33] but the optical observation of free-
floating droplets remains a challenge.**! Despite the important
advances brought up by recent works,>>3¢ the full potential of
LC droplets as gas sensing elements remains largely unfulfilled
mainly due to challenges in stabilizing the LC composites and
introducing selectivity toward distinct VOCs.

Here, we report the discovery of tunable multicomponent
hybrid gels encapsulating liquid crystal-ionic liquid droplets
(LC-IL droplets), and explore their potential as stable com-
binatorial materials for gas sensing. The uniqueness of this
approach is that each component of the gel plays a distinct but
yet cooperative role in structure and function, with unprec-
edented diversity and potential to tune the materials for flexible
optoelectronic devices.

2. Results and Discussion

The cooperative hybrid gel concept was initially tested with
composites made of gelatin, 1-butyl-3-methylimidazolium dicy-
anamide ([BMIM][DCA]) and 4-cyano-4-pentylbiphenyl (5CB)
in the presence of water. The LC-IL droplets self-assembled in
the presence of water, with the LCs displaying preferentially
a radial configuration (Figure 1 and Figure S1, Supporting
Information). The ionic liquid promotes the anchoring and
alignment of the LC, either through the establishment of hydro-
phobic interactions between the hydrophobic component of LC

Adv. Funct. Mater. 2017, 27, 1700803

1700803 (2 of 9)

www.afm-journal.de

and the apolar tail of the ionic liquid, or through the establish-
ment of electrostatic interactions between the cyano moiety of
LC and the charged components of the ionic liquid.*”! The net
result is the encapsulation of the LC in LC-IL droplets, resem-
bling self-assembling processes of amphiphiles and other
surfactants in the presence of LCs.33*% In addition, the ionic
liquid promotes gelatin dissolution while establishing non-
covalent interactions with the biopolymer chains, most prob-
ably ionic interactions and hydrogen bonds.*!#2 It has been
proposed that the core of gelatine ionogels is filled with ionic
liquid bilayers and micelles. In hybrid gels, it is likely that most
ionic liquid micelles are not empty and carry the LC optical
probel* (Figure 1). Despite knowing that in gelatine ionogels
the presence of the ionic liquid and the voids formed tend to
weaken the network structure, we observed that hybrid gels
were robust.

Hybrid gels are transparent, self-supporting, and flexible
matrices with mechanical stability, within which the LC-IL drop-
lets are confined. Gels remained stable when stored at ambient
conditions for at least 3 months (Figures S1 and S2, Supporting
Information), with no significant cracking or shrinking over
time as observed in hydrogels, probably due to the low vapor
pressure of ionic liquids. As the hybrid gels provide a combi-
natorial platform to generate customizable composites, each
individual component—biopolymer, ionic liquid, and LC—were
varied.*3] For all hybrid gels prepared (over 12 distinct compo-
sitions), robust films were obtained and encapsulated LC-IL
droplets were observed, containing LC molecules with a pref-
erential radial arrangement (Figures S5 and S6, Supporting
Information).

The optical and morphological properties of hybrid gels were
further assessed (Figure 1 and Figure S3, Supporting Informa-
tion). The control materials studied included CO (containing
gelatin and water), C1 (containing gelatin, ionic liquid, and
water), and C2 (containing gelatin, liquid crystal, and water).
Both control films CO and C1 possess smooth surfaces with
granule-like irregularities. The C2 control film presents a
rough surface, with symmetrical droplets and holes, and vis-
ible LC droplets in a bipolar configuration. Hybrid gel films
are smoother, with symmetrical and smooth protuberances cor-
responding to the LC-IL droplets. Mechanical properties were
assessed by frequency-dependent rheometry measurements
confirming the gel-like nature of the hybrid gel, with a constant
storage modulus (G’) of =10% Pa, similar to C1 (Figure 2A-D
and Figure S4, Supporting Information). Temperature increase
has minimal influence on the rheological properties of the
hybrid gel and C1, but it causes structure reorganization in
control C2. Significant structural differences are noted between
water-based gelatin films (without and with LC, CO and C2),
and ionic liquid-containing gelatin films (C1 and hybrid gels),
as observed by X-ray diffraction (XRD) analysis (Figure 2E-H).
The water-based gelatin films (CO0) exhibited two distinct scat-
tering rings, at =10.7 and 4.8 A resolution, and an additional
faint, but still detectable, scattering at 2.8 A, as previously
reported.* In gelatin hydrogels each chain is twisted in a left-
handed helix conformation and three such helices supercoil
together to form the right-handed triple helix.** The high-reso-
lution ring arises from the residue periodicity of each helix turn
(2.9 A), whereas the low resolution ring (10.7 A) corresponds to

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Optical and morphological characterization of hybrid gel films composed of gelatin, [BMIM][DCA], 4-cyano-4"-pentylbiphenyl (5CB), and
water. a) Schematic illustration of the organization of hybrid gels, showing the liquid crystal and ionic liquid in droplets (LC-IL droplets) supported in
the biopolymer-ionic liquid network. b,e,h,k) Polarizing optical microscopy (POM) images with crossed polarizers. ¢,fi,|) Scanning electron microscopy
(SEM) images of Au/Pd coated films. d,g,j,m) Atomic force microscopy (AFM) images. b—d) CO film: gelatin and water. e-g) C1 film: gelatin, [BMIM]
[DCA], and water. h—j) C2 film: gelatin, 5CB, and water. k-m) Hybrid gel film: gelatin, [BMIM][DCA], 5CB, and water.
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Figure 2. Mechanical, structural, and electrical conductivity properties of hybrid gel films composed of gelatin, [BMIM][DCA], 4-cyano-4’-pentylbiphenyl
(5CB), and water. a—c) Analysis of viscoelastic properties (N = 3). Surface shear storage (G’) and loss (G”) moduli as a function of angular frequency
for: a) control (C1 and C2) thin films in the linear region (strain 2.59% for C1 and 0.12% for C2); b) hybrid gel film (strain 0.27%). Variation of surface
shear storage (G’) and loss (G”) modulus with the temperature for: c) control (C1 and C2) and d) hybrid gel films (1 rad s™'). e-h) X-ray scattering
images of control (e, CO; f, C1; g, C2) and hybrid gel (h) films. i) Real part of the conductivity spectra for the materials and neat constituents (298 K;

data normalized for the water content (% w/w)).

the diameter of the superhelix aggregate of the hydrogel.*!#2
Upon incorporation of the LC (C2 film) the high-resolution
ring becomes less visible but not the 10.7 A, which indicates
that gelatin's aggregation state is unaffected. When ionic liquid
is added to the composite, a drastic change is observed in the
detected X-ray scattering. Gelatin ionogels lack the structural
periodicity characteristic of gelatin hydrogels, both at the gel-
atin left-handed helix and right-handed superhelix levels, due
to the interactions between gelatin and ionic liquids.*!l This
further corroborates the critical role of the ionic liquid in the
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reorganization of gelatin chains, namely in weakening the gel
matrix network .2

The possibility to employ the hybrid gels as sensorial ele-
ments in gas sensing was further assessed. A hybrid gel film
was sequentially exposed to vapors from organic solvents rep-
resentative of distinct groups (e.g., ketones, alcohols, aliphatic,
aromatic and halogenated compounds, 29%-39% (mol/mol)
except toluene (6%)) and observed by POM (Figure 3 and
Figure S7, Supporting Information). After VOCs exposure, the
molecular order of the LCs inside the droplets typically altered

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Optical response of hybrid gel films when exposed to air saturated in chloroform. Hybrid gel films composed of gelatin, [BMIM][DCA],
4-cyano-4’-pentylbiphenyl (5CB), and water were observed by POM, with crossed polarizers. a—c) Before, during, and after exposure to chloroform
VOCs for 2 s. The red arrow indicates the droplet pictured in detail in (d). d) Detailed time analysis of the 15 um diameter droplet highlighted in (a)
(exposure begun at t =0s). The scale bars in the microscopy images correspond to 5 um.

from radial to isotropic. Consequently, the intensity of trans-
mitted light decreased. In the recovery period, the reverse path
was noted (Video S1, Supporting Information). This optical
response was rapid (of the order of seconds), reversible, and
reproducible. The response and recovery profiles were different
for each solvent tested, mainly the time and rate required for
gel reorganization, and the pattern of LC reorganization as
observed by POM (Figure 3 and Figure S7B-I, Supporting Infor-
mation). For example, the time required for complete isotropy
within all LC-IL droplets is similar for hexane, chloroform, and
acetone (maximum 20 s), but longer for methanol (40 s). Also,
after exposure to vapors from protic solvents (e.g., methanol
and ethanol), some LC-IL droplets dynamically rearranged into
smaller units or relocated within the gel, suggesting a pertur-
bation of the gelatin chains and ionic liquids configuration in
the matrix. Critically, this effect did not impair the subsequent
response of the hybrid gel to an aromatic hydrocarbon as tol-
uene (Figure S7C-I, Supporting Information).

Several phenomena may explain the different optical
responses observed. Hybrid gels have components with distinct
properties, namely gelatin is intrinsically hydrophilic, the ionic
liquids are amphiphilic and the LCs are mostly hydrophobic.
VOC molecules possessing distinct polarities and functional
groups adsorb into the hybrid gel film and interact with dif-
ferent affinities with its individual components, thus resulting
in LC disorder (Figure S7], Supporting Information). In the
case of hydrophobic apolar VOCs as hexane and toluene,
the predominant effect is probably ruled by the interaction of
the VOC molecules with the LC, due to structural resemblance
(SCB has a pentyl-hydrocarbon chain and a biphenyl moiety).
VOC molecules disrupt the radial orientation of the LC as
they directly interact by hydrophobic interactions with alike-
LC regions, intercalating the oriented LC molecules. As VOCs
desorb from the gel, the LC returns to its original orientation,
and the LC-IL droplets are maintained in the same position.

Adv. Funct. Mater. 2017, 27, 1700803
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In the case of polar and protic solvents (e.g., alcohols), which
act as donors and acceptors of electrons, there is also an
increase in the fluidity of the gel. Here, the predominant effect
is likely ruled by direct interactions of the VOC molecules with
the ionic liquid and the gelatin chains. When VOC molecules
interact with the ionic liquid, the self-assembled structures are
altered and a greater mobility of ionic liquids is observed. This
ultimately results in the dynamic reorganization of the LC-IL
droplets as a whole, in addition to the disruption of the LC
molecular order. For other VOC molecules with intermediate
polarity, hydrophobicity, and structures, we believe there are
combined mechanisms of interaction with all the gel compo-
nents, with different degrees of predominance.

The hybrid gels were used as sensitive layers in optical gas
sensors of an in-house built e-nose (Figure 4 and Figure S8,
Supporting Information). An array of three optical sensors
with hybrid gels of distinct compositions, where the ionic
liquid and biopolymeric matrix were varied, was sufficient
to classify the VOCs from eleven different organic solvents.
Here, the optical response is measured as the total intensity
of light from a light-emitting diode that reaches the respec-
tive light-dependent resistor (LDR) after passing through the
hybrid gel and is not dependent on the study of molecular LC
transitions in individual droplets.’>3% A fast response of the
optical sensors upon exposure to VOCs is observed within
5 s, about 1/3 of the time reported in other works.% The rela-
tive responses were calculated, and used as input variables for
principal component analysis, where 2D scatter plot of the
first two principal components shows the discrimination of all
tested VOCs. It is also notable that the ability of the hybrid
gels to respond to VOCs was maintained, even after storage
at ambient conditions for a period of 4 years (Figure S2B,C,
Supporting Information). In previous reports using LC for
gas sensing, stability was achieved in inert atmosphere for
up to 6 months.?>3] Furthermore, the hybrid gels where

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

www.afm-journal.de

, Crossed
Polarizer :
Polarizer
=
=
e Bvavav ==z==C
LED X = LDR
Unpolarized Plane ~ Rotated light
light polarized light
Polarizer Crossed
T Polarizer
0 /M \ S\ = i
=B = LDR
Unpolarized Plane
light polarized light
c
19
= 18] ‘ ‘ Sensor 1
& 171 | ——— Sensor 2
) p- Sensor 3
| | .
E 101 Exposure period
71
6_
0 50 100 150 200 250 300 350
Time (s)
d ~ 0.8 & ¢ Ethyl acetate
o
E_O, 0.6 ¢ Ethanol
N ¢ Dichloromethane
E 0.4+ Dioxane
£ 02! r Ethyl ether
g 0.0 -~ " * Heptane
8 * Hexane
5 -0.24 s . Methanol
% -0.4 . » Carbon tetrachloride
£ o6l 2 o Toluene
a - e Xylene
‘08 T T T T T T T
-3 -2 -1 0 1 2 3

Principal Component 1 (92%)

Figure 4. Application of the hybrid gels as active layers in optical gas sensors for an electronic nose. a,b) Conceptual representation of the optical
component of the electronic nose, with the hybrid gel thin film sandwiched between two crossed polarizers. c) Typical optical response of the electrical

nose to VOCs of ethyl acetate, employing three sensors. Exposure periods are highlighted in gray. d)

Scatter plot of the two first principal components

obtained by principal component analysis of the relative responses of the hybrid gels to 11 different VOCs, allowing to distinguish the solvents in
clusters. The contribution of each component is represented between brackets in the respective axes. Hybrid gel compositions: (1) Gelatin, dextran,
[BMIM][DCA], 5CB, and water. (2) Gelatin, sorbitol, [BMIM][DCA], 5CB, and water. (3) Gelatin, dextran, [ALOCIM][CI], 5CB, and water.
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also resistant to repeated VOCs exposure (Figure S2D,E, Sup-
porting Information).

The combination of ionic liquid with gelatin yields extremely
versatile conductive materials.[*’] Dielectric relaxation spectros-
copy was used to evaluate the conductivity of the hybrid gels.
At 298 K, the conductivity of C2 (gelatin and LC) is rather low,
increasing by almost six orders of magnitude to =10™* S cm™, at
frequencies close to 1 kHz, when the ionic liquid [BMIM][DCA]
is incorporated (C1). For hybrid gels, the conductivity further
increases to =102 S cm™! (Figure 2I and Table S1, Supporting
Information). The DC conductivity, opc, that corresponds to the
translational motion of charge carriers, usually manifests as a
plateau in the conductivity plot, but for all materials containing
the ionic liquid this is not observed. This acts as a fingerprint
of the ionic liquid constituent that, besides contributing with
ionic species, provides greater internal mobility to the mate-
rial, enhancing the response to the outer electrical field. To take
advantage of the hybrid gels electrical conductivity properties,
a second prototype e-nose was designed and assembled. Here,
the hybrid gel films acted, simultaneously, as active layers in
optical and electrical gas sensors (Figure S9, Supporting Infor-
mation). One hybrid gel sensing slide (composition: gelatin,
[BMIM][FeCl,], 5CB, and water) was positioned in the e-nose
sensor array and exposed to vapors from mixtures of ethanol
in gasoline at different concentrations (v/v) during seven cycles
(5 s exposition followed by 55 s recovery) (Figure 5). The gel's
relative admittance increased linearly upon exposure to the
headspace of fuel mixtures with increasing ethanol content.
When VOCs are adsorbed into the gel, the mobility of ions
increases and therefore, the material's admittance increases.
The increase of the ionic mobility might be related with an
increase in fluidity due to a decrease of viscosity of the ionic
liquid when it adsorbs organic molecules,*?! or with conforma-
tional changes in the polymer chains.?!l On the other hand, a
linear decrease in the LDR relative conductance was observed
after exposure to VOCs with increasing ethanol content
(20%-80%) (Figure S10, Supporting Information). The lack
of linearity for the higher concentration of ethanol in solution
(80%-100%) can be explained by the effect of protic solvents
on hybrid gels. Still, the electrical and optical signals could be
simultaneously correlated with the concentration of ethanol in
the fuel mixtures (20%-100%) by adjusting a multiple linear
regression model (p < 0.005; Figure 5B and Tables S2 and S3,
Supporting Information). This shows that the combination
of independently obtained electrical and optical data yields a
better estimation of the ethanol concentration in gasoline sam-
ples, than when the electrical or optical signals are employed
in an isolated manner. The quantification of ethanol in auto-
motive fuel, in the concentration range tested, is of great need
for auditing fuel adulteration, and to estimate the percentage of
ethanol inside fuel tanks of flexible-fuel cars, as opposed to cur-
rently employed lambda sensors, which measure exhaust gases.

3. Conclusion

In summary, we introduce a class of cooperative hybrid gels
incorporating stable droplets of LCs self-assembled in the pres-
ence of room temperature ionic liquids with surfactant-like
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Figure 5. Application of a hybrid gel film as the active layer in optical and
electrical gas sensors. a) Optical and electrical responses of the electronic
nose using a single sensor with a hybrid gel, composed of gelatin, [BMIM]-
[FeCly], 5CB, and water, subjected to seven sequential exposure to vapors
from different mixtures of ethanol in gasoline/air. Exposure periods high-
lighted in gray. b) 3D representation of the optical and electrical responses
as a function of ethanol content in the fuel mixtures. c) Linear relation
between the real (observed) ethanol content in the analyzed fuel mixtures
and the ethanol content predicted using the equation determined in (b).

properties and biopolymers. The self-assembly properties result
from the delicate control of noncovalent intermolecular inter-
actions and create structures within structures, where each
component has a cooperative effect in structure and function.
The enormous versatility in the composition offers tailored phys-
icochemical, morphological, mechanical, optical, and electrical
properties. Hybrid gels can respond to chemical, physical, and
mechanical stimuli, yielding both optical and electrical signals.
Furthermore, they can be modified with targeting or functional
species and easily molded in different formats and geometries.*’]

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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We provide proof-of-concept data to show that hybrid gels fulfill
the potential of LCs in gas sensing due to the combinatorial
nature and robustness of the materials. In addition, the LC-based
gas sensing system here presented overcomes some drawbacks
associated with the use of metal oxide semiconductors, namely
high operating temperatures, use of toxic and often noxious rea-
gents during fabrication, and limited stability.**% The stimuli-
responsive properties of hybrid gels can also be explored for
chemical sensing in aqueous phases, for temperature and pres-
sure sensitive materials, applied in vitro or in vivo.”! Hybrid
gels represent platform optoelectronic materials compatible with
miniaturized, wireless and wearable devices, and with potential
in a wide range of applications from plastic electronics to electro-
chemical and polymer-dispersed liquid-crystal (PDLC) devices.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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