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Abstract

To carefully design sensing materials and to master their processing is of the utmost importance to get
efficient sensors and optimize their performances for air quality monitoring (AQM). Beside inorganic
materials and carbon nanomaterials, molecular materials, including macrocyclic molecules and
conjugated polymers play an increasing role in the field of chemical sensors. In this mini-review
devoted to molecular materials, we chose to separate sensing materials in three main categories,
namely macrocyclic molecules, polymers and hybrid materials involving compounds from the two
previous categories. Among macrocyclic molecules, the most important families used in
chemosensing are phthalocyanines and porphyrins. Among other molecules used as gas sensing
materials, cavitand compounds, e.g. resorcinarenes, offer the possibility to form inclusion complexes
with volatile organic guests, which involve host-guest intermolecular interactions. Polymers used for
AQM can be classified in two main categories, nhamely conjugated polymers, often associated with
conductometric transducers and dielectric polymers in capacitive sensors. Generally speaking, the
choice of the sensing materials depends not only on the target species, but also on the transduction
mode, and must be envisaged according to particular applications.
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Molecular materials

Among molecular materials, macrocyclic
molecules like porphyrins and phthalocyanines
have been highly studied as sensing materials.
Due to molecular engineering, their physical
properties can be tuned [2]. Thus fluorine
substitution of phthalocyanines lead to n-type
semiconductors whereas unsubstituted
phthalocyanines exhibit a p-type behavior. The
incorporation of ionic moieties makes them
soluble in water, and the introduction of long

Introduction

A strong demand exists for gas sensors
operating at low temperature and prepared with
low energy processes. Thus, molecular
materials, including polymeric materials, that
can be often deposited by solution processing,
are good candidates. Another interest for
molecular materials results from the variability
of the accessible materials, including hybrid
organic-inorganic materials, and materials
combining small molecules with carbonaceous

compounds or polymers. Both the composition
of the hybrid material and the parameters of the
solution processing step can be used to tune
the characteristics of materials, e.g. morpho-
logy, roughness and specific surface,
hydrophilicity and eventually their optical and
electronic properties [1]. Thus, emerging sensor
technologies become available, such as ink-jet
printing, which is particularly suitable for
deposition on large areas and at low-cost.
Besides, electrodeposition presents clear
advantages, for example when different
materials need to be deposited on different
electrodes located on the same substrate.

alkyl chain allows for their solubilization in
organic solvent. Among tetrapyrrole derivatives,
due to their radical nature, lanthanide(lll)
double-decker complexes are easily oxidized
and reduced, which make them good
candidates to operate as sensing materials for
the detection of redox active species [3]. Their
particularly high conductivity allows for building
various conductometric transducers, among
them resistors, field-effect transistors and
Molecular Semiconductors - Doped Insulators
(MSDI) Heterojunctions [4]. They are built
around a heterojunction between a molecular
semiconductor (MS) and a doped-insulator (DI)
(Fig. 1). The MS must be more conductive than
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the sub-layer to take advantage of the
heterojunction. In most cases, the lutetium
bisphthalocyanine (LuPc;) is used as MS. A
unigue behavior is observed when the sub-layer
is a n-type-material, such as fluorinated Pc, e.g.
Cu(Fy6Pc), or a perylene derivative. The energy
barrier at the interface depends on the
difference in energy levels of the two materials.
In contrast to resistors, the MSDI exhibit non-
linear but symmetrical I(V) characteristics as a
result of the energy barrier at the interface
between the two layers. Even though the only
material in contact with the atmosphere is a p-
type material (LuPc;), the current across MSDI
increases when exposed to a donating species
like NHs. Due to the particular redox properties
of LuPc,, the MSDIs are very sensitive.
Donating species induces a decrease of
majority charge carriers, leading to a current
decrease in p-type resistors, whereas their
effect is inverted in n-MSDI where the electronic
transport is governed by minority charge
carriers [5]. The better stability towards humidity
was obtained with Cu(F;sPc) as a n-type sub-
layer. Thus, for Cu(FsPc)/LuPc, MSDI (50
nm/50 nm), the relative response to NH;
remains unaffected by the variation of relative
humidity in the 20-80 % range. Moreover, this
response has proved to be stable over time, for
several years.

Fig. 1. From top to bottom: LnPc, and MPc
phthalocyanine complex and an MSDI device; the
arrows indicate the charge transport pathway.

We also studied a n-MSDI made from the
2,2,3,3,4,4,4-heptafluorobutyl-perylene-bisimide
(C4F+-PTCDI), n-type sub-layer [6]. We
exposed the MSDI to ammonia in the 10-90
ppm range. This MSDI exhibits an increase of |,
with a relative response RR = (lop-los)/los Of 33
% at 90 ppm. At 10 ppm, the RR is still of 6 %.
The RR variation as a function of the NHj;
concentration is not linear but may be fitted by a
polynomial (Fig. 2).

y = -0.0037x2 + 0.7155x - 0.7654
R? = 0.99652 ;
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Fig. 2. Relative response of a C4F7-PTCDI / LuPc;
MSDI exposed to 10 — 90 ppm of ammonia under 50
% rh, and a view of the perylene derivative (F and H
atoms have been omitted).

Different solution processing techniques can be
used to prepare thin films of molecular
materials, from the very simple solvent cast to
the quasi Langmuir-Shafer technique
developed for the deposition of an amphiphilic
tris(phthalocyaninato) europium triple decker
complex [7]. Spin-coating was also used to
prepare hybrid films containing hydroxygallium
phthalocyanine and cellulose, starting from a
trimethylsilyl derivative [8]. The kinetics of the
chemosensing process was highly related to
the film morphology, as shown by the change in
the surface potential under cyclic exposure to
ozone and nitrogen.

Cavitands

Among other molecules used as gas sensing
materials, cavitand compounds offer the
possibility to form inclusion complexes with
volatile organic guests. At a first glance, the
size of the cavity and its
hydrophobic/hydrophilic character should be the
two key parameters responsible for the
selectivity of gas sensors (Fig. 3). However,
studies achieved with amphiphilic calix[4]-
resorcinarene derivatives deposited by the LB
technique showed that the adsorption ability
depends on the condensed vapor pressures of
the adsorbates, rather than on a structural
coincidence between host cavities and guest
molecules [9]. The results obtained from the
isotherms of adsorption determined by both
QCM and Surface Plasmon Resonance (SPR)
were interpreted in terms of capillary
condensation of organic vapors in the
nanoporous matrix of cavitand-containing films.
Ellipsometric measurements showed changes
of both the thickness and refractive index of the
films caused by adsorption. Films exposed to a
range of concentrations of the vapors of
benzene, toluene, n-hexane, m-xylene, and 1-
butanol showed that their responsivity was



correlated with the solubility of the sensing
material in these solvents [9].

m=1;2;3;4;5;6 O

Fig. 3. Schematic view of calixarenes as examples
of cavitand molecules used for the detection of
VOCs, and the principle of host-guest recognition.

This apparent selectivity was directly related to
the vapor pressure of the VOCs. Thus, in the
case of BTX, the response was higher for
xylene than for toluene and benzene,
associated to a higher vapor pressure for
xylene. However, recently, a nice example of
selectivity towards benzene was obtained with
covalently attached quinoxaline-bridged
resorcin[4]-arene cavitands to gold
nanoparticles anchored on oxygen plasma
treated carbon nanotubes [10]. In this case, the
response to benzene was very high compared
to other studied VOCSs, including toluene and
xylene.

Polymers

Two effects peculiar to polymers can change
their physical properties. At first, the swelling
that generally induces a decrease of their
conductivity value [11, 12], and also the effect
of temperature that can highly change the
motion of polymer chains segments. Thus, gas
diffusion is faster in low glass transition (T,)
polymers, or when the operating temperature
lies above the T4 of the sensing polymer [13].
The addition of plasticizers, e. g. phthalate
derivatives, can be used to introduce a
decrease of Tg, then a higher sensitivity to
gases. The interaction of polymers with VOCs
can be described using linear solvation energy
relationships (LSERs) that take into account
dispersion, polarizability, dipolarity, basicity,
acidity and hydrogen bonding interactions [14].
Polyimide, cellulose acetate, polycellulose
acetate butyrate, polymethylmethacrylate and
polyvinylpyrrolidone, polyethylene-naphthalate
are known as dielectric polymers, and used as
sensing materials in capacimetric humidity
sensors (Fig. 4).
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Fig. 4. Polyimide and polyethylene naphthalate as
examples of dielectric polymers used in relative
humidity sensors.

Conjugated polymers, as polypyrrole,
polyaniline, polythiophene, but also other
conducting polymers generally used in organic
electronics, have been highly wused in
conductometric transducers. As other
conducting materials, they are first sensitive to
redox active species like nitrogen dioxide and
ozone, well-known oxidizing pollutants (Fig. 5).
They can generally be synthesized by chemical
or  electrochemical oxidation of  the
corresponding monomers. As soon as they are
soluble, they can be deposited by some
solution processing, namely spin-coating, dip-
coating, drop-coating, Langmuir-Blodgett
technique or layer-by-layer technique [15].
However, the advantage of the electrochemical
method is to ensure the synthesis and the
deposition process in a unique step.

Fig. 5. Polypyrrole and one of its partially oxidized
forms as an example of conducting polymer used in
conductometric transducers.

Polymer-macrocycle hybrid materials

In the case of conducting polymer/
phthalocyanine hybrid materials, again different
solution processing techniques can be used, as
the layer-by-layer and  electrochemical
techniques, both operated at room temperature.
They can lead to highly performant gas
sensors, as illustrated by their response to
ammonia in a broad range of relative humidity.
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Fig. 6. Conductivity variation of a resistor made
from polypyrrole and a sulfonated cobalt
phthalocyanine exposed to 25, 45, and 90 ppm of
ammonia under relative humidity in range 20-80%.



Thus, a polypyrrole film electrodeposited in the
presence of an anionic metallophthalocyanine
exhibits a very different morphology than those
deposited with small counter anions, leading to
a higher sensitivity (Fig. 6) [16, 17]. Solution
processing can be performed even in water, as
exemplified by the layer-by-layer deposition of
polyaniline - tetrasulfonated phthalocyanine
hybrid films [18].
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