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Corrole Polymers as a Novel Materials for Room
Temperature Resistive Gas Sensors

Lorena Di Zazzo, Ilaria di Filippo, Lorenzo Guido, Gabriele Magna, Larisa Lvova,
Fabrizio Caroleo, Manuela Stefanelli, Leonardo Duranti, Sara Nardis, Corrado Di Natale,*
and Roberto Paolesse*

Corroles, a family of contracted porphyrinoids, exhibit broad chemical
interactions, undergo straightforward synthetic preparation and
functionalization, and enable versatile thin film deposition. These attributes
render them promising candidates for use in chemical sensors. Nevertheless,
the inherently limited conductivity of corrole solid films constrains their
application in mass and optical sensors. Despite this impediment, there is a
great interest in matching the sensitive properties of the corrole with the
features of facile miniaturization and integration into low-cost electronic
circuits. This work explores the possibility of directly and simply depositing
conductometric polymeric films of [5,10,15-(4-aminophenyl)corrolato] copper
onto interdigitated electrodes. Remarkably, the electropolymerization protocol
allows the selection of the semiconductive nature (p- or n-type) of these films,
yielding two distinct sensor types: the former exhibiting high sensitivity and
selectivity toward nitrogen monoxide (NO) with a slight influence of relative
humidity and the other manifesting a broad spectrum of sensitivities. This
breakthrough lays the foundation for developing miniaturized conductometric
gas detectors, nonlinear conductometric sensing elements, and electronic
nose platforms based on polycorroles.

1. Introduction

The demand for high-performance gas sensors is continu-
ously growing, especially prompted by prominent technological
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concepts like wireless electronics, flexi-
ble support, and wearable devices. Gas
sensors in these fields are expected
to boost the capabilities of strategic
applications such as those aimed at
monitoring physiological parameters
and environmental conditions.[1] These
emerging use cases require devices
that, besides the self-evident sensitivity
and selectivity, are small, cost-effective,
low-power, and easily integrated into
electronic platforms. These demands
often conflict with the properties of
many state-of-the-art sensors. For ex-
ample, metal-oxide semiconductors
might match the requirements for in-
tegrated gas sensors, but their high
operating temperatures make them
unsuitable for low-power applications.[2]

On the other hand, certain molecular
materials possess exceptional sensing
properties, but their scarce conductiv-
ity necessitates a more complicated,
voluminous, and power-consuming

electronic interface setup to accommodate devices based, for ex-
ample, on optical or mass-sensing transduction.

This drawback is clear in the case of porphyrin and corrole
complexes. These receptors comprise three elements: a pyrrolic
aromatic ring, a metal complex at the core, and peripheral
substituents.[3,4] Changes in each of these elements offer options
for customization. For instance, the distinct molecular frame-
work of porphyrins and corroles produces two different aromatic
pathways, which strongly influence the coordination chemistry of
the numerous metals that may be incorporated in the core of their
aromatic rings.[5,6] Additionally, a wide array of molecular motifs
can be appended at the peripheral positions[7] to tailor molecular
structures with specific chemical interaction properties.

On the other hand, molecular assemblies of porphyrinoids are
generally poorly conductive, which has confined their use in sen-
sors based on mass and optical transducers.[8] A widely explored
strategy to form conductive sensors with these macrocycles con-
sists of grafting these dyes onto conductive substrates, including
metal oxides,[9] graphene,[10] carbon nanotubes,[11] and conduc-
tive polymers.[12]

This paper explores an alternative approach to producing
conductive sensors based on porphyrinoids straightforwardly
by exploiting the properties of electropolymerized corroles
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Figure 1. A) Structure of corrole and B) corrole polymer.

characterized by electron-active substituents. This approach
is not strictly new since it has already been investigated
to prepare electroassisted conductive polymers based on
porphyrinoids.[13–16] A typical example is the electrochemi-
cal oxidation of 5,10,15,20-tetrakis-(4-aminophenyl)porphyrins
or 5,10,15-tris-(4-aminophenyl)corroles, which leads to the for-
mation of different types of linkers as the phenazine bridge.[14,15]

However, these materials have been mainly used for the electro-
chemical detection of species in solutions or as electrocatalysts
for the oxygen reduction reaction,[16] while to the best of our
knowledge, there are no examples of gas sensors based on
this class of materials. In a recent paper, we reported the
first synthesis of copper polycorroles and their integration
into organic heterostructures in combination with a molec-
ular semiconductor.[17] These heterojunctions benefit from
the high interfacial charge transport at the organic–organic
junction, owing to the accumulation of mobile charges.[18] We
decided to investigate further the exploitation of this copper
corrole complex, even because of its interesting properties as a
hole-transporting material in perovskite solar cells.[19]

In this paper, we investigated the sensing properties of
the conductometric sensors based on polymers of [5,10,15-(4-
aminophenyl) corrolato]copper (Corr) (Figure 1). The polymer-
ization mechanism involves the oxidation of the meso-phenyl
group followed by the coupling with another monomer to form
a diphenylamine bridge. Further oxidation and coupling lead to
the final phenazine bridge (Figure 1).

The sensor’s fabrication steps are shown in Figure 2. The poly-
mer is directly grown onto interdigitated electrodes to form a sen-
sitive film filling the space between electrodes. Thus, the first
challenge in this approach is to optimize the growth condition

so that the polymer that starts to grow onto each electrode may
form a compact film extended over both electrodes.

We found that the conductive path is established just after a
minimal number of cyclic voltammetry scans. Furthermore, as
we recently observed, the presence of an electron scavenger, such
as the 2,6-lutidine, in the polymer precursor solution may avoid
the protonation of these macrocycles.[17] Here, we investigated
the effects of 2,6-lutidine on conductivity and sensitivity. Sensi-
tivity is a figure of merit expressing the variation of the sensor
response due to a change in concentration. The sensitivity is cal-
culated as the derivative of the response curve with respect to
concentration.[20]

Eventually, four corrole polymers were investigated by growing
films directly onto interdigitated electrodes at different numbers
of scans (20 and 40) and with or without 2,6-lutidine.

The polymers have been characterized by UV–vis spec-
troscopy, Scanning Electronic Microscopy (SEM), and Elec-
trochemical Impedance Spectroscopy (EIS) to evaluate elec-
tronic properties and morphological features. The gas sensitiv-
ity was measured toward a set of Volatile Compounds (VCs) and
gases.

Results show that the addition of 2,6-lutidine changes the
semiconductive character from p-type to n-type. The depro-
tonated sensors exhibit the usual cross-selective character of
corroles-based gas sensors. On the contrary, the protonated poly-
mer exhibits high sensitivity and selectivity toward nitrogen
monoxide (NO). The limit of detection of the order of tens of ppb
enables the use of sensors in practical applications. For instance,
in human breath, a level of less than 25 parts per billion (ppb)
is expected in adults, and a level greater than 50 ppb is indica-
tive of airway inflammation.[21] In the case of asthma, a reduction
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Figure 2. Schematic representation of gas sensor fabrication. Corrole in Figure 1A has been directly polymerized onto each interdigitated electrode. As
the polymer grows, it forms a compact film connecting the electrodes, giving rise to an organic resistance. Polymers were grown from a solution of
[5,10,15-(4-aminophenyl) corrolato]copper (TBAClO4) in dichloromethane (DCM), deprotonated polymers can be obtained by adding 2–6 lutidine to
the growth solution. Electropolymerization was carried out with twenty and forty scans. Eventually, four polymers were formed: Corr20p and Corr 20d
(20 scans of protonated and deprotonated polymers), and Corr40p and Corr40d (40 scans of protonated and deprotonated polymers).

of exacerbation rate is observed in patients where the therapy is
monitored by breath NO concentration.[22]

These results offer a viable procedure to process conductive
polymers with highly different sensing properties.

2. Results and Discussion

2.1. Electropolymerization of Films

Sensing films were obtained through the oxidative polymer-
ization of Corr monomer bearing three aminophenyl groups
(Figure 1A). Figure S1A (Supporting Information) confirms that
the voltammograms are compatible with previously reported
data.[17] The protons developed during the oxidative polymeriza-
tion process lead to the formation of a positively charged poly-
mer with protonated quinoid species, which allows a conduction
mechanism similar to that observed for polyaniline and polymers
of 5,10,15,20-tetrakis(4-aminophenyl)porphyrin (see scheme in
Figure S2, Supporting Information).[14]

A second series of polymers was produced by adding 2,6-
lutidine to the monomer solution since a proton scavenger such
as lutidine is expected to partially prevent the protonation of the
polymer and the formation of the quinoid forms (see scheme in
Figure S2, Supporting Information). This latter condition, im-
portant in organic heterojunctions, affects the conductive and
chemical sensitivity of the polycorrole films. Figure S1B, (Sup-
porting Information) shows the CV when lutidine is added to
the monomer solution. With the increase of cycles, the oxidation
peak shifts toward lower potential values, and it completely dis-
appears at the 40th scan, leading to a significant decrease in the
polymer conductivity.

As reported in ref.,[17] it is possible to tune the majority carri-
ers from p-type to n-type by simply changing the polymerization

conditions, with a potentially high impact in developing nonlin-
ear sensing components based on this kind of polymer.

2.2. Polymeric Film Characterization

2.2.1. UV–Vis Spectroscopy

UV–vis spectroscopy was used to confirm the formation of the
polymeric films onto the ITO glass surface. Figure S3A, (Sup-
porting Information) shows the spectrum of Corr in CH2Cl2 and
the 20 scans of polymer growth with and without lutidine. Corr
shows the typical intense Soret band at 445 nm paralleled by the
Q band at 570 nm. The aggregation in the polymer broadens
the spectral features. Furthermore, a broad red-shifted band ex-
tended in the range 700–1000 nm supports the formation of the
quinoid forms observed in the polypyrrole growth without luti-
dine. The UV–vis spectra features do not depend on the poly-
mer thickness (data not shown). The spectroscopic outcomes
define polymer structures, which hereinafter are indicated as
Corr20p and Corr40p for the polymer growth without lutidine
and Corr20d and Corr40d for that growth with lutidine assis-
tance. Figure S3B, (Supporting Information) shows the UV–vis
spectra of Corr20p and Corr20d on the IDE substrates. In this
case, the absorbance of samples depends only on the material
deposited on the glass between the electrodes, confirming that
the polymer connects the gold electrode and is responsible for
the conductivity of interdigitated sensors.

2.2.2. Sensing Film Morphologies

The morphology of the polymeric films was examined using
the Scanning Electron Microscope technique. Figure 3 reports
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Figure 3. SEM images of A) Corr20p (20 scans growth protonated polymer), B) Corr40p (40 scans growth protonated polymer), C) Corr20d (20 scans
growth deprotonated polymer), and D) Corr40d (40 scans growth deprotonated polymer), after electropolymerization onto IDE substrate. Rod-like
structures are not evidenced in Corr20p, while they are present with different moieties in the other three cases.

the SEM analysis of the polymers after the polymerization onto
IDE substrates. As shown in the case of Corr20p, the poly-
meric film fills the gap between the electrons to form a con-
ductometric layer, which is uniform over the whole IDE sur-
face (Figure 3A). Further magnification (Figures S4A,S5A, Sup-
porting Information) confirms that the film mainly covers the
glass between the electrodes. The film over the electrodes is char-
acterized by nanoparticles and sporadic bigger nanostructures
with more complex morphology. With the increase of scanning,
the film starts to coat all the electrode surfaces with the appear-
ance of rod-like structures, submerging the underneath IDEs (see
Corr40p, Figure 3B). Also, in this case, higher magnification con-
firms the presence of film under the rods with a morphology
similar to the Corr20p case. The sporadic structures observed
in the case of Corr20p are likely precursors of rod-shaped ele-
ments in Corr40p, which increase in size with the number of
scans.

The deprotonated polymer Corr20d morphology is shown in
Figure 3C. In this case, the film is more homogenous over the
gold electrode, and the rod-like elements connect the electrodes
(Figure S4C, Supporting Information). The uncovered glass sur-
face is still clearly visible. Higher magnifications (Figure S5C,
Supporting Information) evidence nanoparticles onto gold elec-
trodes, just like in the previous cases, suggesting the precur-
sor role of these structures in the further growth of elonged el-
ements. Finally, by increasing the number of scans to 40, the
film morphology becomes closer to the case of Corr40p, where

rods cover the film produced on the underneath IDE surface
(Figure 3D; Figures S4D,S5D, Supporting Information).

The morphological results are coherent with CV curves, where
the growth of rod-like nanostructures is evidenced by a decrease
in current density and/or a drop and a shift of the oxidation peak.
Both nanoparticles and fiber-like structures were previously re-
ported in porphyrin derivatives, noticing that the water traces or
the addition of bases, such as pyridine, produced micrometer-
sized filaments,[14] justifying the presence of these structures in
the presence of lutidine or at higher scanning cycles.

2.2.3. Electrical Characterization

The analysis of the electrical properties was performed using
Electrochemical Impedance Spectroscopy. A typical Nyquist plot
observed for the samples is reported in Figure S6 (Supporting
Information), Supporting Information, which shows the case of
Corr40p film onto IDE. In all the Nyquist plots, the complex
impedance of the four sensors can be fitted by a single semicir-
cle in the complex plane. The capacitor is replaced by a Constant
Phase Element (CPE). Thus, the equivalent circuit of the sensor
can be written as R0(CPE//Rs), as shown in the inset of Figure
S6 (Supporting Information). R0 is the contribution of the exter-
nal circuit resistance (here, relatively small), while Rs and CPE
characterize the polymer.[23] Unlike an ideal capacitor for which
no energy dissipation occurs, CPE considers the energy dissipa-

Adv. Sensor Res. 2024, 2400005 2400005 (4 of 10) © 2024 The Authors. Advanced Sensor Research published by Wiley-VCH GmbH

 27511219, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adsr.202400005 by C

ochraneItalia, W
iley O

nline L
ibrary on [07/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advsensorres.com


www.advancedsciencenews.com www.advsensorres.com

Table 1. Values of Q fitted with the R0(CPE//Rs) equivalent circuit at 5 V.

C (nF) CPE [n] Rs fitted [kΩ] R from d.c.
bias at 5 V [kΩ]

Corr40p 11.24 (±3.9%) 0.87 (±0.38%) 200 (±0.91%) 197

Corr20p 0.324 (±9.19%) 0.97 (±0.72%) 10 (±0.61%) 10.3

Corr40d 13.34 (±4.17%) 0.82 (±0.4415%) 295 (±1.49%) 268

Corr20d 21.54 (±10.4%) 0.81 (±1.047%) 66 (±2.11%) 61.0

tion during the charge/discharge process.[24] A CPE element is
characterized by a pseudocapacitance Q and can be related to the
capacitance of the process by using the Equation (1):

C =
(
RSQ

)n

RS
(1)

where n indicates the similarity between the CPE and the ideal
capacitor, for which n = 1.[25,26]

The values of Rs obtained by fitting EIS curves are in good
agreement with the resistance measured under d.c. bias at
5 V. The fitted values of the equivalent circuit are shown in
Table 1. The Nyquist plots for the polymers Corr20p, Corr40d,
and Corr20d are reported in Figures S7–S9 (Supporting Infor-
mation).

For the same number of electropolymerization cycles (20
and 40 scans), the film of protonated poly-corrole exhibits a
lower resistance compared to the deprotonated ones. This be-
havior is expected from the cyclic voltammetry result, where
lutidine addition has produced a less conductive film (see
Figure S8,S9, Supporting Information). At the same time, the
film resistance increases with the number of cycles for both
protonated and deprotonated poly-corrole films. This behavior
may appear less obvious considering, for example, that the
conductance is generally proportional to the thickness of thin
films.[27] On the other hand, we cannot exclude that, along with
the rod-like nanostructure growth, film passivation may occur as
the electropolymerization progresses, affecting the conductive
properties of films, e.g., increasing resistance. As previously
mentioned, this passivation behavior has already been reported
in tetra-aminophenyl porphyrin polymerization in the presence
of pyridine or water traces.[14] Data in Table 1 encourage this
assumption since films in the presence of lutidine or with a
higher number of cycles (Corr40p, Corr20d, Corr40d) have
estimated capacitance values almost thirty times higher than
Corr20p. Furthermore, the exponential in the CPE model is close
to the ideal capacitor (n = 1) only in this latter case.

2.2.4. Nitrogen Oxide Sensing

The sensitivity of the four sensors was investigated by exposing
the sensors to different concentrations of gases such as nitrogen
oxide (NO), carbon monoxide (CO), molecular hydrogen (H2),
and volatile compounds (VCs) such as water, butanol, ethanol,
toluene, and triethylamine.

All sensors show a remarkable sensitivity to NO. Figure 4
shows the dynamics of the resistance of Corr40p and Corr40d
exposed to a sequence of NO pulses at variable concentrations.

Figure 4. Sensing responses Corr40p (40 scans growth protonated poly-
mer) and Corr40d (40 scans growth deprotonated polymer) under cyclic
exposure to different NO concentrations.

Both the sensors have a fast response to the gas. As usual, the
desorption is longer than the absorption, and the sensors recover
the pristine baseline upon carrier gas exposure. Noteworthy, the
protonation state of the polymer affects the semiconducting type,
as evidenced by the fact that the two sensors show an opposite re-
sponse direction to the gas: the adsorption of NO increases the
resistance of Corr40p and decreases the resistance of Corr40d.
Considering the electron donor character of NO, the sensor re-
sponses indicate that Corr40p and Corr40d are p-type and n-type
polymers, respectively.

The quinoid structures present in Corr40p, also evidenced by
the UV–vis spectra (see Figure S3, Supporting Information), can
allow the conduction by the mechanism reported in Figure S2
(Supporting Information), inducing the p-type semiconducting
character. In the case of Corr40d, the protonation of macrocy-
cles is prevented by the lutidine, and then electrons in the cor-
role 𝜋-system confer an n-nature to the resulting polymer. The n-
behavior has been previously observed in the case of poly-Fe(III)-
aminophenyl porphyrin films.[28] The same considerations can
be drawn for all reducing gases tested and the different number
of cycles utilized for the electropolymerization. Thus, we can ex-
clude that morphology may affect the behavior, which is instead
intrinsic to the protonation state of corrole.

The sensor responses to each sample were defined as the rel-
ative resistance change:

relative resistance change =
Rgas − Rair

Rair
(2)

where Rair is the baseline resistance evaluated before the ex-
posure to the gas, and Rgas is the resistance at the end of the
gas exposure. Figure 5 shows the response curves of the sen-
sors to the test gases. Concentrations are plotted in a logarithm
scale to account for the wide concentration range. The p- or n-
semiconductive character observed during the exposure to NO
is confirmed by the response to CO and H2. The electron donor

Adv. Sensor Res. 2024, 2400005 2400005 (5 of 10) © 2024 The Authors. Advanced Sensor Research published by Wiley-VCH GmbH
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Figure 5. A) Characteristic curves of Corr20p (20 scans growth protonated polymer) and Corr20d (20 scans growth deprotonated polymer) to nitrogen
oxide, molecular hydrogen, and carbon monoxide. B) Characteristic curves of Corr40p (40 scans growth protonated polymer) and Corr40d (40 scans
growth deprotonated polymer) to nitrogen oxide, molecular hydrogen, and carbon monoxide. Lines report linear regressions of data.

character of H2 is supposed to be mediated by the interaction
with oxygen, suggesting an additional catalytic action of the cop-
per corrole.[29] However, since H2 produces lower responses than
NO and CO, we did not investigate this hypothesis further in this
study.

Sensors show an almost symmetrical response to NO, while,
compared to CO and H2, the deprotonated polymer shows a
larger response in absolute value. Sensors at a higher number
of scans displayed a slightly larger response (Figure 5B).

Figure 6 shows the response curves of the sensors to VCs. The
interaction with VCs is more cumbersome than with gases: de-
protonated polymers are more responsive than protonated, and,
in both cases, the response is more dependent on the thickness
than in the case of gases. This behavior can be explained by con-
sidering that VCs interact through multiple mechanisms and can
all find suitable interaction sites in the polymer. Corr is character-
ized by hydrogen bond acceptor and donor sites, aromatic sites,
and hydrophobic sites. Furthermore, VCs sorption can give rise
to polymer swelling that affects the overall conductivity.

Thus, the response to VCs might depend on the in-
trinsic sensitivity of the monomer, the electric state of the
polymer (protonated/deprotonated), and the film thickness
(20/40 cycles), and the interplay of these principal causes
gives rise to the different patterns of responses observed in
Figure 6.

The comparison of the sensitivity provides an appraisal of
the sensor response. Here, the sensitivities are calculated as the
response curve slopes (first derivatives). All sensors show the
largest sensitivity to NO and CO (Figure S10A, Supporting Infor-
mation). The sensitivity to other compounds is orders of magni-
tudes smaller. The privileged affinity to NO and CO indicates the
prevalence of the intrinsic sensitivity of the monomer, which is
constant for all sensors, regardless of features such as protona-
tion state and thickness. Considering the compounds of minor

affinity, large differences are observed between protonated and
deprotonated polymers, while the role of polymerization cycles
seems less crucial, and interestingly, it is more evident for the
compounds with lower sensitivity (Figure S10B, Supporting In-
formation).

The detection limits (LODs) for NO are estimated as the ra-
tio between the uncertainty of the relative change of resistance
(ΔR/R) and the absolute value of the sensitivity.[20] The uncer-
tainty of the relative resistance changes is evaluated from the
fluctuation of the resistance value measured by the multimeter
and by considering the law of propagation of errors. The signal-
to-noise ratio of the resistance in baseline conditions is between
4∙103 (for Corr40d) and 5∙104 (for Corr20p). Thus, the estimated
LODs are in the order of tens of ppbs and range from 12 ppb for
Corr20p to 90 ppb for Corr40d.

To investigate the possible application of this sensing mate-
rial for NO detection in real cases, Corr20p has been exposed
to NO under different relative humidity (RH) conditions, rang-
ing from 20% to 80% (see Figure S11, Supporting Information).
Remarkably, the relative resistance responses and sensitivity are
improved in a wet atmosphere and stable in a wide range of rela-
tive humidity from 20% to 60% (Figure S11A, Supporting Infor-
mation). Furthermore, the sensitivity is almost constant in the
experimental range of humidity tested (Figure S11B, Support-
ing Information). These results are extremely encouraging for
applying these materials as selective sensors for NO with high
sensitivity, selectivity, and low dependence upon humidity as
interferent.

2.2.5. Sensors in the Electronic Nose Configuration

The different sensitivity patterns toward VCs suggest that al-
though not selective, the sensors could gain selectivity once they

Adv. Sensor Res. 2024, 2400005 2400005 (6 of 10) © 2024 The Authors. Advanced Sensor Research published by Wiley-VCH GmbH
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Figure 6. Characteristic curves of relative resistance change versus concentration of five volatile compounds (butanol, ethanol triethylamine, toluene,
and water) of A) Corr20p (20 scans growth protonated polymer), B) Corr40p (40 scans growth protonated polymer), C) Corr20d (20 scans growth
deprotonated polymer), and D) Corr40d (40 scans growth deprotonated polymer) films. Solid lines report the linear regression of data.

operate as elements in a sensor array. This concept parallels the
behavior of olfaction, and it is the basic principle of electronic
noses. Here, the Principal Component Analysis (PCA) has been
calculated to investigate the further properties of the set of poly-
corrole as a sensor array. PCA is a simple and efficient algorithm
that removes the correlation among sensors by defining a new or-
thogonal basis of uncorrelated variables. The vectors in this new
basis are obtained by a linear combination of sensor data and are
called principal components (PCs).[30]

To remove the effect of concentration, thus emphasizing the
affinities of sensors with the test compounds, the data set has
been normalized by dividing the response of each sensor by the
sum of the responses of the four sensors. Figure 7 shows the
results of the PCA limiting the analysis to the first three Principal
Components (PCs).

The first three principal components (PCs) account for more
than 86% of the total variance of the data. The first principal
component (PC1) discriminates butanol, ethanol, and triethy-
lamine; The second principal component (PC2) accounts for the
NO recognition, and the third (PC3) clusters the triethylamine
separately from other compounds.

PCA evidences that, besides the individual behavior of each
sensor, the cooperative response of the array provides a unique
identification not only for NO but also for triethylamine, ethanol,
and butanol. Surprisingly, the array does not identify CO, whose
sensitivity is the closest to that of NO and larger than that of
the other compounds. This behavior is dramatic evidence of the
properties of sensor arrays that are not merely revealed by the
properties of individual sensors but rather descend from the un-
correlated component of the sensor responses.

Adv. Sensor Res. 2024, 2400005 2400005 (7 of 10) © 2024 The Authors. Advanced Sensor Research published by Wiley-VCH GmbH
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Figure 7. The results of Principal Component Analysis (PCA). A) The distributions of the tested compounds are shown, as box plots, for the first three
Principal Components (PC1, PC2, and PC3). Box plots are labeled with the smallest p-value returned by a Kruskal-Wallis rank test of each class with
respect to the others. B) The combinations of PC1, PC2, and PC3 are arranged in three scores-plot to represent the multidimensional arrangement of
the data.

3. Conclusion

In this study, we systematically explored the preparation of cop-
per corrole polymers through cyclic voltammetry and their uti-
lization as conductometric gas sensors. The polymer morpholog-
ical characteristics and sensing attributes exhibit a dependency
on the protonation/deprotonation dynamics of corrole macro-
cycles during the electropolymerization process. This interplay
further determines the semiconductor n- or p-type characteristics
reflected in the opposite sign observed in the sensor responses.

In the case of the p-type polymers, we engineered a material of
high sensitivity with a limit of detection in the range 12–90 ppb,
and remarkable selectivity for nitrogen monoxide (NO) in com-
parison to other gases and volatile organic compounds (VOCs).
These features, combined with a moderate sensitivity to humid-
ity, make these sensors promising candidates for Nitric Oxide
measurement in human breath.

Conversely, the introduction of lutidine during the electropoly-
merization process, designed to mitigate polymer protonation,
yielded semiconducting films with n-type behavior. In compari-
son with the p-type device, the n-type sensor preserves, with the
opposite sign, the sensitivity to NO but with a decreased selectiv-
ity. The broader pattern of sensitivity enables the use of both types
of sensors in a sensor array. The Principal Component Analysis
of the signals of the array shows that four sensors made of the
same monomer but with two states of charge (protonated or de-
protonated) can identify NO, butanol, ethanol, and triethylamine
with respect to other compounds. These findings hold significant
promise for advancing corrole application in gas sensors, offer-
ing a viable protocol for tailoring low-cost and low-power resistive
gas sensors for specific applications.

4. Experimental Section
Reagent and Chemicals: Corr was synthesized according to literature

methods.[4] 2,6-Lutidine (2,6-dimethylpyridine; 99%) and tetrabutylam-
monium perchlorate (>98%) (TBAClO4) were purchased from Sigma-
Aldrich.

Electropolymerization was first studied on indium tin oxide (ITO)
coated glass slides (70–100 Ω−1sq surface resistivity. Sigma Aldrich, Ger-
many) having transmittance >87%, refractive index n20/D 1.517.

Sensors were prepared on gold interdigitated electrodes (IDE) on glass
(model DRP-G-IDEAU5, Metrohm, Italy). IDE comprises 250 pairs of elec-
trodes spaced by 5 μm.

Before polymerization, both substrates were sonicated in triplicate with
CH2Cl2, acetone, ethanol, and water for 5 min at each step and dried at
room temperature.

Electrochemical Deposition: Electrochemical experiments were con-
ducted with the PalmSens3 potentiostat/galvanostat equipped with
PSTrace software for Windows (PalmSens BV, The Netherlands). Polymer-
ization was performed with a conventional three-electrodes setup, com-
prising either IDE or ITO as the working electrode, SCE (Saturated Calomel
Electrode) as the reference, and a Pt wire as the counter electrode. Poly-
mers were formed from a solution of 0.1 mm of Corr in CH2Cl2 with 0.1 m
TBAClO4 as background electrolyte and in the presence or absence of 2,6-
lutidine (5 vol% solution in CH2Cl2). The polymerization was carried out
by cyclic voltammetry (CV) from 0.1 to 0.8 V versus SCE with a scan rate of
100 mV s−1. Films were formed at 20 or 40 cycles. The obtained films were
rinsed with CH2Cl2 to remove the residues of the electrolyte and the un-
reacted monomers and dried in the open air in laboratory ambient condi-
tions. Eventually, four functionalized electrodes were produced: at 20 and
40 scans without 2,6 lutidine (Corr20p, Corr40p), and 20 and 40 scans with
2,6 lutidine (Corr20d, and Corr40d).

Physical Characterization: The UV–vis spectroscopy of Corr in CH2Cl2
was conducted at micromolar concentrations due to the high molar extinc-
tion coefficient. Polymer films were deposited on ITO on glass for spec-
troscopical characterizations. All the spectra were recorded using a Cary
60 UV–vis Spectrophotometer in the 350–1000 nm range.

Adv. Sensor Res. 2024, 2400005 2400005 (8 of 10) © 2024 The Authors. Advanced Sensor Research published by Wiley-VCH GmbH
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Then, microstructural characterization of polymers was carried out us-
ing field emission scanning electron microscopy (SEM, SUPRA 35, Carl
Zeiss SMT, Oberkochen, Germany).

Electrochemical impedance spectroscopy (EIS) was carried out using
a PARSTAT 2273 potentiostat/galvanostat. The impedance experiments
were performed in a wide frequency range from 10 to 2 MHz, at an AC
amplitude of 100 mV and a DC potential of 5 V. The data are analyzed with
the Zsimp software.

Chemical Sensing: Sensors were placed in a tight chamber endowed
with gas inlet and outlet. A synthetic air flow (20% oxygen and 80% ni-
trogen) was used as a reference to determine the resistance baseline, di-
lute the test gases, and desorb the absorbed molecules to repristinate the
baseline. Sensors were exposed to different concentrations of gases: nitric
oxide (NO), carbon oxide (CO), and hydrogen (H2), and vapors: ethanol,
butanol, water, toluene, and triethylamine. Test compounds were chosen
in order to consider different chemical families. In the case of gases, the
concentrations of analytes were provided by certified cylinders (Rivoira,
Italy). For the volatile compounds, saturated vapors of compounds were
obtained by means of bubblers. The compounds were always kept at 25 °C
in a thermal bath to keep the saturated vapor pressure constant. Satu-
rated vapor pressures were calculated with the Antoine equation using
the parameters available in the NIST database (https://webbook.nist.gov/
chemistry/ accessed on 10 October 2023). In all cases, the test concentra-
tions were obtained by diluting either the bottle content or the saturated
vapor with a flux of synthetic air. The dilution ratios were settled thanks
to a Mass Flow controller system. The test concentrations of gases and
VOCs are listed in Table S1 (Supporting Information). Each concentration
was tested four times for each analyte, and the measurement sequence
was randomically arranged.

Each measurement comprises the exposure to synthetic air to establish
a constant baseline, 5 min of exposure to the sample, and the recovery in
synthetic air for 15 min. The total flow rate of air in the sensor chamber was
kept constant at 200 sccm. Sensor resistances were acquired in parallel
by remote controlling a Keithley 2001 multimeter equipped with TCSCAN
and GPIB cards; data were automatically collected on a PC and controlled
by an in-house developed Matlab script. The relative resistance changes
between the end of the exposure and the baseline were considered the
sensor response and used in the following data analysis.

Statistical Analysis: In total, we measured 218 samples subdivided as
follows: 20 samples of NO (at 4 concentrations repeated 5 times), 25 sam-
ples of CO (at 5 concentrations repeated 5 times), 25 samples of H2 (at
5 concentrations repeated 5 times), 24 samples of toluene (at 6 concen-
trations repeated 4 times), 24 samples of butanol (at 6 concentrations
repeated 4 times), 16 samples of triethylamine (at 4 concentrations re-
peated 4 times), 30 samples of ethanol (at 6 concentrations repeated 5
times) and 30 samples of water (at 6 concentrations repeated 5 times).
The concentrations tested for each analyte are reported in Table S1. In the
case of error bars, the plot reports mean ± standard deviation (SD). The
data were autoscaled before the PCA analysis (meaning that each column
had a mean = 0 and std = 1). In PCA plots, box plots are labeled with the
smallest p-value, as returned by a Kruskal–Wallis rank test, of each class
concerning the others. Here, sensitivity is defined as the slope of the curve
fitting the relative response as a function of the concentration of each an-
alyte. The error for the sensitivity is calculated with the t-test with a confi-
dence bound of 95%. Data analysis was performed in Matlab 2023b using
the “Statistics and Machine Learning Toolbox.”

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