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Introduction

Discrimination and detection of NO,, NHz and H>S
using sensor array based on three ambipolar
sandwich tetradiazepinoporphyrazinato/
phthalocyaninato europium double-decker
complexesti

Xia Kong, (2 §%° Ekaterina N. Tarakanova, () §° Xiaoli Du,§"¢ Larisa G. Tomilova®
and Yanli Chen (2 *°

Developing a room-temperature operated gas sensor for highly efficient discrimination of various toxic
gases, is highly desirable but remains challenging to date. Herein, the successful development of a novel
sensor array is reported, which discriminates between three gases using solution-based quasi-Langmuir—
Shafer (QLS) films from three ambipolar sandwich tetradiazepinoporphyrazinato/phthalocyaninato euro-
pium double-decker complexes [™YPcl,Eu (1), [BY""DzPz]["®“PclEu (2) and [B“""DzPzl,Eu (3). For the
three oxidizing and reducing gases: NO,, NHs, H,S at the sub-ppm level, 1 showed a response to NO,
and NHs, 2 responded to the three gases, and 3 responded to NO, and H,S. Because of the synergistic
effect between film-conductivity from the highly conjugated phthalocyanine ligands and the effective
binding sites from the diazepine moieties, the QLS film 2 showed the best gas-sensing performance of all
the sensors in terms of both sensing response to the three toxic gases, and the highest sensitivities
(% ppm ™Y of 46.84, 0.39 and 2.34 for NO,, NHz and H.S, respectively. Furthermore, by combining the
distinct response patterns of the devices, a sensor array was established to qualitatively and quantitatively
distinguish NO,, NHz and H,S gases with ultralow detection concentrations (20 ppb of NO,, 1 ppm of
NHs and 100 ppb of H,S), with a fast response time (1 min) and good stability at room temperature.

toluene, benzene, and so on.' Researchers are at the early
stages of developing various gas sensing devices based on
inorganic semiconducting materials, which are generally operated

High-precision gas sensors are essential in modern society for
detecting various hazardous gases, such as H,S, NO,, NH;,
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at higher working temperatures.” Higher working temperatures will
not only lead to a significant increase in energy consumption, as
well as destruction of the microstructure of the sensing nanoma-
terial, but are also dangerous for detecting flammable and explosive
gases. As a result, while developing a room-temperature operated
gas sensor for highly efficient discrimination of various toxic gases
is highly desirable, it remains a challenge.

As is already known, active sensing semiconductor
materials,® the optimized microstructure of the active layers®?
and advanced device preparation®” usually achieve a good
sensing performance with a high sensitivity and selectivity.
Among the sensing semiconductor materials, the sandwich-
type phthalocyanine family has attracted extensively research
interest because of the excellent charge transport properties,
easy modulation of the frontier molecular orbital energy levels,
and quite good solubility in common organic solvents® '
which allow low-cost and large-area devices to be fabricated
by solution-based methods such as spin coating,'> molecular
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assemblies,"® Langmuir,"*"* and quasi-Langmuir-Shifer (QLS)
techniques,16 and so on. Moreover, it is well-known that
sandwich phthalocyaninato rare earth double-decker complexes
with a radical nature, and extended m networks along the axis
perpendicular to the macrocycle plane,'” are expected to play a
more important part in chemical sensing applications,'®'® data
storage’® and field-effect transistors*">> than their monomeric
counterparts. For example, the solution-processed thin solid
films of amphiphilic bis(phthalocyaninato) rare earth double-
deckers, HoPc[Pc(OPh)g] and Ho[Pc(OPh)g],, have been revealed
to display sensitive responses to reducing NH; gas, and found
that the introduction of electron-withdrawing substituents on
the periphery of the phthalocyanine rings can improve the
response of the organic materials.>*

Diazepine heterocycles with promising biological activities,
are present in a wide range of numerous bioactive molecules,
pharmaceuticals, and natural products. Recently, it was found
that the presence of the substituents for diazepine heterocycles
can increase effective active sites used in the heterogeneous
catalyst for C-C coupling reactions,?*** phosphorescent organic
light-emitting diodes (OLEDs),*® catalysis and bioorgano-
metallic chemistry”” and so on. Thus, in the present study,
three heteroleptic and homoleptic sandwiched complexes:
bis(phthalocyaninato)europium [**"Pc],Eu (1), the mixed (phtha-
locyaninato)(tetradiazepinoporphyrazinato)europium [*"*"DzPz]
[™“Pc]JEu (2), and the bis(tetradiazepinoporphyrazinato)euro-
pium [P"*"DzPz],Eu (3) [™'Pc = 2,3,9,10,16,17,23,24-0cta-
butylphthalocyaninate, “®"*"DzPz = tetrakis(5,7-bis(4-tert-
butylphenyl)-6H-1,4-diazepino)[2,3-b,g,l,q]porphyrazinate] (Fig. 1),
were  synthesized according to previously described
procedures,”*° and fabricated into well-organized films by QLS
method. Exposing the active layers of films 1-3 to the three sub-
ppm level gases (NO,, NH3, H,S) at room temperature, various
responses of the active layers to the three gases were obtained.
By combining the distinct response patterns of 1-3, a sensor
array was constructed to distinguish between these three toxic
gases. The present work, represents continuous efforts to under-
stand the relationship between the film structure, morphology
and gas sensor performance of the tetrapyrrole organic
semiconductors,"®'****! and will be useful for attracting further
research interest in the field of chemical sensors, especially gas
sensor applications based on double-decker phthalocyaninato
rare earth complexes.

Fig. 1 Schematic molecular structures of ["®“Pcl,Eu (1), [B“P"DzPz]["BP-
clEu (2) and [®“""DzPz],Eu (3).
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Results and discussion
Electronic absorption spectra

The electronic absorption spectra of the double-decker com-
pounds 1-3 were recorded in dichloromethane (DCM) solution
(Fig. 2), and the corresponding data are compiled in Table S1
(ESIt). The spectra show intense Soret bands in the range of 320-
360 nm, and an intense Q-band, at 685 nm for 1, two broadened
Q-bands at 640 and 698 nm for 2, and at 631 and 696 nm for 3,
which were attributed to the m-n* transitions.”****° Unlike
["®"Pc],Eu (1) with a free radical peak at 492 nm, confirming
its m-radical nature, the isolated double-deckers 2 and 3 existed
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Fig. 2 Electronic absorption spectra of 1-3 (A—C) in DCM solution (solid
line) and the QLS films (dashed line).
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in the DCM solution in their anionic forms as reported
previously.’®3° Gradually replacing the [™'Pc] ligand by
[B“PPDzPz] from [™"Pcl,Eu (1) to [F**"DzPz]"*"Pc]Eu (2) and
[BYPhDzPz],Eu (3), the splitting of the Q-band in the spectrum of
the anionic form increased from 0 nm for 1, 58 nm for 2 to
65 nm for 3, reflecting the enhanced intramolecular n-n inter-
actions between the macrocycles provided by the diazepine
moieties.?® After fabrication into the QLS films, the electronic
absorption spectra at 450-500 nm of 1-3 were essentially
unchanged, which inferred that the ["®“Pc],Eu (1) still had a
n-radical nature, and [***"DzPz]["*"Pc]Eu (2) and [*"*"DzPz],Eu
(3) were still anionic in nature.*® However, it is worth noting that
the main Q band, the most intense, was red-shifted from 685 to
692 nm (7 nm) for 1, from 640 to 684 nm (44 nm) for 2, and from
631 to 638 nm (7 nm) for 3, indicating the formation of j
aggregates in the multilayers due to the strong exciton coupling
and a very strong interaction between the neighboring molecules
in one layer.** In addition, a remarkable red-shift of the Q band
in the QLS films of the heteroleptic 2 compared to homoleptic 1
and 3 was observed, indicating that stronger intermolecular
interactions between the neighboring double-decker molecules
existed in film 2 than those of both 1 and 3. These results
revealed that the degree of symmetry in molecule structure had a
great influence on the intermolecular interaction in solid films.

X-ray diffraction

To obtain information about the microstructure, X-ray diffraction
(XRD) patterns of the QLS films 1-3 were recorded. As shown in
Fig. 3, the QLS film 1 shows three well-defined diffraction peaks at
26 = 4.86° (1.82 nm), 9.48° (0.93 nm) and 14.0° (0.63 nm), which
were ascribed to the diffractions from the (001), (002) and (003)
planes, respectively. This indicated that the QLS film 1 consisted
of the regular repeating unit (actually a long-range molecular
order) across the c-axis of the unit cell (i.e., the direction perpendi-
cular to the tetrapyrrole rings).**** The average d space calculated
according to the Bragg equation was about 1.86 nm and corre-
sponded to the distance between two adjacent molecules of
["™®"Pc],Eu (1) in the direction perpendicular to the tetrapyrrole
rings. In the wide-angle region, an additional diffraction at
0.31 nm was present, which was attributed to the n-r stacking
distance between the tetrapyrrole cores of neighboring double-
decker molecules. As is already known, the good molecular
ordering with intensive intra/intermolecular n-n interactions is
certainly expected to enhance the capacity of charge transfer for
the semiconducting layers, which was verified again in a current-
voltage test (vide infra).> For films 2 and 3, the (001) Bragg peak of
the films occurred at ca. 4.37° and 5.53°, respectively, resulting in
layer spaces of 2.02 nm for 2 and 1.94 nm for 3. The QLS films of
both 2 and 3 also exhibited diffraction at 0.31 nm from the n-n
stacking between the tetrapyrrole cores of neighboring double-
decker molecules. Judging by the diagonal dimensions of the 1-3
molecules, 2.51, 2.90 and 2.94 nm, respectively, the orientation
angle between the phthalocyanine ring of the double-decker
molecule and the substrate surface was calculated as ca. 47.8°
ca. 44.2°, ca. 41.3° for 1, 2 and 3, respectively. This was in
agreement with the calculated results based on the polarized

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The X-ray diffraction patterns of the QLS films of compounds 1-3
(A—C) and schematic representations of the QLS films of 1-3 (insets of A—C).

UV-vis spectroscopy, 48.4°, 44.3°, 38.4° for 1, 2 and 3,
respectively,® (see Fig. S1 and Table S2, ESI). Consequently,
the orientation of the double-decker molecules in films 1-3 were
nearly parallel to the substrate surface in the J-aggregation mode
with an “edge-on” conformation (see insets of Fig. 3). Moreover, a
comparison of the (001) diffraction peaks for the QLS films 1-3 in
the XRD patterns revealed that the lower film-crystallinity of 2 and
3, was probably due to the substituents of diazepine heterocycles
introduced into the periphery of the tetrapyrrole ring, and the
lowest film crystallinity, would negatively impact on the charge
transport.

SEM surface topography

In order to observe the surface morphology of the films 1-3, the
scanning electron microscopy (SEM) was used. As shown in

Mater. Adv,, 2023, 4,1515-1522 | 1517
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Fig. S2 (ESIi), a well-defined membrane structure with a
gradually reduced nanoparticle size from 1 to 2 and 3 was
observed on the respective QLS films, with the smallest nano-
particles achieved for 3. From the nanoparticles formed in the
QLS films, the film crystallinity increased in the order of 1 >
2 > 3, which was consistent with the results of the XRD patterns
and a previous report,>* further confirming the negative effect of
diazepine heterocycles on the crystallinity of the molecular aggre-
gates. It is worth noting that the smaller the particles, the larger the
specific surface area, and the more binding sites, which is favorable
for combining the gas molecules, and thus, facilitates the gas-
sensing performance.

Ultraviolet photoelectron spectroscopy (UPS) analysis

To obtain the energy levels of the QLS films 1-3, UPS analysis
and vis-NIR absorption spectra were recorded (see Fig. S3,
ESIi). He I (21.22 eV) was used as the energy source in the
UPS analysis. According to the method in the literature,*® the
HOMO and LUMO energy levels of the films 1-3 were estimated
to be about —5.69 and —4.42 eV for 1, —4.35 and —3.33 eV for 2,
and —4.36 and —3.23 eV for 3, respectively, which simulta-
neously have the energy range required for p-type and n-type
organic semiconductors,””*° indicating the ambipolar semicon-
ducting nature of these three sandwich tetradiazepinoporphyr-
azinato/phthalocyaninato europium double-decker complexes.
The potential gap was in good agreement with results from the
literature, 1.27, 0.99, 1.12 eV for ["*“Pc],Eu (1), [****DzPz]["*"Pc]
Eu (2) and [®"*"DzPz],Eu (3), respectively.?*>°

Current-voltage (I-V) characteristics

In order to determine the conductivity of materials, the current-
voltage (I-V) curves were measured. As shown in Fig. 4, all the
devices exhibited good Ohmic behavior at a low bias voltage,
which confirmed the good electrical contact between the organic
self-assemblies and electrodes. Furthermore, the current
increased in the order of film 1 > film 2 > film 3. The estimated
electronic conductivity (¢) was about 6.84 x 107>, 3.90 x 10>
and 8.63 x 10°®S em ™ for the QLS films 1, 2 and 3, respectively.
The highest film conductivity was found for complex 1 and
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Fig. 4 Representative |-V curves of the QLS films of compounds 1-3.
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should be attributed to highest ordered molecular arrangement
and immediate n-stacking with the adjacent ["®"Ph],Eu mole-
cules. Conversely, complex 3 having the largest number of
diazepine heterocycles showed the lowest conductivity, which
indicated that the number of diazepine heterocycles played a
critical role in tuning the intermolecular stacking, which then
impacted on the electrical conductivity of the materials.

Sensor performance measurements

To assess the applicability of the gas sensing properties, the gas
sensing response was determined from the change of current
before and after gas injection. Fig. 5 shows the dynamic curves
of the current change of the devices fabricated on QLS films 1-3
before and after injection of 20-900 ppb NO,, 1-12.5 ppm NHj,
and 100-600 ppb H,S in a N, atmosphere at room temperature.
The original experimental curves are shown in Fig. S4 (ESI}).
The dynamic exposure period was fixed at 1 min (with a 1-
2 min full recovery times) for all three gases. As shown in the
Fig. 5A-C, the current of the QLS films 1-3 decreased when the
NO, gases contacted with the sensor, and increased during
recovery, which was consistent with the n-type sensing behavior
previous reported in the literature.*>*" Interestingly, when the
electron-donating gas NH; (1-12.5 ppm), contacted with the
sensors, the current of QLS films 1 and 2 still decreased, and in
an H,S (100-600 ppb) atmosphere, the current of QLS films 2
and 3 decreased. This can be explained by the fact that when
the NO, molecules of the oxidizing gas were adsorbed on the
surface of the semiconducting active layer as the electron
acceptors, the density of the positive charge carriers increased,
resulting in a current decrease for the n-type semiconductor.
For the reducing gases, NH; and H,S, the electrons will
combine with the holes, resulting in a current decrease for
the p-type semiconductor.'®*>** Therefore, the ambipolar
(n- and p-type) response to the oxidizing NO, and the reducing
NH; and H,S was revealed for films 1-3, which was consistent
with the results of the UPS analysis.

The relative response was calculated for each concentration
in order to quantitatively determine the sensor responses by
using the following expression:

RR(%) = [(Io — I)/Io] x 100

where I, is the original current value before gas injection, and I¢
is the current value at the end of the 1 min exposure period. As
shown in Fig. 6, the sensor response of QLS films 1-3 were all
linear with concentrations of NO,, NH; and H,S in the ranges
of 20-900 ppb, 1-12.5 ppm and 100-600 ppb, respectively. The
adjusted R* were all larger than 0.97. Thus, such films could be
used to determine the concentration of the three gases quanti-
tatively. The sensitivities of QLS films 1, 2 and 3 were calculated
using the slope of the curve (in % ppm ') of the linear fit, and
were about 26.70, 46.84 and 18.31 for NO,, 0.20, 0.39 and 0 for
NH;, and 0, 2.34, 1.62 for H,S, respectively, which is summar-
ized in Table S3 (ESI%). As is already known, NO, is a strong
oxidizing agent, which can directly neutralize the negative free
charge carriers in the material. The response is very sensitive
and the detection limit is relatively low. In contrast, the H,S

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The time-dependent current plots for the QLS films of compounds 1-3 (A-I) exposed to toxic gases at various concentrations (exposure: 1 min),
while the bottom rectangular pulses for each current plot represent the gas concentration as a function of time. A, B and C is exposure to the oxidizing
gas NO; in the range of 20-900 ppb, D, E and F is exposure to the reducing gas NHs in the range of 1-12.5 ppm, and G, H and | is exposure to the

reducing gas HS in the range of 100-600 ppb.

and NH; interact with the nitrogen atoms of the diazo com-
pounds by an acid-base interaction, and the different strengths
of the interaction forces lead to different sensitivities and
detection limits. Impressively, QLS film 2, because of a moder-
ate film-crystallinity, conductivity and binding sites, showed a
more superior sensing response than those of 1 and 3 for the
detection of both the oxidizing gas NO, and the reducing gases
NH; and H,S. Meanwhile the QLS film 1 with the highest
film-crystallinity and conductivity exhibited a higher response
towards NO, and NHj, than those of 3, but a negligible response
to H,S. Despite the poor film-crystallinity and conductivity, QLS
film 3 with the larger number of diazepine heterocycles showed a
response to both NO, and H,S, but not to NH;. This indicated
that the diazepine rings from the double-decker possessed basic
electron-rich nitrogen centers that bind more strongly to the
partially acidic NO, and H,S gases. It was apparent that the
observed various responses to the three toxic gases indicated
that the synergistic effect between film-crystallinity/conductivity
and binding sites imparted the best gas-sensing performance of
QLS film 2 in terms of both sensing response to the three gases
and the highest sensitivity films of 1-3.

Sensor array construction

As reported previously, the conductivity of films 1-3 were all
decreased during exposure to both oxidizing and reducing
gases, which was an obstacle to specifically discriminating

© 2023 The Author(s). Published by the Royal Society of Chemistry

these three gases (NO,, NH; and H,S). However, from the response
selectivity of compounds 1-3, a sensor array was constructed to
distinguish between these three toxic gases. It was very easy to
clearly distinguish three gases according to the qualitative
current change map shown in Table S4 (ESIf), where a green
spot represents the current decrease, and a red spot represents
a poor current change. It was easily inferred that much larger
current decrease from sensors 1-3 with three green spots meant
that the atmosphere was NO,, and the poor current change with
the red spot of 3 meant NH; gas, and of 1 meant H,S gas.
Meanwhile, according to the comparison of recently reported
sensor arrays*®*® listed in Table S5 (ESIf), the sensing array
fabricated in this research shows promise for use in room-
temperature detection and discrimination of ultra-low concen-
trations of NO,, NH; and H,S gases.

The stability of the sensors to the three toxic gases should be
concerned in order to improve the future practical applications.
As shown in Fig. S5 (ESI%), all three devices show excellent
stable sensing behavior and the quite good reproducibility
(~500 ppb NO,, 12.5 ppm NH; and 300 ppb H,S) after five
cycling tests. Furthermore, the concentration detection range for
the three toxic gases have also met the required standard for
outdoor air quality control and public health (39-117 ppb NO,,
1.3-6.6 ppm NH; and 20-395 ppb H,S) in China and the USA,*®
which suggests the highly practical application potential of the
present sensor array in quantitatively determining air pollutants.

Mater. Adv., 2023, 4,1515-1522 | 1519
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Fig. 6 Sensor response varies linearly with the NO,, NHz and H,S

concentrations of the QLS films of compounds 1-3. The slope (% ppm™,

R? > 0.97) for each may be used as a measurement of the sensitivity of
the sensor.

Conclusions

The QLS films 1-3 used as chemiresistive sensors, exhibited
a sensitive response to NO,, NH; and H,S in the 20-900 ppb,
1-12.5 ppm, 100-600 ppb ranges, respectively, with the sensor
responses obeying first-order analyte-film interaction kinetics.
According to the different sensing behaviors of QLS films 1-3, a
sensor array was constructed to discriminate between the
oxidizing gas (NO,) and the reducing gases (NH; and H,S) with
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high sensitivity, high selectivity and excellent reversibility and
reproducibility even at room temperature, showing the promis-
ing practical application potential of the present sensor array in
quantitatively determining air pollutants. It was found that an
ingenious combination of the diazepine heterocycles possessing
effective active sites to bind analytes, and the phthalocyaninato
ligand having a large conjugated n-system to promote the charge
transport, play a decisive role for the improvement of sensing
performance of the organic semiconducting molecules. The
present study not only presents a promising sensor array for
the room-temperature detection and discrimination of ultra-low
concentrations of NO,, NH; and H,S gases by using ambipolar
organic semiconductors, but more importantly provides a new
way for the preparation of high-performance sensor devices with
a combination of a reasonable molecular design and a low-cost,
self-assembly device fabrication technique.
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