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ction-manipulated metal–organic
crystalline nanotube array for gas sensing†
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Although having attracted growing interest, the design and preparation of metal–organic crystalline

nanotube arrays (MO-CNAs) remains a challenge. Herein, a Pb/S metal–nonmetal secondary

interaction strategy was proposed to prepare a Pb(II)-based MO-CNA (Pb-HTT), endowing Pb-HTT with

high thermal/chemical stability, a porous structure, and open metal sites. With unique unsaturated metal

centers for guest accommodation, Pb-HTT exhibited the best sensing performance with both response

time <0.1 min and theoretical limit of detection <0.1 ppb in comparison to all reported room-

temperature NO2 chemiresistive sensing materials. It also showed highly selective sensing toward NO2

among 10 interfering gases. The experimental XANES data and theoretical calculation verified the exact

active sites of Pb centers on Pb-HTT and revealed the sensing mechanism. Notably, this study not only

provides a useful metal–nonmetal secondary interaction strategy for the construction of MO-CNAs, but

also accelerates the application of semiconducting CNAs in structure-directed functional electronic

devices.
Introduction

The great success of carbon nanotubes, especially in elec-
tronics, has sparked off the syntheses of many novel nanotube-
structured materials for exploring broader and better applica-
tions.1 Enormous effort has been put into developing crystalline
nanotube arrays (CNAs), which provide phase-pure nanotubes
and atomic-level precision in structures.2–5 At present, some
inorganic,6,7 organic,8,9 and metal–organic CNAs10–12 have been
prepared, but unlike carbon nanotubes, few CNAs show elec-
tronically conducting properties, let alone the potential for
application in electronic devices.
ght Industry, Guangdong University of

. China. E-mail: junhe@gdut.edu.cn;

stry, Fujian Institute of Research on the

Sciences, Fuzhou, 350002, P. R. China.

angdong Laboratory, Shantou, 515063, P.

Beijing, 100049, P. R. China

oratory for Optoelectronic Information of

(ESI) available: General experimental
R spectra, XPS, FT-IR, TGA, BET, CBM,
ation and crystal data (CIF). CCDC
a in CIF or other electronic format see

is work.

f Chemistry 2023
Metal–organic crystalline nanotube arrays (MO-CNAs) are
constructed by the coordination bonds among organic ligands
and metal ions.13,14 MO-CNAs also refer to the discrete ones
without any coordination or covalent bonds to neighboring
tubes. Compared with other CNAs, MO-CNAs have more
specially designed structures and intriguing physical/chemical
properties.2,15 However, due to the complicated coordination-
bond formation during the self-assembly process, the design-
able synthesis of MO-CNAs via bottom-up or in situ approaches
still faces a great challenge. The main difficulty lies in the fact
that the construction of a one-dimensional (1D) channel and
blocking the coordination among neighboring nanotubes
should be achieved simultaneously to generate MO-CNAs.
Innite 1D channels can be obtained from the well-explored
coordination assembly of exible helical,16–18 macrocyclic,19–21

and multitopic12,22–24 linkers with related metal ions.25 However,
most metal ions adopt a multi-coordination mode and hence
2D and 3D coordination polymers are preferred over 1D MO-
CNAs. To tackle this issue, ancillary terminal ligands (H2O,7,26

DMF,27 ethylenediamine (EDA),28 N-methylformamide,29 etc.)
are used to occupy the partial coordination sites of metal ions to
terminate further coordination. However, the introduction of
these secondary ligands oen leads to a more complicated and
uncontrollable coordination assembly, hindering the formation
of the target structure. Moreover, these secondary ligands
saturate the coordination number of the metal ions, impeding
MO-CNAs in applications utilizing the open metal sites, such as
in catalysis and sensing. A structure-design strategy to construct
J. Mater. Chem. A, 2023, 11, 11463–11470 | 11463
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MO-CNAs with accessible open metal sites is thus extremely
desired.

Secondary interactions refer to those with a strength weaker
than coordination bonds or covalent bonds.30,31 Some common
secondary interactions based on metal–metal or nonmetal–
nonmetal units, such as hydrogen bonds,32,33 p–p stacking
interactions,34,35 and silver–silver interactions,36 have been
employed for the construction of supramolecular structures.
Nevertheless, metal–nonmetal-based secondary interactions
with a stronger strength than hydrogen bonds and p–p stack-
ing, are rarely taken into account for structure construction,
especially for MO-CNAs design. This kind of secondary inter-
action is, however, benecial to “saturate” the coordination
number of metal sites, while the longer metal–nonmetal
distances can provide extra space for guest species to interact
with the unsaturated metal sites.

In this work, we propose the rst use of a metal–nonmetal-
based secondary interaction strategy for constructing MO-
CNAs to meet the above-mentioned challenges. The heavy p-
block Pb(II) ion was selected as the metal species due to its
variable coordination-bond distances, and non-covalent
secondary interactions with nonmetal atoms. The p-conju-
gated linker HTT6− (triphenylene-2,3,6,7,10,11-
hexakis(thiolate)) was selected since (1) its trigonal geometry
makes it an ideal m3-bridging ligand to build MO-CNAs, and (2)
the extended p-conjugated structure is well-known for building
semiconducting coordination polymers. Taking advantage of
Pb/S secondary interactions, the coordination between Pb and
HTT6− gave rise to a newMO-CNA, namely Pb-HTT (Fig. 1). With
accessible metal sites from the unsaturated coordination of Pb
centers, Pb-HTT was applied for chemiresistive NO2 sensing.
Gratifyingly, this represents the rst room-temperature NO2
Fig. 1 Single-crystal structure of Pb-HTT. (a) Three-connected linker
a single nanotube. Cylinder represents the inside channel after omitting
dination environment and secondary interactions of Pb1 centers. Blue an
respectively. (f) Simplified topology network. (g) Packing diagram of the n
yellow, N blue.
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sensing material with both a response time <0.1 min and
theoretical LOD <0.1 ppb. Notably, it is also the rst secondary
interaction-based CNA demonstrating an application in
structure-directed functional electronic devices.

Experimental section
Synthesis and activation of Pb-HTT

A 25 mL Schlenk tube was loaded with HVaTT (36.4 mg, 0.04
mmol) and then evacuated and back-lled with nitrogen gas
three times. Dry DMF (4 mL) and MeOH (4 mL) were bubbled
through with nitrogen for 5 min and injected in to the ask.
Then the mixture was sonicated until HVaTT was completely
dissolved. A solution of Pb(OAc)2$3H2O (45.6 mg, 0.12 mmol) in
ethylenediamine (8.0 mL) was bubbled through with nitrogen
for 5 min and then added into the Schlenk tube. The obtained
mixture was heated at 90 °C in an oven for 24 h followed by
allowing it to cool to room temperature naturally. Yellow
needle-like crystals were thus collected, which were washed
with DMF (3 × 5 mL), methanol (3 × 5 mL), and acetone (3 × 5
mL), and evacuated at room temperature to obtain the as-
synthesized Pb-HTT. For activating the sample, the as-
synthesized Pb-HTT was soaked in acetone (replaced by fresh
acetone every 4 h) at 60 °C for 24 h, then separated and dried at
70 °C under vacuum. Elemental analysis found C (25.69%), H
(2.81%), and N (6.84%), thus tting the formula of [Pb5(-
HTT)2(C2N2H9)2]$3.2C2N2H8$0.39C3H7NO$0.95CH3OH$2H2O;
calculated: C (25.62%), H (2.93%), and N (6.64%).
Device fabrication

Gas sensor devices were fabricated by a typical drop-casting
method. Initially, a proper amount of the as-prepared Pb-HTT
HTT6−. (b) Y-type Pb3(HTT) coordination geometry. (c) Flank view of
EDA species. (d) Single nanotube viewed along the c-axis. (e) Coor-
d red dots represent intra-tube and inter-tube secondary interactions,
anotube array of Pb-HTT along c-axis. Atom color: Pb purple, C gray, S
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crystal was mixed with absolute isopropanol and ground in an
agate mortar to form a slurry. Then the slurry was coated on pre-
cleaned Ag–Pd interdigitated electrodes with a gap width of 200
mm, in which Al2O3 ceramic was used as the sensor substrate
(7 mm × 13.5 mm). The coated slurry was naturally dried to
form a uniform sensing layer at room temperature, while two
gold wires were attached to each side of the interdigitated
electrodes via a silver conductive paste. Then, the sensor devices
were aged in a vacuum oven at 60 °C for 1 h before the sensing
tests.
Gas sensing tests

The gas sensing tests were carried out on a homemade gas
sensing test system. A constant bias voltage of 5 V was applied
on the device while the current was measured by a source meter
(Keithley 2602B) in real time. We started the measurement by
purging the chamber with dry synthetic air (21% oxygen/79%
nitrogen) for 2 h. The gas ow of air and analytes diluted in air
was controlled at 600 sccm bymass ow controllers (MFCs). The
response value is dened as Ig/I0 − 1, where Ig is the device
current upon exposure to the gas analytes and I0 is the baseline
device current. The response or recovery time was dened as the
time taken to reach 90% of the total current value change.
Results and discussion
MO-CNA synthesis and structure characterization

The linker precursor 2,3,6,7,10,11-hexakis(pentanoylthio)tri-
phenylene (HVaTT)37 (Fig S1 and S2†) was elaborately selected to
mix with Pb(OAc)2 and then heated solvothermally in EDA/
MeOH/DMF. HVaTT was hydrolyzed in situ to HTT6− species
(Fig. 1a) and then coordinated to PbII ions,38 affording yellow
needle-like crystals of Pb-HTT (Fig. 2a, b and S3†). The structure
of Pb-HTT was determined by single-crystal X-ray diffraction
(SCXRD). It crystallized in the tetragonal system with the space
group P4/ncc (Table S1†). A solvent mask was calculated and
1478 electrons were found in a volume of 5911 Å3 per unit cell,
indicating the formula of [Pb5(HTT)2(C2N2H9)2]$3.5C2N2H8-
$0.4C3H7NO$CH3OH$2H2O for Pb-HTT. The asymmetric unit of
Pb-HTT consisted of three crystallographically independent PbII

ions with occupancies of 1, 1, and 1/2, one HTT6− linker, and
one coordinated EDA species in which one amino-group was
protonated for charge balance (Fig. S4†). HTT6− expectedly
served as a 3-connected linker bridging three PbII ions to form
Y-type Pb3(HTT) coordination geometry (Fig. 1b). This rigid
Pb3(HTT) plane was quite appropriate for acting as the nano-
tube wall through a tiling arrangement.

According to the search results for the CCDC database and
related papers (Fig. S5 and Table S2†), Pb/S secondary inter-
actions could be tentatively attributed to the interaction with
a Pb/S distance longer than 3.20 Å (ref. 39) and shorter than
the sum of Pb and S van der Waals radii of 3.80 Å,31,40 though the
lower limit uctuated slightly. It was this secondary interaction
that induced the formation of a single-wall nanotube contain-
ing a 1D channel of about 5.1 × 5.1 Å2 (Fig. 1c and d). In the
coordination environments of Pb centers, Pb1 is tricoordinated
This journal is © The Royal Society of Chemistry 2023
to two S atoms and one N atom, while Pb2 and Pb3 are
respectively four-coordinated and tricoordinated to S atoms
(Fig. 1e, S6 and S7†). All the Pb–S coordination bonds have
lengths less than 2.968 Å. Importantly, all these Pb ions have an
unsaturated coordination with considerable open sites. These
open metal sites are further stabilized by the abundant Pb/S
secondary interactions with the distance varying from 3.223 to
3.597 Å. In detail, Pb1 interacts with S4B, S1, S4C, and S2A with
the Pb/S distances of 3.314, 3.236, 3.223, and 3.597 Å, while
Pb2 interacts with S5B and S5D with the same Pb/S distance of
3.477 Å, and Pb3 interacts with S5D with the Pb/S distance of
3.317 Å. From a topological perspective, a metal center can be
dened as a 6-connected node which is in contact with six
nearest linkers and the nanotube can be simplied into a 1D
network (Fig. 1f).

Pb/S secondary interactions play important roles from the
intra-tube and inter-tube points of view (Fig. S8†): (1) endowing
the appropriate spatial orientation for Pb3(HTT) tiling by their
moderate strength and exible interaction distance. All these
three kinds of Pb ions are located in the connecting chains
while HTT6− linkers stand in the tiling planes, which ensures
a tetragonal geometry of the nanotube; (2) saturating some Pb
coordination sites and preventing the formation of a multidi-
mensional coordination structure. The secondary interactions
coupling with coordination bonds make the interaction
numbers of Pb1, Pb2, and Pb3 be up to 7, 6, and 4, respectively,
probably leading to a more stable 1D coordination framework.
Meanwhile, the accessible PbII metal sites serve as excellent
platforms for studying the role of the metal center on guest
molecule binding; (3) assisting the aggregation of 1D nanotubes
into a 3D MO-CNA structure and endowing this with a higher
robustness than in traditional MO-CNAs bearing weak
secondary interactions (e.g., hydrogen bonds) among neigh-
boring nanotubes.41,42 Notably, a large inter-tube channel (10.9
× 10.9 Å2) is formed by every four nanotubes (Fig. 1g). Calcu-
lated by the PLATON program,43 Pb-HTT was found to possess
a large porosity of 40.8%. Both the open metal sites and inter-
tube space provide sufficient conditions for interaction with
guest molecules.
General characterization

The elemental analysis (EA) data could be tted by the formula
of [Pb5(HTT)2(C2N2H9)2]$3.2C2N2H8$0.39C3H7NO$0.95CH3-
OH$2H2O for Pb-HTT, which is quite close to that obtained
from crystal data. EDA amount was also veried by 1H NMR
spectroscopy (Fig. S9 and S10†). Elemental mapping images
indicate that Pb, S and N elements are distributed uniformly
(Fig. S11†). X-ray photoelectron spectroscopy (XPS) analysis
demonstrates Pb 4f detailed spectra in Fig. S12b (see ESI).† The
peaks at 138.41 and 143.27 eV are assigned to Pb 4f7/2 and 4f5/2,
respectively, which correspond to the characteristic signals of
Pb2+.38,44 HVaTT and Pb-HTT differ in FT-IR spectra, indicating
the hydrolysis of linkers and successful coordination between
Pb2+ and HTT6− (Fig. S13†). Consistent PXRD patterns and
further Rietveld renement both suggested good phase purity of
as-synthesized Pb-HTT (Fig. S14 and S15†). High-resolution
J. Mater. Chem. A, 2023, 11, 11463–11470 | 11465



Fig. 2 General characterizations and studies of Pb-HTT. (a) Photograph, (b) SEM image, and (c and d) HRTEM images of Pb-HTT. (e) In situ
variable-temperature PXRD patterns of Pb-HTT varying from 30 °C to 350 °C. (f) PXRD patterns of Pb-HTT after treatment under different
conditions. (g) I–V voltammetric curves at different temperatures (inset: photograph of a single crystal equipped for the conductivity
measurement). (h) Arrhenius plots with linear fitting of log s to 1000/T. (i) Tauc plot. (j) Projected density of states (PDOS).
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transmission electron microscope (HRTEM) images show the
lattice fringes of (002) and (200) with a spacing of 0.954 and
1.376 nm, respectively (Fig. 2c and d).

Thermogravimetric (TG) curves indicate Pb-HTT is thermally
stable up to around 200 °C both in air and N2 atmosphere
(Fig. S16 and S17†), which is supported by the temperature-
dependent PXRD data (Fig. 2e). The framework remains intact
aer exposure to the air for 10 days or immersion in CH3CN,
DMF, triethylamine for 24 h (Fig. 2f). N2 adsorption and
desorption experiments at 77 K reveal that Pb-HTT mainly
belongs to type I isotherm (Fig. S18†), and the porous character
endows Pb-HTT with potential for guest accommodation.

The electrical conduction (I–V curves) was measured using
a two-probe method with single-crystal Pb-HTT at different
temperatures (Fig. 2g). The electrical conductivities at ambient
temperature (303 K) and 403 K were approximately 4.22 × 10−8

and 1.04 × 10−5 S cm−1, respectively. The good linearity of log s
to 1000/T indicated that electron conduction followed the
Arrhenius equation (Fig. 2h). The band gap of 2.08 eV estimated
from the Tauc plot (Fig. 2i) was quite close to the value of
2.01 eV predicted by density functional theory (DFT) calculation
(Fig. 2j and S19†).45,46 The temperature-dependent electrical
11466 | J. Mater. Chem. A, 2023, 11, 11463–11470
conductivity and appropriate optical band gap indicated the
semiconductive nature of Pb-HTT.

Gas sensing tests

At present, most chemiresistive gas sensing materials can only
achieve performance under high temperature, light irradiation
conditions, or in composite systems. It is still a large challenge
to construct single-phase gas sensors with high sensitivity, fast
response/recovery, and exclusive selectivity. With unique
secondary interaction-manipulated Pb centers and an acces-
sible inner-surface from the ordered 1D channels, Pb-HTT
could be expected to exhibit unprecedented room-temperature
sensing performance.

Herein, nitrogen dioxide (NO2) was selected as an analyte,
because it is an important air pollutant. Recently, it was also
found that there are positive associations between the long-
term exposure to ppb-level NO2 and the COVID-19 case-fatality
rate and mortality rate.47,48 The responses of Pb-HTT toward
NO2 vs. other gases of CO2 and CH4, were investigated using
a homemade sensor device at room temperature (Scheme S1†).
Pb-HTT showed the highest response to NO2, even compared
with the inference gases with a concentration 10 times higher
This journal is © The Royal Society of Chemistry 2023



Fig. 3 Gas sensing without light assistance. (a) Chemiresistive selectivity from 10 other kinds of interference gases. (b) Response and recovery
curves toward different concentrations of NO2. (c) Log–log linear fitting of the response–concentration plot. (d) Response and recovery curves
toward 5 ppb NO2. (e) Response and recovery time toward 10 ppm NO2. (f) Previously reported sensing materials with NO2 concentration less
than 1 ppm and response time within 0.4 min.
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than that of NO2, indicating its high selectivity (Fig. 3a). It also
exhibited a conspicuous response to a wide concentration range
(1–100 ppm) of NO2 with a theoretical limit of detection (LOD)
of 20.6 ppt with a response of 0.1 (Fig. 3b and c). Experimentally,
Pb-HTT could detect NO2 with a concentration as low as 5 ppb
(Fig. 3d and S20†). Moreover, Pb-HTT exhibited a very short
response and recovery time. For example, the response and
recovery time were only 0.04 and 0.4 min for 10 ppm NO2,
respectively, while they were 0.44 min and 0.77 min for 5 ppb
NO2 (Fig. 3e and S21†). Notably, without light irradiation, Pb-
HTT represents the rst room-temperature NO2 sensing mate-
rial with both response time <0.1 min and theoretical LOD
<0.1 ppb (Fig. 3f and Table S3†).49–61 Further, the framework
remained intact aer the sensing experiments according to the
PXRD patterns (Fig. 2f).
Sensing mechanism investigation

The semiconductive nature and strong Pb/NO2 interaction
may account for the sensing ability of Pb-HTT toward NO2. The
experimental XANES spectra of Pb K-edge were measured for
PbS, Pb-HTT, and Pb-HTT-NO2 (Pb-HTT treated with NO2)
(Fig. 4a). The Pb edges were quite similar in these three
samples, indicating the same valency of +2 for Pb. Specially,
a slight blue shi (from 13 042.5 to 13 042.8 eV) of the edge
energy was noticed on Pb-HTT-NO2 when compared with Pb-
HTT, suggesting a partial charge transfer from the Pb metal
center to NO2 molecules.62,63 A shortening of the average Pb–N
or/and Pb–S distances was observable in R-space, where Fourier
transform (FT) k3-weighted c(k) showed its distance moving
from 2.15 to 2.11 Å (Fig. 4b). The peak intensity increase at
This journal is © The Royal Society of Chemistry 2023
around 2.11 Å reected a slight framework rearrangement while
maintaining an ordered higher shells signal.64 Both the short-
ening of the above distances and the increase in peak intensi-
ties support the interaction between the Pb center and nitrogen
atom of the NO2 gas.65

DFT calculations were also performed to verify the sensing
process. The equilibrium lattice constants of the tetragonal Pb-
HTT unit cell were rst optimized when the k-point for Brillouin
zone sampling was used. Different positions of gas molecules
and the most energetically favorable congurations were then
considered for the adsorption of various molecules (NO2, SO2,
CO2, CO). The adsorption energies (Eads) of different gas mole-
cules on the surface of Pb-HTT were determined to be −0.63,
−0.27, −0.17, and −0.04 eV for NO2, SO2, CO2, and CO,
respectively (Fig. 4c–f and S22–S24†). Meanwhile, aer gas
adsorption, the number of electrons transferred from Pb-HTT
to the gas molecules was found to be 0.341, 0.074, 0.031, and
0.019 for NO2, SO2, CO2, and CO, respectively. The lowest
adsorption energy and largest electron transfer in the case of
NO2 could have been responsible for the highly selective
sensing of Pb-HTT to NO2 compared to the other gases. The DFT
results also indicated that the interaction sites were located at
the unsaturated Pb3 centers (Fig. 4c, d and 5). Both the exper-
imental and theory studies revealed the preferable sensing
ability of Pb-HTT to NO2 beneting from the secondary
interaction-manipulated unsaturated Pb centers and high
affinity. Based on the above consideration, a sensing mecha-
nism including the charge transfer state, saturation, and
recovery state was proposed (Fig. 5).
J. Mater. Chem. A, 2023, 11, 11463–11470 | 11467



Fig. 4 XANES results, DFT calculation, and proposed sensing mechanism. (a) Pb K-edge XANES and (b) FT of EXAFS spectra of PbS, Pb-HTT, and
Pb-HTT after exposure to NO2. Adsorption configuration of NO2 on Pb-HTT viewed along the (c) b-axis and (d) c-axis; electron density
difference of the corresponding model viewed along the (e) b-axis and (f) c-axis. Pink indicates electron accumulation and yellow indicates
electron depletion. The isovalue was set to be 0.0003 e Å−3.

Fig. 5 Proposed sensing mechanism of Pb-HTT toward NO2.
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Conclusions

In conclusion, metal–nonmetal-based secondary interactions
were proposed for the rst time to be a useful tool in structure
construction and demonstrated by the construction of a single-
crystal nanotubular array Pb-HTT. Considerable Pb/S
secondary interactions helped construct a 1D channel and
block the coordination among neighboring nanotubes simul-
taneously for the construction of Pb-HTT MO-CNA. Meanwhile,
Pb/S secondary interactions also endowed Pb-HTT with high
thermal/chemical stability and guest-accessible open metal
sites. Besides these, Pb-HTT also showed a typical semi-
conductive nature. As an exemplary application, Pb-HTT
exhibited the best sensing performances with both a response
time <0.1 min and theoretical LOD <0.1 ppb in comparison to
all reported room-temperature NO2 sensing materials. The
experimental XANES spectra and theoretical calculations
11468 | J. Mater. Chem. A, 2023, 11, 11463–11470
revealed the exact sensing active sites on Pb-HTT and the
sensing mechanism. The strategy employed in this work to
assemble MO-CNAs and the extraordinary chemiresistive gas
sensing performance of Pb-HTT undoubtedly shed light on the
rational design of functional MO-CNAs.
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