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A two dimensional (2D) redox active donor-acceptor COF made
of triphenylamine (TPA) and naphthalenediimide (NDI) acted as an
efficient hydrogen chemisresistor and performed better than
traditional metal oxides. Calculations have shown that the charge
transfer interaction between H, and an NDI linker through a
carbonyl functionality enables a change in the resistance of the
material upon exposure to H; gas.

Covalent organic frameworks (COFs) are a versatile class of
crystalline porous organic polymers which have been drawing
the interest of researchers from a wide range of areas since
their discovery in 2005 by Yaghi et al.' COFs are acclaimed for
multiple applications like gas storage,” supports for catalysts,’
adsorption and separation of gases,* energy storage,” opto-
electronics® and very recently in sensing.” Two dimensional
(2D) COFs in particular have gained much attention due to
their interesting electronic and optical properties because of
their extended in-plane m-conjugation. Uniform distribution
of active functionalities over these extended frameworks
increases the analyte interaction during sensing applications
and ensures proper signal transduction.® Although COFs have
been widely studied as sensors based on fluorescence and
absorption mechanisms,”"® COF based chemiresistive sensors
are few.

Sensors based on the measurement of change in the
resistance upon exposure to analyte gas, ie. chemiresistors,
are much simpler, and miniaturization can be done quite
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easily.'" In this direction, Q. H. Wang et al. have reported for
the first time the use of COFs for the detection of NH; using
covalent triazine framework (CTF)'** based COFs.
Subsequently, COFs containing imine,"*” heptazine'* and
truxene'?? linkages are used for sensing NH;, NO,, humidity,
etc. Although these latest studies highlight the potential of
COFs for chemisresitive gas sensing, looking at the diverse
COFs available in the literature, the area is still in an early
stage (only 8 studies so far, to the best of our knowledge).'**™
For instance, redox active COFs have not been explored in
this direction. Also, neat COF based H, sensors are yet to be
developed. H, is an emerging alternative source of clean
energy and at the same time, it is highly flammable at
concentrations above 4% in air."® Pd based chemisresistive
H, sensors have been widely reported due to good affinity of
Pd towards H,. Although most of the Pd based sensors
exhibit quick response, the recovery times are not
appreciable."® Further, Pd is an expensive metal, which
warrants the development of cost-effective H, sensors that
are devoid of expensive metals like Pd, Pt, etc.

In the present study, a chemiresistive sensing device is
fabricated using a colloidal dispersion of an exfoliated redox
active  COF  constructed from  naphthalene-1,4,5,8-
tetracaboxylic dianhydride (NDA) and tris(4 aminophenyl)
amine (TAPA), NDA-TAPA COF (NT COF) as a sensing
element. The NT COF is a 2D crystalline porous polyarylimide
well known for its high redox activity."* The regular
arrangement of electron donor units (triphenylamine, TPA)
and electron acceptor units (naphthalenediimide, NDI) in the
framework makes this material attractive for electronic
applications.’®” Notably, this COF with robust cyclic imide
linkages and strong m-m conjugation has high thermal and
chemical stability."* Keeping its structural and intrinsic
properties in mind, we reasoned that this COF could be a
suitable candidate for the chemiresistive detection of
reducing gases like H,.

The NT COF was synthesised by a solvothermal method
where the imidization of precursors, namely naphthalene-
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1,4,5,8-tetracarboxylic dianhydride (0.15 mmol) and tris(4
aminophenyl)amine linker (0.10 mmol), was carried out
under controlled conditions following the literature
procedure’® (Fig. 1a). Bulk COF powders typically consist of
insoluble microcrystalline aggregated particles that are
difficult to disperse in a suitable solvent, leading to
challenges in processability of bulk COFs, which in turn
becomes a critical aspect in electronic device fabrication."”
Since COF layers are held together by weak forces, they can
be brought into solvents by using apt exfoliation methods.
Among various reported exfoliation methods,'® we employed
the acid exfoliation method for delaminating the layers of the
NT COF, to obtain the exfoliated NT COF hitherto named as
eNT COF. The acid exfoliation procedure involves vigorous
stirring of the NT COF in a mixture of anhydrous acetonitrile,
anhydrous tetrahydrofuran and trifluoroacetic acid (7:3:2
ratio). A similar methodology was previously used for the
exfoliation of imine based COFs."”

The PXRD pattern of the eNT COF suggests that the crystal
structure of the bulk 2D COF is majorly intact even after
exfoliation, suggesting insignificant structural
rearrangements.”® However, a new reflection at 260 = 28.5°
corresponding to an interlayer distance of 0.31 nm is
observed which probably appeared due to the restacking of
layers during exfoliation®' (Fig. 1b). In the FT-IR spectra, the
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retention of peaks at 1714, 1668 and 1352 cm ' confirms the
intactness of the imide linkage in the eNT COF** in
comparison with the bulk NT COF (Fig. 1c). We also noticed
the appearance of new peaks at 1640 and 3435 cm ' which
can be attributed to the conversion of some of the imide
linkages in the NT COF to amic acid linkages during
exfoliation (Fig. S6 in the ESI{).*® Nevertheless, Raman
spectral bands observed in the case of NT COF remain
unchanged in eNT COF, suggesting the intactness of the COF
structure even after exfoliation (Fig. S7 in the ESIT). The eNT
COF maintained an uninterrupted n-conjugation in the
framework similar to the parent material. The UV-visible
spectrum of eNT COF showed a broad absorption peak that
extended up to 800 nm, similar to the bulk NT COF (Fig. S8
in the ESIf), whereas the absorption by the monomers is
largely restricted to 250-400 nm range. This indicates the
presence of delocalized m-conjugation in eNT COF (Fig. 1le).
The fast Fourier transform (FFT) image generated from the
HRTEM data shows diffraction spots corresponding to lattice
spacings of 0.39 and 0.31 nm. The 0.39 nm lattice spacing
matches with dyy; of NT COF, whereas 0.31 nm (26 = 28.5) is
assigned to a new interlayer distance that has been created
due to acid exfoliation (Fig. 1d). Atomic force microscopy
(AFM) images reveal the thickness of nanosheets in the range
of 17 to 20 nm which supports the exfoliation of the bulk
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Fig. 1 a) Schematic illustration of the structure of the NT COF showing the solvothermal synthesis of the NT COF, acid exfoliation of the NT COF
(eNT COF) and chemiresistive hydrogen gas sensing device using eNT COF. b) Powder X-ray diffraction (PXRD) patterns of bulk and eNT COFs. c)
Fourier transform infrared spectroscopy (FTIR) comparison spectra of bulk and eNT COFs. d) High-resolution TEM (HRTEM) image of eNT COF
(inset shows the fast Fourier transform (FFT) image of the selected area). e) UV-visible spectra of monomers and eNT COF with the inset showing
digital photographs of bulk NT COF powder and the Tyndall effect in the colloidal dispersion of eNT COF. f) Atomic force microscopy image of
eNT COF indicating thickness; insets show the height profiles for a few grains.
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COF to few-layer-thick 2D sheets (~40-50 layers)
(insets of Fig. 1f show the height profiles of a few grains).
Further, FESEM analysis of the drop-cast colloidal
dispersions of eNT COF revealed interconnected flattened
flakes (Fig. S5 in the ESIf). The solid state CP-MAS “*C NMR
spectrum of eNT COF exhibited a characteristic resonance at
163 ppm corresponding to the carbonyl carbon of the imide
ring and additional signals observed at 110 to 150 ppm
represent the aromatic carbon backbone (Fig. S9 in the ESIY).
The C NMR spectrum of eNT COF was found to be
consistent with those in earlier reports.”?

To assess H, sensing functionalities of the COF materials,
interdigitated Au electrodes (IDEs) having 10 pairs of fingers
with a 100 pm spacing were used. The sensing experiments
were carried out using a home built setup described in
Scheme S1.f The bulk NT COF was suspended in ethanol and
drop-cast on an IDE at 60 °C under a N, flow (500 sccm)
which is heated to 80 °C in order to obtain an active layer/
film. Initially, the bulk NT COF was exposed to 1% H, at 200
°C and 1 V bias was applied across the electrodes. The bulk
COF did not respond to H, gas, rather it exhibited a noisy
baseline (Fig. S16 in the ESIf). Bulk COF powders possess
voids or huge grain boundaries between the particles. This
can block electron mobility and hinder signal transduction."”
Under similar conditions, IDE devices consisting of eNT COF
as the active component (Fig. 2a, inset) exhibit a clear
response to H, gas with a sensing response of 30.7 + 0.26%
with 4.5 + 0.6 s and 3.9 + 0.3 s response and recovery times
respectively (Fig. 2a). The exfoliation provides good contact
between COF particles and easy access to the active sites
which facilitates the interaction of analyte gas with the COF
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Fig. 2 Dynamic H, gas sensing performance of eNT COF. a) H, gas
sensing curve of eNT COF at an optimum temperature of 200 °C; the
inset shows the sensing device in a probe chamber. b) Response and
recovery curve of eNT COF at optimum temperature with 1% H
concentration. c) Concentration effect of H, from 1 to 0.2% at 200 °C.
d) Response % versus concentration plot of eNT COF.
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in a favourable manner.>® Fig. 2b shows the response-
recovery cycle profile of the eNT COF-based sensor recorded
at 200 °C and 1 V bias upon exposure to 1% H, gas. The
sensor is found to be recyclable at this temperature with
>99% recovery (Fig. S15, Table S4 in the ESIT). Further, to
evaluate the characteristics of the present sensor, studies are
carried out at temperatures ranging from 80 °C to 250 °C. At
80 °C, the percentage response (R%) is measured to be 60.0
with response and recovery times 4.5 + 0.6 s and 3.9 + 0.3 s
respectively (Fig. S17 in the ESI}). With the increase in
temperature, we noticed less noise and more stable baselines
owing to the increase of electron density in the conduction
band. Later, the temperature is increased further from 100 °C
to 250 °C with an interval of 50 °C. The sensing data
obtained at 100 °C and 150 °C are given in Fig. S18 and S19,
and Table S5 and S6 in the ESIT respectively. At 200 °C, the
SNR improved by 7 fold as evident from Fig. 3a. However, a
further increase in temperature to 250 °C (Fig. S21 in the
ESIt) resulted in the reduction of both R% and SNR values.
Thus, 200 °C is found to be the optimum temperature for
eNT COF that would exhibit better performance. The sensor
was exposed to different concentrations of H, gas ranging
from 1 to 0.2% at 200 °C (Fig. 2c). A good linear relationship
was obtained between R% and concentration of H, with R* =
0.97 (Fig. 2d). The R% increases from 7.4 + 0.25 to 30.7
0.26 with the increase in concentration of H, from 0.2 to 1%.
It can be noted that there is only a marginal increase in the
response time from 3.2 + 0.8 s to 4.5 + 0.6 s and recovery
time from 3.7+ 1.5 s to 3.9 = 0.3 s with the increase in
temperature. The limit of detection (LOD) of eNT COF is
found to be 0.14% (section S8 in the ESIf). The overall
sensing data are given at 200 °C in Fig. S20 and Table S7 in
the ESLt The performance of the eNT COF chemiresistor for
H, sensing is superior to those of many traditional metal
oxide (SnO,, ZnO, WOs;, etc.)25 based sensors as shown in
Table S2 in ESL} Further, PXRD, FT-IR, and Raman spectra,
and UV-visible spectral data for eNT COF after H, sensing
were collected (Fig. S10 in the ESIT). These data ascertain
insignificant changes in the structure of eNT COF after H,
sensing, suggesting the robustness of eNT-COF to realize
durable sensors.
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Fig. 3 a) Comparison of response % versus signal-to-noise ratio of the
eNT COF gas sensor at different temperatures. b) Molecular
electrostatic potential plot of the optimized binding site.
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To obtain an insight into the sensing mechanism of eNT
COF, DFT calculations are carried out by considering the
structural models of the monomer using the Gaussian 09
package (computational details are given in the ESIf). The
HOMO is localised on the TPA unit (donor) and LUMO on
the NDI unit (acceptor).'® Further, the calculations suggested
electrostatic interactions primarily between H, and the
carbonyl oxygen atoms (with a distance of 2.710 A) of the NDI
linker with an associated binding energy of -2.2 kcal mol™
(Fig. 3b). The computed partial Mulliken charge shows the
charge transfer from an H, molecule to an oxygen atom of
NDI (Table S3 in the ESIT). Notably, when the model system
was subjected to a uniform electric field of 0.001 V A™, the
relative negative charge on the carbonyl oxygen atom of NDI
increased. As a result, the electrostatic interaction between
oxygen and H, increased, by ~0.5 kcal mol™". Nevertheless,
the interactions between the framework and H, are
reversible, and the charge transfer direction supports the
observed negative sigmoidal response.

Overall, the first COF based H, sensor with attractive gas
sensing characteristics has been successfully developed
using a structurally rich redox active NT COF. The bulk NT
COF powder has been converted into a colloidal suspension
using an acid exfoliation method in order to increase the
processability for device fabrication. Although eNT COF
could sense H, at 80 °C, a good trade-off between the
signal-to-noise ratio and response (R%: 30.7 + 0.26, SNR =
65) was achieved at 200 °C. The performance noted for eNT
COF is superior to those for several widely studied metal
oxides. DFT calculations have suggested that a carbonyl
oxygen of the NDI linker interacts reversibly with H,
through a charge transfer from H, to the carbonyl oxygen of
NDI. This was also supported by the Mulliken charge
analysis. Overall, the study demonstrates the first COF
based H, sensor and expands the scope of applicability of
COFs for chemiresistive sensing.
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