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on transfer and orbital interaction
within metalloporphyrin-MOFs for highly sensitive
NO2 sensing†

Er-Xia Chen,ab Liang He, a Mei Qiu,*c Yongfan Zhang, d Yayong Sun,a

Wen-Hua Li,a Jian-Ze Xiao,a Jie Chen,a Gang Xu *abe and Qipu Lin *aef

The understanding of electron transfer pathways and orbital interactions between analytes and adsorption

sites in gas-sensitive studies, especially at the atomic level, is currently limited. Herein, we have designed

eight isoreticular catechol–metalloporphyrin scaffolds, FeTCP–M and InTCP–M (TCP = 5,10,15,20-

tetrakis-catechol-porphyrin, M = Fe, Co, Ni and Zn) with adjustable charge transfer schemes in the

coordination microenvironment and precise tuning of orbital interactions between analytes and

adsorption sites, which can be used as models for exploring the influence of these factors on gas

sensing. Our experimental findings indicate that the sensitivity and selectivity can be modulated using the

type of metals in the metal–catechol chains (which regulate the electron transfer routes) and the

metalloporphyrin rings (which fine-tune the orbital interactions between analytes and adsorption sites).

Among the isostructures, InTCP–Co demonstrates the highest response and selectivity to NO2 under

visible light irradiation, which could be attributed to the more favorable transfer pathway of charge

carriers in the coordination microenvironment under visible light illumination, as well as the better

electron spin state compatibility, higher orbital overlap and orbital symmetry matching between the N-

2s2pz hybrid orbital of NO2 and the Co-3dz2 orbital of InTCP–Co.
Introduction

Understanding the atomic-scale sensing nature is essential for
enhancing performance and gaining mechanistic insight into
responses of analytes. Specically, charge transfer during the
gas sensing process and the interactions between analytes and
adsorption sites at the atomic-level are fundamental factors in
causing signal changes in gas induction.1,2 Although a variety of
gas sensitive materials, such as semiconducting metal oxides,3–5

metal dichalcogenides,6,7 graphene-based hybrids,8,9 and con-
ducting polymers,10,11 have attracted signicant attention in the
past few decades, their ambiguous structures or adsorption
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sites have limited the comprehension of the reaction processes
between gas-sensitive materials and analytes at the atomic level,
including electron transfer routes, electron spin states and
orbital symmetry/overlap between adsorbates and adsorption
sites, all of which have a microregulatory on gas-sensitive
properties.

As one of the emerging sensing materials, metal–organic
frameworks (MOFs) might be promising platforms to address
the issues because of their inherent features, such as well-
dened and tailorable structures, accessible adsorption sites,
high porosity and substantial surface areas.12–17 In line with our
discovery in 2014 that ZIF-67 and [Co(im)2]n have chemiresistive
behavior in detecting formaldehyde and trimethylamine,18,19

several chemiresistive sensors based on pure-MOFs have been
developed.20–25 For instance, Kalidindi et al. utilized an amine-
modied Zr-based MOF, NH2–UiO-66, to detect acidic gases
(i.e., SO2, NO2 and CO2) at the parts-per-million (ppm) level.26

Dincă et al. investigated a two-dimensional (2D) MOF, Cu3(-
HITP)2 (HITP = 2,3,6,7,10,11-hexaiminotriphenylene), with
high electrical conductivity and a detection limit of less
than ppm (sub-ppm) for NH3 vapor.27 Zuo et al. synthesized
a series of mixed-linker MOFs, which demonstrated adjustable
sensing performance for volatile organic compounds (VOCs) by
varying the ratio of mixed-linkers.28 In our research, we fabri-
cated a chemiresistive heterostructured MOF-based sensor by
integrating two types of MOF layer, achieving high selectivity
Chem. Sci., 2024, 15, 6833–6841 | 6833
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and response to benzene at room temperature.29 Although
MOFs have shown potential as sensitive materials for chemir-
esistive sensors, their interactions with gas (vapor) and the
effect of charge transfer routes withinMOFs during gas-sensing,
particularly at the atomic-level, remain unclear. Consequently,
it is still required to explore the inuence of these factors on
gas-sensitive properties by designing suitable MOFs.

The indirect (and direct) band gaps of typical semi-
conducting hematite (a-Fe2O3) and cubic indiumtrioxide (c-
In2O3) are ∼2.1 eV (∼3.3 eV) and ∼2.8 eV (>3.5 eV), respectively
(Fig. 1a–f).30–33 In the structures of a-Fe2O3 and c-In2O3, both Fe
and In adopt six-coordination patterns to form 1D Fe3+–oxo or
In3+–oxo chains. These chains are fused to produce 3D struc-
tures with the help of m4-O moieties (Fig. 1a, b and d–f).34,35

Meanwhile, metalloporphyrins have gained much attention in
the elds of molecular recognition, gas sensing and catalysis
due to their open and adjustable metal sites in the porphyrin
plane and excellent light absorption.36–39 Inspired by the
difference in band gaps (especially the indirect band gaps) and
structural features of a-Fe2O3/c-In2O3 and the characteristics of
metalloporphyrins, assembling In3+/Fe3+–oxo chains and suit-
able metalloporphyrin ligands into MOFs might offer a plat-
form for exploring the effect of electron transfer paths within
MOFs and orbital interactions between analytes and adsorption
sites during the gas response.

Under the guidance of theoretical simulation and calcula-
tion, we designed a series of isoreticular metalloporphyrinic
metal–catechol (MPMC) scaffolds, FeTCP–M and InTCP–M,
which feature In3+/Fe3+–oxo chains connected by catechol–
metalloporphyrin arrays (Fig. 1g–j, where TCP = 5,10,15,20-
tetrakis-catechol-porphyrin and M = Fe, Co, Ni, and Zn), to
Fig. 1 (a) The structure of a-Fe2O3; (b) the Fe–O chain in a-Fe2O3; (c)
In2O3; (d) the coordination configuration of Fe in a-Fe2O3 and In in c-In2O
structure of FeTCP–M; (h) In/Fe–catechol coordination chains; (i) cate
atoms are omitted for clarity, M = Fe, Co, Ni and Zn.

6834 | Chem. Sci., 2024, 15, 6833–6841
investigate the inuence of electron transfer routes within
MOFs and orbital interactions between analytes and adsorption
sites on the overall chemiresistive sensing. Remarkably, we
discovered that the sensing capability for NO2 can be efficiently
tuned by regulating the metal types in both the metal–oxo
chains and the porphyrin planes. Among these isomorphic
scaffolds, InTCP–Co exhibited the highest response and selec-
tivity toward NO2. This was attributed to several factors,
including the impact of visible light absorption, the preferable
electron transfer routes, a higher orbital overlap and suitable
matching of the orbital symmetry and electron spin state
between the N-2s2pz hybrid orbital of NO2 and the Co-3dz2
orbital of InTCP–Co.
Results and discussion

FeTCP–M and InTCP–M (M = Fe, Co, Ni, and Zn) were prepared
using the solvothermal method, as detailed in the ESI (Sections
S2 and S3†). Renement of experimentally obtained high-
resolution PXRD patterns (Fig. S1–S4†) established their iso-
structures.40 These structures consist of innite In3+/Fe3+–oxo
chains that are connected by eclipsed catechol–metal-
loporphyrin arrays (Fig. 1g–j). By manipulating the metal nodes
in the metal–catechol rods, the energy band structures can be
varied, which potentially inuence electron transfer patterns
and subsequently modulate the properties.23,27,40–44 Removal of
the coordinated molecules in the axial direction leads to
a planar tetragonal coordination geometry for the metals (Fe,
Co, Ni and Zn) centered in the porphyrin rings (Fig. 1i). The
different metal types in the porphyrin rings have distinct elec-
tron congurations, which could regulate the interactions
the schematic illustration of the indirect band gaps of a-Fe2O3 and c-

3; (e) the In–O chain in c-In2O3; (f) the structure of c-In2O3; (g) the 3D
chol–metalloporphyrin ligand; (j) the 3D structure of InTCP–M; all H

© 2024 The Author(s). Published by the Royal Society of Chemistry
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between (In/Fe)TCP–M (M = Fe, Co, Ni and Zn) and analytes,
thereby tuning the properties.45–47 Scanning electron micros-
copy (SEM) revealed a nanoplate-like grain morphology for (In/
Fe)TCP–M (Fig. S5 and S6†). The microporous nature of (In/Fe)
TCP–M was conrmed by N2 adsorption–desorption isotherms
at 77 K (Fig. S7–S10†). The Brunauer–Emmett–Teller (BET) and
Langmuir surface areas and pore size distribution are presented
in Table S1.† As shown in Fig. S11 and S12,† the UV/vis diffuse
reectance spectra (DRS) of (In/Fe)TCP–M demonstrated
a broad range of light absorption from 250 to 800 nm, indi-
cating that they can easily generate photogenerated charge
carriers under visible-light illumination.

The well-dened chemical structure, regulated electronic
structure, high porosity and gas uptake, and excellent visible
light absorption make FeTCP–M and InTCP–M (M = Fe, Co, Ni,
and Zn) suitable models for exploring the effect of charge
transfer routes within MOFs and orbital interactions between
adsorbates and adsorption sites on the chemiresistive sensing
performance under visible light irradiation. Experimentally,
FeTCP–M and InTCP–M (M = Fe, Co, Ni, and Zn) powders were
individually coated on interdigital electrodes and used as
sensitive devices (Fig. S13a†). The gas-sensing measurements
were conducted using a custom-built instrument with
a dynamic gas distribution system (Fig. S13b†), where the
current of the devices in various gaseous analytes was moni-
tored using a source meter (the details are in the Methods).

The real-time gas-sensing curves of FeTCP–M and InTCP–M
(M = Fe, Co, Ni and Zn) showed different response values to
10 ppm NO2 at room temperature under visible-light irradiation
(Fig. 2a). FeTCP–M (M = Fe, Co, Ni and Zn) demonstrated
response values of 179%, 156%, 163% and 160%, respectively
(Fig. 2a), indicating that the metal types in the porphyrin rings
exerted no signicant inuence on the response values for
Fig. 2 (a) The response values of FeTCP–M and InTCP–M sensors (M =
curve of InTCP–Co to 10 ppm NO2 with six consecutive cycles; (c) the
concentrations; (d) the plot of response value-concentration of InTCP–C
gases; (f) the stability of InTCP–Co to 10 ppm NO2 in 90 days.

© 2024 The Author(s). Published by the Royal Society of Chemistry
FeTCP–M. In contrast, the response values of InTCP–M were
substantially affected by the metal types in the porphyrin rings,
resulting in response values of 426%, 937%, 187% and 172%
forM= Fe, Co, Ni and Zn, respectively (Fig. 2a). Notably, InTCP–
M demonstrated a higher response value to 10 ppm NO2

compared to FeTCP–M with identical metal types in the
porphyrin rings, suggesting their different sensing mecha-
nisms. Among FeTCP–M and InTCP–M (M = Fe, Co, Ni and Zn),
InTCP–Co displayed the highest response value. Recycling
experiments of the real-time sensing curves for 10 ppm NO2

were conducted to evaluate the stability and repeatability of (In/
Fe)TCP–M. Their initial response values were maintained in six
successive assays, demonstrating good stability and repeat-
ability (Fig. 2b and S14–S20†).

NO2 concentration (40 ppb to 100 ppm) dependent
responses of InTCP–Co are presented in Fig. 2c, where InTCP–
Co exhibits excellent response/recovery performance over
a wide range of NO2 concentrations. The corresponding plot of
response vs. concentration of InTCP–Co towards NO2 displays
a good linear relationship (R2 = 0.982, Fig. 2d) within the range
of 40 ppb to 10 ppm. Fig. S21† shows that InTCP–Co has
a response time of 3.8 min and a recovery time of 13.1 min when
exposed to 10 ppm NO2. The relatively long recovery time may
be caused by the relatively strong affinity between NO2 and
InTCP–Co. To assess the anti-interference performance of the
InTCP–Co sensor in practical applications, the selectivity of
InTCP–Co was further evaluated by examining the response of
the sensor to various interfering gases at 100 ppm, including
ammonia (NH3), methylamine (CH3NH2), carbon dioxide (CO2),
carbon monoxide (CO), nitric oxide (NO), hydrogen sulde
(H2S), methane (CH4), ethylene (C2H4), methanol (CH3OH), and
benzene (C6H6). As shown in Fig. 2e, compared with NO2, the
response values of the interfering gases were negligible. Further
Fe, Co, Ni and Zn) to 10 ppm NO2; (b) the dynamic response–recovery
dynamic response–recovery curve of InTCP–Co to NO2 at different
o to NO2; (e) the response values of InTCP–Co to different interfering

Chem. Sci., 2024, 15, 6833–6841 | 6835
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experiments showed that InTCP–Co could still distinguish NO2

when NO2 was mixed with other gases (Fig. S22†), conrming
that InTCP–Co possesses excellent selectivity.

Additional reference experiments were conducted at
different temperatures without visible light irradiation. The
response of InTCP–Co to 10 ppm NO2 was notably ineffective
(Fig. S23–S28†), suggesting that visible photo-induced charge
carriers can improve gas sensing properties, whereas tempera-
ture has a negligible effect on gas sensitivity. When the cate-
chol–metalloporphyrin ligand (3,4-TDHPP–Co) was used as the
sensing material, the response value to 10 ppm NO2 was only
53% under the same operating conditions (Fig. S29 and S30†).
This nding indicates that assembling 3,4-TDHPP–Co into the
porous MOFs can effectively enhance gas sensitivity. Moreover,
aer three months, the original response value of InTCP–Co
towards 10 ppm NO2 was retained as demonstrated in Fig. 2f.
The PXRD patterns in Fig. S31† also illustrate the structural
integrity of InTCP–Co and its excellent long-term stability as
a sensor. These features indicate that InTCP–Co is a good
sensing material for NO2 at room temperature and under visible
light irradiation (Table S2†).

To unveil the impact of substitutable metal species in the
porphyrin rings and 1D coordination nodes on gas sensing
properties, we resorted to DFT calculations. The optimal cong-
urations for NO2 adsorption on FeTCP–M and InTCP–M (M = Fe,
Co, Ni and Zn) are presented in Fig. S39 and S40.† NO2 molecules
are adsorbed on the metals in the porphyrin rings in a V-shape
conguration. It can be seen from the charge difference density
maps (Fig. 3a and S41–S44†) that the charge density distributions
are different between NO2 and the adsorption sites of FeTCP–M
and InTCP–M (M = Fe, Co, Ni and Zn), indicating distinct inter-
actions between NO2 and (In/Fe)TCP–M (M = Fe, Co, Ni and Zn).
We further conrmed the different interplay between NO2 and (In/
Fe)TCP–M (M = Fe, Co, Ni and Zn) by N 1s XPS spectroscopy
(Fig. 3b and S32–S38†). Aer NO2 capture, two new peaks appear at
approximately 405.2 and 406.5 eV, respectively, when compared to
(In/Fe)TCP–M (M = Fe, Co and Ni) prior to the NO2 response
(Fig. 3b, S32, S33 and S35–S37†). The peak at a lower bonding
energy (∼405.2 eV) was assigned to NO2

− species and the peak at
a higher bonding energy (∼406.5 eV) was ascribed to NO3

− species
or NO2 (N2O4) chemisorbed on (In/Fe)TCP–M (M = Fe, Co and Ni)
in the molecular form,48–50 which is consistent with in situ diffuse
Fig. 3 (a) The charge difference density map of NO2 affined on InTCP–C
clarity); (b) the N 1s XPS spectra of InTCP–Co before and after the NO2 r
atmosphere.

6836 | Chem. Sci., 2024, 15, 6833–6841
reectance infrared Fourier-transform spectroscopy (DRIFT,
Fig. 3c). The emerging bands at 1207 and 1480 cm−1 belong to
NO2

− species.51–53 The bands at 1218, 1248 and 1306 cm−1 are
assigned to NO3

− species.51,54 However, no obvious changes were
observed in the N 1s XPS spectra of (In/Fe)TCP–Zn before and aer
NO2 sorption (Fig. S34 and S38†), suggesting that the interactions
between NO2 and (In/Fe)TCP–Zn were weaker than those between
NO2 and (In/Fe)TCP–M (M = Fe, Co and Ni).

To further explore the different interactions between NO2 and
(In/Fe)TCP–M (M= Fe, Co, Ni and Zn), we analyzed the density of
states (DOS) of theMPMC scaffolds before and aer NO2 capture.
As shown in Fig. 4a, there are no signicant changes in the total
density of states (TDOS) near the Fermi level of FeTCP–M (M =

Fe, Co, Ni and Zn) before and aer NO2 sorption, indicating the
weak orbital interactions between NO2 and the main orbital
compositions near the Fermi level. However, the TDOS of InTCP–
M (M = Fe, Co, Ni and Zn) show marked differences before and
aer NO2 sorption when changing the metal types in porphyrin
rings (Fig. 4b). The TDOS of InTCP–Zn remain essentially
unchanged, indicating weak orbital interaction between NO2 and
themajor orbital compositions near the Fermi level of InTCP–Zn.
This might be mainly attributed to the full occupation of Zn-3d
orbitals. The changes in the TDOS are substantial for InTCP–M
(M = Fe, Co, Ni) before and aer NO2 capture, especially around
the Fermi level, indicating that the orbital interactions between
NO2 and the dominant orbital components near the Fermi level
of InTCP–M (M = Fe, Co, Ni) are stronger.

The projected density of states (PDOS) of InTCP–M aer NO2

adsorption demonstrates that the orbital interactions between
NO2 and InTCP–M mainly derive from the sp2 hybrid orbital of
NO2 and the M-3dz2 orbitals of InTCP–M (M = Fe, Co and Ni,
Fig. 4c, d and S45–S48†). Further analysis shows that the M-3dz2
orbitals interacting with NO2 stem from the beta states (M = Fe,
Co and Ni, Fig. 4e, f, S45 and S46†). The crystal orbital overlap
population (COOP) is widely used to understand the bonding and
antibonding contributions of interacting components and its
integrated value (ICOOP) could reect the strength of the inter-
action.55,56 It can be seen from Table S3† that the interaction
between beta states of electron spin in M-3dz2 and NO2 follows
the order: InTCP–Co > InTCP–Fe > InTCP–Ni > InTCP–Zn, in line
with the sensitive response to NO2 under visible light irradiation.
Compared with visible light illumination, the temperature does
o (the other parts of the structure of InTCP–Co have been omitted for
esponse; (c) the in situ DRIFT spectra of InTCP–Co in a 100 ppm NO2

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The TDOS of (a) FeTCP–M and (b) InTCP–Mbefore and after the NO2 response (M= Fe, Co, Ni and Zn); (c) the TDOS and PDOS of InTCP–
Co before and after the NO2 response; (d) the PDOS of NO2 and Co-4s, Co-3p, Co-3d orbitals of InTCP–Co after the NO2 response; (e) the
PDOS of Co-4s, Co-3p and Co-3d orbitals of InTCP–Co before the NO2 response; (f) the PDOS of electron spin states in the Co-3dz2 orbital of
InTCP–Co.
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not signicantly affect the sensitive response to NO2 for InTCP–
Co. The reason may be that visible light can conduce to produce
photogenerated electrons, which can then jump into the unoc-
cupied Co-3dz2 orbitals, thereby enhancing the orbital interaction
between NO2 and InTCP–Co to improve the sensitive response to
NO2. But photoelectrons could not be produced under the dark
conditions or by heating. Therefore, the visible-light-driven
sensitive response to NO2 is higher than that in the dark or at
different temperatures. Although the PDOS of FeTCP–M aer
NO2 adsorption also manifests that the orbital interactions
between NO2 and FeTCP–M originate from the beta state of
electron spin in the M-3dz2 orbitals (M= Fe, Co, and Ni, Fig. S51–
S54†), the ICOOP values of the beta state of electron spin in M-
3dz2 orbitals and NO2 are different (Table S3†). It can be seen
from the PDOS of FeTCP–M (M= Fe, Co, Ni and Zn, Fig. S49 and
S50†) that the photoelectrons primarily transfer to the Fe–oxo
chains. Hence, the sensitive response to NO2 with the same
concentrations does not exhibit a notable difference under the
visible-light excitation for FeTCP–M (M= Fe, Co, Ni and Zn). This
indicates that the degree of orbital overlap, the electron spin state
in the orbital, the electron transfer routes in the microenviron-
ment within aMOF and visible light irradiation have a signicant
inuence on the sensitive response to NO2.

To reveal the selectivity of InTCP–Co to various analytes, we
conducted calculations to determine the optimal adsorption
congurations for ten typical interfering gases on InTCP–Co
(Fig. S55 and S56†). It can be seen that, C6H6, CH4 and CO2 were
not adsorbed on InTCP–Co in the optimal adsorption congu-
ration, suggesting that the interactions between InTCP–Co and
C6H6/CH4/CO2 are weak individually. It was further conrmed
by the adsorption energies (Eads) and the DOS of InTCP–Co aer
C6H6, CH4 and CO2 interaction (Table S4 and Fig. S57–S61†).
© 2024 The Author(s). Published by the Royal Society of Chemistry
The weak affinities between InTCP–Co and C6H6/CH4/CO2

cannot cause changes in the structure or the local electron/hole
concentrations in InTCP–Co. Therefore, InTCP–Co shows
negligible response values for C6H6/CH4/CO2. Except for C6H6,
CH4 and CO2, the other seven typical interfering gases could be
adsorbed on InTCP–Co. However, their adsorption energies are
diverse, indicating that the interactions between these analytes
and InTCP–Co are different. Among all of the measured analy-
tes, InTCP–Co possesses the most negative energy (−3.08 eV) for
the NO2 response, indicating that the interaction between NO2

and InTCP–Co is stronger than that of other analytes measured.
The DOS of InTCP–Co aer adsorbing diverse analytes (NO2,
CH3NH2, NH3, H2S, NO, CH3OH, CH2CH2 and CO) have
changed differently (Fig. 4c, d and S62–S68†), which further
indicates the distinctive orbital interactions between diverse
analytes and InTCP–Co.

To investigate the inherent essence of the different orbital
interactions between the adsorbed analytes and Co in the
porphyrin ring of InTCP–Co, further analyses have been per-
formed using the PDOS associated with the crystal orbital
Hamilton populations (COHP)57–59 and natural bond orbital
(NBO).60,61 It is well known that there are unpaired electrons in
free NO2 and NOmolecules. The electrons in CH3NH2, NH3, CO,
H2S, CH3OH, and C2H4 in their free states are all paired. As
shown in Fig. 5a, the redistributed PDOS of N in NO2 and Co in
InTCP–Co are overlapped and changed upon trapping NO2 into
InTCP–Co, demonstrating that orbital hybridization interaction
occurs between Co in InTCP–Co and N in NO2. To further
disclose the origin of the orbital hybridization between N in
NO2 and Co in InTCP–Co, we examined the COHP curve of Co–
N. The COHP curve clearly indicates that the orbital hybridiza-
tion is driven by the Co-3dz2 and N-2s2pz hybrid orbitals (Fig. 5a)
Chem. Sci., 2024, 15, 6833–6841 | 6837
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Fig. 5 (a) The PDOS patterns of N in NO2 in the free state, Co in InTCP–Co and N in NO2 after the NO2 response, and the COHP curve of the Co–
Nbond between Co in InTCP–Co andN in NO2 after the NO2 response; (b) the dominant interaction and the energy levels of the scalar relativistic
Kohn–Sham molecular orbitals of InTCP–Co after NO2 adsorption with correlation with the orbitals from Co-3dz2 and NO2; (c) the PDOS
patterns of N in NH3 in the free state, Co in InTCP–Co and N in NH3 after the NH3 response, and the COHP curve of the Co–N bond between Co
in InTCP–Co and N in NH3 after the NH3 response; (d) the major interaction and the energy levels of the scalar relativistic Kohn–Shammolecular
orbitals of InTCP–Co after the NH3 responsewith correlation with the orbitals fromCo-3dz2 and NH3; (e) the PDOS patterns of N in NO in the free
state, Co in InTCP–Co and N in NO after the NO response, and the COHP curve of the Co–N bond between Co in InTCP–Co and N in NO after
the NO response; (f) the main interaction and energy levels of the scalar relativistic Kohn–Sham molecular orbitals of InTCP–Co after the NO
response with correlation with the orbitals fromCo-3dz2 and NO; the electron in Co-3dz2 orbital derives from photogenerated electrons in (b), (d)
and (f).
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which display a bonding character, indicating the presence of
a relatively strong orbital interaction between N in NO2 and Co
in InTCP–Co. Additionally, the NBO analysis is employed to
further visualize the orbital hybridization interaction. As shown
in Fig. 5b, the symmetrical N-2s2pz hybrid orbital occupied by
one electron in NO2 hybridizes with the Co-3dz2 orbital lled
with one electron (photo-induced electron) to form a relatively
stable Co–N bond, generating one s bonding orbital occupied
by paired electrons and one empty antibonding orbital (s*). The
formation of this relatively stable Co–N bond leads to changes
in the coordination conguration of Co and the Co-3d orbital
energy level splitting (Fig. S69†), which may cause tiny alter-
ations in the structure or the local electron/hole concentrations
in InTCP–Co. Therefore, InTCP–Co exhibits a response to NO2.

As a representative analyte with paired electrons in its free
states, NH3 was chosen as a comparison to probe the orbital
hybridization interaction with InTCP–Co. As shown in Fig. 5c,
although hybridization between Co-3dz2 and N-2s2pz hybrid
orbitals is observed, the interaction is weak due to the anti-
bonding characteristics of the majority of the 3dz2–2s2pz hybrid
in the COHP curve. In addition, the Fermi level falls in the
antibonding region of the 3dz2–2s2pz hybrid orbitals according
to the COHP analysis. This is mainly caused by the fact that the
N-2s2pz hybrid orbital occupied by two electrons (lone pair
electrons) in NH3 hybridizes with the Co-3dz2 orbital with one
electron (light-generated electron) to form one s bonding
orbital occupied by paired electrons and one s antibonding
6838 | Chem. Sci., 2024, 15, 6833–6841
orbital (s*) occupied by one electron (Fig. 5d). In comparison to
NO2, the weak interaction between NH3 and InTCP–Co is likely
to cause minute changes in the structure or the local electron/
hole concentrations in InTCP–Co. Consequently, InTCP–Co
exhibits low response values for the measured analytes with all
paired electrons in their molecules in their free states.

Despite the presence of an unpaired electron in NO in its free
state, it occupies the ppx antibonding orbital ðp*

pxÞ. Notoriously,
the p*

px orbital is antisymmetric, which mismatches with the
symmetrical Co-3dz2 orbital in InTCP–Co (Fig. 5e and f). As
a result, the orbital hybridization interaction between the
symmetrical Co-3dz2 orbital and p*

px orbital is extremely weak.
Although the symmetry of the p*

px orbital matches the degen-
erate Co-3dxz and Co-3dyz orbitals, the orbital hybridization
interaction between p*

px and Co-3dxz/Co-3dyz is also weak. This
is due to the fact that the Co-3dxz and Co-3dyz orbitals each are
occupied by two electrons, which leads to an unstable Co–N
bond accompanied by a p*

px orbital occupied by one electron
(Fig. 5e and f). Similarly, the Co-3dz2 orbital occupied by one
electron (photogenerated electron) also forms an unstable Co–N
bond with the s bonding orbital (spz–pz) or s antibonding
orbital ðs*2sÞ. In brief, the orbital interaction between NO and
InTCP–Co is weak. Compared with NO2, NO does not cause
signicant changes in the structure or local electron/hole
concentrations, resulting in a lower response value to NO
than that to NO2 in InTCP–Co.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Based on the experimental results and theoretical calcula-
tions, a potential mechanism is proposed to explain the excep-
tional selective sensitivity of InTCP–Co to NO2 under visible light
irradiation. Specically, when InTCP–Co sensors were exposed to
the NO2 atmosphere, NO2 was adsorbed on the Co site of InTCP–
Co in a V-shaped fashion. The N-2s2pz hybrid orbital (lled by
one unpaired electron) in NO2 hybridizes with the Co-3dz2 orbital
(occupied by one photogenerated electron with the beta spin
state) to form a relatively stable Co–N bond, leading to a change
in the coordination conguration of Co and the splitting of the
Co-3d orbital energy level. These changesmight cause alterations
in the structure or local electron/hole concentrations in InTCP–
Co, resulting in a conductivity variation and generating a sensing
response to NO2. When NO2 is removed from the test environ-
ment, the amount of NO2 attached to InTCP–Co gradually
decreases, which could revert the coordination conguration of
Co and the splitting of the Co-3d orbital energy levels to their
original states, then causing the local electron/hole concentra-
tions in InTCP–Co to return to their original states. Thereby, the
current recovers. With the assistance of visible light irradiation,
the photogenerated electrons can transition to the unoccupied
Co-3dz2 orbitals, enhancing the orbital interaction between NO2

and InTCP–Co. Therefore, compared to the conditions without
light, the response value to NO2 could be improved under visible
light illumination. Among the examined combinations of
FeTCP–M and InTCP–M (M = Fe, Co, Ni and Zn), InTCP–Co
exhibits a higher response value and excellent selectivity to NO2,
which is primarily attributed to superior electron spin state
matching, increased orbital overlap, improved orbital symmetry
compatibility between the N-2s2pz hybrid orbital of NO2 and Co-
3dz2 orbital, more favourable electron transfer paths and the
promotion of the photoelectrons.

Conclusions

In summary, we have fabricated a series of reversible chemir-
esistive gas sensors using MOFs featuring metalloporphyrin
facets aligned by a periodic array of In/Fe–oxo pillars, FeTCP–M
and InTCP–M (M = Fe, Co, Ni and Zn). The response of the
catechol–metalloporphyrin scaffolds to NO2 has been investi-
gated under visible light excitation, and we found that it could
be modulated by varying the metal species individually coor-
dinated in porphyrin centers and with catechol groups. Among
them, InTCP–Co reveals the highest response and selectivity
toward NO2 under visible light illumination, with an experi-
mental detection limit as low as 40 ppb. Both the experimental
results and theoretical calculations reveal that the excellent
response performance of InTCP–Co to NO2 could be ascribed to
multiple factors, including the better matching of electron spin
state and orbital symmetry, the higher orbital overlap between
the N-2s2pz hybrid orbital of NO2 and Co-3dz2 orbital, and the
more favorable electron transfer pathway in InTCP–Co. This
work has provided a new perspective for the design of high-
performance chemiresistive gas sensor by regulating the
transfer route of charge carriers, electron spin states, orbital
overlap and orbital symmetry of analytes and sensitive
substances.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Methods
Syntheses of FeTCP–M (M = Fe, Co, Ni and Zn)40

FeCl2 (0.075 mmol, 0.0095 g), 3,4-TDHPP–M (0.075 mmol,
0.0597 g, 0.0599 g, 0.0599 g, and 0.0604 g for M= Fe, Co, Ni and
Zn, respectively), N,N-dimethylformamide (DMF, 3.0 mL), water
(0.5 mL) and methanol (0.5 mL) were mixed in a 23 mL Teon-
lined stainless steel container and then heated to 140 °C for 4
days. Aer cooling to room temperature, brown crystal samples
were obtained aer washing with methanol and drying, named
FeTCP–M (M = Fe, Co, Ni and Zn), respectively.
Syntheses of InTCP–M (M = Fe, Co, Ni and Zn)40

In(NO3)3$4.5H2O (0.075 mmol, 0.0286 g), 3,4-TDHPP–M
(0.075 mmol, 0.0597 g, 0.0599 g, 0.0599 g, and 0.0604 g for M =

Fe, Co, Ni and Zn, respectively), water (1.0 mL) and DMF (3.0
mL) were mixed in a 23 mL Teon-lined stainless steel
container and then heated to 140 °C for 4 days. Aer cooling to
room temperature, brown crystal samples were obtained aer
washing with methanol and drying, named InTCP–M (M = Fe,
Co, Ni and Zn), respectively.
Fabrication of sensor devices

The ground sample was mixed with moderate isopropanol to
form paste. Then the paste was coated on the interdigital elec-
trodes of the sensor substrates (Fig. S13a†). Then the coated
sensors were placed in a vacuum oven at 60 °C for 12 h to
remove isopropanol.
Gas sensing test

The gas sensing characterization was carried out on a home-
made system (Fig. S13b†) which was reported in the previous
work.62 In the gas sensing test, the light source was a 300 W Xe
lamp with a 420 nm cutoff lter and the light intensity can be
modulated by adjusting the current. The current was 12 mA and
the distance between the gas sensor and light source was 8 cm
in this work. The current was recorded in real-time using
a source meter (Keithley 2602B) and the bias voltage of the
device was 5 V during the gas sensing test. The gas (air and the
target gas are diluted in the air and NO is diluted in N2 because
NO is easily oxidized in the air) ow rate was controlled at 600
mL min−1 which was monitored using mass ow controllers
(CS-200C, Beijing Sevenstar Qualiow Electronic Equipment
Manufacturing Co. Ltd, China). The analytical gas was intro-
duced into a quartz tube and the concentration was obtained by
controlling the ow ratio of analytical gas and air. The response
value (R) of the target gas is dened as:

R ¼ Ig � I0

I0

where Ig is the current of the fabricated sensor in the target gas
and I0 is the current of the fabricated sensor in the air. The
response or recovery time is expressed as the time required to
reach 90% of the maximum current value change.
Chem. Sci., 2024, 15, 6833–6841 | 6839
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In situ diffuse reectance infrared Fourier transform (DRIFT)
spectrum

A Nicolet 6700 FT-IR spectrometer with an MCT/A detector
cooled using liquid nitrogen was employed to record the
DRIFTS spectra. The background of DRIFTS spectra was ob-
tained with InTCP–Co in synthetic air (79% nitrogen, 21%
oxygen). The time-resolved DRIFTS spectra of NO2 adsorption
(100 ppm NO2 in synthetic air) were recorded under the same
conditions as the background test. All spectra were collected
with a resolution of 4 cm−1 by scanning 128 times.

Density functional theory (DFT)-based calculations

The DFT calculations and structure optimization of FeTCP–M
and InTCP–M (M= Fe, Co, Ni and Zn) were carried out using the
Vienna ab initio simulation package (VASP)63,64 based on the
projected augmented wave (PAW) pseudopotential method.65–67

The generalized gradient approximation (GGA) of the exchange-
correlation functional with the Perdew–Burke–Ernzerhof (PBE)
functional was introduced.68 The Brillouin-zone integration was
sampled using a (1 × 1 × 1) Monkhorst–Pack mesh69 and the
kinetic energy cutoff for the plane-wave expansion was set to
400 eV in the simulations. The K-points were improved in the
calculations of the crystal orbital Hamilton population (COHP).
All of the atoms in the structures were fully relaxed to the
ground state. The vdW-DF method was employed to solve the
spin-polarized effect and the effect of dispersion. The energy
convergence changes and maximum force for geometric opti-
mization were set to 0.02 eV Å−1 and 10−6 eV, respectively. A (1
× 1 × 1) unit cell as a model was constructed in the DFT
calculations. The adsorption energies (Eads) of different analytes
on InTCP–Co are dened as Eads = EA+B − EA − EB, where EA+B,
EA, and EB are the total DFT energies of analytes adsorbed on
InTCP–Co, InTCP–Co and isolated analyte molecules,
respectively.
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Soc., 2014, 136, 8859–8862.

43 Y. S. Bae, C. Y. Lee, K. C. Kim, O. K. Farha, P. Nickias,
J. T. Hupp, S. T. Nguyen and R. Q. Snurr, Angew. Chem.,
Int. Ed., 2012, 51, 1857–1860.

44 K. Lee, W. C. Isley, A. L. Dzubak, P. Verma, S. J. Stoneburner,
L. C. Lin, J. D. Howe, E. D. Bloch, D. A. Reed, M. R. Hudson,
C. M. Brown, J. R. Long, J. B. Neaton, B. Smit, C. J. Cramer,
D. G. Truhlar and L. Gagliardi, J. Am. Chem. Soc., 2014,
136, 698–704.
© 2024 The Author(s). Published by the Royal Society of Chemistry
45 H. Nishihara, M. Ohwada, T. Kamimura, M. Nishimura,
H. Tanaka, S. Hiraide, M. T. Miyahara, K. Ariga, Q. Ji,
J. Maruyama and F. Tani, Chem. Commun., 2018, 54, 7822–
7825.
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