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Abstract

This paper describes the demonstration of a series of heterobimetallic, isoreticular 2D conductive
metal-organic frameworks (MOFs) with metallophthalocyanine (MPc, M=Co and Ni) units
interconnected by Cu nodes towards low-power chemiresistive sensing of ppm-levels of carbon
monoxide (CO). Devices achieve sub-part-per-million (ppm) limits of detection (LOD) of 0.53
ppm toward CO at low driving voltages of 0.1 V. MPc-based Cu-linked MOFs can continuously
detect CO at 50 ppm, the permissible exposure limit required by Occupational Health and Safety
Assessment Series, for multiple exposures and realize CO detection in air and humid environment.
Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), density functional theory
(DFT) calculations, and comparison experiments suggest the contribution of Cu nodes for CO
binding and the essential role of MPc units in tuning and amplifying the sensing response.
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A series of isorecticular and heterobimetallic two-dimensional metal-organic frameworks achieves
chemiresistive sensing of ppm concentrations of carbon monoxide at low-power. Spectroscopic
techniques and computational methods, along with comparison experiments, suggest the
contribution of Cu-nodes for CO binding and the essential role of metallophthalocyanine units

in tuning and amplifying the sensing response.
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Introduction

The current challenges of the industrialized and fossil-powered economy demand the design
and synthesis of new materials for portable sensors that detect and differentiate toxic gases,
such as carbon monoxide (CO), nitrogen oxides (NOy), and others. Among these gases, CO
as a colorless, tasteless, and odorless gas is difficult to discern and responsible for more
than half of all fatal poisonings worldwide.[1] Although CO detectors based on mid-infrared
spectroscopy,[2] gas chromatography, 3! electrochemistry,[4] and microelectro-mechanical
systems[® are currently available, each of these systems still has limitations centered around
device portability, relatively high costs, high power consumption, and low sensitivity.[®!
Compared with these techniques, chemiresistive sensors that rely on the conductance change
of materials upon their interaction with analytes offer the advantages of being simple,
versatile, low-power, and cost-effective.[7].
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Several classes of conductive nanomaterials have been utilized for chemiresistive detection
of carbon monoxide, including metal oxides, 2 8] carbon nanotubes (CNT),[] and
graphene.[0] However, most existing chemiresistive nanomaterials for CO sensing require
high temperatures to increase sensitivity and/or post-synthetic modifications to reduce cross-
sensitivity to various gaseous interferents.[62 9. 111 Metal oxides, employing oxidation/
reduction charge transfer reactions using surface-bound oxygen ions,[12] require high
operating temperatures (>100 °C) or relatively high driving voltage (>1.5 V) to achieve
sensitivity and doping with metals to improve the selectivity,[12-13] which restrict device
miniaturization and mobile deployment. Single-walled carbon nanotubes modified with iron
porphyrin unitsl24] and organometallic complexes®dl have achieved selective chemiresistive
detection of CO, however, they showed very low sensitivities (1% response to 3000 ppm

of CO), likely due to secondary perturbation mechanisms that caused inefficient electronic
transduction. In addition, the use of post-synthetic modifications for the enhancement of
sensing responses often generates molecularly heterogeneous materials, the mechanisms of
which may be challenging to elucidate.[24] Therefore, new chemiresistive materials that can
meet the need for the fabrication of CO sensing devices with the features of low-power,
ultra-sensitivity, and low-cost are highly desirable.[62]

Recently, two-dimensional (2D) conductive metal-organic frameworks (MOFs) have
emerged as promising materials in chemiresistive sensing.[*>] This class of conductive
materials possesses several advantageous characteristics for electronic chemical detection,
including ease of accessibility through bottom-up synthesis,[26] modular molecular design
for material-analyte interactions, low dimensionality for enhancing the sensitivity of
detection, and good conductivity for low-power electronically transduced detection. 2D
conductive MOFs with triphenylene-based 2D Kagome lattice structures interconnected
through metal bis(dioxolene), metal bis(dithiolene), or metal bis(diimine) functionalities
have realized chemiresistive detection for a series of gases, such as ammonia (NH3), nitric
oxide (NO), hydrogen sulfide (HS), and volatile organic compounds.[152. 15b. 15d, 15¢, 15h]
Despite these successful examples of chemisistive detection over a wide range of gaseous
analytes and VOCs, the demonstration of chemiresistive sensing of CO by MOF-based
materials is still unprecedented. This sensing challenge originates from the low dipole
moment of CO that leads to weak interactions within the host framework materials,[17]
Consequently, the conductivity of the framework can be difficult to perturb by the presence
of CO.

In this paper, we demonstrate MOF-based chemiresistive sensors for the detection of CO
using a set of heterobimetallic 2D conductive MOFs MPc-Og-Cu with integrated MPc
(M=Co or Ni) moieties by Cu-based linkages. We realize the effective and reversible
detection of CO at ppm concentrations at room temperature and low driving voltage

of 0.1 V and achieve sub-part-per-million LOD (0.5-3.0 ppm). MPc-Og-Cu MOFs can
reliably detect CO at 50 ppm, the permissible exposure limit required by Occupational
Health and Safety Assessment Series (OSHAS), for at least 7 consecutive exposures and
maintain CO detection ability in air and in humid environment. Additionally, MPc-Og-Cu
MOF can successfully differentiate CO, NO, and NO, with ppm concentrations. Diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS), density functional theory
(DFT) calculations, and comparison experiments with MPc-(NH)g-Cu and MPc-free MOFs,
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as well as monomeric MPc analogs, suggest the dominant contribution of Cu nodes for CO
binding and the essential role of MPc units in amplifying the sensing response.

Results and Discussion

Our molecular design for achieving sensitive, low-power CO detection capitalizes on

direct, bottom-up self-assembly between MPc ligands with embedded first-row transition
metals (M= Co or Ni) and copper nodes (Figure S3 and S4). This molecular design

was implemented for the following advantages. First, inspired by molecular design

for CO detection previous examples,[99: 141 we hypothesized that, to achieve sensitive
chemiresistive detection towards CO, there is a need for both effective CO host sites with
favorable binding and effective electronic perturbation caused by these binding events to
transduce electronic perturbation. MPc molecules feature flexible, tunable, and r-conjugated
electronic configurations[18] that can be susceptible to the change of chemical environments
on and/or around MPc units. The diversity of MPcs would also provide the ability to tune the
electronic interactions with the analyte through the choice of the central metals within MPc.
[19] Therefore, the integration of MPc motifs into framework systems is expected to lead

to highly sensitive and versatile platforms for CO detection.[20] Second, although utilizing
MPc-based molecular materials (M= Fe, Ni, Cu, Pb, Zn, and Mn) as host sites for various
analytes has been previously demonstrated,[2%] these systems require high driving voltages
(8-10 V)2 or high temperatures (170 °C) due to their limited conductivity.[22] Direct
integration of MPc maotifs into d-r conjugated MOF systems is an established strategy

for the construction of low dimensional and conductive materials to realize low-power

gas detection.[*®] To enhance conductivity in these frameworks, we chose copper as the
connecting metal nodes since its redox-active nature can result in a mixed valency state in
the resulting frameworks and promote charge hopping.[5": 231 |n addition, Cu has also been
identified as a potential host site for CO through rt-backbonding,[24] which we reasoned
could enable chemiresistive transduction of binding interactions with CO in a framework
material. Thus, our molecular design embeds molecular recognition subunits with flexible
rt-configurations and Cu nodes to result in low-dimensional and bimetallic conductive
framework materials with a high density of favorable host sites for sensitive and low-power
chemiresistive sensing of CO.

The preparation of the MPc-Og-Cu MOFs (M=Co or Ni) followed reported procedures (see
Section 1 in Sl for details). The structures of the MPc-Og-Cu MOFs (M= Ni, Co) were
confirmed by powder X-ray diffraction (pXRD) (Figure 1a). The peaks at 26=5.1°, 10.0°,
and 27.5° corresponded to the diffractions of (100), (200), and (001) planes, respectively.
From the diffractions of (100) and (001), the M-to-M and r-r stacking distances were
estimated to be 1.8 nm and 0.32 nm, respectively, comparable to the previously reported
MPc-based 2D MOFs.[15h. 238, 25] The structures of MPc-Og-Cu were consistent with the
eclipsed cofacial AA-stacking modes (Figure 1b). Brunauer-Emmett-Teller surface area by
N, adsorption analysis at 77 K was found to be 411 m2 g1 for CoPc-Og-Cu and 486 m?
g~ for NiPc-Og-Cu. Scanning electron microscopy (SEM) images revealed nanometer-sized
crystallites in both CoPc-Og-Cu and NiPc-Og-Cu MOFs (Figure 1c—d). High-resolution
transmission electron microscopy (TEM) permitted visualization of regular lines and square
meshes for CoPc-Og-Cu and NiPc-Og-Cu MOFs (insets in Figure 1c—d), respectively. The
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electrical conductivity of CoPc-Og_Cu and NiPc-Og-Cu measured at room temperature on
pressed pellets using the four-point probe method (Section 8 in SI) was determined to be 3.4
x 1073 and 1.0 x 1073 S cm™1, similar to previously reported MPc-based MOFs.[15M]

The X-ray photoelectron spectroscopy (XPS) survey spectrum of CoPc-Og-Cu MOF
revealed the presence of C, O, N, Co, and Cu (Figure S14). High-resolution scans of Co

2p region showed two peaks present at 796 eV and 781 eV, suggesting the presence of
Co(Il) (Figure S15d).[26] Electron paramagnetic resonance (EPR) spectra of CoPc-Og-Cu
exhibited a strong broad peak at g=2.09 and a weak peak at g=1.98, suggesting the presence
of paramagnetic Co(11)/Cu(ll) along with the minor presence of a ligand centered radical
(Figure S15b) from the CoPc unit. The XPS survey spectrum of NiPc-Og-Cu MOF displayed
N, O, Cu, Ni, and C peaks (Figure S16). EPR of NiPc-Og-Cu MOF showed a broad peak
with g=2.01, indicating the presence of paramagnetic Cu(ll) (Figure S17d).

Chemiresistive Responses of MPc-Og-Cu MOFs to CO.

To examine the gas sensing properties of CoPc-Og-Cu and NiPc-Og-Cu MOFs,
chemisresirtive devices were made by dropcasting 10 L of MOF suspensions in water

(1 mg/mL) onto interdigitated gold electrodes. The typical MOF film thicknesses on the
electrodes measured using interferometry were 1-3 um (Section 11 in Sl). The resistance of
the devices was in the range of 5-50 kQ. The relatively low resistance of the devices, which
was attributed to the good conductivity of MPc-Og-Cu MOFs, permitted the use of a low
driving voltage of 0.1 V to monitor the current change of the devices during sensing using a
potentiostat.

As shown in Figures 2a, CoPc-Og-Cu displayed a remarkable normalized sensing response
(-AGI Gy, see section 11.2 in Supporting Information) of 27.4 + 0.8% after the exposure

of 80 ppm of CO for 30 min. In comparison, NiPc-Og-Cu demonstrated a lower average
response of 18.9 £ 0.8% to the same concentration (Figure 2b). These high and positive
response values, corresponding to effective electronic decrease of charge carriers within the
materials upon CO exposure, indicated good sensitivity to CO. After further exposure to
N> for 30 min, NiPc-Og-Cu and CoPc-Og-Cu demonstrated partial recovery of 68% and
67%, respectively. At the lower concentrations, the responses of the CoPc-Og-Cu tended
to be more reversible. To investigate the kinetics of sensor response, we estimated the rate
constant (k) from the response plot of MPc-Og-Cu MOFs to 20 ppm of CO according

to a first-order reaction kinetic model (see section 11.2 in Supporting Information for
details).[212] The deduced rate constant between CO and CoPc-Og-Cu was 5.0x1073 571,

in comparison to 2.1x1073 s71 for rate constant between CO and CoPc-Og-Cu. These rate
constants are in a similar range as those found in MPc based thin film devices (4=0.15 to
0.60 min~1).[21a 27]

Plotting responses at 30 min exposure against the concentrations of CO (Figure 2c) yielded
good linear relationships (R2= 0.99) for both MPc-Og-Cu MOFs.[21a] The LOD values were
derived from the linear relationships between the response and concentration.[15d: 150] The
LOD value for CO achieved by using CoPc-Og_Cu and NiPc-Og-Cu were 0.53 ppm and 3.0
ppm for CO, respectively. These values are significantly below OHSAS required permissible
exposure limit (50 ppm) for a time-weighted average of 8 hours for CO.[28] The LOD

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Aykanat et al.

Page 6

for CO obtained by CoPc-Og-Cu at room temperature was also significantly lower than
functionalized carbon nanotubes,[9%: 291 metal oxides,[3% and metal nanocomposites (Table
$3).131 We hypothesize that the high density of favorable host sites within MPc-Og-Cu
frameworks, in combination with efficient perturbation of the charge transport pathway in a
low dimensional material, is responsible for the high sensitivity to CO at low concentrations.
The different LODs for CO obtained by CoPc-Og-Cu and NiPc-Og-Cu suggested the
important role of the MPc in the modulation of sensing of CO, where distinct electronic
properties of the two MPc components may contribute to the affinity of the host site and the
feasibility of electronic perturbation of the frameworks.

Encouraged by the reversibility of response of these MOFs to CO, we tested the capability
of the MOFs to respond to consecutive exposures of CO under different concentrations.
With the sequential exposure of 50 ppm of CO, both NiPc-Og-Cu and CoPc-Og-Cu exhibited
excellent reversibility (Figure 3a), which indicated the potential of both MOFs for real-time
monitoring of CO. NiPc-Og-Cu and CoPc-Og-Cu were able to continuously detect OHSAS
required permissible exposure limits of CO at 50 ppm with high responses of 17.9 + 0.4%
and 4.4 + 0.3%, respectively. The responses persisted for at least 7 exposures without
significant loss of signal. To evaluate the CO sensing ability under conditions closer to the
real-world scenario, the sensing response to CO was assessed in air and humidity (5000

ppm in N», 18% relative humidity, RH). Compared to the 27.4 + 0.8% and 18.9 4 + 0.8%
responses under Ny, NiPc-Og-Cu and CoPc-Og-Cu still displayed high responses of 19.8 +
0.1% and 12.3 + 2.5% to 80 ppm of CO in air. In humid Ny, the responses of NiPc-Og-Cu
and CoPc-Og-Cu to 80 ppm were reduced to approximately 3.1 + 1.2% and 1.4 + 0.1%.

The diminished response observed under air and humidity, especially the latter, suggested
the competitive effect from the interfering species, such as O, or H,O molecules, which may
partially occupy the CO binding sites in the MOFs. Despite these detrimental factors, it is
worth noting that the robust responses realized by both NiPc-Og-Cu and CoPc-Og-Cu were
still much higher than the benchmark materials of modified carbon nanotubes operating
under similar conditions.[9d. 14]

Considering the superior sensing performance of CoPc-Og-Cu over NiPc-Og-Cu in the
above tests, we further chose CoPc-Og-Cu for the examination of its dynamic and
continuous CO sensing properties in humid air. We found that, in the air with 5000 ppm

of H,0 (18% relative humidity, RH), CoPc-Og-Cu was still capable to continuously detect
CO in the concentration range of 10-80 ppm for multiple exposures (Figure 3c). Moreover,
plotting the sensing response versus concentration yielded excellent linearity (Figure 3d).
The LOD for CO derived from the response-concentration relationship in these consecutive
exposures reached 0.78 ppm by CoPc-Og-Cu, which was only slightly higher than that
obtained by 30 min CO exposure in the No.

The possible atmospheric interferent CO, only gave very low normalized responses of

0.4% and 3.1% by CoPc-Og-Cu and NiPc-Og-Cu at 80 ppm of CO,, respectively (Figure
3e). In comparison to the positive response to CO, both CoPc-Og-Cu and NiPc-Og-Cu
showed negative responses to NOy, including NO and NO,, which resulted in conductivity
increases of the MPc-Og-Cu MOFs (Figure 3f). Taking advantage of this distinct response
characteristic to these gases, we treated the sensing data of the three gases CO, NO, and NO,
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from the MPc-Og-Cu MOFs by principal component analysis (PCA). As shown in Figure 4c,
PCA analysis yielded clear groupings of the three gases, as indicated by the colored ovals
superimposed onto the data, which demonstrated that both CoPc-Og-Cu and NiPc-Og-Cu
MOFs were able to differentiate 80 ppm of CO, NO, and NO,.

The two types of metal centers and coordination environments present in the MPc-Og-Cu
MOFs, MPc units and Cu bis(dioxlene) nodes, both can potentially serve as effective
binding sites for the CO interaction. To identify the favorable CO interaction sites on MPc-
Og-Cu MOFs, we performed diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS). DRIFTS enables IR spectra to be obtained for bulk microcrystalline samples
during the in-situ exposure to the target analyte, which has been used to probe host—guest
interactions between analytes and framework materials through the intensity changes or
position shifts of characteristic absorption bands.[32] Upon the exposure to gas-phase CO,
the spectra for both NiPc-Og-Cu and CoPc-Og-Cu exhibited strong and broad absorbance
bands at 2090 and 2100 cm™~1, where the branch at 2090 cm~1 was more intesnse than the
band at 2100 cm™L. These bands corresponded to the P-branch and R-branch of gas-phase
CO, respectively.[320] With the exposure switching from CO to N, the P- and R-branch

of gas-phase CO were readily removed, while a small positive absorbance band at 2117
cm~ remained for both CoPc-Og-Cu and NiPc-Og-Cu (Figure 4a, 4b). In addition to the
absorbance band at 2117 cm~1, CoPc-Og-Cu exhibited a set of weak and negative-going
bands at 1451, 1360, and 1270 cm™L. These negative-going bands observed as a result of

the interaction between CO and CoPc-Og-Cu were likely attributed to the distortion of the
Cu-bis(dioxolene) units.[323] With prolonged N, purging (>15 min), the band at 2117 cm™1
was finally removed and the negative-going bands observed in the spectra of CoPc-Og-Cu
remained. Typically, the backdonation of charge into the antibonding 2rc* orbital weakens
the CO stretching frequency, which presents stretching frequencies of CO typically at
2070-2100 cm~1 when adsorbed on metallic copper,[33] 2120-2160 cm~1 when adsorbed
on Cu(l)-containing zeolites,[34] and ~2170 cm~1 when adsorbed on Co(ll) containing
complexes.[3%] Coupled with these typical stretching frequencies of CO adsorbed on metals
with the observed CO stretching frequencies and the bands attributed to the distortion

of Cu-bis(dioxolene) units, we attributed the weak band observed at 2117 cm™ to the
absorbance of CO on Cu Lewis acid sites (LAS) on the MPc-Og-Cu MOFs. The small shifts
of CO vibrational mode indicated that the interaction with the LAS may be weak, which was
corroborated by the reversible nature of the interaction with extended purging with N». To
provide further evidence for our assertion that the Cu center was the primary host site for
adsorption of CO to the frameworks, we conducted DRIFTS experiments using molecular
analogs of the phthalocyanine sites within the framework to determine their ability to adsorb
CO. Among MPcs examined (where M = Mn, Fe, Co, Ni, Cu, and Zn), only the FePc analog
exhibited an observable ability to adsorb CO (Figure S35). The lack of observed adsorption
of CO by CoPc and NiPc was consistent with the identification of the Cu-bis(dioxolene)
units as the primary host sites in CO sensing.

To gain further insight into the relatively high sensing response of the MPc-Og-Cu MOFs
and their MPc-dependent sensing response, we evaluated the interaction between CO
and the MOFs and the electronic effect of the MPc-Og-Cu MOFs perturbed by CO
binding using density functional theory (DFT) calculations (See Section 12 in Sl). The
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structures of CO adsorbed on the Co/Ni and Cu sites of MOFs were optimized by

using the single-layer model of the MOFs in Dmol® module of Materials Studio 2019.

The generalized gradient approximation with Perdew-Becke-Ernzerhof was used for the
exchange-correlation function[36] with double numerical with polarization functions (DNP)
as basis set, and an accurate DFT semi-core pseudopotentials was employed for the metal
atoms (see section 13 in Supporting Information for details).[3] In the optimized CO-bound
CoPc-Og-Cu structure, CO molecule bound to Co and Cu atoms with metal to CO distances
of 1.802 and 1.865 A, respectively (See Section 12), which are in a similar range with other
Co-CO and Cu-CO distances identified in some crystals structures of MOFs.[38] These
bond length values, together with the nearly linear coordination geometry formed between
CO and Co/Cu, suggested the presence of a o-coordination bond formed between the 5o
orbital of CO and d,? orbital of the metal ions, in conjunction with the contribution of 1
backbonding due to the overlap of the 2r* orbitals of CO and dy; or dy, orbitals of the
metal ions.[3%] In CO-bound NiPc-Og-Cu structure (Figure 4d), the binding of CO with Cu
was similar to that for CoPc-Og-Cu. However, the distance between Ni and CO was found
significantly longer than those between CO and Co/Cu ions. The estimated free energies for
CO binding at Co and Cu sites in CoPc-Og-Cu were —6.5 and —2.9 kJ mol~1; in comparison,
the free energies for CO binding at Ni and Cu sites in NiPc-Og-Cu were 16.0 and —6.8 kJ
mol~1 (Figure 4e). These values suggested that the CO binding at the Co and Cu centers

are favorable while binding at Ni is not. In the CO-bound MOF structures, CO binding to
Cu cites caused noticeable distortions of the Cu-bis(dioxolene) fragment (Figure 4c, 4d),
which was consistent with the results as suggested by DRIFTS. Such structural distortions
can generate interfacial stress to give prominent electronic change of the sensing materials.
[40] Mulliken population analysis indicated that CO binding at Co and Cu in CoPc-Og-Cu
caused the decrease of charges on Co and Cu by 0.217 and 0.179, respectively; meanwhile,
the net charges of CO molecules increased (Figure 4c). These results indicated that the
interaction between CO and CoPc-Og-Cu induced a prominent CO-to-MOF charge transfer.
Similar charge transfer was also found for computational assessment of CO binding at Cu in
NiPc-Og-Cu. However, the charge transfer effect may be weak upon the interaction of CO
at Ni site of NiPc-Og-Cu, as no significant change of atomic charges was associated (Figure
4c¢). Therefore, computational study suggested that CO binding at both Co and Cu sites of
CoPc-Og-Cu can cause an effective charge transfer effect, while CO binding at only Cu sites
of NiPc-Og-Cu can cause such effect. This difference may explain the higher magnitude of
response and faster response kinetics observed for CoPc-Og-Cu than for NiPc-Og-Cu.[18]

The computational analysis is based on the interaction between CO and the 2D single-layer
of the two MPc-Og-Cu MOFs with theoretically prefect structure. However, it should be
noted that, in addition to differences in chemical compositions, the actual mechanism
responsible for the observed CO sensing response can be complicated by the contributions
from crystallinity, morphology, and activation procedure of the materials, as well as by the
steps of device preparation. As shown in Figure 1, the full width at half maximum (FWHM)
of diffraction peaks of the CoPc-Og-Cu are larger than that of the NiPc-O8-Cu, suggesting
a lesser crystallinity for the former. According to the Scherrer equation,[38] the mean
crystal sizes of CoPc-Og-Cu and NiPc-Og-Cu are about 90 nm and 140 nm, respectively,

as estimated from the FWHM of the (100) and (200) peaks. The smaller crystallites of
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CoPc-Og-Cu suggested the possibility of more defective sites and edge functional groups
exposed in CoPc-Og-Cu than in NiPc-Og-Cu. In addition, the morphology of the materials
as synthesized (Figure 1c and 1d) and as being deposited on the device (Figure S23) also
exhibited visible differences. As all these factors can affect the availability of effective CO
binding sites in the sensing materials, and consequently, the sensitivity of the materials, the
precise comparison of the relative percentage of metal centers that can be viable to interact
with CO was not possible.

As DRIFTS and DFT studies both pointed to the significant contributions of the Cu metal
node during CO binding in MPc-Og-Cu MOFs, we sought to identify the role of MPc units
through the use of M3(HHTP), (HHTP=2,3,6,7,10,11-hexahydroxytriphenylene, M=Co, Ni,
and Cu) MOFs that contained only metal bis(dioxolene) fragments. With 30 min exposure
to CO, Cug(HHTP), exhibited a response of 5.1 + 0.8% after, which is higher than the Co
and Ni analogs (2.0 + 0.4% and 4.5 + 0.5%, respectively), again confirming the superior
contribution of the Cu node. However, we found that under the same conditions MPc-Og-Cu
MOFs showed more than 3 times higher sensing responses than the M3(HHTP), MOFs
(Figure 4f), which evidenced the essential role of MPc units in providing strong sensing
response. The above results also supported the molecular design concept by interconnecting
MPc units with Cu nodes may be generally effective for realizing sensitive CO sensing. To
further examine this concept, we tested the CO sensing response of two previously reported
isorecticular MOFs MPc-(NH)g-Cu that featured MPc ligands linked with copper nodes by
NH heteroatoms (see in Supporting Information).[250] We observed similar magnitudes of
response to CO at the concentrations of 10-80 ppm in MPc-(NH)g-Cu MOFs as those in
MPc-Og-Cu MOFs, confirming the key role of the MPc units in tuning the sensitivity of the
Cu-nodes to CO (Figure S28).

Conclusion

In summary, we fabricated 2D MPc-Og-Cu MOF-based chemiresistors capable of realizing
low-power and sensitive detection of carbon monoxide at room temperature. This report

is the first demonstration of carbon monoxide sensing using MOF-based chemiresistors.
Devices made of MPc-Og-Cu MOF achieved sub-part-per-million (ppm) detection limits
toward CO (0.53-3.0 ppm) at room temperature with good reversibility and repeated
detection of CO at permissible exposure limits set by OSHAS, while maintaining sensing
performance in air and humid environment. MPc-Og-Cu MOFs successfully differentiated
CO, NO, and NO, at ppm concentrations. The sensitivity of MPc-Og-Cu-based frameworks
reported herein surpassed reported functionalized SWCNT, %] metal oxide sensors[12: 30b]
and rival that of conductive polymers (Table $3),141 and recently reported colorimetric
sensors.[42] DRIFTS suggested that Cu nodes play a primary role in CO binding, while the
identity of the metal within the MPc unit further tuned the sensitivity. DFT calculations and
comparison experiments with MPc-free MOFs supported the essential role of MPc units in
tuning and amplifying the sensing response, when coupled with Cu-nodes of the MOFs.

The superior sensitivity of CO detection accomplished at low driving voltage of 0.1 V and
room temperature provides a practical foundation for the development of low-power toxic
gas sensors. The ability to differentiate between NO and CO—a challenging limitation for
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other materials, such as metal oxides—offers an additional advantage when coupled with
real-time analysis. These materials offer modular design strategies for sensitive and selective
chemiresistive devices that operate over a broad dynamic range of concentrations.

It is important to note that this work achieves sensing of CO using bulk polycrystalline
MOF materials and that differences in both MPc-frameworks crystallinity, morphology and
defect sites can influence the sensitivity of both materials towards CO. These parameters
can complicate the elucidation of binding sites and sensing mechanisms within MPc-Og-
Cu systems. Future studies focused on operando spectroscopy and other in situ analysis
techniques, coupled with thin film and single crystal studies, can help overcome these
limitations and provide precise insight into the role of the MPc units, Cu-nodes, and defect
sites in the sensing mechanism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Experimental pXRD diffraction patterns of CoPc-Og-Cu (blue) and NiPc-Og-Cu (green)

MOFs and simulated pXRD of MPc-Og-Cu MOFs with eclipsed (orange) and staggered
(grey) stacking. (b) Structure models of MPc-Og-Cu MOFs with eclipsed (left) and
staggered (right) stacking. SEM of images of (c) CoPc-Og-Cu and (d) NiPc-Og-Cu. Insets,
TEM images.
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Figure2.
Saturation sensing traces of (a) CoPc-Og-Cu and (b) NiPc-Og-Cu MOF after 30 min

exposure to 80, 40, 20, and 10 ppm of CO. (c) Responses (-AG/Gg) of CoPc-Og-Cu MOF
and NiPc-Og-Cu after 30 min exposure versus concentration of CO. Error bars represent
standard deviation from the average response based on at least three devices.
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Figure 3.

(a) Sensing traces of 7 sequential exposure-recovery cycles to 50 ppm CO using CoPc-Og-
Cu (blue) and NiPc-Og-Cu (green). Each cycle comprised a 5 min exposure and 10 min
recovery. (b) Response of CoPc-Og-Cu (blue) and NiPc-Og-Cu (green) to 80 ppm CO in
N, air, and humid N5 with 5000 ppm of H,0 (18% relative humidity, RH). (c) Sensing
traces of CoPc-Og-Cu to consecutive exposure-recovery cycles of 80, 40, 20, and 10 ppm
of CO in the air with 5000 ppm of H,0. For each cycle, the exposure and recovery time
were 5 and 10 min, respectively. For each concentration, three exposure-recovery cycles
were performed. (d) Response-concentration relationship of CoPc-Og-Cu under consecutive
CO exposures in humidified air (5000 ppm H»0, 18% relative humidity, RH). (e) Response
of the CoPc-Og-Cu (blue) and NiPc-Og-Cu (green) to 80 ppm of NO, NO», and CO,. (f)
PCA for NiPc-Og-Cu (green) and CoPc-Og-Cu (blue) showing capability for differentiating
80 ppm of NO,, NO, and CO.
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Figure 4.

80 ppm CO

fo Ak N\ AL
0 & S &

OO's\Y\ V\\fs@\ O\y)\

(a) DRIFTS spectra of CoPc-Og-Cu and (b) NiPc-Og-Cu after exposure to 1% CO (10000
ppm) of for 6 min. The spectra are presented as double beam experiments with pristine
MPc-Og-Cu MOFs used as the reference. (c) The optimized structures of CoPc-Og-Cu,
CO@Co/CoPc-Og-Cu, CO@Cu/CoPc-Og-Cu. (d) The optimized structures of NiPc-Og-Cu,
CO@NIi/NiPc-Og-Cu, and CO@Cu/NiPc-Og-Cu. The calculated values of the Mulliken
charge are labeled with blue. The COee¢M lengths are labeled with black. (€) Bindning free
energies of CO at different sites of the MPc-Og-Cu MOFs. (f) Comparison of the sensing
response of MPc-Og-Cu and M3(HHTP), MOFs to 80 ppm of CO in No.
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