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Abstract: Controlled modulation of electronic and magnetic 
properties in stimuli-responsive materials provides valuable insights 
for the design of magnetoelectric or multiferroic devices. This paper 
demonstrates the modulation of electrical and magnetic properties of 
a semiconductive, paramagnetic metal−organic framework 
Cu3(C6O6)2 with small gaseous molecules, NH3, H2S, and NO. This 
study merges chemiresistive and magnetic tests to reveal that the 
MOF undergoes simultaneous changes in electrical conductance and 
magnetization that are uniquely modulated by each gas. The features 
of response, including direction, magnitude, and kinetics, are 
modulated by the physicochemical properties of the gaseous 
molecules. This study advances the design of multifunctional 
materials capable of undergoing simultaneous changes in electrical 
and magnetic properties in response to chemical stimuli. 

Introduction 

Materials that respond to external chemical stimuli through 
changes in electronic and magnetic properties hold tremendous 
potential for applications in switches, information storage, and 
sensors.[1] Among established transduction mechanisms,[2] 
promoting changes in transport characteristics and spin 
properties of solid state materials with chemical stimuli are 
particularly appealing for fabricating next-generation electronic 
switches, sensing, and information storage devices.[3] Synergistic 
use of changes in properties of charge and spin can afford large 

and reliable output signals since the changes of both the electrical 
and magnetic properties of materials are a function of the physical 
and chemical characteristics of their surroundings.[4] Despite the 
high promise, the simultaneous modulation of electrical and 
magnetic properties of the same material using a chemical 
stimulus is still lacking and hindered by two fundamental gaps in 
knowledge. First, the development of materials amenable for this 
type of application requires encoding multifunctionality into a 
single system, including the suitable conductivity that is feasible 
to monitor, the suitable spatial spin polarization capability, as well 
as the effective and selective guest analyte binding ability.[5] The 
lack of clear design rules for such encoding hinders progress in 
this area. Second, with few exceptions,[6] fundamental studies of 
the simultaneous electrical and magnetic response of materials 
upon external chemical stimuli, which are critical for 
understanding their operation in chemiresitive and 
magnetoresistive devices, remain largely unexplored. 

Two-dimensional (2D) conductive metal–organic 
frameworks (MOFs),[7] emerging as a class of multifunctional 
nanomaterials, hold high potential in electrically transduced 
switches and sensing devices.[2, 8] The strategic choice of organic 
ligands interconnected with metal nodes can afford emergent 
features of conductivity, magnetic ordering, and porosity through 
the use of simple molecular precursors.[6b, 9] The constituents and 
pore structure in these materials can be designed to serve as 
effective host sites, offering an attractive way to tune the electrical 
conductivity[10] and magnetic properties[6b, 11] using guest 
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molecules. These combined features of 2D conductive MOFs 
make them a unique platform for the fundamental study of 
changes in multifunctional characteristics in response to external 
chemical stimuli. 

This study investigates the electrical and magnetic response 
of a 2D semiconductive MOF Cu3(C6O6)2 to small gaseous 
molecules, namely NH3, H2S, and NO. We choose NH3, H2S, and 
NO as analytes because these molecules represent well-known 
toxic pollutants and biological signaling molecules.[12] These 
molecules also serve as distinct spectroscopic probes for 
fundamental investigations of material-analyte interactions due to 
their unique physical and chemical properties.[13] Using 
chemiresistive devices fabricated from the MOF, we observed 
distinct amplitude, reversibility, and kinetics of conductance 
modulations induced by the gases. Magnetic tests on the gas-
exposed samples showed that all three gases also induced 
noticeable changes in the magnetization of the MOF, resulting in 
increased magnetic frustration. In each case, the distinct 
interactions of gas molecules with the MOF were related to the 
intrinsic physical and chemical properties of the participating 
species. Mechanistic studies using various spectroscopic 
techniques, including diffuse reflectance infrared Fourier 
transform spectroscopy (DRIFTS), X-ray photoelectron 
spectroscopy (XPS), and electron paramagnetic resonance (EPR) 
spectroscopy, revealed that the interaction for NH3 was 
dominated by the dehydration of the MOF, H-bonding (Bronsted 
acid type interaction), and coordination to Cu (Lewis acid type 
interaction). H2S exposure was characterized by the reduction of 
Cu(II) to Cu(I) and the partial deconstruction of the d-π conjugated 
structure of the MOF. The binding of NO resulted in a radical-type 
interaction with the ligand of the MOF. Our study, for the first time, 
provides fundamental insights into the dual effect on the electrical 
and magnetic response of a representative conductive MOF 
material to external chemical stimuli within a single material 
platform. 

RESULTS and DISCUSSION 

Material and Structure 

We choose a semiconductive MOF, Cu3(C6O6)2, as the 
responsive material for investigating its electrical and magnetic 
response to chemical stimuli. While this material has been 
previously reported by a few research groups[14] and our group[15], 
its stimuli-responsive properties remain entirely unexplored. Our 
previous studies[15] have established that Cu3(C6O6)2 MOF 
possesses a 2D layered honeycomb network and O-decorated 
1D channel in a diameter of ~1.1 nm with confined water guests 
inside (pore volume 0.065 cm3/g) and exhibits semiconductive 
and paramagnetic properties with strong geometric magnetic 
frustration (Figure 1a-b). We hypothesized that the ability of the 

MOF to accommodate water molecules in the pores can be 
extended to intermolecular interactions with other analytes, that 
may induce perturbations to the MOF material, such as the extent 
of π-d orbital overlap between metal ions and ligands, spin 
distribution, and spin-spin interaction within the 2D layers.[16] 
These perturbations would be expected to alter the electrical and 
magnetic properties of the MOF. In addition, Cu3(C6O6)2 is one of 
a only several other[17] 2D semiconductive MOFs whose structure 
has been unambiguously determined by with atomic precision.[15] 
The reliable structural information of the host materials is critical 
for mechanistic interpretation, since the gas-induced physical 
properties can be sensitive to the structural details of the host 
material.[1f, 18] Despite the fact that structures of MOFs using other 
ligands with a larger size compared to H6C6O6, including 
hexahydroxytriphenylene (HHTP) and 
hexahydroxytetraazanaphthotetraphene (HHTT), have been 
determined by single crystal analysis, their structure contains 
non-extended molecular coordination clusters composed of the 
corresponding ligands and metal ions,[17] which may complicate 
the interpretation of the material-gas interactions, since the 
coordination clusters have different types of binding sites 
compared to extended framework portion in the materials.[13b] 
Additionally, we reasoned that the concise and compact structural 
feature of Cu3(C6O6)2 in comparison to other topologically similar 
2D MOFs that employ larger-sized ligands may be advantageous 
in producing effective electrical and magnetic modulation due to 
the condensed molecular binding sites. To minimize the effects 
resulting from the size and morphological differences of the MOF 
crystals,[13b] the MOF sample used in the study was prepared 
using indistinguishable synthetic conditions for the comparison of 
the electrical and magnetic response triggered by the exposures 
to the three gases. 

Among the three gas molecules we chose, NH3 and H2S can 
both act as Brønsted bases because of the considerable proton 
affinities on N (854 kJ mol-1) and S atom (705 kJ mol-1) resulting 
from their electron-rich nature, as shown in the electrostatic 
potential (ESP) map calculated at 6-311++g level in Figure 1c.[19] 
Bearing lone-pair electrons, both NH3 and H2S are also generally 
classified as electron donors. Their Gutmann’s donor numbers 
(DN), referring to affinity to SbCl5, are much higher than that for 
water (18 kcal mol-1) entrapped in the pores of the MOFs.[20] 
Therefore, H2S and NH3 can complete with H2O to bind at 
Brønsted and Lewis acid sites of the MOF. In addition, H2S can 
act as a proton donor and is thus able to interact with basic sites. 
In contrast, NO is a free radical with an unpaired electron. Nitric 
oxide can usually combine with other radical species to give 
closed-shell products or react with transition metals to give metal 
nitrosyl complexes.[21] Taken together, the reactivity of materials 
with these probe molecules can provide fundamental insight into 
the surface chemistry and charge transport of novel materials. 
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Figure 1. (a) Crystal structure of MOF Cu3(C6O6)2 with accessible pore structure highlighted on the right. (b) Chemical structure of the scaffold of Cu3(C6O6)2. (c) 

Electronic structures, ESP maps (surface displays with a color gradient of 0.8 to 0.8 eV corresponding to red to blue), and physical and chemical parameters of 

small gas molecules investigated in this study. The DN number of H2S is from the value of dimethyl sulfide. 

 

 
Figure 2. Representative resistance changes of devices made of Cu3(C6O6)2 upon the exposure of 40 ppm and 1% of (a) NH3, (b) H2S, and (c) NO. Response 

curves for 40 ppm and 1% gases are shown with light and dark colors, respectively. The responses of Cu3(C6O6)2 as a function of the concentration of (d) NH3, (e) 

H2S, and (f) NO. The data points represent the average value based on 3-4 replicates and the error bars represent the standard deviation from the average. The 

response values for NH3, H2S, and NO are taken from 1 min exposure, respectively.

Electrical Response 

To study the electrical response of the MOF as a function of gas 
exposure, we fabricated chemiresistive devices by depositing 
materials on gold interdigitated electrodes. The electrical 
response of the materials can be estimated using the formula 
−

∆𝐺

𝐺0
= −

𝐼−𝐼0

𝐼0
× 100%, in which Io and I represent the current of 

devices during continuous measurement before and after the 
exposure of the target gases at constant applied voltage. Upon 
exposure to 40 ppm NH3, the response of the material reached a 
plateau within just one minute, with a saturation response of 84.2 
± 1.6%. Notably, this response is among one of the fastest for 

various reported NH3 gas sensors at room temperature.[22] 
Continued NH3 exposure after 5 min induced a slowly growing 
response, suggesting the involvement of a new type of interaction 
that contributes to the electronic perturbation. The response to 
H2S was slower than to NH3. After 10 min of exposure to H2S, the 
response increased to 79.4 ± 3.1%, however, a saturation 
response was not achieved within the tested time range. 
Compared with NH3, the response to H2S was less reversible, 
only a 25% recovery of the conductance was observed after 20 
min N2 purging. Unlike NH3 and H2S, exposure to 40 ppm NO 
resulted in a negative response of 697.3 ± 42.2% after 10 
minutes. The response dropped by 53% after 20 min of recovery 
in N2. 
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To examine the kinetic aspect of the response, we employed 
a pseudo-first-order kinetic model to analyze the response data at 
the early stage of the exposure, following established protocols 
(see Supporting Information for details).[23] The model assumes 
that the electrical response is proportional to the amount of the 
analyte adsorbed to the material.[24] The response curves for NH3 
and NO both exhibited a good fit according to the pseudo-first-
order kinetic model and yielded rate constants of 4.78 and 0.73 
min-1, respectively (Figures 2a, 2c). However, the fitting for H2S 
only resulted in a moderate fit to this model (Figure 2b), 
suggesting that the observed response to H2S may involve 
multiple types of interactions between MOF and H2S. The rate 
constant derived from fitting the response curves for H2S was 1.23 
min-1. These distinct rate constants for the three gases may be 
correlated to the nature of the chemical interactions between the 
gases and the surface of the MOF, the geometry parameters (size 
and shape) of the gas molecule, and the availability of binding 
sites of the gas molecules in MOF Cu3(C6O6)2.  

With the exposure of NH3 and H2S at a considerably high 
concentration of 1% (10,000 ppm), the response of the MOF 
achieved rapid saturation in less than 30 seconds (dark-colored 
traces in Figures 2a-b) with qualitative similarities to the 
directionality of response, compared to 40 ppm. However, upon 
exposure to 1% NO, we first observed a large negative response, 
corresponding to a decrease in resistance, followed by response 
decay in response intensity during the gas exposure (dark-
colored trace in Figure 2c). We hypothesized that the initial 
decrease in resistance could be triggered by NO2 formed by the 
oxidation of the NO by the absorbed O2 molecules within the 
framework,[25] since NO2 is known to be a stronger p-type dopant 
than NO, and the subsequent attenuation of response resulting 
from consumption of O2 species. At the high concentration of 1% 
NO, the response did not follow the pseudo-first-order kinetic 
model. The use of gas with this high concentration also resulted 
in much stronger conductivity modifications of the MOF than that 
under 40 ppm. The corresponding resistance/conductivity 
changes of the MOF at 1% NH3, H2S, and NO were respectively 
8, 103, and 25 times higher than that at 40 ppm. The response 
also was observed to be less reversible for all three gases at 1% 
than at ppm concentrations. 

The Cu3(C6O6)2 MOF showed concentration-dependent 
responses for the three gases in the tested concentration range 
of 1–40 ppm (Figures S2-S4). Although the responses were 
distinguishable at 1–40 ppm for NH3, only a relatively narrow 
linear range was identified at 1–20 ppm for response values 
obtained at 10 min exposure (Figure 2d). The theoretical limit of 
detection (LOD) value for NH3, determined from the response–
concentration relationship in the linear range, was found to be 14 
ppb. On the other hand, for H2S and NO, a wider linear range of 
1–40 ppm could be identified at a short exposure time of 1 min 
(Figures 2e-2f). The LOD for H2S and NO were found to be 25 
ppb and 13 ppb, respectively. With the prolonged exposure times, 
the relationship between response values and gas concentrations 
of H2S and NO tended toward nonlinear. Long-term reversible 
cycling test by exposing the MOF devices to 6 sequential 
exposures of 40 ppm of NH3, H2S, and NO showed that the 

Cu3(C6O6)2 had very good reversibility to the exposure of NH3 and 
limited reversibility to the exposure of H2S and NO (Figure S9). 

Magnetic Response 

 
Figure 3. FC magnetization for (a) pristine (grey), (b) NH3 dosed (blue), (c) H2S 

dosed (orange), and (d) NO dosed (red) Cu3(C6O6)2 in an applied DC magnetic 

field of 100 Oe. The white dashed line is the fitting of molar magnetic 

susceptibility of pristine, NH3 dosed, H2S dosed, and NO dosed Cu3(C6O6)2 

against the temperature to Curie-Weiss law. (e) Table summarizing the 

magnetic parameters of the pristine (grey), NH3 dosed (blue), H2S dosed 

(orange), and NO dosed (red) Cu3(C6O6)2. The dosing is for 6 hrs with gas at 

concentration of 1%. 

To examine the magnetic response of the MOF Cu3(C6O6)2 
to the three gases, we measured the temperature-dependent 
magnetic susceptibility of gas-exposed samples (1% gas with 
duration of exposure of 6 hrs) along with the pristine MOF using 
a superconducting quantum interference device (SQUID) in the 
temperature range of 1.8−300 K (Figure 3a-d). For all the 
samples, their field-cooled (FC) and zero-field-cooled (ZFC) 
magnetization curves were almost indistinguishable in the tested 
temperature range. The absence of ordering temperature down to 
1.8 K suggested a typical paramagnetic behavior at 1.8−300 K for 
gas exposed samples, which was similar to that found for the 
pristine MOF. However, after gas exposures, the molar 
susceptibility decreased compared with that of the pristine MOF. 
The fitting of magnetic susceptibility χm and temperature at 50-300 
K according to Curie−Weiss law provided a nearly linear 
relationship with different slopes for the pristine and gas-exposed 
samples. The Curie constants were 0.43, 0.31, and 0.36 for the 
NH3, H2S, and NO exposed MOF, respectively. Based on these 
values, the effective moment (µeff) calculated for each Cu ion in 
the formula of Cu3(C6O6)2 was 1.85, 1.57, and 1.70 µB, 
respectively. The µeff values of H2S and NO exposed MOF were 
smaller than that for the pristine MOF (1.83 µB), suggesting that 
the antiferromagnetic interactions between adjacent Cu(II) spins 
within the layer became stronger after the exposure of H2S and 
NO. To estimate the antiferromagnetic coupling interactions, we 
also analyzed the temperature-dependent χm data by high-
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temperature series expansion (see Supporting Information for 
details).[26] The obtained exchange coupling constant for adjacent 
Cu(II) cations was J/kB= 38, 60, and 95 K, respectively, for the 
NH3, H2S, and NO exposed MOF. These values again 
demonstrated that the interaction between the gas molecules and 
MOF enhanced the antiferromagnetic spin-spin coupling in the 
MOF. 

Spectroscopic Assessment of Material-Analyte 
Interactions 

To investigate the mechanism behind the electrical and 
magnetic response of Cu3(C6O6)2 caused by the exposure of the 
gaseous molecules, we first probed the possible structural 
changes of the MOF caused by gas-MOF interaction by powder 
X-ray diffraction (pXRD) and micro-crystal electron diffraction 
(MicroED). pXRD analysis showed that the exposures to the three 
gases (1% in N2 for 6 hours) did not alter the intensities of the 
diffraction peaks of the MOF, suggesting that exposure to these 
gases did not cause significant changes to the bulk crystallinity of 
Cu3(C6O6)2 MOF. A closer inspection of the pXRD pattern showed 
that some of the diffraction peaks shifted in position after gas 
exposure. Compared with pristine Cu3(C6O6)2, the diffractions of 
(110) of the MOF after gas exposures all shifted to the higher 2θ 
positions. Since the (110) is correlated to the in-plane periodicity, 
the shift of (110) to higher 2θ values indicates a contraction of the 
MOF channels possibly due to the loss of guest water molecules 
in the MOF channels. Different from the behavior of the (110) 
diffraction, the diffraction of a plane (402̅), which is characteristic 

of the layer-to-layer distance of the MOF, showed gas-dependent 
behavior. After H2S exposure, the diffraction of (402̅) shifted to a 
lower 2θ value, suggesting an expansion of the stacking of the 
layers induced by the gas. In contrast, NO exposure caused the 
diffraction of (402̅)  to shift to a higher 2θ value, indicating a 
contraction of layers induced by the gas. No prominent change in 
the diffraction of (402̅) could be detected after the NH3 exposure. 

To gain additional structural insights, we also examined the 
gas-exposed samples by micro-crystal electron diffraction. The 
crystals in the samples exposed to H2S and NO did not yield 
diffractions with quality high enough to resolve their structures, 
which may be due to the disordered nature of the analyte 
molecules present in the MOF, or the partial structural changes of 
the MOF that may be undetectable by the general pXRD 
technique. Fortunately, we were able to resolve the structure of 
the NH3 exposed MOF, which shared the same C2/m space group 
as the pristine MOF (See Table S5 in Supporting Information). 
Consistent with the pXRD characterization, the resolved cell 
parameters of the MOF after NH3 exposures by MicroED 
indicated smaller a and b values compared with those of the 
pristine MOF. Despite that fact that the exact molecules in the 
MOF channel were not definitively assigned, the reconstructed 3D 
potential map showed that the electron density in the MOF 
channel was significantly reduced compared with the pristine 
MOF (Figure 4c-4d). This observation suggested that the H2O 
molecules trapped in the channel of the pristine MOF were likely 
partially lost after exposure to NH3. 

 
Figure 4. (a) pXRD of the pristine Cu3(C6O6)2 and Cu3(C6O6)2 after exposure to NH3, H2S, and NO (1% for 6 hrs). (b) Expanded pXRD and representations for (110) 

and (402̅). Comparison of the reconstructed 3D potential maps from MicroED data incorporated with the structure model for (c) pristine Cu3(C6O6)2 and (d) NH3-

exposed Cu3(C6O6)2 (viewed along the c axis). The white arrows denote the electron density in the pores.

Diffuse reflectance infrared Fourier transform spectroscopy 
(DRIFTS), X-ray photoelectron spectroscopy (XPS), and electron 
paramagnetic resonance (EPR) spectroscopy were also used to 

study the interactions between the MOF and gas molecules. 
DRIFTS can serve as an in-situ infrared technique to probe 
material-analyte interactions on surfaces through the intensity 
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changes or position shifts of characteristic absorption bands. [27] 
XPS is a surface-sensitive technique and can be used to assess 
the electronic state change of the compositional elements from 
the gas-MOF interactions. EPR can determine the presence of 
species with unpaired spins, which can provide information on the 
population of unpaired spins caused by changes in the oxidation 
state of MOF constituents and help identify the immediate 
magnetic surroundings induced by molecular binding.[28] 

As shown in Figure 5a, upon continuous exposure to NH3 (1% 
in N2 for 20 min), new adsorption bands at 3319 and 3160 cm-1 
appeared (marked with dots), which can be ascribed to the 
stretching modes of NH3 adsorbed on the material. Compared 
with the stretching of NH3 in the gas phase at 3334 cm-1 (marked 
with a star), the relatively small shift indicated that the adsorption 
of NH3 on the MOF may be dominated by weak interactions, such 
as H-bonding with water and coordination with Cu sites. A 
negatively going band at 3571 cm−1 attributed to the stretching 
modes of water (ν(OH)) was also observed, suggesting that the 
adsorption of NH3 molecules by the MOF channels was 
accompanied by the dehydration process, consistent with the 
MicroED analysis. The switch of the NH3 environment to pure N2 
partly restored the spectrum (Figure S25), demonstrating that the 
interaction between NH3 and Cu3(C6O6)2, including the 
dehydration process, was partially reversible. After NH3 exposure, 
the XPS spectrum of Cu3(C6O6)2 showed a prominent peak at the 
N 1s range whose intensity is much stronger than the pristine 
MOF (Figure 5b), indicating the uptake of the NH3 molecules by 
the MOF. Deconvolution of the N 1s spectrum gave two peaks at 
401.2 and 398.6 eV, which can be attributed to NH3 molecules 
binding to Brønsted acid site of water (H3N•••H2O)[29] and Lewis 
acid site of the Cu (H3N•••Cu),[30] respectively, consistent with the 
DRIFTS analysis. The EPR spectroscopy of pristine Cu3(C6O6)2 
exhibited a broad unsymmetric line shape ascribed to a Cu-
centered radical with a pseudo-planar coordination 
environment.[15, 31] Interestingly, after NH3 exposure, the EPR 
signal showed a significantly enhanced unsymmetrical feature 
accompanied by an intensity increase (Figure 5c). These 
corresponding changes were likely because the binding of NH3 
induced a more anisotropic ligand field of Cu with a possible 
elongated octahedron configuration[32] and a concomitant charge 

transfer from Cu to the ligand that shifts the electronic state of Cu, 
consistent with a previous report.[13b] 

The exposure to H2S caused a significant baseline shift of 
the spectrum. Since baseline absorbance in region > 1600 cm−1 
is related to electronic absorption, the significant baseline shift 
suggested that a strong electronic perturbation was associated 
with the exposure. Two other prominent changes could also be 
observed: a new adsorption band at 1003 cm-1 which was 
assigned to the vibration C-OH bond appeared and gradually 
grew with the prolonged exposure; meanwhile, the broad 
absorption at around 1425 cm-1 from the C-C stretching of the 
aromatic system went to the negative direction (Figure 4d). 
Furthermore, XPS of H2S-exposed Cu3(C6O6)2 exhibited a 
prominent S 2p3/2 peak at the binding energy of 162-165 eV. 
Deconvolution of the S 2p3/2 spectrum generated three peaks at 
161.8, 163.8, and 164.8 eV (Figure S19), which we ascribed to 
Cu2S, Sx (polysulfide), and CuSH species,[13c, 33] respectively. The 
possible existence of the Cu2S and CuSH was consistent with Cu 
2p spectrum, where Cu(I) species became the dominant species 
after H2S exposure (Figure 5e). Taking these clues together, it 
was hypothesized that, during the exposure to H2S, the S atom of 
H2S attacked the Cu nodes of the MOF and leads to the reduction 
of Cu(II) to Cu(I). This reduction reaction consequently weakened 
the coordination bond and resulted in its breakage, regenerating 
the ligand in the catechol form with the participation of the proton 
from H2S. Considering that the bulk crystallinity of the sample 
after the H2S exposure largely remains intact, as indicated by 
pXRD in Figure 4a, we inferred that the interaction between the 
H2S molecules and the MOF more likely occurs on the surface of 
the materials instead of in the bulk. The possible irreversible 
changes to the MOF suggested by XPS and DRIFTS may account 
for a minor portion of the whole MOF structure, as the elemental 
analysis suggested that the S: Cu ratio after the H2S exposure 
was 1:5.5, much less than 1:1. Nevertheless, the exposure of H2S 
significantly increased the unsymmetrical feature of the line shape 
of the EPR spectrum (Figure 5f), corroborating the hypothesized 
mechanism where the binding of HS or S2 likely led to a more 
anisotropic coordination environment of Cu.[16, 34] The interaction 
between H2S and MOF was less reversible compared with that in 
NH3 exposure, as the purging with N2 only brought limited 
recovery of the spectrum (Figure S26). 
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Figure 5. DRIFTS of MOFs after continuous exposure to (a) NH3, (d) H2S, and (g) NO (1% in N2) for 20 min. Comparison of the XPS of the pristine MOF and MOF 

after 6 hour exposure of (b) NH3, (e) H2S, and (h) NO (1% in N2). Comparison of the EPR of the pristine MOF and MOF at 77 K after 1 hour exposure of (c) NH3, (f) 

H2S, and (i) NO (1% in N2) of and 10 min N2 purging.

Exposure to NO also caused a significant baseline shift of 
the spectrum. In addition to this, a new absorption band at 1033 
cm-1 emerged after the exposure of NO. This absorption band can 
be ascribed to C-N stretching (Figure 5g), which indicated that 
NO molecule is likely bound to the carbon atoms of the ligand. As 
a result, a peak at the binding energy of 288.3 eV appeared in the 
C 1s XPS spectrum (Figure S21a). The much higher binding 
energy compared to C=O and C-O (Figure 5h) suggested the 
connection of carbon to electron-withdrawing species, consistent 
with the DRIFTS analysis. The hypothesized interaction can be 
explained by the fact that NO is a free radical, and that the ligand 
in Cu3(C6O6)2 is also in a formal 3 radical state ([C6O6]3•). Hence, 
a radical-radical combination would be possible between NO and 
the ligand of the MOF. Neither the lineshape nor the intensity of 
the EPR signal showed a significant change after NO exposure 
(Figure 5i), consistent with the Cu 2p XPS spectrum where a 
similar Cu(II)/Cu(I) ratio to that of the pristine MOF was found after 
NO exposure (Figure S21). These observations support the 
radical combination mechanism, which mainly involves the radical 
states of NO and ligand. When each monomer in the ligand dimer 
binds to a NO molecule, the ligand-NO adduct will remain in a 
non-radical state. Therefore, we rationalized that the EPR 

spectrum originating from the Cu-centered radical did not give a 
significant change after NO exposure. 

The above spectroscopic studies provided fundamental 
insights into the interactions between the three gas molecules and 
the MOF that induce distinct electrical and magnetic modulation 
of MOF Cu3(C6O6)2. The spectroscopic data suggest that the 
interaction between NH3 and the MOF mostly involves the H-
bonding and the coordination of NH3 to Cu accompanied by the 
dehydration of the MOF. The reversible nature of the H-bonding 
and coordination reaction matches the reversibility observed in 
the chemiresistive response shown in Figure 2a. The irreversible 
dehydration process, which is hypothetically much slower under 
low concentrations (ppm level) of NH3 for chemiresistive tests, 
may be responsible for the slowly-growing response beyond the 
initial stage of the exposure and the slight irreversibility of the 
chemiresistive response at ppm-concentrations. The decrease in 
the conductivity of the MOF Cu3(C6O6)2 induced by NH3, which is 
consistent with reported observations in 
hexahydroxytriphenylene-based MOFs,[13a, 13b, 22] is likely caused 
by band-gap modulation and doping effect. Spectroscopic 
investigations confirmed the strong and irreversible interaction 
between H2S and the MOF, which likely involved the binding of S 
atoms to Cu and the subsequent reduction of Cu and partial 
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breakage of the connection between ligand and Cu. The 
destructive change of the extended d-π conjugated structure of 
the MOF can affect the charge transport within the 2D plane. The 
reduction of Cu in the framework would also reduce the 
concentration of charge carriers in the p-type semiconductor.[13c] 
Additionally, the possible formation of polysulfides, which have an 
insulating effect, may further lead to insulating coatings between 
MOF crystallites, thereby reducing conductivity.[13c, 33d] This 
rationale is consistent with the reduced conductivity of the MOF, 
as observed in the chemiresistive tests. In contrast to the 
interactions of the MOF with NH3 and H2S, we hypothesize that 
the interaction of NO with the MOF is likely ligand-centered. 
Considering the higher electronegativity of the N atom in NO, the 
radical combination of NO and ligand may result in the electron 
density shifting from the ligand to NO. Thus, this p-type doping of 
the MOF would lead to a conductivity increase in the MOF, which 
is consistent with the observed chemiresistive response.[13c, 35] 

The characteristic structural changes of the MOFs caused by 
these MOF-gas interactions also provide the basis for magnetic 
modulations of the MOFs. In our previous work, we demonstrated 
that the antiferromagnetic coupling in the MOF is dominated by 
in-plane Cu(II)-Cu(II) coupling.[15] As demonstrated by Nishihara 
and coworkers,[36] the electronic states of this type of MOF are 
associated with a π-d conjugated state, an M-d related state, and 
a linker state. The observed magnetic modulation could be 
attributed to the modulation of these states by the electronic 
interaction between the 2D semi-conductive MOF and the small 
gas molecules. On one hand, after exposure of the three gases, 
channel contractions to different degrees occurred to the MOF 
Cu3(C6O6)2. The shortened in-plane CuII-CuII distance in the MOF 
after gas exposure may be a reason for the enhanced 
antiferromagnetic spin-spin coupling in the MOF (Figure 3c), 
considering that the strength of antiferromagnetic coupling is 
reversely correlated to the topological distance.[37] The larger 
degree of channel contractions after NH3 and H2S exposure, as 
compared to NO exposure, was consistent with the more 
pronounced enhancements of the antiferromagnetic coupling 
induced by these analytes. On the other hand, our DFT 
calculation indicated that in the pristine MOF, where H2O 
molecules are hosted within the channels, minor spin densities 
are found distributed on the oxygen atoms of the H2O 
molecules.[15] With the dehydration process upon the NH3 and 
H2S exposure, a redistribution of the spin may occur to promote 
stronger localization of the radical on the Cu. In addition, the 
ligand-centered interaction in the case of NO may also enhance 
the localization of the radical on the Cu. Because 
antiferromagnetic interaction strength is proportional to the spin 
populations on the atoms,[38] a higher distribution of spin density 
on the Cu(II) after gas exposure is expected to enhance the 
antiferromagnetic coupling. 

Conclusion 

In this study, we investigated the electrical and magnetic 
response of a semiconductive, paramagnetic metal–organic 
framework Cu3(C6O6)2 to small gaseous molecules, NH3, H2S, 
and NO. Chemiresistive tests and magnetic characterizations 
showed that the MOF displayed changes in electrical 

conductance and magnetization in response to all three gases. 
Both NH3 and H2S exposure led to the resistance increase of 
Cu3(C6O6)2 MOF, while NO exposure significantly decreases the 
resistance. The exposure of the three gases enhanced the 
magnetic coupling of Cu centers of the MOF and increased the 
magnetic frustration to different degrees, with NH3 having the 
strongest effect followed by H2S, and then NO. The 
characteristics of the electrical and magnetic response, including 
direction, magnitude, or kinetics, are closely dependent on the 
physicochemical nature of the gaseous molecules. Mechanistic 
studies through the use of DRIFTS, EPR, and XPS revealed that 
the underlying molecule-MOF interaction mechanism responsible 
for the electrical and magnetic response was specific to each gas: 
NH3 adsorption was dominated by dehydration, H-bonding, and 
the coordination of NH3 to Cu, while H2S adsorption involved the 
binding of S atoms to Cu, the possible formation of polysulfide, 
and the irreversible partial breakage of the connection between 
ligand and Cu; the binding of NO was characterized by radical 
type interaction between the NO and the ligand of the MOF. 

Our study, for the first time, showed that both the electrical 
and magnetic responses of a metal–organic framework can be 
independently correlated to the identity of the analyte molecule. 
Combining the electronic modulation mechanisms from these two 
properties—charge and spin of electrons—has the potential to 
enable the development of highly sensitive and selective 
electronic devices based on a single responsive material. This 
work fills a knowledge gap by providing fundamental insights into 
the effect of material–analyte interaction on the charge and spin 
modulation of semiconductive and paramagnetic MOFs, 
especially those with analogous d-π structure to Cu3(C6O6)2. 
Although the magnetic modulation in the present work results in 
subtle changes in magnetic exchange interactions, rather than 
strong on/off spin switching, this work demonstrates the concept 
of efficient and expedient adsorption of simple gas molecules, not 
limited to the three types of gas molecules studied here, as a 
powerful way for the manipulation of electronic properties of this 
general class of materials. Future work with in-situ studies of 
magnetic susceptibility and magnetoresistance coupled with the 
spectroscopic assessment of the MOF would provide further 
insights into the system regarding the correlation between 
electrical and magnetic changes upon gas exposure. 

Supporting Information  

Details for synthetic conditions, chemiresistive tests, magnetic 
susceptibility measurement, XPS, DRIFTS, and EPR studies are 
in the supplementary information (PDF). 
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intrinsic physical and chemical properties of the participating molecules which cause specific electronic and structural changes of the 
MOF. 
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