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ABSTRACT

This study introduces a bimetallic alkali-metal coordination assembly approach to modulate the structural configurations of
copper iodide (Cul) units within various Li-A-Cul-INA (A" = Na*, K*, Rb*, and HINA denotes isonicotinic acid) coordination
frameworks. By co-coordinating Li* ions with other alkali metal ions (A*) in competition for binding with INA~, the 0D discrete
Cul clusters found in the monometallic compound of Li-Cul-INA are transformed into extended 1D chain-like Cul modules,
which are then stabilized within the resultant bimetallic Li-A-Cul-INA frameworks. Supported by DFT calculations, the Li-Rb-
Cul-INA compound, featuring exclusively 1D stair-like {Cu,1,}, chains, was synthesized via this bimetallic coordination assembly
strategy. This compound exhibits superior chemiresistive sensing performance for NO, operating at room temperature (RT),
rivaling the most effective sensing materials reported to date. This study highlights a promising strategy for the rational design of
high-performing chemiresistive sensing materials through the integration of DFT computational insights with crystal engineering
methodologies.

1D materials, whether achieved through top-down exfoliation
techniques or bottom-up vapor deposition methods, often faces

1 | Introduction

The discovery of crystalline materials featuring 1D chain struc-
tures has garnered significant interest due to their unique appli-
cations in high-precision electron transport, superconductivity,
topological insulation, and diverse optoelectronic fields [1-5].
Examples include 1D nano-ribbons, nanotubes, and nanowires
fabricated from chalcogenides and bismuth halides, showing
distinctive anisotropic characteristics in phenomena such as band
crossing, photoluminescence, and tunneling current, among
other properties [6-10]. Nonetheless, the synthesis of these

challenges in precisely controlling their size distribution and
morphology [11-16]. The coordination assembly method has been
shown to be an effective strategy for integrating inorganic and
organic components into a single, unified crystal lattice via
coordination interactions [17-21]. This approach generates hybrid
structures that integrate 1D inorganic components with organic
substances, leading to consistent electron confinement along
the 1D chains and improved electron transport properties [22—
26]. Unlike conventional methods that rely solely on organic
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ligands to modify inorganic constituents, metal-organic frame-
works (MOFs) or coordination polymers (CPs) offer a diverse
array of coordination possibilities between metal ions and
organic linkers [27-30]. The versatility in coordination results in
numerous distinct coordination sites and confined environments,
thereby conferring structural adaptability to inorganic compo-
nents. However, the utilization of metal-organic coordination
assemblies for the precise manipulation of inorganic component
structures remains insufficiently explored [31-34].

Copper iodide (Cul), a prominent representative of metal halides,
is extensively employed in a variety of optoelectronic applica-
tions, including but not limited to piezoelectric devices, photode-
tectors, and transparent transistors [35-38]. Cul exhibits distinct
properties that are contingent upon its structural configuration
across three principal phases. These phases offer a variety of
structural features that facilitate the development of crystalline
hybrid materials [39, 40]. Consequently, Cul represents an out-
standing functional constituent that can be incorporated into CPs
to investigate novel properties arising from its structural char-
acteristics [41-43]. Although numerous studies have examined
CPs containing Cul motifs, these investigations predominantly
focus on their structural characteristics and provide limited
insight into their physical properties [44-46]. We first developed
a coordination assembly method to precisely manipulate the
structural configurations of Cul modules within diverse K-INA-
R frameworks by regulating the organic ligands. This strategy
enabled the optimization of sensing performances to NO, by
controlling the dimensionality of Cul components in these K-
INA-R CPs [47]. However, modifying the functional groups of
organic ligands to tailor the structural properties of Cul frequently
remains a critical challenge in organic synthesis. Owing to the
differences in atomic radii and coordination behaviors among
alkali metals (A1), the introduction of various A* ions to com-
pete for coordination with the ligands represents a promising
approach to tailor the structural features, dimensionality, and
sensing properties of Cul within alkali-metal-containing CPs.

Bearing this in mind, we have successfully synthesized a notable
series of Cul-incorporated bimetallic Li-A-Cul-INA coordina-
tion networks, achieved by the incorporation of heterometallic
alkali cations (At = Na*, K™ and Rb"). These structures offer
diverse coordination environments for alkali metals and create
confined spaces for accommodating Cul modules with varying
dimensionalities, spanning from OD clusters to extended 1D
chain structures encapsulated within the assembled frameworks
(Scheme 1). The compound of Li-Na-Cul-INA containing both
1D {Cu4L}," and {Cus1,},* chains shows superior chemiresistive
sensing performance to NO, operating at room temperature
(RT), outperforming the sensing capabilities of Li-Cul-INA and,
notably, the pristine Cul working at an elevated operating
temperature of 240°C [48, 49]. However, the issues of slow
recovery and poor recyclability, which are common issues for
CP sensing materials, have impeded their potential applications.
DFT calculations were conducted on the Li-Na-Cul-INA system,
indicating the 1D {Cu,L},* chains exhibit a stronger interaction
with NO,, as evidenced by a higher adsorption energy, compared
to that of the {Cu;1,},* chains formed through double Cu-Ibonds.
Subsequently, Rb* ions with larger radius and more abundant
coordination numbers was introduced to further modulate the
coordination environments between Li* and HINA, yielding

the Li-Rb-Cul-INA containing exclusively 1D stair-case {Cu,L,},
chains with a compratively moderate adsorption energy to NO,.
Li-Rb-Cul-INA performed the best chemiresistive sensing perfor-
mance to NO, with enhanced sensing recovery and recyclability,
which are also comparable to the best-performing RT NO,
sensing materials reported thus far.

2 | Results and Discussion
2.1 | Crystal Structure

The incorporation of Li* alongside another alkali metal ion (Na*,
K*, or Rb*), which engages in both cooperative and competitive
coordination with the carboxylate group of the INA- ligand,
enables precise structural modulation of bulk Cul. The INA- lig-
and selectively donates its pyridine (py) coordination site to Cu(I),
facilitating the transformation of bulk Cul into OD clusters as well
as 1D linear and staircase-like chain architectures (Scheme 1).
These binding modes facilitate the targeted localization and
confinement of Cul modules within the periodically ordered
bimetallic CPs. In the Li-Cul-INA compound, Li* exhibits tetra-
hedral coordination with oxygen atoms derived from carboxylate
groups, a coordination environment that has been frequently
reported in prior studies (Figure Sla). Each Li* ion is bridged by
four carboxylic groups to connect the same six adjacent Li* ions,
forming a continuous Li-COO chain (Figure Sic). The pyridine
moieties are anchored on either side of the metal-carboxylate
chain, establishing a confined environment that facilitates the
formation of two distinct types of clusters, namely {Cu;L}, and
{Cu,L}",. These clusters are encapsulated within the resulting 3D
Li-Cul-INA framework (Figure Slb-e).

In the case of Li-Na-Cul-INA (Figure 1a), the incorporation
of Na*, which has a larger radius and higher coordination
numbers compared to Li*, significantly alters the coordination
environment surrounding Li* ions. Na* can be five- or six-
coordinated by four different COO~ groups, in both mono- and
bidentate fashion (Figure S2a). This contrasts with Li-Cul-INA,
where Li* is four-coordinated solely with four carboxylic groups
(Figure Sla). The co-occurrence of Li* and Na* ions in the same
spatial positions within the crystal lattice, displaying coordination
numbers of five-, six- or seven, leads to the formation of a mixed
bimetallic {Li-Na-COO}, layer (Figure S2b). The modifications
in the coordination environment of Li* alter the spatial confor-
mation and influence the organization of free pyridines. As a
result, two types of 1D Cul chains are generated, one of which
is assembled with {Cu¢ls},™ segments by sharing one I atom as a
vertex, while the other is built from {Cu;1,},* segments connected
by a double Cu—I bond (Scheme 1, Figure 1b and Figure S2c).
These mixed 1D chains are assembled into the 3D framework
of Li-Na-Cul-INA formulated as {Liz ,;Nag ,;Cuy, I;; INA),;-DMF},
making the first example of assembling two types of 1D Cul
chains into one host CP framework (Figure S2). This highlights
the distinctive advantages of bimetallic coordination assembly in
modulating the structures of Cul.

Notably, with the augmentation of the structural dimensionality
of Cul from 0D clusters in Li-Cul-INA to the 1D chains, the Li-
Na-Cul-INA demonstrates a pronounced sensitivity in detecting
NO, within the range of 1 to 100 ppm at RT (Figure lc and
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Tailoring pritine Cul into 1D chains by

bimetallic coordination assembly g Li

A =Li,Na, K, Rb Bulk Cul {Cul}unit

SCHEME 1 |

Figure S3), showing a milder working condition than that of the
pristine Cul at 240°C [48, 49]. However, it displays a significantly
larger response CV of 28.80% (Figure S4), indicating its poor
repeatability and reliability. Additionally, the recovery time for Li-
Na-Cul-INA toward 10 ppm NO, is also more than 10 min, which
would also hinder its further applications (Inset of Figure 1c).
DFT calculations were conducted on Li-Na-Cul-INA, revealing
that the Cu(I) sites in 1D {Cu,4I;},,* chains can excessively interact
with NO, with a high adsorption energy of —2.03 eV, while
the 1D {Cu;sL,},* chains fabricated from the double Cu-I edges
exhibit a moderate energy value of —1.79 eV (Figure 1d and
Figure S5). The high adsorption energy means the release of NO,
adsorbed onto the 1D {CuglLs},* chains in Li-Na-Cul-INA is more
challenging, causing the weak sensing repeatability and slow
recovery. Both the experimental and DFT results indicate that the
gas sensing performances of these CPs are not only dependent on
the structure dimensionality of Cul modules but also involve the
bridging modes between each Cul segment. Therefore, removing
the 1D {Cu¢ls},* chains with high gas adsorption energy while
retaining exclusively the chains that contain double Cu—I bonds
in the host framework would help optimize its sensing recovery
and recycling capacity.

Subsequently, K* or Rb* ions with larger ionic radii and a greater
diversity of coordination modes were introduced to further alter
the structural properties of the Cul modules. By using Rb* or K*
ions to competitively coordinate with HINA, only the 1D {Cu,L,},
chains formed by sharing the double Cu—I bond are solely formed
in Li-K-Cul-INA and Li-Rb-Cul-INA, respectively (Figure 1e). In
Li-K-Cul-INA, Li* adopts a tetra-coordinated way while K* ions
adopt six- or seven-coordinated ways, respectively (Figure S6a).
The Li* and K* ions bridge with COO~ to form a 2D {Li,K(INA),},
layer (Figure S6b). The pyridines from INA™, projecting on both
sides of the [Li,K-(INA),], plane along a axis, act as a structural
guide to direct the assembly of Cul into staggered, parallel arrays
(Figure S6c). Due to the spatial arrangements dictated by the
pyridines, an extended 1D stair-case-like chain assembled with
{Cu,L,}, segments through forming a double Cu—I bond is gen-
erated and confined into the 3D hybrid of {CusI,CuK,Li(INA),},
(Figure S6c,d). By increasing the heterometal radius and coordi-
nation numbers from K* to Rb*, a compound of Li-Rb-Cul-INA,
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Two types of Cul chains in Li-Na-Cul-INA

1D {Cu,l,}, chain in Li-A-Cul-INA (A =K, Rb)

The schematic figure for the bimetallic coordination way to tailor Cul into 1D chains.

namely {Cu;I,Rb,Li(INA)}, featuring the same structure as Li-
K-Cul-INA, is obtained. Rb* mirrors the coordination modes of
K* ions in Li-K-Cul-INA, forming the identical 1D {Cu,1,}, chain
as that confined in Li-K-Cul-INA (Figure le and Figure S7).

The versatility of the bimetallic coordination method is further
showcased by combining Na* and Rb* to coordinate with INA~
to intricately tune the structures of the 1D Cul modules. In
Na-Rb-Cul-INA of {(Cu,I,)CuNa,,Rb, (INA)},, Nat and Rb*
ions, similar to that of Li* and Rb* pairing in Li-Rb-Cul-INA,
adopt abundant coordinated numbers to coordinate with COO~
groups. Na* ions are tetra- or hexa-coordinated while Rb* ions are
seven- or eight-coordinated along with the increasing of its radius
(Figure S8a). Each Na* ion is linked to the neighboring Rb* ions
with COO~ groups to form a {Na-Rb-COO}, layer (Figure S8b).
The pyridines anchored on both sides of the layers coordinate
with Cul in a nearly identical manner (Figure S8c). As a result,
the same 1D staircase-like Cul chain is observed as that in Li-
K-Cul-INA and Li-Rb-Cul-INA (Figure S8d). This demonstrates
that the structural variations of Cul are predominantly influenced
by the bimetallic ions with differences in radius and coordination
numbers. Taking Li* as an instance, it typically adopts tetra-
coordination modes to coordinate with the carboxylic group in
its pristine CP structures [50]. By incorporating Na*, K*, or Rb*
ions with larger radius and more abundant coordination numbers
[51, 52], the coordination configurations of Li* are adjusted,
favoring the formation of 1D Cul chains with new structure fea-
tures. These findings highlight that the bimetallic coordination
is an effective method to tailor the structural features of Cul,
suggesting its broader applicability in the design of novel hybrids
bearing the functional inorganic modules.

2.2 | Physical Characterizations

The purity and the thermal stabilities of the samples are
measured through PXRD, EA, and TG characterizations (Figures
S9-S18). The electronic structures of these hybrids are also
studied (Figures S19-S22). Taking the monometallic CP of
Li-Cul-INA as an example, the valence band maximum (VBM)
is primarily composed of the Cu 3d and I 5p atomic orbitals
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FIGURE 1 | (a)The 3D structure of Li-Na-Cul-INA. (b) The mixed 1D {Cugls}," and {CusI,},* chains in Li-Na-Cul-INA, highlighted with dotted
red and blue lines, respectively. (c) Response and recovery curve for Li-Na-Cul-INA toward NO, with different concentrations at RT. Inset: The sensing
response and recovery time toward 10 ppm NO,. (d) Adsorption energy of NO, with Cul motifs in Li-Na-Cul-INA from DFT calculations. Inset is the
illustration of DFT calculation of NO, adsorbing to Cu atom with a favorable bidentate O, O’-nitrito binding way. (e) The 3D framework of Li-Rb-Cul-
INA with the 1D staircase-like {Cu4l4}, chain highlighted in a dotted blue line. The same 1D {Cuyl,}, chain is also seen in the bimetallic compounds of
Li-K-Cul-INA and Na-Rb-Cul-INA, respectively.
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from the Cul clusters, while the conduction band minimum
(CBM) predominantly arises from the 2p orbitals of C, N, and
O atoms in the INA™ ligand (Figure S19). Regarding bimetallic
compounds, such as Li-Na-Cul-INA, both the VBM and CBM
are similarly composed of elements from the inorganic Cul
motifs and organic ligand, respectively (Figure S20). This result
indicates that the A* ions primarily influence the structural
arrangements of the Cul modules. Interestingly, transforming
bulk Cul into building segments for the assembly of 1D chains
with distinct structural features also results in the tuning of
their band gaps. Unlike the pristine Cul with a wide band
gap (>3.0 eV), the adsorption of these resultant hybrids falls
within the visible light region, featuring relatively narrow band
gaps (Figures S23-S27). The photoconductivity of these hybrids
was measured and analyzed comparatively (Figures S28-S32),
ranging from 10™ to 107 A that correlate with the structure
dimensionality transition of Cul modules from 0D clusters to 1D
chains. The pristine Li-Cul-INA containing 0D clusters exhibits
relatively low conductivity on the order of 10" A (Figure S28). In
contrast, the bimetallic compounds of Li-A-Cu-Cul (A = Na, K,
Rb) and Na-Rb-Cul-INA with 1D Cul chains display significantly
enhanced conductivities, ranging from 1071° to 10~® A (Figures
S29-S32). Additionally, these compounds exhibit temperature-
dependent conductivity, with higher values corresponding to the
elevated temperatures (Figures S33-S37 and Table S3). The strong
linearity observed between Lno and 1000/T for these compounds
confirms their semi-conductive natures. Temperature-dependent
conducting behaviors for these Li-A-Cul-INA compounds
demonstrate a typical Arrhenius-type response, indicating that
charge transport is driven by thermally activated conduction
processes [53, 54].

The compounds of Li-Cul-INA, Li-Na-Cul-INA, and Li-Rb-Cul-
INA possess rod-like crystal morphology in mm sizes (Figures
S38-S41), allowing the investigation of their anisotropic proper-
ties through the direct current two-terminal method on selected
single-crystals (Figure 2a and Figure S42-S44). As depicted in
Figure 2b and Figure S42, the single crystal sample of Li-Cul-INA
exhibits similar conductivity magnitudes when measured along
both the long and short sides of the rod crystal, demonstrating
no anisotropic character for the Li-Cul-INA. This absence of
anisotropy aligns with its 0D Cul cluster structural features. In
contrast, Li-Na-Cul-INA and Li-Rb-Cul-INA bearing the 1D Cul
chains demonstrate a classic anisotropic conducting behavior
(Figure 2c,d). Taking Li-Rb-Cul-INA as an example, the conduc-
tivity along the long side of the crystal (inset of Figure 2d, aligned
with the direction along the 1D {Cu,l,}, chains in the crystal
structure) is measured as 2.88 X 10~° S/cm. This is at least an order
of magnitude higher than the 1.67 x 107° S/cm recorded along
the short side (perpendicular to the 1D {Cu,1,}, chain). As the
testing temperature increased from 303 to 413 K, the conductivity
for Li-Rb-Cul-INA, measured along a axis, reached a peak value
of 1.34 x 10~° S/cm (Figure S44). The conductivity of 1.34 x 107°
S/cm is comparable to that of Cul-L hybrid of Cu,I;(bttmp), (2.8
% 107° S/cm) [55] and Cul-K-INA (1.21 X 107% S/cm) with 2D Cul
layers in our previous work [47], and orders higher than that of
the perovskite crystals by using the same measuring method [56-
58]. Similar anisotropic conducting behaviors, following the same
trend was also observed in Li-Na-Cul-INA with the 1D Cul chains
(Figure 2c).

2.3 | NO, sensing performance

DFT calculations reveal that the adsorption energy of NO, to Cu
atoms from {Cu,l,}, chains in Li-K-Cul-INA and Li-Rb-Cul-INA
isreduced to about -1.78 eV and -1.65 eV, respectively (Figure S45).
A Bader charge analysis was conducted on the NO,-adsorbed
structures, revealing that the reduced charge transfer observed
in Li-K-Cul-INA and Li-Rb-Cul-INA systems further suggests
moderate interactions between the Cul modules and the NO,
molecules (Figures S46-S47). The lower adsorption energy and
charge transfer indicate that their sensing recovery and recycling
capacity might be optimized. As depicted in Figure 3a, Li-K-
Cul-INA, Li-Rb-Cul-INA, and Na-Rb-Cul-INA with the same
staircase-like {Cu,1,}, chains, created by bridging Cul segments
with the double Cu—I bonds, show similar NO, sensing perfor-
mances compared with each other while exhibiting much better
sensing capacities than that of Li-Na-Cul-INA (Figures S48-S50).
The response CV values of 2.73%, 4.20%, and 5.60% for these
compounds are much lower than that of Li-Na-Cul-INA with
the mixed 1D Cul chains (28.80%), indicating their better sensing
repeatability and reliability (Figure 3a). As depicted in Figure 3b,
the recovery time for the Li-K-Cul-INA, Li-Rb-Cul-INA, and Na-
Rb-Cul-INA toward 10 ppm NO, is much faster than that of
Li-Na-Cul-INA, indicating their sensing recovery performance is
also optimized through structure modifications of Cul modules.
Li-Rb-Cul-INA, which bears the identical 1D stair-like Cul chain
observed in both Li-K-Cul-INA and Na-Rb-Cul-INA, serves as
a representative model to comprehensively demonstrate their
sensing capabilities to NO,. The average responses (R,,,) of five
fabricated sensing devices to 100 ppm NO, of Li-Rb-Cul-INA
were remarkably high, reaching 2831%, despite the presence
of other 100 ppm interfering gas analytes (Figure 3c). Upon
exposure to NO,, the conductance of Li-Rb-Cul-INA significantly
increases, and then recovers to the initial value when purged with
dry air. Li-Rb-Cul-INA also shows consistent dynamic response-
recovery behavior to NO, across a broad concentration range of
1-100 ppm, exhibiting a similar concentration-dependent trend
in their responses and the best sensing repeatability among the
studied compounds (Figure 3d). For 10 ppm NO,, the response
and recovery times are 68 and 103 s, respectively (Figure S49).
These values represent a halving of the response (121.8 s) and
recovery (212.3 s) times recorded for Cul-K-INA under the light
illumination in our previous work [47], highlighting the superior
sensing performances of Li-Rb-Cul-INA. Additionally, the limit
of detection (LOD) for Li-Rb-Cul-INA is calculated to be 9.39 ppb
and a coefficient of determination of 0.996, comparable to Cul-
K-INA (1.12 ppb) with 2D Cul layers and other high-performing
sensing materials, Figure 3e [59-71]. Li-Rb-Cul-INA represents
one of the best NO, sensors reported to date (Figure 3f and Figure
S51) [59-71]. For a thorough comparison, other NO, sensing
compounds, including oxides, sulfides, carbon complexes, and
other CP-based sensing materials, are also listed in Table S4.
Li-Rb-Cul-INA can maintain its 95% sensing response toward
10 ppm NO, after more than one month, indicating its long-
term sensing stability (Figure S52). The sensing response to NO,
under different relative humidity (RH) levels exhibited negligible
variation, indicating its robustness and reliability in practical
environmental conditions (Figures S53 and S54). As illustrated in
Figure S55, crystals with relatively larger sizes, which are more
susceptible to orientation effects, exhibited a slightly reduced
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FIGURE 2 | (a) The anisotropic conductivity measurements by the direct current two-terminal method on selected single-crystals. Inset is the

photograph of the single crystal of Li-Cul-INA used for anisotropic conductivity study along the long side of the single crystal sample. Scale bar: 100 um.
(b) The temperature-dependent conductivity for Li-Cul-INA along the b and c axis of the single crystal. (c) The temperature-dependent conductivity for
Li-Na-INA along b and c axis of the single crystal. (d) The temperature-dependent conductivity for Li-Rb-INA along b and c axis of the single crystal.

The insets are their crystal photographs viewed along the same directions as those in measuring the anisotropic conductivities.

sensing response (Figure S55b,d). Developing sensing membranes
with a uniform crystal orientation to further enhance the NO,
sensing performance would be carried out in our lab in the future.

2.4 | Mechanism study

The CPs bearing the 1D {Cu,1,}, chains demonstrate the best sens-
ing performances, making Li-Rb-Cul-INA a prime candidate for
detailed investigation of the sensing mechanism. The projected
density of states (PDOS) for the Li-Rb-Cul-INA compound before
and after the adsorption of NO, was calculated. Subsequent to
NO, adsorption, a significant shift of the Fermi level toward the
valence band states was observed, indicative of p-type doping
behavior in the semiconductor material. This finding implies that
the NO, molecule induces the formation of gap states during the
sensing process [72, 73]. As depicted in Figure S57, the Fermi
level of Cs-Cul-K-INA deviates from the middle of the band gap
and is close to the valence band (VB), which further suggests
Cs-Cul-K-INA is a p-type semiconducting material [74, 75]. The
conductivity of Li-Rb-Cul-INA increased rapidly upon exposure
to different concentrations of NO,, which is also a typical p-
type semiconductor behavior. In our study, Cs-Cul-K-INA is a
crystal compound, and the high crystal quality is beneficial to
reducing carrier scattering, thereby increasing carrier mobility
[76-79]. When the sensor is exposed to NO,, the high-speed
carrier transport channel is greatly broadened due to the fact that
a large number of electrons are captured by NO,, leading to a
significant increase in the entire carrier mobility and conductiv-

ity. The PXRD measurements of the sample after NO, sensing
confirmed that the structures remain unchanged, suggesting
the NO, sensing response was not caused by structure col-
lapse (Figures S58-S61). Then, time-resolved diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) measurement
has been conducted. Notably, upon exposure to NO,, new spectral
bands appeared, compared with those of the pristine sample
depicted in Figure 4a. These new peaks continuously intensified
with prolonged exposure time, indicating the presence of species
resulting from NO, interaction with the sample surface [80-
82]. The adsorbed NO, can be identified by its v,, band around
1720 cm™, displaying a blue shift from its gas phase value of
1620 cm™! [83-85]. This shift is attributed to partial electron
donation to the sample surface, resulting in the stiffening of
the N=0 bond. Besides, three distinct new peaks, labeled as I),
1I), and III), respectively, are the characteristic bands of nitrate
species (NO; ™). They correspond to the N=O stretching and the
asymmetric/symmetric stretching vibrations of the —NO, group
within NO;~ ions [86, 87]. In addition, the characteristic broad
band around 1800—1900 cm™ for NO is also observed, which
corresponds to its stretching vibration of nitrosyl species formed
on the cationic sites (Figure 4a) [86]. In order to confirm this
sensing mechanism across hybrids with identical 1D Cul chains,
the DRIFTS of Na-Rb-Cul-INA is also measured, revealing new
peaks at the same positions, which are in accordance with their
similar sensing performances (Figure S62). XPS measurements
are also performed on the sample both before and after NO, expo-
sure. As shown in Figure 4b, the N 1s spectrum shows a minor
shoulder peak around 406 eV after exposure, typically indicating
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FIGURE 3 | (a)Coefficient of variation for cycle testing of Li-M-Cul-INA (M = Na, K, and Rb) and Na-Rb-Cul-INA toward 10 ppm NO,. (b) Sensing
recovery time of Li-M-Cul-INA (M = Na, K, and Rb) and Na-Rb-Cul-INA. (c) Responses of Li-Rb-Cul-INA as sensors to 100 ppm NO, together with
other interference gases. (d) Response and recovery curve of Li-Rb-Cul-INA toward NO, with different concentrations at RT under dark conditions.

(e) Log-log linear fitting of the response-concentration plot. (f) The selected reported NO, sensing complexes containing response time and LOD values

as references.

NO,;" ions [88], further supporting the DRIFTS findings of NO;~
formation on the sample surface. A potential reaction pathway
for the conversion of NO, to nitrate was also proposed; the ener-
getic analysis of species with different adsorbed configurations
indicated that this process is energetically favorable (Figure S63)
[80, 89, 90]. The energy barrier associated with the adsorption and
desorption of NO, on the 1D {Cu,1,}, chain within Li-Rb-Cul-INA

was calculated to 0.76 eV, which is lower than the corresponding
barrier of 1.05 eV observed for the 1D {Cu4I;},* chain in Li-Na-
Cul-INA based on the same procedure. This value also explains
the faster sensing and recovery rates for Li-Rb-Cul-INA through
tuning the structure features of the Cul modules. Based on the
discussions above, the sensing mechanism can be conceptualized
as a Lewis acid—base interaction occurring between the Cul
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FIGURE 4 | (a)Time-resolved DRIFTS spectra of Li-Rb-Cul-INA during NO, sensing. (b) The XPS spectra of N1s in Li-Rb-INA-Cul before and after

NO, exposure.

module and NO,: 2NO,(ads) —» NO;~(ads) + NO(gas) [47, 91, 92].
The significant change in resistance is ascribed to the substantial
electron transfer from the Cul sites to the NO, molecules.

3 | Conclusions

In summary, the use of a bimetallic coordination assembly
approach led to the successful preparation of a series of bimetal-
lic CPs bearing 1D Cul chains. By tailoring the pristine Cul
into 1D conductive segments and integrating them into these
bimetallic CPs, the compounds offer selective and sensitive
chemiresistive sensing for NO, at RT, without requiring light
exposure, and show significant improvements in sensing capabil-
ities (such as sensitivity, selectivity, and LOD) compared to bulk
Cul. Notably, Li-K-Cul-INA, Na-Rb-Cul-INA, and particularly
Li-Rb-Cul-INA, which all contain the same 1D staircase-like
{Cu,l,}, chains, emerge as one of the best NO, chemiresistive
sensing materials reported to date. This work offers valuable
insights into the tailored design of new chemiresistive sensing
materials with enhanced capacities by modifying their struc-
tural characteristics on the basis of the crystal engineering
techniques.

4 | Material and Methods

4.1 | Materials

Lil (99%, Adamas Reagent Co., Ltd), Nal (99%, Macklin Inc.),
KI (99%, Adamas Reagent Co., Ltd), RbI (99%, Adamas Reagent
Co., Ltd), Cul (99%, Adamas Reagent Co., Ltd), 4-Picolinic acid
(99%, Adamas Reagent Co., Ltd). All the chemicals were pur-
chased from commercial sources and used without any further
purification.

4.2 | Syntheses of Li-Cul-INA

A mixture of Cul (100 mg), LiI (75 mg), INA (100 mg), 3.0 mL
DMF, 2.0 mL CH;CN, and 2.0 mL ethanol was sealed in a 20 mL
vessel, heated at 100°C for 3 days, and then cooled to room
temperature. The yellow flaky crystals were selected by hand,

washed with ethanol, and then dried in the air. Anal. Calc. for
Cg H;N,;0,,Cu,ILijy: C 29.20%; H 2.07% N 6.89%; found: C,
30.83%; H, 2.27%; N, 6.33%.

4.3 | Syntheses of Li-Na-Cul-INA

Li-Na-INA-Cul was synthesized using the same protocol as Li-
Cul-INA, except that an additional Nal (75 mg) was used in the
reaction. The yield of the light-yellow needle crystals. Anal. Calc.
for C,;;HyoLig 5, N105,Cuy Iy Nag 551 C, 27.77%; H, 1.66%; N, 5.54%;
found: C, 27.76%; H, 1.92%; N, 5.52%.

4.4 | Syntheses of Li-K-Cul-INA

Li-K-INA-Cul was synthesized using the same method as Li-
Na-INA-Cul, except that 75 mg of KI instead of Nal was used
in the reaction, and the reaction temperature was 100°C. The
yield of the orange-yellow rod-like crystals. Anal. Calc. for
C;3sH,, Cus LK, LiNGOy,: C, 25.12%; H, 1.41%; N, 4.48%; found: C,
25.25%; H,1.55%; N,4.96%.

4.5 | Syntheses of Li-Rb-Cul-INA

Li-Rb-INA-Cul was synthesized using the same procedure as Li-
Na-INA-Cul, except that 75 mg of RbI instead of Nal was used in
the reaction, and the reaction temperature was 100°C. The yield of
yellow rod-like crystals. Anal. Calc. for C;3H,,N,;0O,,CusI,Rb,Li:
C, 22.68%; H, 1.27%; N, 4.41%; found: C, 22.43%; H, 2.14%;
N, 4.57%.

4.6 | Syntheses of Na-Rb-Cul-INA

A mixture of Cul (100 mg), RbI (75 mg), Nal (75 mg), INA
(100 mg), 3.0 mL DMF, 2.0 mL CH;CN, and 2.0 mL ethanol was
sealed in a 20 mL vessel, heated at 100°C for 3 days, and then
cooled to room temperature. The yield of the orange block crystals
was washed with ethanol and then dried in the air. Anal. Calc. for
C;cH,,CusI,Na, ,sNO,Rb, 55: C 23.44%; H 1.31% N 4.56%; found:
C, 23.24%; H, 1.57%; N, 4.56%.
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4.7 | Characterization Techniques

Elemental analyses (EA) of C, H, and N were performed using a
German Elemental Vario EL III instrument. The UV-vis diffuse
reflectance spectra were recorded at room temperature using a
Shimadzu UV-2600 spectrophotometer. A BaSO, plate was used
as a standard (100% reflectance). Thermogravimetric analyses
(TGA) were carried out with a NETZSCH STA449C at a heating
rate of 5°C/min under a nitrogen atmosphere. The Li-Na-INA-
Cul of powder X-ray diffraction (PXRD) patterns were obtained
from a Miniflex II diffractometer at 30 kV and 15 mA using
Cu Ka (1.54178 A) in the angular range of 26 = 3-65° at room
temperature. The Li-Cul-INA, Li-K-Cul-INA, Li-Rb-Cul-INA,
and Na-Rb-Cul-INA were conducted on a Rigaku Smartlab X-
ray diffractometer with Cu Ka radiation (A = 1.5406 A) at a
scanning speed of 5°min~". The morphology and microstructure
of the fabricated materials were characterized by a field emission
scanning electron microscope, JEOL model JSM-6700 FE-SEM,
operating at an accelerating voltage of 1.5 or 5.0 kV. The ultraviolet
photoelectron spectroscopy (UPS) measurement was performed
on the Thermo Scientific K-Alpha electron energy spectrom-
eter with Al Ka (1486.6 eV) radiation as the X-ray excitation
source.

4.8 | Electrical Conductivity Tests

Electrical conductivity (o) was obtained by fitting the linear
region of the current-voltage curves to Ohm’s law. For the bulk
sample measurements, the two-contact probe method was used.
The single crystal electrodes were made using silver paste and
a 50 um gold line by placing the crystal between two electrodes
and connecting it to the semiconductor analysis system (4200SCS,
Keithley). The electrical conductivity of the sample was cal-
culated based on Ohm’s law. The tests were performed under
dark conditions (without any light source), and the temperature
change was controlled by the gas sensing station.

4.9 | Gas Sensing Measurements

A'10 mg sample was ground and dispersed in an ethanol solution.
Then, the 20 uL as-made sample suspension was directly drip-
coated on the interdigital electrode. Last, the obtained electrode
was dried at 60°C under vacuum for 6 h before the sensing
test. The sensor characterization was shown by a home-made
system reported in previous work [93]. The constant gas flow
was 600 mL min~!, the bias on the sensor was set to be 5V,
and the current data were recorded using a Keithley 2602B
Sourcemeter. Gases with accurate concentration were generated
by mixing target gases with dry air in a certain ratio via mass
flow controllers (CS-200C, Beijing Sevenstar Qualiflow Electronic
Equipment Manufacturing Co., Ltd., China) and then injected
into a quartz tube. Responsivity (R): it assesses the influence of
NO, on responses (AI/I, I, is the current in air, and Al represents
the change in current in the circuit after exposure to the analyte
gas). The coefficient of variation (CV) was estimated by Rgp /Ry X
100%, where Rgp, and R,,. are the standard deviation (SD) and the
average value of responses. The response and recovery times were
acquired as the times taken to achieve 90% of the total resistance
change.

4.10 | Density Functional Theory (DFT)
Calculations

All the calculations were performed in the framework of DFT
by using the Vienna ab initio simulation package VASP [94, 95].
The projector augmented wave method was used to describe
the interaction between ions and electrons. Electron-electron
exchange and correlation interactions have been described by
using the Perdew-Burke-Ernzerhof functional (PBE) within the
generalized gradient approximation (GGA) [96]. A plane wave
basis set with a cutoff energy of 400 eV and a k-point grid
generated by the Monkhorst-Pack method were found to give
converged results for the surface calculations. The structures
were relaxed using either the conjugate gradient algorithm or the
quasi-Newton scheme until the forces on all unfixed atoms were
less than 0.01 eV/A. During the geometry optimization, the atoms
in the inner two layers are fixed as those in the bulk structure,
and the atoms of the two uppermost layers of the surface and
the adsorbate are relaxed. It should be noted that the energies
of all configurations presented in this work include corrections
for dispersion (D3) and ZPE. More details were added in the
Supporting Information.

4.11 | DRIFTS Measurement

Time-resolved in situ DRIFTS spectra collection: DRIFTS spectra
were collected on a Nicolet 6700 FT-IR spectrometer with MCT/A
detector cooled by liquid nitrogen. Data collection was performed
on OMNIC software. The KBr was heated to 100°C under a stream
of dry synthetic air for 2 h, after which the sample cup was cooled
to room temperature and purged with dry synthetic air. After that,
a raw absorbance spectrum was collected as background. The
sample was processed with the same procedure except 1000 ppm
NO, was used throughout the test. All spectra were obtained by

scanning with a resolution of 4 cm™ from 650 to 2000 cm™.

412 | X-Ray Crystallography

Single-crystal X-ray diffraction data of Na-Rb-Cul-INA, Li-Na-
Cul-INA, and Li-K-Cul-INA were collected on a SuperNova
Oxford diffractometer with graphite monochromated MoK« radi-
ation (1 = 0.71073 A). Single crystal data of Li-Rb-Cul-INA
were measured and collected on a Hybrid Pixel Array detector
equipped with graphite-monochromated Ga Ko radiation (1 =
1.34050 A) at 298 K. Li-Cul-INA was measured and collected
with graphite-monochromated MoK« (A = 0.71073 A) using an
XtaLAB Synergy R, HyPix diffractometer at 100 K. The structures
were solved by direct methods and refined by full-matrix least-
squares on F? using the SHELX-2016 program [97]. Non-hydrogen
atoms were refined with anisotropic displacement parameters,
and the hydrogen atoms bonded to C and N atoms were posi-
tioned with idealized geometry. The empirical formulae were
confirmed by EA. Detailed crystallographic data and structure-
refinement parameters are summarized in Table S1. [CCDC
Nos. 2344265-2344268 and 2488044 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.]
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