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ABSTRACT: Two isomeric two-dimensional copper(I)
coordination polymer materials based on an in situ
generated S-(3-pyridyl)tetrazole ligand show similar layer
structures but distinct photoluminescent and photo-
catalytic properties, which present an interesting com-
parative study on the structure—property correlation
between isomeric materials.

oordination polymers (CPs) or metal—organic frame-

works have attracted great interest in recent years because
of their diverse structures and potential applications in gas
sorption, separation, and catalysis.lﬁ A new emerging
application of CPs is photocatalysis, and some results have
demonstrated that CPs are efficient photocatalysts on the
degradation of organic dyes, water splitting, or photoreduction
of CO,.**> However, such kinds of applications of CPs on
visible-light-driven photocatalysis are just beginning to emerge.
How to achieve inexpensive, stable, efficient, and band-gap-
tunable photocatalysts based on CPs is still a big challenge.

In this work, we report two isomeric two-dimensional
copper(I) CPs with interesting photocatalytic properties on the
degradation of organic dyes. Remarkably, two isomers show
similar layer structures and have the same formula Cu(ptz) [1
and 2, ptz = S-(3-pyridyl)tetrazole], but they exhibit totally
different appearances and physical properties including
luminescence and photocatalytic efficiency. Compound 1 with
a band-gap size of 1.65 eV shows much higher photocatalytic
efficiency on the degradation of methylene blue (MB),
rthodamine B (RhB), and methyl orange (MO) than compound
2 does with a band-gap size of 2.24 eV. It is notable that both
materials can be used several times without decreasing the
photocatalytic efficiency.

Both isomeric materials 1 and 2 were solvothermally
synthesized through “click” reactions of Cu,O, 3-cyanopyridine,
and NaNj; in different mixed solvents (e.g, 1 in N, N—
dimethylformamide (DMF)/ethanol and 2 in DMF/toluene.’
The ptz ligand is in situ generated from a “click” reaction
between 3-cyanopyridine and NaNs;. Such in situ “click”
solvothermal synthesis of a tetrazolate ligand has been well
introduced in a number of tetrazolate-based CPs.” Single-crystal
X-ray diffraction measurements reveal that both isomers
crystallize in the same triclinic P1 space group and feature
identical wavelike layer structures, but their unit cells are
distinct.® The pure phase of each compound has been
demonstrated by powder X-ray diffraction (PXRD). Both
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compounds are stable in air and insoluble in common solvents.
Because they are structural isomers, compounds 1 and 2 have
very similar thermal behaviors. Thermogravimetric analyses
(TGA) indicate that there is no obvious weight loss before 250
°C for both isomers (Figure S6 in the Supporting Information,
SI). It is notable that no solvent molecules have been trapped in
the structures of 1 and 2. However, the formation of these two
isomers with slight structual differences must be closely
associated with the solvent environment during synthesis.
The intermolecular interactions between solvent molecules
(ethanol for 1 and toluene for 2) and the coordination
framework might induce two isomeric frameworks.

In the structure of 1, each Cu' center is coordinated by three
N atoms from three tetrazole groups and one N donor from a
pyridyl group, showing a distorted tetrahedral coordination
geometry (Figure la). Each ptz ligand links four Cu' centers
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Figure 1. (a) Layer structure in 1. (b) Two stacking layers in 1. (c)
Layer structure in 2. (d) Two stacking layers in 2.

through three tetrazole N donors and one pyridyl N donor.
The dihedral angle between pyridyl and tetrazole rings in a ptz
ligand is 40.9° (Figure S1 in the SI). Every tetrazole group
bridges three Cu' centers together, and the adjacent Cu-+-Cu
distances are 3.651 and 3.661 A, respectively. A copper
tetrazole chain running along the a axis is thus formed. These
resulting chains further connect each other into a layer through
the pyridyl groups of the ptz ligands (Figure la). The layers
further stack into a three-dimensional structure. No obvious
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interactions were observed between adjacent layers. In each
layer, all Cu' centers almost fall in one plane. The distance
between such adjacent copper planes is 6.50 A (Figure 1b).
The coordination environment in 2 is very similar to that in
1, where the y*-ptz ligands link those tetrahedral Cu' centers
into a wavelike layer (Figure lc). However, there are three
crystallographically different Cu' centers and three 3-ptz ligands
in the asymmetric unit of 2. The dihedral angles in three 3-ptz
ligands are 37.0°, 41.9° and 43.4°, respectively, which are totally
different from those in 1 (Figure S4 in the SI). Moreover, the
shortest Cu---Cu distance in the copper tetrazole chain is 3.684
A. The distance between two adjacent copper planes in 2 is
6.57 A (Figure 1d), which is a little longer than that in 1.
One breakthrough achieved in this work was to discover
distinct properties in these two isomers with such close
structural features. Actually, they have totally different perform-
ances on photoluminescent emissions and photocatalysis. The
solid-state photoluminescent properties of two isomers were
investigated at room temperature (Figure 2). Upon irradiation
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Figure 2. Emission spectra of 1 (blue line, maximum 501 nm) and 2
(green line, maximum 533 nm) in the solid state at room temperature.

of ultraviolet light at 360 nm, the emission maximum
wavelengths for 1 and 2 are 501 and 533 nm, respectively.
The difference in the emission spectra of two isomers implies
that the properties of their excited states are mainly related to
the local coordination factors, such as the torsion of the ptz
ligand, the coordination between Cu' and N atoms, or other
intramolecular interactions. The emission of the ptz ligand is
455 nm upon irradiation of ultraviolet light at 295 nm.
Compared to 1, the ptz ligands in 2 are closely packed and
show much stronger 7---7 interactions between adjacent layers.
Such strong 7---7 interactions probably lower the 7* energy of
the ptz ligand. Thus, the emission energy level of 2 is lowered,
and longer wavelength emission is found. The emissions of 1
and 2 can be tentatively assigned to the Cu — 7*(3-ptz) metal-
to-ligand charge transfer, which are similar to those observed in
some documented copper(I) compounds.” Furthermore,
Cu--Cu interactions in the same layer, probably involving
with Cu-+-Cu [3d — 4s] cluster-centered excited states, might
also contribute to photoemission, as evidenced in other
copper(I) tetrazolate compounds.10
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The band-gap sizes of 1 and 2 were investigated by a UV/vis
diffuse-reflectance measurement method at room temperature.
The results give E, (band-gap energy) values of 1.65 and 2.24
eV for 1 and 2, respectively (Figures S9 and S10 in the SI).
Different dihedral angles presented by the ptz ligands in two
isomers as well as different layer—layer distances in two
structures might lead to such distinct band-gap sizes for 1 and
2. Both 1 and 2 have absorption response to visible light
because of their narrow band-gap sizes. The photocatalytic
activities of both isomers were further studied. The degradation
of organic dyes was selected as the reference.

Two isomers showed high photocatalytic efficiency for the
degradation of MB, RhB, and MO in aqueous solution under
xenon arc lamp irradiation (Figure 3). First, for the degradation
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Figure 3. Photodecomposition of three dyes (a, MB; b, RhB; ¢, MO)
in solution over two isomers. Left: color change photograph image of
dye solutions. Right: time-dependent UV/vis spectra of three dyes
over two isomeric photocatalysts. Black line: 1. Red line: 2.

of MB, the characteristic absorption of MB at about 650 nm
was selected to monitor the adsorption and photocatalytic
degradation process. Figure 3a shows a comparison of the
photocatalytic activities of two isomers. The photocatalytic
activity of each sample was gradually enhanced with time
increasing from O to 2S5 min. It is obvious that 1 exhibits much
higher activity. When the light application time increases to 24
min, the degradation ratio of MB reaches 98% (Figure 3a).
Similar procedures were performed to check the photocatalytic
activities of two isomers upon degradation of RhB and MO. For
photocatalyst 1, the full degradation time for RhB is only 35
min (Figure 3b), and the degradation of MO in 45 min also
reaches 95% (Figure 3c). In contrast, photocatalyst 2 has to
take a little longer time for degradation of these dyes. It is clear
that 1 possessed higher activity than 2, but the detailed reason
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is difficult to explain at the current stage. It is clear that the
slight structural difference between 1 and 2 leads to their
discrepancy in the band-gap sizes, which might also affect their
discrepancy in the photocatalytic activity.

In order to investigate the stability of two isomers as visible-
light photocatalysts, we repeated the photocatalytic degradation
of MB three times. It is interesting that they still keep similar
photocatalytic efficiencies and the PXRD patterns of two
isomers at the end of each repeated bleaching experiment are
almost identical with that of the as-prepared sample (Figures
S7, S8, and S17—S19 in the SI). We analyzed the total organic
carbon (TOC) of the organic residues after photocatalysis
experiments of isomer 1 (Table S1 in the SI). The results reveal
that the TOC decreases obviously, which infers that the dyes
should degrade into carbon dioxide. Compared to other
reported CPs with photocatalytic properties, both photo-
catalysts 1 and 2 show high visible-light-driven photocatalytic
efficiency.**>"!

In summary, through in situ “click” reactions in different
solvents, two isomeric two-dimensional copper(I) materials
based on an in situ generated ptz ligand were successfully
synthesized. The results reveal distinct photoluminescent and
photocatalytic properties presented by two such isomers with
very similar structural features. This work is an interesting
comparative study on the structure—property correlation
between isomeric materials. Considering their high efficiency
and high stability on the photocatalytic degradation of organic
dyes, both isomeric materials might be good candidates for
photocatalytic applications.
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