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Abstract: Under solvothermal conditions, the reaction of
3-carboxy-1-carboxymethyl-2-oxidopyridinium (H,L), and
N-donor ligands (2,2-bipy = 2,2-bipyridine, 4,4"-bipy = 4,4'-
bipyridine) with copper(Il) ions, two new complexes biaqua-
bis[(uy-3-carboxylato-1-carboxylatomethyl-2-oxidopyridinium-
K 0,0:0"-(2,2-bipyridine-x* N,N') copper(Il)] tetrahydrate (1)
and poly{aqua-(u,-3-carboxylato-1-carboxylatomethyl-2-
oxidopyridinium-x* 0,0":0")-hemi(u,-4,4-bipyridine-x* N:N)
copper(ID)] bihydrate}(2) have been successfully synthesized
and structurally confirmed by single-crystal X-ray diffraction
analysis techniques and elemental analysis. In complex (1),
the anionic H,L ligand connects Cu(Il) ions in a t,-n":n":n"n"n°
mode to form a [Cu(L)], unit, which is further extended into
chains via m-m stacking between 2,2-bipy ligands. Adjacent
chains interconnect to form supramolecular layers through
additional m-mt stacking. Complex (2) was shown to have a
chains structure in which the binuclear [Cu(L)], moieties are
linked into chains due to the bridging function of the 4,4-bipy
ligand, and further connected by hydrogen bond interactions
to form a layered structure. Additionally, the properties of (1)
and (2) were characterized by FT-IR, UV-vis, PL, TG and
Hirshfeld surfaces analyses.
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1 Introduction

Emerging as a category of functional materials, complexes
formed through coordination interactions between metal
ions/clusters and organic ligands have captivated significant
global research interest.”” Benefiting from the strong
directionality of metal-ligand coordination bonds and the
well-defined coordination geometries of metal centers, a
wide variety of fascinating complexes with distinctive
network topologies have been systematically constructed by
carefully selecting metal ions and employing rational stra-
tegies for designing organic bridging ligands.>* Beyond their
intriguing architectures, complexes exhibit exceptional
characteristics — polymetallic active sites, diverse pore sizes,
high structural flexibility and tunability, facile functionali-
zation, large adsorption capacity and ultrahigh specific
surface area.” ' These features make promising candidates
for applications in catalysis,*° gas storage/separation,'
fluorescence sensing,"’ ion exchange,”” 3electrochemical
biosensing,"*'* and other advanced fields. Among, organic
ligands play a pivotal role in the design and synthesis of
complexes, where their structural diversity endows prod-
ucts with tailored functionalities for diverse applica-
tions.”>'® Particularly, the mixed strategy that combines
organic carboxylic acid ligands with nitrogen-containing li-
gands has been much more extensively studied.’”’® The
carboxylic acid ligands include rigid aromatic ligands or
heterocyclic acids, as well as flexible aliphatic ligands. As a
rigid ligand, 3-carboxy-1-carboxymethyl-2-oxidopyridinium
provides coordination sites of varying degrees of flexibility
via its carboxylic acid oxygen atoms, enabling the con-
struction of functional complex materials with intricate ar-
chitectures. Meanwhile, the linker’s rigidity affords
abundant hydrogen-bonding and m-n stacking interactions
during extended network assembly.’*** Known to act as a
significant class of N-donors, bipyridine (bipy) is commonly
utilized in the preparation of complexes due to its strong
o-donor ability from the imine functionality and the pres-
ence of an empty, low-lying 7 orbital, which endows it with
exceptional coordination versatility.”> > For example, the
2,2-bipyridine ligand establishes compact connections with
metal atoms through N,N'-chelating coordination. The
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planar geometry generates open metal coordination sites that
promote various intermolecular interactions, such as m-m
stacking and metal-metal interactions.** The 4,4-bipyridine
serves as a pivotal pillar for connecting inorganic frameworks,
linking metal ions through a bridging coordination mode to
promote the formation of extended spatial architectures and
construct stable multidimensional functional materials with
enhanced structural integrity.”>”® Jinzhong Gu et al.*’ reported
two complexes: {[Cd(u-Hbta)(2,2-bipy)(H,0)]-3H,0}, (1) and
[Zny(u-Hbta),(4,4-bipy),(H,0),]-2H,0 (2) (Hsbta = 3,2'4-biphe-
nyltricarboxylic acid). In complex (1), the 2,2-bipy ligand che-
lates Cd(II) ions to form a six-coordinate {CdN,0,} distorted
octahedral geometry, distributed along wavy one-dimensional
chains. In complex (2), terminal N atoms of 4,4-bipy coordinate
with Zn(ID) ions through a bridging mode to construct {ZnNOs}
units, which are interconnected via hydrogen bonding to form
a three-dimensional pcu network.

Herein, we investigated the self-assembly behavior of
Cu(Il) ions and bipyridine in conjunction with aromatic
carboxylate ligands, leading to the formation of
two new complexes, namely biaqua-bis[(u,-3-carboxylato-
1-carboxylatomethyl-2-oxidopyridinium-® 0,0:0")-(2,2-bipyr-
idine-x* N,N') copper(I)] tetrahydrate (1) and poly{aqua-
(up-3-carboxylato-1-carboxylatomethyl-2-oxidopyridinium-
K O,O’:O")-hemi(y2-4,4'-bipyridine-K2 N:N) copper(1D]
bihydrate}(2), under solvothermal conditions. The prop-
erties of complexes (1) and (2) were thoroughly charac-
terized, including X-ray diffraction, FT-IR, UV-vis, PL, TG
and Hirshfeld surface analyses.

2 Experimental
2.1 Reagents and instruments

All reagents and chemicals used in this study were
commercially sourced and utilized without further purifi-
cation. Elemental analysis was performed using a Perkin-
Elmer 240C analyzer. Powder X-ray diffraction (PXRD) pat-
terns were collected using a Rigaku Dmax 2000 X-ray
diffractometer equipped with graphite monochromatized
CuKa radiation (A = 0.154 nm). Thermogravimetric analysis
(TGA) was carried out using a TGS DT2960 analyzer over the
temperature range of 25-800°C. The IR spectrum was
recorded in the range of 4,000-400 cm™ on a Perkin-Elmer
Spectrum One FTIR spectrometer using a KBr pellet tech-
nique. UV-vis absorption spectra of finely ground samples
were measured on a Shimadzu UV-2550 spectrophotometer,
while emission spectra were recorded using a Renishaw in
Via Raman microscope.
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2.2 X-ray crystallography

Single crystals of complexes (1) and (2) were carefully
selected for size, and single crystal X-ray diffraction analyses
were performed at 273(2) K and 296(2) K on a Bruker-AXS
Smart CCD diffractometer equipped with graphite-
monochromatized MoKa (A = 0.71073 A) radiation using an
w-¢ scan method. The structures were solved directly by
SIR2014® and refined by the SHELXL2018/3%° program based
on Fbased full matrix least-squares technique. All
hydrogen atoms were located using difference Fourier
methods and refined as riding models, while the non-
hydrogen atoms were refined with anisotropic displacement
parameters. The selected bond distances and angles were
gathered in Table 1, and X-ray crystallographic and refine-
ment parameters are summarized in Table 2.

2.3 Synthesis of biaqua-bis[(y,-3-
carboxylato-1-carboxylatomethyl-2-
oxidopyridinium-k* 0,0":0”)-
(2,2-bipyridine-k®> N,N’) copper(II)]
tetrahydrate (1)

CuCl,2H,0 (0.05mmol, 0.099 g), H,L (0.05mmol, 0.0099 g),
and 2,2- bipyridine (0.1 mmol, 0.0156 g) were added to H,0

Table 1: Selected bond lengths (A) and angles (deg) for complexes (1)
and (2).

Complex (1)

Bond Value Bond Value
N(2)-Cu(1) 1.986(2) O(1W)-Cu(1) 2.328(2)
N(3)-Cu(1) 1.997(2) 0(3)-Cu(1) 1.9357(18)
0(2)-Cu(1) 1.9070(18)

0(2)-Cu(1)-0(3) 93.95(7) N(2)-Cu(1)-N(3) 81.15(9)
0(2)-Cu(1)-N(2) 169.11(9) 0(2)-Cu(1)-0(1W) 85.84(8)
0(3)-Cu(1)-N(2) 92.29(9) 0(3)-Cu(1)-0(1W) 91.07(8)
0(2)-Cu(1)-N(3) 91.25(8) N(2)-Cu(1)-0(1W) 102.97(8)
0(3)-Cu(1)-N(3) 169.03(8) N(3)-Cu(1)-0(1W) 98.94(8)
Complex (2)

Bond Value Bond Value
N(2)-Cu(1) 2.0222(18) 0(3)-Cu(1) 1.9533(16)
0(2)-Cu(1) 1.9203(17) 0(5)-Cu(1)" 1.9668(16)
0(1W)-Cu(1) 2.2342(19)

0(2)-Cu(1)-0(3) 90.41(7) 0(5)"=Cu(1)-N(2) 90.80(7)
0(2)-Cu(1)-0(5)" 152.35(8) 0(2)-Cu(1)-0(1W) 105.83(8)
0(3)-Cu(1)-0(5)" 88.53(7) 0(3)-Cu(1)-0(1W) 93.32(7)
0(2)-Cu(1)-N(2) 89.33(7) 0(5)"-Cu(1)-0(1W) 101.82(7)
0(3)-Cu(1)-N(2) 178.04(7) N(2)-Cu(1)-0(1W) 88.62(7)

Symmetry codes: T x+1, -y, -z + 1.
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Table 2: Crystal structure data for complexes (1) and (2).
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Complex Complex (1) Complex (2)
Empirical formula C36H35CU,NG046 C43H;5CuN,0q
M, 937.80 390.81
Temperature, K 273(2) 296(2)

Crystal size, mm?® 0.201 x 0.182 x 0.175 0.319 x 0.306 x 0.232
Crystal system Monoclinic Triclinic

Space group P24/n P1

a, A 11.7258(13) 8.7358(18)

b, A 12.8692(14) 9.303(2)

G A 12.6384(14) 10.296(2)

a,° 90 68.021(3)

B, ° 96.173(2) 86.161(3)

¥° 90 76.083(3)

v, A 1896.1(4) 753.0(3)

z 2 2

Deatcgs § €M™ 1.64 1.72

p(MoKa), mm™ 12 1.5

F(000), e 964.0 400.0

hkl range -13<h<12,-15<k<12,-14</k 15 -10<h<10,-9<k<11, -1 <12
Radiation wave length A, A 0.71073 0.71073

20 range for data collection, 2.25-25.01 2.13-26.10
Refl. Measured 9,130 4,264

Refl. Unique 3,306 2,963

Rint 0.0250 0.0142
Param. refined 275 217
R(F)/WR(F?)*® (all refl.) 0.0436/0.1003 0.0356/0.0866
GoF (F3)* 1.089 1.052
Weighting factors A/B" 0.0566/0.9341 0.0482/0.5800
Dpfin (Max/min), e°A3 0.67/-0.26 0.63/-0.67
CCbC 2464040 2464039

AR(F) = IIFo| = |FII/EIFL: "WR(F?) = [IW(F,2 — FAXEW(F.D"% w = [02(Fo2) + (AP)? + BPT™', where P = (Max(F,2, 0) + 2F)/3;

CGOF =5= [ZW(FOZ - Fcz)zl(nobs - nparam)]“z-

(2.5mL) and DMF (3mL) in a sealed glass vial. The resulting
mixture was stirred continuously at room temperature for
15 min to get a mixed solution, followed by heating at 95 °C
for 96 h. Upon cooled to room temperature, blue bulk crystal
of complex (1) were obtained. Single crystals suitable for
X-ray diffraction analysis were obtained. (1): trace amount
(yield~43 %, based on Cu). C3gH3gCu,NgO46 (%): calcd. C 46.11,
H 4.08, N 8.96; Found C 45.27, H 4.03, N 8.73.

2.4 Synthesis of poly{aqua-(y,-3-
carboxylato-1-carboxylatomethyl-2-
oxidopyridinium-k* 0,0":0”)-hemi
(;12-4,4’-bipyridine-K2 N:N’) copper(II)]
bihydrate}(2)

CuCl,2H,0 (0.1 mmol, 0.0170 g), H,L (0.05 mmol, 0.0099 g),
and 4,4- bipyridine (0.1 mmol, 0.0160 g) were dissolved in a
mixed solvent of HyO/DMF (5 mL, 1:1 = v/v) in a glass vial. The

mixture was stirred for 15min at room temperature to
ensure thorough mixing. It was then heated at 93 °C for 96 h
and subsequently cooled to room temperature, yielding blue
block-shaped crystals of complex (2). The crystals of complex
(2) were washed with distilled water and dried under
ambient conditions. Single crystals suitable for X-ray
diffraction analysis were obtained. (2): trace amount
(yield~38 %, based on Cu). C;3H;5CuN,0g (%): calcd. C 39.91, H
3.38, N 7.16; Found C 39.43, H 3.82, N 7.10.

3 Results and discussion

3.1 Crystal structure description for
complex (1)

The single-crystal X-ray diffraction analysis reveals that
complex (1) crystallizes in the space group P2//n. The
asymmetric unit consists of one crystallographically
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Figure 1: Coordination center of Cu(II) in complex (1) (Symmetric codes:
=X, -y, —-2).

independent Cu(Il) ion, one 2,2-bipy ligand, one L anion,
one coordinated H,O molecule, and two free H,O molecules.
As shown in Figure 1, the coordination environment of
Cu(II) ions, which exhibits a six-coordinate distorted octa-
hedral geometry, is completed by two nitrogen atoms N(2)
and N(3) (N(2)-Cu(l) = 1.986(2) A, N(3)-Cu(1) = 1.997(2) A)
from one 2,2-bipy ligand, three oxygen atoms 0(2), O(3) and
0" (0(2)-Cu(1) = 1.9070(18) A, 0(3)-Cu(1) = 1.9357(18) A,
Table 1) from two different L ligand anions, as well as one
oxygen atom O(IW) (O(1W)-Cu(1) = 2.328(2) A) in the H,0
molecule.

The deprotonated L ligand anion adopts a up-
n'n":nn"n® linking mode, where the carboxylate oxygen
atoms from the L ligand take the coordination mode of
monodentate with adjacent Cu(Il) ions, thereby forming a
binuclear [CuL], structural unit (Figure 2). The distance be-
tween adjacent Cu---Cu is 5.200 A. Subsequently, adjacent
binuclear [CuL], clusters are interconnected through m-n
stacking interactions (N(2)/C(9)-C(13), N(2)"/C(9)"-C(13)"
Symmetric code: "1 - x, -y, -z, Table 3) between the pyridine
rings of the 2,2-bipy ligands to form a supramolecular
chain.*

Interestingly, additional m-m stacking interactions
(N(3)/C(14)-C(18), N@)"™/C1)"-C(5)™; Symmetric code:
Vil _1/2 - x, 1/2 — y, -1/2 — z) are observed between the pyri-
dine ring of the 2,2-bipy ligand and the aromatic ring of the
H,L ligand anion, which further extend the adjacent chains
into supramolecular layers (Figure 3). The stability of the
layered structure is enhanced due to the presence of
0O-H---0 hydrogen bonds.
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Table 3: The -t interactions of complex (1) (A, °).

Centroid to centroid
distance (A)

Ring (I)---Ring (J) a(°) Slippage

distance (A)

Cg4---Cgd"
Cg5---Cg3"

3.7302(17)
3.7898(16)

0.02(13)
4.75(12)

1.384
1.688

Symmetry code: V' 1 - x, -y, -z "' =1/2 + x, 1/2 = y, =1/2 + z. Ring codes -
Cg3: N(1)/C(1)-C(5), Cg4: N(2)/C(9)-C(13), Cg5: N(3)/C(14)-C(18).

Figure 3: The layered structure of complex (1) formed based on another
kind of T-Tt stacking.

3.2 Crystal structure description for
complex (2)

Single crystal X-ray diffraction analysis indicates that com-
plex (2) crystallizes in the triclinic system with the P1 space
group, exhibiting a similar layered network structure to that
of complex (2). As shown in Figure 4, a Cu(Il) ion, a L ligand

c12t  c13l

Figure 2: Complex (1) forms a chain through -
T interactions.
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anion, half of one 4,4-bipy ligand, a crystalline water mole-
cule, and two free water molecules constitute the asym-
metric unit structure of complex (2). Each Cu(Il) ion
coordinates with one N atom (Cu(1)-N(2) = 2.0222(18) A) from
44-bipy, two carboxylate oxygen atoms (Cu(l)-
0(2) = 1.9203(17) &, Cu(1)-0(5)" = 1.9668(16) A), and one hy-
droxyl oxygen atom (Cu(1)-0(3) = 1.9533(16) A) from one L
ligand anion, along with one oxygen atom (Cu(l)-
0(1W) = 2.2342(19) A) from a water molecule, thereby form-
ing a five-coordinate [CuO4N] distorted square pyramidal
geometry.

As shown in Figure 5, L ligand anion connects adjacent
Cu(ID) ions via a ,-n°:n*:n*:n’:n" coordination mode, forming
a dinuclear [CuL], structure with a Cu---Cu distance of
6.710 A. Furthermore, 4,4-bipy bridges adjacent dinuclear
[CuL], units, generating a chain structure with an extended
Cu---Cu distance of 11.134 A.

Moreover, the O(IW)-H(1A)---O(1)' hydrogen bonds
facilitate the connection of chains into a layered structure
(Table 4), while additional hydrogen bonds contribute
significantly to the stabilization of this layered architecture
(Figure 6).

3.3 Powder XRD analysis of complexes (1)
and (2)

The powder X-ray diffraction (PXRD) patterns of complexes
(1) and (2) are presented in Figure 7. A direct comparison
reveals that the experimental diffraction peaks are in
reasonable agreement with those derived from the simu-
lated patterns, providing strong evidence for phase purity of
both samples.

3.4 FT-IR spectroscopy of complexes (1)
and (2)

As shown in Figure 8, infrared spectroscopy (IR) measure-
ments of complexes (1) and (2) were conducted within the
frequency range of 400-4,000 cm ™ using KBr as the back-
ground. Broad absorption peaks observed between 3,441
and 3,074cm™ are predominantly attributed to the
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hydroxyl O-H stretching vibrations of water molecules in
complex (1). The peak at 2,364cm™ corresponds to the
stretching vibration of CO, from the air.*! The character-
istic peaks for C-N and C=N stretching vibrations are
located at 1,653 cm™ and 1,532 cm™, respectively. Addi-
tionally, two peaks at 1,592 cm ™" and 1,374 cm ™! correspond
to the asymmetric v,5(COO) and symmetric v5(COO) vibra-
tions of the carboxylate groups in the L ligand anions. Peaks
at 1,244cm™ and 1,183 cm™ are assigned to the in-plane
bending vibrations of C-H bonds.

In comparison with complex (1), the peaks at 1,420 em™!
and 1,611 cm ™! in complex (2) can be attributed to the sym-
metric (v(CO0)) and asymmetric (v,5(CO0)) stretching vi-
brations of the carboxyl group in the L ligand anions.
Furthermore, the peaks at 1,648cm™, 1532cm™, and
1,304 cm™ are associated with the stretching vibrations of
v(C=N) and v(C-N). The in-plane bending and out-of-plane
stretching vibrations of C-H bonds are identified at
1,225 cm™ and 784 cm™, respectively. Lastly, the character-

istic absorption peak of Cu-0 is observed at 594 cm™.**

3.5 Thermogravimetric analysis of complex
(1) and (2)

The thermal stabilities of complexes (1) and (2) were
investigated under a temperature range from 25 to 800 °C
with a heating rate of 10 Kmin . The weight loss profiles of
complexes (1) and (2) are illustrated in Figure 9. For complex
(1), the first stage of weight loss occurred within the tem-
perature range of 30-180 °C, with an actual slight weight loss
of approximately 10.5 % (theoretical value: 11.51 %), which
corresponded to the loss of two coordinated water molecules
and four free water molecules. The second stage of weight
loss began at 208 °C, where the pronounced downward trend
of the thermogravimetric curve indicated the collapse of the
framework structure of complex (1). The curve plateaued
around 550°C, indicating that complex (1) was fully
decomposed, leaving CuO as the final residual product.
Throughout the entire process, the total weight loss
amounted to 76.4 % of the initial mass. Regarding complex
(2), the initial weight loss observed within the temperature
range of 63-171°C can be attributed to the loss of water

Figure 5: Chain structure of complex (2).
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Table 4: H-Bonding geometry parameters (A, deg) for complexes (1) and (2).

Complex Donor-H--acceptor d(D-H) d(H---A) d(D---A) £(DHA)
Complex (1) O(1W)-H(1B)---0(2W) 0.84 2.03 2.855(3) 171.4
O(2W)-H(2A)---O(4)" 0.85 1.96 2.805(3) 171.0
O(2W)-H(2B)---O(3W) 0.86 2.00 2.845(3) 168.4
O(3W)-H(3A)---0(1) 0.85 2.02 2.861(3) 169.3
O(3W)-H(3B)---0(5)" 0.85 1.94 2.768(3) 164.3
O(1W)-H(1A)---0(4)" 0.848(10) 1.913(15) 2.744(3) 166(4)
Complex (2) O(1W)-H(1A)---0(1)" 0.84 2.00 2.829(2) 169.3
O(1W)-H(1B)---0(2W)" 0.85 2.01 2.851(3) 171.7
O(2W)-H(2A)---0(1) 0.84 1.92 2.751(3) 169.4
O(2W)-H(2B)---O(4)" 0.85 1.96 2.805(3) 171.2
O(3W)-H(3A)---0(4) 0.85 2.1 2.92003) 160.3
0(3W)-H(3B)---02W)"i 0.85 2.04 2.882(3) 172.4

viii

Complex (1): Symmetry codes: ¥ —x, -y + 1, -z + 1, x+ 1,5, 2" x =1, y, 2,
Vox+2, -y, -2 X +302,y+1/2, -2+ 1/2.

—X, =y + 1, —z. Complex (2): Symmetry codes: " x + 1/2, -y + 1/2, 2 - 1/2,

Figure 6: Structure of a complex (2).

(a) (b)

Intensity (a.u.)
Intensity (a.u.)

Simulated Simulated

h | ﬂ l E:perimenml Cxperimental

T T T T T T T T T T T T T T

T T
5 015 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50
20/ degree 20 / degree

Figure 7: Experimental and simulated PXRD patterns of complexes (1) (a) and (2) (b).

molecules. A subsequent substantial weight loss was recor- curve gradually leveled off at approximately 475°C,
ded between 171 and 475 °C, which is likely associated with ~demonstrating that complex (2) had undergone complete
the breakdown of the structure. The thermogravimetric decomposition.
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Figure 9: TG curves of the complexes (1) (a) and (2) (b).

3.6 UV-vis spectroscopy of complex (1)
and (2)

Under ambient temperature conditions, the solid-state UV—-
Vis absorption spectra of complexes (1) and (2), as well as
their corresponding three ligands (HpL, 2,2-bipy and
4,4-bipy), were measured. As shown in Figure 10(a), the
2,2-bipy ligand exhibited high and broad absorption bands
in the wavelength range of 200-267 nm, while the H,L ligand
showed similar characteristics in the 200-366 nm region.
Meanwhile, the 4,4-bipy ligand also demonstrated relatively
strong absorption bands in the 200-300nm region
(Figure 10(b)). Analogous absorption features were observed
for complexes (1) and (2): complex (1) displayed absorption
bands in the 200-339nm range, whereas complex (2)
exhibited absorption in the narrower 200-258 nm region.
These absorption bands are predominantly attributed to -

T T

T T T
100 200 300 400 500 600 700 800

Temperature (°C)

7" and n-* transitions within the ligands. Furthermore, the
absorption bands of complex (1) in the 470-800 nm region,
along with the strong absorption band of complex (2) within
the same spectral range, can be ascribed to the d-d transi-
tions of the Cu®* centers.*

3.7 Photoluminescence spectroscopy of
complex (1) and (2)

The solid-state photoluminescence characteristics of com-
plexes (1) and (2), along with the organic ligands H,L,
2,2-bipy and 4,4-bipy, were recorded. As depicted in
Figure 11(a), the H,L ligand exhibited a pronounced emission
peak at 383 nm under an excitation wavelength of 256 nm,
whereas the 2,2-bipy ligand showed emission peaks at
377 nm (Aex = 330 nm). Remarkably, complex (1) displayed a
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Figure 10: UV-vis spectroscopy of complexes (1) (a) and (2) (b).
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Figure 11: The solid-state photoluminescence spectra: complex (1), 2,2"-bipy and H,L ligand (a); complex (2), 4,4-bipy and H,L ligand (b).

robust emission at 378 nm (dx = 327 nm), which closely
overlapped with the emission profile of the 2,2-bipy ligand.
This spectral congruence implies that the fluorescence
emission of complex (1) likely arises from intraligand charge
transfer within the 2,2-bipy ligand. In Figure 11(b), the
4,4"-bipy and H,L ligands exhibited emission bands at 422 nm
(Aex = 256 nm) and 383 nm (A¢x = 329 nm), respectively. Under
329 nm excitation, complex (2) displayed a strong emission
band at 376 nm, closely matching the H,L ligand’s profile,
which indicates intraligand charge transfer (ILCT) within
the H,L ligand.**

3.8 Hirshfeld surface analysis of complex (1)
Hirshfeld surfaces analyzed for complex (1) were generated

using CrystalExplorer21.5® and the dyorm, Shape-index, and
curvedness parameters were obtained, complemented by

fingerprint plot analysis. The dpoy, color mapping reflects
interatomic distances: red regions denote intermolecular
distances shorter than the sum of van der Waals radii, white
areas represent approximate van der Waals contacts, and
blue zones indicate distances exceeding the van der Waals
sum. Figure S1 shows multiple bright and light-red spots on
the dporm surface, attributed to hydrogen-bonding in-
teractions. The shape-index surface reveals distinct m-n
stacking interactions, characterized by adjacent red-yellow
and blue-green triangular patterns alongside back-to-back
diamond motifs. The curvedness analysis highlights surface
flatness correlated with molecular packing efficiency.

The two-dimensional fingerprint plots in Figure S2 depict
the corresponding percentage contributions of intermolec-
ular contacts within complex (1). Among these, H.--H inter-
molecular contacts exhibit the highest contribution at 37.9 %,
while O---H/H---0 interactions account for a significant 29.9 %
of the overall crystal packing. C---H/H---C interactions
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contribute 14.7 % to the surface area. Other weak intermo-
lecular contacts make minor contributions, including C---C
(7.6 %), H---N/N---H (3.7 %), C---0/0---C (1.9 %), O---Cu/Cu.--0O
(1.5%), 0---0 (1.1 %), and N---0/O---N (1.1 %).

4 Conclusions

In summary, we synthesized two Cu(I)-based complexes:
biaqua-bis|[(u,-3-carboxylato-1-carboxylatomethyl-2-oxido-
pyridinium-x® 0,0:0")-(2,2-bipyridine-x* N,N") copper(Il)]
tetrahydrate (1) and poly{aqua-(u,-3-carboxylato-1-
carboxylatomethyl-2-oxidopyridinium-k*  0,0":0")-hemi(u,-
4,4’-bipy1ridine-1<2 N:N) copper(Il)] bihydrate}(2) their
structures and properties were studied carefully. The results
show that both complexes exhibit a layered structure. The
distinct coordination modes of nitrogen atoms from the two
kinds of bipyridine ligands lead to complex (1) adopting a
six-coordinate distorted octahedral geometry, while com-
plex (2) assumes a five-coordinate distorted square pyra-
midal structure. In complex (1), the binuclear [Cu(L)], units
are further interconnected via two distinct types of m-m
stacking interactions, thereby forming a layered structural
framework. For complex (2), adjacent Cu(Il) ions are bridged
by the Lligand anion in a u,-n°:n":n":n"n" coordination mode,
forming dinuclear [Cu(L)], units that are further linked into
chains through 4,4"-bipy ligands. These chains are ultimately
extended into layers via hydrogen bonding interactions.
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