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A Cu(II) complex with 3-methylpyridine-2-carboxylic acid, formulated as (C14aH12CuN204)n
(Complex 1), was synthesized and characterized using infrared spectroscopy (IR),
thermogravimetric analysis (TGA) and single-crystal X-ray diffraction. The crystal structure
of Complex I is monoclinic, space group P2, /c, with unit-cell parameters a = 4.9892(6) A, b
=15.002(2) A, ¢ = 8.5649(12) A, and volume V = 638.49(15) A3. The Cu(ll) center adopts a
quasioctahedral coordination geometry and is located at a crystallographic inversion center.
Density functional theory (DFT) calculations and Hirshfeld surface analysis revealed that
noncovalent interactions, including H-:-0, H---C, and -+~ contacts, play a significant role in
stabilizing the three-dimensional supramolecular architecture of the complex.
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1. Introduction

Coordination polymers with transition metals have been
increasingly explored over the past two decades, particularly
for their promising properties and applications in areas such as
catalysis and porous materials [1-5]. Due to their small size, the
first row transition-metal ions can easily coordinate with the N
and O atoms, typically forming simple structures. These metal-
organic frameworks have important applications in biological
processes, catalysis, magnetochemistry, photochemistry, and
analytical chemistry [6-9]. The coordination chemistry of
copper(Il) complexes is diverse and shows promising biological
activities.

Picolinic acid, with its versatile structure, is an important
ligand in this context. The development of metal-based
compounds using this type of ligand gained momentum in the
1980s. Its versatility in coordination with transition metals has
shown promise for anticancer applications [10-12]. The
biocatalytic properties of copper complexes, especially those
with organic acids, have sparked interest. Picolinate complexes

are notable for their ambiguous structures and multiple
bonding possibilities. Carboxylate compounds are notable for
their potential as coordination ligands for transition metals,
exhibiting multiple coordination modes due to the bonding
capabilities of the carboxylate group and the varying oxidation
states of the metals [13]. Nitrogen-based ligands are widely
used in coordination chemistry for the development of
complexes, to understand the relationships between structure,
spectroscopy, and catalysis in metalloenzymes [14]. Picolinic
acid is a versatile ligand that has attracted attention for its
flexibility in coordination. Its complexes with various metal
ions are used in nutritional supplements and pharmaceuticals,
showing potential in the treatment of conditions such as
arteriosclerosis and liver disorders [15,16].

Our study reports the synthesis and comprehensive
characterization of a new dimeric Cu(ll) complex of 3-
methylpicolinic acid. The structural features of the complex
were investigated using single-crystal X-ray diffraction and
infrared (IR) spectroscopy, and further analyzed through
density functional theory (DFT) calculations.
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Table 1. Crystal data collection and structure refinement for Complex I.

CCDC reference number
Empirical formula
Moiety formula
Formula weight

Crystal system

Space group

Colour

Size, mm

Unit cell dimensions

Volume A3

Z

Density (calculated), mg/m3
Absorption coefficient, mm-1
F(000)

Data collection

Temperature, K

Theta range for data collection
Index ranges

Reflections collected

Unique reflections

Observed reflections (>20(1) )
Rint

Completeness to 8, %
Absorption correction

Refinement

Refinement method
Data/restraints/parameters
Goodness-of-fit on F2

Final R indices [ I > 20(]) ]

R indices (all data)

Largest diff. peak and hole

2239934
C14H12CuN204
C14H12CuN204
335.80
Monoclinic

P21/c

Blue

0.20 x 0.20 x 0.15

a=4.9892(6)A
b=15.002(2)A
c=85649(12)A
B =95.145(6)°
638.49(15)

2

1.747

1.728

342

296(2)

3.617° to 28.329°
-6<hs<3

-19<k<19

-11<i<11

7546

1543

1240

0.0298

25.242°,99.7

Multi-scan / (SADABS; Bruker 2000)
Tiin = 0.715, Tmax = 0.772

Full-matrix least-squares on F2
1543 /0/98

0.934

R1=0.0290, wR2 = 0.0797
R1=0.0405, wR2 = 0.0898
0.457 and -0.269 e.A3

In addition, the bonding characteristics, frontier molecular
orbitals (HOMO-LUMO), and molecular surface properties were
explored using Hirshfeld surface analysis and DFT methods,
providing insights into the electronic structure and
intermolecular interactions of the complex.

2. Experimental
2.1. Materials and instrumentation

Analytical grade chemicals were used for the synthesis,
including 3-methylpyridine-2-carboxylic acid (99%) and
Cu(NO3)2:3H20 (99%), both purchased from Sigma-Aldrich and
used without further purification. Infrared (IR) spectra were
recorded on a Nicolet 6700 FT-IR spectrophotometer over the
range 4000-400 cm-*. Single-crystal X-ray diffraction data were
collected on a Bruker AXS Kappa Apex-1I CCD diffractometer
equipped with graphite-monochromated Mo Ka radiation (A =
0.71073 A). The thermal stability of the complex was evaluated
using thermogravimetric analysis (TGA) under a nitrogen
atmosphere (20 mL/min) with a heating rate of 2 °C/min, from
room temperature to 1300°C, on a PerkinElmer Diamond
TGA/DTA STA 6000 instrument.

2.2. Synthesis of complex I

3-Methylpicolinic acid (0.1371g) and Cu(NO3)2:3H20
(0.2416 g) were thoroughly ground together using an agate
mortar. The resulting mixture was transferred to a 10 mL
Teflon-lined autoclave, followed by the addition of 5mL
deionized water, and stirred for approximately 30 minutes to
ensure a homogeneous suspension. The autoclave was then
sealed and heated at 140 °C for 72 hours. After the reaction, the
system was gradually cooled to room temperature for 12 hours.
The pH of the suspension remained stable at around 6

throughout the process. Block-shaped, pale-colored crystals
formed, which were collected by filtration, washed with water
and ethanol, and dried under ambient conditions for several
hours. The obtained product corresponded to a 70% yield
based on the metal precursor.

2.3. Single-crystal X-ray diffraction (SCXRD) measurements

Single-crystal X-ray diffraction data was collected on a
Bruker Smart Apex Il diffractometer using Mo Ka radiation (A =
0.71073 A) and a graphite monochromator. Data reduction and
unit cell refinement were performed using the SAINT program.
The crystal structure was solved and refined using SHELXL-97.
All non-hydrogen atoms were refined anisotropically, while
hydrogen atoms were positioned geometrically and refined
using a Fourier difference map. Molecular graphics and
structural representations were generated using Mercury,
SHELXL-97, and ORTEP-3 [17-19].

2.4. Computational methodology

Density functional theory (DFT) calculations were
performed to investigate the electronic structure of the Cu(Il)
complex. Geometry optimizations were carried out using the
metahybrid TPSSh functional [20] in combination with
relativistic basis sets implemented via the zeroth order regular
approximation (ZORA), retaining one-center terms. ZORA-
recontracted def2-TZVP basis sets were applied to all atoms
except C and H, for which ZORA-def2-SVP basis sets were used
[21-24]. To minimize errors associated with the resolution of
identity (RI) and chain of spheres (COSX) approximations for
Coulomb and exact exchange integrals, a large decontracted
SARC/] auxiliary basis set was used [25-27]. Noncovalent
interactions were considered using atom-pairwise dispersion
corrections with Becke-Johnson damping (D3B]J) [28].
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Table 2. Bond lengths for complex I *.

Atom Atom Length (A) Atom Atom Length (A)
C1 c2 1.390(3) C5 N1 1.332(3)
C1 Cc7 1.520(3) c7 01 1.285(2)
C1 N1t 1.349(2) c7 02 1.217(2)
C2 C3 1.397(3) N1 C1t 1.349(2)
C2 Cé6 1.504(3) N1 Cul 1.9591(16)
C3 C41 1.374(3) 01 Cul 1.9357(14)
C4 C31 1.374(3) Cul N11 1.9591(16)
C4 C5 1.377(3) Cul 01! 1.9357(14)
* Symmetry code:11-x, 1-y, 2-z.

Table 3. Bond angles for complex I *.

Atom Atom Atom Angle (°) Atom Atom Atom Angle (°)
C2 C1 Cc7 125.72(18) 02 Cc7 01 125.1(2)
N1t C1 c2 121.85(19) C1t N1 Cul 113.23(13)
N1t C1 c7 112.36(16) c5 N1 C1t 120.38(17)
C1 c2 c3 116.31(19) c5 N1 Cul 126.32(13)
C1 c2 Cé6 124.1(2) Cc7 01 Cul 115.21(13)
C3 c2 Cé6 119.61(19) N11 Cul N1 180.0

C4t C3 c2 121.5(2) 01t Cul N1 83.18(6)
C3t C4 c5 118.3(2) 01 Cul N1t 83.18(6)
N1 c5 C4 121.44(19) 01 Cul N1 96.81(6)
01 c7 C1 114.69(17) 01! Cul N1t 96.82(6)
02 c7 C1 120.16(19) 01 Cul 011 180.0

* Symmetry code:11-x, 1-y, 2-z.

Table 4. Torsion angles for complex I *.

A B C D Angle (°) A B C D Angle (°)
C1 c2 C3 C41 -2.1(3) c7 C1 c2 c3 -172.08(19)
C1 c7 01 Cul -10.0(2) c7 C1 c2 Cé6 9.9(3)

C2 C1 c7 01 -169.66(19) N1t C1 c2 c3 4.9(3)

C2 C1 c7 02 13.1(3) N1t C1 c2 Cé6 -173.19(19)
C3t C4 C5 N1 -2.4(4) N1t C1 Cc7 01 13.1(3)

C4 c5 N1 C1t -0.3(3) N1t C1 Cc7 02 -164.13(19)
C4 c5 N1 Cul 176.35(17) 02 c7 01 Cul 167.11(18)
Cé c2 C3 C41 176.0(2)

* Symmetry code:11-x, 1-y, 2-z.

Table 5. C-H---Cg interactions in complex I *.

Bond H-Cg (A) H-Perp (A) Gamma (°) X-H- (g ()
C6-H(6C)---Cg3! 2.66 -2.63 8.36 165

* Symmetry codes: (i) -1+x, y, z. Cg3 is the centroid of the N1-C5 ring.

Q)]

(b)

Figure 1. ORTEP diagrams of Complex I: (a) and (b) show the molecular structure with atom labels and polymeric architecture. Thermal ellipsoids are drawn

with a 50% probability.

All calculations were carried out in ORCA (version 5.3.0)
[29]. The Hirshfeld surface analysis was performed using
Crystal Explorer 17.5 to evaluate the nature of intermolecular
interactions and crystal packing [30].

3. Results and discussion
3.1. Structure of complex 1

SC-XRD analysis revealed that complex I (Figure 1) adopts
a polymeric structure with a molecular formula
(C14H12CuN204)n. The complex crystallizes in the monoclinic
P21/c space group with Z = 2. The crystallographic data (crystal
parameters, data collection, and refinements) of Complex I are

given in Table 1. Selected bond lengths, bond angles, and
torsion angles are listed in Tables 2-4. The molecule
experiences three nonclassical hydrogen bonding interactions
as presented in Table 5 and shown in Figure 2.

The metal ion in complex I adopts a quasi-octahedral
coordination environment, situated at a crystallographic
inversion center. In the equatorial plane, there are two
bidentate ligands in trans orientation, which chelate the metal
ion through pyridine N and carboxylate O atoms, generating
five-membered rings. The quasi-octahedral geometry is
completed by two O atoms from different picolinate ligands
occupying the axial positions with a bond length (Cul-02 =
2.715(14) A).
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mean: 02010201 Cul

mean: 02 01 Cu1

(@)

Figure 4. Quasi-octahedral coordination geometry (a) and crystal packing diagram (b) of Complex I. Color scheme: Cu - green, O - red, N - blue, C - grey.

Although the length of the bond exceeds the normal Cu-O
bond length, this molecule experiences such bonding
interactions due to the strong C-H--Cg interactions (Figure 3,
Table 5), which actually polymerize the molecular assembly.

The longer axial bond length (Cul-02 = 2.715(14) A) than
the lengths of the equatorial bond (Cu1-01 = 1.9357(14) A and
Cul-N1 =1.9591 (16) A) reflects the commonly observed Jahn-
Teller effect in octahedral copper complexes. The bond angles
presented in Table 3 reveal that the title compound exhibits a
distorted octahedral geometry, similar to that found in
analogous metal complexes [31,32]. Hydrogen bonds between
the picolinate apical O atoms and neighbouring molecules,
along with strong C-H-*+Cg interactions, link the molecules into
a 3D framework (Figure 4).

3.2. Infrared studies

Upon complexation, the disappearance of the 2607-2152
cmbands, attributed to O-H-N hydrogen bonding in 3-picolinic
acid, confirms that the nitrogen and carboxylate oxygen atoms
are involved in coordination [33]. The Cu(II) complex exhibits
Vas(COO-) and vs(COO-) bands at 1629 and 1339 cm, with the
Av separation providing information about the carboxylate
coordination mode [34]. A Av value of 290 cm! suggests
unidentical carboxylate coordination in the Cu(Il) complex [35].

The shift of the v(C=N) band from 1595 to 1578 cm further
supports complexation. Coordination of the ligand to the metal
center through the pyridine nitrogen and carboxylate oxygen is
also evidenced by the presence of characteristic v(C-H) near
2970 cmtbroad stretching bands.

3.3. Thermal gravimetric analysis

The TGA curve of complex I shows a sharp decline from 300
to 350 °C which may be attributed to the loss of two molecules
of 3-methyl picolinic anion and the final product being the CuO
residue, formed between 400-800 °C.

3.4. DFT study and Hirshfeld surface analysis

The Cu(Il) complex is optimized in square pyramidal
geometry with the unpaired electron at the d,2_,2 orbital
(Figure 5). The energy of SOMO and LUMO has been calculated
and found to be -4.472 and -2.196 eV, respectively, and the AE
= (Erumo-Esomo) for the same is found to be 2.276 eV, indicating
that complex I is stable [36]. The negative value of p1 of the above
complex I indicates its thermal resistivity, air stability, and does
not continuously decompose into its elemental form. The CIF
was input into Crystal Explorer 17.5 to generate Hirshfeld
surfaces and 2D fingerprint plots [37].
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(b)

Figure 5. Schematic of SOMO (a) and LUMO (b), obtained as the quasi-restricted orbital in the optimized geometry, Color code: Green-Cu, Cyan-H, Blue-N, Red-O,
Grey-C.
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Figure 6. (a) Normalized distance (dnorm) plot showing intermolecular interactions; red regions indicate close contacts and the blue regions indicate longer
contacts. (b) Two-dimensional fingerprint (2D-FP) plot highlighting the proportion of interactions inside and outside the van der Waals surface.

A color scale from -0.7080 A (red) to 1.5685 A (blue) was Here, d. represents the distance from a surface point to the
applied to the dnorm surface of Complex I, and transparency was closest nucleus outside, while di represents the distance to the
used to enhance visibility of the molecular details. The dnorm closest nucleus inside. rv@ and re'#” denote the van der Waals
values were derived from the combination of the de and di radii of the internal and external atoms. Hirshfeld surface
distances. It is given by Equation 1, analysis provides a visual representation of intermolecular

interactions, complementing single-crystal X-ray diffraction
(ai=P™)  (dporpdW) results [38].
dnorm = W ryaw 1)
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The Hirshfeld surfaces are mapped with dnorm in Figure 6,
highlighting close contacts as red spots, with increasing
brightness for shorter distances. These interactions are
quantified in 2D fingerprint plots (Figure 6). These close
contacts are quantified and visualized in 2D fingerprint plots,
with di and de distances ranging from 1.0 to 2.8 (Figure 6). H---H,
C--H, and O:--H contacts dominate the Hirshfeld surface,
appearing as symmetrical narrow wings, and comprise 34.7,
15.2, and 11.8% of the total surface area for complex I. While
0-:Cu and N---Cu interactions are minimal, the molecular
packing is largely influenced by other significant interactions,
along with some minor but contributing interactions.

4. Conclusions

The present study demonstrates that complex I exhibits a
quasi-octahedral coordination geometry around the copper(Il)
center. The metal ion is stabilized by two bidentate methyl
picolinic acid ligands in the equatorial plane, forming five-
membered chelate rings, while two axial oxygen atoms from
separate ligands complete the octahedral environment. The
elongation of the axial Cu-O bonds relative to the equatorial
bonds reflects the typical Jahn-Teller distortion observed in the
octahedral copper complexes.

Strong intermolecular interactions, including C-H---m and
hydrogen bonding, promote polymerization of molecular units
into a three-dimensional supramolecular network, enhancing
structural stability. Computational studies and
thermogravimetric analysis further confirm that complex I
possesses significant thermal stability. These findings
underscore the ability of methyl picolinic acid ligands to
stabilize higher oxidation states of copper, which may be
advantageous for applications in catalysis and materials
chemistry.
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