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Abstract

In this study; a mixed ligand Cu(Il) complex, [Cu(Me-mal)(bpy)(H20)]-H>0 (Me;mal?=
Dimethylmalonate dianion, bpy=2,2-bipyridine) was synthesized and characterized
experimentally and theoretically by IR, UV and single crystal X-ray diffraction. The
complex crystallizes in the orthorhombic system with space group Pnnm. In the complex,
the Cu center is coordinated by a Memal” dianion and a bpy molecule, and the N>O:
exhibits square-planar geometry. The axial position was occupied by the water molecule.
The crystal packing of the complex is stabilized by O-H...O hydrogen bonds and n—rn
interactions. The contribution of hydrogen bonding and n—r stacking interactions to
crystal packing was also investigated. Theoretical calculations using the DFT method
were also carried out in this study. DFT (B3LYP/6-31G) and TD-DFT (B3LYP/LanL2DZ)
calculation methods were used to obtain the geometric, vibrational and electronic
properties of the synthesized complex and the obtained theoretical calculation results and
experimental results are presented comparatively in this study.

Keywords: Dimethylmalonate; Cu(Il) Coordination Complex ; Quantum Chemical
Computation ; Crystal Structure; IR ; UV-Vis.

Karisik 2,2'-dimetilmalonat/2,2'-bipiridin ligandli Cu(II)
kompleksinin sentezi, spektroskopik, kristal yap1 ve DFT
incelemesi

Oz

Bu ¢alismada; karisik ligantli Cu(ll) kompleksi, [Cu(Me>mal)(bpy)(H20)]-H>O (Memal
’= Dimetilmalonat dianyonu, bpy=2,2"-bipiridin) sentezlenmistir. Sentezlenen kompleks
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IR, UV ve tek kristal X-1s1m1 kirmmimi yontemleri ile deneysel ve kuantum mekaniksel
hesaplama yontemleri kullanilarak teorik olarak karakterize edilmistir. Kompleks, Pnnm
uzay grubunda ortorombik kristal sisteminde kristallenmistir. Komplekste Cu merkezi,
bir Me;mal? dianyonu ve bir bpy molekiilii tarafindan koordine edilmistir ve N>O: kare-
diizlemsel geometri sergilemektedir. Eksensel pozisyonda ise su molekiilii bulunmaktadir.
Kompleksin kristal paketlenmesi O-H...O hidrojen baglari ve n—r etkilesimleri ile kararl
bir yapt olusturmustur. Calismada hidrojen baglarinin ve n—r istifleme etkilesimlerinin
kristal paketlenmeye katkist da arastirilmistir. Bu ¢alismada DFT yontemi kullanilarak
teorik hesaplamalar da yapilmistir. Sentezlenen kompleksin geometrik, titresimsel ve
elektronik  ozelliklerini elde etmek i¢cin DFT (B3LYP/6-31G) ve TD-DFT
(B3LYP/LanlL2DZ) hesaplama yontemleri kullanilmistir. Elde edilen teorik hesaplama
sonuglart ve deneysel sonuglar karsilastirmalr olarak verilmistir.

Anahtar kelimeler: Dimetilmalonat;, Cu(Il) Koordinasyon Kompleksi; Kuantum
Kimyasal Hesaplama, Kristal Yapi, IR; UV-Vis.

1. Introduction

Transition metal complexes play a crucial role in the development of new functional
materials due to their wide-ranging applications in catalysis, magnetism, luminescence,
and molecular electronics. Among these, dicarboxylate ligands, particularly malonates
and their derivatives, have attracted considerable attention owing to their versatile
coordination behavior and potential to form stable, multidimensional frameworks. These
ligands, characterized by their two carboxylate groups in a 1,3-position, enable diverse
binding modes such as chelating bidentate and bridging coordination, thereby
significantly expanding the structural diversity and functionality of the resulting metal
complexes [1].

Dimethylmalonate (Me.mal*"), a derivative of malonic acid, is especially notable due to
its structural rigidity, chemical stability, and ability to form hydrogen-bonding and
noncovalent interactions. Despite these advantages, studies involving transition metal
complexes with dimethylmalonate ligands are still relatively scarce, particularly in
systems incorporating mixed ligand environments. The limited existing studies primarily
involve metals such as Mn, Cu, Cd, Ba, Pt, U, Be, and Zn [2-9].

Moreover, the structural chemistry of metal-organic frameworks (MOFs) and complexes
involving alkaline earth metals and dimethylmalonate ligands have been extensively
studied, revealing the structural versatility and adaptability of these systems. For instance,
a novel barium-dimethylmalonate MOF, {[Ba(CsHsO4)(H20)]-CsHsO4}n, was
synthesized and structurally characterized, adding to the family of substituted malonate
complexes with alkaline earth metals [10]. Similarly, a cadmium-dimethylmalonate MOF
with a two-dimensional honeycomb structure and an extended hydrogen-bonded water
network was reported, marking the first instance of such a water cluster in a cadmium-
dimethylmalonate complex [11]. Earlier foundational work on the binding interactions of
barium ions with various carboxylate ligands, including dimethylmalonate, provided
critical insights that have informed subsequent MOF studies [12]. Similarly, transition
metals such as Mn(II) have been explored for their potential to form luminescent and
catalytically active complexes with dimethylmalonate [13]. Additionally, studies on the
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spectroscopic analysis and synthesis of metal complexes of methyl malonate, often
supported by computational methods, are limited but noteworthy [14, 15].

Additionally, noncovalent interactions such as hydrogen bonding and n—=n stacking have
been recognized as critical contributors to the stability and functionality of these
complexes. These interactions not only influence crystal packing but also play a vital role
in biological systems, such as stabilizing the structures of DNA [16] and RNA [17,18].
The application of 2,2'-bipyridine (Bpy) and its derivatives as secondary ligands is
particularly valuable in assessing the aromatic residue stacking abilities within metal ion
complexes involving carboxylic acids [19]. Understanding these forces within the context
of Cu(Il)-dimethylmalonate complexes can provide valuable insights into their potential
biological and functional applications.

This study aims to address this gap by presenting a comprehensive investigation of the
synthesis, spectroscopic characterization, crystal structure, and theoretical properties of a
mixed ligand Cu(Ill) complex, [Cu(Me.mal)(bpy)(H20)]-H.O. By combining
experimental techniques such as single-crystal X-ray diffraction, IR, and UV-Vis
spectroscopy with quantum mechanical methods like DFT and TD-DFT, this work
provides a detailed understanding of the geometric, vibrational, and electronic properties
of the complex. The interplay between hydrogen bonding and n—n interactions in the
crystal packing, as well as their contribution to the overall stability and properties of the
complex, is thoroughly examined.

Through this investigation, I'd like to contribute to the growing body of knowledge on
mixed ligand Cu(Il) complexes and highlight the potential of dimethylmalonate and bpy
ligands in the design of multifunctional materials with promising structural and electronic
properties.

2. Experimental and theoretical methods

2.1 Synthesis, materials and measurements

The synthesis procedure involved dissolving CuCl2-2H>0 (1.452 g, 0.852 mmol) in 10
mL of water. An aqueous solution of dimethylmalonic acid (1.126 g, 0.852 mmol), 2,2'-
bipyridine (1.31 g, 0.852 mmol) and NaOH (0.454 g, 1.7 mmol) in 60 mL of water was
then added to the CuClz-2H>0 solution. The reaction mixture was stirred at 70°C for 12
hours and then allowed to cool to room temperature. The precipitate formed in the mixture
was then filtered and the resulting solution was allowed to evaporate slowly in the open
air. After a few weeks, blue crystals suitable for X-ray diffraction studies precipitated.

Infrared (IR) spectra were collected in the 4000-400 cm ™ range using a Perkin-Elmer
Spectrum 100 FT-IR spectrometer, with the samples prepared as KBr pellets. Electronic
absorption spectra were obtained by dissolving the compound (at a concentration of 102
M) in methanol, and the measurements were performed using a Shimadzu UV Mini-1240
UV-Vis spectrometer, covering the wavelength range of 200-450 nm.

2.2 Crystal data for the compounds

X-ray diffraction data were obtained using the Bruker SMART BREEZE CCD
diffractometer, which was purchased under the State Planning Organization grant number
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2010K120480. To improve the accuracy of the collected data, absorption correction was
applied using the multi-scan method and SADAPS V2012/1 software [20].

The structure of compound 1 was solved by direct methods using Olex2 [21] with
SHELXS-97 and subsequently refined with SHELXL-97 [22]. The software packages
Olex 2 and DIAMOND 3.0 (demo version) were used to obtain the molecular figures
[23]. The refinement of all non-hydrogen atoms was carried out using the full matrix least
squares method and was done anisotropically. Table 1 provides information on the data

collection conditions and refinement process parameters.

Table 1. Crystal data and structure refinement of 1

Empirical formula
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

a/°

pre

v/°

Volume/A3

Z

Pealc g/cm’

pw/mm'!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c ()]
Final R indexes [all data]
H-atom treatment

Largest diff. peak/hole / ¢ A

201.93

296.15

Orthorhombic

Pnnm

16.2662(14)

7.6693(7)

14.0101(12)

90.00

90.00

90.00

1747.8(3)

8

1.535

1.289

836.0

0.5x0.34 x0.19

MoK, (A =0.71073 A)

3.84 to 56.88
-21<h<21,-10<k<10,-18<I<18
39401

2297 [Rint = 0.0253, Rsigma = 0.0093]
2297/0/134

1.119

R1=0.0271, wR2 = 0.0741
R1=0.0301, wR2 =0.0765
H-atom parameters constrained
0.33/-0.22

2.3 DFT Calculations

The crystal structure of compound 1 provided the initial molecular geometry for
subsequent computational investigations. Density Functional Theory (DFT) calculations
were conducted at the B3LYP level, a widely recognized method known for its reliable
alignment with experimental data [24, 25]. These calculations were performed using the
GAUSSIAN 03 software package [26] and the resulting output files were visualized with
GaussView 4.1 [27]. The molecular structure of the compound in its ground state was
optimized using the B3LYP functional in conjunction with the 6-31G basis set. This same
level of theory was applied to calculate the vibrational frequencies of the compound. To
further refine the analysis, potential energy distribution (PED) calculations and the
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assignment of fundamental vibrational modes were carried out using the VEDA4 program
[28]. During the optimization process, no constraints were imposed on bond lengths, bond
angles, or dihedral angles, allowing all atoms to freely adjust to their optimal positions.
In addition, the electronic absorption spectrum was calculated by the LanL.2DZ method
using time-dependent density functional theory (TDDFT) [29]. Electronic absorption and
emission spectra were calculated in methanol (MeOH) solution using the polarizable
continuum model (PCM) [30]. These calculations were performed using the ground state
geometry, previously optimized in the gas phase, as the initial geometry.

3. Results and discussions

3.1. Crystal structure of [Cu(Me:mal)(bpy)(H:0)]-H>0

Figure 1 displays the molecular structure of synthesized complex. Tables 1 and 2 present
comprehensive crystallographic data, detailing the procedures for data collection and
refinement, bond lengths, and angles, respectively.

X-ray diffraction analysis elucidates that complex 1 crystallizes within the orthorhombic
space group Pnnm. The molecular structure of 1 shows that the Cu(Il) ion is
pentacoordinated, forming coordination bonds with two carboxylate oxygens from the
dimethylmalonate dianion (L), two nitrogen atoms from bipyridine, and an axial water
oxygen, visually depicted in Figure 1.

The structural arrangement surrounding the Copper (II) ion with five-coordination in
complex 1 resembles that of previous studies, including [Cu(mal)(phen)(H20)]-1.5H,0
[31], [Cu3(mal)s3(phen)3(H20)2]-11H20 [32] and [Cu(mal)(bipy)(H20)]-H20 [33]. Both
2,2"-bipyridine and dimethylmalonate exhibit symmetric coordination within this
coordination environment. The axial Cul—Owater bond measures 2.224 A, which exceeds
those of the Cul-OMe;mal (1.913 A) and Cul—Nppy (2.010 A) bonds within the equatorial
plane. This difference may be a result of the Jahn-Teller (JT) distortion, commonly
observed in octahedral complexes of transition metal ions with d°, d’ (low-spin) and, d*
(high-spin) electronic configurations [34-36]. Due to the d’ electronic configuration of
the Cu(Il) ion, octahedral Cu(Il) complexes exhibit a remarkable Jahn-Teller effect [37-
40]. Additionally, it is acknowledged that a pseudo or second-order Jahn-Teller effect is
apparent in pentacoordinated Cu(II) complexes. Depending on the ligand's nature and its
coordinating atoms, two restricting geometries, specifically square pyramidal (SP) or
trigonal bipyramidal (TBP), may be achieved [41, 42]. The trigonality index (t) serves as
an informative metric for characterizing the coordination geometry surrounding the metal
atom. It is calculated according to the equation t= [|0—¢|/60], where 0 and ¢ indicate the
largest coordination angles. The t value varies from 0, which indicates a perfect square
pyramidal geometry, to 1, which denotes a perfect trigonal bipyramidal arrangement [43].
In the analyzed structure, the inclusion of a chelating bpy ligand, malonate, and a
coordinated water molecule culminates in a five-coordination environment around Cu(Il),
resulting in an almost perfect square pyramidal geometry (1= 0).
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04

Figure 1. A view of symmetry related unit of titled compound (i: X, y, 1-z)

The planar arrangement that encompasses Cul comprises of two nitrogen (N1, N1) and
two oxygen atoms from carboxyl (O1, O1), displaying an average deviation of 0.175(8)
A. Cul is placed 0.196(8) A above the planar arrangement, pointing towards the apical
oxygen atom (0O2). The six-membered chelate ring formed by malonate in coordination
with Cul adopts a boat conformation, details of which are given in Table 2.

Table 2. Comparison of selected bond lengths and angles.

Parameters X-Ray Theoretical *
Bond Lengths (A)

Cul-0Ol1 1.9128(11) 1.916
Cul-O1! 1.9129(11) 1.880
Cul-03 2.2249(16) 2.455
Cul-N1 2.0097(13) 2.008
Cul-N1! 2.0097(13) 1.999
01-Cl1 1.2708(18) 1.337
02-Cl1 1.2383(19) 1.244
NI-C5 1.332(2) 1.346
N1-C9 1.3489(19) 1.360
Cl1-C2 1.5401(19) 1.548
C2-C1! 1.5401(19) 1.560
C5-C5! 1.478(3) 1.479
Angles (°)

C(1)—C(2)—C(1) 114.61 (17) 113.27
N(1)—Cu(1)—N(1)! 80.55 (7) 80.556
N(1)—Cu(1)—0(3) 93.66 (5) 107.70
N(1)—Cu(1)—0(3) 93.66 (5) 86.538
O(1)—Cu(1)—N(1) 91.92 (5) 91.377
O(1)—Cu(1)—0O(3) 98.94 (5) 111.854
O(1)—Cu(1)—0(3) 98.94 (5) 71.950
O(1)—Cu(1)—0(1) 92.71 (5) 94.960

Symmetry code: (i) x, y, —z+1.
*: B3LYP 631G
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Examination of the crystal packing shows that the complex is characterized exclusively
by intermolecular hydrogen bonding of the O-H...O type, as shown in figure 2 and table
3.

Table 3. H-Bond interactions for the titled Cu(II) complex (A).

D_H.A D_H H.A D..A D_H.A
03-H3...04 0.77 (2) 1.95 (2) 2.717 (2) 174 (2)
04-H4D...021  0.74 (3) 2.14 (3) 2.878 (2) 171 3)
04-H4E...O2 0.75 (4) 2.10 (4) 2.856 (2) 180 (4)

Symmetry codes: (1) —x+1/2, y—1/2, z—1/2; (i) —x+1/2, y—1/2, —z+3/2.

A strong intermolecular hydrogen bond exists between the carboxylate oxygen atom O2
of dimethylmalonate and the uncoordinated water molecules. Additionally, hydrogen
bond interactions occur between the coordinated and uncoordinated water molecules.
These interactions lead to the formation of a molecular packing structure in the (100)
plane.

l“l

@

Figure 2. Packing of the Copper(Il) complex along the b axis, with the H-bond
interactions depicted as dashed lines.

Comprehensive analysis of the crystal packing for compound 1 reveals the presence of
symmetrical face-to-face n—n stacking interactions between the pyridine rings of bpy,
denoted as Ring 1 (Cgl): N1/C5/C6/C7/C8/C9 (as depicted in Figure 3). The interaction
parameters are outlined below: the distances between the centroids of the rings and the
ring centroid-to-plane distances between the pyridine rings measure 3.763(16) A and
3.523(2) A, correspondingly. These interactions between  orbitals lead to the creation of
a polymeric structure along the b axis, which is one-dimensional (1D). Moreover, when
these interactions (n—m stacking) combine with hydrogen bonding, they establish a
packing framework that is three-dimensional framework.
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Figure 3. [llustrating n—n stacking interactions between the pyridine rings (shown as
dashed lines), with H-atoms and free lattice water molecules omitted for clarity. (Cg 1:
Ring centroid of N1-C5-C6-C7-C8-C9 atoms)

3.2 Optimized geometry and vibrational frequencies

The geometry optimization of the titled complex was conducted utilizing the unrestricted
hybrid density functional B3LYP/631G basis set. Table 2 provides a comparison of the
calculated and experimental results. The theoretically computed values show an
outstanding agreement with the X-ray diffraction data. Minor differences in bond lengths
can be attributed to variations in conditions, as DFT calculations were carried out on an
isolated molecule in the gaseous phase, whereas the X-ray crystallographic data were
derived from the crystal lattice of complex molecules.

The results of the experiment suggest that the nitrogen atoms of bipyridine and the oxygen
atoms of the carboxylate group are the most probable coordination sites. This conclusion
is supported by the optimized structure's theoretical calculations. Notably, the Me;mal
group coordinates to the metal atom in a bidentate fashion, a fact confirmed by the
theoretical methods, which reveal consistent Cu—O bond lengths, as presented in Table 2.
The calculated Cu-N bond lengths in the complex align with standard values reported for
Copper(Il) complexes with bipyridine ligands, in accordance with earlier studies [44-47].

3.3. Infrared Spectroscopy

Vibrational spectroscopy is a fundamental and versatile technique for the characterization
of chemical compounds, effectively bridging experimental studies and theoretical
calculations. Infrared (IR) spectroscopy enables the identification and assignment of
specific vibrational modes within a molecule, a process that is significantly enhanced
through the application of theoretical methods such as Density Functional Theory (DFT).
Frequencies derived from DFT calculations provide precise and reliable references that
facilitate the accurate differentiation of vibrational modes, especially in situations where
IR absorption bands exhibit overlap. This synergistic use of experimental and

304



BAUN Fen Bil. Enst. Dergisi, 27(1), 297-314, (2025)

computational approaches ensures a more comprehensive understanding of molecular
vibrational behavior and contributes to the detailed elucidation of chemical structures.
The comparison between calculated and experimental vibrations was conducted within
the frequency range of 3700-600 cm™', Figure 4 shows the FT-IR spectrum for 1 in the
4000 to 400 cm™' frequency range. The FT-IR spectrum of 1 spans the frequency range
from 4000 to 400 cm™', and it reveals bands that affirm the existence of all characteristic
functional groups within the synthesized complex. In the IR spectrum of 1, a pronounced
and wide band in the 35003200 cm! region, associated with O—H stretching vibrations,
signifies the presence of both coordinated and uncoordinated water molecules. The
frequencies for this vibration were calculated to be 3664 and 3290 cm™'. Glancing at table
4, the calculated frequencies for O—H stretching vibrations show a blue shift compared to
the experimental IR data. Because of participating in hydrogen bonding, the experimental
vibration frequencies of these groups were obtained at lower values.
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Figure 4. IR spectrum of reported copper (II) complex.

In characterizing the coordination modes of the carboxylate group, the difference between
the asymmetric and symmetric carboxylate stretching frequencies [AV = Vasym(COO™) —
Vsym(COQO")] provides valuable insights into the binding mode of the COO™ moiety to the
metal center, a method supported by previous research [48-52];

Av chelating < Av bridging < Av ionic < Av monodentate

When the value Av is below 250 cm™', the coordination is considered bidentate, while
exceeding 250 cm™! indicates unidentate coordination of the carboxylate moiety. The
synthesized complex has a calculated Av of 191 cm™, which strongly suggests the
presence of bidentate coordination of carboxylate groups in the complex. This conclusion
agrees with the X-ray diffraction data.

Furthermore, the malonate ion that is uncoordinated exhibits strong infrared bands at
Vasym(COO") at 1698 cm™! and vsym(COO7) at 1434 cm™!. The frequencies of these bands
in the synthesized complex indicate a minor reduction.
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Table 4. Experimental and DFT-B3LYP/6-31G calculated FT-IR spectra for
[Cu(Me,mal)(bpy)(H20)]-H2O together with their assignment a
(wavenumber in cm™).

Exp. Unscaled Scaled Assignment

3466br 3746 3664 V(OH)water

3234br 3364 3290 V(OH)water

3118m 3252 3180 Vs(CH)bipy.

3086m 3235 3164 Va(CH)bipy.

3027w 3152 3083 va(CH3)

2959w 3074 3006 vs(CHs)

1615s 1661 1624 va(OCO)

1607s 1655 1619 V(CC)bipy., V(CH)bipy.
1579s 1620 1584 V(OH)water

1495m 1515 1482 V(CH)bipy., V(CN)
1473m 1502 1469 V(CH)bipy., V(CN)
1447s 1479 1446 P(CH)bipy.

1424m 1464 1432 vs(OCO), v(CHa)
1401lm 1437 1405 v(CHs)

135Im 1325 1296 vs(OCO), V(CH)bipy.
1140w 1169 1143 Vv(CO), V(CH)pipy., ®(CHs)
1074w 1086 1062 V(CH)bipy.

1034w 1057 1034 V(CH)bipy.

902m 953 932 ®(CH3), V(CCH3)pbipy.
866w 887 867 v(CH3), v(OCO)
761m 800 782 ®(CH)pipy.

743w 768 751 V(CH)bipy.

729m 754 737 ®(OH)water

634w 667 652 v(CuN)

601w 597 584 v(CuO)

w = weak, m = medium, s = strong, br = broad, v=stretching,
p = in-plane rocking, & = in-plane scissoring, ® = wagging,
bipy. = 2,2"-bipyridine

The C=N stretching vibrations of the coordinated bpy molecule are responsible for the
strong bands observed at 1495 and 1473 cm™'. Theoretically calculated frequencies for
C=N stretching at 1482 and 1469 cm agree well with experimental values. The
[Cu(Me;mal)(bpy)(H20)]-H20 complex exhibits two bands at 634 and 601 cm™,
corresponding to Cu-N and Cu—O vibrations, respectively. The experimental data
calculated at 652 and 584 cm™!, as shown in Table 4, strongly agrees with the computed
values for these vibrations. In the [Cu(Me2mal)(bpy)(H20)]-H20 complex, two bands are
observed at 634 and 601 cm™, which are comparable to the Cu-N and Cu-O vibrations,
respectively. The computed frequencies for these vibrations, illustrated in Table 4, align
well with the experimental data, determined at 652 and 584 cm™'.
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3.4. Electronic spectra and Natural bond orbital (NBO) analysis

The UV-Vis spectrum of the titled complex in methanol has been recorded over a
wavelength range of 200 - 450 nm (Fig 5). To further understand the electronic structure,
the complex's electronic distribution has been theoretically investigated using the TD-
B3LYP/LANL2DZ approach, and the results have been compared with experimental
data. The determination of the energies of the Highest Occupied Molecular Orbital
(HOMO), which acts as a m-donor, and Lowest The unoccupied molecular orbital
(LUMO), also referred to as frontier molecular orbitals (FMOs), plays a crucial role in
quantum chemical calculations. A key aspect of these investigations involves the
determination of the energies of the Highest Occupied Molecular Orbital (HOMO) and
the Lowest Unoccupied Molecular Orbital (LUMO), collectively referred to as frontier
molecular orbitals (FMOs). These orbitals are pivotal in understanding the optical and
electrical properties of the complex, as well as in analyzing its quantum chemistry and
UV-Vis spectra [53]. The HOMO is typically associated with the electron-donating
ability of a molecule, where a higher Enomo value indicates a greater tendency to donate
electrons. Conversely, the LUMO reflects the molecule's capacity to accept electrons,
with lower Erumo values indicating easier electron acceptance. The energy gap between
the HOMO and LUMO levels (AE = ErLumo — Enomo) serves as a crucial stability index;
smaller gaps suggest lower kinetic stability but higher chemical reactivity. Given their
significance, both the experimental and theoretical results for these energy levels will be
compared to enhance our understanding of the complex's properties [54-56].

Figures 5 and 6 show the experimental electronic spectra and isodensity plots for the
HOMOs and LUMOs orbitals of the compound. Within the experimental spectrum of
[Cu(Mexmal)(bpy)(H20)]-H20, four relatively intense absorption bands are observed in
the 200-300 nm range. These bands are attributed to interligand transitions involving the
n—bonding and n*—antibonding orbitals of the ligands. The peaks observed at 300 nm in
experiments result from the transition of HOMO(B)—LUMO(B), with an energy of 4.13
eV. Other peaks detected at 291 nm and 240 nm in the same region are associated
respectively with the transitions of HOMO-1(B)—->LUMO(B) (energy of 4.51 eV) and
HOMO-6(B)—»>LUMO(B) (energy of 5.26 eV).

Natural Bond Orbital (NBO) analysis is essential in determining key properties of
molecules, such as their dipole moments, molecular polarizability, electronic structures,
acidity, and basicity behaviors [57-61]. Additionally, NBO calculations offer valuable
insights into the transfer of electrons between ligands and metal atoms.

Our study involved conducting NBO atomic charge calculations using the
B3LYP/LANL2DZ basis set, with the outcomes outlined in Table 5. The results from this
table display the electron densities within the Cu atom's 3d, 4s, and 4p orbitals as 9.15,
0.37, and 0.03 respectively. This highlights the noteworthy influence of Cu(Il) atom’s 3d,
4s, and 4p orbitals in coordinating with N1, O1, and O3 atoms.

307



SOYLU M.S.

N

0,81
0‘7:
0‘6:
0‘5:

041

Absorbance (AU)

0,31
0,21
0,11

0,0

200 250 300 350 400 450
Wavelenght (nm)

Figure 5. The compound's absorption spectrum ranges from 200 to 450 nm.

The analysis of electron distributions in the orbitals of N1, O1 and O3 atoms shows that
the Cu atom coordinates with these atoms mainly using their 2s and 2p orbitals, as
confirmed by Table 5. Therefore, the calculated neutral charge of the Cu atom in the
complex is +1.43, which is lower than the formal charge of +2, suggesting that the ligands
transfer charge to the Cu(Il) ion. Additionally, the theoretical calculations indicate that
the oxygen atoms O1 (-0.89) and O3 (-1.01) within the Copper(Il) complex carry the most
significant negative charges.

Table 5. Some of the natural atomic charges and electronic configurations for the
coordination of copper (II).

Atoms  Net charge FElectronic Configuration
Cu(l) 1.43780 [core]4S(0.37)3d( 9.15)4p( 0.03)5p( 0.01)
N(1) -0.57583 [core]2S(1.34)2p( 4.21)3p( 0.02)
O(1) -0.89657 [core]2S(1.73)2p( 5.16)3p( 0.01)
0Q3) -1.01703  [core]2S(1.76)2p( 5.25)3p( 0.01)3d( 0.01)

NBO analysis enables the evaluation of electron density distribution between Lewis-type
orbitals that are occupied and non-Lewis NBOs that are formally unoccupied, indicating
a stabilizing donor-acceptor interplay [62]. Second-order perturbation theory can be
employed to anticipate the strength of the donor-acceptor interaction. In this context, the
NBO analysis reveals the localization of lone pairs on the O and N atoms within the
complex, as shown by the calculated second-order interaction energies (E2).
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Figure 6. The isodensity plots for the HOMOs and LUMOs orbitals of the compound.

Specifically, the N1, O1, and O3 atoms exhibit calculated second-order interaction
energies of 15.92 kcal/mol, 19.52 kcal/mol and 2.22 kcal/mol respectively. These values
correspond to the strength of the metal-ligand bond lengths in the complex [O(1)-Cu(1):
1.913 A, N(1)-Cu(1): 2.009 A, O(3)-Cu(1): 2.224 A].

4. Conclusions

In this study, a novel Cu(Il) complex was synthesized using dimethylmalonate dianion
and 2,2'-bipyridine ligands and analyzed through a combination of IR, UV-Vis
spectroscopy, and X-ray diffraction techniques. The X-ray crystallographic analysis of
the [Cu(Me,mal)(bpy)(H20)]-H20 complex revealed that the Cu(Il) ion is coordinated by
the dimethylmalonate and 2,2'-bipyridine ligands in a bidentate fashion, with an oxygen
atom from a water molecule occupying the axial position. The coordination environment,
characterized by Jahn-Teller distortion, results in an almost perfect square pyramidal
geometry, as confirmed by a trigonality index (1) value of 0.

Furthermore, a careful study of the intermolecular interactions revealed that, in addition
to hydrogen bonding, m—m stacking interactions play a crucial role in the three-

dimensional packing of the crystal structure.

The combined experimental and theoretical approaches provide a detailed understanding
of the bonding and structural characteristics of the complex. Density Functional Theory
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(DFT) calculations show excellent agreement with experimental X-ray diffraction data,
affirming the reliability of the theoretical model.

The electronic and vibrational properties of the complex were further explored through
theoretical calculations, which closely matched the experimental vibrational frequencies,
underscoring the robustness of the employed methodology. Infrared spectroscopy
confirmed the bidentate coordination of the Me,mal ligand, as evidenced by the Av value
of 191 cm™, in alignment with the X-ray findings. Time-Dependent DFT (TD-DFT)
calculations showed high concordance with the experimental absorption spectra in
methanol, elucidating the electronic transitions predominantly occurring between the -
bonding and n*-antibonding orbitals of the ligands.

The NBO analysis of the titled complex provided valuable insights into the stabilization
energies as deduced from the second-order perturbation energies, which were remarkably
minimal. Natural Bond Orbital (NBO) analysis reveals significant charge transfer from
the ligands to the Cu(Il) ion, with the Cu atom exhibiting a reduced formal charge of
+1.43. The calculated second-order interaction energies further underscore the stability
of the metal-ligand bonds within the complex.

In conclusion, the [Cu(Me2mal)(bpy)(H20)]-H2O complex demonstrates a well-defined
crystal structure with significant electronic interactions, offering valuable insights into
the coordination chemistry of Cu(II) complexes. The synergy between experimental data
and theoretical calculations enhances our understanding of its structural and electronic
properties, contributing to the broader field of coordination chemistry. I also believe that
this comprehensive study will serve as a valuable resource for improving our
understanding of the spectroscopic behavior of coordination compounds involving
malonates.

Supporting information
CCDC1403346 contains supplementary crystallographic data for synthesized complex.

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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