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ABSTRACT

Copper (II) complex of 2,2’-bipyridine and D-camphoric acid, Cu(C;yH330g3N,) H,O (I), was prepared and characterized by
thermal analysis, and SCXRD determined the crystal structure. The title complex I crystallizes in tetragonal system, P41212
having crystallographic parameters, a = 21.21(16) A, b =21.21(16) A, ¢ = 7.01(5) A, V=3156.6 (4) A>, and adopts a distorted
octahedral geometry. A DFT study and Hirschfeld topology analysis of the complex (I) were also conducted. These studies
revealed that the same achieves its three-dimensional structure and stability through O—H-O hydrogen bonding and the 7-7

stacking interactions between aromatic 2,2’-bipyridine rings.
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1. INTRODUCTION

The diversification in size, composition, charge, and structure of metal-
organic frameworks led to numerous properties such as redox, catalytic,
and magnetic, and has been receiving considerable current attention.
The strong metal-chelating property of such coordination complexes
has potential applications in biology [1,2]. As the properties of the
complexes are dictated primarily by the coordination environment
around the metal center, complexation of metal by ligands of selected
types has been of significant importance, and the present work has
originated from our interest in this area. For the complexation of
copper, 2,2’-bipyridine and D-camphoric acid have been chosen as the
ligand in the present study. It is well known that 2,2’-bipyridine has
good chelating capacities as a bidentate, N, N-donor, forming a stable
five-membered chelate ring [3]. It may be expected that this metal
complex(]) has an interesting effect on the redox property and important
applications in the biological field. The main objective of the present
work has been to synthesize the mixed ligand complex of copper (1)
and to study its structural properties. Among the many synthetic routes,
hydrothermal synthesis has a large number of advantages over other
types of crystal growth processes because this synthetic reaction does
not require any catalyst and does not consume a large amount of time.
However, the crystal formation depends on the types of ligands, the
nature of metal salts, reaction temperature, and pH. This work mainly
concerns the DFT study, Hirshfeld surface analysis, thermogravimetric
analysis, and the crystal structure of this complex. Some authors have
also reported similar types of this complex [4].

2. EXPERIMENTAL SECTION

2.1. Materials and Methods

D-Camphoric acid (99%), 2,2’-bipyridine (99.5%), and (Cu
[NOs],-3H,0, 99%), Sigma-Aldrich of A. R. grade chemicals were
used without further purification. SCXRD studies were done using
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a Bruker AXS Kappa Apex 2 CCD diffractometer with a graphite
monochromator with Mo Ka (k=0.71073 A). Thermal analysis (TGA)
was also done (under nitrogen flow~ 20 mL/min) using a Perkin Elmer
Diamond TGA/DTA STA 6000, with a 2°C-min—1 scan rate.

2.2. Preparation of Cu(C;yH3305N) H,0 (1)

D-Camphoric acid (0.2005 g), 2,2’-bipyridine (0.1560 g), and Cu
(NOs),-3H,0 (0.2416 g) were refined and poured into a 10 mL Teflon
autoclave, followed by the addition of 20 drops of 0.05(N) NaOH
solution, and then 5mL of distilled water was added. The resultant
mixture was stirred for 30 min to get a homogeneous suspension and
then kept in an oven at 140°C/72 h. The autoclave was kept for 12 h
at normal temperature. Translucent blue, block-shaped crystals were
obtained. Yield: 70% based on the metal precursor. The crystal was
insoluble in DMSO, DCM, CH;CN, CH;OH, DMF, and CCl, but was
soluble in hot water, and the melting point was more than 300°C.

2.3. X-ray Crystallographic Measurements

For crystallographic studies, a Bruker Smart Apex II X-ray Single
Crystal Diffractometer was used with graphite monochromator
Mo Ko radiation (k = 0.71073 A°). The structure was refined and
solved using SHELXL-97 and SIR 92, for data reduction and cell
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refinement, SAINT/XPREF and APEX2/SAINT programs were used,
respectively. Mercury, SHELXL-97, and ORTEP 3 were utilized for
computing molecular graphics [5-9]. The atoms other than H atoms
were anisotropically refined, and all H atoms were placed in a Fourier
difference map. The crystallographically refined data for complex I are
given in Table 1, and selected bond angles and bond lengths are shown
in Table 2.

2.4. Theoretical Study

DEFT studies have been carried out to get an idea of the electronic
structure of the title complex I and the same was refined with meta-
hybrid TPSSh functional [10], and relativistic basis set executed
through ZORA [11], retaining one-center terms and using ZORA-re-
contracted def2-TZVP basis sets for all elements other than C and
H, for which ZORA-def2-SVP basis sets were used [12]. To erase
the inaccuracy, the resolution of identity, chain-of-spheres (COSX)
approximations to Coulomb, and exact exchange, a large decontracted
SARC/J auxiliary basis set was used [13,14]. Non-covalent interaction
was figured out using atom-pairwise dispersion corrections with Becke—
Johnson (D3BJ) damping [15]. All the calculations were executed in
ORCA (version 5.3.0) [16]. The energies of the selected orbitals were
taken from the quasi-restricted orbitals. The electrostatic potential
(ESP) map or plot was obtained using the Gaussian 16, Revision A.03
program package. The DFT method used for the ESP plot includes the
combination of B3LYP hybrid functional/LANL2DZ basis sets [17]
for Cu (II) ion and a 6-31++g (d, p) double zeta basis set for the ligand
atoms, respectively. The Crystal Explorer 17.5 program software has
been used for molecular Hirschfield surface analysis to realize the

Table 1: Crystallographic details

SCXRD Values of SCXRD Parameters Complex I
Complex I

Chemical formula C30H49CuN,0q

Mg 636.18

Temperature (K) 296 (2)

Crystal system, space group Tetragonal, P41212

a,b,c (A) 21.21 (16), 21.21 (16), 7.01 (5)
V (A% 3156.6 (4)

Z, D../(mg/m™) 4,1.364

o=P=Y (deg) 90

Radiation type MoK\a

Wavelength(A) 0.71073

F (000) 1372

Absorption coefficient 0.749 mm "

Crystal size

Limiting indices

0.10x0.05%0.03 mm

-30<=h<=29, -30<=k<=28,
-10<=1<=10

Reflections collected/unique 48735/4912,

Absorption correction “Multi-scan”

Tinaxs Toin 0.956, 0.978
Restraints/parameters 1/199

Goodness-of-fit on F 1.107

Final R indices [I>20 (1)] R1=0.0599, wR2=0.1274
R indices (all data) R1=0.0413, wR2=0.1048
CCDC 2143886

crystal packing behavior and estimate the nature of interactions in
molecular crystals [18].

3. RESULTS AND DISCUSSION

3.1. Structure of 1, Cu(CsyH;304N,) H,0 (1)

The SCXRD studies show that the title complex I has the molecular
formula C;0H4CuN,Oy and crystallizes in a tetragonal crystal system
(P41212), and Z = 4. Here, the two bridging D-cam® ligand, bidentate
2,2’-bipyridine ligand, with Cu (II) ion form a distorted octahedral
geometry shown in Figure 1. The Cu (II) ion was in the crystallographic
center, the Cu (II) ion bound to two nitrogen atoms (N1, N2), from one
2,2’-bipyridine ligand and bound to two Oxygen atoms (01, OlI,)
from two different bridging D-cam’™ ligands, in a planar fashion in the
equatorial plane at the distances of 1.954 A°(16) for Cul- Oland at
the distances of 2.017(18) A° for Cul-N1 and Cul-N2, which were
comparable to those of Hexaaza-macrocycle Cu (II) complexes with
Cu—N distances in the range of 1.985(7)-2.017(6) A® [19,20]. In the
axial plane, copper (II) ion bound to two oxygen atoms (02,, O2,), again
from two different bridging D-cam® ligands, at a distance of 2.600(19)
A’ which was significantly longer than those to the oxygen atoms in the
equatorial position, however, slightly longer than Cu—O distances in the
equatorial plane. This was due to the Jahn-Teller distortion of the Cu (II)
ion in the z-axis with the elongation of the Cu—O bonding [21-23]. The
geometry of the copper (II) ion for this complex could be described as
a distorted octahedral geometry, like those reported complexes [19,20].
It was evident that the weakly non-coordinated water molecules were
found outside the coordination sphere. Figure 2 shows the packing array
of the title complex I furthermore all D-cam” ligands bind the metal
centers with two different oxygen atoms (O3/01) in a bridging fashion
to form a unique Cu (II) binuclear unit forming tetragonal clusters,
which are found to be stabilized by the aromatic [1-[1” s stacking
interactions as described by Lapshin [24].

3.2. TGA

The thermal resistance of complex I is studied and is shown in Figure 3.
It has three stages, indicating the removal of different ligands from the
metal ion with temperature rise. The initial mass loss from around 100
to 150°C may be assigned to weakly uncoordinated water molecules,
followed by a sharp or steep weight loss stage at around 200 to 280°C,
which is likely due to the removal of two bridging D-cam” ligands.
Finally, the last stage, at around 300 to 570°C and more, is in all
likelihood due to the removal of the coordinated 2,2°-bipyridine
fragment. The TGA curve remains unchanged in the 620-700°C
temperature range corresponding to the metal oxide. Thus, we can
conclude that complex I has appreciable thermal resistance at room
temperature to relatively high temperatures, it was stable at 150°C, and
thereafter it suffers step-by-step continuous thermal degradation up to
750°C to metal oxide residue.

Table 2: Selected bond lengths [A] and angles [°]

Cu (1)- 0 (1) 1.9544 (16) Cu (1)-N (1) 2.0170 (18)
Cu(1)-0(2) 2.6000 (19) Cu (1)-N (2) 2.0170 (18)
N (1)- C (5) 1.341 (4) N (1)-C(1) 1.351 (4)
O (1)-Cu(1)-N (1) 93.74(8) N(1)-Cu(1)-N(2) 81.09(12)

O (1)-Cu(1)-N(2) 174.20(7) C(15-03)-H(5)A  109.5
C (5)-N(1)-Cu (1) 126.14 (18) C (1)-N (1)-Cu (1) 114.42 (18)
N()-C(1)-C@2) 12073) C@B3)-C@Q)-C() 1192(3)
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Table 3: Computed values of ionization potential (/), Electron affinity (a), Chemical potential (i), Global Hardness (7), Global
softness (S), and Electronegativity (o). All the values are given in units of electron volt (eV)

Ionization Electron Chemical Global Global Electronegetivity
potential (7) affinity (a) potential(p) Hardness(#) softness (i5) (0)
6.952 2.710 —4.831 2.121 0.471 4.831
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Figure 3: Thermal analysis curve.

3.3. DFT Study

The complex’s Cu (II) ion is located on a crystallographic inversion
center, and two D-cam” ligands coordinate it, and one 2,2’-bipyridine
ligand in an alternative way occupied axial and equatorial planes
to form a distorted octahedral geometry. The energy gap between
the highest occupied molecular orbital and the lowest unoccupied
molecular orbital (HOMO-LUMO) was calculated using Gaussian 16.
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HOMO=-6.952 ¢V LUMO=-2.710 eV
Figure 4: Optimized geometry and HOMO-LUMO of the
synthesized complex 1. H’s attached to C- atoms are skipped
for simplicity. Color code: Orange-Cu, Blue-N, Red-O, Gray-C.

Figure 5: MESP diagram of the Cu (II) complex 1.

The negative value of the energy of HOMO is directly related to the
ionization potential of the ligand-metal complex, but electron affinity
can be calculated from the energy of LUMO of the complex and are
shown in Figure 4. The energy gap between HOMO and LUMO of
a complex can be correlated with its stability. In addition, 3D plots
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Figure 6: DFT optimized structure and Spin density of complex 1.
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Figure 8: Fingerprint plots of complex 1 showing various elements’ interactions in percentage.
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of the HOMO and lowest unoccupied molecular orbital (LUMO)
and spin density are shown in Figure 5. The energy of HOMO and
LUMO has been calculated and found to be —6.952 and —2.710 eV,
respectively, and the AE = (E;yyo-Enomo) for the same is found to
be 4.242 eV, indicating that the complex I is stable [25]. The DFT-
based descriptors are used to calculate different theoretical physical
parameters such as chemical potential (W) = (Exoyo + Erumo)/2, global
hardness (M) = (-Enomo + Erumo)/2, global electrophilicity power
(w) = u2/2n, ionization energy (I = - Epouo), and electron affinity
(A = - Erymo), [26]. The negative value of w of the above complex [
indicates its thermal resistivity, air stability, and does not decompose
continuously into its elemental form. The values of global chemical
reactivity descriptors (/, a, o<, 1, S, 0, and o) were evaluated using the
above equations, which are given in Table 3. ESP maps at the B3LYP/
LANL2DZ refined geometry were calculated and used to determine the
potential nucleophilic reactivity (blue region), potential electrophilic
reactivity (red, orange, and yellow regions), and hydrogen bonding
interactions prevailing in the molecules [27-29]. The ESP map (MESP)
of the title complex I is shown in Figure 5. Here, the oxygen atom
of the carboxylic group, water, and hydroxyl group are assigned to
the electrophilic reactivity sites, whereas the C and H atoms of the
complex I bear nucleophilic reactivity region, and it was evident that
the most reactive part of complex I is the carboxylic group due to the
oxygen atom’s electronegativity.

3.4. Hirschfeld Surface Analysis

This is a computable method for predicting the intermolecular
interactions in a crystal structure. Hirshfeld surfaces and 2D fingerprint
plots were graphed with Crystal Explorer 17.5 software [18]. The
above analysis was realized by the d,,.,, Which was computed with
the following equation,

vdW "
P G i I CR )
norm rvdW rvdW

i e

Where d,,,,,,= normalized contact distance

d, = Distance between the nearest nucleus (external) and Hirshfeld
surface,

d; = distance between the nearest nucleus (internal) and Hirshfeld
surface, and r ;" and r '™ are the van der Waals radii of atoms.
[30,31].

The Hirschfeld surface for the complex I; d,,.,, is presented in

Figure 7 and graphed over ranges —0.7210-1.6048 A. The parameter

d,orm» normalized contact distance, shows the surface with bright red

spots indicating close contact between neighboring atoms and white-
blue spots devoid of close contacts, respectively. The computable
determination of all possible intermolecular contacts is presented in

Figure 8. It is clear that the H...... H (58.30%), O...... H (13.70%), and

C...... C (5.10%) contacts are prominent intermolecular interactions,

which reveal that there are concordant relationships between these

different color spots and molecular interactions.

4. CONCLUSION

The newly reported distorted octahedral Cu (II) complex is a blue,
block-shaped, and tetragonal crystal, space group P41212. The -
stackings were further interconnected through the hydrogen bonding
interactions to give the same 3D supramolecular architecture.
Hirshfeld analysis reveals that the crystal packing behavior of the
above complex was controlled primarily by van der Waals interactions.
Thermogravimetric studies and computational quantum mechanical
modeling studies revealed its thermal stability.
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6. SUPPLEMENTARY DATA
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