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ABSTRACT

[Cuy(ox)(dien),](NO3); with (ox=oxalate, dien=diethylenetriamine) has been synthesized and charac-
terized by single-crystal X-ray diffraction as well as FTIR and UV-Vis spectroscopic techniques. The
complex crystallizes in the monoclinic space group (P2/c) with the following cell parameters (A, °):
a = 23.7888(10), b = 6.7055(3), ¢ = 12.7842(6) and S = 95.534(2). The 3D network consists of (C;04)
groups bridging binuclear Cu(Il) cations, in which the copper atoms are in a distorted square-pyramidal
coordination environment. Experimental and computed FT-IR results confirmed the presence of charac-
teristic bands of diethylenetriamine tridentate, nitrate and oxalate bidentate groups. UV-Vis spectrum of
the complex was recorded and the characteristic transitions were determined. TG-DSC measurements re-
vealed thermal stability of the studied complex until 473 K. Calcination of the complex under air led
to the production of CuO nanoparticles. Moreover, the morphology and the size of the complex and its
CuO nanoparticles were monitored by scanning electron microscopy (SEM). Magnetization and a.c. sus-
ceptibility were measured and discussed. The complex molecular structure was optimized and the simu-
lated geometric parameters compared with the crystal structure values. Hirshfeld surface and topological
analyses were performed to describe the intermolecular interactions and to simplify the 3D networks of
[Cuy(ox)(dien),]J(NO3)s. Moreover, its antioxidant activity was assessed using DPPH, ferric reducing power
tests and phosphomolybdenum assay.

© 2023 Published by Elsevier B.V.

1. Introduction

its capability to mediate the exchange coupling between first-row
transition metal ions separated by more than 5 A in both homo-

The chemistry of oxalate-containing compounds has shown
a large interest and has become an active area of research in
the past decades, thanks to its relevant coordination properties
and its ability to bind many metal ions in bis-chelating bridging
mode. The oxalate anion (C;04)?" has a wide application area
such as catalysis [1,2] and biological chemistry [3]. In this last
field, the oxalate ion (C;04)% has been investigated to analyze
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[4-7] and heteropolynuclear [8-10] compounds. A great number
of oxalato-bridged binuclear complexes have been characterized
so far [11-16]. Such as oxalato-bridged homometallic copper (II)
compounds [17-36], where (C;04) is binding the two metallic
centers in bis-bidentate bridging mode [17,19-34]. Analysis of the
factors that influence the extent of the coupling through oxalate
allowed to tune the value of the singlet-triplet energy gap (J)
in oxalato-bridged binuclear copper (II) in which the separation
distance between the metal ions is in the range 5-6 A, as reported
in the literature [23,31-33] (]J|l= 12-76 cm!). However, large ]
values (]]| = 274-424 cm!) were reported in the following papers
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Table 1

Crystal data and structure refinement parameters for [Cu,(ox)(dien);](NO3 )3

Parameters

Complex [Cu,(ox)(dien); [(NO3)3

Chemical formula

M; (g.mol™!)

Crystal system, space group

Temperature (K)
a(A),b(A), c(A)
a ()

vV (A3), Z

Radiation type

@ (mm)

Crystal size (mm)

6 Range (°)

Dy (g.cm?)

F(000)

Index range

Diffractometer
Absorption correction

Tiins Tmax

No. of measured, independent and
observed [I > 20(1)] reflections
Rint

Refinement method

R[F? > 20(F?)], WwRy(F?), S

CioH26CuyNgO4-3(NO3)

607.45

Monoclinic, P2/c

150

23.7888 (10), 6.7055 (3), 12.7842 (6)
90, 95.534 (2), 90

2029.78 (16), 4

Mo Ka

2.16

0.17 x 0.13 x 0.04

2.6-28.2

1.785

1120

—31<h<31, -8<k<8; -17<
1 <16

Bruker D8 VENTURE

Multi-scan: SADABS2016/2 (Bruker,
2016/2) was used for absorption
correction.

0.658; 0.738

22,561, 5000, 4080

0.073
Least-squares matrix: full
0.037, 0.099, 1.04

Table 2
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Fractional atomic coordinates and isotropic or equivalent isotropic displacement pa-
rameters (A2) for [Cu,(ox)(dien),](NOs)3

No. of reflections 5000
No. of parameters 273
APmaxs APmin (e.A?) 0.51, —0.50

[20,30,34]. By taking advantage of copper (II) coordination sphere’s
plasticity [37,38], the variation of the orientation and symmetry
of the molecular orbitals describing the unpaired electron Cu?* is
considered as a crucial parameter for the enhancement of copper
(II) complexes’ stereochemistry. On the other side, the oxalato-
bridged Ni(Il) complexes adopt octahedral geometry whereas the
corresponding |J| values vary in the range from 17 to 39 cm!
[27-29,35,36]. In these complexes, the magnitude of the magnetic
coupling ] strongly depends on the nature of the blocking ligands’
donor atoms coordinated to the central metal ion.

As a continuation of our previous researches on synthesis and
investigation of coordination compounds [11,39-42], we report
herein the chemical preparation, spectroscopic characterization in
correlation with the crystal structure X-ray diffraction data and
thermal stability of a new oxalato-bridged binuclear Cu(ll) com-
plex based on linear tridentate amine, namely diethylenetriamine,
as blocking ligands. Furthermore, we aimed to investigate the for-
mation of CuO nanoparticles from the studied complex, which
were obtained under air atmosphere, as these may be suitable for
particular usage in various fields of science [43,44]. Furthermore,
we discuss herein the magnetization and a.c. susceptibility of the
complex as well as its optimized molecular structure and frontier
molecular orbitals. We explore the leading intermolecular interac-
tions and simplify the structural packaging using Hirshfeld surface
and topological analyses. For the best of our knowledge, we study
for the first time the antioxidant activity of [Cuy(ox)(dien); |(NO3)s.

2. Experimental
2.1. Synthesis of complex [Cuy(ox)(dien),](NO3)3

Single crystals of the complex [Cu;(ox)(dien),](NO3 )3 were syn-
thesized under ambient conditions. The reaction mixture of cop-
per(Il) nitrate hexahydrate (0.25 g, 1.025 mmol), dissolved in dis-
tilled water (10 mL), was added dropwise to an aqueous solution
(15 mL) of oxalic acid (0.15 g, 1.189 mmol) at room temperature
with continuous stirring. Diethylenetriamine (2.5 mL, 24.23 mmol)

X y z Uiso*/Ueq
Cul 0.82852 (2) 0.69168 (5) 0.86215 (2) 0.01706 (9)
Cu2 0.67187 (2) 0.23727 (5) 0.62983 (2) 0.01600 (9)
N1 0.82847 (9) 0.9142 (3) 0.75718 (17) 0.0240 (5)
H1A 0.812932 0.871148 0.693320 0.029*
H1B 0.807341 1.017603 0.777734 0.029*
N4 0.91022 (8) 0.7559 (3) 0.89313 (16) 0.0194 (4)
H4 0.932294 0.662430 0.851873 0.023*
N7 0.83741 (9) 0.5432 (3) 0.99867 (16) 0.0251 (5)
H7A 0.819039 0.608849 1.047540 0.030*
H7B 0.822144 0.419142 0.989944 0.030*
N8 0.66407 (8) 0.4211 (3) 0.50571 (15) 0.0207 (4)
H8A 0.680367 0.540662 0.523525 0.025*
H8B 0.681919 0.368074 0.452346 0.025*
N11 0.58896 (8) 0.1951 (3) 0.59852 (15) 0.0178 (4)
H11 0.569014 0.284023 0.645745 0.021*
N14 0.66993 (8) —0.0063 (3) 0.72028 (16) 0.0212 (4)
H14A 0.688045 —0.108892 0.691232 0.025*
H14B 0.687652 0.018660 0.785257 0.025*
Cc2 0.88737 (11) 0.9818 (4) 0.7491 (2) 0.0260 (6)
H2A 0.887599 1.122666 0.726001 0.031*
H2B 0.905176 0.899503 0.697083 0.031*
Cc3 0.91947 (11) 0.9604 (4) 0.8561 (2) 0.0271 (6)
H3A 0.960245 0.984088 0.851607 0.033*
H3B 0.905678 1.058636 0.905489 0.033*
c5 0.92630 (12) 0.7191 (5) 1.0062 (2) 0.0301 (6)
H5A 0.913647 0.830972 1.048742 0.036*
H5B 0.967825 0.706659 1.019943 0.036*
C6 0.89799 (11) 0.5276 (5) 1.0346 (2) 0.0318 (6)
H6A 0.914898 0.412996 1.000180 0.038*
H6B 0.903133 0.506758 1.111604 0.038*
Cc9 0.60354 (10) 0.4499 (4) 0.4712 (2) 0.0256 (5)
H9A 0.598619 0.485923 0.395790 0.031*
H9B 0.587973 0.559019 0.511871 0.031*
c10 0.57291 (11) 0.2565 (4) 0.4892 (2) 0.0259 (6)
H10A 0.531553 0.276613 0.477367 0.031*
H10B 0.583869 0.152628 0.440026 0.031*
C12 0.57664 (11) —0.0136 (4) 0.6248 (2) 0.0259 (6)
H12A 0.587951 —0.104293 0.569393 0.031*
H12B 0.535728 —0.030940 0.630529 0.031*
C13 0.60996 (11) —0.0598 (4) 0.7286 (2) 0.0256 (6)
H13A 0.594952 0.017963 0.785603 0.031*
H13B 0.606837 —0.203371 0.745120 0.031*
01A 0.82370 (7) 0.4396 (3) 0.74657 (13) 0.0202 (4)
02A 0.74597 (7) 0.6484 (3) 0.84250 (13) 0.0198 (4)
03A 0.75549 (7) 0.2715 (3) 0.65348 (13) 0.0182 (4)
04A 0.67762 (7) 0.4725 (3) 0.75494 ( 3) 0.0209 (4)
Cl1A 0.77331 (9) 0.3985 (3) 0.72139 (17) 0.0151 (4)
C2A 0.72766 (9) 0.5165 (3) 0.77722 (17) 0.0159 (4 )
O1N 0.78046 (11) 0.1243 (4) 0.9371 (2) 0.0595 (7)
02N 0.74601 (8) 0.2318 (3) 1.07622 (14) 0.0279 (4)
03N 0.69456 (8) 0.0526 (3) 0.96316 (15) 0.0385 (5)
N1IN 0.74036 (9) 0.1337 (3) 0.99174 (16) 0.0250 (5)
04N 1.000000 0.6600 (4) 0.750000 0.0446 (8)
O5N 0.96926 (9) 0.3856 (3) 0.80758 (17) 0.0425 (5)
N2N 1.000000 0.4754 (5) 0.750000 0.0238 (7)
06N 0.52789 (8) 0.5487 (3) 0.68777 (16) 0.0394 (5)
07N 0.500000 0.2741 (5) 0.750000 0.0621 (11)
N3N 0.500000 0.4589 (5) 0.750000 0.0233 (6)

diluted in distilled water (10 mL) was then added dropwise. The
blue solution was allowed to evaporate slowly at room tempera-
ture until dark blue single crystals were formed. Being very soluble
in water, the crystals were washed several times with ethanol and
dried in open air.

2.2. Preparation of copper oxide CuO nanoparticles

Sufficient quantities of the complex were used as a precursor to
synthesize CuO nanoparticles. For this purpose, the blue sediment
of this complex was placed in porcelain crucible at temperature
above 725 °C for 2 h, after which a black powder was obtained by
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Fig. 1. Simulated and experimental powder XRD patterns of [Cu,(ox)(dien); |(NOs3)s.

calcination. The formation of the nanocomposite was confirmed via
powder X-ray diffraction (PXRD), Fourier Transform Infrared spec-
troscopy (FTIR) and Scanning Electron Microscopy (SEM).

2.3. Materials and methods

The p-oxalato binuclear copper(Ill) complex was characterized
by single-crystal X-ray diffraction, FTIR spectroscopy, Thermal
Gravimetric analysis (TG-DSC) and UV-Visible spectrophotometry.

2.3.1. Single-crystal XRD

A suitable crystal, dimensions 0.17 x 0.13 x 0.04 (mm), was se-
lected for X-ray diffraction analysis. Data were collected at room
temperature using a Bruker D8 VENTURE diffractometer [using Mo-
Ko radiation (A= 0.71073 A)], equipped with a Photon II CPAD de-
tector and an [uS 3.0 (dual Cu and Mo) microfocus sealed tube
generator. The diffraction data were collected and processed us-
ing APEX3 (Ver. 2016.9-0 Bruker-AXS, 2016). The structure was
solved using SHELXT [45] and refined using SHELXL [46] within
OLEX2 [47]. All non-Hydrogen atoms were refined with anisotropic
atomic displacement parameters. Hydrogen atoms were located in
difference Fourier maps and refined freely. Crystal data collection
and refinement details of the complex are summarized in Table 1.
Atomic coordinates and basic geometrical data are reported respec-
tively in Table 2 and Table 3, while the hydrogen bonds are given
in Table 4. The CIF has been deposited with the Cambridge Struc-
ture Database CCDC 2,116,364. The structural graphics were created
using the software Diamond [48].

2.3.2. X-ray powder diffraction

The phase purity of the studied compound was confirmed by
powder XRD measurement (Fig. 1), the data were collected on a
PANalytical X'Pert PRO X-ray powder diffractometer at room tem-
perature using Cu Ko radiation (A = 1.5418 A). The 26 scan range
was 5-65° with a step size on 26 of 0.067° The XRD pattern was

(o7) C3

Fig. 2. Asymmetric unit in [Cuy(ox)(dien);](NOs);. Thermal ellipsoid plot at 50%
probability level.

entirely consistent with the structure determined using the single-
crystal XRD. A least square fit of the powder XRD lines (CuKo)
using the (hkl) indices generated from single-crystal X-ray data,
gave the cell parameters, which is in a good agreement with those
determined by single-crystal XRD. Furthermore, their diffraction
peaks are consistent with the simulated, indicating the purity of
the as-synthesized product. The differences in intensities between
the experimental and simulated XRPD patterns may be due to the
variation in the preferred orientation of the powder sample during
the collection of the experimental XRPD pattern [49].

2.3.3. IR spectroscopy

IR spectrum of the complex was recorded on a VERTEX 70 FTIR
Spectrometer in the range 4000-400 cm~! using the ATR tech-
nique at 4 cm™! resolutions.
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2.3.4. UV-visible spectroscopy

UV-visible spectrum of the complex, which results from
grounded crystals, was measured using a JASCO Scan Varian spec-
trophotometer in the range 200 - 900 nm.

2.3.5. TG-DSC analysis

TGA analysis was carried out on a Diamond TGA/DTA instru-
ment (Perkin-Elmer) thermal analyzer (25-1000 °C) under nitrogen
atmosphere, at a scan rate of 10 °C/min.

2.3.6. Magnetism measurements

The magnetic properties were measured on a Quantum De-
sign MPMS system. The magnetization was measured as a func-
tion of applied magnetic field up to 20 kOe at 5 K and 300 K.
The DC and AC magnetization and the ac susceptibility were mea-
sured as a function of temperature between 5 K and 300 K, in 5 K

(b)

Fig. 3. (a) A view along b of the crystal structure of [Cu,(ox)(dien),](NOs)s. (b) A projection along c of the studied complex polyhedrons.

steps at an applied field of 100 Oe and ac frequencies of 10, 100
and 1000 Hz. Two temperature data sets were recorded: zero-field
cooled, where the sample was initially cooled down under zero-
field and field cooled, where the sample was cooled down under a
field of 100 Oe.

2.3.7. DPPH radical scavenging activity

The antioxidant activity of [Cu,(ox)(dien),](NO3); complex was
evaluated using the test of 1-1 diphenyl-2-picrylhydrazyl (DPPH)
free radical scavenging activity [50]. The hydrogen atom donating
ability of the complex was measured from the bleaching of the
purple-colored methanol solution of DPPH. 100 pL of various con-
centrations of the complex in methanol were added to 3.9 mL of
the methanol solution of DPPH (1.01x1072 M). After 30 min of in-
cubation at room temperature, the absorbance was measured at



M. Akouibaa, I. Lakkab, A. Direm et al. Journal of Molecular Structure 1282 (2023) 135258

Table 3
Geometric parameters (A, ©) for [Cu,(ox)(dien), (NO3)s.

Cul—N1 2.007 (2) N14—C13 1.485 (3)

Cul—N4 1.993 (2) 2—C3 1.508 (4)

Cul-N7 2.003 (2) C5—C6 1.510 (4)

Cul—01A 2.2409 (17) C9—C10 1.516 (4)

Cul—02A 1.9770 (16) C12—C13 1.511 (3)

Cu2—N8 2.004 (2) 01A—C1A 1.242 (3)

Cu2—N11 1.9946 (19) 02A—C2A 1.264 (3)

Cu2—N14 2.004 (2) 03A—C1A 1.260 (3)

Cu2—03A 1.9963 (16) 04A—C2A 1.233 (3)

Cu2—04A 2.2411 (16) C1A—-C2A 1.570 (3)

N1-C2 1.486 (3) OIN—NIN 1.237 (3)

N4—C3 1.474 (3) 02N—N1N 1.261 (3) =

N4—C5 1.480 (3) 03N—N1N 1.241 (3) .

N7—C6 1.473 (3) 04N—N2N 1.238 (4) N

N8—C9 1.477 (3) 05N—N2N 1.242 (2) H

N11-C10 1.472 (3) 06N—N3N 1.240 (2) C

N11-C12 1.475 (3) 07N—N3N 1.239 (4) e}

N1—Cul—-01A 97.08 (8) C13—N14—Cu2 108.31 (15)

N4—Cu1—N1 84.84 (8) N1-C2—C3 107.8 (2)

N4—Cul1-N7 85.14 (8) N4—C3—-C2 107.5 (2) c

N4—Cul—-01A 106.32 (7) N4—C5—C6 107.3 (2)

N7—Cul—N1 161.03 (9) N7—C6—C5 108.1 (2)

N7—Cul-01A 101.18 (8) N8—C9—C10 108.2 (2) a

02A—Cul—N1 95.02 (8) N11—C10—C9 107.4 (2)

02A—Cul1—N4 174.13 (8) N11—-C12—C13 107.2 (2) Fig. 4. Jahn-Teller distortion acting on Cu2 to give rise to the octahedral (5 + 1)

02A—Cu1—N7 93.32 (8) N14—C13—-C12 108.27 (19) coordination [Cu20s,4].

02A—Cul-01A 79.54 (6) C1A-01A—Cul 108.96 (14)

N8—Cu2—N14 162.30 (9) C2A—02A—Cul 117.48 (15)

N8—Cu2—04A 97.29 (8) C1A—03A—Cu2 116.48 (14)

N11—Cu2—NS8 85.06 (8) C2A—04A—Cu2 108.94 (14) 517 nm. Butylhydroxytoluene_ (BHT) was ufeq as t_h_e standard. The

N11—Cu2—N14 85.59 (8) O01A—C1A—03A 1255 (2) percentage of DPPH scavenging activity (% inhibition) was calcu-

N11—-Cu2—03A 176.72 (7) 01A—C1A—C2A 117.6 (2) lated using the equation as given below:

N11—Cu2—04A 103.53 (7) 03A—C1A—C2A 116.9 (2)

N14—Cu2—04A 99.50 (8) 02A—C2A—C1A 116.3 (2) N Ap — As

03A—Cu2—N8 93.68 (7) 04A—C2A—02A 125.7 (2) %inhibition of DPPH = — | 100

03A—Cu2—N14 94.84 (8) 04A—C2A—C1A 118.0 (2) b

03A—Cu2—04A 79.62 (6) 0IN—N1N—O2N 119.1 (2) ) )

C2—N1—Cul 109.49 (15) OIN—N1N—03N 121.0 (2) where, A, is the absorbance of the blank (solvent without sam-

C3—-N4—Cul 108.07 (15) O3N—NIN-O2N 119.9 (2) ple) and As is the absorbance of the sample and the positive con-

52*22*251 }(1)252’5(2(15) 822*252*82% }}ggg E}Z; trol. The sample concentration providing 50% inhibition (ICsq) of
_N4—Cu . _N2N— X . Lo

C6_N7—cul 108.96 (15) 05N —N2N_05N 122.0 (4) DPPH frt?e radical was calculat.ed from the graph plottlngé mhlb?

C9—N8—Cu2 109.27 (15) 06N—N3N—O6Nil 121.9 (3) tion against sample concentration. Tests were carried out in tripli-

C10—N11—Cu2 108.18 (15) 07N—N3N—06N 119.06 (17) cate.

C10—-N11-C12 116.3 (2) 07N—N3N—O6Nf 119.06 (17)

C12—N11—Cu2 107.63 (15)

Symmetry codes: (i) -X + 2, ¥, -z + 3/2; (i) X + 1, y, -z + 3/2. 2.3.8. Ferric reducing antioxidant power (FRAP assay)

In this test, the antioxidant activity is measured by the ability

Table 4 ) ) of the [Cuy(ox)(dien),](NO3); complex to transfer a single electron

- o . .

Hydrogen-bonds geometry (A, ©) for [Cu;(ox)(dien), ](NO3)s. to reduce Fe3* to Fe2+ [51]. Different concentrations of the sample
D—H--A D—H H--A D--A D—H--A were mixed with 2.5 mL of phosphate buffer (0.2 M, pH 6.6) and
N1—H1A...02Niii 0.91 2.19 3.047 (3) 157 2.5 mL of 1% pOtaSSium fel‘ricyanide [K3Fe(CN)6]. The mixture was
N1—H1B.--03AY 0.91 2.56 3.173 (3) 125 incubated at 50 °C for 20 min. 2.5 mL of trichloroacetic acid (10%)
N1-H1B--O1NY 0.91 231 3.015 (3) 134 were added and the mixture was centrifuged. The upper layer of
zj_:f'g‘;x }'88 ;}; g?gg g }‘5‘; solution (2.5 mL) was mixed with 2.5 mL of distilled water and

—_— R . . [
N4—H4...N2N 1.00 2.50 3.493 (3) 170 Q.S mL of O:I.A FeCls. The absorbance was measured at 700 nm us-
N7—H7A...01AY 091 256 3.219 (3) 130 ing a UV-Visible spectrophotometer against a blank (solvent with-
N7—H7A---03A" 0.91 227 3.163 (3) 166 out sample) and gallic acid was used as the standard.
N7—H7B--01N 0.91 228 3.184 (3) 170
N7—H7B--02N 0.91 2.54 3.238 (3) 134
N8—H8A..-02Niii 0.91 224 3.113 (3) 161
NS—H8A...N1 N 0.91 266 3507 (3) 155 2.3.9. Phosphomo.lyb.denum assay '
N8—H8B...024ill 0.91 217 3.025 (3) 156 The total antioxidant capacity was measured using the test of
N11-H11--06N 1.00 2.12 3.058 (3) 155 Phosphomolybdenum as described by [52]. The method is based
N11-H11--07N 1.00 221 3.049 (2) 140 on the reduction of Mo (VI) to Mo(V) by the studied compound
NTI-H11.-N3N 1.00 250 3.485 (3) 167 and the formation of a green phosphate-Mo(V) complex at acidic
N14—H14A..-02NVi 0.91 227 3.098 (3) 152 H. Brieflv. 0.3 mL of th le with vari .
N14—H14B...03N 091 508 3129 (3) 156 pH. Briefly, 0.3 mL of the sample wit various goncentratlons was
C2—H2A...01AY 0.99 264 3.422 (3) 136 added to 3 mL of the reagent (0.6 M sulfuric acid, 28 mM sodium
C5—H5B--05N"i 0.99 2.62 3.345 (3) 131 phosphate and 4 mM ammonium molybdate). The mixture was in-
C13—H13B--06NVii 0.99 2.56 3.283 (3) 130

cubated in 95 °C for 90 min. Absorbance readings were recorded at
695 nm against a blank using a UV-Visible spectrophotometer. The
TAC of the sample was expressed as (jg/mL) ascorbic acid equiva-
lent and gallic acid was used as the standard.

Symmetry codes: (iii) x, -y + 1,z-1/2; (iv)x, y+1,z; (V)x, -y +1,z+ 1/2; (vi)
X, -y, z-1/2.
(vii) x + 2, -y + 1, -z + 2 ; (viii) x, y-1, z.
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Fig. 5. (a) Experimental and (b) calculated Infrared spectra of [Cuy(ox)(dien);](NOs)s.

2.3.10. Characterization of CuO nanoparticles

Powder X-ray diffraction (PXRD) was utilized to record the pat-
terns in the range of 05-80° in 26 utilizing a PANalytical XPERT-
PRO diffractometer with Cu-K, radiation (Ac,= 1.54060 A). The av-
erage size of particles (by suggesting that the particles are spheri-
cal) was estimated from Scherer’s equation (D = /Sgﬁ)' where S is
the width of the observed diffraction peak at its half maximum in-
tensity (FWHM) expressed in radians, K is the shape factor, which

takes a value of about 0.9, A is the X-ray wavelength (CuK, radia-
tion, equals to 0.15060 nm) and 6 is the Bragg angle [53].

2.3.11. Theoretical calculations’ details

All the theoretical calculations of the title complex were
performed with the program Gaussian [54,55] at the MO06-
2X/LANL2DZ level in water, by optimizing its structure, finding
the contour plots of the frontier molecular orbitals FMOs and the
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Fig. 6. UV-visible spectra of [Cuy(C,04)(C4H13N3);](NO3)3 complex (a) in solid state and (b) in water (10-4 M) at room temperature.
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Fig. 7. DTA/TG and DTGA curves of [Cu,(ox)(dien), |(NOs3)s.

molecular electrostatic potential MEP maps. Moreover, the IR spec-
trum of the studied complex was computed in the range 500-
3500 cm!.

2.3.12. Hirshfeld surface analysis HSA
In order to gain insights into the leading stabilizing contacts
and interactions in the title complex, it was examined in terms

of its molecular packing by carrying out Hirshfeld surface HS
and 2D Fingerprint plot FP analyses using the program Crystal-
Explorer17.5 [56]. The HSs of the complex were mapped over
the following functions: dnorm, d; and shape index, in the respec-
tive ranges [—0.4054, 1.4999] A, [0.8638, 2.3112] A and [—0.9961,
0.9972] A.
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Fig. 8. DSC curve of [Cuy(ox)(dien);](NO3)s.

2.3.13. Topological analysis

The topological underlying nets discussed in this manuscript
were obtained using the software package ToposPro [57], in order
to simplify the description of the title complex’s molecular net-
work for a better understanding of the oxalato-bridged copper(II)
frameworks.

3. Results and discussion
3.1. Structural study

The asymmetric unit (Fig. 2) contains two independent
[Cu(C,04)(dien)] units, sharing the oxalate-bridge to build up the
dimmer [Cu,(C,04)(dien);]>*, and three non-coordinated nitrate
(NO3") ions. Selected bond lengths and angles are given in Table 3.
The Cu?* ions (Cul and Cu2) sit in two general positions.

The cation Cul is five-coordinated by three nitrogen atoms
and two oxygens [CulN30,], where the diethylenetriamine group
acts as a facially coordinated tridentate ligand, while the ox-
alate anion bonds to the metallic center by acting as a biden-
tate ligand. At first insight, the second metallic cation Cu2 is
similarly coordinated. In this case, the coordination polyhedrons
[Cu2N30,], close to square pyramidal (Figs. 3a and 3b), are quanti-
tatively characterized using the parameter T defined by Addison
et al. [58,59]. The calculated values are T = 0.218 for Cul and
T = 0.240 for Cu2. There is no explanation for the difference in
T for Cul and Cu2; however, considering the Jahn-Teller effect in
the case of Cut? with a 3d° electronic configuration, with one un-
paired electron, seems to occur especially for Cu2 as depicted in
Fig. 4.

The distortion of Cu2 rises, resulting in a hexa-coordinated
[Cu2N305] octahedron, with a long Cu2-O3N bond distance of

2.972 A. Indeed, in this case, a further distortion can be expressed
by the “mean quadratic elongation” [60,61]; wherein the bond
length distortion is defined as Aoct = %X([R;-R)/R)2 (R; is the in-
dividual bond length and R is the average bond length). This pa-
rameter is calculated to be Aoct = 0.125 and indicates a very
strong distortion of CuN303 octahedron. The Cul-Cu2 distance
across the oxalate is 5.464 A, which is significantly shorter than
the similar distance reported in other oxalato-bridged copper (II)
complexes, being 5.931(3) A [13]. Therefore, it is found in dinu-
clear copper(Il) complexes in which the oxalato ligand bridges are
in asymmetrical bis-bidentate coordination between the two metal
centers [62].

3.2. Infrared spectroscopy

The experimental and theoretical spectra of the studied com-
pound are given in Figs. 5a and 5b, respectively. The experimental
spectrum (Fig. 5) exhibits characteristic vibrational bands of ligated
moieties and free nitrate anions. Thus, the strong broad absorption
centered with three shoulders at 1360, 1334 and 1296 cm™! is as-
signed to the asymmetric stretching vibration (v3) of the nitrate
anions. Similarly, this mode of vibration appears approximately at
131110 cm™! in the calculated spectrum (Fig. 5). While, the set
of bands, appearing at around (820 and 790 cm™!) in the experi-
mental spectrum and at (800 and 710 cm™!) in the computed one,
could be associated to the in plane (v,) and out of plane (v4) de-
formations of the non-coordinated nitrate, respectively. Moreover,
the presence of a weak absorption around 1050 cm~! in the ex-
perimental spectrum (and at around 1010 cm™! in the theoreti-
cal one) confirms the involvement of the nitrate ions in a hydro-
gen bonding network [63]. On the other hand, the bands located
at around 1720 and 1450 cm! are attributed to the asymmetric
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Table 5
Bands assignments of electronic spectra of [Cu,(C;04)(C4H13N3)2](NO3)3 complex.
Amax (nmM) ¢ (Lmol'.em?) o (cm™) Transition
Solid state 332 526-692 - - 30,120 19,012-14,450 n-1* dyy, dy; > d,(z,y2
Water 249 550-700 7700 120 40,160 18,182-14,286 n-7* dyy, dy, — dx?y?
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Fig. 9. (a) Indexation, (b) comparison between the experimental and calculated
powder X-ray diffraction patterns of CuO-NPs. .

vas(C-0) and symmetric vg(C-0) stretching modes of the oxalato-
bridging ligand. Correspondingly, these vibrations were calculated
at 1647 and 1470 cm™!, respectively. Whereas, the §(0-C-0) bend-
ing mode, characteristic of the bischelating arrangement of the
oxalate units, was observed at 869 and 820 cm™! in the respec-
tive theoretical and experimental spectra. Therefore, the occur-
rence of the bischelating oxalate [11] is clearly reflected in these
stretching and deformation vibrations. In addition, the bands at
3300 and 3140 cm™ can be ascribed to the respective asymmet-
ric vas(N-H) and symmetric vs(N-H) band stretching modes of
the (-NH,) group in the dien ligand. Similarly, these vibrational
modes were manifested in the computed spectrum through the
two bands appearing at 3517 and 3440 cm™'. The weak absorp-
tion pointing out at 2800 cm™! manifests the presence of v(-CH,)

stretching vibration of the methylene group, while its deforma-
tion mode appears at around 1480 cm™ with a small shoulder.
Correspondingly, the theoretical asymmetric v,5(-CH,) and sym-
metric vg(-CH,) stretching modes of the methylene C-H bonds
were computed at 3054 and 3004 cm’!, respectively. As for the
computed absorption band appearing at 1693 cm’l, it is related
to the ligand’s v(C-C) and v(C-N) stretching modes. Furthermore,
the medium experimental vibrations located in the range 530-
470 cm™! and associated to the v(Cu-N) and v(Cu-0) stretching
vibrations, they confirm the coordination of the oxalate and di-
ethylenetriamine ligands [64,65]. This coordination is additionally
reflected in the appearance of absorptions at 642 and 526 cm! in
the computed spectrum.

3.3. Electronic spectroscopy

The electronic spectrum of the Cuy(Cy04)(C4H13N3)(NO3)3
complex was recorded in water solution (10~* M) at room temper-
ature and in solid state for the wavelength range 200-1000 nm.
The relevant electronic spectral data are summarized in Table 5.
Representative spectra of the complex are displayed in Fig. 6. In
solid state, the absorption spectrum of the Cu(Il) complex showed
an intense band at 332 nm, which could be assigned to the n-
m* transition of the (C = O) group arising from the oxalate moi-
ety, which relates to the absorption band appearing at 19,012 cm™!
with a broad shoulder at 14,450 cm™!. These spectral features are
typical of five-coordinate Cu(ll) complexes and expected for the
square pyramidal (SP) geometry, where the absorption band results
from dyy, dy; — dx®.y? transition [66,67]. The obtained geometry
is in agreement with the single-crystal results, where both Cu(II)
metallic centers are five-coordinated as square pyramidal polyhe-
drons. In water solution, the complex shows a board bond with
a molar extinction coefficient of 120 L.mol-l.cm™! around 18,182-
14,286 cm!, similarly to the results observed in the solid state. The
shifts observed in water solution are minor and may be due to the
slight distortion of the geometry. We also noticed, that the absorp-
tion band corresponding to the n-s* transition is blue shifted to
249 nm in water solution.

3.4. Thermal analysis

Thermal stability of [Cuy(C04)(C4H13N3),](NO3); was per-
formed under nitrogen flow. As depicted in Fig. 7, the experimental
profile shows thermal resistance of the copper oxalate material un-
til 200 °C, followed by two cleanly separated stages of weight loss
in total of 73.94%. The first theoretical mass loss (63%), occurring
between 200 and 346 °C, corresponds to the total volatilization of
the organic ligands and the nitrate units. The sharp weight loss
also coincides with the start decomposition of the bis-chelating
oxalate as carbon oxide. This mass loss is in agreement with the
calculated value of 63.12%.

Furthermore, this variation is coupled with an exothermic in-
tense peak of DSC curve (Fig. 8) and with an endothermic signal in
the DTA trace, pointing at 250 and 260 °C, respectively. The final
weight loss of 10.94%, extending between 350 and 950 °C, is at-
tributed to the slower and total degradation of the remaining ox-
alate bridging ligands into copper oxide as a final product with a
matched calculated value of 10.63%. This final variation is charac-
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terized by none heat flow curves in both DTA and DSC measure-
ments. The thermal decomposition can be systematized by the fol-
lowing equations:

[Cuz(G04) (C4H13N3),](NO3 )5 ®cu, (C0s) + (C4H13N3),
+ 3N03(g) + CO(g)

Cu3(C03) ®Cu0 4 CO + COy g

3.5. Study of the CuO nanoparticles

Fig. 9 depicts the XRD pattern acquired after calcination of
the precursor at 725 °C. Average size of the particles is around
23.33 nm. The particles size of each sample consists of sig-
nificantly agglomerated spherical nanoparticle with diameters of
about 19.30-25.50 nm assembled within agglomerates of about 1-
10 pm, which is clearly visible in the SEM image (Figs. 10a and
10b). However, this size is not confirmed by X-ray diffraction anal-
ysis.

(b)

Fig. 10. Scanning Electron Microscope micrographs of (a) the studied complex [Cuy(ox)(dien);|(NO3); and (b) the resulting CuO nanoparticles.

10

The smaller value (23.33 nm) from XRD analysis can be ex-
plained by the fact that XRD determines the crystallite size and
not the particle size. Agglomeration of the crystallites results in the
formation of particles of greater size. As a result, there will be less
adsorption of nitrogen molecules in the case of an agglomerated
powder.

FTIR spectra of CuO-Nanoparticles (NPs) are presented in
Fig. 11. In the IR spectrum of the calcined product, the elimina-
tion of vibration bands of the organic amine and the nitrate anions
is observed. In fact, the three absorption bands that appeared at
460, 530 and 589 cm™! are correlated with Cu(ll)-O stretching vi-
brations confirming the formation of CuO NPs [43,44]. Moreover,
the strong broad absorption band that appeared at 950-1050 cm™
may be associated with the C-C stretching and the O-H bending
vibrations. Based on the XRD pattern of the calcination product
shown in Fig. 9a, the copper coordination complex lead to the si-
multaneous formation of CuO nanoparticles [68,69]. The formation
of metallic Cu may be due to the reduction of a trace amount of
the Cu(Il) ions surrounded by the coordinated organic ligands or
nitrate counter ions in the complex. Bragg's reflections located at
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about 20 values of 32.488, 35.434, 35.550, 38.667, 38.947, 46.282,
48.841, 51.284, 53.396, 56.634, 58.206, 61.576, 65.728, 66.303,
66.486, 67.819, 68.036, 68.867, 71.807, 72.336, 72.849, 74.982,
75.260 and 79.657° belong to the lattice planes of (110), (002),
(=111), (111), (200), (—112), (=202), (112), (020), (021), (202), (13),
(022), (—111), (310), (113), (220), (—221), (=312), (311), (221), (004),
(—=322), and (023), respectively. Rietveld analysis of the PXRD pat-

1

tern confirmed the sample quality, all reflection peaks correspond-
ing to 20 values were indexed in the monoclinic system with
the C2/c space group with lattice parameters similar to those ob-
tained from (JCPDS card no. 05-0661), as displayed in Fig. 9b. Only
very minor peaks were observed from possible impurity phase(s)
[70]. The CuO nanoparticles in our work were comparable to the
ones prepared from [Cu,(2,2-bpy),(Fc(CO0),)](BF4),.H,0.3CH30H
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Table 6

Selected experimental and calculated geometric parameters around the metallic centers in complex

[Cu,(ox)(dien), J(NO3)s (A, °).

Experimental Calculated Experimental Calculated
Bond distances
Cul—N1 2.007(2) 2.2746 Cu2—N14 2.004(2) 2.2747
Cul—-N4 1.993(2) 2.1026 Cul-01A 2.2409(17) 2.7025
Cul—-N7 2.003(2) 2.1998 Cul—02A 1.9770(16) 2.1044
Cu2—N8 2.004(2) 2.2001 Cu2—03A 1.9963(16) 2.1045
Cu2—N11 1.9946(19) 2.1026 Cu2—04A 2.2411(16) 2.7018
Bond angles
N4—Cu1-N1 84.84(8) 71.9 N8—Cu2—N14 162.30(9) 136.3
N4—Cu1-N7 85.14(8) 71.3 N11—Cu2—N8 85.06(8) 71.3
N7—Cul—N1 161.03(9) 136.3 N11—-Cu2—N14  85.59(8) 72.0
N1—-Cul-01A 97.08(8) 82.8 N8—Cu2—04A 97.29(8) 82.8
N4—Cu1-01A 106.32(7) 134.6 N11-Cu2—-03A  176.72(7) 142.8
N7—Cul1-01A 101.18(8) 102.3 N11—-Cu2—04A  103.53(7) 134.6
02A—Cul-N1 95.02(8) 82.8 N14—Cu2—04A  99.50(8) 102.4
02A—Cul-N4 174.13(8) 142.8 03A—Cu2—-N8 93.68(7) 80.3
02A—Cul-N7 93.32(8) 80.3 03A—Cu2—N14  94.84(8) 82.8
02A—Cul—01A  79.54(6) 69.4 03A—Cu2—04A  79.62(6) 69.5

complex [71]. The calculated crystalline sizes from Scherer’s equa-
tion and based on the highest diffraction peak is about 19.30 and
25.50 nm for CuO-NPs, respectively. Figs. 10a and 10b show re-
spectively the SEM images of the complex [Cu,(ox)(dien);](NO3)3
and the CuO nanoparticles that have been formed as agglomerated
particles.

3.6. Magnetic study

The results of the magnetic measurements are depicted in
Fig. 12. It is observed that at room temperature (300 K), a
hysteresis loop was measured, although paramagnetic or anti-
ferromagnetic behavior was observed at 5 K. This suggests that
there are two magnetic components within the sample, with the
paramagnetic component dominating at low temperatures and the
ferromagnetic component only being observed at higher tempera-

12

tures. This is observed at 300 K, where at low fields the signature
“s” shape of a ferromagnetic hysteresis loop is observed. While, at
high fields, where the ferromagnetic phase has reached saturation,
the paramagnetic linear dependence on magnetic field is observed.
Due to both components occurring at 300 K, it is more difficult
to determine the Curie constant of the paramagnetic phase from
the data. The susceptibility can be determined from the gradient
of the magnetization at fields higher than 10 kOe. Fitting a line to
the data allowed obtaining the susceptibility, which was found to
be 8.53x10~7 emu/g.Oe. The saturation magnetization of the fer-
romagnetic component is determined by subtracting the paramag-
netic contribution away from the total magnetization, which gave
a saturation magnetization of 0.031 emu/g. Thus, the paramagnetic
contribution at 300 K and 20 kOe is 0.175 emu/g.

There is a slight difference between the DC and AC magneti-
zation as a function of temperature, but both have an increase in
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Fig. 14. (a) Real and Imaginary molar AC susceptibility as a function of temperature, for 100 Oe and 1000 Hz data only; (b) Inverse real molar AC susceptibility as a function
of temperature for 1000 Hz, for as-measured and after the independent component (background) has been substracted; (c) Effective moment for both the as-measured
data and the independent component (background) subtracted data as a function of temperature. The solid lines represent the zero-field cooled data and the dashed lines
represent the field cooled data.
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Fig. 15. Contour plots of the HOMO and LUMO molecular orbitals in complex [Cuy(ox)(dien);]|(NO3)s.

Fig. 16. Representation of the MEP map computed around the studied complex.

magnetization as the temperature is increased. There is also no
difference between the field cooled and the zero-field data, sug-
gesting that the 5 K magnetization state is paramagnetic rather
than antiferromagnetic, as no peak is observed in the data where
the transition between paramagnetic and antiferromagnetic occurs
(Fig. 13).

The ac susceptibility data is given in Fig. 14, with only the
1000 Hz data presented, as the 10 and 100 Hz data were nosier
with the same trends as the 1000 Hz. Although the real ac suscep-
tibility part (Fig. 14a) looks similar to what would be expected for
a paramagnetic/antiferromagnetic compound, when the inverse of
the susceptibility is taken (Fig. 14b), it is found that the data does
not have the expected linear change with temperature (X = ﬁ)
at higher temperatures. To determine the paramagnetic variables
from the data, the following equation was applied to Fig. 14a at
temperatures above 150 K:

C

T-6
where C is the Curie constant, 6 is the Weiss Constant and y,
is the temperature independent susceptibility. The fitting gave
C = 0499 emuK/mol.Oe, & = -183 K and yx, 0.00704
emu/mol.Oe. At temperatures above 150 K, the ac susceptibility
is dominated by the temperature independent component, as the
measured value is 0.0108 emu/mol.Oe or less. Thus, the indepen-
dent susceptibility component makes up over 65% of the measured
value. This component could be due to the ferromagnetic phase
observed in Fig. 12 inset. As the ferromagnetic component is ob-
served at 300 K, this means that the measurement is taking place
below the ferromagnetic-paramagnetic transition at the Curie tem-
perature. In this region, it is where the ferromagnetic susceptibil-
ity has plateaued, and is weakly dependent on temperature. Thus,
at the low applied field of the temperature measurement, at the
higher temperatures, the ferromagnetic component dominates the
susceptibility response, as a temperature independent susceptibil-
ity.

For the imaginary susceptibility part, only the 1000 Hz data
shows anything within the noise, this is a change at ~20 K, which

X=X0+

14

is in good agreement with the Weiss constant determined from
the fitting to the real ac component. No peak is observed in the
real ac susceptibility data, which would be expected for an anti-
ferromagnetic transition. The effective moment was calculated us-
ing the equation fierr = 2.828+XT (Fig. 14c). Where at high tem-
perature (>200 K), the effective moment is normally a constant
for a paramagnetic compound, but for the as-measured sample the
effective moment decreases as the temperature decreases. Hence,
at 300 K, it is measured as 4.5 wp. If the effective moment was
purely from the Cu2tions, then it is expected to be between 1.9
and 2.1 wg. The calculated value using the given equation is more
than the double, which suggests that the ferromagnetic component
also contributes as well. Another method of determining the ef-
fective moment is to apply the equation wu.s; = 2.828+/C. If the
value of C is taken from the above derived parameters fitted to
the real component susceptibility, then the effective moment is 2
Mg, which is in the expected range. This means that the suscep-
tibility at the higher temperatures is dominated by an indepen-
dent component, which masks the Cu?tions contribution to the
susceptibility. Further, when the temperature independent suscep-
tibility is subtracted away from the real susceptibility, and the in-
verse is plotted as a function of temperature (Fig. 14b), then it
is observed that there is now a linear dependence with temper-
ature at temperatures > 150 K, although the data is noisy. Fit-
ting Curie’s law to the high temperature data in Fig. 14b, now
gives C = 0.495 and 6 = -18 K, so close to those measured
on the data in Fig. 14a. Fig. 14c gives the effective moment of
the sample after the independent susceptibility has been sub-
strate, and it is observed that the average effective moment at
high temperature is ~ 2.07ug, which is in the expected range for
Cu?tions.

3.7. Molecular geometry

The optimized geometric  parameters of complex
[Cuy(ox)(dien);(NO3); are listed in Table 6. The calculated
bond lengths in the vicinity of the metallic center are found to be
varying from 2.1026 to 2.2746 A, whereas the experimental ones
are in the range [1.993(2)-2.007(2)] A. These values agree well,
with a with maximum deviation values of 0.2676 A and 0.2707 A
observed respectively for the Cu1—N1 and Cu2—N14 bonds. Fur-
thermore, the mean <Cu—N> and <Cu—0O> values are computed to
be respectively <2.1472> A and <2.1138> A. Correspondingly, the
related experimental ones are respectively being equal to <2.0009>
A and <2.4033> A. On the other hand, from Table 6 the computed
values of the bond angles surrounding the Cu(Il) cations fall in
the range 69.4-136.3°, and the corresponding experimental ones
are found to be in the interval [79.54(6), 176.72(7)]°. Moreover,
the mean <N—Cu—N>, <O—Cu—0> and <N—Cu—O0> values of the
related experimental bond angles are respectively 110.66°, 79.58°
and 111.06°, which are comparable to the computed ones being
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Fig. 17. Total contacts in the molecular packing of complex [Cu;(ox)(dien);](NO3); and their decomposed 2D FPs.

equal to 102.07°, 79.58° and 104.27°, respectively. Accordingly, the
maximum deviations between the experimental and computed
bond angles are 31.33°, which is associated to the angle 02A—
Cul—N4 and 33.92° obtained for the bond angle N11—Cu2—03A.
Therefore, these values show a very good agreement between the
optimized molecular structure and the experimental geometric
parameters obtained from the single-crystal X-ray diffraction data.

3.8. EMOs and MEP maps

The contour plots of the computed frontier molecular or-
bitals HOMO and LUMO are depicted in Fig. 15, in which
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the red-colored regions represent electro-negatively rich regions,
whereas the green-colored zones are electro-negatively poor. On
the LUMO drawing, there are two symmetrical balloons laterally
situated, wheras the HOMO representation shows increased size
lobes especially around the metallic centers, which indicates their
activity.

Additionally, the active regions are further defined by es-
tablishing the molecular electrostatic potential MEP map given
in Fig. 16, which displays red regions surrounding the oxy-
gen atoms of the oxalate-bridge known as nucleophilic areas, as
well as blue-green gradient in the environment of the ligands’
atoms.
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3.9. Hirshfeld surface analysis

The overall distribution of the intermolecular interactions in the
molecular packing of the title complex, as well as the decomposed
FPs into the contribution of the related individual contacts are de-
picted in Fig. 17. It can be seen that the main leading contacts are
H...0/0...H and H...H contacts with the respective contributions
to the overall HS of 58.9% (Fig. 17b) and 33.4% (Fig. 17¢). Addition-
ally, H...N/N...H and H...C/C...H contacts were found to contribute
to the total FP with the respective percentage of 3.2% (Fig. 17d)
and 1.0% (Fig. 17e). Interestingly, the analysis of the decomposed
FPs of [Cuy(ox)(dien),](NO3 )3 revealed that the contribution of the
Cu...0/0...Cu intermolecular contacts to the total Hirshfeld areas is
1.2% (Fig. 17f). Whereas the other non-classical contacts, namely
0...0 (Fig. 17g), C...0/0...C (Fig. 17h) and N...0JO...N (Fig. 17i),
show a negligible proportion of less than 1% (0.9%, 0.8% and 0.7%
respectively).

In order to highlight the mentioned contacts and find
out their emanating interactions, we have mapped the HS of
[Cuy(ox)(dien),](NO3)3 on the dnorm and d; representations (Figs.
18 and 19). Consequently, the decomposed FP highlighting the
H...0/O...H contacts exhibit a closest contact at about d; + d. ~
2.05 A, which originated from the N8-H8A...02A hydrogen bond
(Fig. 18a). Furthermore, the same figure highlights the presence of
the following strong H-bonds: N8-H8A...O2N (d; + d. ~ 2.20 A),
N8-H8A...OIN (d; + de ~ 2.15 A), N14-H14A...02N (d; + de ~
2.20 A), N1-H1A...O2N (d; + d. ~ 2.08 A), N1-H1B...O1N (d; + d.
~ 2.32 A) and N11-H11...06N (d; + d. ~ 2.13 A). In addition
to the N-H...O0 H-bonds, the H...0/O...H contacts originate as
well from the C-H...0 hydrogen-bonding interactions represented
among others in the shortest C2-H2A...01A hydrogen bond being
approximately 2.25 A long (Fig. 18b). The most prominent N-H...0
and C-H...0 hydrogen-bonding interactions are depicted in
Fig. 18.

As for the H...H contacts appearing as scattered points in
the FP and spreading up from d; = d. ~ 11 A to d; = d.
~ 22 A (Fig. 17c), they showed a shortest contact with a
d; + de value of about 2.15 A, which could be attributed to the
C10-H10B...H13A-C13 interaction (Figs. 19.a and 19b). It is worth
to be noted that other short C-H...H-C interactions contribute to
the H...H contacts, namely C12-H12A...H9B-C9 (d; + d. ~ 2.20 A)
and C2-H2A...H5A-C5 (d; + d. ~ 2.38 A) represented in Fig. 19a,
as well as short N-H...H-C and N-H...H-N interactions for in-
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N7-H7A..O3A O2N..H14A-N14

N7-H7B...0O1A OIN...H8A-N8

C6-HGB...01A
>
O7N..HI11-NI1
O6N..H11-N11
N1-HIB...OIN
N8-HSA...O2N
C2-H2A..01A
02A..HSA-NS
NI-H1B..O3A

(b)

Fig. 18. (a), (b) dnorm representations of the HS of complex [Cu,(ox)(dien),](NO3); showing the N-H...O and C-H...O hydrogen bonds.

stance: N1-H1A...H6A-C6, N14-H14B...H9B-C9, N4-H4...H3B-C3,
N14-H14B...H1A-N1 and N14-H14B...H1B-N1 which are shown in
Figs. 19a and 19b.

On the other hand, the shape index representation of
[Cuy(ox)(dien),;](NO3); shown in Fig. 20 displayed large orange
areas resulting mainly from the presence of H...N/N...H and
H...C/C...H contacts. Accordingly, the H...N/N...H contacts repre-
sented as chicken wing-shaped structure in Fig. 19d showed a min-
imum d; + de value of approximately 2.60 A, which is due to the
N8-H8A...N1N and C6-H6B...N4 interactions (Fig. 20a). Whereas
the H...C/C...H contacts, denoted as lateral sharp spikes in Fig. 19e,
presented a shortest d; + d. distance being around 2.47 A long
which reflects mainly the existence of the N7-H7B...C2A hydrogen
bond (Fig. 20b) in addition to the N1-H1B...C1A (d; + d. ~ 2.67 A)
and N7-H7A...C2A (d; + de ~ 2.65 A) interactions (Fig. 20a). Simi-
larly, the Cu...0/0...Cu contacts, appearing as lateral chicken wing-
shaped pattern on the FP shown in Fig. 17f, exhibited a short-
est Cu...Ip interaction (Cul...02N) of d; + d. ~ 2.96 A (Figs. 20a
and 20b). Moreover, the title complex was found to show closest
0...0, N...0/0...N and C...0/O...C contacts at respectively 3.36 A,
3.38 A and 3.06 A (Figs. 17g, 17i and 17h). These values are at-
tributed to the Ip...Ip and C...Ip/lp...C interactions resulting re-
spectively from O1N...03A/03A...01N, 03A...N1N/N1N...03A and
C2A...02N/O2N...C2A and drawn in (Fig. 20).

3.10. Topological analysis

For a better description of the molecular packing of complex
[Cuy(ox)(dien); |(NOs3)s, its structural packaging will be simplified
into central nodes and bridging rods by performing a topolog-
ical analysis [72-76]. By considering the different atomic enti-
ties centroids composing the structure as net central nodes, we
have found that the structural network of [Cu,(ox)(dien);](NOs3)s3
could be simplified into a new unknown 5-nodal 1%4,2,3,445-
connected M48-1 topology, resulting from the standard represen-
tation of covalent and ionic compounds, with the point symbol
(0)13(52.8),(53.8)(5)g. This topology could be simplified further and
could be sketched as a binodal 1,3-connected 1,3M4-1 underlying
net having the stoichiometry (1-c)3(3-c). Furthermore, if we ana-
lyze the crystal packaging of [Cu,(ox)(dien),](NO3); over the coor-
dination compounds and valence-bonded MOFs simplification ap-
proach, in which we consider separately the metallic centers, the
oxalate bridges and the organic ligands as the net nodes, we obtain
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Fig. 19. (a), (b) HSs of complex [Cu;(ox)(dien), ](NO3); mapped over d; highlighting the N-H...O, C-H...O, N-H...H-N, C-H...H-C and N-H...H-C interactions.
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N14..HBA-N8
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N3N..H9A-CY
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C2A..H14A-N14
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Fig. 20. (a), (b) HSs of the title complex mapped over the shape index function emphasizing the N-H...N, C-H...N, N-H...C, 7...Ip, Ip...Ip and Cu...Ip interactions.

a standard representation defined as a trinodal 1,2,2-coordinated
1,2,2M5-1 underlying net with the (1-c),(2-c)(2-c), stoichiometry.
On the other hand, the structure could be simplified by taking into
consideration the different intermolecular hydrogen-bonding inter-
actions linking the molecules together. Consequently, the standard
representation of hydrogen-bonded molecular structures, suppos-
ing the nitrate counter-ions and the oxalate-bridges as H-bonds’
acceptors, led to a binodal 4,8-coordinated sqc21 net, showing the
point symbol (32.42.52) (3%.48.5126%) and the stoichiometry (4-
c)(8-c). As by taking into account the van der Waals networks,
the simplification of [Cu,(ox)(dien),](NO3); via the standard rep-
resentation of the Coulomb or vdW-bonded molecular structures
reduced it into a new 3-nodal 4,6,24-connected topology. The sim-
plification methods as well as the resulting underlying nets are il-
lustrated in Fig. 21.

3.11. Antioxidant activity of [Cuy(ox)(dien),](NO3)3

The antioxidant activity of the [Cuy(ox)(dien),](NO3); com-
plex was evaluated using different methods: DPPH, ferric reduc-
ing power tests and the phosphomolybdenum assay. These meth-
ods differ from the mechanism of reaction involved, and the two
main categories are thus: hydrogen atom abstraction (HAT) or elec-
tron transfer (ET). The DPPH radical scavenging test is a simple and
rapid method to assess the antioxidant activity of a sample [77].
The scavenging activity of the [Cuy(ox)(dien);](NO3); complex vary
depending on the used concentration, hence the scavenging activ-
ity of the DPPH free radical increases with the increase of concen-
tration (Fig. 22). In comparison with the antioxidant activity of the
reference, the copper complex exerts a moderate scavenging activ-
ity. The concentration that inhibits 50% of the free radical of DPPH
(ICs50%) is an indicator of strong antioxidant activity. However, even
at a concentration of 4000 pg/mL of the complex, the IC59% was
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not achieved in comparison with the BHT (ICso= 48.32 pg/mlL).
Therefore, it should be noted that the antioxidant activity depends
strongly on the number and position of the polyhydroxyl groups
and the type of substituent [78]. Following this approach, the low
scavenging activity of DPPH radical by the present copper complex
could be argued by the low number of free hydroxyl units in its
structure.

The FRAP (Ferric Reducing Antioxidant Power) assay measures
the capacity to reduce Fe(Ill) to Fe(Il) by donating an electron, the
reaction is reproducible and linearly related to the concentration
of the antioxidant tested [79]. As shown in Fig. 23, the reducing
power of the [Cuy(ox)(dien);](NO3); complex remains stable even
by increasing its concentration. In comparison with the reducing
activity of the gallic acid, the copper complex exhibits a very low
reducing activity. The phosphomolybdenum assay is routinely ap-
plied to express the total antioxidant capacity (TAC) of a sample.
Moreover, the TAC assay gives a direct estimation of reducing ca-
pacity of antioxidants based on the reduction of Mo(VI) to Mo(V)
[52].

Fig. 24 shows the total antioxidant capacity of the
[Cuy(ox)(dien),](NO3); complex in comparison with that of
gallic acid used as an antioxidant of reference. In the majority of
cases, FRAP test and PM assay reveal a similar response whether
there is low or high reducing activity. Thus, according to FRAP
assay, the total antioxidant capacity of the [Cu,(ox)(dien),](NOs3)s
complex using phosphomolybdenum assay revealed as expected
a low capacity compared with gallic acid. As far as we know,
this is the first study that investigates the [Cu,(ox)(dien);](NO3)3
complex for its antioxidant activity. The three validated methods
applied in the present work complement one another and allow
to give an overview of the antioxidant properties of the tested
compound. As a result, the [Cu,(ox)(dien),](NO3); complex was
estimated as weak antioxidant.
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Fig. 21. Underlying nets resulting from the simplification of the molecular packing of complex [Cu;(ox)(dien);](NO3)s.
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Fig. 24. Total antioxidant capacity of the [Cu;(ox)(dien);](NO3); complex vs. gallic
acid.
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4. Conclusions

A new complex was synthesized under wet chemistry condi-
tions and crystallographically characterized by means of single-
crystal X-ray diffraction. The copper atoms show a distorted
square-pyramidal coordination environment formed by three ni-
trogen atoms of the diethylenetriamine group, acting as a facially
coordinated tridentate ligand, and two oxygen atoms of the bridg-
ing oxalate bidentate ligand. Thus, the geometry of the two cop-
per atoms is penta-coordinated in a distorted coordination polyhe-
dron close to square pyramidal, with calculated values of T being
0.218 for Cul and 0.240 for Cu2. The phase purity of the stud-
ied compound was confirmed by powder XRD measurement. The
experimental and calculated IR spectra of [Cu,(ox)(dien);](NOs3)s3
were compared and therefore the absorption bands were associ-
ated to the related vibration modes in the complex. In addition,
the electronic spectrum of the complex showed an intense band,
at 332 nm in solid state and at 249 nm in water solution, which
result from the n-7* transition belonging to the oxalate (C = O)
group. The thermal behavior of the complex was investigated and
its calcination under air led to the production of CuO nanoparti-
cles. Moreover, the morphology and the size of the copper complex
and the resulting CuO nanoparticles were monitored by scanning
electron microscopy (SEM). The magnetization and ac susceptibility
of the sample as a function of magnetic field and temperature were
measured and fully discussed. The molecular structure of the com-
plex was optimized at the M06-2X/LANL2DZ level in water. It was
found that this method reproduces well the geometry of the stud-
ied complex and thus the computed geometric parameters com-
pare well with the related experimental values. Furthermore, the
examination of the frontier molecular orbitals allowed identifying
the electro-negatively rich and poor regions. The HOMO orbitals
located around the metallic centers indicated their activity. The in-
termolecular interactions in the molecular packing of the complex
as well as their contributions were investigated by performing HS
and topological analyses. The HSA showed that the leading con-
tacts are H...0/0...H followed by the H.--H contacts, which origi-
nate mainly from N-H...O and C-H...O hydrogen bonds as well as
short C-H...H-C, N-H...H-C and N-H...H-N interactions. As for the
topological analysis, it allowed simplifying the structural packag-
ing of the studied complex which could be described as a binodal
1,3-connected 1,3M4-1 underlying net, a trinodal 1,2,2-coordinated
1,2,2M5-1 simplified net and a binodal 4,8-coordinated sqc21 net
by following different simplification approaches. In addition, the
antioxidant activity of the complex was evaluated using different
methods, namely DPPH, ferric reducing power tests and phospho-
molybdenum assay. The results showed that the complex could be
considered as a weak antioxidant.
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