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ABSTRACT

In this work, a bidentate Schiff base ligand (HL) containing N and O as donor heteroatoms has
been used to synthesize series of new stable metal complexes of general composition of M(L); with
M = Mn, Ni and VO. This ligand was obtained from condensation of 2-methoxybenzylamine on 2,3-
dihydroxybenzaldehyde in methanolic solutions in which its complexes were obtained by mixing the cor-
responding metal acetate salt and the ligand in 1:2 molar ratio. The resulting three complexes have been
characterized by different analytical techniques like FT-IR, UV-Vis, mass spectroscopy, thermogravime-
try and cyclic voltammetry, to identify their molecular structures and redox/electrochemical properties.
Moreover, the effect of the metal on the complexes electronic properties with their reactivity has also
been studied by Density Functional Theory (DFT). The stable structures were optimized by using the hy-
brid B3LYP/6-31 G method. The spectroscopic data obtained suggest that the metal is bonded to the
ligand through the phenolic-like oxygen and the imine-type nitrogen atoms. Electronic and vibrational
absorption spectra of the nickel complex was found to be of square-planar geometry while square-
pyramidal and octahedral geometries have been proposed for VO(IV) and Mn(Il) complexes, respectively.
The thermogravimetric analyses of these complexes confirmed the presence of water molecules in their
structures and thermal decomposition led to the formation of metal oxides as the latest residues. The
voltammogram of the Ni(Il) complex suggests the existence of quasi-reversible redox system in DMSO
solution.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

ful transformations [3,4]. Moreover, the coordination geometry of
these complexes [5,6] depends upon various factors, including the

In recent decades, Schiff bases ligands [1] have attracted a sig-
nificant attention from academic researchers not only for their
structural variety (fundamental research), but also for their vari-
ous physicochemical properties opening a wide domain of appli-
cations (practical point of view) [2]. This interest is as well due
to the structural versatility of Schiff bases for their efficient use
as asymmetric compounds (Katsuki and Jacobsen) and stabilizer
agents for different complexes in their diverse oxidation states and
controlling the performance of metals in a large variety of use-
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size of coordination sphere, electronic configuration of the central
metal ions, non-bonding interactions between atoms in different
ligands, accompanied with inherent rigidity due to the presence of
aromatic rings.

Since they are getting increasing significance as analytical and
electroanalytical reagents [7,8], the transition metal complexes em-
ploying chelating agents like Schiff bases were found to be as ele-
gant alternative for the porphyrinic ligands in coordination chem-
istry. Their importance was also clearly proved by their efficient
catalytical activities in numerous photochemical, chemical or elec-
trochemical reactions [9-13] especially, the transition metal com-
plexes containing N,0-heteroatoms utilized as source of electrons
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Scheme 1. Scheme of the synthesis of new complexes of Ni(Il), Mn(II) and VO(IV) with the bidentate Schiff-base ligand.

involved in the coordination process [14-16]. This is essential in or-
ganic chemistry as starting materials, synthetic intermediates and
designer molecules for the materials science field and industry of
chemicals and bioactive substances. In addition, they have played
a seminal role in the development of modern coordination chem-
istry, but they could also play a crucial role in the development of
inorganic chemistry.

The design of new bidentate Schiff base ligands implicating
N and O atoms as functional groups with their electrons donor
capability is again very interesting for metal complexation route
since, these ligands can be prepared by condensation of aldehy-
des on primary amines. Among different preparation methods, we
have previously reported the synthesis of novel N,O0-donor Schiff
base ligands from the combination of benzaldehydes with pheny-
lamines [5,14-16]. The donor capability of these ligands can be
further tailored by modifying the nature and relative positions
of different substituents in these precursor compounds. Hence,
new metal complexes exhibiting different properties can be de-
rived from these new ligands [17,18]. In a previous work, we
have demonstrated that a Schiff base ligand, obtained from 2-
methoxybenzylamine and 2,3-dihydroxybenzaldehyde, can actually
be coordinated and detected as complex species of Cu?t, Co%*,
FeZ+ and Fe3* ions by color changes [5]. Despite not studied yet,
this type of Schiff base ligands could also form interesting com-
plexes with other redox active species.

Continuing our efforts in the synthesis and study of new transi-
tions metal complexes, this work reports the synthesis and physic-
ochemical and electrochemical characterization of three new com-
plexes of Ni(II), Mn(II) and VO(IV) (oxovanadium), derived from 2-
methoxybenzylamine and 2,3-dihydroxybenzaldehyde. Specifically,
this study is essentially focused on the elucidation of their molec-
ular structures accompanying the crystallization geometries with
exploring their induced redox properties.
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Scheme 3. Numbering Scheme of the optimized structures of (a) Ligand HL, (b) Complex Ni(Il), (¢) Complex Mn(Il), (d) Complex VO(IV).

2. Experimental
2.1. Materials

All the chemicals were purchased from commercial sources and
used without any further purification. The purity of the synthe-
sized compounds was checked by thin-layer chromatography (TLC)
using glass plates precoated with silica gel (60F; Merck).

2.2. Synthesis of the Schiff base ligand and its complexes

The Schiff-base ligand (HL) was prepared according the liter-
ature [5]. Briefly, 1 mmol of 2-methoxyphenylmethylamine was
mixed with 1 mmol of the 2,3-dihydroxybenzaldehyde in methanol
(10 mL). The resulting solution was refluxed for ca. 2 h and al-
lowed to cooling. The yellow powder ligand was used to ob-
tain the new metal complexes. For these complexes, the required
weights of the acetate salts of Ni(Il) (Ni(CH3CO0O),4H,0), Mn(II)
(Mn(CH3C00),+4H,0) and VO(IV) (VO(CH3COO0),), dissolved in ab-
solute MeOH, were added to a refluxed solution of the ligand (HL)
dissolved in the same solvent wih 1:2 molar ratio of metal:ligand,
respectively. The resulting mixture was stirred under reflux for

4 h until the complete formation of the complexes as precipitates.
These precipitates were then collected by filtration, washed sev-
eral times with cold ethanol and then with diethylether to re-
move any traces of unreacted starting materials, and finally dried
in a vacuum desiccator, which leads to the targeted metal com-
plexes. The synthesis of the different complexes and their molec-
ular structures, as proposed from the data obtained in this work
(see Section 3), are shown in the following Scheme 1.

2.3. Physico-chemical and electrochemical characterization

The obtained complexes were characterized by elemental anal-
ysis by using a (C, N, H, S) LECO analyzer (Micro TruSpec model).
This analysis was repeated three times to confirm the reproducibil-
ity of the results.

FT-IR spectra of the complexes were recorded by preparing
KBr pellets on a Perkin-Elmer 1000 FTIR Spectrophotometer. UV-
Visible spectroscopy was carried out in DMF solutions on a UNI-
CAM UV-300 spectrophotometer (path length of the cell, 1 cm).
For mass spectrometry (LC-MS), a HPLC Agilent 1100 series cou-
pled to UV-Vis and MS with ionic tramp detector (Agilent model
1100 Series LC/MSD Trap SL) was used.
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Thermal analysis (TG and DTG) of the complexes was obtained
under nitrogen atmosphere using a TGA Perkin Elmer thermal an-
alyzer. The heating rate was set at 10 °C min~! and the weight
loss was measured from 25 °C up to 950 °C. Cyclic voltamme-
try was utilized to study the redox and electrochemical proper-

ties of the complexes. The experiments were carried out in an
undivided Metrohm cell of 5 c¢cm3 using a Voltalab 40 (poten-
tiostat/galvanostat) PGZ 301 A 0.1 M of tetra-n-butylammonium =
tetrafluoroborate (TBABF,4) solutions in dimethyl sulfoxide (DMSO) E s S o
was used as supporting electrolyte in all the electrochemical exper- E s ¢ g
iments. The planar tip of a glassy carbon (GC) bar (@, 3 mm) was ER
used as working electrode, a platinum wire (Pt) as auxiliary elec- s |E % %
trode and all the electrode potentials were referred versus a sat- = v v
urated calomel electrode (SCE), taken as reference electrode. Fur-
thermore, the influence of different scan rates: 25, 50, 75, 100, 200,
300, 400 and 500 mV/s, has been here applied.
— n < n
2.4. Computational study g § §§ gﬁ <
Theoretical calculations for HL ligand and its Ni(Il), Mn(Il) and
VO(IV) complexes were performed using the Gaussian 09 program,
based on Density Functional Theory (DFT) [19], using Beck’s three ©
parameter hybrid exchange functional [20], with Lee-Yang-Parr cor- Gl Tay g%’
relation functional (B3LYP) and 6-31 G (d, p) basis set [21,22]. In g Fl|283Indse = g
order to make comparative study between the ligand and their g2 g;
complexes with the optimized configurations, HOMO, LUMO, gap g —E §§
properties and Energy calculations for the compounds were use- 5 T': £
ful to determine binding sites and predicting the reactivity of the E £ P cwT % é
compounds. The Molecular electrostatic potential (MEP) and the | E® * i S o 2 o § g
global reactivity descriptors of the molecules were also performed S Ho|eEelnl &g
by the DFT. S g 2
N S - cE
3. Results and discussion e § i g £
= S =)
3.1. Physico-chemical properties and molecular formula of the g ET § § %"%
complexes = - - = E 32
The obtained complexes were intensively colored, stable in air % N g g
and moisture free powder solids. The Ni(Il), Mn(Il), and VO(IV) = E Eg
complexes were not soluble in most common solvents, such as % ‘g T35 ;E:u
water like methanol, ethanol, ethyl acetate and acetonitrile. How- z 915 8 2 B
ever, they were fairly soluble in N,N-dimethyl formamide (DMF) £ f:
and dimethyl sulfoxide (DMSO). Table 1 summarizes some of the s . é g
physico-chemical properties and molecular formulae of the com- LE = o B
plexes. As it can be deduced from this table, the results of elemen- E § = ¢
tal analysis (measured) were found to be in good agreement with “E h < =
those calculated from the proposed molecular formulae for the dif- % = E ° § § § o % E
ferent synthesized complexes. ié g CRSFwunn 22
sl z@z¥cayg .. LE
3.2. Spectroscopic characterizations of the complexes g §=ﬁ QS
A £ §E
3.2.1. FI-IR spectroscopy ol ) 2 g k)
Fig. 1 shows the FI-IR spectra of the synthesized complexes, E 5@ coomnmool &8 g %
whereas Table 2 collects the wavelength of some of the bands as- £ H N R SR Hé FE
signed to the stretching and bending vibrations. The FT-IR spec- gl = SEcsE=8yE oL s
tra of all complexes (Fig. 1) display bands between 3650 and 3200 a E % T
cm~! due to v(OH) of crystalline or coordinated water molecules g o 9 ; 2oy
associated with each complex. The absorption bands observed in E ) 2« E E %°'*£ % k5
the region 3100-2900 cm~! may be due to the aromatic and g g & & 3 TE g %
aliphatic v(C-H), respectively [24]|, whereas the bands seen be- 83 El T % S=8=
tween 1050 and 1020 cm~! may correspond to v(C-0-C) stretch- E E’ cl= = > A

ing vibration of the methoxy group [23]. In addition, the com-
plexes possessed a potential donor site, like the azomethine group
(-C=N), which has tendency to coordinate metal ions. The strong
bands associated to this group are generally situated between 1660
and 1630 cm~! [25]. Specifically, for the studied ligand, this band
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Table 2
Characteristic FT-IR bands (4000-400 cm~') of the synthesized complexes.
Complex v(0-H) V(C-H) (arom,) V(C-H) (aiiph,) v(C=N) v(C-0) v(C-0-C) v(V=0) v(M-0) v(M-N)
Nickel 3600-3200 3077 2951 1638 1247 1043 - 552 445
Manganese 3620-3200 3079 2945 1658 1253 1030 - 538 450
Oxovanadium  3650-3200 3080 2950 1658 1253 1023 970 531 443
80 —Ni''(L),
754 5L Mn'(L),
VoY),
70 = LI Mnll(L),
< 3
o oo
65 3 3
= g o015 Weak d-d Transition
4 ] 2
60 I "E 1 § 010
Ni (L)z'Hzo 1247 S 2
e 16381469 = 005
55 <
- 0.00
450, N 500 600 700 800
3200-3600 Wavelength /nm
~ 65 - —_—
g ” 0
N 1 1 1 1 1
51 300 400 500 600 700
g 60
s Wavelength /nm
g s (1), 2H0
= Mn ( )2- 2 Fig. 2. UV-Vis Spectra of the obtained Ni(Il), Mn(II) and VO(IV) Schiff base com-
] i plexes.
=504 32003620
1658
Schiff base molecules coordinating the metallic centers in the three
65 complexes may act as dibasic bis-bidentate ligands.
60 3200-3600 3.2.2. UV-Vis Spectroscopy
- Electronic (UV-Vis) spectra of all complexes have been recorded
55 vO (L) ,2H20 in DMF solutions [10 — 4 M] (Fig. 2). For all the complexes, an
2 icie absorption band relatively intense was observed between 260 and
50 280 nm. This absorption band could be ascribed to the mw-m* tran-
1466 sitions of aromatic rings and azomethine groups. In the case of the
45 14T electronic spectrum of nickel complex, another new band was as

3600 3000 2400 1800 1200 600

Wavenumber (cm‘l)

Fig. 1. FT-IR Spectra of the obtained Ni(Il), Mn(II) and VO(IV) Schiff base complexes.

was observed at 1644 cm~! [5], but it is found to be shifted to
the lower frequencies by about 6 cm~! in the spectrum of the
nickel complex, and then shifted to the higher frequencies by al-
most 14 cm~! in the spectra of the manganese and oxovanadium
complexes. This result suggests that the azomethine nitrogen may
be coordinated to the metallic centers. Additionally, the absorption
bands seen 1247-1253 cm™! range are assigned to C-O stretch of
the phenolate groups in the complexes. These bands show a neat
displacement to the higher frequencies compared with the value
of this band in the corresponding ligand appearing at about 1240
cm~! [5] in compliance with deprotonation followed by its bond-
ing of the oxygen atom of phenolate to the metallic ions [26].

In the oxovanadium complex, a strong band at 970 cm~! was
observed, it can be assigned to v(V=0) vibrations [27]. The coordi-
nation of the Schiff base ligands to the metal ions is also confirmed
by the appearance of new bands in the spectra of metal complexes
in the range of 460-440 cm™!, attesting the coordination of metal
ions to the azomethinic groups v(M-N) [28]. Another absorption
band was also seen, not far from the previous v(M-N) frequency,
in the region of 560-530 cm~! corresponding to v(M-O) bond [28].
Taking into account of these results, it can be inferred that the two

well seen at 380 nm. This band is assigned to the ligand-metal
charge-transfer (LMCT) transition Oppenglate — Ni(II).

As for the spectrum of manganese complex, two bands are
observed. The first, located at 329 nm, is characteristic of the
charge-transfer (LMCT) transition Mn(Ill)—Oppenolate and it appears
as shifted to the higher energy when compared to its equivalent
band of nickel complex [29,30]. The second one appears as a broad
band centered at 585 nm. This electronic transition is attributed
to a charge-transfer (LMCT) between ps-orbital of the ligand and
dsr-orbital of Mn(Il) [31,32]. Regarding the spectrum of oxovana-
dium compley, it shows two types of transitions. The first absorp-
tion band was observed at 310 nm corresponding to n-z* tran-
sitions, while the second one at 430 nm is attributable to the
charge-transfer (LMCT) transition from the oxygen atom of phe-
nolate group (Oppenolate) t0 the empty d orbital’s on the vanadium
ion [33,34]. Accordingly, upon coordination, these observed absorp-
tion bands appear between 320 and 600 nm corresponding to the
square planar geometry for Ni(Il) complex [35], octahedral geome-
try for Mn(II) complex [36] and finally square-pyramidal geometry
for VO(IV) complex [37].

3.2.3. Mass spectrometry

Mass spectrometry is potentially considered as a powerful
structural characterization technique in molecular chemistry. This
technique has also been successfully applied in coordination chem-
istry to elucidate the major molecular ion peaks of our synthesized
Schiff base complexes. This analysis was carried out by HPLC chro-
matography coupled with mass spectrometry technique (LC-MS).
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Fig. 3. Mass spectra of Ni(Il), Mn(II) and VO(IV) Schiff base complexes.

The mass spectrum of nickel complex (Fig. 3) displays a frag-
mentation ion peak expressed with m/z = 571.1, which may cor-
respond to the parent molecular ion peak [NiWL,]* (calc. 571.2).
On the other hand, a base peak with m/z equal to 258.1 was ob-
served. This could be assigned to the mass of ligand diprotonated
[L + 2H]". The molecular structure deduced from these mass frag-
mentation patterns is included in the Scheme 2.

As for the mass spectrum of the manganese complex, it shows
a molecular ion peak with m/z ratio equal to 569.4. This frag-
ment ion may fit with the molecular weight of the expected
compound. Moreover, another important fragment with m/z ra-
tio = 4451 (33.4%) is also observed, which may correspond
to the [C31H19g05Mn - HJ* ion (Scheme 2). The fragment with
m/z = 256.1, with a relative abundance of 100%, is assigned to the
ligand [L]*, confirming its high stability and therefore, clearly cor-
responds to its base peak.

For the last complex of oxovanadium, it exhibits a strong peak
at m/z = 580.7 (100%), which may be indicative of the molecu-
lar peak and also the base peak, confirming its high thermody-
namic stability by a simple fixation of the oxygen atom on the
metallic center. This behavior seems to be the main particular-
ity for this complex when compared to its both analogs such as
Ni(II) and Mn(II). In addition, the mass spectrum of this compound
shows again multiple peaks representing successive degradation

of this complex leading to the formation of different fragments
(Scheme 2), highlighting among them the Schiff base ligand ion
peak [L]* for which m/z ratio is equal to 258.0 (41.0%).

So, all these results confirmed that the synthesized complexes
are mononuclear, with two molecular moieties of Schiff base lig-
ands, and they are, therefore, in good agreement with their pro-
posed molecular structures shown in the Scheme 1.

3.3. Thermogravimetric analysis (TG/DTG)

Fig. 4 shows the TG and DTG curves recorded for the three
metal complexes. As it is observed, upon increasing the temper-
ature, the complexes showed a gradual weight loss. Generally,
this weight loss can be initially assigned to the release of water
molecules, followed by other successive decompositions leading to
the formation of metallic oxides as latest forms of degradation. Dif-
ferent decomposition stages, temperature ranges, DTG peak posi-
tions, as well as the experimental and calculated mass loss per-
centages for these complexes are summarized in Table 3.

First, the thermogram of nickel complex undergoes decompo-
sition in four steps (Fig. 4A). The first one is accompanied by a
weight loss of 3.80%, corresponding to the release of one molecule
of water theoretically calculated as 3.05%. The DTG curve of the
second step, for which the temperatures ranged from 220.0 to
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Number of Temp. range | Mass loss [% Residue/%
Samples steps °C Tmax/ °C Found (Calcd.) Assignments Found (Calcd.)
Ni'l(L),*H,0 4 125.9-173.4 144.6 3.8(3.05) Loss of H,0
220.6-300.0 242.0 17.7(18.15) Loss of C;H;0
337.9-450.3 396.8 13.0(12.89) Loss of CgHy 41.3 (41.41)
522.6-613.6 557.4 24.2(24.6) Loss of NiO+ 16C
C3H17N;04
Mn'(L), *2H,0 4 138.6-222.5 181.6 3.0(2.98) Loss of H,O
144.7-350.0 343.4 12.6 (13.25) Loss of
H,0+2(CH50)
326.7-442.0 375.1 20 (19.38) Loss of CgH7N
451.0-947.0 578.0 22.6(22.7) Loss of 41.8(41.69)
CsHy5NO3 MnO + 15C
VO'(L),*2H,0 4 50.5-91.8 70.7 5.5(5.84) Loss of 2H,0
190.0-250.0 2223 12.7(12.34) Loss of CgHy
269.5-438.9 382.6 21.6(21.93) Loss of
CsHoNO
452.4-528.9 491.0 18.7(19.01) Loss of 41.5(40.79)
C,H;5NO4 VO, + 14C

300.0 °C, clearly indicates a weight loss centered at the peak tem-
perature of 242.0 °C with 17.7%. This decomposition process is at-
tributed to the removal of the methoxyphenyl moiety, theoretically
calculated as 18.15%. As for the weight loss evaluated t013.00%
seems to corroborate with the third decomposition representing
the loss of phenyl moiety, theoretically calculated as 12.89%. Re-
garding the last process evidenced at 557.4 °C on the DTG curve
(24.20% loss), it seems to be due to the removal of the organic
entity (C3Hqy7N,04), theoretically calculated as 24.60%. Finally, the
remaining final residue is identified as NiO-oxide with 16 carbon
atoms [38].

For the manganese complex (Fig. 4B), the first decomposition
ranges between 138.6-222.5 °C and it involves a weight loss of
3.00%, indicating the removal of one molecule of water, theoreti-
cally calculated to 2.98%. The second decomposition step, observed
between 144.7 and 350.0 °C, shows a weight loss of 12.60%. This,
being explained by the removal of second molecule of water ac-
companied with two methoxy (-OCH3) moieties of the ligand cor-
responding to the weight loss of 13.25%, theoretically calculated.
The next step decomposition, observed in the temperatures rang-
ing from 326.0 to 442.0 °C implies a weight loss of 20.00%, prob-
ably due to the decomposition of the CgH;N corresponding to
19.38%, theoretically calculated. As for the last step, occurring in
the temperatures range of 451.0-947.0 °C, caused 22.60% of weight
loss. This loss may be imputed from the account of the remaining
organic part (CsHy;sNOs3). So, these four degradation stages were
denoted by the DTG peaks at 181.6, 343.4, 375.1 and 578.9 °C, re-
spectively. The final residue may be manganese oxide (MnO), with
carbon atoms (15C) [39].

Finally, the thermal decomposition of the vanadium complex
(Fig. 4C) displays also four decomposition steps like its previous
analog of manganese complex. These four steps occur in the fol-
lowing temperature ranges of 50.5-91.8, 190.0-250.0, 269.5-438.9
and 452.4-528.9 °C. Their DTG peaks were successively observed
at 70.7, 222.3, 382.6 and 491.0 °C, respectively. A weight loss of
5.50% was noted for the first decomposition step corresponding to
the release of two water molecules, as previously mentioned for
the manganese complex. The second one induced a weight loss of
12.70% indicating as well the loss of the phenyl group, theoretically
estimated to 12.34%. Considering these processes, previously ob-
served for the nickel and manganese complexes, the obtained re-
sults allowed to suggest the presence of obvious similarities in the
thermal decomposition pathway of all the complexes. However, the
last decomposition step of the vanadium complex allowed to eval-

uate the loss weight to 41.50% as residue as VO, with 14 carbon
atoms [40].

3.4. Electrochemical behavior

Cyclic voltammetry measurements were carried out to investi-
gate the redox properties of the synthesized complexes. Fig. 5 dis-
plays the voltammetric curves of the nickel complex in the poten-
tial range varies from +1.6 to —2.2 V whereas for the manganese
complex was between +1.4 and —1.4 V.

In the case of the nickel complex (see Fig. 5A), the voltam-
mogram displays four redox processes. When the electrode poten-
tial is scanned towards negative values, a reduction peak is ob-
served at —1.53 V, and its corresponding oxidation pair appears
in the reverse scan at —1.38 V (AE= Epa - Epc = 150 mV). The
anodic to cathodic peak current density ratio (Ipa/Ipc) of this pro-
cess is closely equal to unity. This is assigned to the metal cen-
tered Ni'l/Ni' redox couple [41,42]. Next, the reduction at —1.91 V,
with a small oxidation counterpart —1.71 V can be attributed to the
irreversible reduction of azomethine group. When the electrode
potential is scanned from 0.0 to +1.60 V, the complex exhibits a
large oxidation current from ca. +0.5 V. A reduction couple is dis-
cerned in the reverse scan, so the process is characterized by an
Eip = +0.65 V and peak separation about AE =180 mV, and can
be assigned to the Ni'l/Ni"' redox couple [43]. Finally, an oxidation
process is clearly observed at +1.34 V, which could probably be
assigned to an oxidation of Schiff-base ligand [44].

The cyclic voltammogram of manganese complex (Fig. 5B) ex-
hibits only one quasi-reversible redox couple with an anodic-
cathodic peak separation (AE) equal to 200 mV. Its half wave
potential value was then calculated as average of the anodic
and cathodic peak potentials, which is found to be equal to
Ejp = —0.49 V. These results suggest that this redox process may
be described to Mn"/Mn!! [45]. On the other hand, the wave at
Epa = +1.12 V may probably correspond to the Schiff base ligand
oxidation [44].

Cyclic voltammetry of the VIVO(L),+2H,0 complex (see Fig. 5C)
was performed in the potentials range varying from —1.0 to 1.5 V
vs. SCE. This voltammogram displays two redox processes. The re-
duction peak for the first redox couple is observed at —0.74 V as
half-wave potentials, whereas its corresponding oxidation pair ap-
pears in the reverse scan at —0.53 V, being the peak-to-peak sep-
aration equal to AE = 210 mV. According to literature, this redox
process may be ascribed to VI'/VIV [46]. For the second couple (See
a magnified voltammogram in the inset of Fig. 5C), the cathodic
peak is centered at Epc= +0.2 V vs. SCE, while the anodic one, it
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Fig. 4. The TG and DTG of (A)- Ni(II), (B)- Mn(ll) and (C)- VO(IV) Schiff base com-
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Wy is the initial weight of the sample in mg).

was seen at Epa = +0.48 V vs. SCE. This process has also been at-
tributed to the VIV/VV redox couple [47] and it is characterized by
AE = 0.28 V as peak to peak separation with a ratio Ipa/Ipc al-
most equal to unity (0.92) and E;;; = +0.33 V. These two redox
systems of the vanadium complex are proposed to be monoelec-
tronic transfer. The last oxidation wave observed at Epa = +0.82 V
may probably due to the Schiff base ligand oxidation [44].

3.4.1. Effect of scan rate on the response of the Ni(ll) complex

The cyclic voltammogram of the nickel complex in DMSO
electrolytic solution under the potentials range going from —0.8
to —1.7 V shows a well-defined redox system (Fig. 6A) of the
Ni(II)/Ni(I) species. Specifically, the Epa is equal —1.33 V and the
cathodic peak is centered at —1.47 V. So, this redox couple shows
a peak-to-peak separation (AE) is equal to 130 mV, and the ratio
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ing 10~ M Ni(ll) (A), idem for Mn(II) (B) and VO(IV) (C) Schiff base complexes and
0.1 M of TBABF,4 in DMSO, under argon atmosphere and 100 mV/s as scan rate.

of Ipc/Ipa is practically equal to unity (1.01), suggesting an electro-
chemical process involving only one electron.

The reversibility of the Ni(II)/Ni(I) redox couple for the syn-
thesized nickel complex was investigated using cyclic voltamme-
try at different scan rates. Fig. 6B depicts the voltammograms of
the complex varying the scan rate between 25 and 500 mV s~ !,
As it can be observed in this figure, the reversibility of the re-
dox couple is well maintained even up to 500 mV s~!. The effect
of the scan rate on the electrochemical parameters associated to
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Table 4
Electrochemical parameters obtained from cyclic voltammograms of Fig. 6.
[1pa/Tpc] 0.95 0.97 1.02 1.02 1.03 1.01 1.01
AE (mV) 100 130 137 160 180 210 220
Eqpp (mV) —1400 —1405 —1407 —1410 —1415 -1418 —1422 —1425
4
Epa-Epc=0.13V (A) 5
E,=-139V 0
< %
g Ipa/Ipe =1.01 5 5
2 2 <
< = 0
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o
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Fig. 6. (A) Cyclic voltammogram of the synthesized Ni(Ill) complex (10~3 M) in 0.1 M TBABF;/DMSO at a scan rate of 100 mV s ~ !; (B) Cyclic voltammograms of the same
complex at different scan rates; (C) Plot of the cathodic and anodic peak currents versus the square root of sweep rate (v!/2) and (D) Anodic and cathodic potentials versus

Log v.

this redox couple are summarized in the Table 4, whereas Fig. 6C
and D plot the cathodic and anodic peak current densities versus
the square root of the scan rate (v!/2) and the corresponding peak
potentials versus the logarithm of the scan rate (Log v), respec-
tively. The obtained results revealed a linear relationship between
the peak current densities and v!/2 (Fig. 6C). In addition, the an-
odic and cathodic peak potentials are found to be proportional to
the Log v (Fig. 6D). These behaviors are indicative of a diffusion-
controlled electron transfer process [48].

3.5. DFT calculations for the ligand and structures of the complexes

3.5.1. Geometry optimization

Geometry Optimization was done using B3LYP functional with
6-31G(d,p) basis sets as incorporated in the Gaussian 09 W pro-
gram in gas phase. The fully optimized geometries of the ligand HL
and its corresponding complexes are shown in Fig. 7. The number-
ing scheme for ligand HL, and complexes Ni(Il), VO(IV) and Mn(II)
are given in Scheme 3. Some selected optimized and values of

bond lengths and angles obtained from DFT calculations are listed
in Table 5.

HL ligand was optimized to investigate the geometric and elec-
tronic characteristics that may control its electrons donation. The
optimized structure of ligand HL is distorted planar and two do-
nating groups (hydroxyl and imino functional groups) which are
facing each one to other around the central point of the molecule
(Fig 7a). The C-O bond lengths in the complexes are significantly
longer than that in the ligand as the result of the deprotonation
of the phenolic groups. On the other hand, the N=C (azomethine)
bond lengths are slightly shorter than that in the ligand. Other
bond lengths and angles are rather in normal ranges and compara-
ble with those reported by Ruchi Srivastava et al. [49]. The nickel
complex is formed via nitrogen and phenolic oxygen atoms to form
a square planar geometry. Both phenolic OH groups were depro-
tonated. The nitrogen atoms are in trans position towards oxygen
atoms. The trans N-Ni-O angles are about 95° and the cis angles
about the central Ni atom between 87.21 and 103.27 ° indicating a
distorted square planar geometry. When optimizing Ni2* ion com-
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Table 5
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Some important bond lengths (A°) and angles (°) of HL and its complexes.

Bond length (A°) /angle (°)  Bond length (A°) /angle (°)

Bond length (A°) /angle (°)  Bond length (A°) /angle (°)

HL Ni(In) vO(IV) Mn(I1)
029-C24 1.2897 016-C10 13113 015-C9 15131 027-C9 1.5598
034 —-C19 13904  048-C42 13113 048-C41 14635  025-C16 1.5634
N17-C16 1.4675 N2-C4 1.3165 N1-C3 13275  N5-C4 1.1346
N17-C18 13272 N2-C21 1.3148 N1-C28 14741  N5-C29 1.4743
029-H31 17523 015-H17 0.9924 040-H16 0956  060-H62 0.9605
C18-C23 1.4075 €21-C27 15133 €19-C31 15702 C9-C27 1.5598
- - Ni1-N2 1.8117 VO67-N1 18722  Mn1-N2 1.8324
- - Ni1-016 1.8006 V067-015 1.8527  Mn1-025 1.5083
y § Ni1-049 1.8007 V067-048 1.9283  Mn1-027 1.992
C1-C16-C17 11253 N2-C21-Nil 1194527  N1-C3-VO67 11636  N5-C4- Mnl 84.71
C24-029-H31 10438 N2-Ni1-N3 1032792 N1-VO67-N2 81.697  N5-Mn1-N2 92.64
€23-C24-028  121.81 016-Ni1-049 872108  015-VO67-048 89.53  026-Mn1-027  91.28
C23-C18-N17 12353 Ni1-N2-016 952475  VO67- N1-015 10826  Mn1-N2-027  91.06
C18-H28-C23  119.02 Ni1-N3-049 952472  N2-VO67-048 9474  Mnl1-N5-026  93.52
@ ® . -
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Fig. 7. Geometry Optimized structures of (a) Ligand HL, (b) Complex Ni(ll), (c)
Complex Mn(Il), (d) Complex VO(IV) (Colour Code: H=White, C=gray, N=Blue, O=
red, Ni=Silver gray, VO= gray, Mn=Purple).

plex with HL Schiff base ligand, the lowest energy structure has
a square planar geometry with molecular formula [Ni'(L),*H,0].
This geometry is accomplished with the protonation of the hy-
droxyl groups to neutralize the Ni?t jon. The stability of this com-
plex came from the formation of two four membered rings be-
tween Ni and ligand (Fig. 7b). While the ligand formed 1:1 com-
plex with acetate salts of manganese and vanadium through coor-
dination via nitrogen and phenolic oxygen atoms to form octahe-
dral geometry and square-pyramidal around the central metal ions
Mn(Il) and VO(IV) complexes, respectively. the optimized struc-
ture of Mn?*was octahedral, however the ligand was deprotonated
within the coordination and the octahedral geometry was fulfill
by two water molecules. Optimization results showed that wa-
ter molecules coordinated in a plane perpendicular to the Mn-HL
plane Fig. 7c. In addition, it has been observed that in Mn(II) com-
plex also the donor groups of the ligand were coordinated with
the metal center in one plane. Although, VO ion formed square-
pyramidal [VIVO(L),#2H,0] complex with HL Schiff base ligand,

10

Fig. 8. Presentation of the energy levels, energy gaps, and frontier molecular or-
bitals of (a) Ligand HL, (b) Complex Ni(II), (c) Complex Mn(lI), (d) Complex VO(IV).

where the ligand donor groups coordinated in one plane with VO.
To prevent the steric effect that occurred between VO** and hy-
droxyl groups of HL, since the protons rotate in the opposite direc-
tions as shown in Fig. 7d.

3.5.2. Orbital frontiers (FMOS)

The frontier orbitals HOMO and LUMO are the main orbitals
that can provide information on the chemical stability helping to
better understanding the properties governing the electronic exci-
tation. HOMO is the orbital that acts as an electron donor whereas
LUMO is an orbital acting as electron acceptor. The energy val-
ues of HOMO and LUMO with their energy gap reflect the chem-
ical reactivity of a molecule [50]. So, Fig. 8 shows the distribu-
tions and energy levels of the HOMO and LUMO orbitals, com-
puted with the B3LYP/6-31G(d,p) level for the ligand HL and its
complexes. As shown in Fig. 8, the positive region is presented in
red and the negative one in green. The Table 6 summarizes the
HOMO and LUMO energies and some related physicochemical pa-
rameters characteristic (energy gap, AE, electronic chemical poten-
tial (u), hardness () and electrophilicity (w)) of Schiff base ligand
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Table 6

Calculated HOMO, LUMO, energy gap (AE), chemical hardness (n),
electronic chemical potential (1) and electrophilicity (w) of the ligand
and its corresponding Ni(Il), VO(IV) and Mn(II) complexes. All values
were calculated in eV unit.

Compound HOMO LUMO AE n I w

HL —-5.09 -034 475 237 =271 154
Ni(I1) —3.88 -0.87 3.06 153 -237 183
Vo(Iv) -3.59 -150 2,09 1.04 -254 253
Mn(1I) —-3.80 -1.01 278 139 -240 211

1 = 1/2(Erumo-Exomo), 14 = 1/2(Eomo + Erumo)s @ = e 2[21.

HL with its complexes. Chemical hardness is associated to the sta-
bility and reactivity of a chemical system. According to the fron-
tier molecular orbitals, chemical hardness corresponds to the en-
ergy gap between HOMO and LUMO. As the energy gap increases,
the molecule becomes harder and more stable/less reactive. Thus,
there is short gap between HOMO and LUMO in the complexes as
compared to their ligand. The values of electronic chemical poten-
tial of Schiff base ligand HL and its complexes are presented in
Table 6, the greater electronic chemical potential (absolute values),
the less stable or more reactive. The electrophilicity () index has
become a powerful tool for the study of the reactivity of organic

1

molecules participating in polar reactions [51]. The electrophilic-
ity index measures the easiness of a species to accept electrons.
A good electrophile is characterized by a high value of (@) but, in
the opposite case, a good and more reactive nucleophile is rather
characterized by a low value of (w). So, the electrophilicity (@)
scale allowed the classification of organic molecules as strong elec-
trophiles with @ > 1.5 eV, moderate electrophiles with 0.8 <@ (
1.5 eV and marginal electrophiles with @ < 0.8 eV [52]. Table 6 in-
dicates that the all complexes are stronger electrophiles with @ )
1.5 eV. The value of (@) for HL, Ni(Il), Mn(II) and VO(IV) are 1.54,
1.83, 2.11 and 2.53 eV, respectively. Therefore, it can be concluded
that these complexes are the stronger electrophiles and electron
acceptors than their HL ligand which is easily acting as a good
electron donor and more reactive nucleophile.

3.5.3. Electric moments

The dipole moment in a molecule is of an important property,
which is defined as the first derivative of the energy with respect
to an applied electric field. It is mainly used to explore the inter-
molecular interactions such as van der Waals type dipole-dipole
forces etc. The larger dipole moment will be the stronger inter-
molecular attraction [53]. Total dipole moment is very important
indicator in the reaction mechanisms since it expresses the ability
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Fig. 10. Molecular electrostatic potential maps of (a) Ligand HL, (b) Complex Ni(II), (c) Complex VO(IV), (d) Complex Mn(Il) at the B3LYP/6-31G(d,p) level of theory.

of the molecule to interact with the other molecules founding in
its surrounding space.

The calculated parameters above described and the electronic
dipole moment {pi (i = x, y, z) with the total dipole moment ptot}
for Schiff base ligand HL and Ni(Il), Mn(Il) and VO(IV) complexes
are listed in Table 7. Our calculated results have showed that the
ligand and its complexes possess a dipole moment of 2.8732 (HL),
6.2395 (Ni(I)), 6.9321 (Mn(Il)) and 7.7547 (VO(IV)) D(Debye) for
B3LYP which indicates a high reactivity to interact with the sur-
rounding media. The calculated results showed that VO(IV) has
the highest value of dipole moment than all the other compounds
(Fig. 9).

3.5.4. Nonlinear optical (NLO) properties

Nonlinear optical (NLO) effects arise from the interactions of
electromagnetic fields in various media to produce new fields al-
tered in phase, frequency, amplitude or other propagation char-
acteristics from the incident fields [54]. Some quantum chemical
descriptors which are the mean polarizability («), the anisotropy
of the polarizability (A«) and first order hyperpolarizability (8)
have been used for explaining the NLO properties in many com-
putational studies [55]. In the present study, the molecular po-
larizability, anisotropy of polarizability and molecular first hyper-
polarizability of HL and its complexes were investigated by using
B3LYP/6-31G(d,p) approaches within the density functional theory
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Table 7

The B3LYP/6-31G(d,p) calculated electric dipole moments (Debye), polar-
isability (in a.u), 8 components and £ tot value of HL, Ni(Il), VO(IV) and
Mn(II) complexes.

Parameters ~ HL Ni(I) VO(IV) Mn(II)

x —2.4198 2.1894 —5.0781 —5.6321
Iy —2.6969 2.0836 —5.8607 —3.1826
Lz 0.4168 2.0253 —-0.0150 2.4910
Mot 2.8732 6.2395 7.7547 6.9321
Oxx —99.9058 —205.1184  -247.6975 -214.1616
ayy —96.0414 —210.9704  —232.5401 —220.8387
Oz —109.8336  —225.7951 -231.2249  -226.6761
Oyy 2.7832 0.8714 11.4563 9.8801

xz 1.4939 8.0543 —-16.0336 17.3521
Ay, -0.2142 -10.1195 17.7394 15.3022
<a> -101.9278 -213.9613  -237.1541  -220.558
A a 13.5248 29.1536 48.7295 45.0485
Byxx 64.8155 64.8155 —2749187  —-0.8224
Byxy —13.9245 —13.9245 -132.9412  -24.9312
Bxyy —8.9802 —8.9882 16.3759 —43.6176
Byyy 15.4898 15.4898 100.6738 166.7716
Bxxz —39.0351 —39.0351 31.0844 —10.8502
Byyz —6.7001 —6.7001 67.2330 —18.6250
Byyz 4.7512 4.7512 3.6709 -4.9014
Bxzz —13.9245 —13.9245 27.0438 —6.0415
Byzz 8.4708 8.4708 -11.9078 —48.6632
B2z 6.8008 6.8008 34.4736 —44.3838
Brot 51.1132 51.1066 245.1870 123.8642
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are listed in Table 7. Polarizability characterizes the ability of an
electric field to distort the electronic distribution of a molecule.
Higher order polarizabilities (hyperpolarizabilities) which describe
the nonlinear response of atoms and molecules are related to a
wide range of phenomenon from nonlinear optics to intermolecu-
lar forces, such as the stability of chemical bonds as well as the
conformation of molecules and molecular aggregates [56].

The calculated of the polarizability, the anisotropy of the po-
larizability and first order hyperpolarizability for Schiff base ligand
HL and Ni(Il), Mn(Il) and VO(IV) complexes are listed in Table 7.
To present calculations, the mean polarisability and anisotropy of
polarizability of VO(IV) is found higher than the other compounds,
calculated at the same level of theory as well as same basis set
6-31G(d,p). This is related very well to the smaller frontier orbital
energy gap of oxovanadium (IV) as compared to other compounds.
The total first hyperpolarisability value <RBtot> of the title com-
pounds is equal to 51.1132, 51.1066, 123.8642 and 245.1870 (a.u)
for HL and Ni(II), Mn(Il) and VO(IV), respectively. The results indi-
cate that the complex of VO(IV) possesses better nonlinear optical
properties and is a potential candidate for nonlinear optical appli-
cations than the other compounds.

3.5.5. Molecular electrostatic potential (MEP)

The MEP is a useful property to study the attacking sites for
electrophilic and nucleophilic substitution reactions [57,58]. The
total electron density surface mapped with electrostatic potential
for the ligand HL and their complexes as shown in Fig. 10. The dif-
ferent values of the electrostatic potential at the surface are repre-
sented by different colors. The corresponding mapped electrostatic
potential is indicated by red color, the negative regions represented
by the red color are the preferable sites for electrophilic attack.
Here, the negative potentials are generated over the electronega-
tive oxygen and nitrogen atoms whereas the H-atoms have a posi-
tive potential region in the structures and the positive regions rep-
resented by the blue color are favorable sites for nucleophilic at-
tack. This last is centered around hydrogen and carbon atoms. The
yellow regions indicate the slightly rich electron and the green re-
gions indicate neutral.

4. Conclusion

In summary, we have successfully synthesized and character-
ized three new Schiff-base complexes of nickel(Il), manganese(Il)
and oxovanadium(IV). From the results of FI-IR, UV-Vis, LC-MS and
elemental analysis, the molecular structures of the complexes have
been proposed. The bis-bidentate Schiff-base ligands coordinate to
the VO(IV), Mn(II) and Ni(Il) ions in a tetradentate mode (ML;)
using the azomethine N and enol O atoms. The assignment of a
square-planar geometry for Ni(Il), a square-pyramidal geometry for
the VO(IV) and an octahedral geometry for the Mn(II), is supported
by electronic absorption and infrared spectral measurements, as
well as quantum chemical calculations. The electrochemical char-
acterization shows that the complexes exhibit redox activity asso-
ciated to their metal centers. Moreover, the calculated molecular
properties suggest that the VO(II) complex may be the most sta-
ble compound and that exhibiting best NLO properties. Hence, the
present study shows a simple method for the synthesis of some
bis-bidentates Schiff base complexes with interesting properties to
be used in electrochemical and other applications.
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