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Abstract Three mononuclear coordination complexes of
Co(II), Ni(IT), and Cu(Il) have been synthesized from 2,4-
dichloro-6-{(E)-[(5-chloro-2-sulfanylphenyl)imino Jmethyl}
phenol ligand (H,L) obtained by simple condensation reac-
tion of 3,5-dichloro-2-hydroxybenzaldehyde and 2-amino-4-
chlorobenzenethiol and characterized by elemental analysis,
spectral (FT-IR, electronic, and "H-NMR), molar conduc-
tance, thermal, SEM, PXRD, and fluorescence studies. The
PXRD analysis and SEM-EDX micrographs show the crys-
talline nature of complexes. The domain size and the lattice
strain of synthesized compounds have been determined ac-
cording to Williamson—Hall plot. TG of the synthesized com-
plexes illustrates the general decomposition pattern of the
complexes. The ligand exhibits an interesting fluorescence
property which is suppressed after complex formation. The
Co(Il) complex adopted a distorted octahedral configuration
while Ni(IT) and Cu(I) complexes showed square planar ge-
ometry around metal center. The geometry optimization, HO-
MO-LUMO, molecular electrostatic potential map (MEP),
and spin density of synthesized compounds have been per-
formed by density functional theory (DFT) method using
B3LYP/6-31G and B3LYP/LANL2DZ as basis set.
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Introduction

Since the start of a new-fangled branch of chemistry
established after the Werner’s theory [1]; synthesis and struc-
tural characterization of new coordination compounds has al-
ways been a challenging task to a chemist. The design and
synthesis of a suitable ligand is perhaps the key step in the
development of coordination complexes with unique proper-
ties and novel reactivity [2—6]. Schiff-base metal complexes
derived from salicylaldehyde and its derivatives have been
studied extensively in the past and present also due to their
facile synthesis, unusual configurations, and structural
labiality [7-9].

3d-transition metal ions are found in subtle amounts in
living systems but they are directly involved in many life
essential biological processes [10]. Numerous Schiff-base
metal complexes especially Co(Il), Ni(I), and Cu(Il) com-
plexes; derived from salicylaldehyde and related derivatives
have been studied widely as models for active sites of en-
zymes [11, 12], as antiviral [13], anti-diabetic [14, 15], anti-
inflammatory [16], anticancer drugs [17], and many more.
These compounds are successfully utilized as sensor [18],
fluorescence materials [19, 20], non-linear optics [21, 22],
nano-precursor [23, 24], magnetic materials [25], dye sensi-
tized solar cells [26], OLEDs [27], and have a wide range of
catalytic applications such as in polymerization, olefin oxida-
tion, epoxidation, Michael addition reaction, Heck reaction
etc. [28-31].

In recent year’s theoretical studies of coordination com-
pounds are also of great interest to explain their structural
features and to correlate with properties [32-36]. In the
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absence of an X-ray crystal structure data, density functional
theory (DFT) provides an alternative option for the prediction
of fairly accurate three dimensional structures of the com-
pounds [37-39]. Although the field of metal complexes has
been explored tremendously, however, the advanced aware-
ness is still sought to target the specific applications. Literature
survey reveals that Co(Il), Ni(Il), and Cu(Il) complexes of
Schiff base ligands have been extensively studied for their
structural diversity and multidimensional applications in ma-
terials as well as biological fields[40—43]. It has been noticed
that the micro-texture analysis along with thermal and fluores-
cence studies of Schiff base metal complexes are very rare or
omitted; this prompted us to take the present study. This cer-
tainly opens a new way to investigate the structural properties
of these complexes in future.

In the present paper, the synthesis and spectral characteri-
zation of selected Schiff-base ligand H,L derived from 3,5-
dichloro-2-hydroxylbenzaldehyde and 2-amino-4-
chlorobenzenethiol and its mononuclear Co(I), Ni(Il), and
Cu(Il) complexes are reported to investigate the structural
properties of Schiff-base ligand H,L after complexation. In
addition, DFT calculations of synthesized compounds have
also been carried out to support the experimental findings.

Experimental
Reagents and instruments

All the reagents were obtained commercially (3,5-dichloro-2-
hydroxybenzaldehyde, metal chlorides from Aldrich, India
and 2-amino-4-chlorobenzenethiol from TCI Fine Chemicals,
India) with analytical grade and used without further purifica-
tion. Commercial solvents were distilled and then used for the
synthesis of Schiff base ligand and its complexes. Microanal-
ysis (C, H, and N) were performed in Thermo Scientific
(FLASH 2000) CHN Elemental Analyser (accuracy of
0.3 %.) at Sophisticated Analytical Instrument Facility
(SAIF), Panjab University, Chandigarh, India. Molar conduc-
tance in DMF (10 M) at room temperature was measured
using Systronic model-304 digital conductivity meter. The
Infra-red spectra were recorded as KBr discs in the range of
400-4000 cm™' on a Shimadzu FT IR-8400 S instrument.
NMR spectra were recorded on a Bruker Ultrashield 500 plus
500 MHz FT-NMR Spectrometer in DMSO-d¢ using TMS as
the internal reference. The absorption spectra were recorded in
DMF using Systronics double beam UV-VIS Spectropho-
tometer in the range 900400 nm at room temperature. The
fluorescence spectra were obtained in DMF on a Perkin-Elmer
LS 55 Fluorescence Spectrometer. Thermal data were collect-
ed on a NETZSCH STA instrument under nitrogen atmo-
sphere at the heating rate of 10 °C min ' from room temper-
ature to 800 °C. X-ray powder diffraction patterns of the
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samples were recorded at room temperature on a Brucker
D-8 Advances X-ray diffractometer using Cu Ko« radiation
(1.5418 A°) operating at 35 kVand 25 mA in a step scan mode
with a step size of 0.02 (20=5-70°). Surface morphological
studies have been performed on scanning electron microscope
FEI NOVA Nano SEM 450 with the accelerating voltage of
15 kV at liquid nitrogen atmosphere. Energy dispersive X-ray
analysis (EDX) was performed to detect the elements present
in the samples that have been coated with gold to make them
conductive and then sputtered with carbon black.

Synthesis of 2,4-dichloro-6-{(E)-[(5-chloro-2-
sulfanylphenyl)imino]methyl}phenol; ligand (H,L)

3,5-dichloro-2-hydroxylbenzaldehyde (1.91 g, 10 mmol) was
taken in methanol (25 ml), to which methanolic solution of 2-
amino-4-chlorobenzenethiol (1.60 g, 10 mmol) was added
drop wise with stirring. Instantly, a yellowish solution was
obtained. To facilitate completion of the condensation reac-
tion; stirring was unremitting for 30 min at 60 °C. The prog-
ress of reaction was closely examined with the help of TLC.
The product thus obtained was filtered off, washed with meth-
anol and ether, recrystallized in methanol and dried in vacuum
over fused CaCl, (Fig. 1).

Synthesis of the metal complexes [ML,/ ML] {M=Co(Il),
Ni(II), and Cu (II)}

The metal(IT) chlorides (1 mmol), were taken in the minimum
volume of methanol possible (~15 ml), and added dropwise to
the methanolic solution of H,L (1 or 2 mmol) in the presence
of'aq. KOH solution, the mixture was stirred and refluxed for
1 h. During this period precipitation has started for all of the
complexes, and the precipitates were filtered under the hot
conditions. The precipitates were washed with methanol and
diethyl ether, and dried in vacuum over fused CaCls,.

Theoretical calculations

The entire theoretical calculation of H,L and its complexes
have been performed at DFT level employing Becke’s three
parameter hybrid exchange functional and the Lee—Yang—Parr
correlation functional (B3LYP) using the 6-31G and
LANL2DZ basis set with the help of Gaussian 03 W and
Gauss view 3.0 software [44]. Furthermore, visualization of
optimized structures was performed by means of Chemcraft
1.7 program package [45]. The geometry optimization for
selected compounds were calculated in a C1 symmetry point
group and no symmetry restrains were applied. The frontier
molecular orbitals, molecular electrostatic potential map
(MEP), spin density are also calculated with B3LYP/6-31G
and B3LYP/LANL2DZ basis set.
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Fig. 1 Synthetic Scheme for Schiff base ligand (H,L) and its metal complexes

Results and discussion

The physical and analytical data of synthesized compounds
are represented in Table 1. All metal (II) complexes were
colored, stable at room temperature and insoluble in most
common organic solvents except DMF and DMSO. Analyti-
cal data confirms the metal to ligand molar ratio as 1:2 for
Co(I) complex while 1:1 for Ni(Il) and Cu(Il) complexes.
The molar conductance measurements of the complexes were
recorded in DMF (1x 107> M). The results indicate their non-
electrolytic nature.

FT-IR and "H NMR spectral studies

The FT-IR spectra of the metal complexes have been matched
with parental H,L to find out the coordination modes in-
volved in chelation (Fig. 2). The characteristic v
(—HC=N—) stretching vibration, found in the H,L at
1614.5 cm™', shifted to lower wave numbers in complexes

which indicates the azomethine nitrogen participats in coordi-
nation with metal ions (M—N) [46]. The participation of
deprotonated phenolic moiety in complexes is verified by
the shifting of v(C—O) stretching band about 1525 c¢m™’
from the original; found at 1272.1 cm ' in the H,L after che-
lation [47, 48]. This may be due to the weakening of v(C—O)
and formation of stronger M—O bond. Coordination with
phenolic oxygen and azomethine nitrogen is also confirmed
by the appearance of two new bands in the complexes in the
range of 522-547 and 445-468 cm ' which represents the
M—O and M—N stretching vibrations, respectively [49]. In-
volvement of the thiol moiety in chelation is confirmed by the
peak shift of v (C—S) from 1068.6 cm ' in the H,L to the
complexes (1078.2-1082.1 cm™'). However, bands corre-
sponding to M—S stretching vibrations appeared below
400 cm ' and hence cannot be recorded in present studies
(Table 2) [50, 51].

In Ni(II) and Cu(Il) complex two new additional bands
appeared about 850-862 cm™ ' and 580-590 cm™ ' regions
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Table 1  Analytical and physical data of H,L and its Co(II), Ni(I), and Cu(Il) complexes
Compound/ mol. Color/mol. wt. M.P. (°CY/ Found (calcd. %) A (cm? 2 'mol ™)
formula yield (%) - -

C H N S Cl M
Ligand (H,L) Yellow/ 255 47.24 2.54 4.11 9.48 - - -
C3HgCI;NOS 332.6 (76) (46.94) (242 421)  (9.64) (31.97)
Co-Complex Brown/ >300 43.02 3.74 8.64 - - 20.35
C,6H14ClsCoN,0,S, 7222 (64) (43.24) (195 (3.88)  (8.88) (29.45) (8.16)
Ni-Complex Yellowish >300 38.67 3.12 7.52 - - 20.56
C13HCI3NINO,S Brown/ 407.3 (58) (38.33)  (1.98) 344 (187 (26.11) (14.41)
Cu-Complex Green/ >300 38.04 3.33 7.65 - - 24.14
C3HgCl;CuNO,S 412.2 (57) (37.88)  (1.96) (3.40)  (7.7%) (25.80) (15.42)

" Only calculated values are given

due to 6(H,0) rocking and &,,(H,O) wagging vibrations re-
spectively from coordinated water molecules [52]. These
bands are absent in the H, L as well as in Co(II) complex. This
is also confirmed by the thermal studies.

The 'H NMR spectrum of the free H,L in deuterated
DMSO gives two singlets at 8.32 and 9.48 ppm, correspond-
ing to the azomethine (CH=N) and phenolic OH group re-
spectively. The aromatic protons appeared as a set of multi-
plets in the range 7.82—7.58. The SH signal which appears, in
the H,L is at 3.37 ppm [53-55].

Electronic spectral studies

Normally the electronic spectra of coordination complexes
involving Schiff base ligands does not confirm the molecular
geometry around the metal center properly, but they help to
support it and tell whether the ligand is chelated or not. The
electronic absorption spectra of H,L and its complexes were
studied in DMF solvent (Fig. 3). The electronic spectrum of
the H,L showed two absorption bands at 270 and 436 s nm

Ni(ll)-L

%T

Cu(ll)-L

T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000
v (cm'1)

Fig. 2 FT-IR spectra of H,L and its Co(Il), Ni(II), and Cu(Il) complexes
in the range of 400-4000 cm '
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matched up to m—7t* and n-7t* electronic transitions of the
azomethine group. However, these two bands are also ob-
served in the UV—Vis spectra of all the complexes with slight
shifts to the higher region in wavelength. This shift may be
due to the alteration of molecular environment of H,L after
the chelation with metal ions [S6-58].

Powder X-ray diffraction and surface morphological
studies (SEM)

Nowadays PXRD are grown to be a powerful tool to get the
structural information of materials, where good qualities of
single crystals are not yielded. During powder X-ray diffrac-
tion analysis; H,L and its complexes exhibited sharp peaks
showing their crystalline nature as given in Fig. 4. This meth-
od is useful to wind up with the structure, size, and strain of
the synthesized compounds [59, 60].

The ideal PXRD pattern consists of extremely sharp, sym-
metric peaks occurred at well set position according to a well-
defined unit cell which is obtained by the perfect sample
(crystal) and a perfect experimental setup. In general such type
of perfections in both the experimental setup and the sample
are not possible and typically good powder diffraction patterns
display peaks with widths. Ideal crystallinity believes in infi-
nite periodicity, thus no crystal is perfect due to its finite size.
This deviation from ideal crystallinity leads to a broadening of
the diffraction peaks called crystallite size broadening.
Scherrer (1918) is the first one who correlates the peak width
to crystalline domain size [61]. Another factor responsible for
broadening called lattice strain, or as a more accurate terms we
used inhomogeneous strain, arises from displacements of the
unit cells about their normal positions. As a result of this the d
spacings values are not the same a compressive stress makes
the d spacings smaller whereas a tensile stress makes the d
spacings larger [62].

Strain is usually caused by dislocations, surface
restructuring, lattice vacancies, interstitials, substitutional
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Table 2 Selected IR peaks of

H,L and its complexes (cm ') Compounds (~HC=N-) C-S) (C—0) phenolic (H,0) coordinate ~ (M-0O)  (M-N)
Ligand 1614.5 1068.6 1272.1 - - -
Co-complex 1585.5 1078.2 1249.9 - 545 468
Ni-complex 1583.6 1078.2 1251.8 850 & 580 547 459
Cu-complex  1587.5 1082.1 1253.8 862 & 590 522 445

etc. and enumerated as e=Ad/d; where ‘d’ idealized d -
spacing and ‘A d’ the deviation from d (d+6 d ord -6 d).

The materials at nanoscale level (1-100 nm) usually
exhibit some interesting properties, e.g., magnetic, optical,
surface reactivity etc. which are not seen when they exist in
bulk. By using the peak broadening analysis the informa-
tion about the microtexture (crystallite size and lattice
strain) of a material has been extracted which in turn is
useful to understand the size dependent material properties
[63].

The crystallite sizes were calculated using the following
Scherrer’s equation [61, 64].

KX
~ Beosh

(1)

where K is a constant and its values varies in the range of
0.62-2.08, D symbolizes the crystallite size (A), A is the
wavelength of Cu K« radiation, 3 is the corrected half width
of the diffraction peak and 6 is the diffraction angle.

The observed crystallite sizes of H,L and its complexes
using the above equation are given in Table 3 in nm.

The above method explained the mosaic size only, but does
not give any information about the ‘strain’ (¢), since this af-
fects the profile differently in each 20 value [63, 65]:

5strain = 5'4tan0 (2)

where Pguin denotes the variance of the distribution due to
‘strain’ in radians, and ¢ stands for the ‘strain’.

. 250 360 3%0 4(I)0 4&0 500 550
A (nm)

Fig. 3 Electronic absorption spectra of H,L, Co(II), Ni(I), and Cu(Il)

complex showing as black, red, blue, and green color respectively in

DMF

To overcome the effect of ‘strain’, a well known method
called Williamson-Hall can be utilized successfully [66, 67].
This method calculates the size and ‘strain’ separately by two
or more orders of a reflection Akl. Thus

141 1 1
Bl = B + B! (3)
(1+7)
() _ KA (14+7)
Bsample = { 3. cos 9} + {e.4tand} (4)

K.

(147)
ﬁ—} + £ {45inp} 1+
size

(5)

{ﬁsample'cose} () = {

where ‘Y’ denotes Gaussian component.

If {Bsample - €030} are plotted versus {4.sin0} ", the
absolute values of size and strain ‘e’ can be obtained from the
straight regression line (Fig. Sa—d). The micro texture analysis
has been carried out with the help of X-Powder software [65].

In profile analysis of H,L and its complexes; three methods
namely Gaussian, Lorentzian and Pseudo-Voight have been
fitted into Williamson-Hall plot to calculate the size and the
strain ‘e’. The results obtained from Lorentzian method find
some deviations when matched with the Gaussian and
Pseudo-Voight method results. Here results obtained by
Gaussian method are discussed as reference out of three
methods. The positive strain called tensile strain has been
noticed for all the compounds except Cu(Il) complex where

Fig. 4 PXRD spectra and scanning electron micrographs of (a) H,L, (b)
Co(II) complex (¢) Ni(II) complex, and (¢) Cu(II) complex
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Table 3  Crystallite sizes of H,L and its Co(II), Ni(Il), and Cu(Il)
complexes using Scherrer’s equation in nm

Size (Scherrer K=1) Ligand Co-complex Ni-complex Cu-complex

Size (ave.) in nm 31.1 454 22.4 324
Size (I pax) in nmM 329 48.8 22.5 27.9

a negative compressive strain (0.172 %) is introduced. The
highest strain (0.263 %) has been found for H,L. which grad-
ually decreases after chelation in the order of H,L>Ni(Il)>
Co(I). The higher residual strains in the material may be due
to the burgeoning of dislocations in the stress fields. The crys-
tallite sizes and strain of all the compounds obtained from
Williamson-Hall plot are given in Table 4. The decrease in
crystallite size after chelation except Co(Il) complex; leads
to the possibilities of formation of sub-grain structures within
the original grain, hence decreasing the effective crystallite
size and broadening the peak profile [63]. It has been observed

a Gaussian (full profile)
nm FwHM

19.904
20717
21638
22.654
23822
25.373
27125
29.29%
32.034

35.883

41434
50.746
TLTEE
o 1z 1w = 2« 21 @m0 32 @5 s 39
Sample: SCHL 26
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nm FHM
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22232
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28.24 -w-.gs 50.08
270
35452
42012
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o a0 28 85 40 A5 50 c4 s9 62 66
Sample: nil 20

that the crystallite size and lattice strain (tensile as well as
compressive) vary with metal ions and geometry of com-
plexes. Results reveal that the different metal ions and the
molecular environment around metal center can cause signif-
icant broadening and exhibited noticeable crystallite size and
strain in PXRD pattern in a series of complexes derived from a
common ligand even adopted a similar synthetic route. To
evaluate the size and lattice strain from all three methods
Gaussian, Lorentzian, and Pseudo-Voight; the combined
Williamson-Hall plots of H,L and its complexes are summa-
rized in Fig. S1 and S2 [64, 68].

The SEM analysis has been performed for the surface mor-
phological studies of the H,L and its metal complexes and the
micrographs obtained are given in Fig. 4 combined with
PXRD spectra. The SEM images also support the crystalline
nature of all the synthesized compounds moreover each metal
complex has a different characteristic surface morphology
which is quite different from that of H,L. Here H,L, Co(II),
and Cu(Il) complexesare appear as well defined rod shape but

b Gauseian (full profile)

nm Fua/HM
31.356
332681
F4.740
36.436 503
35.407

-
40.7T3T 40,46
[ )

43843 ) 66.5d
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ST.B10
66523
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Nnizzo

L] I2[] '23 k35 ‘-l[] IAE 'SEI '51 ISS I():3 '66
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12430
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14325
(LR,
17.663 |
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25,10 4028
e

55458 E8.16
[} 20 28 a5 40 45 50 54 58 &2 [
Sample: cul 20

Fig. 5 Williamson-Hall plot using Gaussian method for (a) H,L (b) Co(II), (¢) Ni(Il), and (d) Cu(II) complex
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Table 4 Crystallite sizes (nm)

and strain (%) of H,L and its Compound Size (nm) Strain(%)

Co(1I), Ni(II), and Cu(Il) com-

plexes using Williamson-Hall Gaussian Lorentzian Pseudo-Voigt Gaussian Lorentzian Pseudo-Voigt

method with Gaussian,

Lorentzian, and Pseudo-Voight Ligand 33.84 38.07 34,77 0.263 0.121 0.254

method Co-complex 43.03 44.44 43.61 0.057 0.007 0.029
Ni-complex 28.88 29.29 28.88 0.073 0.013 0.071
Cu-complex 33.14 33.88 33.44 0.172 0.170 0.018

of different sizes whereas Ni(II) complex exhibits the oval
shape. All the crystals were found to grow up from just a
single molecule to several molecules in an aggregate distribu-
tion with varying particle sizes [69].

The results obtained by energy dispersive X-ray analysis
(EDX) as describes in Fig. S3—S6 have indicated that the
residues mainly consist of metal (cobalt, nickel, and copper)
and the organic moiety component, e.g., carbon, oxygen, sul-
fur, and chlorine atoms. These results also favored the micro-
analytical data of selected compounds [70, 71].

Thermal studies

In a thermogram of complex; degradation starts with the loss
of water molecules if present, followed by the ligand moiety in
the successive steps. It has been seen that the lattice water
molecules were lost firstly in the range of 50-120 °C after that
coordinated water molecules were lost at 120-250 °C range in
thermal analysis [72, 73]. To evaluate the thermal behavior of
metal complexes; the thermogravimetic (TG/DTG) curves for
the complexes are represented in Fig. 6 and weight loss at

100

Coll)
Ni(II)

CuflI)

B

D

TG

100 200 300 400 500 600 700
Temp.

different decomposition stages, temperatures ranges with
DTG peaks, assignments, and the final pyrolysis product ob-
served in the present studies are summarized in Table 5.

In TGA curve of the [CoL,] complex does not show any
weight loss up to 380 °C; this indicates the absence of lattice
and coordinated water molecules in it. The [CoL,] complex
shows two step decomposition process in the range of 370—
420 °C and 470-799 °C respectively; the first step is relatively
fast and a total of 26.84 % weight loss has been observed
which corresponds to the non-chelated part of the ligand moi-
ety. The remaining chelated part of the ligand is decomposed
in the second step which is 39.64 % (calc. 38.46 %). The final
pyrolysis product, projected as cobalt oxide(IlI) and some
unreacted residue had an observed mass of 33.52 % (calc.
33.34 %). The TG curve of the [Ni(L)(H,O)].H,O complex
shows the three steps decomposition process; in the first step
4.52 % (calc.4.23 %) weight loss has been observed in the
range of 90-120 °C, which indicates the presence of one lat-
tice water molecule in the complex. Another 4.86 % (calc.
4.23 %) weight loss corresponds to one coordinated water
molecule has been observed in the range of 120-170 °C. In

o

A
% I min.

7 /b’/v”’/"‘ /"

Fig. 6 TG and DTG 3d-plots of Co(Il), Ni(II), and Cu(Il) complexes showing as orange, white and green color respectively up to 800 °C
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Table 5 Thermal decomposition steps of the metal-ligand complexes in TG plots

Complexes Temperature ~ Weight loss (%) DTG Peaks ~ Assignments Residue found %
range (°C) —  (°0) (calc.%)
Obs. Cal.
[CoL,] 370420 26.84 28.2 417 Removal of non-chelated part of ligand Co304
470-799 39.64 38.46 543 Removal of remaining chelated part of ligand 33.52(33.34)
[Ni(L)(H,0)].H,O  90-190 9.38 8.46 122 163 Removal of one molecule of lattice water and NiO 18.96 (18.03)
one molecule of coordinated water
310440 24.82 26.04 396 Removal of non-chelated part of ligand
460-799 46.84 46.28 720 Removal of remaining chelated part of ligand
[Cu(L)(H,0)] 190-270 4.92 436 247 Removal of one molecule of coordinated water ~ CuO 21.19 (19.78)
290480 24.42 25.80 324 Removal of non-chelated part of ligand
500-799 49.47 47.06 564 Removal of remaining chelated part of ligand

the second step of decomposition starting from 310 °C to
440 °C; non-chelated part of the ligand is eliminated which
has been found to be 24.82 % (calc. 26.04 %). In the last step
starting from 460 °C to the final temperature; 46.84 % (calc.
46.28 %) weight loss corresponds to the remaining part of the
ligand has been noticed and the ultimate pyrolysis product is
obtained as nickel(Il) oxide; of mass 18.96 % (calc.18.03 %).
Quite similar results have been recorded for [Cu(L)(H,0)]
where decomposition takes place in three steps in the range
of 190-270 °C, 290-480 °C, and 500-799 °C respectively
and copper (II) oxide; mass of 21.19 % (calc. 19.78 %) seems
to be the final product (Fig. 6). The only difference is that no
lattice water molecule is presented in [Cu(L)(H,O)] complex.
On the basis of TG analysis the increasing order of the stability
of complexes as follows [Ni(L)(H,0)].H,O<[Cu(L)(H,0)]
<[CoL,]. Thus the Co(Il) complex shows excellent thermal
stability in all the complexes when subjected to higher tem-
perature hence it is used in such types of applications [74-76].

Fluorescence studies

The fluorescence emission spectra of the H,L and synthesized
metal complexes have been studied in DMF with excitation
wavelength 436 nm at room temperature, given in Fig. 7. Here
H,L acts as a fluorophore and exhibits a strong fluorescence
emission at 481 nm. The interaction of H,L with metal ion
results either in fluorescence enhancement called chelation-
enhanced fluorescence (CHEF) or a decrease in fluorescence
called chelation-enhanced quenching (CHEQ). In metal com-
plexes of H,L; quenching has been observed with weak fluo-
rescence emission at 483, 486, and 485 nm for Co(II), Ni(II),
and Cu(Il) complex respectively. The fluorescence emission
intensity of H,L. decrease upon complex formation with metal
ion in the order of Co (II)>Cu (II)>Ni(II) which may be due
to reduced electron density on ligand H,L. Here, it is also
noticeable that formation of covalent bonds with metal ion
via e donation from donor atoms to the metal atom changes

@ Springer

the emission energy, due to the lowering of the energy gap
between molecular orbitals. It seems to disclose that the struc-
tural flexibility and the dipole moment of the complex possi-
bly decrease [77-80].

Theoretical calculation

DFT calculation has been intensively used to obtain some
improved insights into the molecular geometry, electronic
structure, and optical behavior of the selected systems in re-
cent years. The gas phase geometries and atomic numbering
scheme of H,L and its complexes (Fig. 8a—d) were fully op-
timized with respect to the energy using the B3LYP/6-31G for
H,L and B3LYP/LANL2DZ basis set for complexes with the
help of Gaussian 03 W and Gauss view 3.0 software and the
results are summarized in Table 6.

All selected compounds possess C1 point group. For these
compounds, only the ground state geometries have been opti-
mized. Main optimized geometrical parameters, e.g., bond
length and bond angles for the H,L. and complexes are listed
in Tables 7 and 8 and detailed information has been summa-
rized in Table S1 and S2.

800 -
600 -

400

Intensity (emission, a.u.)

200

3 —
400 440 480 520 560 600
A (nm)

Fig. 7 Fluorescence emission spectra of Schiff base ligand, Co(Il),
Ni(II), and Cu(II) complex showing as black, red, blue, and green color
respectively in DMF
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Fig. 8 DFT (B3LYP/6-31G and B3LYP/LANL2DZ) optimized structure of (a) Ligand (b) Co(Il)-complex (¢) Ni(Il)-complex (d) Cu(Il)-complex
showing some selected bond length (A ) and bond angles (%)

The DFT calculation of the H,L supports the structural
assignment from its spectroscopic data. The molecular struc-
ture of the ligand and its complexes are shown in Fig. 8a—d, in
which selected bond lengths and bond angles are drawn. All
the bond lengths and bond angles in phenyl rings are in the
common range. The dihedral angle of 33.475° between the
two phenyl rings indicates that they are not coplanar. The
azomethine group is coplanar with the phenolic ring, as shown
by the C2—C3—C9—N11 torsion angle of 0.751°. In ortho-

hydroxylated Schiff base ligands, the possibilities of two tau-
tomeric structures as enol-imine and keto-amine forms in the
solid state, are generated. In enol-imine tautomer C9—NI11
and C2—021 bonds of the title compound display double
bond and single bond character respectively and vice-versa
for keto-amine tautomer. In the title compound; the bond
lengths between C2—021 (1.352 A°) and C9—N11 (1.303
A®) and previously reported literature favored the enol-imine
form [81]. The former indicates the single-bond character

Table 6 Summary of geometry optimization results for H,L and its M(II)-complex at DFT level

Parameters E (RB+HF —LYP) RMS gradient norm Imaginary freq Dipole moment Point group
H,L —2408.69413119 a.u. 0.00003246 a.u. 0 3.9211 Debye C1
Co-Complex —1513.22828911 a.u. 0.00000766 a.u. 0 4.9239 Debye Cl
Ni- Complex —929.63114301 a.u. 0.00001349 0 2.5198 Debye C1
Cu-Complex —956.45226635 a.u. 0.00004737 a.u. 0 2.5670 Debye Cl

@ Springer
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Table 7 Selected bond lengths
(°A) for optimized structures of
H,L, Co(II), Ni(II), and Cu(II)
complex in the ground state
calculated at B3LYP levels.

Bond lengths (°A)

H,L Co(II) complex Ni(II) complex Cu(I) complex
C13—S23 1.839 Co 27—024 1914 Nil—O03 1.866 Cu29—02 1.932
CI2—NI11 1411 Co 27—029 1.899 Nil—024 1.916 Cu29—023 2.004
C9—NI11 1.303 Co 27—N10 2.026 Nil—N2 1.889 Cu 29—NI1 1.985
C2—021 1.352 Co 27—N28 1.954 Nil—S4 2.235 Cu29—S3 2.303
Co 27—S11 2.542 C5—N2 1.326 C4—N1 1.322
Co 27—S30 2.384 C9—03 1.321 Cc8—02 1.320
C2—S11 1.862 CI5—N2 1.443 C14—N1 1.437
C3—N10 1.430 C17—S4 1.805 C16—S3 1.814
C14—N10 1.312
C17—024 1.324
C32—S30 1.864
C31—N28 1.439
C40—N28 1.303
C41—029 1.899

Table8  Selected bond angles (°) for optimized structures of ligand, Co(II), Ni(II), and Cu(II) complex in the ground state calculated at B3LYP levels

Bond angles (°)

Ligand Co-(II) complex Ni-(I) complex Cu-(IT) complex
C13—CI12—NI11 118.2 024—Co027—N10 88.0 03—Nil—024 80.0 02—Cu29—023 78.2
CI2—N11—C9 123.2 024—Co027—S11 92.4 03—Nil—N2 97.1 02—Cu29—N1 95.1
C12—C13—S23 117.5 024—C027—S30 88.3 024—Nil—S4 91.7 023—Cu29—S3 96.3
C14—CI12—NI11 122.4 024—Co027—N28 923 N2—Nil—S4 91.2 N1—Cu29—S3 90.4
C3—C9—NI11 121.9 N10—Co027—S11 77.0 Nil—N2—C5 121.5 Cu29—N1—C4 121.3
C3—C2—021 122.0 N10—Co027—029 90.9 Nil—N2—CI15 117.8 Cu29—N1—C14 116.5

N10—Co027—S30 102.8 Nil—03—C9 128.4 Cu29—02—C8 128.4

S11—C027—029 88.0 Nil—S4—C17 94.9 Cu29—S3—C16 93.8

S11—Co027—N28 98.3 C5—N2—CI15 120.7 C4—N1—Cl4 122.2

029—Co027—N28 88.8 C7—C5—N2 128.6 C6—C4—N1 129.0

029—Co027—S30 913 C16—C15—N2 123.6 C15—Cl14—N1 122.9

N24—Co027—S30 81.9 C15—C17—S4 119.1 C14—C16—S3 121.7

N24—Co027—024 923 C7—C9—03 121.9 C6—C8—02 122.7

S30—Co027—024 88.3

C2—S11—Co27 89.4

H12—S11—Co027 100.9

C3—N10—Co027 113.9

C14—N10—Co027 124.6

C17—024—Co027 1259

C3—N10—C14 121.0

C32—S30—Co27 91.1

H49—S30—Co027 99.7

C31—N28—Co027 1133

C40—N28—Co027 1254

C41—029—Co027 1243

C31—N28—C40 120.6

@ Springer
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whereas a double-bond character is shown by the later. Fur-
thermore, the H22 atom is located on atom O21, thus H,L
exists in the enol-imine form in the solid state and the title
compound is stabilized by O21—H22 N11 type intramo-
lecular hydrogen bonds [82]. On complexation, C—N, C—O,
and C—S bond lengths are altered with respect to that in free
H,L and are described in Table 1.

The molecular structure of Co(II) complexes shows a
distorted octahedral geometry around the Co(II) center as re-
vealed from the calculated bond lengths and bond angles [83].

In Co(Il) complex; two ligand moieties are coordinated
with metal ion (M:L 1:2) through azomethine nitrogen, phe-
nolic oxygen and through sulfur of thiol moiety in a tridentate
fashion. Bond lengths between Co27—N10, Co27—N28,
C027—024, and Co27—029 are in a similar range (2.026,
1.954,1.914, and 1.899 A° respectively), while bond lengths
between Co27—S11 and Co27—S30 exhibit a little higher
from those values (2.542 and 2.384 A°). The bond angles
between N10—Co027—N28, 024—C027—029, and
S11—Co027—S30 are very close to 180° (178.7°, 175.3°,
and 179.3° respectively). This pointed out that N10, 024,
N28, and 029 atoms are situated in the corner of the plane
and found almost equal distance from the metal center. The
remaining two S11 and S30 atoms occupy the up and down
positions perpendicular to the plane. The Ni(Il) and Cu (II)
complexes occupy a square planar geometry with little distor-
tion around the metal center [25, 38, 42]. In Ni(Il) complex;
three positions of plane are occupied by ligand moiety through
azomethine nitrogen, phenolic oxygen and through sulfur of
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thiol moiety around the metal center while the remaining
fourth position is occupied by one molecule of coordinated
water. The bond angle between O3—Nil—024 is 79.99°
which is quite lower as compared to 97.07° for
O3—Nil—N2; 91.22° for N2—Nil—S4 and 91.72° for
S4—Nil—024. This may be due to existence of strong intra-
molecular H-bonding between O3 and H26 (2.119 A°). Bond
angles between O3—Nil—S4 and O24—Nil—N2 are
177.05° and 171.70° repectively (close to 180°) which sug-
gests the planar structure. Similar observations are seen for
Cu(Il) complex with slight variations in bond length and bond
angles [84, 85].

Frontier molecular orbitals

The HOMO and LUMO are referred to as frontier molecular
orbitals (FMOs), without the prior knowledge of FMOs quan-
tum chemistry, optical and electrical properties cannot be ex-
ecuted [86, 87].

The energy gap between HOMO and LUMO energy is the
starting point for evaluating a number of global reactivity
descriptors. Here the MO energy diagrams are shown the cal-
culated HOMO, HOMO-1, HOMO-2, LUMO, LUMO+1 and
LUMO+2 of ligand and its complex and are presented in
Fig. 9a and b and Fig. S15 and SS16.

The HOMO and LUMO energies, the energy gap (AE),
ionization potential (I), electron affinity (A), absolute electro-
negativity () chemical hardness (17), softness(S), and electro-
philicity index (w) of the ligand and its complexes are

b MO energy levels = Alpha MOs
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Fig. 9 Frontier MO energy diagram showing HOMO, HOMO-1, HOMO-2, LUMO, LUMO+1 and LUMO2 of (a) Ligand and (b) Ni(II) complex
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Table9 The HOMO and LUMO energies, the energy gap (AE), ionization potential (), electron affinity (A), absolute electronegativity (x), chemical
hardness (1), softness(S), and electrophilicity index (w) of the H,L and its complexes using B3LYP/6-31G and B3LYP/LANL2DZ method

Compound Global reactivity descriptors

HOMO LUMO AE I A X n S w
Ligand —6.40425 —2.67762 3.72663 —6.40425 —2.67762 —4.54094 1.86331 0.26834 5.53319
Co(II) complex —4.32011 —3.25451 1.06561 —4.32011 —3.25451 —3.78731 0.53281 0.93843 13.46044
Ni(I) complex —5.75607 —2.93096 2.82511 —5.75607 —2.93096 —4.34352 1.41256 0.35397 6.67802
Cu(II) complex —5.85593 —2.95436 2.90157 —5.85593 —2.95436 —4.40515 1.45079 0.34464 6.68788

computed at DFT level using B3LYP/6-31G and B3LYP/
LANL2DZ basis sets and are listed in Table 9. It has also been
noticed that the correlation between the properties and all
those calculated parameters are based on purely theoretical
assumptions. The HOMO acts as an electron donor, while
the LUMO is an electron acceptor. The energy gap (AE)
makes out the chemical reactivity of compounds [88]. From
the results of the calculations as pointed out in Table 9, H,L.
has the largest energy gap (AE=3.72663 ¢.V.) which comes
down after the complex formation and Co (IT) complex has the
lowest one (AE=1.06561 e.V.) in the series [H,L>Cu(Il)>
Ni(IT)>Co(II) ]. Since a higher energy gap entails higher hard-
ness or lower softness [88, 89], the Co(Il) complex is referred
to as a soft molecule when matched with other compounds.

The chemical potential (I) endows with a global reactivity
index arose from charge distribution between two systems
having different chemical potential. In the present context all
the compounds act as electrophiles thus energy of the system
decreases after accepting electrons from the environment and
hence their electronic potentials are negative. The electrophi-
licity index (w) is another global reactivity descriptor similar
to 1 and I, describes the electron accepting ability of the sys-
tems. High value of electrophilicity index makes the mole-
cules a superior electron acceptor. Thus in complexes, electron
accepting abilities are arranged in the following order Co(I)>
Cu(II)~Ni(II).

In the HOMO orbital of H,L; the electron density is mainly
distributed over thiol group, azomethine group, and associated
phenyl rings which is shrunken in the LUMO orbital as shown
in Fig. 9a. These FMOs are significantly changed after

Fig. 10 Spin densities in Ni(II)
and Cu(1l) complexes computed
at the BALYP/LANL2DZ level of
DFT theory

@ Springer

chelation. In Co(Il) complex, HOMO orbital shows that such
a type of electron density distribution is shifted over one phe-
nyl ring out of four and very little contribution comes from the
metal center which becomes the major part when turned to
LUMO as shown in Fig. S15. In Ni(Il) and Cu(Il) complexes
the involvement of metal center is undersized compared to
phenyl rings in both HOMO and LUMO orbitals (Fig. 9b
and S16). These FMOs compositions are practical to predict
which type of transitions will take place in the absorption
spectra of the H,L and its complex [90].

The spin-density distribution were performed using
B3LYP/LANL2DZ basis set for Ni(Il) and Cu(Il) complex
as shown in Fig. 10. In Ni(Il) complex the spin density is
mainly delocalized into Ni atom and also those atoms which
are directly bonded to the metal center. Some part is
delocalized on to the carbon atoms of the aromatic ring and
two chlorine atoms attached with phenolic moiety of the li-
gand. This distribution is also satisfied with the HOMO
—LUMO shape observed in Ni(IT) complex. In Cu(Il) com-
plex, the spin density is again distributed over Cu atom and the
directly attached atoms with metal center [32] (Fig. 10).

Molecular electrostatic potential map (MEP)

In a molecule the electrophilic and nucleophilic sites are easily
distinguished with the help of molecular electrostatic potential
map (MEP) which are very helpful for unfolding the chemical
reactivity type structural properties of a compound. In MEP
plots (Fig. S17-S20), blue color represents the upper limit of
negative region preferable for electrophilic attack and the red
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color indicates the utmost positive region favored for nucleo-
philic attack. Here the negative potentials are seen over the
electronegative atoms while the phenyl rings and attached H-
atoms have the positive potential region in the structure. In
complex the metal centers are preferably electrophilic sites
when compared with other atoms [88].

Conclusions

Interaction of H,L with metal ions in a tridentate manner
resulted in the formation of three new mononuclear com-
plexes. The spectroscopic studies of the resulted Schiff base-
metal complexes revealed the structural arrangements. The
Cobalt(Il) complex exhibits distorted octahedral geometry
around metal center whereas nickel(I) and copper(Il) com-
plexes occupied square planar geometry with ligand and one
water molecule. All the compounds exhibit well defined sharp
peaks in PXRD spectra showing their crystalline nature. In
micro-texture analysis the crystallite size and strain, which
are responsible for line broadening in profile analysis, are
determined and are tuned with changing the metal ions and
the molecular geometry. Thermal analysis measurements
showed a high degree of thermal stability of the complexes
in the order of Co (IT)>Cu (I1)>Ni(II). The H,L shows excel-
lent fluorescence properties which are quenched after chela-
tion in the order of H,L>Co (II)>Cu (II)>Ni(II). The DFT
calculation has also been performed at B3LYP/6-31G and
B3LYP/LANL2DZ level for H,L and its complexes to sup-
port the experimental findings and to evaluate some important
parameters viz. bond length, bond angle, HOMO-LUMO, the
energy gap (AE), molecular electrostatic potential (MEP),
chemical hardness (1), softness(S), electrophilicity index(w),
and spin density.
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