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Abstract

A novel hybrid organic-inorganic isomorphs, 2-Amino Piridinium di(isothiocyanate) cobalt (1)
and 2-Amino Piridinium tetra(isothiocyanate)Nickel (2), were prepared by evaporation crystal
growth method at room temperature and characterized by X-ray crystal structure, spectroscopic,
electric and optical studies. The crystal structural analysis reveals that the solid (1) crystallizes
in the monoclinic space group P 2i1/c and the solid (2) crystallizes in the triclinic space group

P1.

In (1) the metal cations are linked by pairs of u-1,3-bridging thiocyanate anions into corrugated
chains parallel to the b direction, whereas in (2) the [Ni(NCS)4]> anions are arranged in pairs
along the c-axis direction to form anionic layers parallel to the (a, ¢) plane. the crystal structure
of (1) and (2) was determined from XRPD data, which shows that it is strongly related to the
DRX mono-crystal obtained results. Intermolecular interactions were investigated by Hirshfeld
surfaces and contact enrichment tools. Different interactions packed the system through N-
H...N, and N-H...S hydrogen bonds forming a ring. The organic entities are grouped into
dimers for (2) through weak interactions N-H...N and N-H...S. The robustness of the crystals
is also enhanced by C—H...x of the piridinium ring and N-H...S intermolecular interactions.
HOMO and LUMO energy gaps have been computed, where Gap energies revealed a
semiconductor behavior. The vibrational absorption bands were identified by infrared
spectroscopy. The solid-state UV-Visible absorption spectrum and the photoluminescence

spectrum of the title compounds were obtained at room temperature in order to spotlight the



optical properties. The di-electrical investigations on (1) and (2) shows an interesting electrical
behavior. In the [20-400 °C] range, the thermal behaviors were investigated and showed the

decomposition of the two complexes with metal complexes residues.

Keywords: Thiocyanate precursor, Metal complexes, Isomorphous, Crystal structures,

physico-chemical study, Electrical investigation.

1. Introduction

Transition metal complexes represent a growing subject during recent years because of their
enormous biological significance as well as unique catalytic and optical properties [1-5].
Recently synthesized transition metal complexes have been used for the study of biological
activities such as antibacterial, antifungal, toxicity [6-9]. The d9 configuration of the Co(ll) and
Ni(Il) cations favor either square planar, square-pyramidal or square-bipyramidal geometries.
Chemistry of cobalt and nickel complexes has attracted the attention of many inorganic
chemistry groups around the world because of the fascinating reactivity exhibited by the
resultant complexes and the nature of the ligands that dictates the properties of those complexes
[10-13]. Transition metal complexes have been known for their wide range of applications in
biochemistry, photochemistry and photophysics [14]. The studies on transition metal and 2-
amino piridinium complexes have become increasingly important since these types of
complexes found use as photo-active components of supramolecular assemblies such as
Mn(NCS)2(2- amino piridinium)2(H20). [15-18].

2-amino pyridine is a monodentate neutral N ligand system which show a high ability to donate
towards a wide range of transition metal ions giving rise to very stable complexes [19-31],
which has also an aromatic nitrogen atom which unshared electron pairs are excellently located
to act together in binding to metal ions, is known as a good w-acceptor [32, 33] and has been
extensively used as a ligand in both analytical and preparative coordination chemistry [34].
Also, the binding of 2-amino pyridine is characterized by low-energy delocalized n*-orbitals
which increases the possibility of modification in their optical, physico-chemical and
electrochemical properties as well as structural characteristics. In order to contribute to the
study of M-(pyridine)( M= Co, Ni) complexes in which we aim to discuss the transition metal
precursor impact on thiocyanate complexes crystallization and properties, that has significance
in medicinal chemistry [35] and functions in host defense as part of microbicidal pathway, the
antibacterial activity of thiocyanic-metal entities is often attributed to its ability to cross the
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bacterial cell wall before oxidizing critical metabolic elements, this may be a result by the
reaction of the HSCN'’s protonated forms [36] we report here the synthesis and characterization
of a novel Co-(pyridine) and Ni-(pyridine) complexes Co(SCN)2 2(CsHeN2) and Ni(SCN)4
2(CsH7Ny).

The Hirshfeld surface analysis has been performed to completely characterize the
intermolecular interactions and explain the crystalline architecture. Furthermore, the complexes
were investigated by various spectroscopic studies. DFT calculations have been used for the
interpretation of the vibrational results.

2. Experimental

2.1.Chemical preparation

All chemicals were used without purification. The compounds were obtained by mixing at room

temperature.

e 0.2 g of 2-amino pyridine dissolved in 25 mL ethanol was added to 25 mL of an aqueous
solution of CoClz. A 25 mL aqueous solution of KSCN was carefully added under
continuous stirring. The final solution was evaporated slowly at room temperature. Blue
crystals suitable for single crystal X-ray structure analysis were obtained after a week.

e The solid metal complex was prepared by mixing solution of the organic ligand and
NiCl>.6H20, dissolved in ethanol and stirred together. The thiocynic acid solution
(HSCN), which is obtained from a cationic resin, exchange H-SO3 using KSCN was
added dropwise to the well stirred green mixture. The final mixture was left to evaporate

for a week at ambient temperature.

2.2. Investigation techniques
2.2.1. X-ray single crystal structural analysis.

A single crystal of (1) and (2) were carefully selected under a polarizing microscope in order
to perform its structural analysis by X-ray diffraction. X-ray diffraction data were collected on
a Bruker-Nonius Kappa CCD with APEX Il detector diffractometer at 170 K using graphite-
monochromated Mo Ka radiation (L = 0.71073 A) . The structures were solved by a dual space
method with the SHELX program and refined by successive differential Fourier syntheses and
a full-matrix least-squares procedure using the SHELXL program [37, 38]. The drawings were
made with Diamond [39]. Crystal data and experimental parameters used for the intensity data

collection are summarized in Table 1.



Table 1: Synthesis Conditions and Crystallographic Data for 2(CsHsN2) Co(SCN)2 and

2(CsH7N2) Ni(SCN)a4.

Formula
System
Space Group
Unit cell dimensions
a,b,c (A
o B,y (%)
V (A%
Dx (Mg.m™)

Z
Mr(g/mol)
T(K)
omax, Omin (°)

b (mm™)
Shape, Color
Crystal size (mm?®)
Tmax, Tmin
diffractometer
Measured reflections
independent reflections
omax , 6min (°)

F (000)

h
k
I
Parameters refined
Rint
R[F? > 26(F?)]
WR(F?)

S
dpmax , dpmin (A

2(C5H6N2) CO(SCN)Z
Monoclinic
P 21/c

15.9373 (6) 13.3604 (4) 7.6818 (3)
103.778 (2)
1588.61 (10)

1.519
4
363.33
170
28.4,2.0
1.34
Needle, blue
0.42 x 0.09 x 0.06
0.746, 0.621
Bruker-Nonius Kappa CCD
7486
3971
28.4,2.0
740
-21 21
=17 17
-10 10

0.046
0.051
0.096
1.01
0.67,-0.29

2(CsH7N2) Ni(SCN)a
Triclinic
P1

5.5792 (3), 8.2211 (2), 11.3532 (5)
103.992 (2), 99.191 (2), 94.609 (2)
494.94 (4)

1.615
1

481.28
170
284,19
1.42
Needle, blue-green
0.42 x 0.11 x 0.10
0.746
Bruker-Nonius Kappa CCD
4444
2451
284,19
246
-7 7
-10 10
-15 15

0.022
0.030
0.068
1.05
0.27,-0.35

where w = 1/[¢?(F0?) + (0.0215P)? + 1.7725P] and P = (Fo? + 2Fc?)/3

2.2.2. Powder X-ray diffraction

Powder X-ray diffraction (PXRD) measurements for hand-ground polycrystalline samples were

carried out on a Miniflex600 Rigaku powder X-ray diffractometer using Cu Ka radiation (A =

1.540598 A) at room temperature. Diffraction data in the angular range of 26 = 0-70° were

collected with a scan step width of 0.05° and a fixed time of 0.2 s. Rietveld refinement was

applied to model the data sets using the GSAS package incorporated with the EXPGUI interface

[40]. The structure derived from single-crystal XRD was used as a template. Scale factor,

background, lattice parameters, and zero point were refined until convergence.




2.2.3. Thermogravimetry differential thermal analysis (TG-DTA)

The thermal analysis spectra of was obtained with a simultaneous thermogravimetry-
differential thermal analysis (TG-DTA) using PYRIS 1 TGA instrument using 9.8 mg for (1)
and 9.2 mg for (2), for a heating rate of 5 °C.min! for the titled compound in the temperature

range [300-880 K] under inert atmosphere (nitrogen gas).
2.2.4. Infrared spectroscopy.

The Fourier Transform Infrared (FTIR) spectrum of a powder sample of the compounds was
obtained using a spectrometer NICOLET IR 200 FT-IR. The scanning range was 4000 — 400

cm™,
2.2.5. UV-Vis spectroscopy

UV measurement was performed using a Perkin EImer Lambda spectrophotometer. Scans were run over
the range 200 - 800 cm'™.

2.2.6. Conductivity

Conductivity investigations were performed using an experimental set-up consists of a tube
furnace (PEKLY HERMAN MORITZ) where the temperature was controlled by an MS30
regulator. In order to study the properties of electric transport of the compounds produced, a
pellet whose geometric factor g=e/s while g=0.197 cm™ was chosen to study the
conductivity of the compound produced.

2.2.7. Hirshfeld

The intermolecular interactions, the fingerprint plots of internal and external distances (di, de)

were carried out using the Crystal Explorer 3.1 software [41] imported on a CIF file.
2.2.8. DFT Calculations.

Quantum chemical calculations were performed on the titled complexes by using the Gaussian
09 program [42]. The classical hybrid functional B3LYP was used with the 6-311++G* basis
set for all atoms. In order to ensure a good representation of the properties of the crystals, the
coordinates of all atoms. The Mulliken population analysis and the HOMO/LUMO were then

determined on this semi-optimized geometry.



3. Results and discussion

3.1. X-ray diffraction study

(1) A blue needle crystal a coordination complex (2-Amino Pyridine), Co(NCS). are obtained,
which crystallizes in the monoclinic space group P2:/c with Z = 4 formula units in the unit cell.
The asymmetric unit consists of one Co cation, located on a center of inversion and two
thiocyanates anion and two 2-Amino pyridine coligand (Fig.1 (a)). The Co cations are fourfold
coordinated by two terminally N-bonded thiocyanate anions (N4 and N3) and two 2-Amino
pyridine coligands (Fig 2 (a)). The bond lengths around the central Co atoms are comparable
to those reported in literature and the bonding angles show that the tetrahedron are slightly
distorted such as CioH26N4 Co (SCN)4 [43] (Table 2). In the crystal structure, the discrete
complexes are linked by intramolecular N-H---N between the N atoms of the cationic entity
and the thiocyanate N atoms and the intermolecular N-H---S hydrogen bonds between the N
atoms of the cationic entity and the thiocyanate S atoms, into layers parallel to the b/a plane
(Fig 2 (b)). These layers are further connected through hydrogen bonds into a 3D network (Fig
2(a and b)). The intermolecular hydrogen bonding interactions link neighboring thiocyanate
anions through N-H ... N hydrogen bonds with lengths from 2.50(2) A to 2.84(2) A(Table 3),
contributing to the R} (6) and ring as shown in Fig. 4 (a).

Table 2: Selected bond lengths and bond angles of the two cobalt complexes in the title
compound.

2(CsHeN2) Co(SCN), 2(CsH7N2) Ni(SCN),
Col—N4 1.943 (3) Ni1—N4 2.0367 (15)
Col—N3 1.945 (3) Ni1—N4i 2.0367 (15)
Col—N1 2.015 (2) Ni1—N3i 2.0554 (16)
Col—N1A  2.028(2) Ni1—N3 2.0554 (16)
Ni1—S2ii 2.5685 (5)
Ni1—S2iii 2.5685 (5)

N4—Col1—N3 117.03
N4—Col—N1 111.54
N3—Col—N1 104.36
N4—Co01—N1A 105.08
N3—Co01—N1A 108.27
N1—Co01—N1A 110.57

N4—Nil—N4i 180.00 (9)
N4—Ni1—N3i 87.59 (6)
N4i—Nil—N3i 92.41 (6)
N4—Ni1—N3 92.41 (6)
N4i—Nil—N3 87.59 (6)
N3i—Nil—N3 180.0
N4—Ni1—S2ii 86.93
N4i—Ni1—S2ii 93.07
N3i—Ni1—S2ii 91.48
N3—Ni1—S2ii 88.52
N4—Ni1—S2iii 93.07
N4i—Ni1—S2iii 86.93
N3i—Ni1—S2iii 88.52
N3—Ni1—S2iii 91.48

5)
5)
5)
5)
5)
5)
5)
5)
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Fig. 2: (a)Projection along the b-axis of the structure of Co(SCN)2 2(CsHsN2) Dotted lines
indicate hydrogen bonds. (b) the coordination geometry of the central Co(ll) ions.



(2) A blue-green needle crystals of coordination polymer Ni(SCN)s 2(CsH7N2) are obtained,
which crystallizes in a triclinic system with the P1 space group. The asymmetric unit comprises
one tetra(isothiocyanate) Nickel [Ni(NCS)4] 2~ anions and two 2- Amino piridinium cations
(Fig. 1 (b)). Selected bond distances and angles are given in Table 2. For the [Ni(NCS)4] 2~
anions, the coordination geometry of the central Ni(ll) ions can be described as a slightly
distorted tetrahedron (Fig. 3(b)) in which The Ni cations are coordinated by N-bonded
thiocyanate anions (N4 and N3) and S-bonded thiocyanate anions (S2). The average Ni-N bond
distance is 2.03 A and the N— Ni-N bond angles vary in the range 180.0 —-87.95°. These values

are in agreement with those found in complexes containing the [M(NCS)4] 2~ anion [43-50].

P

e S ]
P *s
L .
| L %

Fig. 3: (a)Projection along the b-axis of the structure of Ni(SCN)4 2(CsH7N2) Dotted lines
indicate hydrogen bonds. (b) the coordination geometry of the central Ni(ll) ions.

Fig. 3 (a and b) shows that the [Ni(NCS)4] 2~ anions are arranged along the a-axis direction.

These anions lie at (Y2, %2, %), (%2, ¥, 0) to form anionic layers parallel to the (b,c) plane .

For the organic entities, it was found that the neighboring cations atoms are grouped into dimers
through weak interactions N1—H1---N3, also Fig. 4 shows N-H...S interactions between the
cations and anions. These interactions (Table 3) improve the stability and the robustness of the

network. The intermolecular hydrogen bonding interactions link neighboring thiocyanate
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anions through N-H...S hydrogen bonds with lengths from 2.35(2) A to 2.95(2) A, contributing
to the R5(8) and t R3(4) and ring as shown in Fig. 4(b).

Table 3 :Hydrogen-bond geometry (A, °).

2(CsHsN2)Co (SCN),

D—H---A D—H H---A D---A D—H
N2—H2A:--N4 0.87(2) 2.50(2) 3.265 (4) 147
N2—H2B---S2i 0.87(2) 2.71(2) 3.502 (3) 152
N2A—H2C.--S1ii | 0.88 (2) 2.84(2) 3.668 (3) 159
N2A—H2D--N3 0.87 (2) 2.63(3) 3.298 (4) 134
Symmetry codes: (i) X, y, z+1; (i) -x, -y+1, -z.
2(CsH7N2) Ni(SCN)4
N1—H1.--S2ii 0.87 (2) 2.92(2) 3.6467 (18) 143 (2)
N1—H1---N3 0.87(2) 2.35(2) 3.064 (2) 140 (2)
N2—H2B:--S2ii 0.85(2) 2.64 (2) 3.4135 (19) 152 (2)
Symmetry code: (i) x+1, y, z.
Co1 3
C—eo-
e -~ L F,
f/ ! ' “\.\r
/ |
; ! c Mi1
M1A

C2A & H2D

N2A

d

b

LE

Fig. 4: Hydrogen bonds ring of Co(SCN)2 2(CsHsN2) (a) and Ni(SCN)a 2(CsH7N>) (b)

The conformation of the coordination complexes or the coordination polymers is determined

by the relative magnitude of various interatomic interactions which can be stabilizing (hydrogen

bond, complementary dipole, n-stacking) or destabilizing (van der Waals repulsion, dipolar

repulsion). In recent times, the CH...x interactions has been identified as a weak, attractive,

donor-acceptor type interaction between an acidic CH group and a basic n-system, which can

affect the conformation of molecules and transition-state structure due to the short contacts

between the phenyl ring atoms. In addition, we Stability of the compound (1) is improved by the




CH...x interactions between the CH frame and the aromatic rings with the distance 3.6637(1)
A, add to the n-n stacking interaction between aromatic rings which adds more stability to the
three-dimensional framework with the distance 3.847(1) A. While for (2), there no CH...n
interactions (distance 4.3619(2) A) and n-m stacking interactions (distance 5.5792(3) A)

observed.

3.2.Powder X-ray diffraction
Fig. 5 shows the resulting X-ray powder diffractogram for the Co(SCN). 2(CsHsN2) and
Ni(SCN)4 2(CsH7N2). Some peaks with very low intensities cannot be indexed, which could be

some impurities. The results confirmed that (1) and (2) has been identified as crystalline phases.

The experimental and simulated PXRD patterns are shown in Fig 5. It can be seen that the
simulated X-ray powder diffraction pattern closely resembles the experimental pattern where
most of the positions of the peaks coincide with each other. We conclude that the synthesized

compound and the crystal data used for diffraction are homogenous.
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Fig. 5: Final plot of the Rietveld refinement, showing the observed patterns of Co(SCN)2
2(CsHsN>) (a) and Ni(SCN)4 2(CsH7Ny) (b)

3.3.Vibrational FT-IR spectrophotometry and assignments

Fig. 6 displays the IR spectrum of Co(SCN)2 2(CsHsN2) and Ni(SCN)s 2(CsH7N2). Three
characteristic vibrations can prove the presence of the thiocyanate ligand and its binding mode
to the Co(ll) and Ni(ll) ion centers for the formation of the anionic complex [Co(NCS):]
[Ni(SCN)4]. The strong band at 2079 cm™ can be assigned to the stretching vibration of the
carbon-nitrogen triple bond of thiocyanic ligand. The weak band at 840 cm™ can be attributed
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to C-S bond stretching vibration. The weak band at 490 cm™ can be ascribed to the bending
vibration of N-C-S. This vibration assignments of thiocyanate indicates the binding of
thiocyanate ligand to Metal (I1) center via its N-terminal atom. The assignment of these bands
to thiocyanate vibrations and the determination of its coordination mode are based on
previously reported results such as for (C2NsH12) [Co (NCS)4]. H20 [51-54].

- Co[SCN),*2(CsHeN,)
Ni(SCN),-2(C5H,N,)
100 ]

90

80

70

Transmittance

60

50
' I ¥ I T I ! I ' I ¥ I T I T |
4500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm”)

Fig. 6: Infrared absorption spectra of Co(SCN)2 2(CsHeN2) and Ni(SCN)4 2(CsH7N2)

The spectrum shows also characteristic vibrations for 2-Amino-piridinium. The broad bands in
the range 3600 - 2300 cm™* correspond to the stretching vibrations of the organic and hydroxyl
groups v(N-H) and v(C-H). The band at 1504 cm™ corresponds to v(C = C) stretching
vibrations. The band at 1450 cm™ can be assigned to the CHz deformation.

The bands at 1244 and 1180 cm™ can be attributed to the ring deformation. The weak bands at
1166 and 1021 cm™! can be assigned to the CH; twisting. The weak band at 870 cm™ can be
attributed to the ring deformation [54].

3.4.UV-Vis absorption spectral study

The luminescence properties have been tested for the solid states of Co(SCN)2 2(CsHgN2) and
Ni(SCN)4 2(CsH7N>) at room temperature, in the region [200-800 nm]. As depicted Fig.7. The
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compounds show different luminescence behaviors; the two characteristic bonds for Co(SCN)2
2(CsHsN2) at 330, 300 and 285 nm are assigned to d—d*, n —»nx and nm —m* transitions,
respectively, and for Ni(SCN)s 2(CsH7Nz2); the two characteristic bonds are 413 and 355 nm are

assigned to d—d* transition and to charge transfer, respectively.

absorbance

1.0 028
x|
084 300 ¥ 026
| m— 0,244 1
04+ ) G N It
R S iz #
02 285 I (V) 0.2
0,04 020
0,2 0,18
04 0164
06+
0,14 4
'0'3 T T T T T ¥ T T T T T
300 320 340 360 380 400 420 440 460 480
wave lenght (nm) a b

Fig. 7: Solid state UV-Vis spectrum of (a) Co(SCN)2 2(CsHsN2) and (b) Ni(SCN)4 2(CsH7N>)

The calculation of Eg revealed that compound has a semiconductor behavior with a band value
Eg =3.62 eV for (1) and 2.17 eV for (2). These behaviors are probably due to the interactions
in the molecular solid, to the charge transfer between the central metals and their coordinated
ligands, and especially due to the presence of the thiocyanate anions that may affect the
emission [56].

3.5. Fluorescence

Fluorescence property of the obtained material have been determined in solid state at room
temperature, by choosing the excitation wavelength at Aex= 433 nm, resulting in the emission
spectrum illustrated in Fig.8, which gives for Co(SCN)2 2(CsHsN2) and Ni(SCN)4 2(CsH7N>)
a spectrum having three bonds, the first at 377 and 398 nm which shows that this luminescence
is at the origin of an intra-ligand transition (n -7*) of the cycle of the cation entity, the bonds at
434 and 458 nm correspond to group transitions of (n -7*) belongs to the (C = S). the latest
bonds at 483 and 482 nm correspond to the transition (d — d*) of the Co and the Ni entities
respectively.
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Fig. 8: Luminescence spectrum of (a) Co(SCN). 2(CsHeN2) and (b) Ni(SCN)4 2(CsH7N>)

The emission of synthetized compounds was measured in front-face arrangement to the solid
sample holder. The quantum yields in solution and in film were determined according to the
relation:

SO IF yav 1-10-4°
0 g —
Jo I av  1-1074

Pp = Pp

where @3 is the quantum yield of standard, integrals f0°° 1 (V) and fooo 15 (V) are the areas
under curves of the probe and standard, while IF(v) and I3 (V) is the intensity of fluorescence
of probe and standard as function of number of waves, respectively, and A and AS are
absorptions of the probe and standard. As a result, the fluorescence quantum yield is @ = 0.58
and @ = 0.61 for Co(SCN), 2(CsHsN2) and Ni(SCN)4 2(CsH7N>) respectively . the compounds
are relatively high luminescent [57].

13



3.6. Hirshfeld surface and contacts enrichment ratio

Currently, the application of Hirshfeld surface [58] analysis occupies a huge interest within the
field of crystallography. Hirshfeld surfaces and fingerprint plots [59] were generated and based
on the crystallographic information file (CIF) using Crystal Explorer [60,61]. Hirshfeld surfaces
allow the visualization of intermolecular interactions. Colors and color intensities are related to
the relative strength of the interaction and the short or long contacts.

This technique is a powerful tool for visualizing and identifying interatomic compound
interactions. It provides a virtual image where the different types of interactions are clearly
identified by the shapes, outlines and colors provided by the calculation. The dnorm map
analysis have graphically illustrated the relative positions of neighboring atoms belonging to
molecules that interact with each other. The normalized contact distance (dnorm) was
calculated via the following expression:

di — riwa de — rewa

+
riwa reUdW

Dnorm =

is the van der Waals radius of the atom that lies inside the surface of Hirschfeld, while reUdw
is the van der Waals radius of the atom that lies outside of the surface of Hirshfeld.

The Hirshfeld surface of the title compound is illustrated in Fig. 9. In this latter a color gradient
is used, which varies from red (distances shorter than sum of UdW with negative dnorm value)
through white (represents the contact around UdW separation with a dnorm value of zero) to

blue (distance longer than of UdW with positive dnorm value).

The red spots over Hirshfeld surface ensure the inter-contacts included in hydrogen bonds. It is
well observed in Fig. 9(a and b) that the red circular collapsing is attributed to N—H...S/ N—
H...N hydrogen-bonding interactions. In the dnorm map, the vivid red spots in the Hirshfeld
surface are due to short normalized S—H distances corresponding to N— H---S interactions.
Hydrogen-donor groups constitute the convex blue regions on the shape-index surface and
hydrogen-acceptor groups appear in concave red regions. 3D graphics, Curvedness (Fig. S1(a
and b)) and Shape index (Fig. S2(a and b)) are also used to identify the characteristic
packaging modes existing in crystal. The small flat segments delimited by the blue outline
observed on the Curvedness graph indicate the absence of (=« ... 7) interactions so that there is
no evidence of the adjacent red and blue triangles on the surface of Shape index (fig. 8a). This

result was confirmed by a structural X-ray analysis.
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Fig. 9: View of the dnorm quantity mapped on the Hirshfeld surface of the asymmetric unit of
(@) Co(SCN)2 2(CsHsN2) and (b) Ni(SCN)4 2(CsH7N2). The red color represents the area on
the surfaces where the atoms make intermolecular contacts closer than the sum of their Van

der Waals radii.

The examination of the 2D fingerprints used to highlight the atoms participating in close
contacts. Also, the analysis of these footprints helped to reread numerical values to the surfaces
previously described.

The characteristic features in the 2D-fingerprint plots (fig. 9 (a and b)) respectively for (1) and
(2) obtained from the Hirschfeld were further investigated in order to find out the directional
interactions. This analysis shows the relative contribution of each contact present in the
compound. In these plots di corresponds to the closest internal distance from a given point of
the Hirschfeld, and de to the closest external contacts (i.e., external distance). The two
dimensional fingerprint plots quantify the contributions of each type of non-covalent interaction
to the Hirshfeld surface. The major contribution for (1) with 33.3 % of the surface is due to
S---H contacts, which represent van der waals interactions, followed by H---C, H---H, H---N,
C--:C,S:-:C,N ---C and S ---N interactions, which contribute 23.8, 18.3, 12.9, 3.3, 3.2, 2.8
and 1.9% respectively, these contributions are observed as two sharp peaks in the plot of Fig.
S3 (a) and for (2) we have the major contribution with 33.5 % of the surface is due to S---H
contacts also, which represent van der waals interactions, followed by H---C, H---H, H---N,
C--:S, S -*N, Ni ---S, Ni --:N, N ---C and N ---N interactions, which contribute 19.6, 13.7,
6.7, 6.4, 5, 4.3, 4.2, 4 and 1.5% respectively, these contributions are observed as two sharp
peaks in the plot of Fig. S3 (b).

15



The percentage of contacts between one (X...X) or two (X...Y) chemical elements in a crystal
packing is information given by CrystalExplorer which can be used to indirectly calculate the
enrichment ratios [62]. The proportion of Hirshfeld surface contacts involving the (X,Y) pair
of elements is referred to as CXY. The proportion Sx of chemical type X on the molecular
surface is obtained by the summation:

Sx = Cxx + £ CXY [62].
The value Cxy includes both X...Y and Y...X contacts in the SX sum, where the first and
second atoms are interior and exterior to the Hirshfeld surface. The factor % relates to the fact

that Cxy contributes to both Sx and SY summations. The summation of all the surface
proportions is equal to unity:
¥x Sx = 1[62].

The ratio of random contacts Rxy between the two chemical elements X and Y is then
introduced [62]. The Rxy values are defined as if all contact types X...Y in the crystal packing
were equi-distributed between all chemical types and are obtained by probability products:

Rxx=SxSx and Rxy =2SxSv[62].
The enrichment ratios Exy were computed for sets of molecules belonging to several classes of
molecules and were analyzed as a function of Sx values. In order to limit the number of Exy
values and Sx variables present in the contacts data, compounds containing only two or three
different chemical elements were selected and grouped in their respective set: Cnn, Chs, Chc,
Chn. Intermolecular interactions identified are assessed by an analysis of enrichment ratios
(Exy) which provide a quantitative measure of the probability of intermolecular interactions
that occur on the Hirshfeld Surface (Table S1).
The contacts on Hirshfeld surfaces of the three independent organic cations were analyzed. The
contacts types are very similar on the three molecules as the correlation coefficient between the
Cxy values of entities. The contacts types between the layer of [Co(NCS).] for (1) and for
[Ni(NCS)4] anions and their layers of organic cations are shown in Table S1. It shows that the
N...H-S is the strongest hydrogen bond for both compounds, which constitute the major of the
interface (33.3%) and are enriched at E = 1.7343 for (1), and the major of the interface for (2)
also (33.5%) and are enriched at E = 1.3617.
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3.7. Thermoanalytical Measurements

To investigate the thermal properties of the compounds, measurements using simultaneously
differential thermo-analysis and thermos-gravimetry (DTA-TG) were performed.
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Fig. 10: (a) DTA/TG curves of cobalt compound. (b) DTA/TG curves of nickel compound.
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In this context it was checked if a different, metastable modification of Co(SCN); 2(CsHsN2)
(1) and Ni(SCN)4 2(CsH7N2) (2) can be obtained as recently reported for other ligands [63-65].
The thermal curves of the two coordination compounds (cobalt (1) and nickel (2) respectively)
are given in Fig. 10 a and b. With an isomorphous structure, the two compounds present similar
thermal behaviors. It shows weight losses in the [347, 497 K] range, complying with the
decomposition of the organic part, and some of the thiocyanate ligands from the metal
compound, while the thermogram (see Figure 10 b) of the nickel complex (2) shows an
endothermic peak at 410 K which is attributed to a transition phase since the ATG curve does
not show a loss of mass at this temperature.

The decomposition in the [500-547 K] range has the same variation for the two compounds,
it’s the decomposition of the resulting M(NCS). and M(NCS)4 is carried out at a higher
temperature [66]

3.8. Dielectric Properties

In order to detect possible ionic conduction, we are proposed to study the properties of electric
transport of the compounds produced. A pellet whose geometric factor g=e/s while

g = 0.197 cm™* was chosen to study the conductivity of the compound produced.

The study of electrical conductivity sheds light on the behavior of charge carriers under a
dielectric conductivity field, their mobility and mechanism of conduction, the conductivity of
the crystals in the higher temperature region is determined by intrinsic defects caused by
thermal fluctuations, which is confirmed for Cd Hg(SCN)4(CH30C;Hs0) [67] where the

activation energy was close to 0.45 eV at high temperature.

3.8.1. Impedance Spectroscopy

The impedance spectroscopy is a very convenient and powerful technique that helps to analyze
and separate the contribution from grain boundary and material electrode interface in the
materials. The high frequency semi-circular arc attributes to the contribution from grains and
low frequency semicircular arc attributes to the contribution from grain boundary [68]. The
impedance spectrum of the titled compounds recorded between 343 and 383 K for (1) and
between 407 and 437 K for (2) is shown in Fig. 11 and Table S2, this representation is called
also a Nyquist diagram. These complex plots form arcs, and each experimental point
corresponds to a frequency value. The semicircle diameter expresses the electrical resistivity of

the sample at the specified temperature and the maximum value corresponds to the relaxation
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frequency w = 1/RC. The impedance curves show that the radius of the arc decreases with

increasing of the temperature. This behavior is consistent with the Cole-Cole law [69].
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Fig. 11: Evolution of impedance spectra as a function of temperature of (a) Co(SCN)2
2(CsHsN2) and (b) Ni(SCN)4 2(CsH7N2)

The complex impedance Z* measurement can be expressed as a function of resistance R and

capacitance C using the following equations:
Z*(w) =Z" (@) —jZ" (o)

wWCR?
1+w?2R2(C?

Where : Z(0) = - and Z” (o) =

+w2R2C2

are, respectively, the real and imaginary parts of the impedance given by the equations [70].
The impedance data were fitted to the equivalence of R and C parallel network [71].

In sequence to better understand the phenomenon of the observed dielectric dispersion, we
performed the impedance analysis of this complex. Figure 12 (a/c) shows the variation of the
real part Z’ of the impedance at different temperatures. It’s clear that all curves merge in high-
frequency region, and then Z’ becomes independent of frequency. Indeed, the magnitude of Z’
decreases with the increase of both of frequency and temperature indicating an increase in ac
conductivity of the material. This result may be related to the release of space charge emanating
from the reduction in the barrier properties of material with the rise in temperature [72]. The
frequency dependence of the imaginary part Z’’ of complex impedance of this sample at various
temperatures is shown in Fig. 12 (b/d). It is observed that the Z’’ increases with the incensement

of frequency, and exhibits a maximum before it starts decreasing rapidly. The magnitude of Z*’
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maxima decreases gradually with the increase of the frequency and the temperature, and it
merges finally in the high frequency region. This may possibly be an indication of the

accumulation of space charge polarization effects in the material at lower frequency and at
higher temperature [73].
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Fig. 12 : Variation of the real part Z’ of complex impedance with frequency for (a) Co(SCN):
2(CsHeN2) and (c) Ni(SCN)s 2(CsH7N2) / The variation of the real part Z’* of complex

impedance with frequency for (b) Co(SCN)2 2(CsHeN2) and (d) Ni(SCN)a4 2(CsH7N2)

3.8.2. Study of dielectric constant and dielectric loss

Moreover, we can observe a trend of the ionic conductivity with the electronic configuration of
the metal, related itself with the ionic complex stability. Thus, the order of the frequency values
at room temperature for the different thiocyanate metals is: Co > Ni, which corresponds with
the first row of transition metals. The compound with Co has the highest melting point, and so

a sudden jump in its conductivity value is seen at the solidification temperature.
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Fig. 13: Dielectric constant as a function of frequency (a) Co(SCN)2 2(CsHsN2) and
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Dielectric relaxation for these compounds was studied deeply to find out the ionic transport
phenomenon. Through dielectric relaxation, nature and ionic movement of ionic interactions
can be investigated [74, 75]. relative permittivity, loss tangent, dielectric constant, microwave
reflection coefficient, split post dielectric resonance technique and terahertz material are some
methods for characterizing dielectric properties [75]. The dielectric constant or complex
permittivity can be defined by the following equation:
(€9 =€ jer
Where, ¢’ is the real dielectric constant and €” is the imaginary dielectric loss which essentially
demonstrated the energy loss and storage in every cycle of the applied power supply [74]. Both
real and imaginary parts of complex permittivity (€*) were calculated from the impedance data
(Z'and Z") using the following equations:
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ZII d ZI
=—— and &'= —————
wCo(Z2'2427''2) wCo(Z2'2+27''2)

where o is angular frequency of the applied filed (n=2xf), ¢’ and &” are the dielectric constant
and dielectric loss, respectively. Co is the vacuum capacitance given by g,A/t, where €0 is a
permittivity of free space, A is the electrode cross sectional area and t is the film thickness. Fig.
13 refers to Co(SCN)2 2(CsHeN2) (1) and Ni(SCN)s 2(CsH7N2) (2), it presents real and
imaginary part of dielectric constant (€', €”) as a function of frequency at room temperature. It
can be seen that the value of €' rises very sharply for a higher amount of (1) and (2) as well at
the low-frequency region because of the influence of space charge and the polarization [76]. At
the higher frequency regions, it can be observed that there is no excess ion dispersion in the
direction of the field because of the periodic reversal of the electric field takes place rapidly.
On the other hand, both dielectric constant and dielectric loss decreased due to the declination
of polarity [77].

3.8.3. Electric modulus study
Types of conductivity relaxation in a polymeric material can be detected by both real and
imaginary modulus due to permanent dipoles that can exist on the side chains of the polymer
backbone. Hence, relaxation takes place [78]. Both real and imaginary parts of complex
modulus (M*) were calculated from the impedance data (Z' and Z") using the following
equations [79- 81],
1

M*(@) = =M’ +jM”

w*

’ :ﬁ = 0CoZ” and M”’ = £ = ®CoZ’

M = 7

The frequency dependence of the real part (Mr) and imaginary part (Mi) of electric modulus
studied in Fig. S4 respectively for Co(SCN)2 2(CsHsN2) (1) and Ni(SCN)4 2(CsH7N2) (2) as a
function of frequency at room temperature. Because of the existence of the ionic polarization

phenomena at the higher frequency, the values of both Mr and Mi are increased.

On the other hand, the occurrence of peaks in the modulus reveals that the Co(SCN)2 2(CsHsN2)
and Ni(SCN)s 2(CsH7N2) are ionic conductors at a higher frequency [82, 83]. In the low-
frequency regions, both Mr and Mi reach zero as shown in Figures S4. In the lowfrequency

regions, the charge of ions migrated among coordinated sites of the compounds. This improves
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the fact that to recognize the percolation threshold phenomena, the electric module studies can

be used [78].

3.8.4. Electric Conductivity

The curve Ln (o, T) = f (10°/ T) (Fig.14) is a branch linear which does not present any break.

It is in good agreement with Arrhenius law : ¢ = % exp (_%Ta)

Which is determined from the slope of the line of equation : Ln(c,T) = (_%Ta) +Ln (A).
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Fig.14: Variation of In (c,T) as a function of 103/ T of (a) Co(SCN)2 2(CsHsNz) and (b)
Ni(SCN)4 2(CsH7N>)

We used the Arrhenius modeling equation [83] to more understand the conduction

phenomena: RT = A exp (-Ea/K,T),

where Ea is the activation energy which is expressed in electrons -volts which is determined

from the slope of the line of equation:
Ln(c,T) = (%ET“) +Ln (A)

A is the pre-exponential factor, Ky is the Boltzmann constant, and T is the temperature.
Assuming the Arrhenius type behavior of the conductivity, a plot of Ln (RT) versus 1000/T is
drawn in Fig. 14, (a) for (1) a discontinuity is observed separates two domains, one with an
activation energy of 0.24 eV and another with 1.21 eV above and (b) for (2) a break observed
at 408 K separates two domains, one with an activation energy of 4.04 eV below this
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temperature and another with 3.21 eV above, and this phenomena is attributed to phase
transition which is confirmed by the thermoanalytical measurements.

3.9. Mulliken population analysis

The Mulliken charge distribution of the cationic entity of the title compounds (Fig. S5),
obtained with the same method as above, is given in Tables S3. All atoms in the entity unit are
listed. The atoms of the organic molecule are numbered as follows:

H7
o
H9
\ C;/
ca \
~ N 11
H10™ C N N/le
N 6 TSHi13

For the cationic part, the atomic charge distribution shows that the azote cation, as depicted by
the Molecular Electrostatic Potential surface analysis, has a negative charge of -0.646 for the
full optimization. All hydrogen atoms carry positive charge.

For the carbon atoms, there are quite large fluctuations for the same atom (see for example the
C2 and C3 carbons) (Table S3) which are due to the different statement of the various entities

and which reflect the intermolecular interactions in the solid state.
3.10. Frontier molecular orbital analysis

In our study, we generally not focus on a comparison between the Molecular Orbitals (MOs)
but instead just take the MOs as a set of orbitals for the whole molecule. So we will always
focus simply on the electrons which are the most important. Indeed, there are the Highest
Occupied Molecular Orbital (HOMO) which is the highest energy MO that has any electrons
in it and the Lowest Un-Occupied Molecular Orbital (LUMO) is the next highest energy orbital,
it will be empty and is the lowest energy place to put or excite an electron. These orbitals play
an important role in chemical stability of the molecular edifice. The difference in energy
between the HOMO and LUMO is called the HOMO-LUMO gap. This latter between these
two frontier orbitals can be used to predict the strength and stability of transition metal
complexes and can tell us about what wavelengths the compound can absorb. A high gap

indicates a high stability of the molecule. Low gap energy is criterion of high conductivity. The
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figure representations of the (HOMO and LUMO) and the contribution of the organic and
inorganic units to these orbitals of Co(SCN)2 2(CsHsN2) and Ni(SCN)4 2(CsH7N2) are mapped
in Fig. 15 . The red and the green colors of the MO plot show the positive and negative phase,
respectively. It is observed that the highest occupied orbitals are localized on the organic cation
but the lowest unoccupied orbital's is located on the anionic part. The calculated energy gap
between the HOMO and LUMO is +4.12 eV and +3.16 eV respectively for (1) and (2).
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Fig. 15 : Frontier orbitals of (a) Co(SCN). 2(CsHeN2) and (b) Ni(SCN)4 2(CsH7N2)
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4. Conclusion

The synthesis and characterization of the novel coordination compounds, [Co(SCN)
2(CsHsN2)] (1) and [Ni(SCN)4 2(CsH7N2)] (2), has been described. For (1) the metal center was
found to be tetracoordinated with two atoms of 2-Amino pyridine and two NCS entities and for
(2) the metal center was found to be hexacoordinated with two 2-Amino pyridines and four
NCS through nitrogen bonds establishing an octahedral geometry. The intermolecular cohesion

is ensured by N-H...S hydrogen bonds and =-r stacking interactions.

Furthermore, Frontier molecular orbital analysis and molecular electrostatic potential map have
been calculated by using DFT method. Additionally, the optical properties were investigated
by absorption and photoluminescence measurements. It is found that the gap energy value of
the formed compounds is 3.62 eV for (1) and 2.17 eV for (2), in the light of this result, we are
able to predict that our finding is a semiconductor. Impedance and dielectric studies were
employed to investigate the electrical properties of (1) and (2) at ambient temperature.
Impedance study was confirmed that the ions relaxations are non-Debye in nature. Through
dielectric constant, it can be concluded that due to the rise of the number of charge carriers, the

conductivity is increased.

These results are a good indication that the nature of the metals used has an important effect on

the coordination compounds characterization.

Appendix A. Supplementary material

A CCDC Deposition Number 2061206 and 2061207 contain the supplementary
crystallographic data for (1) and (2). This data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic
Data Center, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or email:

deposit@ccdc.cam.ac.uk.
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