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Abstract

The title compound, [Ni(CsHgN)3]Cl2.2(H20), was synthesized by slow evaporation method at
room temperature. The structural study by X-ray diffraction indicate that this compound
crystallize in the triclinic system, P-1 space group with a=10.222(2) A, b=10.757(2) A,
c=11.441(3) A, =114.30(4)°, p=99.43(3)° and y=93.01(3)°. The structure is formed by the cation
[Ni(CsHsN2)3]?*, tow chloride anions and two molecules water of crystallization. The nickel (11)
atom is coordinated to six nitrogen donors from three neutral 2-AMP ligands, adopting a slightly
distorted octahedral geometry. The crystal structure is stabilized by strong hydrogen bonds of N—
H...Cl, O-H...Cl, C-H...Cl and n—= interactions to obtained three—dimensional network. The
newly prepared compound was characterized by XRD, Infrared, UV-Vis spectroscopy and
Hirshfeld surface (3D-HS) analysis. Vibrational analysis of the compound was realized by infrared
spectroscopy. The optical properties of the crystal were studied using optical absorption UV—
visible spectroscopy which confirmed the semiconducting properties by revealing a direct optical
band. Hirshfeld Surface projections and Fingerprint plots were elucidated the relative contribution
ofthe H...Cl, C...H, C...C, C...N, H...O intermolecular contacts in the crystal.

Keywords

Nickel (1) organic-inorganic materials; Crystal structure; Hirshfeld surface; XRD; Hydrogen
bonds.
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1. Introduction

Crystal engineering in recent years is the most area of research developed, which study the new
solids materials establish by the intermolecular attractions with specific structural topology design
and applications [1].The surge in the field of supramolecular chemistry is due to the several
capacities which offered in the fields of biological and materials sciences. The easy manipulation
of their assemblage process and prospective applications has been involved tremendous attention
to supramolecular systems for many years, not only in the field of chemistry but also physics,
materials and biological sciences, making this field a true interdisciplinary domain of research [2].
Complexation of transition metals with 2-(aminomethyl)pyridine (2-AMP) in aqueous solutions
has been extensively studied [3]. As a ligand the tow amino-methyl-pyridines can function as
bridging as well as chelating [4]. Recently much more attention has been paid to the study of
complexes formed by 2-aminopyridine with metal ions which have good magnetic properties,
biological activity, and structural diversity. These complexes can serve as pro-drugs such as anti-
tumor, antibacterial and anticancer agents [5]. The bi-functional organic amine 2-aminomethyl-
pyridine include a pyridine ring and an aliphatic amine group is an excellent choice as an organic-
inorganic synthesis model. It is used in large-scale industrial applications [6], it is also used for
analytical chemistry and medical detection [7]. In addition, some metal-pyridine coordination
compounds have been explored for the design of novel nonlinear optical materials [8].

In our paper, we report the synthesis of new coordination compound of nickel(1l) with 2-AMP.
The structure [Ni(CeHsN2)3]Cl2.2(H20) was determined by X-ray diffraction, identified by IR
spectroscopy and the Tauc plot method was also applied to determine the optical band gap from
UV-Vis diffuse reflectance spectroscopy. The intermolecular contacts in the crystal were
investigated by Hirshfeld surface (3D-HS) analysis.

2. Experimental
2.1. Materials and measurements
All reagents and solvents were obtained from commercial sources and used without further
purification, 2-(aminomethyl)pyridine (2-AMP) was obtained from Aldrich chemical. To gain
more information on the crystal structure, a vibrational study was undertaken. The absorption
spectroscopy FT-IR was measured in the 500-4000 cm™ range, by KBr pellet technique on a

Bruker FT-IR spectrophotometer. The UV-visible spectrum of title compound was measured with



Ellice SLe164 Double BEAM at room temperature in the range from 200 to 800 nm. The sample
was measured with the PANalytical Empyrean powder diffractometer equipped with a focusing
mirror and a PIXCel3D detector.

2.2. Synthesis of [Ni(CsHsN2)3]Cl2.2H20

The coordination compound [Ni(CsHsN2)3]Cl2.2H20 was prepared by mixing nickel(Il) chloride
hexahydrate (NiCl..6H20) (0.237g) and 2-amino-methylpyridine (CsHsN2) (1.049 g/mL) (purity
99 %) in water. The resulting solution was well stirred than kept at room temperature. After three
weeks, pink-violet crystals were formed. The slow evaporation allows the obtention of very high-
quality crystals of [Ni(CsHsN2)3]Cl2.2H20. A single crystal suitable for X—ray diffraction analysis
was selected and studied. The elemental analysis for [Ni(CsHgN2)3]Cl2.2H20 is : %C=44.12 ,
%H=5.76 , %N=17.15, %CIl=14.47 , %0=6.53, %Ni=11.98.

2.3. Crystallographic studies

A crystal of size (0.56x0.490.28 mm?) was selected for the structural analysis diffraction data
which collected at 298 K with Enraf-Nonius CAD4 automatic four-circle equipped with graphite
monochromator using Mo Ko radiation (1 = 0.71073 A) [9].

The hydrogen atoms bonded to the carbon atoms of the aromatic ring were placed by geometric
calculation, C-H = 0.93 A, N-H = 0.85 A. At this stage, an absorption correction by psi-scan [10]
was performed (Tmin= 0.882, Tmax= 1.000). In addition, the refinement of the anisotropic
parameters leads to confidence factors of the order of R(F?) = 4% and wR(F?) = 11.2%.

The results of the crystallographic data, the data collection conditions and the refinement of the
[Ni(CeHsN2)3]Cl2.2H20 structure are presented in Table 1.

The graphical illustrations of the structure were made using the CIF file, using the Diamond 3.0
program [11].

CIF file having complete information about the structure of dichlorotris(2-
aminomethylpyridine)nickel(1l) dihydrate, was deposited in the Cambridge Crystallographic Data
Center (1896844). The file is freely available upon request from the following web site:

http://www.ccdc.cam.ac.uk/data request/cif.



http://www.ccdc.cam.ac.uk/data_request/cif

Table 1. Crystallographic and structure refinement data of [Ni(CsHsN2)3]Cl2.2H20

Crystal data

Empirical formula

[Ni(CeHsN2)s]Cl2.2H20

Formula weight (g mol™?)

490.07

Temperature (K) 293

Crystal system Triclinic

Space group P-1

a(A), a(°) 10.222 (2), 114.30 (4)
b (A), B(°) 10.757 (2), 99.43 (3)
c(A), v(°) 11.441 (3), 93.01 (3)
V (A3 1121.1 (5)

Z 2

F(000) 512

Density calculated (Mg m™3) 1.452

Absorption coefficient (mm) 1.13

Independent parameters 376

Range for data collection Reflections collected Independent

emin = 2.00, emax = 29.00

Reflections collected-Independent

6638- 5948

Rint 0.021
R[FZ> 26(F9)] 0.035
WR(F?) 0.094
S (GOOF) 1.02

2.4. Hirshfeld surface analysis

Analysis of intermolecular interactions via Hirshfeld Surface—based tools is a major advance in
enabling supramolecular chemist to clarify the intermolecular interactions and to understand the
role of the organic base in structural propagation. The Hirshfeld surfaces [12] and their relative 2D
fingerprint plots [13] were drawn using CrystalExplorer 3.1 [14]. The quantifying and decoding
of the intermolecular contacts in the crystal packing are visualized using dnorm (normalized contact
distance) and 2D fingerprint plots were di (inside) and de (outside) represent the distances to the
Hirshfeld surface from the nuclei, with respect to the relative van der Waals radii. The dnorm Values
were mapped into the Hirshfeld surface using a red; white, blue color scheme as follows: closer

contacts and the negative dnorm Value represents the red regions; contacts around the van der Waals
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separation represents the white areas , the longer contacts and the positive dnorm Value represents

the blue regions.

3. Results and discussion

3.1.Description of the structure

The crystalline structure of dichlorotris(2-aminomethylpyridine)nickel(ll) dihydrate reveals the
presence of cation complex [Ni(CeHsN2)3]?*, two chloride anion and two molecules water of

crystallization. The constituents of the asymmetric unit are shown in the Fig. 1.

T

Fig. 1. The asymmetric unit of [Ni(CsHsN2)3]Cl..2H20.

The Ni(ll) ion chelated by the 2-aminomethyl-pyridine ligand (2-AMP), the octahedral geometry
is completed by three equivalents of the AMP base. Ni(ll) deviates from the plane defined by six
nitrogen atoms leading to an octahedral with the Ni-N distances equal to Nil-N1 =2.108(17); Nil-
N2 =2.118(19) A; Ni1-N3 = 2.106(18) A; Ni1-N4 = 2.099(19) A; Ni1-N5 = 2.092(19) A; Ni1l-
N6 = 2.109(2) A which indicate a leger distorted octahedral geometry (Table 2) which are similar
to those in [Fe(py)4Cl2], (py is pyridine) 2.229(6)A and 2.257(4)A but are slightly longer than
found in literature [16]. The bite angle N1-Ni-N6 is equal to 79.610 A, the measuring angle of N2-
Ni-N5 is 78.482 A, the bite angle N3-Ni-N4 value is 80.295 A, which confirms the distortion of
the octahedral. A similar configuration of the [Ni(CsHsN2)s]** cation was also found in agree with
the published data [15].



In this structure, the average values of the distortion parameters of the cation [Ni(CsHsN2)s]?>* are
calculated using the following equations:

ID (Ni-N) = 1/6 (Z|d; — d.,l/d ) ID (N-Ni-N) =1/12 (X |a;— amllay) 1)
where aiis the (N-Ni-N) angle, dithe (Ni-N) distance, m the average values and ID (Ni-N)=0.0284
and ID(N-Ni-N)= 0.0164. The values of the distortion indices indicate that the coordination
geometry of the metal is slightly distorted octahedral.

Table 2. Ni-N distances and bond angles in the NiN6 octahedron

Distance Ni-N (A)
Ni-N1=2.1081(17)

Angle N-Ni-N (°) NiNs
N5-Ni-N4=94.82(8) N1-Ni-N2=96.20(8)

Ni-N2=2.1183(19)
Ni-N3=2.1067(18)
Ni-N4=2.0995(19)
Ni-N5=2.0927(19)
Ni-N6=2.1088(2)

N4-Ni-N3=80.30(8)
N3-Ni-N1=95.36(7)
N5-Ni-N6=96.66(8)
N3-Ni-N6=91.01(8)
N4-Ni-N2=90.35(8)

N5-Ni-N1=90.26(8)
N6-Ni-N2=173.64(7)
N4-Ni-N6=94.18(9)
N5-Ni-N2=78.48(7)
N3-Ni-N2=94.16(7)

<Ni-N>=2,1056(2)

The detailed study of the hydrogen bonds of the compound [Ni(CsHsN2)]3Cl2.2(H20), has
demonstrated the existence of two types of intermolecular interactions: N-H...Cl and O-H...CI (Fig.
2.) and (Fig. 3.).

Fig. 2. N-H...Cl interactions in the (001) plane
in the structure of [Ni(CsHgN2)3]Cl..2H20.

Fig. 3. O-H...Cl; N-H...O interactions in the (100)
plane in the structure of [Ni(CsHsN2)3]Cl2.2H-0.



In the crystal structure, the cation complex [Ni(CsHsN2)s]?*, the chloride anions and the water
molecules of crystallization are linked through N-H...Cl, N-H...O and O-H...Cl hydrogen bonds
to form a 3D supramolecular architecture (Fig. 4).

NI
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Fig. 4. 3D hydrogen-bonded supramolecular network formed by hydrogen bonding interactions
(Hydrogen bonds are represented by dashed lines).

Table 3. Specified hydrogen bonds (A) and angle (°) of [Ni(CsHsN2)3]Cl2.2H,0

D-H d(D-H) d(H..A) <DHA d(D.A) A
C7-H2 0.926 2.816 167.45 3.725 CI2
C7-H4 0.992 2.837 167.54 3.811 CI2
N5-H5 0.907 2.428 154.04 3.267 CI2
C14-H6 0.942 2.662 122.69 3.268 N1
N5-Hg' 0.852 2.538 169.67 3.380 Cl1
C8-H12" 1.004 2.853 151.16 3.763 CI2
N6-H13" | 0.859 2.760 154.95 3.557 CI2
N6-H14 0.900 2.292 167.79 3.135 owl
C15-H15" | 0.942 2.559 139.36 3.485 owl
C12-H16" | 1.024 2.756 119.17 3.595 Cl1
C5-H17" 0.924 2.627 121.97 3.214 ow2
N4-H19 0..883 2.748 153.03 3.557 Cl1
Owl-H23 | 0.760 2.481 166.13 3.224 CI2
Owl-H24"T | 0.886 2.437 166.37 3.304 ci1
N4-H26"" | 0.893 2.427 172.17 3.315 CI2
Ow2-H28 | 0.846 2.373 156.83 3.168 CI2

Symmetry codes : ' [ -x+1, -y+1, -z+1 ], T [ X, y+1, 2], i1 [ -X+1, -y, -z+1], V[ -x+2, -y, -z+1 ],V [ -x+2, -y+1, -z+1 ],
VI -x+1, -y+1, -z+2 ], Vi [ X, y-1, 2 ], I [ -x+1, -y, -z+1].



As it shown clearly from Fig. 5, the two neighboring
anti-parallel organic cations are linked together
through the aromatic—aromatic interactions with
3.930A distance between two pyridine rings and piled
each other by turns in face to face. The two adjacent
cationic dimers [Ni(CsHsN2)3]?*, ensure the cohesion
of the crystal structure in the sub-network by the n-n

interactions between the aromatic rings.

Fig. 5. The cycle stacking interaction.

3.2. The experimental XRPD pattern
The XRPD pattern of the compound have been analyzed to confirm the homogeneity of the
synthesized material and the result was correlated with the powder pattern obtained from the single
crystal XRD data simulation Fig. 6. The experimental XRPD pattern corroborate well with the
corresponding powder pattern simulated from single crystal data and prove the purity phase of the
bulk product. Phase purity was further confirmed by comparing the unit cell parameter obtained

from single crystal XRD data and the same calculated from XRPD data.
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Fig. 6. Experimental and calculated diffractograms of [Ni(CsHsN)3]Cl..2H20.



3.3. Hirshfeld surface calculations

In addition to the structural investigation of the title compound, the Hirshfeld Surfaces has been
illustrated. The 3D-HS surface of the studied complex is showed in Fig. 7. The volume of contact
surface is equal to 552.14 A3, with a contact area of 450.87 A2,

Fig. 7. 3D Hirshfeld surface mapped over dnorm for visualizing the molecular interactions of
the studied complex. The surface is shown as transparent to allow visualization of the
orientation and conformation of the functional groups.
The large and deep black spots on the dnorm 3D-HS indicate the O...H/H...O and N...H/H...N
close contacts interactions, which are mainly responsible for the significant O-H...CI, N-H...O

and N-H...Cl hydrogen bonding interactions, respectively.

The two-dimensional fingerprint plots (2D-FP) showing the distinct kinds of intermolecular
contacts are represented in Figure 8. The 2D-FP of CI...H/H...Cl (21.1%) (Fig. 8a) and the
O...H/H...O contacts have contributed in the 2D-FP with a minor percentage equal to 7.4% (Fig.
8b). The C...H/H...C (14.8%) (Fig. 8c) contact appear as a symmetric spike form which confirms
the presences of n-r interactions equal to 3.930 A. As well, the H...H contacts appear in the middle
of the scattered points in the 2D-FP with 54.9% of the total surface (Fig. 8d). This higher
percentage of contribution is due to the higher proportion of hydrogen in the aromatic Ligand and
the easy interactions between hydrogens atoms of the aminomethylpyridine of one molecule with
the neighboring molecule. The results discussed above have the most significant contribution to
the total Hirshfeld surface, but the analysis shows the existence of other weak intermolecular

contacts which contributes to the vander vals interactions.
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Fig. 8. 2D Fingerprint plots of the studied complex resolved into Cl...H/H...Cl (a),
C...H/H...C (b), H...H (c), and O...H/H...O (d) contacts showing the percentages
participations to the total Hirshfeld surface area.

The void surface is reported by Crystal Explorer, in the crystal structure of dichloridetris(2-
aminomethylpyridine)nickel(1l) dihydrate the void surface is based on the sum of spherical atomic
electron densities at the appropriate nuclear positions [15].The crystal-void calculation (results
under 0.002 a.u. isovalue) shows the void volume of title compound which is equal to 120.26 A°3
and surface area in the order of 404.92 A°2. The calculated porosity of 10.72% confirms that the
cavities are not large. The electron-density isosurfaces are not completely closed around the
components but are open at those locations where interspecies approaches are found, e.g. O-
H...CL

10



Fig. 9. The voids in the crystal structure of dichlorotris(2-aminomethylpyridine)nickel(Il)
dihydrate.

3.4.Spectroscopy IR

Infrared Spectroscopy technique was used to identify the functional groups of the crystal structure.
The infrared absorption spectrum of [Ni(CeHgN2)3]Cl2.2(H20) is shown in Fig. 10. In the IR
spectrum intense absorption band of water-crystallization molecule is observed between 3420 and
3640 cm. The typical stretching vibrations of NH2, NH, and CH- are located between 2900 and
3300 cm™*. The asymmetric and symmetric stretching mode of NH: are found as very weak bands
located respectively at 3326 and 3208 cm™. The elongation modes v(C=C), v(C=N), v(C-C) and
v(C-N) of the organic unit are observed in the region of 1610-1171 cm™. The bands at 1290, 980,
880, 730,500 and 465 cm™ are related to the vibration in the plane and out of the plane of elongation
of C=N-C, C=C-C and C-C=N. The bands detected at 1303 and 1241 cm™ in the infrared spectrum
are attributed to the stretching modes of the C-NH2 bonds. The Ni—N stretching vibration is found
at 620 cm™. These assigned absorption bands in the infrared spectrum of nickel complex are in

agreement with previous complexes in the literature [3,4].
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Fig. 10. Infrared spectrum of the [Ni(CsHsN2)3]Cl2.2(H20) complex.

3.5.0ptical properties

The optical properties were studied by measuring the diffuse reflectance. The UV-vis spectrum is
realized on solid-state sample at room temperature (Fig. 11). The absorption spectrum of
dichlorotris(2-aminomethylpyridine)nickel(11) dihydrate is consist by two bands. The strongest
band appear in the 200-300 nm region, is primarily due to ligand to ligand charge transfer (LLCT)
attributed to transition states of 2-AMP, the absorption band observed at 268 nm describe the small
contribution from metal to ligand charge transfer (MLCT) [16], whereas the reported values in
literature are in the range of 200-400 nm which attributed to ligand to ligand charge transfer
(LLCT) with a small contribution from metal to ligand charge transfer (MLCT) [4]. In addition, a

weak band appear in the 500-800 nm region which can be attributed to the d—d transitions of metal
transition [17].

12
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Fig. 11. Diffusion reflectance spectrum of dichlorotris(2-aminomethylpyridine)nickel(I1)
dihydrate at room temperature.

The band gap energy determination depends on a linear part of the spectrum. This region of high
absorption corresponds to the fundamental absorption (I < 300 nm), resulting from the inter band
electronic transition. The gap energy can be defined as difference of energy between the lowest
conduction band free of electrons and the highest valence band maximum filled with electrons that
is related to the electric conductivity of the materials [18]. Using the Kubelka-Munk (K-M) (2)
model and the Tauc methods (3) the band gap energy (Eg) of the compound can be determined.
The K-M method is expressed by the equation (2) [19,20,21]:

1-R)?
FR) =5~ . F(R). =3 @
where: Rq: diffuse reflectance of light

a: absorption coefficient of light

S: diffusion coefficient of light
According the theory of Tauc and Abeles the optical band gap was determined using relation (3)
(ahv)* = A(hv — Eg)" 3)

a: absorption coefficient
hv: energy of the incident photon
h: Planck’s constant (J.s), v: light frequency (s?)

A: absorption constant

13



Eg: optical gap energy (eV)

n: a constant that takes different values depending on the type of electronic transition, for an
indirect allowed transition n is equal to 2, (plotted as (F(R) hv)*/? versus E and n is equal to 1/2
for a direct allowed transition (plotted as (F(R) hv)? versus E. The K-M method can be used as a
standard model to determine the optical gap for organic-inorganic semiconductors [22].

The Egvalue was obtained by extrapolating the slope to (F(R) hv)™ equal to zero. The direct and
indirect transitions (Fig. 12) for the compound show a band gap values equal to 1.30 and 1.64 eV,
respectively. As reported in the literature [26], the lower optical band gap of the material is

incredibly significant in applications of electronic and optoelectronic devices.
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Fig. 12. Tauc Plots of (F(R) hv)/? versus E (a) and (F(R) hv)?versus E (b) of dichlorotris(2-
aminomethylpyridine)nickel(1l) dihydrate.

4. Conclusion

In summary, a novel coordination complex [Ni(CsHgN2)3]Cl2.2(H20) formed by nickel with the 2-
aminopyridine ligand has been successfully synthesized at room temperature by slow evaporation.
This compound belongs to the triclinic system with the P-1 space group and characterized through
single-crystal X-ray diffraction, IR and UV-Vis diffuse reflectance spectroscopy. The crystal
structure of dichlorotris(2-aminomethylpyridine)nickel(1l) dihydrate is stabilized by N-H...Cl, O-
H...Cl and N-H...O hydrogen bonds. Moreover, 2-amino-methlpyridine shows a n-m interaction
adding extra stability to the three-dimensional architecture. Vibrational study has been carried out

to identify the functional groups present in the crystal and the gap energy values equal to 1.30 and

14



1.64 eV confirmed that this compound can be classified as semiconductor which can be used in

electronic and optoelectronic applications.
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