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Abstract: Four Ni-phen complexes were prepared and characterized by FTIR and thermal analy-
sis. The X-ray structure determination shows that the geometry around Ni'' ions in complexes 1,
[Ni(phen), (H,O)(ONO;)I(NO3); 2, [Ni(phen);(H,O)CIICL; 3, [Ni(phen)(CH3CN)(ONO,)(O,NO)]
and 4, [Ni(phen)3](NO3),.H,0.C,H50H is considerably distorted octahedral. The coordination core
geometries in 1, 2, 3 and 4 are NiN4O,, NiN4OCI, NiN3O3 and NiNg, respectively. The crystal
packing and crystal supramolecularity analysis of the complexes reveal the importance of aryl---aryl
interactions, and both offset face-to-face (OFF) and edge-to-face (EF) motifs are dominant. Hydrogen
bonding interactions in these structures reinforce aryl---aryl interactions. FTIR proved the coordi-
nation of M-N and M-Cl as well as the presence of nitro groups in the complexes, while thermal
analysis revealed that the loss of water, chloro and nitro groups occurred before the degradation
of phenanthroline ligand in the complexes. DFT study indicates that a strong correlation exists
among theoretical and experimentally determined geometric parameters with distorted octahedral
geometry. The charge density in HOMO is localized on the metal halogen bond and nitrate group
(NO3 ™), whereas the LUMO cloud density is mainly distributed on the phen ring, which indicates
the electroactive nature of the ring.

Keywords: Ni—phen; crystal structure; OFF and EF interactions; thermal analysis; FTIR; DFT

1. Introduction

Ortho-phenanthroline or 1,10-Phenanthroline (phen) is a tricyclic, aromatic, N-hetero-
cyclic organic compound. In coordination chemistry, phen is a well-known classic bidentate
ligand mostly formed from complexes of type [M(phen);]X; when treated with metal
halides (where M is metal and X is halide) [1]. Moreover, phen is a versatile building block
for the construction of ligands for various purposes [2].

The coordination properties of phen are similar to 2,2'-bpy. According to Teng, Q.
and Huynh, H. [3], 2,2"-bipyridine (bipy) binds metals more tightly than phen since their
chelating N-donor’s atoms are preorganized. The crystal structures of several Ni(Il)-
phen complexes showed six-coordinated complexes of Ni(Il) with phen. In the com-
plex [cis-Ni(phen), C1(H,0)]C1.H,O.C,Hs0H, a cis configuration of phen was observed.
The molecule was incorporated with one chloride and one water molecule, whose po-
sitions they can interchange in or out of the coordination sphere; so, a complex of type
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[cis-Ni(phen),(H,0),]Cl, C;HsOH is possible, as well [4]. The crystal structure of {[cis-
Ni(phen),Cl(H,O)] [cis-Ni(phen), (H,O),]} (PFg)3.4H,O combines two nickel complexes
but with different substitution groups as an evidence of metathesis ionization isomerization.
The dimeric complex [Ni(phen), (u-Cl)]»(PFg),.2(CoHs),O in which the chloride bridges two
different metal ions is typical, and similar structures of the formula Ni(phen),(u-Cl)o M(L)x
have been reported [5]. The ligation of solvent in the coordination sphere of Ni(Il) is shown
in the example [cis-Ni(phen), (AN),](PFs), (where AN is acetonitrile solvent); however, the
addition of phen to this complex produces [Ni(phen)3](PFg)2, which crystallizes as one and
two complexes in one unit cell [4]. In general, the crystallization of Ni(II) with phen could
result in one, two or three phen-containing complexes, depending on many factors, as it is
in various inorganic coordination states. The ligand type, solvent, method of synthesis, etc.,
all are important factors in this course.

The light-blue crystals [Ni(phen), (H,O)Br]Br.3H,O with pseudo-octahedral geometry
with a cis arrangement of Br and H,O and the light-red crystals [Ni(phen);]Br,.8H,O with
disordered bromide anions were prepared and characterized [6]. The crystal structure of
[Ni(1,10-phenanthroline), (H,O);](NO3); showed a remarkably complicated 3D hydrogen-
bonding supramolecular assembly that simplified upon heating [7]. Other structures were
synthesized with tetrahedral counter anions: [Ni(1,10-phen),(H20)2](C1O4),.0.4H,0 [8],
[Ni(1,10-phen),(H,0);](SO4).5.6H,O [9] and [Ni(1,10-phen), (H,0),](ZnCly).H,O [10].

Both bipy and phen are nitrogen heterocycles and are among the most widely utilized
chelate ligands in coordination chemistry. Although they have a very similar structure,
there is a difference in their chelating ability due to the different geometry of the free
molecules [11,12]. The chelating nitrogen-donor atoms of 2,2'-bipy are more preorganized
than those of phen, leading to better binding with metal ions [3].

In the complex cis-[Ni(NCS),(bipy)2], the central Ni(II) ion is six-coordinated in a
distorted octahedral environment defined by four N atoms from two chelating bipy ligands
and two mutually cis-positioned N atoms from two SCN™ anionic ligands [13].

An evaluation of the competitive complexation between bipy and phen with man-
ganese ion, Mn(Il), using the collision-induced dissociation (CID) mass spectroscopy
method revealed a preferential elimination of bipy first, indicating its weakening liga-
tion to this metal [14]. Reyzer et al. have examined the ability of multidentate ligands to
displace other pyridyl ligands in a metal complex. The results showed that the order of
binding strength in the gas phase followed the trend: 4,4’-bipy < 2,2’-bipy < phen [12].
However, a series of 4,4’-bipyridne complexes with perchlorate counter ions have been
prepared: [Ni (4,4-bipy)s (H20),]1(ClOy4),-1.4 (4,4’ -bipy)-3(H,0);[Co (4,4"-bipy)s3(H,0)2]
(ClOy4),-1.4(44"-bipy)-3(H,0);[Cu (4,4'-bipy)3(DMSO),](ClO4)2-2(4,4'-bipy) [15].

Niphen complexes, when pyrolyzed under nitrogen, are expected to act as a catalyst for
the preparation of nickel graphite nanocarbon as found in the case of the pyrolysis of Ni(2,2’-
bipyridine)Cl,. HyO [16]. Thus, in this present work, we have synthesized four nickel
phenanthroline complexes by using the three-layer diffusion method with varying nickel
salt, solvent nature and a mole ratio of nickel ion to phen ligand. The octahedral complexes
of the four crystals, compounds [Ni(phen),(H,O)(ONO;)](NOs) 1, [Ni(phen),(H,O)CI]C1
2, [Ni(phen)(CH3CN)(ONO,)(O,NO)] 3 and [Ni(phen)s](NO3),.H,O.C,H50H 4 were
characterized by single X-ray diffraction and supported by thermal analysis, FTIR and
DFT computation.

Thus, the combination of nickel metal ions and phenanthroline ligand in the four
new complexes with the formula 1, 2, 3 and 4 can be used as a catalyst for the prepara-
tion of nickel graphite nanocarbon since cobalt phen sulfate [Co(phen)(H;0)4]504.2H,0
complex [17] behaved as a catalyst in the pyrolysis experiment to prepare cobalt graphitic
nanocarbon. Further support is that Co(tph)(2,2-bipy)-4H,O [18] and Co(2,20-bipy)Cl; [19]
were used as a precursor catalyst in the pyrolytic preparation of cobalt hierarchical nanocar-
bon with an application as an electrochemical sensor for urea and fructose, respectively.

In addition, nickel graphitic nanocarbons that can be obtained from the pyrolysis
of Niphen complexes can act as a catalyst for the hydrogenation of nitrophenol. This
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is supported by a recent work where cobalt hierarchical graphitic nanocarbon prepared
from the pyrolysis of [Co(phen),Cl;]1.5CH3CN complex acted as an efficient reduction
catalyst of p-nitrophenol [20]. In addition, nickel nanoparticle carbon microspheres were
successfully applied for the reduction of p-nitrophenol [21].

2. Experimental
2.1. Synthesis

All chemicals used are of high quality and used as purchased from Sigma-Aldrich.

A diffusion method with three layers in a test tube was employed for the preparation
of four complexes (1-4). The three layers were prepared as shown in the following Table 1.
Layer 1 consisted of nickel salt (1 mmoL) dissolved in 5 mL of the appropriate solvent. Then,
5 mL of solvent (layer 2) was carefully added dropwise on the top of layer 1. Phenanthroline
ligand (phen) (x mmol) dissolved in 7 mL of the solvent was added, carefully forming
layer 3. The tube was then covered with paraffin paper and left for slow diffusion and the
reaction of solutes. Crystals of complexes 1 (violet), 2 (green) and 4 (pink) were obtained
after 2 months, 1.5 months and 1 month, respectively, while blue crystals of complex 3 were
obtained after only one week.

Table 1. Preparation of the listed complexes 1-4 by a three-layer diffusion method. Amounts of

reagents and volume of solvents.

Layers
Complex No.
Lower Middle Upper
. M o Gy ECOH (SmL) B8 (7mL)
NiCl,.6H,O (1 mmol) ) Phen (2 mmol)
2 [EtOH + CHClj3 (1:1)] [EtOH -(FSCHI:ILC)IB’ (1] [EtOH + CHClj3 (1:1)]
(5mL) (7 mL)
: ez
3 3
Ni(NOj3),.6H,O Phen (3 mmol)
4 EtOH (5 mL) EtOH (5 mL) EtOH (7 mL)

The infrared spectra of 1-4 were recorded on a Shimadzu 8300 FTIR spectrophotometer
in the range of 200-4000 cm !

2.2. FTIR Vibration cm ™1

Complex 1: 3284.2, 3141.5, 3069.4, 1635.4, 1585.2, 1511.9, 1415.5, 1388.5, 1294.9, 1140.7,
1098.1, 1028.0, 842.5, 720.6, 642.7, 580.1, 530.3

Complex 2: 3744.1, 3047.0, 2296.9, 2357.7, 2225.5, 2154.1, 1997.9, 1773.0, 1659.2, 1569.2,
1508.0, 1420.4, 1104.6, 1047.2, 939.2, 852.7, 769.5, 726.5, 672.6, 553.5, 534.5, 526.5

Complex 3: 3502.7, 3228.3, 3070.2, 2331.6, 1633.1, 1589.1, 1455.7, 1300.4, 1141.4, 1027.9,
847.2,722.4,561.7

Complex 4: 3307.4, 3396.1, 3052.8, 3020.4, 3006.5, 2355.1, 1586.4, 1514.1, 1415.9, 1326.8,
1278.6,1215.1, 1139.8, 1080.5, 1041.0, 977.7, 842.3, 800.5, 718.9, 641.9, 603.1, 565.7

Differential Thermal Analysis (TG-DTA) of the complexes 1-4 was conducted using
a Setaram Labsys Thermal Analyzer within the 30-1100 temperature range under dry
nitrogen gas flow at a rate of 10 °C/min in a chamber with a cooling water flow rate
of 10 dm?.

2.3. X-ray Structure Determination

Single crystals of compounds 1, 2, 3 and 4 were obtained from the appropriate reaction
mixture at room temperature using the three-layer diffusion method. Data were collected on
a Bruker APEX-II D8 Venture area diffractometer equipped with graphite monochromatic
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Mo Ko radiation, A = 0.71073 A at 293 (2) K. Cell refinement and data reduction were
carried out by Bruker SAINT. SHELXT [22,23] was used to solve the structure. The final
refinement was carried out by full-matrix least-squares techniques with anisotropic thermal
data for non-hydrogen atoms on F. CCDC 1870131, 1860200, 1860201 and 1870142 contain
the supplementary crystallographic data for crystals 1, 2, 3 and 4, respectively, which
can be obtained free of charge from the Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif (accessed on 25 March 2023). Crystallographic data
and structure refinement details for the determination of 1, 2, 3 and 4 are summarized
in Table 2.

Table 2. Crystallographic data and details of the structure determination of 1, 2, 3 and 4.

Identification Code

1 2 3 4
CCDC Number 1870131 1860200 1860201 1870142
Chemical formula C24H17N6NiO7 C24H17C12N4Ni0 C14H11N5Ni06 C38H30N8Ni08
Mr 560.14 507.02 403.99 785.39
Crystal system, space group Monoclinic, P21 /n Triclinic, P-1 Monoclinic, P2; /¢ Triclinic, P-1
Temperature (K) 293 293 293 293
a(A) 12.8433 (12) 9.6283 (9), 7.3081 (5) 10.9832 (10)
b (A) 12.7849 (10) 11.3616 (12) 14.1152 (9) 12.9050 (12),
c(A) 15.3264 (14) 12.8315 (13) 15.5505 (10) 13.9599 (14)
x (%) 65.101 (3) 81.982 (3)
B(° 112.344 (3) 84.546 (3) 95.725 (2) 76.578 (3)
7 () 79.794 (3) 67.807 (3)
V (A?) 2327.6 (4) 1252.7 (2) 1596.12 (18) 1779.1 (3)
z 4 2 4 2
Radjiation type Mo Ka Mo K Mo Ka Mo K
i (mm~1) 0.89 1.01 1.26 0.61
Crystal size (mm) 0.49 x 0.21 x 0.13 0.18 x 0.14 x 0.11 0.62 x 0.19 x 0.15 0.23 x 0.17 x 0.15
Tmin, Tmax 0.858, 0.906 0.785, 0.853 0.834, 0.867 0.834, 0.876
No. of measured reflections 66913 34226 41838 22519
Independent reflections 8530 9142 7770 8011
Observed reflections [1 > 20(I)] 4055 4358 3360 4461
Rint 0.170 0.121 0.131 0.083
R [F? > 20(F?)] 0.069 0.088 0.075 0.064
wR (F?) 0.155 0.293 0.158 0.195
S 1.02 1.09 1.01 1.00
No. of reflections 8530 9142 7770 8011
No. of parameters 347 293 247 482
No. of restraints 0 0 0 0
H-atom treatment a mixture of independent and constrained constrained
APmax, Apmin (e A7) 0.51, —0.72 1.77, -0.77 0.52, —0.55 0.65, —0.53

3. Results and Discussion
3.1. Synthesis of Crystals

Because of the high stability constant of the Niphen complex, the synthesis of these
complexes from nickel salts and phenanthroline results in fast precipitation of the product
as powder, and thus it is difficult to obtain single crystals. We have adopted in this present
work a three-layer method for the preparation of complexes that can provide the slow
diffusion of ligand and metal salts from two different layers to form the complex in an
intermediate layer.

The four crystals, compounds 1, [Ni(phen),(H,O)(ONO,)[(NO3); 2, [Ni(phen), (H,O)CI]Cl;
3, [Ni(phen)(CH3CN)(ONO,)(O;NO)] and 4, [Ni(phen)3](NOs3),.H,O.C,HsOH were grown
from reaction medium, as described in the experimental section (Table 1) and presented in
Scheme 1, into adequate sizes for single crystal X-ray diffraction analysis (SCXRD). Crys-
tals were slowly grown from the three layers containing Ni(NOj3),.6H,O or NiCl,.6H,O
solution/solvent/Phen ligand. Variation in the solvents EtOH, CHCl; and CH3CN, and
the molar ratio of the two components Ni ion and phen ligand, afforded various crystals
(1-4). The duration of crystal growth ranged from 1 week to 2 months.
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[Ni(phen),(H,0)(ONO,)|(NO3)

2 phen Violet crystals (1)
EtOH
2 months
1 phen
Ni(NO3),.6H,O [ > [Ni(phen)(CH;CN)(ONO,)(0,NO)]
CH;CN
Bl tal
1 week ue crystals (3)
3 phen
EtOH
[Ni(phen)3](NO;),.H,0.C,H;OH
1 month
Pink crystals (4)
2 phen
NiCl,.6H,O . > [Ni(phen),(H,0)CI1]|Cl
EtOH/CHCI; Green crystals (2)
1.5 months

Scheme 1. Synthesis of the complexes 1, 2, 3 and 4.

3.2. Molecular Structure of Crystals

The molecular structure of compounds 1, [Ni(phen),(H,O)(ONO;)](NOs3); 2, [Ni(phen),
(H,O)CI]Cl and 4, [Ni(phen)3](NO3),.H,O.CoHsOH are depicted in Figure 1. It contains
one mono cation Nill complex, one counter anion (nitrate in 1, chloride in 2) and two nitrate
counter anions in 4, while complex 3, [Ni(phen)(CH3CN)(ONO;)(O,NO)] is constructed
of one neutral complex. The geometry of the Ni'l atom is distorted octahedral with d®
electronic configuration in all complexes. In 1, the coordination geometry is NiN4O,, which
is constructed from two bidentate phenanthroline (phen) ligands—one water molecule and
one nitrato ligand—whereby the nitrato ligand acts as a monodentate ligand (n!-ONO3).
Compound 2, [Ni(phen),(H,O)CI]CI consists of two bidentate phen ligands— one water
and one chloro ligand in a NiN4OCl core. In Complex 3, Niions are bonded to one bidentate
phen and one each of acetonitrile, bidentate (n?-O,NO) and monodentate (n'-ONO,) nitrato
ligands in NiN3O3 coordanation geometry, while in 4, three bidentate phen ligands are
bonded to Ni ions with a NiNg core. Selected bond lengths and angles are gathered in Table
51 (see supporting information). The Ni—N(phen) and Ni—O(NOj3) bond distances are
typical values of related Ni—phen [24-26] and Ni—N(NO3) [27] complexes.
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(b)
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Figure 1. Cont.
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(c)

Figure 1. ORTEP diagram of complexes: (a) 1; (b) 2; (¢) 3 and (d) 4. Displacement ellipsoids are
plotted at the 40% probability level for non-H atoms.
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3.3. Supramolecular Features

The crystal lattice of 1 is columnar along the b-axis, as illustrated in Figure 2. The
[Ni(phen),;(H,O)(ONO;)]* ions occur in chains along the b-axis, forming cavities that are
occupied by the nitrate counter anions. Within each chain, the molecules are assembled,
along the b-axis, through offset face-to-face (OFF) aryl---aryl interactions of phen ligands
(Figure 3). The OFF motifs are evident by the centroids’ separation distance of the rings
(N2/C7-C11) Cg1---Cg2 (N3/C13-C16/C24) of 3.760 A. The cavities formed in the chains
are occupied the nitrate counter anions. The nitrate ions add extra stability by hydrogen
bonding to the hydrogen atoms of phen (1)C—H groups, forming (m)C—H-:--ONO; inter-
actions, as shown in Figure 3. Hydrogen-bonding geometrical details are listed in Table 3.

Table 3. Hydrogen bond parameters (A, °) in complexes 1-4.

D—H.--A
O7W—H10W---05
C21—H21A.--03!

D—H---A
01—H101---CI2!
C3—H3A---Cl1i

C15—H15A...Cl2iii

D—H-.--A
C1—H1A.--O2
C2—H2A.---02t
C3—H3A..-03t
C8—HS8A.---O4ill

D—H-.--A
C2X—H2XA---O7W
C1—H1A---O7W!
C2X—H2XC---03
C3—H3A---O5!
C5—H5A.---O4i
C8—HBSA..-O1iil
C9—H9A.---01
C13—H13A.--06Y
C18—H18A..-04"i
C20—H20A.--O7WMi
C22—H22A.--O5!
C22—H22A---06!
C27—H27A.--O6vH
C30—H30A---O1Vi
C33—H33A..-03tl

Complex 1
D—H H---A D---A
0.65 (4) 2.09 (4) 2.693 (4)
0.9300 2.5300 3.230 ()
Symmetry codes: (i) x — %, -y+3/2,z- %
Complex 2
D—H H---A D---A
0.85 (10) 2.37 (10) 3.166 (5)
0.9300 2.7400 3.595 (6)
0.9300 2.8200 3.714 (7)
Symmetry codes: (i) —x, =y +2, —z+ 1; (ii) —x+ 1, =y + 1, —z + 2; (iii)) —x, -y +1, —z + 1.
Complex 3
D—H H---A D---A
0.9300 2.5200 3.064 (4)
0.9300 2.3000 2.949 (5)
0.9300 2.5500 3.258 (3)
0.9300 2.5100 3.332 (4)
Symmetry codes: (i) x, =y —-3/2,z - %; (i) —x+1, —y-1, —z-1; (iii)) —x+ 2,y + %, —z—
Complex 4
D—H H---A D---A
0.9800 1.9400 2.814 (8)
0.9500 2.5200 3.310 (7)
0.9800 1.9200 2.806 (9)
0.9500 2.2700 3.148 (9)
0.9500 2.5900 3.498 (8)
0.9500 2.5700 3.457 (9)
0.9500 2.5200 3.463 (8)
0.9500 2.5000 3.223 (7)
0.9500 2.4400 3.319 (9)
0.9500 2.5400 3.379 (9)
0.9500 2.3800 3.068 (9)
0.9500 2.5800 3.349 (7)
0.9500 2.4300 3.256 (6)
0.9500 2.4800 3.345 (9)
0.9500 2.5600 3.407 (7)

1

5-

D—H---A
156 (5)
132.00

D—H---A
157 (7)
153.00
161.00

D—H---A
117.00
126.00
133.00
148.00

D—H.---A
147.00
141.00
149.00
153.00
160.00
155.00
174.00
133.00
153.00
147.00
129.00
138.00
145.00
152.00
149.00

Symmetry codes: (i) —x+2, -y +1, —z+ 1; (ii))x+ 1, y-1,z (iii)x, y-1,z (iv) -x+2, =y +1, =z, (v) —x+1, -y +1, —z+ 1;
vi)x+1,y,z (vil) x+1,y,z-1; (viii) —x+ 3, =y + 1, —z.
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Figure 2. A down view of the b-axis showing the crystal packing of 1, in which the cations are

arranged in chains of [Ni(H,O)(ONO,)(phen),]* ions (one chain is highlighted) parallel to the b-axis

The cavities between chains are occupied by nitrate counter anions green circles. Hydrogen atoms

clarity.

omitted for

not involved in interactions are

Figure 3. Cont.
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Figure 3. One chain of [Ni(phen),;(H,O)(ONO,)]* ions in 1, parallel to the b-axis. Top view shows
ball and stick presentation of the OFF motifs, which are indicated by Ni---Ni green rods (7.141 A).
The nitrate counter anions are located in the cavities and hydrogen bonded to cationic complexes
(red dashed lines). Down view shows the same view of the chain but in space-filling presentation.

The packing of complex 2 contains alternating slabs of [Ni(phen),(H,O)Cl]* cations and
chloride counter anions (Figure 4). Each slab of cations is constructed of embraced cations,
whereby a pair of cations is involved in the parallel fourfold aryl embrace (P4AE) [28,29]
parallel to the g-axis (Figure 5). The PAAE motif (Ni---Ni distance of 8.949 A) is constructed
from one OFF aryl interaction with the centroids’ separation distance of ring (N4/C19-C23;
Cl,), and the symmetry-related ring (N4/C19-C23, Cl,) being Cl,---Cl, = 3.696 A and
two EF (edge-to-face) aryl interactions (Figure 5). Each P4AE motif of embraced cationic
complexes is further connected with the next one, parallel to the a-axis, by OFF 7---7t stack-
ing through phen ligands in which the centroids of (C16-19/C23C24) C2,---C3, (C16-19/
C23C24) and (C16-19/C23C24) C3,---C4, (N3/C13-C16/C24) are separated by 3.670 and
3.954 A, respectively, with Ni---Ni distances of 9.196 A. These stacking interactions are sup-
ported by two inversion-related C—H---O interactions of 2.634 A, leading to infinite chains
parallel to the g-axis. The chains parallel to the g-axis interact with the next ones along the
c-axis through complementary OFF aryl stacking interactions in which the phen ligands
are connected via the symmetry-related rings (N1/C1-C4/C12) C¢5---C¢b and the rings
Cgb---Cq6 (C4-C7/C11C12) with the centroids separated by 3.623 and 3.847 A, respectively.
Other than these OFF interactions, the molecules possess additional symmetry related to
two C—H---Cl interactions with a contact distance of 2.738 A, as shown in Figure 5. The
crystal lattice is further stabilized by additional hydrogen-bonding interactions in which
the counter chloride anion interacts with bonded water and phen ligands in O—H---CI2
and C—H---Cl2 interactions. Details of hydrogen bonding interactions are listed in Table 3.
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Figure 4. Packing diagram of complex 2 showing slabs of cationic complexes (parallel to the a-axis)
alternating with chloride anions. Hydrogen atoms omitted for clarity.

Figure 5. The chains of embraced complexes (parallel to the a-axis), shown as Ni---Ni (8.949 A),
red rods connected with C—H---O; red dashed lines, interactions (parallel to a-axis) and C—H---Cl;
green dashed lines, interactions (parallel to c-axis). The PAAE motif (highlighted) was constructed
from one OFF (C1g---Clg = 3.696 A) and two EF aryl interactions. Hydrogen atoms not involved in
interactions omitted for clarity.

The crystal structure of 3 is columnar along the g-axis, as illustrated in Figure 6. The
complex species occur in stacks along the a-axis. The stacks occur in an approximately
fourfold array whereby each stack of complex species is surrounded by four other stacks.
The molecules are assembled in each stack along the a-axis through OFF aryl---aryl interac-
tions of phen ligands (Figure 7). These are evident by the centroids’ separation distances of
the symmetry-related phen rings (N1/C1-C4/C12) Cg1---Cg2 (C4-C7/C11C12) 2—x, 1—y,
1—z) of 3.704 A and the rings (N1/C1-C4/C12) Cg1---Cg1 (C4-C7/C11C12) (1—x, 1y,
1—2) of 3.717 A (Figure 7). The stacks of complexes are further connected in the b-direction
via (Me)C—H-:--ONO; contact interactions to generate layers in the ab plane (Figure 8).
Along the c-axis, the layers are connected by additional (71)C—H---ONO; interactions
(Figure 8; Table 3). The (Me)C—H---ONO; and (m)C—H---ONO, hydrogen bonds on the
edges reinforce the stack. Details of hydrogen-bonding interactions along with symmetry
operations are listed in Table 3.
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Figure 6. The crystal packing of 3, projected along the a-axis: Ni, green; N, blue; C, black; H not shown.
The structure contains stacks of complex species ions parallel to the view direction. Highlighted
stacks show that each one is surrounded by four others. Note that the Ni---Ni vectors of the complexes
within each stack are aligned to the projection axis in the crystal. Hydrogen atoms omitted for clarity.

Figure 7. OFF stack motif: (a) space-filling representation; (b) ball and stitch presentation in
[Ni(phen)(CH3CN)(ONO,)(O,NO)], 3. Centroids’ separations in OFF stacking is shown in (b) as
dashed lines. In the complex, hydrogen bonds between nitrate and acetonitrile molecules on the
edges reinforce the stack.

The crystal packing of complex 4 contains alternating blocks of [Ni(phen);]** cations
and nitrates, oxygen atoms of water and ethanol solvent (Figure 9). Each block of cations is
constructed of embraced cations, whereby cations are involved in two alternating motifs
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of P4AE. Within the blocks of cations, the dominant motif is the infinite P4AE chain, in
which each [Ni(phen)3]2+ participates in two alternating P4AAE motifs. The chains down
the a-axis with the adjacent Ni---Ni separation distance of 9.320 A (Figure 10a) are further
interconnected along the c-axis with a Ni---Ni separation distance of 9.215 A (Figure 10b) to
form layers in the ac plane (Figure 11). The zigzag chains down the a-axis are built by OFF
7.1 stacking interactions of phen ligands in which the centroids of rings (N5/C25-C28/
C36) Cg1-+-Cy2 (C28-C31/C35-C36) are separated by 3.795 A (Ni---Niis 9.320 A) and EF in-
teractions, as shown in Figure 10a. The chains down the c-axis are also involved in OFF 7---7t
interactions where the centroid---centroid of rings (N3/C13-C16/C24) C¢3---Co4 (C16-C19/
(C23-C24) are separated by 3.827 A (Ni---Ni is 9.215 A) along with EF interactions, as shown
in Figure 10b. As shown in Figure 11, the zigzag P4AE chains are aligned side by side
into the blocks of [Ni(phen)?,]2+ cations. It is worth mentioning that the strands of ethanol
molecules, water oxygen atoms and nitrate anions separating the blocks of cations exhibit
extensive hydrogen-bonding interactions within the strands and with the blocks of cations.
Hydrogen-bonding geometrical parameters are tabulated in Table 3.

Figure 8. The layers in the ab plane in [Ni(phen)(CH3CN)(ONO,)(O,NO)], 3 show the edges of
OFF-stacked molecules connected via (m)C—H:--ONO; and (Me)C—H:--ONO; hydrogen bonding.
The interactions on the edges reinforce the stack.

Figure 9. Packing diagram of complex 4 showing the alternating blocks of the cationic complex and
the strands of ethanol molecules, water oxygen atoms and nitrate anions. Hydrogen atoms omitted
for clarity.
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Figure 11. The layer of parallel zigzag P4AE chains in [Ni(phen)3](NO3)2.CoHsOH-O, 4. The P4AE
motifs are indicated by Ni---Ni purple (9.320 A) and red (9.215 A) rods. The ethanol molecules, water
oxygen atoms and nitrate anions (deleted for clarity) are located between the layers. Hydrogen atoms
omitted for clarity.

3.4. Thermal Analysis

Thermogravimetric analysis (TGA) is an appropriate method for the estimation of
thermal stability as well as the confirmation of the structural composition of complexes
under investigation. It can provide information about physical and chemical phenomenon
occurred upon gradual temperature increases such as degradation. These characteristics
can be identified by, for example, the determination of the changes in complex weight as a
function of change in temperature or time [30-33]. The thermal analysis for the complexes
were performed at the temperature range of 30-1100 °C under nitrogen. The thermograms
in Figure 12a-d show the decomposition behaviors of the four complexes (1-4). The
thermograms indicate the multistep degradation of the complexes. The registered steps
of the thermal decomposition of the complexes, the experimental mass loss as a function
of change in temperature, matched with theoretical mass loss of the assigned fragment,
were shown in Table 4. By investigation of the decomposition steps, it can be concluded
that the number of steps is mostly in consistence with the number of ligand groups that
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are possibly lost stepwise. It was noticed from Table 4 that the water molecule and the
anion (chloride and nitrate) were lost at a lower temperature than the degradation or loss
of organic molecule phenanthroline ligand, [34-38]. Most of the decomposition steps of the
complexes were endothermic. However, complex 2 showed two major exothermic processes
at 119.2 and 472.1 °C. The expected residue materials obtained at higher temperature are
nickel or nickel/carbon composites. The % mass of residues obtained after the degradation
of complexes 1, 2, 3 and 4 were 26.9%, 42.2%, 31.6% and 27.5%, respectively.

Finally, a thermal analysis of Niphen complexes provided the temperature at which
major decomposition of phen ligands occurred (about 400 °C). This temperature can be
used as the pyrolysis set temperature to prepare nickel graphite nanocarbon by pyrolysis

of the Niphen complex in a nitrogen gas furnace.
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Figure 12. Thermal analysis of complexes 1 (a), 2 (b), 3 (c) and 4 (d) using TG and DTA mode, and
showing % mass loss and the temperature change of the process DT °C.

Table 4. Thermal analysis data TGA and DTA for crystals 1, 2, 3 and 4 under N2.

E| DTA
E, Degr. Steps F{O(é‘? Peak (°C) Mass Loss Exp. (%) Mass-{zzs;s Cale. Assig. Process, Product
o (Process)
1 30-106.7 92.9
(75.1) (ex0) 12.9 14.28 NO; + H,O
2 106.7-158.5 (333.9) 131.5 (exo0)
1 3 283.7-342.5 (762.2) 351.2 (endo) 349 322 phen
4 342.5-517.5 502.3 (endo) 10.8 11.06 NO;
5 517.5-789.7 713.2 (endo) 9.7 9.5 C3H3N
residue Ni, NiO, carbonaceous products (26.9%)
2 1 30-190.4 119.2 (exo0) 14.5 13.98 2Cl1
2 190.4-557.6 472.1 (exo0) 27 26.2 CgH;sN, H,O
3 557.6—870 786.9 (endo) 13.5 12.8 C4H3N
residue

Ni, NiO, carbonaceous products (42.2%)
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Table 4.

Cont.

Degr. Steps

TGA
Q)

DTA
Peak (°C)
(Process)

Mass Loss Exp. (%)

Mass-Loss Calc.

(%)

Assig. Process, Product

w | Crystal

—
2
c
o

residue

30-149.7
294.7-400.0
400-518.4
518.4-830.2

30-190.4
190.4-237.7
237.7-422.4
422.4-517.4
517.4-850.2

125.9 (exo)
390.4 (endo)
505.7 (endo)
732.8 (endo)

233.0 (exo)
384.3 (endo)
502.4 (endo)
767.1 (endo)

6
37.9
7.0
14.0

6.2

7.1
27.5

6.2
214

7.67

41.1
6.4

13.1

59
7.89
252

59
22.9

CH;, 1 0,
CioHgN
CN
C3H3N
Ni, NiO, carbonaceous products (31.6%)
C,HsOH
NO;
Phen + H,O
NOZ
phen

Ni, NiO, carbonaceous products (27.5%)

3.5. DFT Studies
3.5.1. Computational Details

The Gaussian 09 program suite was used to compute all the quantum chemical calcu-
lations [39]. The visualization of optimized structures was achieved through Chemcraft
and GaussView 5.0 [40]. The geometries of considered complexes were optimized at M06-
2X/6-31G (d) level of theory. The geometries from crystal structures (CIF files) were taken
as input for geometry optimization. Several functionals were evaluated for reproducing
experimental geometries before concluding that M06-2X is the functional of choice. The
frequency analysis was also computed at an M06-2X/6-31G (d) level of theory to validate
that the optimized structures are at true minimum; i.e., there was an absence of imagi-
nary frequency. Furthermore, the simulated infrared (IR) spectrum was also analyzed
from frequency parameters. UV-visible absorption spectrum was simulated using the
TD-DFT method at the CAM-B3LYP/6-31G (d, p) level of theory. CAM-B3LYP has well
known accuracy for predicting the UV-visible absorption properties of a variety of different
classes of compounds. Frontier molecular orbital (FMO) analysis was also performed at
the M062X/6-31G (d) level of DFT. The highest occupied molecular orbitals (HOMOs) and
lowest unoccupied molecular orbitals (LUMOs) of a molecule have association with its
reactivity. Energy gap (AE) is defined as:

AE = Egomo — ELumo

3.5.2. Geometry Optimization

The structures for the optimization of considered Ni crystals were carried out from
the experimental (atomic position) X-ray crystallographic information file (CIF). All other
DFT computations were performed on the resultant optimized geometric parameters at the
MO062X/6-31G (d) level of theory. The structural parameters of the optimized geometries
were compared with the experimentally obtained values, as given in Table 5. The optimized
structures of Ni crystal phenanthroline-based complexes are given in Figure 13. With a
few exceptions, theoretically obtained geometric parameters show nice agreement with the
experimentally obtained geometric parameters.

Table 5. Calculated and experimental geometric parameters of studied Ni-phenanthroline 1-4-based
complexes (all bond lengths are in A, and bond angles in degree).

1 2

Bond Lengths/Angles

Exp Mo06-2X Bond Lengths/Angles Exp Mo6-2X

Nil—N2
Nil—N3
Nil—N4
Ni1l—O5
Nil—N6
Ni1l—O7

2.07 1.96 Nil—CI2 2.36 224
2.08 1.99 Ni1l—O3 2.09 2.37
2.08 1.99 Nil—N4 2.09 1.98
2.07 1.89 Nil—N5 212 2.00
2.08 2.20 Nil—N6 2.09 2.16
211 222 Nil—N7 2.09 2.19
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Table 5. Cont.
1
Bond Lengths/Angles Exp Mo06-2X Bond Lengths/Angles Exp Mo06-2X
N2—Nil—N3 98 84 CI2—Ni1—03 90 102
N2—Nil—O5 91 90 CI2—Nil—N4 93 94
N2—Nil—O7 90 89 CI2—Nil—N6 95 90
N2—Nil—N6 78 106 CI2—Nil—N7 94 97
O7—Nil—N3 86 77 O3—Nil—N4 95 89
O7—Nil—N4 91 90 03—Nil—N5 86 74
O7—Ni1—05 93 113 03—Nil—N6 92 96
3
Bond lengths/angles Exp Mo06-2X Bond lengths/angles Exp Mo6-2X
Nil—N2 1.94 1.98 Nil—N2 2.10 2.27
Nil—N3 2.03 2.06 Nil—N3 2.08 1.96
Nil—N4 1.97 2.03 Nil—N4 2.10 1.98
Nil—O5 2.19 1.97 Nil—N5 2.09 2.26
Nil—O6 2.06 1.98 Nil—N6 2.08 1.96
N2—Nil—N3 99 154 Nil—N7 2.10 2.01
N2—Nil—N4 172 130 N2—Nil—N3 93 102
N3—Nil—N4 77 76 N2—Nil—N4 92 92
N3—Nil—O5 94 89 N2—Nil—N6 95 97
N4—Nil—O5 83 92 N2—Nil—N7 79 75
N2—Nil—O5 91 92 N3—Nil—N4 79 84
N2—Nil—O6 86 90 N3—Nil—N5 94 88
- - - N3—Nil—N6 92 91
b ) o
¢

Figure 13. Optimized geometries of studied Ni crystal phenanthroline-based complexes at the

MO062X/6-31G (d) level of theory.

The calculated coordination bond lengths of Ni—N for complex 2 are observed in
the range of 2.00 A to 2.19 A, which is in accordance with the experimentally obtained
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results (2.09 A to 2.12 A). Due to a higher atomic radius of chlorine, the Ni—Cl bond length
(224 A) is higher as compared to the rest of the bond lengths. Similarly, most calculated
angles show good correlation with the experimental values (see Table 5). Additionally,
in complex 4, all Ni coordinated bonds are Ni—N, and the calculated bond distances are
in the range of 1.96 A to 2.27 A. On the other hand, calculated bond angles show good
agreement with the X-ray crystallographic data, except for the angle (N2—Nil—N3), which
shows a higher deviation (numbering from Figure 13).

In complex 3, two types of coordination bonds were observed; three are Ni—N and
two are Ni—O bonds. The calculated bond lengths are in the range of 1.97 A to 2.06 A,
consistent with the X-ray crystal data. Likewise, four Ni—N and two Ni—O coordination
bonds were observed in complex 1. The calculated bond lengths are in accordance with the
experimentally determined values. It is quite obvious from the figures that the octahedral
geometry is retained in the 1, 2, 3 and 4 complexes.

3.5.3. Vibrational Spectral Analysis

Vibrational analysis is an important and powerful tool in both theoretical and experi-
mental chemistry. Experimental FTIR stretching vibrations in complex 1 were observed
for OH (water) at 3141.5 and 3284.2 cm™!, while in complex 2, they were observed at
3307.4 and 3396.1 for OH (water and ethanol). Stretching for CH aromatic occurred at
3069.4, 3047.0, 3070.2 and 3020.9 cm ! for complexes 1, 2, 3 and 4, respectively.

The CN stretch of coordinated acetonitrile appeared at 2331.6 cm ™! in complex 3.

The strong absorption bands at 1400-1500 cm~! and medium intensity absorption
peaks at 1550-1650 cm~! are due to the stretching vibration of aromatic C~-C and C-N
bonds [41,42].

NOsj stretches occurred at 842.5, 1294.9 cm ™! for 1; 847.2, 1300.4 cm ! in 3 and 842.3,
1326.8 cm~! in 4. The peak at 1215.1 cm~! in complex 4 is due to C-O stretch of ethanol.
Out-of-plane aromatic bend occurred in the range of 950 to 700 cm ! for all the complexes.

According to references [43,44], Ni-N bonding and strong IR spectrum is found
at 530.3 and 580.1 cm~! in complex 1, 526.5 and 553.5 cm~! in 2, 561.7 cm~! in 3 and
565.7 cm~! in 4. The strong intensity absorption peaks at 672.6 cm~! are due to the
stretching vibration of the Ni-Cl bond in complex 2.

DFT-based computational methods predict the almost precise vibrational spectra and
molecular structure with reasonable computational cost. The optimization of studied
complexes corresponds to energy and vibrational frequencies, which are calculated at
the M06-2X/6-31G (d) level of theory to aid the explanation of the experimental infrared
(IR) data.

The DFT calculated and experimental vibrational spectra of the representative complex
4 is presented in Figure 14, while the spectra of the rest of the considered Ni—phenanthroline-
based complexes 1-3 are given in supporting information (Table S1). Usually, the simulated
vibrational spectra are overestimated because of harmonic models; thus, a scaling factor of
(0.9613) was applied to obtain the scaled frequencies of simulated frequencies. The theo-
retically calculated vibrational peak at 3030-3100 cm ! is attributed to the C-H stretching
vibration in complex 4. A band in the similar region (of low intensity) in the experimental
IR spectrum is associated with C-H stretching. The peak around 1650 cm~! is attributed to
the aromatic C-H bending mode of the phenanthroline ligand confirmed through both the-
oretical and experimental spectra. Similarly, the peak at around 1500-1650 cm ! is assigned
to the C—C stretching of the conjugated phenanthroline skeleton, which originates from
the sp? hybridized carbon atoms at 1530-1580 cm ! and is confirmed experimentally [45].
Both simulated and experimental spectra show peaks at 1380 cm~! and 800 cm ™!, which
are attributed to the asymmetric stretching of NO; ™~ and symmetric stretching of NO3 ™,
are supported well by the literature [46,47].
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Figure 14. The experimental and simulated vibrational spectra of all studied complexes 1, 2, 3 and 4:
the theoretical IR spectrum is simulated at M06-2X/6-31G (d) level of theory.

Similarly, the theoretical IR spectra of complexes 1-3 possess peak vibrations in the
region of 3000-3200 cm ™!, which are mainly attributed to the stretching vibrations of the
C—H bond. In simulated spectra, prominent C—C stretching vibrations were observed
in the range of 1412-1687 cm~! for complexes 1-3, whereas the vibrational C—H bending
mode was seen at around 1460-1515 cm~!. In the case of complex 1, the asymmetric
stretching of NO3~ was observed at 715 cm !, whereas the symmetric stretching of NO3~
appeared at 1102 cm~!. In the case of complex 2, a clear bending (scissoring) mode of water
appeared at around 1700 cm !. Similarly, the Ni—N stretching mode in complex 2 appeared
at 881 cm 1. In the case of complex 3, the asymmetric stretching of NO3~ was observed
at 785 cm !, whereas the symmetric stretching of NO3 ~ appeared at 1068 cm~!. Similarly,
the Ni—N stretching mode in complex 3 appeared at 888 cm~!. In simulated spectra, a
good correlation exists in complexes 1, 3 and 4 due to the similarity of the nature of ligands

attached to Ni—metal.
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3.5.4. UV-Visible Spectroscopic Study

TD-DFT calculations were performed for the analysis of the UV-visible spectra of Ni
crystal phenanthroline complexes (Figure 15). In the UV-visible spectra, the excitation
energies are plotted against intensity as well as oscillator strength. Absorption spectra of
Ni crystal phenanthroline complexes (1, 2, 3 and 4) were computed at ambient temperature.
All the studied complexes showed main absorption peaks in the ultraviolet (UV) region.
Therefore, all the studied Ni—phenanthroline-based complexes were UV-active. In the
case of complex 3, two absorption bands were observed at 198 and 232 nm. An intense
absorption peak was observed at 238 nm for complex 1, whereas for complexes 2 and 4,
absorption peaks were observed at 274 and 312 nm with low absorptivity.
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Figure 15. UV-visible absorption spectra of studied Ni crystal complexes (1, 2, 3 and 4).

According to frontier molecular orbital analysis, the electronic cloud of HOMOs is
mainly distributed on ligands. If the LUMOs of these complexes accept electrons, then
these electrons will be mostly localized over ligands. Therefore, the type of electron transfer
is ligand-ligand charge transfer. The key transitions responsible for UV-visible spectra
occur from the HOMO to LUMO or from HOMO-1 to LUMO+1, and these are associated
with the 7-rt* transitions. However, in the case of complex 2, where the HOMO is mainly
distributed over CI" ion and LUMO is on phenanthroline ring, the key transition observed
is associated with the n-7* transition. Overall, the absorption spectra show that for studied
organometallic complexes n-7t * and 7-7t *, transitions may appear.

In the case of complexes 1, 3 and 4, where the nitrate group is attached along with
phenanthroline rings, the absorption maxima were observed at 238nm, 232 nm and 274 nm,
respectively, whereas for complex 4, where the CI” ion ligand was attached instead of the
nitrate group, absorption maxima is observed at longer wavelength of 312 nm. The results
declare that by changing the ligand, the absorption maximum is shifted towards longer
wavelength, hence there might be applications in optoelectronic devices.

3.5.5. Frontier Molecular Orbitals (FMO) Analysis

The highest occupied molecular orbitals (HOMOs) and lowest unoccupied molecular
orbitals (LUMOs) are those orbitals that directly interact with other reacting species; there-
fore, they are known as the frontier molecular orbitals (FMOs). These FMOs are crucial
in the optical and electronic properties, as well as for studying chemical reactions [48].
The energies of HOMO (Enomo), LUMO (Epymo) and their energy gaps (AE) are given in
Table 6, while the distribution of the iso-densities of these FMOs are shown in Figure 16.
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Table 6. FMO analysis of studied Ni crystal complexes 1-4 (all values are in eV).

Complexes Enowmo (eV) Erumo (eV) Egap (eV)
1 -7.11 —1.47 5.63
2 —6.51 -1.33 518
3 —8.19 —1.25 6.94
4 —6.44 —-1.70 4.74

Figure 16. Cont.
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Figure 16. HOMO-LUMO orbital densities of Ni crystals 1-4 (isovalue 0.02). Colored balls represent
the corresponding atom.

Molecular orbitals generally give clues regarding the nature of reactivity, lone pairs,
conjugation and some physical properties of reacting species. The electron-donating ability
is characterized through HOMO energy, and the electron-accepting capacity is characterized
through LUMO energy, whereas the energy gap (AE) characterizes the electrical transport
ability and chemical stability of molecules [49]. The HOMO energies of studied complexes
are in the range of —6.44 eV to —8.11 eV, while LUMO energies are in the range of —1.25 eV
to —1.70 eV. The energy gaps (AE) observed for 1, 2, 3 and 4 are 5.63 eV, 5.18 eV, 6.94 eV
and 4.74 eV, respectively. The lowest energy gap is estimated for complex 4. In the case
of complex 2, the HOMO cloud density is mainly distributed on Cl atom, whereas for
1 and 4 complexes, the HOMO cloud is mostly distributed over the nitrate group (NO3—).
However, the LUMO cloud density in all studied complexes is distributed on one of the
phenanthroline rings, which indicates the electroactive or reactive nature of the ring.

The transition that occurs from the HOMO to the LUMO is associated with the 7-7t *
transitions of the nitrate group (NO3;—) and phenanthroline ring, respectively. However,
in the case of complex 2, the HOMO is mainly distributed over the Cl" ion and LUMO on
the phenanthroline ring, which is associated with the n-rt * transition. The next frontier
molecular orbitals (HOMO—1 and LUMO+1) and (HOMO-2 and LUMO+2) almost show
the same type of transitions/excitations trend with slight differences in the distribution
pattern of orbital densities. The overall charge transfer occurs from ligand to ligand or
intramolecular charge transfer in all studied complexes.

4. Conclusions

Four distorted octahedral Ni-phen complexes were prepared and characterized by FTIR,
thermal and X-ray analysis: 1, [Ni(phen),(H,O)(ONO,)I(NOs3); 2, [Ni(phen),(H,O)CIICL;
3, [Ni(phen)(CH3CN)(ONO,)(O,NO)] and 4, [Ni(phen)3](NO3),.H,O.CoH50OH. FTIR
proved the coordination of M-N and M-CI as well as the presence of nitro groups in
the complexes, while thermal analysis revealed that the loss of chloro and nitro groups
occurred before the degradation of the phenanthroline ligand. We found that the complex
degradation using thermal analysis shows a different pattern depending on the number of
coordinated phen ligands and the type of co-ligand nitrate, chloride, acetonitrile or water
in the complex.
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The X-ray structure of all complexes contains Ni' in a distorted octahedral geometry.
In the structures, aryl---aryl interactions within phen ligands dictate the packing, and
extend to parallel fourfold aryl embrace (P4AE) in the cases of 2 and 4. Hydrogen-bonding
interactions, namely (m)C—H:--ONO, in 1, C—H:--O, C—H:--Cl and O—H---Cl in 2 and
(Me)C—H---ONO; and (m)C—H:--ONO3, in 3, reinforce aryl---aryl interactions and add
extra supra-molecularity in the structures.

Moreover, DFT investigation was also performed on studied Ni—phen complexes
to correlate their geometric parameters with the experimental outcomes, and a strong
agreement was observed. For electronic characteristics, FMO analysis and TD-DFT UV
calculations were performed which reveal the ligand-ligand charge transfer in studied
Ni-phen complexes.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cryst13050738/s1, Table S1: IR simulated and experimental
spectra of complex 1, 2 and 3: the theoretical IR spectra are simulated at M062X/6-31G (d) level
of theory.
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