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A B S T R A C T   

The importance of structural speciation in the control of chemical reactivity in Ni(II) binary-ternary systems, 
involving (O,O,N)-containing substrates (1,1′-iminodi-2-propanol), and aromatic chelators (2,2′-bipyridine, 
1,10-phenanthroline), prompted the systematic synthesis of new crystalline materials characterized by elemental 
analysis, FT-IR, UV-Visible, Luminescence, magnetic susceptibility, and X-ray crystallography. The structures 
contain mononuclear octahedral assemblies, the lattice architecture of which exemplifies reaction conditions 
under which conformational variants and solvent-associated lattice-imposed complexes are assembled. Trans
formations between complex species denote their association with reactivity pathways, suggesting alternate 
synthetic methodologies for their isolation. Theoretical work (Hirshfeld, Electrostatic Potential, DFT) signifies 
the impact of crystal structure on energy profiles of the generated species. The arisen physicochemical profiles of 
all compounds portray a well-configured interwoven network of pathways, projecting strong connection between 
structural speciation and Ni(II) reactivity patterns in organic-solvent media. The collective results provide well- 
defined parameterized profiles, poised to influence the synthesis of new Ni(II)-iminodialcohol materials with 
specified structural-magneto-optical properties.   

1. Introduction 

Chemical reactivity and structural diversity of coordination com
pounds play a central role in the design and synthesis of new material 
assemblies. Through such assemblies, transition metal(II,III) ions 
emerge as extremely important components in abiotic systems, such as 
electronics, magnetics, catalysis, optics, advanced corrosion resistant 
materials, and others [1–3]. Among them, Ni(II) is often encountered in 
both abiotic and biological systems. Nickel has been identified as a 
micronutrient and microbial growth inhibitor [4]. Beyond any appli
cation, however, introduction of such an element in hybrid systems 
contributes to the formulation of its physical and chemical properties, so 
as to project novel roles in complex processes, including catalytic 
transformations. In the case of biological systems, Ni(II) as a metal 
cofactor [5], plays an important role in metalloenzymes [6–8]. In that 
sense, the chemical and electronic properties of nickel, in its ordinary 

oxidation state Ni(II), bring out noticeable attributes of new materials, 
exemplifying among others magnetism and magnetic identity. 

In the chemistry of metal-organic assemblies, considerable attention 
over the past few years has focused on organic linkers, especially those 
with N- and/or O-containing terminals, which can act as anchors to or 
bridging ligands between metal ion centers, thus promoting diversity in 
architecture assemblies [9,10]. As multidentate ligands, amino-alcohols, 
with well-defined terminal (N,O,O)-containing anchors, are such li
gands, capable of promoting metal ion chemical reactivity [11]. That 
reactivity results in metal ion binding, often with metallacyclic rings 
bestowing enhanced stability upon the arising metal-organic assemblies. 
These organic ligands have also been amply encountered in biological 
systems and abiotic materials linked to diverse chemical and magnetic 
properties. A distinct member of that family of ligands, capable of 
functioning as a metal-organic binder, is 1,1′-imino-2-dipropanol 
(Imino), which bears both oxygen and sp3 nitrogen anchors poised to 

* Corresponding author. 
E-mail address: salif@auth.gr (A. Salifoglou).  

Contents lists available at ScienceDirect 

Polyhedron 

journal homepage: www.elsevier.com/locate/poly 

https://doi.org/10.1016/j.poly.2021.115577 
Received 1 August 2021; Accepted 3 November 2021   

mailto:salif@auth.gr
www.sciencedirect.com/science/journal/02775387
https://www.elsevier.com/locate/poly
https://doi.org/10.1016/j.poly.2021.115577
https://doi.org/10.1016/j.poly.2021.115577
https://doi.org/10.1016/j.poly.2021.115577
http://crossmark.crossref.org/dialog/?doi=10.1016/j.poly.2021.115577&domain=pdf


Polyhedron 212 (2022) 115577

2

seek metal ion chelation in a multitude of ways. In so doing, the afore
mentioned structural features preempt its use in the synthesis of new 
metal complex materials with distinct structural and spectroscopic 
properties. 

Given, therefore, the a) importance of the structure of amino-alcohol 
ligands in dictating metal ion binding reactivity toward Ni(II), thus 
giving rise to hybrid coordination complex materials of distinct coor
dination geometry, composition, and properties, and b) paucity of well- 
defined binary and ternary materials of Ni(II) with amino alcohols, 
reflecting clear correlations between structural speciation and reactivity 
pathways at both levels, Ni(II):1,1′-imino-2-dipropanol systems were 
investigated synthetically in alcoholic media, in the presence of aro
matic chelators (2,2′-bipyridine; bipy, 1,10-phenanthroline; phen) as 
ternary ancillary ligands. The newly emerging materials, albeit seem
ingly simplistic in their composition and structure, possess distinctly 
differentiated physicochemical properties, thus allowing through a) 
uniquely defined reaction conditions, and b) ligand-specific trans
formation chemistry, the experimentally and theoretically supported 
formulation of chemical reactivity profiles that could assist in the future 
design and synthesis of Ni(II):Imino-containing materials of specified 
structural, electronic, and magnetic properties. 

2. Experimental section 

2.1. Materials and methods 

All manipulations were carried out under aerobic conditions. The 
following starting materials were used without further purification: 
Nickel nitrate hexahydrate Ni(NO3)2⋅6H2O was purchased from J.T. 
Baker and Carlo Erba, 1,1′-iminodi-2-propanol (H3L or Imino) from 
Merck-Schuchardt and 2,2′-Bipyridine (bipy) from Panreac. 1,10-phe
nanthroline (phen) as well as solvents (acetonitrile, methanol) were 
supplied by Sigma Aldrich. Diethyl ether was purchased from 
Honeywell. 

2.2. Physical measurements 

FT-IR spectra were recorded on a ThermoFinnigan FT-Infra Red 200 
spectrometer, using KBr pellets. UV/Visible measurements were carried 
out on a Hitachi U2001 spectrophotometer in the range from 190 to 
1100 nm with a scan speed of 1200 nm/min. Spectral fitting of solutions 
in all compounds investigated in methanol was pursued by using the 
SYSTAT software Inc. Peakfit program (Version 4.11) (Supplementary 
Information). A Thermo Finnigan Flash EA 1112 CHNS elemental ana
lyser was used for the simultaneous determination of carbon, hydrogen, 
and nitrogen (%). The analyser operation is based on the dynamic flash 
combustion of the sample (at 1800 ◦C) followed by reduction, trapping, 
complete GC separation and detection of the products. The instrument is 
a) fully automated and controlled by PC via the Eager 300 dedicated 
software, and b) capable of handling solid, liquid or gaseous substances. 

2.3. Magnetic susceptibility 

The polycrystalline powders (between 8 and 16 mg total sample 
mass) on all investigated compound samples were introducted into 
polypropylene capsules and attached to the sample holder rod of a 
Vibrating Sample Magnetometer (VSM) option of a Physical Property 
Measurement System (PPMS) by Quantum Design. Magnetization data 
M(T,H) of the samples were collected in a temperature range from 2.5 to 
300 K, with applied fields of up to 60 kOe. The temperature dependence 
of the magnetic susceptibility was first recorded with an external field of 
1 kOe over the entire temperature range. In the low-temperature region, 
we subsequently collected data in the field-cooled (ZFC) mode at 20 or 
50 Oe. Magnetization isotherms were all recorded at 3 K. The experi
mental susceptibilities were corrected for core diamagnetism using the 
tabulated values by Bain and Berry [12,13]. 

2.4. Photoluminescence 

Solid-state emission and excitation spectra (200–900 nm) were 
recorded on a Hitachi F-7000 fluorescence spectrophotometer from 
Hitachi High-Technologies Corporation. The employed split widths (em, 
ex) were 5.0 nm and the scan speed was 1200 nm.min− 1. All measure
ments were carried out at room temperature. The entire system was 
supported by the appropriate computer software, FL Solutions 2.1, 
running on Windows XP. 

2.5. Theoretical calculations 

Bond Valence Sum (BVS) calculations were carried out using the 
Visualization for Electronic and Structural Analysis (VESTA) program 
(Version 3.4.8) [14]. Bond valence values (S) were obtained using the 
empirical expression S = exp[(Ro − r)/b], where b = 0.37 Å, r is the 
observed bond length and Ro (Å) is a tabulated constant. In our case, 
literature [15,16] Ro values are as follows: Ni(II)-O 1.654 and Ni(II)-N 
1.647. 

2.6. Hirshfeld surface analysis 

The presence of various intermolecular interactions and the charge 
distribution in compounds 1–8 were investigated through Hirshfeld and 
electrostatic potential surface analysis [17–19]. Hirshfeld analysis 
(mapped over de, di, and/or dnorm), the electrostatic potential, and two- 
dimensional (2D) fingerprint [20–22] plots were calculated using 
Crystal Explorer [23], with bond lengths to hydrogen atoms set to 
standard values [24]. The wavefunction generating the electrostatic 
potential surface was obtained through the Tonto computational pack
age, using the B3LYP correlation function and 6-31G(d,p) basis set over 
a range 0.05 a.u. During mapping, the derived surfaces were kept 
transparent for the visualization of various intermolecular interactions 
associated with self-assembly. 

Hirshfeld surface plots, encompassing a) interactions from the in
ternal surface to the nearest atom center of an outer molecule (di), b) 
contacts from the nearest molecules to the investigated surface (de), 
and/or c) the combination of internal and external distances, normal
ized by Van der Waals radius (dnorm), are displayed through colored 
graphics. Red color indicates shorter intermolecular contacts, white 
color reflects contacts around the rvdw separation, and blue color in
dicates longer contact distances [25]. Assignment of intermolecular 
contacts and specific types of interactions can be highlighted in resolved 
fingerprint plots [20,21,22], as projections of mapped surfaces. Addi
tional information can be revealed through blue-red electrostatic po
tential mapping, thus pointing out the donor-acceptor regions of the 
investigated surfaces [26,27]. 

2.7. Computational analysis 

The Vienna Ab Initio Simulation Package (VASP), version 5.3.3 [28], 
was employed in order to study the electronic structure of all Ni-complex 
assemblies using Density Functional Theory (DFT). The Perdew-Burke- 
Ernzerhof (PBE) gradient-corrected exchange-correlation functional 
[29] was used and calculations were performed using plane-wave basis 
sets, and the projector augmented wave (PAW) method, with a plane- 
wave cut-off energy of 400 eV. In addition, a Γ centered k-point grid 
of 5×5×5 was employed for all calculations related to electronic 
structure for complex 1A, 8×8×2 for complex 1B, 6×4×2 for complex 2, 
8×4×3 for complex 3, 8×8×4 for complex 6, and 8×2×8 for complex 7, 
whereas a 2×2×2 k-point grid was used for all isolated compounds. The 
tetrahedron method with Blöchl corrections and a smearing width of 
0.1 eV were used to determine how partial occupancies are set for each 
wave function. Initial crystal structure and atomic coordinates were 
taken from the available crystallographic data (vide infra). 
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3. Synthesis and chemical transformations 

3.1. Synthesis 

Synthesis of [Ni(C6H15NO2)2](NO3)2 • CH3CN•H2O (1). Ni 
(NO3)2⋅6H2O (0.58 g, 2.0 mmol) was added in a 50 mL round bottom 
flask, in 10 mL of acetonitrile, under continuous stirring. Next, 1,1′- 
iminodi-2-propanol (0.54 g, 4.0 mmol) was added into the emerging 
green solution. The reaction mixture was then stirred for 10 min at room 
temperature and the reaction solution was filtered and layered with 
diethyl ether. After five days, at 4 ◦C, green prismatic crystals grew out 
of solution. The product was isolated by filtration and dried in vacuo. 
Yield: 0.48 g (~47 %). Anal. Calc. for 1, (C14H35N5NiO11 MW = 508.17): 
C, 33.06; H, 6.89; N, 13.77. Found: C, 32.98; H, 6.85; N, 13.78. 

Synthesis of [Ni(C6H15NO2)2](NO3)2 (2). Ni(NO3)2⋅6H2O (0.58 g, 
2.0 mmol) was added in a 50 mL round bottom flask, containing 8 mL of 
acetonitrile, under continuous stirring. Next, 1,1′-iminodi-2-propanol 
(0.52 g, 4.0 mmol) was placed in 2 mL of acetonitrile and the resulting 
solution was added slowly to the emerging green solution. The reaction 
mixture was then stirred for 10 min at room temperature and the reac
tion solution was filtered and layered with diethyl ether. After one week, 
at 4 ◦C, green prismatic crystals grew out of solution. The product was 
isolated by filtration and dried in vacuo. Yield: 0.48 g (~54 %). Anal. 
Calc. for 2, (C12H30N4NiO10 MW = 449.10): C, 32.09; H, 6.73; N, 12.48. 
Found: C, 32.14; H, 6.70; N, 12.52. 

Synthesis of [Ni(C6H15NO2)(C10H8N2)(NO3)](NO3) • 0.25CH3OH 
(3). Ni(NO3)2⋅6H2O (0.29 g, 1.0 mmol) was added in a 50 mL round 
bottom flask, containing 8 mL of methanol, under continuous stirring. 
Next, 1,1′-iminodi-2-propanol (0.13 g, 1.0 mmol) was placed in 2 mL of 
methanol and the solution was added slowly to the emerging green so
lution. The resulting light blue reaction mixture was stirred at room 
temperature for 10 min. Subsequently, bipy (0.16 g, 1.0 mmol) was 
added slowly to the reaction mixture under continuous stirring. The 
emerging reaction mixture was filtered and layered with diethyl ether. 
After one and a half months, at 4 ◦C, green prismatic crystals grew out of 
solution. The product was isolated by filtration and dried in vacuo. 
Yield: 0.29 g (~61 %). Anal. Calc. for 3, (C16.25H24N5NiO8.25 
MW = 480.11): C, 40.62; H, 5.00; N, 14.58. Found: C, 40.54; H, 4.96; N, 
14.62. 

Synthesis of [Ni(C6H15NO2)(C12H8N2)(NO3)](NO3) • CH3OH (4). Ni 
(NO3)2⋅6H2O (0.29 g, 1.0 mmol) was dissolved in 8 mL of methanol, in a 
50 mL round bottom flask, under continuous stirring. To that, a solution 
of 1,1′-iminodi-2-propanol (0.13 g, 1.0 mmol) in 2 mL of methanol was 
added. The light blue reaction mixture was then stirred at room tem
perature for 10 min. Next, phen (0.18 g, 1.0 mmol) was added slowly to 
the reaction mixture under continuous stirring. Subsequently, the 
emerging reaction solution was filtered and layered with diethyl ether. 
After one month at 4 ◦C, blue crystalline plates grew out of solution. The 
product was isolated by filtration and dried in vacuo. Yield: 0.24 g (~45 
%). Anal. Calc. for 4, (C19H27N5NiO9 MW = 528.16): C, 43.18; H, 5.11; 
N, 13.26. Found: C, 43.21; H, 5.08; N, 13.30. 

Synthesis of [Ni(C10H8N2)(NO3)(CH3CN)(H2O)2](NO3) (5). Ni 
(NO3)2⋅6H2O (0.29 g, 1.0 mmol) was dissolved in 10 mL of acetonitrile, 
in a 50 mL round bottom flask, under continuous stirring. Next, bipy 
(0.16 g, 1.0 mmol) was added slowly under continuous stirring. The blue 
reaction mixture was then stirred at room temperature for 10 min. 
Subsequently, the emerging reaction solution was filtered, and layered 
with diethyl ether. After a day or so, at 4 ◦C, light blue plates grew out of 
solution. The product was isolated by filtration and dried in vacuo. 
Yield: 0.21 g (~51 %). Anal. Calc. for 5, (C12H15N5NiO8 MW = 415.99): 
C, 34.62; H, 3.61; N, 16.83. Found: C, 34.56; H, 3.58; N, 16.78. 

Synthesis of [Ni(C12H8N2)2(NO3)(CH3OH)](NO3) (6). Ni 
(NO3)2⋅6H2O (0.29 g, 1.0 mmol) was dissolved in 10 mL of methanol, in 
a 50 mL round bottom flask, under continuous stirring. To that, phen 
(0.36 g, 2.0 mmol) was added under stirring. The purple reaction 
mixture was then stirred at room temperature for 5 min. The final 

reaction solution was filtered, and layered with diethyl ether. After a day 
or so, at 4 ◦C, violet prismatic crystals grew out of solution. The product 
was isolated by filtration and dried in vacuo. Yield: 0.20 g (35 %). Anal. 
Calc. for 6, (C25H20N6NiO7 MW = 575.18): C, 52.16; H, 3.48; N, 14.60. 
Found: C, 52.11; H, 3.44; N, 14.55. 

Synthesis of [Ni(C12H8N2)2(NO3)(CH3OH)](NO3) (7). Ni 
(NO3)2⋅6H2O (0.29 g, 1.0 mmol) was dissolved in 10 mL of methanol, in 
a 50 mL round bottom flask, under continuous stirring. To that, phen 
(0.54 g, 3.0 mmol) was added slowly and under stirring. The purple 
solution was stirred for 5 min at room temperature, filtered, and layered 
with diethyl ether. Three days later, at 4 ◦C, green prismatic crystals 
grew out of the solution. The product was isolated by filtration and dried 
in vacuo. Yield: 0.18 g (32 %). Anal. Calc. for 7, (C25H20N6NiO7 
MW = 575.18): C, 52.16; H, 3.48; N, 14.60. Found: C, 52.18; H, 3.46; N, 
14.62. 

Synthesis of {[Ni(C12H8N2)3]2[Ni(H2O)6]}(NO3)6 • 4CH3CN•H2O 
(8). Ni(NO3)2⋅6H2O (0.29 g, 1.0 mmol) was dissolved in 10 mL of 
acetonitrile, in a 50 mL round bottom flask, under continuous stirring. 
To that, phen (0.36 g, 2.0 mmol) was added slowly and under stirring. 
The purple solution was stirred for 5 min at room temperature, filtered, 
and layered with diethyl ether. After a day or so, at 4 ◦C, pink prismatic 
crystals grew out of solution. The product was isolated by filtration and 
dried in vacuo. Yield: 0.52 g (~27 %). Anal. Calc. for 8, 
(C80H74N22Ni3O25 MW = 1919.73): C, 50.00; H, 3.85; N, 16.04. Found: 
C, 49.94; H, 3.87; N, 16.01. 

3.2. Transformations 

Transformation of [Ni(C6H15NO2)2](NO3)2 (2) to [Ni(C6H15NO2) 
(C10H8N2)(NO3)](NO3) • 0.25CH3OH (3). [Ni(C6H15NO2)2](NO3)2 
(0.45 g, 1.0 mmol) was dissolved in 10 mL of methanol, in a 50 mL round 
flask, under continuous stirring for 15 min. Next, bipy (0.16 g, 
1.0 mmol) was added to the reaction mixture under stirring. The 
resulting dark blue solution was stirred for 10 min at room temperature, 
filtered, and layered with diethyl ether. After one month, at 4 ◦C, green 
prismatic crystals grew out of solution. The product was isolated by 
filtration and dried in vacuo. Yield: 0.13 g (27 %). The material was 
further identified and characterized as 3 by FT-IR and single crystal X- 
ray crystallography. 

Transformation of [Ni(C6H15NO2)2](NO3)2 (2) to [Ni(C6H15NO2) 
(C12H8N2)(NO3)](NO3) • CH3OH (4). [Ni(C6H15NO2)2](NO3)2 (0.14 g, 
0.31 mmol) was dissolved in 7.5 mL of methanol, in a 50 mL round flask, 
under continuous stirring for 15 min. Next, phen (0.060 g, 0.33 mmol) 
was added to the reaction mixture. The resulting blue solution was 
stirred for 10 min at room temperature, filtered, and layered with 
diethyl ether. After one month, at 4 ◦C, blue plates grew out of solution. 
The product was isolated by filtration and dried in vacuo. Yield: 0.12 g 
(73 %). The material was further confirmed as 4 by FT-IR and single 
crystal X-ray crystallography. 

Transformation of [Ni(C6H15NO2)2](NO3)2 (2) to [Ni(C6H15NO2) 
(C12H8N2)(NO3)](NO3) • CH3OH (4). [Ni(C6H15NO2)2](NO3)2 (0.51 g, 
1.1 mmol) was added in a 50 mL round bottom flask, in 8.5 mL of 
methanol, under continuous stirring. To that, phen (0.36 g, 2.0 mmol) 
was added to the reaction mixture. The resulting purple solution was 
stirred for 10 min at room temperature, filtered, and layered with 
diethyl ether. After one month, at 4 ◦C, blue plates grew out of the so
lution. The product was isolated by filtration and dried in vacuo. Yield: 
0.15 g (25 %). The material was further confirmed as 4 by FT-IR and X- 
ray Crystallography. 

3.3. X-ray crystal structure determination 

Single crystals of compounds 1–8 were obtained from reaction 
mixtures according to the described synthetic procedures. For the 
structural determination of 1–8, single crystals of the respective com
pounds were mounted on a Bruker Kappa APEX II diffractometer, 
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equipped with a triumph monochromator at ambient temperature. 
Diffraction measurements were recorded using Mo Kα radiation. Unit 
cell dimensions were determined by using at least 100 reflections in the 
range 15< θ <20◦. Intensity data were collected using φ and ω scan 
modes. The frames collected for each crystal were integrated with the 
Bruker SAINT software package [30], using a narrow-frame algorithm. 
Data were corrected for absorption using the numerical method 
(SADABS) based on crystal dimensions [31]. 

All structures were solved using the SUPERFLIP [32] package and 
refined by full–matrix least-squares method on F2, using the CRYSTALS 
package version 14.61_build_6236 [33]. All non-disordered non- 
hydrogen atoms have been refined anisotropically. 

All hydrogen atoms were found at their expected positions and 
refined using soft constraints. By the end of the refinement, they were 
positioned using riding constraints. The crystal data, details of data 
collection and structure refinement for all compounds studied are given 
in Table 1. Illustrations were drawn by Mercury [34] and Diamond [35]. 
Further details on the crystallographic studies as well as atomic 
displacement parameters are given as Supporting Information in the 
form of cif files. 

4. Results 

4.1. Synthetic procedures 

Chemical reactivity investigation of the divalent metal ion Ni(II), in 
the presence of the (imino)alcohol ligand (1,1′-iminodi-2-propanol) and 
N,N’-chelators (bipy, phen), led to the synthesis and isolation of binary 
and ternary crystalline materials 1–8 in the solid state. The expeditious 
reactions in the aforementioned systems were carried out under variable 
molar ratios of the employed reagents, in both methanol and acetoni
trile. Potential diversification of the structural speciation of Ni(II) was 
investigated through employment of different aromatic chelators. 
Specifically: 

Green crystalline compound [Ni(C6H15NO2)2](NO3)2 • CH3CN•H2O 
(1) was synthesized through a reaction of Ni(NO3)2⋅6H2O and 1,1′- 
iminodi-2-propanol (Imino), with a 1:2 molar ratio, at 25 ◦C, using 
acetonitrile as a solvent. The overall stoichiometric reaction leading to 1 
is shown below: 

Table 1 
Summary of crystallographic data on compounds [Ni(C6H15NO2)2](NO3)2 • CH3CN•H2O (1), [Ni(C6H15NO2)2](NO3)2 (2), [Ni(C6H15NO2)(C10H8N2)(NO3)](NO3) •
0.25CH3OH (3), [Ni(C6H15NO2)(C12H8N2)(NO3)](NO3) • CH3OH (4), [Ni(C10H8N2)(NO3)(CH3CN)(H2O)2](NO3) (5), [Ni(C12H8N2)2(NO3)(CH3OH)](NO3) (6), [Ni 
(C12H8N2)2(NO3)(CH3OH)](NO3) (7), {[Ni(C12H8N2)3]2[Ni(H2O)6]}(NO3)6 • 4CH3CN•H2O (8).  

Compound 1 2 3 4 5 6 7 8 

Chemical 
formula 

C14H35N5NiO11 C12H30N4NiO10 C16.25H24N5NiO8.25 C19H27N5NiO9 C12H15N5NiO8 C25H20N6NiO7 C25H20N6NiO7 C80H74N22Ni3O25 

Mr 508.17 449.10 480.11 528.16 415.99 575.18 575.18 1919.73 
Crystal system 

Space group 
Triclinic 
P̄ı 

Tetragonal 

P 4
−

21c  

Monoclinic 
P21/n 

Triclinic 
P̄ı 

Triclinic 
P̄ı 

Triclinic 
P̄ı 

Monoclinic 
P21/c 

Triclinic 
P̄ı 

Temperature (K) 295 295 295 295 295 295 295 295 
a (Å) 11.2159(7) 11.8454(2) 7.861(3) 7.9010(11) 7.3152(11) 8.2968(8) 8.6547(8) 13.0004(5) 
b (Å) 11.3195(7)  13.499(4) 11.767(2) 9.7979(14) 8.5156(7) 34.528(3) 13.0836(6), 
c (Å) 12.3303(7) 15.1096(5) 20.432(7) 13.369(2) 11.6486(19) 17.6367(18) 8.0695(8) 16.1332(7) 
α (◦) 98.205(3) 90 90 73.246(9) 77.367(8) 97.212(4) 90 103.557(2) 
β (◦) 115.742(3) 90 98.226(10) 89.373(8) 89.251(8) 100.423(5) 99.643(3) 109.028(2) 
γ (◦) 110.717(4) 90 90 72.766(8) 88.100(8) 99.725(4) 90 101.021(2) 
V (Å3) 1234.62(15) 2120.08(10) 2145.8(12) 1133.0(3) 814.2(2) 1192.1(2) 2377.4 (4) 2412.61(19) 
Z 2 4 4 2 2 2 4 1 
Radiation type Mo Kα Mo Kα Mo Kα Mo Kα Mo Kα Mo Kα Mo Kα Mo Kα 
µ (mm− 1) 0.84 0.97 0.96 0.92 1.25 0.88 0.88 0.66 
Crystal size (mm) 0.27×0.23×0.21 0.19×0.12×0.04 0.18×0.17×0.12 0.04×0.17×0.22 0.04×0.09×0.14 0.24×0.22×0.12 0.27×0.22×0.17 0.24×0.22×0.14  

Data collection 
Diffractometer Bruker Kappa 

Apex2 
Bruker Kappa 
Apex2 

Bruker Kappa 
Apex2 

Bruker Kappa 
Apex2 

Bruker Kappa 
Apex2 

Bruker Kappa 
Apex2 

Bruker Kappa 
Apex2 

Bruker Kappa 
Apex2 

Absorption 
correction 

Numerical Numerical Numerical Numerical Numerical Numerical Numerical Numerical 

Tmin, Tmax 0.82, 0.84 0.89, 0.96 0.85, 0.89 0.86, 0.96 0.89, 0.95 0.82, 0.90 0.82, 0.86 0.86, 0.91  

Reflections 
No. of measured 

Independent 
observed 
[I > 2.0σ(I)] 

23,479 
4,744 
3,501 

10,206 
1,991 
1,601 

21,484 
4,500 
3,155 

18,040 
4,286 
3,683 

14,070 
3,142 
2,396 

29,881 
4,610 
4,044 

18,889 
4,514 
3,553 

25,537 
9,139 
5,996 

Rint 0.039 0.032 0.015 0.027 0.047 0.020 0.049 0.036 
(sin θ/λ)max (Å− 1) 0.613 0.611 0.638 0.614 0.616 0.614 0.611 0.615  

Refinement 
R[F2 > 2σ(F2)] 

Rw (F2) 
S 

0.038 
0.061 
1.00 

0.025 
0.038 
1.00 

0.039 
0.060 
1.00 

0.049 
0.088 
1.00 

0.041 
0.080 
1.00 

0.051 
0.102 
1.00 

0.051 
0.069 
1.00 

0.065 
0.129 
1.00 

No. of reflections 3501 1601 3155 3683 2396 4044 3553 5996 
No. of parameters 280 124 279 307 232 352 352 596 
No. of restraints 0 0 2 0 1 0 0 8 
Absolute 

structure 
parameter 
(Flack) 

— 0.00(2) — — — — — — 

Δρmax, Δρmin (e 
Å− 3) 

0.24, − 0.24 0.17, − 0.15 0.60, − 0.95 0.60, − 0.41 0.57, − 0.48 0.61, − 0.87 0.49, − 0.50 0.73, − 0.37  
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In a slightly modified version of the synthesis of compound 1, careful 
handling of the addition of chemical reagents to the reaction mixture led 
to the surprising isolation of crystalline material [Ni(C6H15NO2)2] 
(NO3)2 (2), which phenomenologically is similar if not identical to 1 
(vide infra). The overall stoichiometric reaction leading to 2 is shown 
below:

Green crystalline compound [Ni(C6H15NO2)(C10H8N2)(NO3)](NO3) 
• 0.25CH3OH (3) was synthesized through a reaction between Ni 
(NO3)2⋅6H2O, Imino, and bipy in methanol, using a molar ratio of 1:1:1 
at 25 ◦C. A stoichiometric rendition of the reaction leading to 3 is shown 
below:

In an analogous reactivity pattern, blue crystalline plates of com
pound [Ni(C6H15NO2)(C12H8N2)(NO3)](NO3) • CH3OH (4) were iso
lated through a reaction of Ni(NO3)2⋅6H2O with Imino and phen, in a 
molar ratio 1:1:1, at 4 ◦C, in methanol solution. The overall stoichio
metric reaction leading to 4 is shown below:

The binary compounds of Ni(II) with an aromatic chelator were 
synthesized through the same procedure, as stated above, taking into 
consideration the a) molar ratio, and b) solvent. Specifically, light blue 
crystalline compound [Ni(C10H8N2)(NO3)(CH3CN)(H2O)2](NO3) (5) 
was synthesized through a reaction of Ni(NO3)2⋅6H2O and bipy, with a 
1:1 molar ratio, at 25 ◦C, using acetonitrile as a solvent. The overall 
stoichiometric reaction leading to 5 is shown below:

Violet crystalline compound [Ni(C12H8N2)2(NO3)(CH3OH)](NO3) 
(6) was synthesized through a reaction of Ni(NO3)2⋅6H2O and phen, 
with a 1:2 molar ratio, at 25 ◦C, in methanol solution. The overall stoi
chiometric reaction leading to 6 is shown below: 

Along the same logic, the reaction between Ni(NO3)2⋅6H2O with 
phen, in a molar ration 1:3, in the same solvent methanol, led to the 
isolation of a different material compared to 6. The reaction below in
dicates the stoichiometry leading to [Ni(C12H8N2)2(NO3)(CH3OH)] 
(NO3) (7).

Pink crystalline compound {[Ni(C12H8N2)3]2[Ni(H2O)6]}(NO3)6 •

4CH3CN•H2O (8) was synthesized through a reaction of Ni(NO3)2⋅6H2O 
and phen, with a 1:2 molar ratio, at 4 ◦C, in acetonitrile solution. The 
overall stoichiometric reaction leading to 8 is shown below:

In all cases examined, the employed aromatic chelator binders bipy 
(3,5), and phen (4,6,7,8) showed that both ligands were crucial for the 
isolation of crystalline product(s) amenable to further characterization. 
Methanol was also crucial in achieving a stable crystal structure for the 
majority of compounds studied. 

Essential to the delineation of the structural speciation of the 
investigated binary and ternary systems of Ni(II) were chemical trans
formations of emerging species through addition of the employed aro
matic chelators (bipy and phen), in line with envisioned structural 
variants exemplifying the diversity of species. To that end, the stoi
chiometric chemical transformation of 2 to 3 is shown below:

By analogy, the stoichiometric chemical transformation of 2 to 4, 
using the aromatic chelator phen in molar ratios 2:phen of 1:1 and 1:2, is 
shown below:
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The derived crystalline materials were stable in air for long periods 
of time. All crystalline materials were soluble in water, methanol (1–8) 
and some of them in acetonitrile (5, 8). 

4.2. Description of X-Ray crystallographic structures 

All synthesized compounds exhibit discrete structures. In general, all 
complexes are mononuclear with distorted octahedral coordination 
geometry. 

Compound 1 crystallizes in the triclinic crystallographic system with 
space group P̄ı and Z = 2 (Table 1). Each asymmetric unit comprises one 
dicationic [Ni(iminodipropanol)2]2+ complex assembly, two nitrate 
counter ions, one solvent acetonitrile molecule and one solvent water 
molecule, all located on general positions. The Imino ligand is fully 
protonated and coordinated to the Ni(II) center in a tridentate fashion 
through the two propanol oxygen atoms and the imino nitrogen (Fig. 1A 
and B). The coordination mode can be best described as forming two 
five-membered chelate rings, both including the imino nitrogen and the 
metal ion. In each chelate ring, four of the five atoms (the metal ion, the 
propanol oxygen, the carbon atom bonded to the previous oxygen and 
the imino nitrogen) form a mean plane. The two mean planes in both 
imino ligands can be considered as coplanar forming the final ligand 
coordination plane. All of the rest of the carbon atoms of the ligand 
always have the same orientation (above or below the ligand coordi
nation plane). The coordination planes of the two imino ligands are 
almost perpendicular to each other, forming the final distorted octahe
dral coordination environment around the central metal ion. 

The mean interatomic distances of 2.022 Å for Ni-N and 2.087 Å for 
Ni-O are typical for complexes with a NiN2O4 chromophore. The 
oxidation state for the metal center Ni(II) was supported through BVS 

calculations, revealing a value of 1.983. Selected interatomic distances 
and bond angles are presented in Table 2 and Table 9S. 

Hydrogen bonding interactions (Table 1S) between the two of the 
three nitrate oxygen atoms, the propanol oxygen atoms, the imino ni
trogen, and the water oxygen, form a rigid net, keeping all these moi
eties close together (Fig. 1SA and B). Each water oxygen is involved in 
three interactions in a Y type mode, with one propanolic and two nitrate 
oxygen atoms from different anions. Each of the two nitrate oxygen 
atoms is bridging either a propanol oxygen and an imino nitrogen or a 
water oxygen and an imino nitrogen. All interactions expand in three 
dimensions and ultimately lead to a final 3D crystal lattice (Fig. 1C). 

Complex 2 crystallizes in the tetragonal crystallographic system with 
space group P 4

−

21c and Z = 4. Each asymmetric unit comprises one 
dicationic [Ni(iminodipropanol)2]2+ complex assembly and two nitrate 
counter ions (Fig. 2A and B). The Ni(II) ion is located on a special po
sition. The imino ligand is fully protonated and coordinated to the Ni(II) 
center in a tridentate fashion through the two propanol oxygen atoms 
and the imino nitrogen. The coordination mode can be described as one 
involving two five-membered chelate rings, with one common edge 
forming from the imino nitrogen and the metal ion. These two chelate 
rings are significantly distorted from planarity and their mean planes are 
nearly perpendicular. The Imino ligand upon coordination can be 
considered as 90◦ folded around the Ni-N bond axis to occupy half the 
octahedral coordination sphere around the metal ion. The three 
remaining coordination atoms are coming from a symmetry-generated 
Imino ligand with respect to the 4-fold rotoinversion axis passing 
through Ni(II). BVS theoretical calculations of the metal center oxida
tion state reveal a value of 1.956. 

The mean interatomic distances of 2.050 Å for Ni-N and 2.062 Å for 
Ni-O are typical for complexes with a NiN2O4 chromophore. Selected 

Fig. 1. A. Diamond plot of complex cationic assembly [Ni(C6H15NO2)2]2+ in 1. B. Structure of 1 along the a crystallographic axis. C. Hydrogen bonding interactions 
(blue dashed lines) in 1. View along the b axis. ((Colour online.)) 
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Table 2 
Summary of crystallographic data on compounds [Ni(C6H15NO2)2](NO3)2 • CH3CN•H2O (1), [Ni(C6H15NO2)2](NO3)2 (2), [Ni(C6H15NO2)(C10H8N2)(NO3)](NO3) • 0.25CH3OH (3), [Ni(C6H15NO2)(C12H8N2)(NO3)](NO3) 
• CH3OH (4), [Ni(C10H8N2)(NO3)(CH3CN)(H2O)2](NO3) (5), [Ni(C12H8N2)2(NO3)(CH3OH)](NO3) (6), [Ni(C12H8N2)2(NO3)(CH3OH)](NO3) (7), {[Ni(C12H8N2)3]2[Ni(H2O)6]}(NO3)6 • 4CH3CN•H2O (8).  

Bond Distances (Å) 

1 2 3 4 

Ni(1)—O(1) 2.070(2) Ni(1)—O(1) 2.061(2) Ni(1)—N(1) 2.068(2) Ni(1)—O(1) 2.096(2) 
Ni(1)—O(2) 2.101(2) Ni(1)—O(2) 2.084(2) Ni(1)—N(2) 2.059(3) Ni(1)—O(2) 2.109(2) 
Ni(1)—O(3) 2.095(2) Ni(1)—N(1) 2.050(2) Ni(1)—O(1) 2.104(2) Ni(1)—N(1) 2.071(3) 
Ni(1)—O(4) 2.081(2) N(2)—O(3) 1.237(3) Ni(1)—O(2) 2.092(2) Ni(1)—N(2) 2.054(3) 
Ni(1)—N(1) 2.022(2) N(2)—O(5) 1.222(3) Ni(1)—O(3) 2.069(2) Ni(1)—N(3) 2.066(3)  

5 6 7 8 
Ni(1)—O(1) 2.076(3) Ni(1)—N(2) 2.066(4) Ni(1)—N(1) 2.075(3) Ni(1)—N(1) 2.083(4) 
Ni(1)—O(2) 2.083(2) Ni(1)—N(3) 2.070(3) Ni(1)—N(3) 2.091(3) Ni(1)—N(2) 2.102(4) 
Ni(1)—O(3) 2.099(3) Ni(1)—N(4) 2.085(3) Ni(1)—N(4) 2.073(3) Ni(2)—O(1) 2.049(3) 
Ni(1)—N(1) 2.062 (3) Ni(1)—O(1) 2.111(3) Ni(1)—O(1) 2.100(2) Ni(2)—O(2) 2.033(4) 
Ni(1)—N(2) 2.058 (3) Ni(1)—O(2) 2.093(3)   Ni(2)—O(3) 2.042(4)  

Angles (o) 
1 2 3 4 
N(1)—Ni(1)—N(2) 179.15(10) O(1)—Ni(1)—O(2) 93.14(7) N(1)—Ni(1)—N(2) 95.77(11) N(1)—Ni(1)—N(2) 94.03(10) 
N(1)—Ni(1)—O(1) 81.63(8) O(1)—Ni(1)—N(1) 82.57(7) N(1)—Ni(1)—N(3) 97.07(11) N(1)—Ni(1)—N(3) 95.98(11) 
N(2)—Ni(1)—O(1) 97.77(8) O(2)i—Ni(1)—O(1) 89.36(7) N(2)—Ni(1)—N(3) 79.33(10) N(2)—Ni(1)—N(3) 81.08(10) 
N(2)—Ni(1)—O(2) 80.94(9) N(1)i—Ni(1)—O(1) 168.92(8) N(2)—Ni(1)—O(1) 93.73(10) N(2)—Ni(1)—O(1) 172.59(9) 
O(1)—Ni(1)—O(2) 89.98(8) O(2)i—Ni(1)—O(2) 176.41(10) N(3)—Ni(1)—O(1) 172.56(10) N(3)—Ni(1)—O(1) 93.69(10) 
N(1)—Ni(1)—O(3) 99.03(9) N(1)i—Ni(1)—O(2) 96.22(8) N(2)—Ni(1)—O(2) 172.59(9) N(1)—Ni(1)—O(2) 81.68(10) 
O(1)—Ni(1)—O(3) 97.62(8) N(1)i—Ni(1)—N(1) 104.63(12) N(3)—Ni(1)—O(2) 94.56(10) N(3)—Ni(1)—O(2) 173.57(10) 
O(2)—Ni(1)—O(3) 161.77(7) O(4)—N(2)—O(5) 118.5(2) O(1)—Ni(1)—O(2) 92.15(9) O(1)—Ni(1)—O(2) 91.88(10) 
N(2)—Ni(1)—O(4) 99.12(8)   N(1)—Ni(1)—O(3) 173.99(9) N(1)—Ni(1)—O(3) 175.50(11) 
O(1)—Ni(1)—O(4) 161.91(7)   N(2)—Ni(1)—O(3) 87.11(9)     

(i) − x, − y + 1, z       

5 6 7 8 
N(1)—Ni(1)—N(2) 79.75(12) N(1)—Ni(1)—N(2) 81.03(15) N(1)—Ni(1)—N(2) 80.46(11) N(1)—Ni(1)—N(2) 79.55(17) 
N(1)—Ni(1)—N(3) 93.51(12) N(1)—Ni(1)—N(3) 98.13(12) N(1)—Ni(1)—N(3) 95.66(11) N(1)—Ni(1)—N(3) 95.44(15) 
N(2)—Ni(1)—N(3) 172.79(12) N(1)—Ni(1)—N(4) 177.63(14) N(2)—Ni(1)—N(3) 175.79(11) N(2)—Ni(1)—N(3) 173.01(16) 
N(1)—Ni(1)—O(1) 89.78(11) N(3)—Ni(1)—N(4) 80.19(12) N(1)—Ni(1)—O(1) 89.41(10) N(1)—Ni(1)—N(4) 93.36(15) 
N(1)—Ni(1)—O(2) 177.93(12) N(3)—Ni(1)—O(1) 171.89(14) N(3)—Ni(1)—O(1) 94.66(10) O(1)—Ni(2)—O(3) 88.10(15) 
N(2)—Ni(1)—O(2) 99.56(11) N(1)—Ni(1)—O(2) 95.26(14) N(4)—Ni(1)—O(1) 172.28(11) O(1)i—Ni(2)—O(1) 179.994 
O(1)—Ni(1)—O(2) 88.25(10) N(2)—Ni(1)—O(2) 174.50(13) N(2)—Ni(1)—O(2) 97.42(11) O(2)i—Ni(2)—O(1) 92.50(15) 
O(2)—Ni(1)—O(3) 92.41(10) O(1)—Ni(1)—O(2) 84.84(13) O(1)—Ni(1)—O(2) 85.26(10) O(3)i—Ni(2)—O(2) 88.13(17)       

(i) − x + 2, − y + 1, − z + 2   
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interatomic distances and bond angles are presented in Table 2 and 
Table 9S. 

Hydrogen bonding interactions arise mainly between the two of the 
three nitrate oxygen atoms O(3) and O(5) and both propanolic oxygen 
atoms as well as the imino nitrogen from the parent and neighboring 
complexes. All of the previous interactions form a rigid net, keeping all 
atoms involved close together. Atom O(3) acts as a bridging agent be
tween neighboring groups. These interactions (Table 2S) form infinite 
chains parallel to the c crystallographic axis and lead to a final 1D crystal 
lattice (Fig. 2C). 

Complex 3 crystallizes in the monoclinic crystallographic system 
with space group P21/n and Z = 4 (Fig. 3A). Each asymmetric unit 
comprises one monocationic [Ni(iminodipropanol)(bipy)(NO3)]+ com
plex assembly, one nitrate counter ion, and a quarter of a solvent 
methanol molecule - all placed on general positions. The Imino ligand is 
fully protonated and coordinated to the Ni(II) cation in a tridentate 
fashion, through the two propanol oxygen atoms and the imino nitrogen. 
The ligand can be considered, as in the case of complex 2, as ~ 90◦

folded around the Ni-N bond axis, occupying three of the totally six 
positions of the octahedral coordination sphere around the metal ion. 
Two more positions are occupied by the nitrogen atoms of the chelate 
bipy ligand. The sixth position is occupied by an oxygen atom of a co
ordinated nitrato anion. 

The mean interatomic distances of 2.065 Å for Ni-N and 2.089 Å for 
Ni-O are typical for complexes with a NiN3O3 chromophore. The 
oxidation state of Ni(II) was supported through BVS calculations, 
revealing a value of 1.914. Selected interatomic distances and bond 
angles are presented in Table 2 and Table 9S. 

Hydrogen bonding interactions (Table 3S), forming between the ni
trate and propanolic oxygen atoms, keep these atoms close together. The 
oxygen atom of the severely disordered solvent methanol is also inter
acting with the free nitrate anion (Fig. 3B and C). All of the aforemen
tioned interactions are local and consequently do not form an expanded 
crystal lattice. 

Complex 4 crystallizes in the triclinic crystallographic system with 
space group P̄ı and Z = 2 (Fig. 4A). Each asymmetric unit comprises one 
monocationic [Ni(iminodipropanol)(phen)(NO3)]+ complex assembly, 
one nitrate counter ion and one solvent methanol molecule, with all 
atoms occupying general positions. Complex 4 differs from 3 in that it 
contains phen instead of bipy. The Imino ligand is again fully protonated 
and coordinated to the Ni(II) cation in a bis-chelate tridentate fashion, 
adopting again the 90◦ folded configuration previously described. The 
three remaining coordination positions are occupied by the nitrogen 
atoms of the chelate phenanthroline ligand and an oxygen atom from a 
singly coordinated nitrato anion. The theoretical Ni(II) oxidation state, 
calculated through BVS, is 1.931. 

The mean interatomic distances of 2.063 Å for Ni-N and 2.085 Å for 
Ni-O are typical for complexes with a NiN3O3 chromophore. Selected 
interatomic distances, bond angles, and hydrogen interactions are pre
sented in Table 2 and Table 9S and Table 4S, respectively. 

The oxygen atoms of the free nitrate anion and one non-coordinated 
oxygen atom from the coordinated nitrato anion are engaged in 
hydrogen bonding interactions with the propanol oxygen atoms and the 
solvent methanol molecule. All of these interactions are local, creating a 
non-expanded crystal lattice, yet one keeping the asymmetric unit 

Fig. 3. A. Diamond plot of complex cationic assembly [Ni(C6H15NO2) 
(C10H8N2)(NO3)]+ in 3. B. Structure of 3 along the c crystallographic axis. C. 
Structure of 3 along the α crystallographic axis. 

Fig. 2. A. Diamond plot of complex cationic assembly [Ni(C6H15NO2)2]2+ in 2. B. Structure of 2 along the c crystallographic axis. C. Hydrogen bonding interactions 
(blue dashed lines) in 2. ((Colour online.)) 
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contents close together (Fig. 4B). 
Complex 5 crystallizes in the triclinic crystallographic system with 

space group P̄ı and Z = 2 (Fig. 5A). Each asymmetric unit comprises one 
singly cationic [Ni(bipy)(NO3)(CH3CN)(H2O)2]+ complex assembly and 
one nitrate counter ion, with oxygen atoms disordered over two equiv
alent positions. The bipy ligand is coordinated in a usual chelate 
bidentate fashion to the metal ion through both the nitrogen atoms 
(Fig. 5B). Three coordination sites are occupied by oxygen atoms coming 
from one singly coordinated nitrato anion and two water molecules. The 
sixth site of the distorted octahedral coordination polyhedron is occu
pied by a nitrogen atom of an acetonitrile ligand. 

The mean interatomic distances of 2.060 Å for Ni-N and 2.086 Å for 
Ni-O are typical for complexes with a NiN3O3 chromophore. The 
oxidation state assignment for the nickel center was supported through 
BVS calculations, revealing a value of 1.934. Selected interatomic 

distances and bond angles are presented in Table 2 and Table 9S. 
The disordered oxygen atoms of the free nitrate anion and the non- 

coordinated oxygen atoms from the coordinated nitrato anion as well 
as the water ligands form a complex hydrogen bonding interaction net 
(Table 5S). All of these interactions expand in space, creating planes 
parallel to a0b crystallographic plane and a final 2D crystal lattice, 
keeping these crystal components close together (Fig. 5C). 

Compounds 6 and 7 have the same total and moiety molecular for
mula. Compound 6 crystallizes in the triclinic crystallographic system 
with space group P̄ı and Z = 2 (Fig. 6A and B), with compound 7 crys
tallizing in the monoclinic crystallographic system with space group 
P21/c and Z = 4 (Fig. 7A and B). Both compound asymmetric units 
emerge from a mononuclear monocationic [Ni(phen)2(NO3)(CH3OH)]+

complex assembly together with a nitrate counter anion. Both phen li
gands in both complexes are coordinated in a chelate bidentate mode 

Fig. 4. A. Diamond plot of complex cationic assembly [Ni(C6H15NO2)(C12H8N2)(NO3)]+ in 4. B. Structure of 4 along the α crystallographic axis.  

Fig. 5. A. Diamond plot of complex cationic assembly [Ni(C10H8N2)(NO3)(CH3CN)(H2O)2]+ in 5. B. Structure of 5 along the b crystallographic axis. C. Hydrogen 
bonding interactions (blue dashed lines) in 5. ((Colour online.)) 
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through the nitrogen atoms, with each phen nitrogen occupying one 
axial and one equatorial position of the octahedral coordination sphere 
around the Ni(II) ion center. The coordinated oxygen atoms from the 

monodentate nitrato ligand and the ligand methanol molecule in both 
complexes are occupying cis equatorial positions of the distorted octa
hedron. In view of all of these features, the solid-state complexes are 
structurally distinct, exemplifying the phenomenon of polymorphism. 

The mean interatomic distances in the title complexes are 2.071 Å for 
Ni-N and 2.103 Å for Ni-O. The corresponding distances in complex 7 are 
2.079 Å and 2.100 Å, very close to those of complex 6. All coordination 
bond distances are typical for complexes with a NiN4O2 chromophore. 
Selected interatomic distances and bond angles are presented in Table 2 
and Table 9S. In both cases, the oxidation state of the nickel center was 
revealed through theoretical calculations via BVS, delivering values of 
1.891 for 6 and 1.870 for 7. 

Hydrogen bonding interactions (Table 6S and 7S) in both complexes 
are localized only between the oxygen atom of the methanol ligand and 
the free nitrate anion in the same asymmetric unit. The only difference is 
that in complex 6, the methanolic hydrogen atom interacts with one of 
the free nitrate ion oxygen atoms instead of two oxygen atoms in the 
case of complex 7. 

Compound 8 crystallizes in the triclinic crystallographic system with 
space group P̄ı and Z = 1 (Fig. 8). The unit cell comprises two mono
nuclear dicationic [Ni(phen)3]2+ complex assemblies, one hex
aaquanickel(II) dicationic [Ni(H2O)6]2+ complex, six nitrate anions, 

Fig. 6. A. Diamond plot of complex cationic assembly [Ni(C12H8N2)2(NO3)(CH3OH)]+ in 6. B. Structure of 6 along the b crystallographic axis.  

Fig. 7. A. Diamond plot of complex cationic assembly [Ni(C12H8N2)2(NO3)(CH3OH)]+ in 7. B. Structure of 7 along the α crystallographic axis.  

Fig. 8. Diamond plot of complex cationic assemblies [Ni(C12H8N2)3]2+ and [Ni 
(H2O)6]2+ in 8. 
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four severely disordered solvent acetonitrile molecules and one disor
dered solvent water molecule. All three phenanthroline ligands in the 
[Ni(phen)3]2+ complex are coordinated in a typical chelate bidentate 
mode through the nitrogen atoms, giving rise to a disordered octahedral 
coordination environment around the nickel center. The interatomic 
distances for Ni-N are in the range 2.082–2.102 Å and the bite angles are 
in the range 79.55–80.10◦, being typical for complexes with a NiN6 
chromophore bearing phenanthroline ligands. Selected interatomic 
distances and bond angles are presented in Table 2 and Table 9S. The 
hexaaquanickel(II) [Ni(H2O)6]2+ complex presents a nearly normal 
octahedral coordination, with mean Ni-O distances of 2.041 Å and an
gles in the range of 87.50(15) to 92.50(15) and/or 180◦ (due to sym
metry reasons). The oxidation state of the Ni(II) metal center, derived 
through BVS calculations, was 1.863. 

Hydrogen bonding interactions (Table 8S) between all water ligands 
of the complex [Ni(H2O)6]2+ as well as the solvent water and the nitrate 
anions can be found in the crystal structure of 8. All of these interactions 
emerged between components of the same cell and can be characterized 
as local, not giving rise to a special lattice dimensionality. 

4.3. Hirshfeld and electrostatic potential surface analysis 

Hirshfeld and electrostatic potential surface analysis were carried 
out on structures 1–8 and the 2D Fingerprint plots were used to describe 
and quantify the appropriate intermolecular interactions. To that end, 
surface analysis of compounds 1–2 (Fig. 2SA and B) was pursued over 
dnorm mapping, with the most intense interactions emanating via the 

Imino ligand and water molecule or nitrate anion in the crystal struc
ture, shown through red spots. Deep red spots are localized on the O- 
terminal alcoholic oxygen atoms of the Imino ligand, depicting the 
O–H⋅⋅⋅O interactions (Fig. 2SC). Some more visible red spots of smaller 
size correspond to C–H⋅⋅⋅O or N–H⋅⋅⋅O or H⋅⋅⋅H and weaker or long 
range interactions. Compared to the surface of compound 2, the red 
spots are localized only on O-terminal groups, as shown in the front view 
of 2 (Fig. 2SD), with the weaker ones on the N-terminal groups 
(Fig. 2SE) exemplifying N–H⋅⋅⋅O or H⋅⋅⋅H interactions. The electrostatic 
potential of 1 (Fig. 3SA) projects a donor-based assembly (blue surface 
on Fig. 3SB), including small red areas around the acceptor O-terminal 
alcoholic groups of the Imino ligand. Due to the fact that no solvent 
molecule exists in the crystal structure of compound 2 (Fig. 3SC), in the 
vicinity of the complex assembly, there is more negative electrostatic 
potential (highlighted red bulky surfaces) close to the OH groups of the 
Imino ligand (Fig. 3SD), thereby depicting incorporation of O-terminal 
groups in more intense O–H⋅⋅⋅O interactions compared to that of 
compound 1. The collective behavior is in agreement with the in
teractions pointed out in 2D Fingerprint plots, as a proportion of the 
overall activity of each compound shown comparatively in Fig. 4S. 

The comparative results of surface analysis, electrostatic potential, 
and 2D Fingerprint plots for the ternary systems in compounds 3 and 4, 
reflect significant interactions between a) the OH groups of the bound 
Imino ligand and nitrato anion, and b) the OH groups of the bound Imino 
ligand and the nitrate counter ion in the lattice architecture, encom
passing O–H⋅⋅⋅O and H⋅⋅⋅H interactions. The aforementioned in
teractions from the internal surface of the selected molecules (Fig. 9A 

Fig. 9. A. Crystal Explorer plot of 3. B. dnorm mapping of 3. C. Crystal Explorer plot of 4. D. dnorm mapping of 4.  
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and C) are well-established and confirmed through the red spots on the 
dnorm mapped surface (Fig. 9B and D). The dnorm mapping reveals also 
blue and white regions as well as red highlighted spots, relevant to 
(showing the interactions close to or larger than Van der Walls contacts) 
H⋅⋅⋅C/C⋅⋅⋅H interactions of the benzene rings of the phen and bipy che
lators in neighboring molecules. The overall surface of compounds 3 and 
4 (Fig. 10A and C), involving the metal center, the Imino ligand, and the 
aromatic chelator, is projected as donor area, highlighted with a blue 
color in the electrostatic potential analysis. The nitrato anion is corre
spondingly projected as an acceptor target group, with negative elec
trostatic potential, highlighted with a red surface. Compound 4, shows 
interesting negative charge distributions around the O-terminal alco
holic groups of the Imino ligand, thus reflecting more negative elec
trostatic potential on the molecular surface as shown comparatively to 
compound 3, in Fig. 10B and D. The collective distinct interactions in 
compounds 3 and 4 are shown with sharp spikes in Fig. 11, with a 
pattern of diffuse points between spikes in H⋅⋅⋅H interactions emanating 
from cyclic hydrogen bonding. As a result, the specific integrations 
reveal higher contributions (46.6%) to the overall behavior of com
pound 3 compared to compound 4 (43.9%). 

The intermolecular interactions of the binary system in compound 5 
(Fig. 5SA), containing the chelator bipy, were investigated over dnorm, 
di, and de. The emerging interactions are visible though broad deep red 
(dnorm) or bright orange spots (di and de) in surface mapping. The bound 
water molecules and the nitrato anion are the main target groups 
incorporated in intermolecular interactions depicted with deep red spots 
on dnorm surfaces (Fig. 5SB). Specifically, the bound water molecules are 
responsible for internal interactions, reflected through deep red and 
bright orange spots in di (Fig. 5SC) and de (Fig. 5SD) mapped surfaces, 
respectively. The bound nitrato anion exhibits the reverse activity, as 

shown in Fig. 5SC and D. The aforementioned groups (Fig. 6SA) bound 
into the molecular assembly are exemplified through negative electro
static potential distributions, whereas the entire molecule is a donor- 
based assembly (Fig. 6SB). Typical intermolecular H⋅⋅⋅H, O–H⋅⋅⋅O, 
and N–H and C–C interactions are also well-defined by 2D Fingerprint 
plots. The deconvoluted plots emphasize the distinct contribution of the 
interactions, as shown in the plots of Fig. 6SC. 

In the case of the binary systems in compounds 6 (Fig. 7SA) and 7 
(Fig. 7SC), both containing phen, dnorm mapping shows the most sig
nificant interactions corresponding to O–H⋅⋅⋅O and C–H⋅⋅⋅O hydrogen 
bonds, involving the a) nickel-bound methanol moiety and the nitrate 
counter anion in the lattice, and b) C–H bonds of the bound aromatic 
chelator in the Ni(II)-complex and the bound nitrato anion in the 
abutting Ni(II)-complex assembly. The observed interactions are shown 
with deep red spots on the surface of the molecule, as illustrated in 
Fig. 7SB and D. The white areas correspond to distances close to Van der 
Waals contacts, thus indicating the presence of H⋅⋅⋅H interactions, with 
the blue patches revealing distant regions from the neighboring mole
cules involving no interactions. In complement to the aforementioned 
observations, the charge distribution, shown in Fig. 8SB for compound 6 
(Fig. 8SA) and Fig. 8SD for compound 7 (Fig. 8SC), indicates that the 
bound nitrato anion and alcoholic group act as donors and the two phen 
chelators act as acceptors, collectively exemplified through the blue 
(positive) and red (negative electrostatic potentials) surfaces shown, 
respectively. The above noted interactions are confirmed through 
analysis of the H⋅⋅⋅H, O–H⋅⋅⋅O, and C⋅⋅⋅H contributions, using the 
deconvoluted 2D Fingerprint plots for 6 and 7, as shown comparatively 
in Fig. 9S. The highest contribution is that from H-bond interactions, 
emerging as distinct spikes on the plots, with a proportion of ~ 32%. A 
pair of wings depict the typical C–H⋅⋅⋅C interactions, rising up to 24.4% 

Fig. 10. A. Crystal Explorer plot of 3. B. Electrostatic potential surface of 3. C. Crystal Explorer plot of 4. D. Electrostatic potential surface of 4.  
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for 6 and 25.8% for 7. Other contacts were also pointed out through the 
deconvoluted fingerprint plots, involving N⋅⋅⋅H (~3.0%) and C⋅⋅⋅C 
(~7.0%) interactions. 

In the case of compound 8 (Fig. 10SA), dnorm mapping shows deep 
red spots on the C–H groups of the phen chelator (Fig. 10SB), thus 
indicating a) C–H…O interactions between the bound phen molecule 
and the lattice nitrate counter anion, and/or b) C–H…N interactions 
between the bound phen molecule and the lattice acetonitrile solvent. 
The three bound phen chelators of the molecular assembly (Fig. 10SC) 
are collectively bathed in red areas, whereas the entire molecule 
involving the aromatic rings is blue, thus indicating negative and posi
tive electrostatic potential distributions (Fig. 10SD), respectively. The 
C–H⋅⋅⋅C interactions are depicted with two pairs of wings in the 
deconvoluted 2D Fingerprint plots, with their contribution standing at 
20.0%, as shown in the plots of Fig. 10SE. 

4.4. Electronic structure modeling 

DFT calculations were performed to investigate the energetics of one 
complex assembly in comparison to the other (vide infra). Providing a 
direct comparison of the total energy between complex assemblies in 
solution does not provide useful information, because each unit cell 
contains different numbers and types of atoms. The normalized forma
tion energy was calculated instead, as the total energy of the system in 

solution minus the total energy of its constituent atoms, over the number 
of atoms (Fig. 12). It is observed that it’s easier to form complex 1 than 2 
by 33 meV per atom. The normalized formation energy difference, ΔE, 
between complex 2 and 3 is 450 meV per atom, and between 3 and 4 is 
65 meV per atom, which explains why transformation from 2 to 3 and 4 
proceeds uneventfully; it would take a large amount of energy to reverse 
the process from 3 to 2. However, transformation of complex 4 to 6 and 
7 does not proceed, thereby indicating a large energy activation barrier 
between them, although ΔE between 4 and 6 is 551 meV per atom, and 
between 6 and 7 is 43 meV. 

4.5. FT-IR spectroscopy 

The FT-IR spectra of compounds 1–8 in KBr exhibit shifted bands 
related to ν(C–N) bond vibrations in bipy and phen, thus indicating 
bond formation to metal ions. Specifically, strong ν(C–N) bond vibra
tions of bipy [36] emerge at 1599 cm− 1 for 3, and 1602 cm− 1 for 5. In 
compound 4, strong ν(C–N) vibrations are shifted to 1387 cm− 1 (broad 
feature) and in compounds 6, 7, and 8 strong ν(C–N) bond vibrations 
are observed at 1429 cm− 1, compared to free phen (1419 cm− 1) [37]. 
Furthermore, bands in the range from a) 3167 to 2870 cm− 1 for 1 and 2, 
b) 3263 to 2934 cm− 1 for 3, and c) 3218 to 2768 cm− 1 for 4, reveal the 
presence of the imino chelate ligand OH groups bound to the metal 
center. An intense and broad absorption band in the range 
3030–3650 cm− 1 for 5, and 3060–3560 cm− 1 for 8 corresponds to co
ordinated water molecules [38]. In the case of 1 and 2 congener com
plexes, infrared spectral fingerprints are difficult to differentiate from 
one another, with ostensible features in 1 consistently emerging as two 
discrete peaks at 1210 and 1109 cm− 1, which do not appear in 2. 

Frequencies in the range 415–490 cm− 1 for compounds 1–8 suggest 
the presence of both chelator ligands and Ni-N bond vibrations, thus 
indicating changes in the vibrational pattern of the ligand upon metal 
coordination. The bands in the range 500–615 cm− 1 for all compounds 
are assigned to Ni-O bonds, thus confirming ligand coordination to the 
nickel center [39]. The NO3 groups are coordinated to nickel ions in a 
monodentate fashion and exhibit absorption features at 1379 cm− 1 for 
3, 1377 cm− 1 for 4, 1397 cm− 1 for 5, 1381 cm− 1 for 6, and 1384 cm− 1 

for 7 [40]. 

Fig. 12. Normalized formation energy difference between Ni(II) complexes 1, 
2, 3, 4, 6, and 7. All calculations were performed at fixed geometry in solution, 
for all unit cells (circles) and the isolated complexes at their geometry in so
lution (squares). All energy differences are per atom. 

Fig. 11. Full 2D Fingerprint and deconvoluted plots of significant interactions 
of compounds 3 (left) and 4 (right), along with relevant contributions. 
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4.6. UV–Visible studies 

The UV–Visible spectra of compounds 2–8 were recorded in meth
anol. All spectra exhibit well-defined broad bands in the low energy 
region, attributed to the 3A2g→3T2g, 3A2g→3T1g(P), and 3A2g→3T1g(F), as 
reported in the literature [41,42]. The bands in that region are shown in 
Table 10S for compounds 2–7 with the corresponding ε values. In 
compound 2, the spectrum exhibits peaks at λmax 1002 (ε 
9.1 M− 1•cm− 1), 606 nm (ε 5.2 M− 1•cm− 1), with a weak low energy 
feature at 750 nm, and a distant band at 382 nm (ε 8.9 M− 1•cm− 1) rising 
into the UV. The absorption feature around 385 nm could be tentatively 
attributed to the 3A2g→3T1g(P) transition. The observed, seemingly 
“multiple” structure containing the 606 and 750 nm features, a region 
normally corresponding to the 3A2g→3T1g(F) transition, is in line with 
literature reports invoking the presence of an 1Eg state lying so close to 
3T2g that extensive mixing takes place. That mixing leads to the obser
vation of a “doublet” band, where the spin forbidden transition picks up 
intensity from the spin-allowed transition, thus accounting for the 
asymmetric complexity of the spectrum in that specific region [43]. 
Absorption features in the UV region at 300 and 302 nm could be 
attributed to LMCT processes. The aforementioned features are shown in 
Fig. 11S, exhibiting both the experimental and fitting spectra for 2. In 
the ternary compound 3 (Fig. 13), the spectrum exhibits peaks at λmax 
962 (ε 8.5 M− 1•cm− 1), 580 nm (ε 5.7 M− 1•cm− 1), and a distant band at 
342 nm (ε 105.9 M− 1•cm− 1) rising into the UV. The absorption feature 
around 342 nm could be tentatively attributed to the 3A2g→3T1g(P) 
transition. Absorption features at 305, 296, 244, and 202 nm could be 
attributed to LMCT and π → π* transitions associated with the bound 
bipy ligand. In the ternary compound 4 (Fig. 12S), the spectrum exhibits 
peaks at λmax 960 (ε 10.5 M− 1•cm− 1), and 582 nm (ε 10.0 M− 1•cm− 1). 
Distant bands at 290, 268, 222, and 202 nm could be attributed to LMCT 
and π → π* transitions associated with the bound phen ligand. In the 
ternary compound 5 (Fig. 13S), the spectrum exhibits peaks at λmax 982 
(ε 6.7 M− 1•cm− 1), 614 nm (ε 6.1 M− 1•cm− 1), and a distant band at 
341 nm (ε 57.6 M− 1•cm− 1) rising into the UV. The absorption feature 
around 341 nm could be tentatively attributed to the 3A2g→3T1g(P) 
transition. Absorption features at 305, 296, 243, and 202 nm could be 
attributed to LMCT and π → π* transitions associated with the bound 

bipy ligand. In the congener compound 6 (Fig. 14S), the spectrum ex
hibits peaks at λmax 921 (ε 8.4 M− 1•cm− 1), 562 nm (ε 5.4 M− 1•cm− 1), 
and a distant band at 341 nm (ε 655.7 M− 1•cm− 1) rising into the UV. The 
absorption feature around 341 nm could be tentatively attributed to the 
3A2g→3T1g(P) transition. Distant absorption features at 269, 224, and 
205 nm could be attributed to LMCT and π → π* transitions associated 
with the bound phen ligand. By analogy, in the congener species 7 
(Fig. 15S), the spectrum exhibits peaks at λmax 855 (ε 4.2 M− 1•cm− 1), 
526 nm (ε 7.0 M− 1•cm− 1), and a distant band at 342 nm (ε 
846 M− 1•cm− 1) rising into the UV. The absorption feature around 
342 nm could be tentatively attributed to the 3A2g→3T1g(P) transition. 
Distant absorption features at 269, 225, and 205 nm could be attributed 
to LMCT and π → π* transitions associated with the bound phen ligand. 
The spectrum of compound 8 (Fig. 16S) exhibits features relevant to the 
overlapping presence of the hexaaqua complex [Ni(H2O)6]2+ and the 
phen-containing species [Ni(C12H8N2)3]2+. Due to the concurrent 
presence of both species in solution, no further attempts were made for 
spectral assignments of the individual species contributions to the 
composite UV-Visible signature. All of the aforementioned features of 
2–8 are provided in the experimental spectra and supplemented by 
fitting spectral features. The spectra recorded for all compounds studied 
herein bear similar features to those of [Ni(L)6]2+ (L =H2O, NH3) ion, 
signifying the effect of the O,N-containing ligands on the electronic 
structure of Ni(II). 

4.7. Luminescence studies 

The luminescence properties of compounds 2–8 as well as those of 
pure free ligands Imino, bipy and phen were studied in the solid-state at 
25 ◦C. Compounds 2 and 4 exhibit less intense bands (Fig. 17SA) at 
419 nm (λex = 380 nm) for 2, and 420 nm (λex = 381 nm) for 4, 
compared to that of free phen ligand at 417 (λex = 368 nm). The binary 
(5) and ternary (3) systems with the bipy ligand, as shown in Fig. 17SB, 
exhibit two lower intensity bands (compared to that of the ligand) at 
385 nm, 398 nm (λex = 342 nm) for 3 and two lower intensity bands 
shifted to 420 nm, 437 nm (λex = 379 nm) for 5 in comparison to the 
bipy ligand (388 nm, λex = 322 nm). Finally, the three different binary 
systems Ni-phen (6, 7, 8), in comparison to phen 417 (λex = 368 nm), 
show a pattern of strong quenching at 421 nm (λex = 382 nm) for 6, 
421 nm (λex = 376 nm) for 7, and 421 nm (λex = 380 nm) for 8, as 
illustrated in Fig. 17SC. The observed behavior may be attributed to the 
coordination of both the Imino, bipy and phen ligands to Ni(II) and is 
minimally affected by the presence of the coordinated aromatic chelator 
(bipy or phen) [44–46]. 

4.8. Magnetic susceptibility studies 

Magnetic susceptibility measurements on all investigated com
pounds 2–7 show that the materials exhibit Curie-Weiss type para
magnetism (Fig. 14). The corresponding fitting parameters are 
summarized in Table 3. The experimentally derived magnetic moments 
range from 2.78 to 3.20 µB and thus slightly deviate from the theoretical 
moment of 2.83 µB for a Ni(II) ion in octahedral coordination [12]. There 
is almost no magnetic exchange observed in the paramagnetic regime. 
The Weiss constants θp have very low values and range from –1.9 to 
0.6 K. Low-field data (inserts of Fig. 14, top) gave no evidence of mag
netic ordering. 

The 3 K magnetization isotherms show a continuous, field-induced 
increase of the magnetization and tendency toward saturation at 60 
kOe, with magnetization values ranging from 1.61 to 2.04 µB. Thus, 
higher field strengths are necessary for full parallel spin alignment. 

Fig. 13. UV–Visible (red line) and spectral fitting (circles) of compound 3 in 
methanol (2.0 · 10-5 M). Inset: Spectra of 3 in methanol (2.0 · 10-2 M) with 
fitting. ((Colour online.)) 
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5. Discussion 

5.1. Structural speciation and chemical reactivity 

Comprehending chemical reactivity in a binary or ternary metal ion- 
containing system, in the presence of (On,Nm)-containing organic li
gands, rides heavily and often decisively on the evolving structural 
speciation of the system investigated. In the case of the Ni(II) ion, the 
herein undertaken effort involved the a) employment of the imino dia
lcohol ligand (Imino), and ancillary aromatic chelators 2,2′-bipy and 
1,10-phenanthroline, competing for positions in the coordination sphere 
of Ni(II). In an initial effort to pursue a binary complex assembly, 
selected reaction conditions led to a surprising isolation of two com
pounds of the same complex assembly [Ni(C6H15NO2)2]2+, counter
balanced by nitrate ions originating in the starting material Ni 
(NO3)2⋅6H2O. To that end, 1 contains acetonitrile and water molecules 
in the lattice architecture, whereas 2 is devoid of any solvent in the 
architecture of the solid-state lattice. Distinctly differentiated, therefore, 
the Ni(II) cationic assembly in compound 1 contains the two Imino li
gands appropriately fitting into the coordination sphere of Ni(II) so that 
the orientation of the sp3 nitrogen Lewis bases occupy the two trans 
positions in the generated octahedron. In the cationic assembly of 2, the 
nitrogens of the two Imino ligands occupy positions placing them in a cis 
configuration. 

In a logically ensuing step in the chemical reactivity of the binary 
system toward a ternary system incorporating both the Imino and an 

aromatic chelator, such as bipy or phen, into the coordination sphere of 
Ni(II), appropriately selected reaction conditions afforded crystalline 
materials 3 and 4 from alcoholic media. X-ray crystallographic deter
mination showed that the mixed ligand system had given rise to cationic 
assemblies [Ni(C6H15NO2)(C10H8N2)(NO3)]+ 3 (bipy) and [Ni 
(C6H15NO2)(C12H8N2)(NO3)]+ 4 (phen), respectively. 

Delving further into the chemical reactivity of Ni(II) toward the 
Imino and bidentate aromatic chelators bipy and phen in CH3CN, 
introduction of bipy led to the isolation of a crystalline material con
taining the cationic [Ni(C10H8N2)(NO3)(CH3CN)(H2O)2]+ assembly in 
5. Similar synthetic reactivity in water had previously led to the isola
tion of [Ni(C10H8N2)(NO3)(H2O)3](NO3), thus exemplifying the di
versity of the coordination sphere of Ni(II) in different solvent systems as 
well as the related structural speciation [47]. By analogy to the reac
tivity leading to 5, reaction of Ni(II) in the presence of phen in CH3OH 
led to two crystallographically differentiated similar complex assemblies 
in [Ni(C12H8N2)2(NO3)(CH3OH)]+ (compounds 6 and 7). The two spe
cies (polymorphs) crystallized in the triclinic (6) and monoclinic (7) 
systems, respectively, thereby emphasizing the importance of reaction 
conditions in the isolation of the final product. The wealth of reactivity 
patterns and diversity of structural speciation associated with the sol
vent and ligand conditions employed with Ni(II) has so far produced 
analogous complex assemblies, with the solvent being predominantly 
encountered in the octahedral coordination sphere of Ni(II) in different 
numbers. Examples of such species include among others, [Ni(C12H8N2) 
(H2O)4](NO3)2•H2O, [Ni(C12H8N2)3](NO3)2•4H2O, and [Ni 
(C12H8N2)3]•NiCl4 [48,49]. Finally, switching from alcoholic media to 
acetonitrile and in the presence of Ni(II):phen molecular stoichiometry 
1:2, a crystalline material was isolated containing co-crystallized species 
in {[Ni(C12H8N2)3]2[Ni(H2O)6]}(NO3)6 • 4CH3CN•H2O (8). The het
erogeneous nature of the complexes in the crystal structure of 8 exem
plifies clearly the diversity of species coexisting under the described 
reaction conditions [50], which under appropriately employed “envi
ronmental pressure” (layering with ether) provide differential solubility 
conditions such that co-crystallization takes place. Surprisingly, again, 
the molar stoichiometry of Ni(NO3)2:phen in the original reaction 
mixture is the same as that encountered in compound 8. 

In all of the above cases, crystalline materials 1–8 were characterized 

Fig. 14. Magnetic properties of compounds 2–7: (top) Temperature dependence of the magnetic susceptibility and its inverse (χ and χ–1 data) recorded with an 
external field of 1 kOe; the inset shows the magnetic susceptibility in field-cooled (ZFC) mode at 20 Oe (2,3,5) and 50 Oe (4,6,7); (bottom) magnetization isotherms 
recorded at 3 K. 

Table 3 
Magnetic properties of compounds 2–7, with μeff, effective magnetic moment, 
μcalc, calculated magnetic moment, θp, paramagnetic Curie temperature, and μsat 
saturation moment values tabulated.  

Compound µeff / µB µeff,,theo / µB θP / K µsat / µB 

2 3.32(1)  2.83 –1.9(1) 1.60(1) 
3 3.09(1)  2.83 –0.9(1) 1.92(1) 
4 3.12(1)  2.83 –1.5(1) 1.95(1) 
5 3.24(1)  2.83 –1.0(1) 1.97(1) 
6 3.10(1)  2.83 –1.2(1) 1.94(1) 
7 2.78(2)  2.83 –0.7(1) 1.61(1)  
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in the solid state and in solution, through analytical (elemental anal
ysis), spectroscopic (FT-IR, UV–Visible, luminescence) and crystallo
graphic techniques (X-ray diffractometry). Magnetic susceptibility 
studies 1–7 in the temperature range from 2.5 to 300 K, revealed a) 
behavior consistent with the mononuclear assembly of all complexes 
exhibiting Curie-Weiss type paramagnetism, and b) no evidence of 
magnetic ordering. The ensuing magnetization measurements at 3 K 
exhibit field-induced magnetization increase, with the numerical data 
suggesting that high field strength is required to achieve full parallel 
spin alignment. The collective spectroscopic and magnetic data are in 
line with the crystallographic data on both binary and ternary species of 
Ni(II). 

Theoretical work (Hirshfeld, Electrostatic potential) on all species, 
relevant to their composition, assembly, and lattice properties, reflected 
intramolecular and intermolecular interactions emanating from the co
ordination of the respective ligands (organic and inorganic) as well as 
the counter ions and solvent molecules (e.g⋅H2O, CH3CN, CH3OH). 
Furthermore, the electrostatic potential surface analysis and charge 
distributions on the generated molecular surfaces provided a detailed 
picture of each molecular assembly, when aromatic ring hydrophobicity 
enmeshes with the hydrophilicity of the Imino alcoholic oxygen anchors 
and contribute along with their bulk to the diverse picture of in
teractions in the collective picture of the molecules. In that respect, 
bound water and nitrato anion ligands along with the terminal Imino 
alcoholic groups contribute to their formulation as “acceptors”, bearing 
negative electrostatic potential, with the bound bulky aromatic chela
tors and the main body of Imino contributing to their “donor” profile, 
linked to positive electrostatic potential distributions. 

Further electronic modeling of the emerging binary and ternary 
species through DFT calculations revealed the significant contributions 
of energetics into the observed chemical reactivity of the discrete 
complex Ni(II) assemblies. Comparative energy calculations among all 
species led to a rationalized arrangement of their structural-chemical 
behavior, consistent with the a) synthesis and isolation of conforma
tional variants of the same species, and b) transformation reactions 
working from one species to another, yet not necessarily in both di
rections (vide infra). The overall experimental and theoretical work 
suggests that the chemical reactivity of the different aromatic binders 
with the ligand (Imino) and Ni(II) is key to the isolation of crystalline 
materials 1–8. 

5.2. Chemical transformations enrich speciation interconnectivity 

To consolidate the importance of structural speciation in the estab
lishment of a well-defined chemical reactivity profile for Ni(II) in binary 
and ternary systems, transformations were pursued to investigate po
tential interconnections between and among species originally synthe
sized from the simple starting materials (vide supra). To that end, 
compound [Ni(C6H15NO2)2](NO3)2 (2) reacted in methanol with bipy 
(1:1), ultimately affording [Ni(C6H15NO2)(C10H8N2)(NO3)](NO3) • 0.25 
CH3OH (3). The invoked reactivity showed that the directly synthesized 
and isolated species could also form and be isolated through sequential 
formation of the binary species followed by replacement of one of the 
Imino ligands by the aforementioned aromatic chelator. 

By the same token, reaction between [Ni(C6H15NO2)2](NO3)2 (2) 
and phen (1:1) in methanol, led to [Ni(C6H15NO2)(C12H8N2)(NO3)] 
(NO3) • CH3OH (4). The reaction suggests that the newly generated 
species is quite stable and can be synthesized from the initial binary 
system. 

Further attempts to pursue complete replacement of both Imino li
gands frοm the coordination sphere of Ni(II) in 2 were not successful. To 
that end, reaction of 2 with two equivalents of phen afforded 4, with the 
fully replaced complex, purported to contain only phen, not having been 
isolated (under variable solvent, temperature, and stoichiometry 
conditions). 

Transformation of the generated compounds a) [Ni(C10H8N2)(NO3) 

(CH3CN)(H2O)2](NO3) (5), containing one bipy bound to Ni(II), b) [Ni 
(C12H8N2)2(NO3)(CH3OH)](NO3) (6) or [Ni(C12H8N2)2(NO3)(CH3OH)] 
(NO3) (7), containing two phen ligands bound to Ni(II), and c) {[Ni 
(C12H8N2)3]2[Ni(H2O)6]}(NO3)6 • 4CH3CN•H2O (8), containing three 
phen ligands around Ni(II), with the Imino ligand, would be expected to 
lead to compound 3 or 4. No such complexes, however, were isolated 
(under the present experimental conditions). By analogy, attempts to 
pursue transformation of the fully replaced phen and bipy-containing Ni 
(II) complexes with the Imino ligand-containing complex 2 were un
successful as well. Therefore, there are pieces of evidence defining the 
extent to which the reactivity of one system works toward the direction 
of another (containing new complex species), with the reverse process 
not affording 1–4. Based on these results, a theoretical investigation was 
deemed appropriate and launched involving species 2, 3, and 4. 

Comparative computational analysis on 1 and 2, as well as complex 
assemblies in 3, 4, 6 and 7, revealed a discrete energy profile between 1 
and 2, clarifying their normalized formation energy with respect to each 
another (Fig. 12). For the ternary complex assemblies of the basic [Ni 
(Imino)] unit with phen/ bipy as well as their congener species, a well- 
defined energy profile was revealed for each one of them and moreover 
between them and structurally related complexes, essentially justifying 
the reasons for which the already tried chemical transformations 
experimentally worked well, whereas others (such as the transformation 
from the ternary Ni(II) species (3,4) back to the binary Ni(II) species 1 
and 2 (removal of the aromatic chelator) or forward to binary species 
5–7 (removal of the Imino ligand)) did not produce the envisioned 
products. Consequently, the electronic structure calculations provided a 
clear picture of the investigated chemical reactivity profile, thereby 
supporting the experimental work and laying the ground for new 
research into the specific chemistry. 

6. Conclusions 

The herein undertaken work investigated in depth the reactivity 
patterns of Ni(II) with a mixed (O,O,N) tridentate aliphatic organic 
ligand in the absence-presence of bidentate aromatic chelators bipy and 
phen. The rationally designed systems in organic solvent media, affor
ded binary and ternary crystalline materials, a) exhibiting octahedral 
coordination around Ni(II) in variable conformational states (1 and 2), 
b) projecting ternary mixed-ligand coordination environments around 
Ni(II), with the aromatic chelator forcing additional introduction of 
solvent and water molecules as ligands in the coordination sphere of the 
metal ion (3 and 4), and c) displaying diverse structural speciation of Ni 
(II)-bipy and Ni(II)-phen binary systems with a variable number of ar
omatic chelators present around Ni(II) (5–8). All species isolated were 
analytically, spectroscopically, magnetically, and structurally charac
terized, thus portraying the well-defined nature of the structural speci
ation in the investigated system and providing grounds for further 
inquiry into transformation chemistry, which interconnects structural 
participants and provides alternate ways of their synthesis in the arising 
reactivity pathways perused. The species transformation chemistry 
suggests that replacement of the Imino ligand does not proceed to full 
extent, thereby setting limitations in the synthetic reactivity among the 
various binary and ternary species studied. The reasons for such a se
lective reactivity pattern were sought through theoretical investigations 
so as to rationalize the differential stability and energetically discrete 
nature of the complexes made, in view of their chemical propensity 
toward the specific chelators. The physicochemical properties of binary 
and ternary species 1–8 define their corresponding profile through a 
plethora of techniques from elemental analysis to X-ray and magnetic 
susceptibility studies. Through such parameterized profiles, the distinct 
reactivity patterns of each species are well-described, thereby justifying 
global understanding of the structural speciation, which in turn lays the 
foundations for use of such compounds as precursors to new Ni(II) 
materials. 
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supplementary crystallographic data for this paper and have been 
deposited with the CCDC database. These data can be obtained free of 
charge via www.ccdc.cam.ac.uk/data_request/cif, or by emailing to 
data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crys
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: 
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data to this article can be found online at https://doi.org/10.1016/j.po 
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