
Polyhedron 259 (2024) 117075

Available online 29 May 2024
0277-5387/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Electrochemical and theoretical study of nickel(II) containing different 
2,2′:6′,2″-terpyridines 

N.G.S. Mateyise a,1, M.M. Conradie a,2,*, J. Conradie a,b,3,* 

a Department of Chemistry, University of the Free State, P.O. Box 339, Bloemfontein 9300, South Africa 
b UiT - The Arctic University of Norway, N-9037 Tromsø, Norway  

A B S T R A C T   

A series of bis(terpyridine)nickel(II) complexes were synthesized and subjected to electrochemical (cyclic voltammetry) and theoretical (using density function 
theory, DFT) studies. DFT calculations have confirmed, consistent with existing literature, that the oxidation and reduction reactions of bis(terpyridine)nickel(II) 
complexes are centered on nickel and the terpyridine ligand, respectively. Upon oxidation of the pseudo-octahedral Ni(II) complex, large changes in Ni-N bonds occur 
since a Jahn-Teller distorted Ni(III) complex is formed, leading to a quasi-reversible Ni(II/III) oxidation process. Conversely, small geometric changes observed 
during the reduction of bis(terpyridine)nickel(II) suggest a reversible process, as experimentally observed. The second reduction is quasi-reversible and is attributed 
to the instability of the neutral bis(terpyridine)nickel complex containing two tpy ligand radicals. 

The nature of the substituents on the terpyridine ligand, characterized by Hammett constants, influences the redox potentials. These shifts result in linear re-
lationships between the experimental redox potentials and Hammett constants, as well as DFT-calculated potentials, energies and charges associated with the specific 
redox process.   

1. Introduction 

Commonly employed in coordination chemistry, 2,2′:6′,2′′-terpyr-
idine (tpy) is an essential ligand in the production of metal-terpyridine 
complexes due to its remarkable propensity for interacting with 
metals. It was first isolated as a byproduct of the oxidative coupling of 
pyridines using the FeCl3 catalyst [1,2]. These complexes play a signif-
icant role in fields such as catalysis, material science and supramolecular 
chemistry due to their unique properties and reactivity [3]. Terpyridine 
nickel complexes have been reported to be able to catalyse the cross- 
coupling of alkyl halides with alkyl nucleophiles through putative in-
termediates [4]. Nickel(II) complexes containing bipyridine were tested 
as dye sensitizers in DSSCs, producing acceptable light harvesting, 
required redox potentials and sufficient charge-separated lifetime, but 
low photocurrents, ascribed to a short-lived excited state of the Ni(II) 
complex [5]. While certain nickel(II) coordination complexes demon-
strate properties required for redox mediators [6–8], there is currently 
no assessment of polypyridine complexes of nickel [9] as redox media-
tors to date. The redox potential of a compound determines its capability 
to function as a catalyst or a redox mediator. This underscores the 

necessity for an electrochemical examination of nickel complexes whose 
redox behavior has not been previously reported. We have previously 
conducted an electrochemical study on nickel-bipyridine and nickel- 
phenanthroline complexes [10]. However, limited electrochemical 
data on nickel-terpyridine complexes is available, as outlined below. 

Redox-active metal–organic frameworks (MOFs) and coordination 
polymers (CPs) such as those containing Cd(II) [11,12], Mn(II) [13], and 
Ni(II) [14] have extensive applications in electrocatalysis. For example, 
the Ni(II) polypyridine CP {[Ni(bipy)3(H2O)2](bipy)(ClO4)2} was 
directly utilized as an oxygen evolution reaction catalyst in alkaline 
solution [14]. 

In 1977 the oxidation and reduction of some polypyridine complexes 
of Co(II), Fe(II) and Ni(II), including that of [Ni(tpy)2](ClO4)2 is re-
ported [15]. [Ni(tpy)2](ClO4)3 with Ni in the +3 oxidation state is for 
the first time prepared and isolated using controlled potential 
electrolysis. 

In 1992 Arna and coworkers found that some Co(II), Fe(II) and Ni(II) 
containing terdentate ligands to be especially active in the electro-
catalytic reduction of carbon dioxide [16]. This report included the 
oxidation and reduction of [Ni(tpy)2](PF6)2 and [Ni(vinyl-tpy)2](PF6)2 
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(vinyl-tpy = 4′-vinyl-2,2′:6′,2″-terpyridine), assigning the oxidation to be 
metal based and the reduction ligand based. As a continuation of the 
previous study, research involved investigating the electrocatalytic 
reduction of carbon dioxide and dioxygen using electropolymerized 
films composed of vinyl-terpyridine complexes of Co(II), Fe(II), and Ni 
(II), followed [17]. More studies to reduce carbon dioxide to carbon 
monoxide followed. In 2014 Elgrishi used [Ni(tpy)2][PF6]2 as 

electrocatalyst for the photocatalytic reduction of carbon dioxide to 
carbon monoxide [18]. In addition cyclic voltammetry experiments, 
done in DMF/H2O (95:5, v:v) of [Ni(tpy)2](PF6)2 were reported, 
showing two electrochemical and chemical reversible diffusion 
controlled reductions at − 1.62 and − 1.88 V versus the ferricinium/ 
ferrocene (Fc+/Fc) redox couple. In 2017, Kuehnel studied the electro-
chemistry of the complexes, including [Ni(tpy)2]2+, in a CH3CN:H2O 
(3:1) solution to investigate their stability towards water [19]. By 
attaching [Ni(tpy)2]2+ to a CdS quantum dot, these catalysts exhibit 
activity in a solely aqueous environment and demonstrate photo-
catalytic capability to reduce carbon dioxide to carbon monoxide. Thus 
up to 2020, redox data of only bis(terpyridine)nickel(II) containing the 
unsubstituted tpy ligand and vinyl-tpy were reported. In 2021, cyclic 
voltammograms of four more complexes containing substituted tpy li-
gands, were reported [20]. These cyclic voltammograms showed three 
well defined redox events: one oxidation and two reduction peaks. The 
authors showed that all observed redox events have a linear relationship 
with the sum of the Hammett parameters of the 4′-phenyl substituents. 

Due to limited reported redox data on bis(terpyridine)nickel(II) 
complexes, this work present an electrochemical study using cyclic 
voltammetry (CV), on the series bis(terpyridine)nickel(II) complexes (1) 
– (5) defined in Scheme 1. In addition, a computational chemistry study 
on the five complexes (1) – (5), as well as the five complexes of which the 
redox properties are previously reported (6) – (10) [16,20] (see Scheme 
1), is presented to enrich the experimental results. 

Scheme 1. The configuration of ligands and complexes in this investigation, encompassing the abbreviations employed for ligands and the numbering system 
for complexes. 

Scheme 2. Synthesis of bis(terpyridine)nickel(II) complexes.  

Scheme 3. Proposed redox scheme for [Ni(tpy)2]2+.  
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Fig. 1. Left: Cyclic voltammograms (versus Fc/Fc+) of complexes (1) – (5) in CH3CN at scan rates indicated in Vs− 1. Right: The linear relationship between peak 
currents (ip) and (scan rate)½ as described by the Randles-Sevcik equation of the Ni(II/III) redox couple, of complexes (1) – (5). 
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2. Experimental 

Melting points, ESI MS and UV/Vis were recorded as described in our 
previous works [21,22]. 

2.1. Synthesis of complexes (1) – (5) 

Sigma-Aldrich supplied solvents and synthesis chemicals were 
employed without additional purification. Nickel complexes were syn-
thesized following established literature methods as a reference [23], 
with minor adjustments. The desired terpyridine (1 mmol), nickel ace-
tate tetrahydrate (0.126 g, 0.5 mmol) and ammonium hexa-
fluorophosphate (0.163 g, 1 mmol) were all added in methanol (30 ml). 
The solution was stirred for 24 h at ambient temperature. The resulting 
off-white solution underwent filtration and was subsequently rinsed 
with methanol (30 ml) and H2O (30 ml). The precipitate was left to air 
dry for 24 h to obtain the desired product as a PF6 salt. Characterization 
data of (1) – (5) are provided below. Note, presence of the paramagnetic 

nickel ion causes a wide chemical shift range and broadening of all NMR 
signals for (1) – (5). 

2.1.1. [Ni(2,2′:6′,2′′-terpyridine)2](PF6)2 (1) 
Yield: 35.71 %. Colour: light yellow, M.p. 167.70 ◦C; UV: λmax 335 

nm, εmax 28733 mol-1dm3cm− 1 (CH3CN). 1H NMR (400 MHz, DMSO‑d6) 
δ 74.64, 70.01, 44.06, 18.34, 13.63, 4.11, 3.36, 3.35, 3.17. MS Calcd. 
[ML2]2+ (negative mode): m/z 524.23. Found: m/z 524.0. Elemental 
analysis calculated for NiC30N6H22P2F12 (element, %): C, 44.20; H, 2.72; 
N, 10.31; obtained: C, 44.13; H, 2.65; N, 10.56. 

2.1.2. [Ni(4′-(4-methylphenyl)-2,2′:6′,2′′-terpyridine)2](PF6)2 (2) 
Yield: 44.32 %. Colour: Light orange, M.p. > 300 ◦C; UV: λmax 340 

nm, εmax 31232 mol-1dm3cm− 1 (CH3CN). 1H NMR (400 MHz, DMSO‑d6) 
δ 74.55, 67.29, 43.68, 13.60, 11.59, 7.04, 3.33, 0.38. MS Calcd. [ML2]2+

(negative mode): m/z 704.47. Found: m/z 704.2. Elemental analysis 
calculated for NiC44N6H34P2F12 (element, %): C, 53.09; H, 3.44; N, 8.44; 
obtained: C, 53.01; H, 3.40; N, 8.46. 

2.1.3. [Ni(4,4′,4′′-tri-tert-Butyl-2,2′:6′,2′′-terpyridine)2](PF6)2 (3) 
Yield: 40.19 %. Colour: Peach, M.p. 390.18 ◦C; UV: λmax 333 nm, εmax 

24823 mol-1dm3cm− 1 (CH3CN). 1H NMR (400 MHz, DMSO‑d6) δ 69.20, 
39.42, 3.36, 2.14, 0.95. [ML2]2+ (positive mode): m/z 862.86. Found: 
m/z 862.4. 

2.1.4. [Ni(4′-(4-Chlorophenyl)-2,2′:6′,2′′-terpyridine)2](PF6)2 (4) 
Yield: 46.24 %. Colour: light orange, M.p. 136.50 ◦C; UV: λmax 341 

nm, εmax 20941 mol-1dm3cm− 1 (CH3CN). 1H NMR (400 MHz, DMSO‑d6) 
δ 73.99, 66.50, 43.70, 13.65, 11.57, 7.30, 4.11, 3.35, 3.17. Elemental 
analysis calculated for NiC42N6H28Cl2P2F12 (element, %): C, 48.68; H, 

Table 1 
Electrochemical data (potential versus Fc/Fc+) obtained at a scan rate of 0.100 
Vs− 1 in CH3CN of bis(terpyridine)Ni(II/III) oxidation from this study (tw) and 
literature.  

No ligand Electrolyte E1/2 ΔE Epa Epc Ref 

1 tpy TBAPF6  1.276 0.124 1.338 1.214 tw  
tpya TBAPc  1.266 0.060 1.296 1.236 [16,17]  
tpyb TBAPc  1.218 − − − [15] 

2 4′-4MePh- 
tpy 

TBAPF6  1.219 0.098 1.268 1.170 tw 

3 4,4′,4′′-tBu- 
py 

TBAPF6  1.136 0.381 1.326 0.945 tw 

4 4′-4-ClPh- 
tpy 

TBAPF6  1.257 0.084 1.299 1.215 tw 

5 4′-pyrr-tpy TBAPF6  0.952 0.126 1.015 0.889 tw 
6 4′-35CF3- 

Ph-tpy 
TBAPF6  1.306 0.218 1.415 1.197 [20] 

7 4′-3CF3-Ph- 
tpy 

TBAPF6  1.264 0.107 1.318 1.211 [20] 

8 4′-3OMePh- 
tpy 

TBAPF6  1.232 0.076 1.270 1.194 [20] 

9 4′-4OMePh- 
tpy 

TBAPF6  1.195 0.078 1.234 1.156 [20] 

10 4′-vinyl-tpya TBAPc  1.236 0.110 1.291 1.181 [16]  

a Reported versus SSCE, converted to potential versus Fc/Fc+ by subtracting 
0.384 V as reported in [41]. 

b Reported versus SCE, converted to potential versus Fc/Fc+ by subtracting 
0.4156 V, obtained from E◦’(Fc/Fc+) = 0.66(5) V versus SHE in TBAPF6/CH3CN 
[42], implying E◦’(Fc/Fc+) = (0.66––0.2444) = 0.416 V versus SCE (SCE =
0.2444 V versus SHE.). 

c TBAP = Tetra-n-butylammonium perchlorate. 

Table 2 
Electrochemical data (potential versus Fc/Fc+) obtained at a scan rate of 0.100 Vs− 1 of bis(terpyridine)Ni(II) reduction from this study (tw) and literature.  

No  solvent electrolyte First reduction Second reduction Ref     

E1/2 ΔE Epa Epc E1/2 ΔE Epa Epc  

1 tpy CH3CN TBAPF6  − 1.611  0.090  − 1.566  − 1.656  − 1.814  0.119  − 1.754  − 1.873 tw  
tpya CH3CN TBAPc  − 1.584  0.080  − 1.544  − 1.624  − 1.764  0.100  − 1.714  − 1.814 [16]  
tpyb CH3CN TBAPc  − 1.69        [15]  
tpy DMF/H2O (90:10) TBAPc  − 1.620  0.062  − 1.589  − 1.651  − 1.880  0.065  − 1.848  − 1.913 [18]  
tpy CH3CN:H2O (3:1) Bu4NBF4  − 1.58     − 1.76    [19] 

2 4′-4MePh-tpy CH3CN TBAPF6  − 1.615  0.087  − 1.571  − 1.658  − 1.813  0.122  − 1.752  − 1.874 tw 
3 4,4′,4″-tBu- py CH3CN TBAPF6  − 1.724  0.092  − 1.678  − 1.770  − 2.055  0.082  − 2.014  − 2.096 tw 
4 4′-4-ClPh-tpy CH3CN TBAPF6  − 1.570  0.082  − 1.529  − 1.611  − 1.752  0.102  − 1.701  − 1.803 tw 
5 4′-pyrr-tpy CH3CN TBAPF6  − 1.899  0.088  − 1.855  − 1.943  − 2.099  0.123  − 2.037  − 2.160 tw 
6 4′-35CF3-Ph-tpy CH3CN TBAPF6  − 1.489  0.072  − 1.453  − 1.525  − 1.639  0.072  − 1.603  − 1.675 [20] 
7 4′-3CF3-Ph-tpy CH3CN TBAPF6  − 1.549  0.071  − 1.514  − 1.585  − 1.734  0.076  − 1.696  − 1.772 [20] 
8 4′-3OMePh-tpy CH3CN TBAPF6  − 1.589  0.075  − 1.552  − 1.627  − 1.782  0.092  − 1.736  − 1.828 [20] 
9 4′-4OMePh-tpy CH3CN TBAPF6  − 1.624  0.077  − 1.586  − 1.663  − 1.814  0.096  − 1.766  − 1.862 [20] 
10 4′-vinyl-tpya CH3CN TBAPc  − 1.634  0.080  − 1.594  − 1.674  − 1.834  0.100  − 1.784  − 1.884 [16] 

a–c See footnotes to Table 1. 

Fig. 2. Cyclic voltammograms of complexes (1) – (5) in CH3CN (solid lines) and 
the related free uncoordinated ligands in DMF (dotted lines) at 0.100 Vs− 1. 
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2.72; N, 8.11; obtained: C, 48.63; H, 2.54; N, 8.02. 

2.1.5. [Ni(4′-(N-Pyrrolidinyl)-2,2′:6′,2′′-terpyridine)2](PF6)2 (5) 
Yield: 34.03 %. Colour: Grey, M.p. 333.49 ◦C; UV: λmax 341 nm, εmax 

18752 mol-1dm3cm− 1 (CH3CN). 1H NMR (400 MHz, DMSO‑d6) δ 72.30, 
67.91, 42.65, 13.10, 3.38. 

2.2. Cyclic voltammetry 

CV experiments were done using a BAS100B Electrochemical 

Analyzer as described in our previous works [21,22]. The solvent used 
was CH3CN containing tetrabutylammonium hexafluorophosphate 
(TBAFP6) as supporting electrolyte. 

2.3. DFT methods 

Density functional theory (DFT) calculations were performed on bis 
(terpyridine)nickel(II) complexes (1) – (10), as well as their oxidized (Q 
= 3) and reduced (Q = 1) forms. The B3LYP functional, incorporating 
the Becke 88 exchange functional [24] along with the LYP correlation 
functional [25], was employed, utilizing the implementation available 
in the Gaussian 16 package [26]. The basis sets employed were triple-ζ 
basis set 6-311G(d,p) for lighter atoms (C, H, Cl, N) [27–30] and def2- 
TZVPP [31] for both the core and valence electrons of Ni. Optimiza-
tions were done in CH3CN as solvent using the integral equation 
formalism polarizable continuum model (IEFPCM) [32,33]. The com-
pound’s input coordinates were generated using Chemcraft [34]. The 
natural bond orbital (NBO) calculations, molecular electrostatic poten-
tial (MESP) analysis, and theoretical calculation of the reduction po-
tential, were done similar as describe in previous publications [35–37]. 

3. Results and discussion 

The series of bis(terpyridine)nickel(II) complexes, (1) – (5) (Scheme 
1) were synthesized in order to perform an electrochemical and 
computational chemistry study on (1) – (5). Section 3.1 will cover the 
synthesis, while an extensive electrochemical investigation utilizing 

Table 3 
Selected experimental solid-state X-ray and B3LYP/6-311G(d,p)/def2-TZVPP solvent (CH3CN) phase computed Ni-N bond lengths (L1-L6 in Å) and angles (A1-A3 in ◦) 
of bis(terpyridine)nickel(II) complexes [Ni(tpy)2]2+. Pg = symmetry point group. CSD = Cambridge Structural Database.   

Pg A1 A2 A3 L1 (Ni- 
Nterm1) 

L2 (Ni- 
Ncent1) 

L3 (Ni- 
Nterm1) 

L4 (Ni- 
Nterm2) 

L5 (Ni- 
Ncent2) 

L6 (Ni- 
Nterm2) 

N
N

NN

N
N

NiII

L1

L2

L3L4
L5

L6 A1

A2

A3

tpy1tpy2

Tpy ligand  DFT solvent phase calculated values  Complex no. 
tpy D2d 77.4  92.8  77.4  2.160  2.032  2.159  2.159  2.032  2.160 1 
4′-4MePh-tpy C1 77.2  92.8  77.2  2.164  2.027  2.164  2.164  2.027  2.164 2 
4,4′,4″-tBu- 

tpy 
Cs 77.1  92.9  77.2  2.158  2.030  2.158  2.159  2.029  2.159 3 

4′-4ClPh-tpy C2 77.2  92.8  77.2  2.163  2.028  2.163  2.163  2.028  2.163 4 
4′-pyrr-tpy D2 77.1  93.0  77.1  2.167  2.020  2.167  2.167  2.020  2.167 5 
4′-35CF3-Ph C2 77.3  92.8  77.2  2.160  2.031  2.161  2.161  2.031  2.161 6 
4′-3CF3-Ph C1 77.2  92.8  77.2  2.161  2.030  2.161  2.161  2.030  2.161 7 
4′-3OMePh- 

tpy 
C1 77.2  92.8  77.2  2.162  2.028  2.162  2.162  2.028  2.161 8 

4′-4OMePh- 
tpy 

C1 77.2  92.8  77.2  2.162  2.027  2.163  2.163  2.027  2.163 9 

4-vinyl-tpy C2 77.3  92.9  77.3  2.162  2.026  2.162  2.162  2.026  2.162 10  
Experimental values available from CSD Note / CSD ref 

tpy  78.2  92.2  78.3  2.111  1.996  2.108  2.113  1.990  2.113 average 28 structures from CDS 
4′-4MePh-tpy  77.7  89.0  78.1  2.134  2.003  2.128  2.134  2.000  2.125 average 2 structures from CDS 
4′-3OMePh- 

tpy  
78.1  97.6  78.0  2.109  1.999  2.117  2.117  1.998  2.124 EWUBEG 

4′-4OMePh- 
tpy  

78.1  91.4  77.8  2.107  1.981  2.105  2.112  1.988  2.117 average 4 structures from CDS  

Deviation of calculated values from available experimenta  

ADb  0.6  2.1  0.6  0.038  0.027  0.038  0.035  0.028  0.034  
MADc  0.3  1.7  0.3  0.018  0.012  0.016  0.015  0.011  0.014   

Deviation of exp average of 28 [Ni(tpy)2]2þ structures from experimentd  

ADb,d  0.4  1.2  0.4  0.010  0.009  0.009  0.008  0.006  0.008  
MADc,d  0.2  0.9  0.3  0.007  0.007  0.006  0.005  0.005  0.006   

a Deviation of calculated from experiment for tpy, 4′-4MePh-tpy, 4′-3OMePh-tpy, 4′-4OMePh-tpy. 
b AD = Average deviation. 
c MAD = Mean absolute deviation. 
d Deviation of exp average of Ni(tpy)2 from 28 Ni(tpy)2 experimental structures. 

Table 4 
B3LYP/6-311G(d,p)/def2-TZVPP solvent (CH3CN) phase calculated 
energies (eV) of the different electronic states of [Ni(tpy)2]n, n = 0 – 3.  

n S ΔE (eV)a 

3 1/2  0.00  
3/2  0.73 

2 0  1.25  
1  0.00 

1 1/2  0.05  
3/2  0.00 

0 0  0.95  
1  0.04  
2  0.00  

a Relative energy for each n, with the lowest electronic state taken as 
0. 
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cyclic voltammetry will be detailed in Section 3.2. The DFT study elu-
cidates on the geometry, electronic structure and redox centres of (1) – 
(10), this is reported in section 3.3. 

3.1. Synthesis 

The synthesis scheme for bis(terpyridine)nickel(II) complexes (1) – 
(5) in Scheme 1 is depicted in Scheme 2. In the synthesis process, nickel 

Fig. 3. The Ni d-based orbitals of the B3LYP/6-311G(d,p)/def2tzvpp optimized dication [Ni(tpy)2]2+. The energy and % Ni-d character of the MO are indicated. A 
contour level of 0.06 Åe-3 was employed for the MO plots. Color scheme used for atoms (online version): Ni (purple), N (blue), C (grey), and H (off-white). 
((Colour online.)) 

Scheme 4. Presentation of the electron occupation of the metal-d (eg top and t2g bottom in black) and unpaired ligand electrons (in blue) of high spin bis(ter-
pyridine)nickel(II) (Q = 2) and it’s oxidized (Q = 3) and reduced (Q = 1 and 0) species. 

Fig. 4. The HOMO (left) and LUMO (right) of the [Ni (tpy)2]2+. A contour level 
of 0.06 Åe-3 was employed for the MO plots. Color scheme: see caption of Fig. 3. 

Fig. 5. The B3LYP/6-311G(d,p)/def2tzvpp CH3CN (a) optimized geometry and 
(b) spin density plot of [Ni(tpy)2]3+ with charge 3 and S = 1/2. The elongated 
bonds along the z-axis are in the vertical direction. A contour level of 0.006 Åe-3 

was employed for the spin plot. Color scheme: see caption of Fig. 3. 
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acetate tetrahydrate, the desired ligand, and ammonium hexa-
fluorophosphate were stirred at ambient temperature for 24 h. The re-
action resulted in an off-white color, indicating the formation of the 
product. Ammonium acetate generated during the reaction was filtered 
out and washed with methanol and water. The resulting product was 

then left to air dry overnight. These outlined complexes exhibit solubi-
lity in organic solvents such as acetonitrile, DMSO, DMF, acetone, and 
methanol, as well as in water. 

3.2. CV results 

In this section, we present an electrochemical study of a series of bis 
(terpyridine)Ni(II) complexes (1) – (5) using CV experiments. It is worth 
noting that there are limited reports in the literature on the experimental 
electrochemical behavior of [Ni(tpy)2]2+ [15–20,38]. Most studies 
report that [Ni(tpy)2]2+ is reversibly being oxidized to Ni(III) and being 
reduced in two reversible steps. The reduction is reported to be ligand- 
localized [16]. DFT results, done by the group of Wieghardt in 2015, 
confirmed the experimental assignment [39]. Based on experimental 
and DFT reports, redox behaviour of [Ni(tpy)2]2+ can be described as 
shown Scheme 3 [38,39], where the cation and neutral complexes both 

Fig. 6. Left: Overlay of B3LYP/6-311G(d,p)/def2tzvpp CH3CN optimized geometry [Ni(tpy)2]2+ with Q = 2 in blue and Q = 3 in red, illustrating the reduction Ni-N 
bonds upon oxidation. Elongation of molecule with n = 3 is along the z-axis in the vertical direction. Right: Overlay of [Ni(tpy)2]2+ with Q = 2 in blue and Q = 1 in 
green, illustrating the minimal change in of the Ni-N bonds geometry upon reduction. ((Colour online.)) 

Table 5 
B3LYP/6-311G(d,p)/def2-TZVPP solvent (CH3CN) phase calculated Ni-N bond lengths (Å) of the lowest energy states of [Ni(tpy)2]n, n = 0 – 3. Bond lengths (L1 – L6) 
and angles (A1 – A3) are as defined in Table 3.  

Q S A1 A2 A3 L1 L2 L3 L4 L5 L6 

0 2  76.3  94.3  76.3  2.204  2.014  2.149  2.150  2.014  2.204 
1 3/2  78.4  92.5  76.6  2.134  1.989  2.174  2.177  2.056  2.177 
2 1  77.4  92.8  77.4  2.159  2.032  2.160  2.159  2.032  2.160 
3 1/2  80.5  91.9  82.1  2.128  1.902  2.132  2.005  1.869  2.003  

Fig. 7. Spin density plots (contour of 0.006 Åe-3) of the B3LYP/6-311G(d,p)/def2tzvpp CH3CN optimized geometries of bis(terpyridine)nickel with charge 2, 1 and 0. 
Color scheme: see caption of Fig. 3. 

Table 6 
Mulliken spin density on Ni and the two tpy ligands, and NBO charges on Ni of 
the lowest energy states of [Ni(tpy)2]n, n = 0 – 3.  

Q S Mulliken spin density QNBO   

Ni Ligand 1 Ligand 2 Ni 

0 2  1.645  1.179  1.178  0.8613 
1 3/2  1.634  1.124  0.164  0.8672 
2 1  1.623  0.185  0.178  0.8823 
3 1/2  0.728  0.238  0.032  0.7847  
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contain a nickel(II) ion coordinated to a neutral and one (tpy⋅)1- radical 
anion or two radical anions, respectively. 

Fig. 1 displays the cyclic voltammograms of complexes (1) – (5), each 
exhibiting an oxidation peak at potentials exceeding 1 V versus Fc/Fc+

with notable features: large peak current potential separations (ΔEp) and 
small peak current ratios (ipc/ipa). The Ni(II/III) redox process is thus 
quasi-reversible to irreversible. Complexes (2) and (4) featuring an ar-
omatic Ph substituent group at the 4′ position of tpy, exhibits ΔEp <

0.100 V. This observation suggests that π conjugation from the Ph sub-
stituent groups, through tpy to Ni(II), stabilizes the oxidized Ni(III)- 
complex more effectively compared to the other complexes. Upon 
oxidation, the octahedral Ni(II) complex undergoes a conversion to a 
Jahn-Teller distorted Ni(III) complex (refer to the discussion in section 
3.3.4). While the change in geometry during oxidation may contribute 
to the observed large ΔEp and small ipc/ipa ratios, the E1/2 values remain 
constant within 0.01 V. Furthermore, the peak currents demonstrate a 
direct proportionality to the square root of the scan rate, suggesting 
diffusion-controlled Ni(II/III) oxidation [40], see Fig. 1. Complexes 
containing tpy ligands with electron withdrawing substituents (pyrrole) 
display higher potential (E1/2) as compare to complexes containing tpy 
ligands with electron donating substituents (tBu, Me), see Fig. 1 and data 
in Table 1. 

In agreement with reported data, two reduction peaks are observed 
for (1) – (5), see Fig. 1 with data in Table 2. Given that reduction does 
not entail a significant alteration in electronic structure or geometry 
(refer to section 3.3.5), we anticipate reversible electrochemical 
behavior. The first reduction exhibits ΔEp < 0.090 V, indicating 
reversible electrochemical behavior. 

While the two ligand based reduction peaks of (1) – (5) are between 
− 1.5 and − 2.1 V versus Fc/Fc+, the reduction of the free uncoordinated 
ligands are more than 0.8 V lower [21], see Fig. 2. 

3.3. DFT results 

This section provides DFT findings for the bis(terpyridine)nickel 
complexes, encompassing details about the electronic structures of the 
molecules’ ground-state geometries. The lowest energy geometries 
(without any imaginary frequency) and energies of the complexes were 
determined through DFT calculations conducted in the solvent phase 
(acetonitrile). 

Numerous molecules of [Ni(tpy)₂]2+, along with [Ni(tpy)₂]2+ com-
plexes incorporating modified terpyridine ligands, have undergone 
characterization through solid-state crystallography [43–45]. Never-
theless, a structural depiction of the oxidized form [Ni(tpy)₂]3+, remains 
elusive [43–45]. The experimental reported ground states of [Ni 
(tpy)₂]3+ and [Ni(tpy)₂]2+ are S = ½ [46] and 1 [47] respectively. [Ni 
(tpy)₂]1+ has not yet been isolated [39], while neutral [Ni(tpy)₂]0 has 
only be proposed cyclic voltammetry experiments [39]. The group of 
Wieghardt [39] did a thorough study on the electronic structure of [Ni 
(tpy)2]n for n = 0–––3 using DFT and water as implicit solvent. They did 
calculations for all possible spin states of [Ni(tpy)2]n, showing that the 
ground state for n = 0, 1, 2 and 3 is S = 2, 3/2, 1 and ½ respectively. 

3.3.1. Geometry of bis(terpyridine)nickel(II) complexes 
Selected geometrical parameters of available experimental solid- 

state X-ray structures and our B3LYP/6-311G(d,p)/def2tzvpp calcu-
lated data of complexes (1) – (10) are provided in Table 3. Bis(terpyr-
idine)nickel(II), (1), converged to a D2d symmetry with the two central 
bonds shorter (Ni-Ncent, indicated as L2 and L5 as shown in Table 3) than 
the four terminal bonds (Ni-Nterm, indicated with L1, L3, L4 and L6 as 
shown in Table 3). The tridentate terpyridine ligand induces strain, 
leading to the shorter length of the two central bonds compared to the 
four terminal bonds. Under D2d symmetry the four terminal bonds are of 
equal length and the two central bonds are of equal length. The sub-
stituents on the ligands in (2) – (10) lowers the symmetry of the mole-
cule, for example to D2 (for 5), C2 (for 4, 6 and 10) and Cs (for 3) or no 

Fig. 8. Singly occupied natural orbitals of [Ni(tpy)2]n+ for n = 0 – 3. Color 
scheme: see caption of Fig. 3. 
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symmetry else. However, the Ni(tpy)2 core of each molecules was still 
near D2d symmetry, thus the length of the four terminal and of the two 
central bonds in each molecule were still the same within experimental 
error, see Table 3. The strain in the tridentate tpy ligand, causes the 
angles (ca 77 and 93◦) in this pseudo octahedral complexes to deviate 
from 90◦ as in a real octahedron. 

The computed Ni-N bond lengths of the bis(terpyridine)nickel(II) 
complexes are between 0.02 and 0.06 Å longer than the average 
experimental bond lengths for complexes (1), (2), (8) and (9) for which 
experimental data are available. Longer calculated Ni-N bond lengths 
compared to X-ray crystallography results are expected, since “chemical 
pressure” in the crystal decreases metal–ligand bond lengths below 
calculated values in gas and implicit solvent models. Thus, by obtaining 
slightly longer calculated bond lengths, together with the low AD and 
MAD values derived from the comparison between calculated and 
experimental structural data (Table 3), suggest that the selected DFT 
method is suitable for accurately describing the geometry of the bis 
(terpyridine)nickel(II) complex in this study. 

3.3.2. Ground state of bis(terpyridine)nickel in different oxidation states 
To validate the appropriateness of the chosen DFT method in accu-

rately determining the electronic structure, energies, and the correct 

ground state of [Ni(tpy)2]n for n = 0 – 3, calculations were performed for 
all possible spin states of [Ni(tpy)2]n. The results can be found in Table 4. 
The results indicate that the ground states, corresponding to the lowest 
energies, are S = 2, 3/2, 1, and 1/2 for n = 0, 1, 2 and 3 respectively. 
These findings align with available published experimental (for n = 3 
[46] and n = 2 [47]) and theoretical [39] results obtained using the 
B3LYP functional in conjunction with water as the solvent (COSMO). 
The selected DFT method is, therefore, suitable for accurately deter-
mining the ground state of [Ni(tpy)2]n for n = 0 – 3. 

3.3.3. Electronic structure of bis(terpyridine)nickel(II) 
This section delves into the discussion of the electronic structure, 

specifically the molecular orbitals (MOs), derived from DFT calculations 
for the bis(terpyridine)nickel(II) complex. Analyzing the character and 
energy of these orbitals offers valuable insights into the redox processes 
observed experimentally at a molecular level. 

Bis(terpyridine)nickel(II) is characterized as a d8 species with a spin 
state S = 1 [10,23,48]. The t2g orbitals of this pseudo octahedral 
molecule is filled with two α unpaired electrons in the eg orbitals, as 
shown in Fig. 3. The d-electron occupation of this d8 species with S = 1 is 
represented as d2

xyd2
xzd2

zyd1
x2 − y2 d1

z2 , as illustrated Scheme 4. The highest 
occupied MO (HOMO) is characterized by the Ni-dz2 orbital as shown in 
Fig. 3 for (1). Similarly, the HOMOs of compounds (1) to (10) primarily 
reside on nickel, indicating that the oxidation process involving electron 
removal from the HOMO will be metal-centric, specifically Ni(II/III) 
oxidation. Conversely, the lowest unoccupied MOs (LUMOs) of com-
pounds (1) to (10) are situated on the aromatic backbone of the ter-
pyridine ligands, as exemplified by Fig. 4 for compound (1). The 
reduction process from (1) to (10), involving the acceptance of an 
electron in the LUMO, occurs on the aromatic backbone of the terpyr-
idine ligands. 

3.3.4. Bis(terpyridine)nickel(III) 
Upon oxidation of bis(terpyridine)nickel(II), the bis(terpyridine) 

nickel(III) complex is obtained. The bis(terpyridine)nickel(III) complex 
is a d7 species with spin state S = ½ [10,39,48]. After oxidation, the 
molecules possess 6 electrons in the t2g orbital set and one unpaired 

Scheme 5. Thermodynamic cycle for calculation of the absolute oxidation potential, Eox,calc, of [Ni(tpy)2]2+. The cycle used for calculation of the absolute reduction 
potential of [Ni(tpy)2]2+ is similar. ΔGox(g) = free energy change in gas phase; ΔG(solv) = solvation energy of gas phase species; ΔGox(sol) = change of free energy in 
solution. F = Faraday constant and n = number of transferred electrons = 1 in above scheme. For the calculated redox potential of ferrocene in acetonitrile, 
EFc/Fc+ ,calc = 4.988 V, obtained from literature [58], was used. 

Table 7 
DFT calculated redox potentials in CH3CN (potential versus Fc/Fc+) for com-
plexes (1) – (10).  

No Ligand Eox Ered 

1 tpy  1.466  − 1.921 
2 4′-4MePh-tpy  1.406  − 1.899 
3 4,4′,4′′-tBu- py  1.274  − 2.127 
4 4′-4-ClPh-tpy  1.484  − 1.818 
5 4′-pyrr-tpy  1.046  − 2.347 
6 4′-35CF3-Ph-tpy  1.568  − 1.700 
7 4′-3CF3-Ph-tpy  1.504  − 1.789 
8 4′-3OMePh-tpy  1.457  − 1.874 
9 4′-4OMePh-tpy  1.386  − 1.922 
10 4′-vinyl-tpy  1.402  − 1.810  
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electron in the eg orbital set, see Scheme 4. The one unpaired electron in 
the eg orbital set causes Jahn-Teller distortion in the bis(terpyridine) 
nickel(III) [49]. The Jahn-Teller distortion of bis(terpyridine)nickel(III), 
causes 2 terminal Ni-N bonds to be longer than the other 4 bonds [49]. 
This can be seen from the DFT optimized structure of bis(terpyridine) 
nickel(III) shown in Fig. 5. The longest terminal Ni-N bonds, both on the 
same ligand, are ca 2.13 Å, longer than the terminal bonds on the other 
ligand (ca 2.00 Å), confirming elongation Jahn-Teller distortion for the 
complex. On the other hand, the central Ni-N bonds are smaller at ca 

1.90 Å. Also shown in Fig. 5 is the spin density plot of bis(terpyridine) 
nickel(III), showing the MO in which the one unpaired electron is 
located in the eg orbital being of mainly Ni-dz2 character, dictating the 
elongation Jahn-Teller distortion. This formulation is in agreement with 
oxidation of bis(terpyridine)nickel(II) being on nickel, as described in 
section 3.3.3. The consequence of the relatively large change on bond 
lengths upon oxidation, is, that the oxidation process may be slow and 
quasi-reversible with large peak current voltage separation, as indeed 
experimentally found (Table 1). 

Upon oxidizing bis(terpyridine)nickel(II) to bis(terpyridine)nickel 
(III), all Ni-N bonds exhibit a reduction in length, as illustrated in Fig. 6 
and detailed in Table 5. This phenomenon is attributed to the heightened 
positive charge on Ni(III), rendering it more electron-deficient 
compared to Ni(II). Consequently, stronger electrostatic interactions 
between the metal and ligands ensue, resulting in shorter Ni-N bond 
lengths. However, the decrease of ca 0.03 Å in the elongated Ni-N bonds 
of the one tpy ligand orientated along the z-axis in bis(terpyridine)nickel 
(III), is much smaller than the decrease of more than 0.15 Å in the ter-
minal Ni-N bonds on the other tpy ligand, or the decrease in the central 
bonds of more than 0.13 Å. 

3.3.5. Reduced and doubly reduced bis(terpyridine)nickel(II) 
Upon the first one electron reduction of bis(terpyridine)nickel(II), 

[Ni(tpy)2]1+ with spin = 3/2 is obtained [39]. Evaluation of the spin 
density plot of [Ni(tpy)2]1+, show Mulliken spin of 1.63 e− on Ni and 
1.20 e− on one of the tpy ligands, and only 0.16 e− on the other tpy 
ligand. These values and the spin density plot of [Ni(tpy)2]1+ in Fig. 7 
thus clearly show that this [Ni(tpy)2]1+ molecule can be described as 
containing a Ni(II) center (containing 2 unpaired electrons), one neutral 
tpy ligand and one tpy radical (containing 1 unpaired electron), thus 
[NiII(tpy)0(tpy⋅)-1]1+ with an electron occupation as illustrated in 
Scheme 4. This formulation is in agreement with the reduction of bis 
(terpyridine)nickel(II) being on the tpy ligand, as described in section 
3.3.3. The largest change in a Ni-N bond length upon the first one 
electron reduction of bis(terpyridine)nickel(II), is 0.043 Å, that is much 
smaller than the change in Ni-N bond length upon oxidation of bis(ter-
pyridine)nickel(II). Small changes in the Ni-N bonds are consistent with 
the central nickel being in the + 2 oxidation state. Since neither a large 
change in the electronic structure (no large re-arrangement of MO levels 
upon reduction, see Scheme 4) [50–52] or in geometry (Fig. 6 and values 
in Table 2) [10,21,53] does occur during the first one electron reduction 
process, this reduction is consistent with a reversible process, as indeed 
observed in section 2.2. A second reduction of bis(terpyridine)nickel(II) 
yields [Ni(tpy)2]0 with spin = 2 (4 unpaired electrons) and Mulliken spin 
of 1.64 e− on Ni and 1.18 e− on each of the two tpy ligands, see spin 
density plot in Fig. 7. The electron occupation is illustrated in Scheme 4. 
Comparing the Mulliken spin density on nickel of bis(terpyridine)nickel 
with charge 2, 1 and 0 in Table 6, it is clear that the spin on the central 
nickel is relatively constant, consistent with a nickel(II) center in each 
molecule. The spin density plots are displayed in Fig. 7. 

Another confirmation that bis(terpyridine)nickel with charges 2, 1, 
and 0 contains a nickel(II) comes from the NBO charges on nickel in 

Fig. 9. Relationship involving the series of bis(tpy)-nickel(II) complexes: 
Experimental versus calculated redox potentials. Data of complex 10 shown 
with open red triangle is not included in the linear trend shown in (b). 
((Colour online.)) 

Table 8 
Hammett substituent constants (from [20,59]) and DFT solvent phase (CH3CN) calculated energies (eV) for complexes (1) – (10).  

No Ligand EHOMO ELUMO χ ω E(Q=3) − E(Q=2) E(Q=2) − E(Q=1) σsum 

1 tpy  − 7.23  − 2.87  5.05  2.92  6.44  3.07  0.000 
2 4′-4MePh-tpy  − 6.96  − 2.89  4.92  2.98  6.36  3.09  − 0.050 
3 4,4′,4′′-tBu- py  − 7.05  − 2.67  4.86  2.69  6.26  2.86  − 0.600 
4 4′-4-ClPh-tpy  − 7.17  − 2.96  5.07  3.04  6.42  3.17  0.120 
5 4′-pyrr-tpy  − 6.41  − 2.41  4.41  2.43  6.02  2.64  − 0.830 
6 4′-35CF3-Ph-tpy  − 7.30  − 3.06  5.18  3.17  6.51  3.29  
7 4′-3CF3-Ph-tpy  − 7.25  − 2.99  5.12  3.07  6.45  3.20  
8 4′-3OMePh-tpy  − 6.58  − 2.91  4.74  3.06  6.39  3.11  
9 4′-4OMePh-tpy  − 6.50  − 2.85  4.68  2.99  6.32  3.07  
10 4′-vinyl-tpy  − 7.18  − 2.98  5.08  3.08  6.38  3.18  − 0.040  
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different molecules. The NBO charge on nickel is ca 0.87 e− for bis 
(terpyridine)nickel with charges 2, 1, and 0 in Table 6, remaining 
relatively constant, consistent with a nickel(II) center in each molecule. 
For bis(terpyridine)nickel(III), the NBO charge on nickel is lower at 0.78 
e− , as expected for a more positively charged ion. 

The second reduction also does not involve a large change in the 
arrangement of the MO levels (Scheme 4) or geometry (Table 2), though 
instability of the ligand based radicals that formed upon reduction 
(Fig. 7) could lead to quasi-reversible electrochemical behavior. 

3.3.6. Natural orbitals 
The concept of natural orbitals was first introduced by Löwdin in 

1955 [54,55]. The natural orbitals are the eigenfunctions of the one- 
particle electron density matrix. In the context of DFT, the Kohn-Sham 
orbitals are considered as the natural orbitals. In DFT, the electronic 
structure of a system is described by a set of fictitious non-interacting 
electrons, known as Kohn-Sham electrons, moving in an effective po-
tential. The Kohn-Sham orbitals are the orbitals associated with these 
Kohn-Sham electrons. The occupation numbers for these orbitals are 
either 2, 1, or 0, reflecting the Pauli exclusion principle, where each 
orbital can be occupied by up to two electrons with opposite spins [56]. 

In Fig. 8 the singly occupied natural orbitals of [Ni(tpy)2]n+ for n =
0 – 3 are visualized. 

The assessment of the character of the singly occupied natural or-
bitals in [Ni(tpy)2]n+ for various charges (n = 0, 1, 2, 3) reveals distinct 
patterns corresponding to different spin states (S = 2, 3/2, 1, ½ 
respectively) and unpaired electron distributions. In the case of n = 3, 
one unpaired electron is localized on nickel, consistent with nickel being 

in the + 3 oxidation state. For n = 2, both unpaired electrons are situated 
on nickel, indicating a + 2 oxidation state. When n = 1, two unpaired 
electrons are still found on nickel and one on a tpy ligand, suggesting a 
+ 2 oxidation state for nickel. Finally, for n = 0, two unpaired electrons 
reside on nickel and two on the tpy ligands, again pointing to a + 2 
oxidation state for nickel. 

3.3.7. Calculation of redox potentials 
In this section DFT is used to theoretically calculate the oxidation 

and reduction potential of bis(terpyridine)nickel(II) complexes (1) – 
(10). Theoretically calculated redox potentials are obtained from 
calculated free energy differences [35–37,57] as shown in Scheme 5. 
The theoretically calculated oxidation and reduction potentials of (1) – 
(10) are tabulated in Table 7, and compared to experimental oxidation 
and reduction potentials in Fig. 9. The established linear correlation 
between the experimentally derived redox potentials and their theo-
retically calculated counterparts serves as additional confirmation, 
reinforcing the robustness and reliability of the experimental findings. 
While the oxidation of (10) aligns with the observed trend, the reduction 
of (10) deviates from the expected pattern. It’s crucial to note that the 
experimental data for complex (10) was collected using a different 
reference electrode and electrolyte compared to those employed for (1) 
to (9). 

3.4. Combining experiment with DFT and electronic parameters 

In this section DFT calculated and the Hammett substituent constants 
are related to the experimental redox values of bis(terpyridine)nickel(II) 
complexes (1) – (5). To enlarge the range of redox values, available 
redox values from literature of 5 more bis(terpyridine)nickel(II) com-
plexes (complexes 6 – 10) are added to the correlations. Table 8 provide 
the experimental redox values, Hammett substituent constants and 
calculated DFT solvent phase (CH3CN) energies for complexes (1) – (10), 
and Table 9 the DFT solvent phase (CH3CN) calculated NBO charges Q 
(e− ) and MESP potential (au) for complexes (1) – (10). 

3.4.1. Hammett constants 
The Hammett substituent constants [59] are frequently employed in 

scientific literature to quantize the electronic impact of a substituent 
group on a phenyl or a related aromatic group within the complex to 
which it is bonded [60,61]. In Fig. 10, the sum of the Hammett pa-
rameters on the tpy-ligand of the series are related to the oxidation 
potential E1/2,ox and the two reduction potentials. All three trends have a 
good correlation factor, implying a strong linear relationship. 

3.4.2. DFT energies 
As outlined in section 3.3.3, the process of oxidizing a molecule 

entails extracting an electron from the HOMO, while reduction involves 
accepting an electron in the LUMO. Consequently, the ease of oxidation 
and reduction is directly correlated with the energy levels of the HOMO 
and LUMO, respectively. This relationship is illustrated in Fig. 11 for 
complexes (1) – (10). The oxidation potential E1/2,ox is directly 

Table 9 
DFT solvent phase (CH3CN) calculated NBO charges Q (e− ) and MESP potential (au) for complexes (1) – (10).  

No Ligand QNBO(Ni) QNBO(N-average) QNBO(Ni+N) VMESP(Ni) VMESP(N-average) VMESP(Ni+N) 

1 tpy  0.882  − 0.482  − 2.008  − 128.396  − 18.152  − 237.306 
2 4′-4MePh-tpy  0.884  − 0.484  − 2.021  − 128.406  − 18.162  − 237.378 
3 4,4′,4′′-tBu- py  0.880  − 0.486  − 2.035  − 128.419  − 18.176  − 237.474 
4 4′-4-ClPh-tpy  0.884  − 0.483  − 2.013  − 128.395  − 18.151  − 237.304 
5 4′-pyrr-tpy  0.883  − 0.499  − 2.111  − 128.430  − 18.186  − 237.546 
6 4′-35CF3-Ph-tpy  0.884  − 0.481  − 2.004  − 128.385  − 18.141  − 237.232 
7 4′-3CF3-Ph-tpy  0.884  − 0.482  − 2.006  − 128.393  − 18.146  − 237.271 
8 4′-3OMePh-tpy  0.883  − 0.484  − 2.018  − 128.406  − 18.163  − 237.382 
9 4′-4OMePh-tpy  0.883  − 0.484  − 2.018  − 128.406  − 18.163  − 237.382 
10 4′-vinyl-tpy  0.883  − 0.484  − 2.020  − 128.402  − 18.158  − 237.349  

Fig. 10. Relationship between the experimental Eox/red and the sum of the 
Hammett substituent parameters on the tpy-ligand of (1) – (5), (10). Note, data 
points of 2 and 10 are closely overlapping, see data in Table 8. 
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proportional to the energy of the HOMO, EHOMO, and the reduction 
potential E1/2,red also directly proportional to the energy of the LUMO, 
ELUMO, as displayed in Fig. 11. The oxidation of complexes (8) and (9) 
containing methoxy substituents, deviate from the trends. It was previ-
ously found that the redox potential of ligands containing an ester group 
deviate from expected relationships due to the additional effect of 
electron donation via lone pair resonance [62–64], that stabilizes bis 
(terpyridine)nickel(II), making it more difficult to oxidize at a higher 
than expected potential. 

Oxidation in a solvent is also related to the solvent phase calculated 
electronic energy difference of the species involved, here the energy of 
the Q = 2 and Q = 3 molecules, see Fig. 11(c). (Note, solvent phase 
calculated electronic energy differences are used here, for the calcula-
tion of redox potentials in section 3.3.7, free energy differences was 
used). Similarly the reduction of a molecules in a solvent is also related 
to the solvent phase calculated electronic energy difference of the spe-
cies involved, here the energy of the Q = 2 and Q = 1 molecules, see 
Fig. 11(d). Just as was found for the relationship between experimental 
and calculated reduction potentials in Fig. 9(b), the reduction of (10) 
deviates from the expected pattern in Fig. 11(b) and (d). 

The initial reduction of complexes (1) – (10) involves the addition of 
an electron to the LUMO of bis(tpy)-nickel(II) complexes (1) – (10). This 
electron then occupies the HOMO of the resulting reduced species (1) – 
(10), specifically the series of cations, the [Ni(tpy)₂]1+ complexes. The 
second reduction of complexes (1) – (10), targeting the cations of (1) – 
(10), involves adding an electron to the LUMO of these cations. As a 
result, the ease of both the first and second reductions is directly 
correlated with the energy levels of the HOMO and LUMO of the cations 
of (1) – (10), respectively. These relationships are visually represented in 
Fig. 12. Similar to the observations in Fig. 9(b), Fig. 11(b) and (d), the 
data for (10) deviates from the expected pattern in Fig. 12. 

The global reactivity parameters calculated through DFT to charac-
terize entire molecules [65] include electronegativity (χ) and the elec-
trophilicity index (ω). This is due to the uniformity of electronegativity 
and electrophilicity across an atom or molecule, remaining consistent 
from one orbital to another within an atom or molecule [66]. The 

electrophilicity index, ω, serves to quantify the electrophilic strength 
exhibited by atoms and molecules [67]. Molecules with higher ω values 
are anticipated to be more reactive towards electrophiles compared to 
those with lower ω values. Higher ω values are associated with com-
plexes containing tpy ligands with electron-withdrawing substituent 
groups, such as Cl and CF3, resulting in a higher redox potential. This 
correlation is illustrated in Fig. 13 (a), depicting a linear relationship 
between redox potentials and ω. Electronegativity, χ, measures the 
tendency of an atom or molecule to attract electrons towards itself [68]. 
Electronegativity of substituent groups influences the electronic prop-
erties of both the metal and the ligands within a molecule. Similar to ω, a 
higher χ value is linked to complexes that include tpy ligands with 
electron-withdrawing substituent groups, such as Cl and CF3, leading to 
a higher redox potential. This association is depicted in Fig. 13 (b), 
demonstrating a linear relationship between redox potentials and χ. 

3.4.3. DFT charges and potentials 
Local reactivity parameters, such as electronic density, charges, and 

potentials, exhibit values that are contingent on their positions within 
the molecule. This characteristic enables the characterization of site- 
specific reactivity trends [65]. To quantify the electronic influence of 
various tpy substituents on nickel in compounds (1) to (10), the mo-
lecular electrostatic potential (MESP) on nickel is employed. In the 
literature, MESP is commonly utilized for predicting the redox potential 
of molecules [69–72]. In this context, both oxidation and reduction 
potentials are associated with the MESP on nickel and nitrogen, as 
illustrated in Fig. 14(a). The charges obtained through natural bond 
orbital (NBO) analysis offer insights into the electron distribution within 
the molecule, impacting both oxidation and reduction potentials. As 
depicted in Fig. 14(b), lower (less positive and more negative) NBO 
charges signify higher electron density around the nickel atom, facili-
tating easier electron removal from the molecule and resulting in a lower 
oxidation potential. 

Fig. 11. Relationship involving the series of bis(tpy)-nickel(II) complexes: Between the experimental Eox/red and the DFT solvent phase (CH3CN) calculated (a) and 
(b) EHOMO/LUMO, (c) the solvent phase (CH3CN) electronic energy difference of Q = 2 and Q = 3 compounds and (d) the solvent phase (CH3CN) electronic energy 
difference of Q = 2 and Q = 1 compounds. Data of complexes 8 and 9 containing methoxy groups, shown as solid red triangles, did not fit the trend in (a), but are 
included in the trend (c). Data of complex 10 shown with an open red triangle deviate slightly from the trend in (b) and (d). ((Colour online.)) 
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4. Conclusions 

DFT calculations confirmed, in agreement with literature, that the 
oxidation and reduction of bis(terpyridine)nickel(II) complexes are 
based on nickel and the terpyridine ligand, respectively. The Jahn-Teller 
distorted Ni(III) complex is formed upon oxidation of the pseudo octa-
hedral Ni(II) complex. The significant change in Ni-N bond lengths upon 
oxidation, leads to slow oxidation, resulting in quasi-reversible Ni(II/III) 
oxidation. Small changes in the geometry upon reduction of bis(ter-
pyridine)nickel(II) suggested reversible process, as indeed experimental 
observed, with the second reduction quasi-reversible ascribed to the 
instability of the neutral bis(terpyridine)nickel complex containing two 
tpy ligand radicals. The donating/withdrawing nature of the sub-
stituents, as quantified by Hammett constants, shifts the observed redox 
potentials to lower/higher values in such a way that linear relationships 
are obtained between the experimental redox potentials and Hammett 
constants, as well as DFT calculated potentials, energies and charges 
related to the specific redox process. 
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Fig. 12. Relationship involving the HOMO and LUMO energies of the series of 
[Ni(tpy)₂]1+ complexes: experimental first and second reduction of bis(tpy)- 
nickel(II) (1) – (9) versus the DFT solvent phase (CH3CN) calculated EHOMO 
and ELUMO respectively. Data of complex 10 shown with an open red triangle 
deviate from the trends. ((Colour online.)) 

Fig. 13. Relationship involving the series of bis(tpy)-nickel(II) complexes: Be-
tween the experimental Eox/red and the DFT solvent phase (CH3CN) calculated 
(a) electrophilicity index, ω, and (b) electronegativity, χ, of the molecules. Data 
of complexes 8 and 9 containing methoxy groups, shown as red triangles, did 
not fit the trends involving oxidation. Data of complex 10 shown with an open 
red triangle did not fit the trends involving reduction. ((Colour online.)) 
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