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ARTICLE INFO ABSTRACT

Keywords: DFT methods were used to evaluate the type of Jahn-Teller distortion in the low spin d’ bis(terpyridine)nickel
Nickel(TIT) (11D) doublet. The strain of the tridentate terpyridine ligand in bis(terpyridine)nickel(IIT) leads to longer Ni(II)-N
Jahn-Teller terminal bond lengths than the Ni(III)-N central bonds. In addition, in all DFT optimized bis(terpyridine)nickel
?:riyri dine (II1) molecules, the one set of Ni(III)-N terminal bonds are longer than the other set of Ni(III)-N terminal bonds.

Three pairs of Ni(III)-N bonds are present in bis(terpyridine)nickel(III), namely 2 longer Ni(III)-Nterminal1 terminal
bonds, 2 medium length Ni(III)-Nterminal2 terminal bonds and 2 shorter Ni(III)-Ncentral central bonds, similar to
orthorhombic Jahn-Teller distortion in octahedral complexes. Evaluation of bond length differences, contraction
of bonds, spin density plots and the character of the singly occupied molecular orbital (SOMO) and singly un-
occupied molecular orbital (SUMO), led to a set of criteria to consider in evaluating the type of Jahn-Teller
distortion in the low spin d” bis(terpyridine)nickel(IlI) doublet. Jahn-Teller distortion can lead to elongation
(z-out) or compression (z-in) of a pair of opposite Ni-N bonds. One key criteria found, is, if the difference in bond
length between Ni(III)-Nierminain and Ni(IID-Nierminai2 is smaller than the difference in bond length of Ni(III)-
Nterminalz @nd Ni(III)-Neentral, then it is a Jahn-Teller compression geometry (and vice versa for a Jahn-Teller

Orthorhombic distortion

elongation geometry).

Introduction

Bis(terpyridine)nickel(II) complexes, [Ni(tpy)z]2+, find various ap-
plications due to their unique properties. For example, Ni-terpyridine
complexes catalyse C-C cross-coupling reactions [1], bis(terpyridine)
nickel(Il) acts as catalysts for the electrocatalytic reduction of CO3 [2,3]
and bis(4'-(2-ferrocenyl)-2,2":6'2"-terpyridine)nickel(II) exhibit anti-
amoebic and antimalarial activities [4]. Bis(terpyridine)nickel(II) com-
plexes can serve as versatile building blocks in supramolecular
chemistry [5,6], while bis(4-(furan-2-yl)-2,2:6'2"-terpyridine)nickel (1)
acts as precursor for the synthesis of nanoparticles [7]. Many [Ni
(tpy)z]2+ molecules, as well as [Ni(tpy)z]zJr containing substituted ter-
pyridine ligands, have been characterized by solid state crystallography
[8-10], exhibiting a distorted or pseudo octahedral geometry due to the
strain of the tridentate ligands [11,12]. However, no structure of the
oxidized bis(terpyridine)nickel(III), [Ni(tpy)z]e'*, could be found
[8-10].

Bis(terpyridine)nickel(III), [Ni(tpy)z]3+, exhibits a Jahn-Teller dis-
torted geometry due to the inequivalent electron occupation of degen-
erate d orbitals of the nickel ion [13,14]. The Jahn-Teller effect is a
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phenomenon in which a molecule or complex distorts its geometry to
lower its overall energy by removing degeneracy in the electronic en-
ergy levels [15]. In bis(terpyridine)nickel(III) complexes, the nickel ion
is in the +3 oxidation state, resulting in the removal of one electron
compared to the bis(terpyridine)nickel(II) complexes [3,16]. The elec-
tronic configuration of the nickel ion in bis(terpyridine)nickel(III)
complexes is d’ [17]. The d orbitals of an isolated nickel ion are
degenerate, meaning they have the same energy. However, in metal-
-ligand complexes, the interaction between the metal d-orbitals and the
ligands leads to the splitting of the d-orbitals into different energy levels.
In an octahedral ligand field, the splitting of the metal ion’s d-orbitals
results into two sets of orbitals, referred to as the tag (the dyy, dxz, and dy,
orbitals) and e; (the d»_y» and d,. orbitals) orbitals. The distorted
octahedral d’ bis(terpyridine)nickel(III) complex with spin = 5, has one
electron in the eg set of the d orbitals. The presence of an odd number of
electrons in the eg set leads to an electronic instability, and the complex
undergoes a Jahn-Teller distortion to lower its energy [15]. The Jahn-
Teller effect in octahedral d” complexes typically results in elongation
or compression of the coordination bonds, leading to a distortion of the
octahedral geometry. This distortion breaks the degeneracy of the
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d orbitals and reduces the electronic instability, stabilizing the complex.
The Jahn-Teller distortion in octahedral complexes are most pro-
nounced, can occur in different directions, resulting in different geom-
etries. The distortion can cause the complex to become elongated along
one axis, leading to a tetragonal elongation (z-out) geometry. Alterna-
tively, it can cause a compression along one axis, resulting in a tetrag-
onal compression (z-in) geometry [13]. Orthorhombic Jahn Teller
distortion of an octahedron, with two opposite long, two opposite me-
dium and two opposite short bonds, is also possible [18]. The Jahn-
Teller distorted geometry in nickel(III) complexes could have implica-
tions for their properties and reactivity. It affects their spectroscopic
features [19], magnetic properties [20], redox [21] and electron transfer
[22] processes.

Understanding and characterizing the Jahn-Teller effect on the ge-
ometry of bis(terpyridine)nickel(III) complexes are important for the
design and application of these complexes in various fields, including
catalysis, magnetism, and molecular electronics. In this contribution, a
DFT study on the Jahn-Teller distorted geometry of bis(terpyridine)
nickel(III) is presented. For a full understanding of the DFT calculated
structure of bis(terpyridine)nickel(III) (1), the DFT calculated structures
of the related polypyridine complexes tris(bipyridine)nickel(III) (2) and
tris(phenanthroline)nickel(III) (3) complexes are also discussed, see
Scheme 1.

Theoretical methods

Chemcraft [23] was utilized to construct the input coordinates for
Density Functional Theory (DFT) calculations of compounds (1) - (3).
DFT calculations were done on the molecules using the OLYP GGA
(Generalized Gradient Approximation) functional [24,25] with or
without Grimme’s D3 dispersion correction [26]. The OLYP functional
proved to correctly calculate the d,.! versus the dxz,yz1 ground state of
Ni(III) for nickel(III) tetra(tbutyl)porphyrin dicyanide [27]. Different
basis sets were used:

(i) The scalar relativistic ZORA (Zeroth Order Regular Approxima-
tion to the Dirac equation) Hamiltonian [28-30], and the ZORA
TZ2P all-electron relativistic basis as implemented in the ADF
program system [31,32] were used. This method will be referred
to as the OLYP-D3/ZORA-TZ2P method (if Grimme’s D3 disper-
sion correction was used) or OLYP/ZORA-TZ2P method (if no
Grimme’s D3 dispersion correction was used).

(ii) The triple-{ basis set 6-311G(d,p), as implemented in the
Gaussian 16 package [33], was also used. This method will be
referred to as the OLYP-D3/6-311G(d,p) or OLYP/6-311G(d,p), if
D3 was used or not, respectively.

All molecules have undergone frequency analyses to guarantee the
attainment of geometries with the lowest possible energy levels without
any imaginary frequencies. All optimizations were in the gas phase.

[Ni(bpy)sl>* (2) [Ni(phen)sl®* (3)

INi(tpy)oI** (1)

Scheme 1. Structure, numbering and abbreviation of the polypyridine-nickel
(III) molecules of this study. The highest symmetry point group possible for
Jahn Teller distorted (1) is Daq (for compression Jahn Teller distortion) or Cay
(for both elongation and compression Jahn Teller distortion). The highest
symmetry point group possible for Jahn Teller distorted for (2) and (3) is Cs.
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Results and discussion

The 6-coordinated polypyridine-nickel(II) complexes of (1) — (3)
have 8 d-electrons each with spin S = 1 (triplet) [34-36]. Upon oxida-
tion of the polypyridine-nickel(II) complexes of (1) — (3), polypyridine-
nickel(III) complexes (1) — (3) are formed with 7 d-electrons each with
either spin S = % (doublet) or spin S = 3/2. Experimental and theoretical
calculations showed that the ground state is S = 1/2 [17,35,36]. The
presence of a single unpaired electron in the e; orbital set causes Jahn-
Teller distortion in 6-coordinated pseudo octahedral nickel(IIl) com-
plexes with 7 d-electrons [13,37]. Jahn-Teller distortion in octahedral
complexes can cause the complex to become elongated along one axis (z-
axis as defined in Fig. 1), leading to a Jahn-Teller elongated (z-out)
geometry, or it can cause a compression along the z-axis, resulting in a
Jahn-Teller compressed (z-in) geometry. On the Cambridge Structural
Database (CSD [8-10]) only two Ni(IIl) crystals with a NiNg coordina-
tion polyhedron exhibiting Jahn-Teller distortion, could be found. The
solid state structure of tris(bipyridine)nickel(II) exhibits a compressed
(z-in) Jahn-Teller geometry [35] with the axial Ni(II[)-N bonds 0.1 A
shorter than the equatorial bonds. The solid state structure of bis(bis
(1,4,7-triazacyclononane)-nickel(III)) [38] exhibits a elongated (z-out)
Jahn-Teller geometry with the axial Ni(III)-N bonds 0.139 A longer than
the equatorial bonds. No structure of the bis(terpyridine)nickel(III)
could be found.

OLYP-D3/ZORA-TZ2P optimized geometries of (1) — (3)

In this section the optimized geometries and observed Jahn-Teller
distortion, the spin density profile and important molecular orbitals
(MOs), of (1) - (3), using the OLYP-D3/ZORA-TZ2P method, are
discussed.

Geometry

The OLYP-D3/ZORA-TZ2P DFT calculated Ni-N bond lengths of the
DFT calculated lowest energy ground state optimized geometries of (1) —
(3), and their polypyridine-nickel(II) complexes, are summarized in
Table 1.

Both tris(bipyridine)nickel(II) and tris(phenanthroline)nickel(II),
each containing three bidentate ligands, have a pseudo octahedral ge-
ometry of symmetry D3. The bidentate ligands reduce the molecular
symmetry from octahedral Oy, to D3 [39]. Under D3 symmetry, the six Ni
(ID-N bonds of are all of the same length, 2.074 A for tris(bipyridine)
nickel(II)) and 2.100 A for tris(phenanthroline)nickel(II). However, in
bis(terpyridine)nickel(Il), strain of the tridentate terpyridine ligand
causes the two central bonds to be shorter (1.996 [o\) than the four ter-
minal bonds (2.103 A). D3 symmetry is not possible for bis(terpyridine)
nickel(Il), that optimized to a Dyq geometry. The two tridentate ter-
pyridine ligands, arrange its six nitrogen atoms in a pseudo octahedral
fashion around nickel(II). However, because of the spatial constraints
imposed by the tridentate terpyridine ligand, the bis(terpyridine)nickel
(II) pseudo octahedral system doesn’t exhibit D4, symmetry (dite-
tragonal dipyramidal), but rather displays Daq symmetry (tetragonal
scalenohedral).

Upon oxidation of polypyridine-nickel(II), the Ni-N bond lengths
change, some increase in length and some decrease in length. The
presence of the single unpaired electron in the eg orbital set after
oxidation, causes Jahn-Teller distortion in the polypyridine-nickel(III)
complexes, leading to a Jahn-Teller elongation or compression geome-
try (Fig. 1).

Evaluating the Ni(III)-N bond lengths of DFT optimized (2) and (3) in
Table 1, it is clear that (2) and (3) exhibit Jahn-Teller elongation
distortion with two long bonds along the z-axis direction and four short
bonds in the xy-plane (xyz-axes are defined in Table 1). The two Ni(IIl)-
N bonds of (2) and (3) in the z-direction are ca 0.18 A longer that the
four shorter Ni(III)-N bonds in the xy-plane, Fig. 2. On ground of the Ni
(II1)-N bond lengths, the Jahn-Teller distortion in the DFT optimized low
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Fig. 1. Comparison between the d-orbital energies of low spin d’ complexes and high spin d® octahedral complexes to demonstrate the impact of Jahn-Teller
distortion on the geometry of low spin d” complexes, leading to elongation (z-out) or compression (z-in) distortion.

spin d’ complexes (2) and (3), are Jahn-Teller elongation distortion.
Experimental structures of bis(terpyridine)nickel(Il), containing two
tridentate terpyridine ligands, are of Dyq symmetry (tetragonal crystal
system, see CSD [8-10] reference codes FAGGOL [40], NUGHOP [41],
YEZDIR [42]) or near to Dog symmetry. The average Ni(I[)-N terminal
and central bonds of 28 structures bis(terpyridine)nickel(II) available on
the CSD, are 2.111 and 1.993 A respectively. The OLYP-D3/ZORA-TZ2P
DFT calculated Ni(II)-N terminal and central bonds of bis(terpyridine)
nickel(I) under Dog symmetry, 2.103 and 1.996 A respectively, are in
perfect agreement with these average experimental values, validating
the OLYP-D3/ZORA-TZ2P DFT are reliable to determine the properties
of bis(terpyridine)nickel complexes. No structure of the oxidized bis
(terpyridine)nickel(IID), [Ni(tpy)-] 3*, could be found on the CSD [8-10].
The strain of the tridentate terpyridine ligand in bis(terpyridine)
nickel(III), (1), causes the two central bonds in (1) to be shorter than the
four terminal bonds, making the interpretation of the observed Jahn-
Teller distortion difficult to evaluate on ground of the Ni(III)-N bond
lengths. The highest symmetry point group possible for Jahn Teller
distorted (1) is Dog (tetragonal crystal system, for compression Jahn
Teller distortion along the central bonds) or Cyy (orthorhombic crystal
system, for both elongation and compression Jahn Teller distortion
along opposite terminal bonds). All optimized geometries under Dog
symmetry, exhibited an imaginary frequency. For (1) optimized under
Coy symmetry, the OLYP-D3/ZORA-TZ2P optimized structure of (1) (see
1a in Table 1) has terminal bonds of 2.105 and 1.977 A, and central
constrained bonds of 1.882 and 1.848 A (average of 1.865 }o\). Thus,
three pairs of Ni(III)-N bonds are present in bis(terpyridine)nickel(III),
namely 2 longer Ni(III)-Nterminan1 terminal bonds, 2 medium length Ni
(IID-Nterminal2 terminal bonds and 2 shorter Ni(III)-Ncentral central bonds,

similar to orthorhombic Jahn-Teller distortion in octahedral complexes
[18,43]. Orthorhombic Jahn-Teller distortion may lead to elongation (z-
out) [21] or to compression (z-in) [44] of a pair of opposite bonds in an
orthorhombic distorted octahedral complex. Similarly, Jahn-Teller
distortion in the pseudo octahedral complex (1) can lead to elongation
(z-out) or to compression (z-in) of a pair of opposite Ni-N bonds, see
Fig. 2.

As was found for (2) and (3), the longest terminal bonds (2.105 A) of
(1) are alsoca 0.18 A longer that the average other four Ni(III)-N bonds,
that could be interpreted that as (1) also having elongation Jahn-Teller
distortion with the elongated bonds the two longest terminal bonds
(2.105 /O\). This agree with the fact that the 1.977 A terminal bonds are
nearer in length to the average of the shorter central constrained bonds
of 1.865 A (only 0.111 A longer) than to the 2.105 A longest terminal
bonds (0.128 A shorter). Compared to the Ni(II)-N bonds in the related
polypyridine-nickel(I) complexes, the elongated Ni(III)-N bonds in (1) -
(3) in the z-direction, changed slightly in length (up to 0.06 A, most
pronounced for (2) and (3)). However, the four shorter Ni(III)-N bonds
in the equatorial plane are significantly shorter than the Ni(II)-N bonds,
more than 0.13, 0.12 and 0.14 A for (1) - (3) respectively (see Ad values
in Table 1). The change in the bond lengths are further validation that
(1) also exhibit elongation Jahn-Teller distortion. Compared to (2) and
(3), the elongated Ni(III)-N bonds in (1) are slightly shorter; ca 2.11 Ain
(1) versus 2.13 and 2.15 in (2) and (3) respectively. The four Ni(III)-N
bonds of (1) in the xy-plane (1.977, 1.977, 1.882 and 1.848 A), are
similar in length to the Ni(III)-N bonds of (2) (1.950 and 1.946) and (3)
(1.961 and 1.949) in the xy-plane. Thus the elongated bonds in (1) - (3)
are longer than 2.1 A and the bonds in the xy-plane are all less than 2 A.

The OLYP-D3/ZORA-TZ2P optimized geometry of (1), with two long
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Table 1
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DFT gas phase calculated Ni-N bond lengths (A) of optimized geometries of polypyridine-nickel(III) complexes (1) — (3) and related polypyridine-nickel(II) complexes
using the indicated DFT method. The optimized geometries of (1) as obtained by different DFT methods are indicated as (1a) - (1f).

No DFT method Ni-N, Ni-Nyy1 Ni-Nyy2 Jahn-Teller
2 OLYP-D3/ZORA-TZ2P [Ni(bpy)s]®* 2.130 1.950 1.946 elongation
z-axis [Ni(bpy)s]** 2.074 2.074 2.074 -
N Ad? 0.056 —0.124 —0.128
Ne I/Nj Ax” 0.181 0.003
xy-plane
N* I N
!
3 OLYP-D3/ZORA-TZ2P [Ni(phen)s] 3+ 2.148 1.961 1.949 elongation
z-axis [Ni(phen)s]?" 2.100 2.100 2.100 -
N Ad? 0.048 —0.140 —0.151
Na I/Nj Ax” 0.188 0.012
xy-plane
N l N
(A
Ni-Nterminal1 4 Ni-Nterminal2 Ni'Ncentral(average) Jahn-Teller
la OLYP-D3/ZORA-TZ2P [Ni(tpy)=1>* 2.105 1.977 1.865 elongation
terminal [Ni(tpy)2)2* 2.103 2.103 1.996 -
(N / ‘> Ad? 0.001 -0.127 -0.131
central N——Ni'—N AxP 0.128 0.111
terminal N
1b OLYP-D3/ZORA-TZ2P [Ni(tpy)2]>* © 2.114 2.021 1.875 compression
[Ni(tpy)] 2 2.103 2.103 1.996 -
Ad? 0.011 —0.083 —0.121
Ax® 0.093 0.145
1c OLYP/ZORA-TZ2P [Ni(tpy)-] 3+ 2,132 2.072 1.885 compression
[Ni(tpy)2]>* 2.155 2.155 2.010 -
Ad? —0.023 —0.083 —-0.125
Ax® 0.060 0.187
1d OLYP-D3/6-311G(d,p) [Ni(tpy)2]** 2.114 2.021 1.875 compression
[Ni(tpy)2]** 2.124 2.124 1.995 -
Ad? —0.010 —0.104 -0.119
Ax® 0.093 0.145
1le OLYP-D3/6-311G(d,p) [Ni(tpy)2)>* 2.105 1.977 1.865 elongation
[Ni(tpy)2]>* 2.124 2.124 1.995 -
Ad? —0.020 —0.148 —0.129
Ax® 0.128 0.111
1f OLYP/6-311G(d,p) [Ni(tpy)-] 3+ 2.119 2.070 1.886 compression
[Ni(tpy)2]>* 2.154 2.154 2.011 -
Ad? —0.035 —0.085 —0.125
Ax® 0.050 0.184

a Ad is the change in bond length d(Ni(II)-N) — d(Ni(I)-N) in A.

b Ax is the difference in bond length of the Ni(III)-N bond of medium length (Ni(II)-Nterminat2 o Ni(III)-Nyy1) from the longest (Ni(III)-Nierminar1 or Ni(III)-Ny) and from

the shortest (Ni(III)-Nceneral OF Ni(III)-N,y2) bond for (1) - (3), in A.
d For [Ni(tpy)z]3+ Ni-Niermina1 iS chosen as the longer pair of bonds.

e Single point (sp) using OLYP-D3/6-311G(d,p) compression optimized geometry 1d.

f Single point (sp) using OLYP-D3/Z-TZ2P elongation optimized geometry la.

(2.105 A), two medium (1.977 A) and two short (1.865 A) Ni(IID-N
bonds, can thus be described as elongation Jahn-Teller distortion,
similar to orthorhombic elongation Jahn-Teller distortion in ortho-
rhombic distorted octahedral complexes [18,43].

Mulliken spin density and frontier orbitals

Since the spin of the d’ tris(polypyridine)nickel(III) complexes (2)
and (3) is ', the spin density plots of (2) and (3) show the locus of the
unpaired electron in the e; orbital set, see Fig. 3. The spin density plots
of (2) and (3) clearly show that the unpaired electron in the eg orbital set
has d,> character, consistent with elongation Jahn-Teller distortion. The
unpaired electron resides in the highest occupied molecular orbital
(HOMO) of (2) and (3), with similar d,» character, see Fig. 3. The lowest
unoccupied molecular orbital (LUMO) of (2) and (3) exhibits similar
d,2_y» character, see Fig. 3.

The observed elongation of the Ni(III)-N bonds along the z-axis is

dictated by the anti-bonding interaction between the d,> MO on Ni and
the p, MOs on the N’s involved, leading to elongation of the Ni(III)-N
bonds along the z-axis. The elongation Jahn-Teller distortion lowers
the overall energy of the system. This distortion is driven by the inter-
action between electronic and vibrational degrees of freedom, which is
referred to as vibronic coupling. The electronic energy levels and the
vibrational energy levels become coupled or correlated [45]. Vibronic
interaction has the effect of further lowering the energy of the distorted
system, leading to the lowering of the energy of the d,, HOMO and
raising the energy of the d,»_,» (LUMO) (MO energies are given in
Fig. 3).

The Mulliken spin density plot of (1) have very similar character as
the spin plots of (2) and (3) (Fig. 3). The Mulliken spin density on Ni of
(1) is slightly lower than that of (2) and (3), namely 0.618, 0.641 and
0.648 e, for (1) - (3) respectively, see data in Table 2 (OLYP-D3/ZORA-
TZ2P data of 1 is indicated under optimized geometry la in Table 2).
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Fig. 2. Jahn-Teller distortion in (1), (2) and (3), leading to elongation (z-out) or compression (z-in) of a pair of opposite bonds along the indicated z-axis direction.

The Mulliken spin density of molecule (1, geometry 1a) on the N’s along
the longer z-axis (0.135 e~ on both N’s) is much larger (greater than 0.09
e”) than the spin density on the N’s of the shorter bonds equatorial
bonds in the xy-plane (0.043, 0.043, 0.011 and —0.006 e respectively,
or an average of 0.023 e™). For (2) and (3) the N’s in the xy-plane, Ny
and Ny, all have a spin density of 0.016 e, slightly lower than the spin
density of some of the N’s in the xy-plane of (1) (up to 0.043 e™).

The HOMO and LUMO of (1) in Fig. 3, have very similar character as
the HOMOs and LUMOs of (2) and (3). All HOMOs looks very similar
with ca 40% Ni-d character, ca 30% on N, and a small amount (up to
10%) on Ny and Ny. N, is the N on the z-axis as defined in Fig. 3, similar
for Ny and Ny.

The similar character of the spin plot, HOMO and LUMO of (1)
compared to that of (2) and (3), see Fig. 3, is consistent with (1) having
elongation Jahn-Teller distortion, like (2) and (3).

Jahn Teller elongation and compression optimized geometries of (1)

In this section the optimized geometries and observed Jahn-Teller
distortion, the spin density profile and important molecular orbitals
(MOs) of (1), obtained using different DFT methods, are discussed. The
results show, that depending on the DFT method, different optimized
structures of (1), numbered geometry 1a — 1f, are obtained (Table 1).

Geometry and energy

The strain of the tridentate terpyridine ligand in (1) could lead to
elongation Jahn-Teller distortion, Fig. 2. However, compression Jahn-
Teller distortion is experimentally observed for high spin d* bis(ter-
pyridine)manganese(III) [46] and low spin d’ tris(bypyridine)nickel(III)
[35]. Although the OLYP-D3/ZORA-TZ2P DFT method reproduced
experimental Ni(II)-N terminal and central bonds of bis(terpyridine)
nickel(I) most accurately (within 0.008 ;\), no DFT calculated
compression Jahn-Teller geometries without an imaginary frequency,
could be optimized for (1) - (3) when using the OLYP-D3/ZORA-TZ2P
DFT method.

A compression Jahn-Teller distortion geometry for (1) was obtained,
using the OLYP/ZORA-TZ2P method, thus with the OLYP functional
without D3 dispersion, with terminal bond lengths of 2.132 and 2.072 A
and central compressed bonds of 1.885 A (See geometry 1c in Table 1).
Compared to the related OLYP/ZORA-TZ2P bis(terpyridine)nickel(II)

complex, all the Ni(III)-N bonds geometry 1c are shorter. The central
compressed Ni(IlI)-N bonds, and the terminal bonds are shorter by
0.125, 0.023 and 0.083 A respectively (see Ad values in Table 1). The
terminal Ni(III)-N bonds of medium length (2.072 A, Ni-Nterminal2 in
Table 1), are nearer in length to the 2.132 A longest terminal bonds
(0.060 A shorter) than to the average of the shorter central constrained
bonds of 1.885 A (0.187 A longer), (Ax values in Table 1). The bond
lengths of geometry 1c are consistent with the OLYP/ZORA-TZ2P
calculated geometry of (1) exhibiting compression Jahn-Teller distor-
tion, with the z-axis now defined along the central bonds (Fig. 2).

The OLYP-D3/6-311G(d,p) method, in contrary to the OLYP-D3/
ZORA-TZ2P method, produced a compression Jahn-Teller distortion
geometry for (1), see bond length values of the compression geometry
1d in Table 1. Using the OLYP-D3/Z-TZ2P method on the optimized
coordinates of this compression OLYP-D3/6-311G(d,p) geometry 1d
(single point calculation, producing compression geometry 1b), energies
and spin populations could be obtained to be compared to the elongation
optimized OLYP-D3/ZORA-TZ2P geometry 1a, see values in Table 1 and
Table 2. This single point calculation did not have any imaginary fre-
quency, and compression geometry 1b was only 0.018 eV higher in
electronic energy than the elongation optimized OLYP-D3/ZORA-TZ2P
structure, geometry la. However, the free energy of compression ge-
ometry 1b is 0.005 eV lower than the free energy of elongation geometry
la (see energies in Table 3). The population of elongation geometry la
(45.2%) and compression geometry 1b (54.8%), obtained by using the
Boltzmann equation, are very similar, implying both the elongation and
compression geometries of (1) are possible. The small difference in en-
ergy between the optimized elongation geometry 1a and sp compression
geometry 1b, may be the reason why, when re-optimizing the
compression OLYP-D3/6-311G(d,p) geometry 1d, using the OLYP-D3/Z-
TZ2P method, the compression input geometry converged to a elonga-
tion geometry (la in Table 1).

Since the OLYP-D3/6-311G(d,p) method, produced a compression
Jahn-Teller distortion geometry for (1), geometry 1d in Table 1 and
Fig. S1 in the supporting information, a single point calculation (elon-
gation geometry 1e) using the optimized coordinated of the elongation
optimized OLYP-D3/ZORA-TZ2P geometry la was done to get OLYP-
D3/6-311G(d,p) energies to be compared to the values of geometry
1d. The minimum energy OLYP-D3/6-311G(d,p) compression geometry
1d was only 0.035 eV lower in electronic and 0.048 eV in free energy
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Fig. 3. Spin plots, frontier orbitals and MO energies of the OLYP-D3/ZORA-TZ2P gas phase optimized geometries of polypyridine-nickel(III) complexes (1) - (3).
Color scheme used for atoms (online version): Ni (purple), N (blue), C (black) and H (white). Contours of 0.004 and 0.06 eA =3 are used for the spin and MO plots
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

than the OLYP-D3/6-311G(d,p) single point elongation geometry le (no
imaginary frequency). The population obtained for the OLYP-D3/6-
311G(d,p) calculated elongation geometry le (13.2%) and compres-
sion geometry 1d (86.8%) (Table 3), differ slightly from the population
when using the OLYP-D3/Z-TZ2P method (45.2% for compression and
54.8% for elongation), though both methods predict that both the
compression and elongation geometries are energetically possible (see
energies in Table 3).

The OLYP/6-311G(d,p) method (OLYP functional without D3
dispersion) also produced a compression Jahn-Teller distortion geome-
try for (1), geometry 1f in Table 1.

The results obtained thus indicate that both the elongation and
compression geometries of (1) are possible, and with favourable
experimental conditions, both geometries should be experimentally
isolated.

Mulliken spin density and frontier MOs of (1)
Mulliken spin populations, the %Ni-d and %N character and energies

of the HOMO and LUMO of (1) — (3), obtained by the different DFT
methods as mentioned in Table 1, are summarized in Table 2.

The spin plot of the OLYP-D3/ZORA-TZ2P elongation optimized
geometry of (1), geometry 1la, (Fig. 3), is of the d,» character (0.618 e™)
with some spin density on the N, atoms (0.135 e™) of p, character. In
addition, a smaller amount of spin density (0.043 e™) is visible on the Ny
atoms of py character. The HOMO looks very similar to the spin density
plot, residing 41.8% on Ni, 30.4% on N, 1% on Ny and 10.4% on Ny (N,
is the N on the z-axis along the central bonds). The LUMO resides 46.2%
on Ni-d,>_y2, 12.0% on Ny and 17.2% on Ny.

In contrary, the spin plot of the OLYP/ZORA-TZ2P compression
calculated geometry of (1), geometry 1lc, show that the locus of the
unpaired electron in the eg orbital set is of d,_,» character (Fig. S1 in the
supporting information), consistent with compression Jahn-Teller
distortion (Fig. 1). In this compression optimized molecule, 0.640 e~
of the spin density is on Ni, 0.069 e~ on Ny and 0.108 e~ on Ny. The
unpaired electron resides in the singly occupied molecular orbital
(SOMO that is the HOMO) of geometry 1c, with similar d,>_,» character,
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DFT gas phase calculated energy and composition of the HOMO and LUMO and Mulliken spin densities (average values) of optimized the geometries of bis(terpyridine)
nickel(III) complex (1, point group Csy), tris(bipyridine)nickel(III) (2, point group C») and tris(phenanthroline)nickel(III) (3, point group C»), using the indicated DFT
method. HOMOs, LUMOs and Mulliken spin density plots of (1) are visualized in Fig. S1 in the supporting information. N, is the N on the z-axis as defined in Fig. 3,

similar for Ny and Ny.

Optimized geometry  DFT method MO MO composition (%) MO energy  Spin density (e™) Jahn-Teller
%dNi %pN, %pN, %pN, E(eV) Ni N, N, Ny

la OLYP-D3/ZORA-TZ2P HOMO  41.8 30.4 1.0 10.4 —14.056 0.618 0.135 0.003  0.043  elongation
LUMO 46.2 1.1 12.0 17.2 —13.499

2 OLYP-D3/ZORA-TZ2P HOMO 42.3 31.1 5.1 5.1 —14.083 0.641 0.136 0.016 0.016 elongation
LUMO 45.5 0.0 27.8 27.8 —13.547

3 OLYP-D3/ZORA-TZ2P HOMO  40.0 30.2 0.0 4.7 —13.911 0.648 0.133 0.016  0.016  elongation
LUMO 45.8 0.0 20.2 20.2 —-13.327

1b? OLYP-D3/ZORA-TZ2P HOMO 41.6 0.0 13.4 28.2 —-14.162 0.630 —0.005 0.057 0.122 compression
LUMO 46.1 12.4 14.4 2.4 —13.620

1c OLYP/ZORA-TZ2P HOMO  40.4 0.0 17.3 25.8 —14.301 0.640  —0.009 0.069  0.108  compression
LUMO 45.3 12.4 12.0 3.9 —13.750

1d OLYP-D3/6-311G(d,p) = HOMO  42.8 0.0 6.8 13.4 —13.932 0.679  —0.013 0.052  0.118  compression
LUMO 47.2 10.5 6.6 1.3 —13.415

1eb OLYP-D3/6-311G(d,p) HOMO 43.0 14.4 1.6 5.3 —13.823 0.667 0.131 —0.005 0.038 elongation
LUMO 47.3 1.4 10.1 6.5 -13.279

1f OLYP/6-311G(d,p) HOMO  42.4 0.0 8.6 12.0 —14.041 0.690  —0.017 0.067  0.101  compression
LUMO 46.9 11.6 4.4 2.2 —13.524

a Single point (sp) using OLYP-D3/6-311G(d,p) compression optimized geometry 1d.

b Single point (sp) using OLYP-D3/Z-TZ2P elongation optimized geometry la.

Table 3
DFT gas phase calculated electronic energies (E in eV), free energies (G in eV)
and population (% at 1 atm and 298.15 K) of optimized geometries of bis(ter-
pyridine)nickel(III) complex (1, point group Cay), using the indicated DFT
method.

Optimized DFT AE AG % Jahn-Teller

geometry method Population

la OLYP-D3/Z- 0.000 0.005 452 elongation
TZ2P

1b OLYP-D3/Z- 0.018 0.000 54.8 compression
TZ2P

1d OLYP-D3/6- 0.000 0.000 86.8 compression
311G(d,p)

le OLYP-D3/6- 0.035 0.048 13.2 elongation
311G(d,p)

see Fig. S1 in the supporting information. The HOMO has 40.4% Ni-
d character, with 17.3% on Ny and 25.8% on Ny. The lowest unoccu-
pied molecular orbital (LUMO) or the singly unoccupied molecular
orbital (SUMO) of the S = %4 OLYP/ZORA-TZ2P calculated geometry 1c
of (1) exhibits d,» character. The spin density plots, HOMOs and LUMOs
of the other compression geometries shown Fig. S1 in the supporting
information, are similar to the OLYP/ZORA-TZ2P compression calcu-
lated geometry of (1), geometry 1c. The Mulliken spin on Ny and Ny of
the compression geometries are less than the Mulliken spin on N, of the
elongation geometries, though observable more than the small amount
of spin on Ny of the compression geometries. For both the compression
and elongation geometries, the LUMO has nearly 5% more d character
than the HOMO.

Distinguishing between a elongation and compression geometry for (1)

Due to the strain in the central Ni-N bond of bis(terpyridine)nickel
(IT), complex (1), the central Ni-N bond are always shorter than the
terminal Ni-N bonds. Distinguishing between a elongation and
compression geometry for (1), thus seems to be very subtle. The
following criteria can be used:

(i) If the difference in bond length of Ni(III)-Nterminalz and Ni(IID)-
Nterminal1 is smaller than the difference in bond length of Ni(III)-
Nierminal2 and Ni(IID-Neentral (AX in Table 1), then it is a Jahn-

Teller compression geometry (and vice versa for a Jahn-Teller
elongation geometry).

(i) The change in both the Ni-Nterminal2 and Ni-Neentral bond lengths
upon reduction of Ni(III), Ad in Table 1, are more significant (ca
0.13 A or more) for the Jahn-Teller elongation geometry, than for
the compression geometry. For a compression geometry the
change in the Ni-Nterminal2 and Ni-Neentra; bond lengths are ca 0.08
and 0.12 A respectively.

(iii) The character of the spin density plot is d,>_,» for a Jahn-Teller
compression geometry (z-direction along the central bonds) and
d,. for elongation (z-direction along the longest terminal bonds).

(iv) The character of the SOMO and SUMO is d,»_,» and d,» respec-
tively for a Jahn-Teller compression (z-direction along the central
bonds), and vice versa for elongation (z-direction along the
longest terminal bonds).

(v) Significant Mulliken spin population on both N, and Ny (near zero
on N,) for a Jahn-Teller compression (z-direction along the cen-
tral bonds). Significant Mulliken spin population on N, (near zero
or small on Ny and Ny) for elongation (z-direction along the
longest terminal bonds).

Conclusions

The OLYP-D3/ZORA-TZ2P DFT method reproduced experimental Ni
(ID-N terminal and central bonds of bis(terpyridine)nickel(I) most
accurately within 0.008 A. The results obtained indicate that both the
elongation and compression geometries of (1) are possible, and with
favourable experimental conditions, should be experimentally isolated.
However, the strain of the tridentate terpyridine ligand in bis(terpyr-
idine)nickel(III) complicates the identification of the type of Jahn-Teller
distortion observed. A set of criteria were identified that can be used in
the identification of the type of Jahn-Teller distortion. The easiest
criteria to apply is, to determine the bond length differences (Ni(III)-
Neterminall — Ni(IID-Nterminaiz) and (Ni(IID-Nterminal2 — Ni(IID-Neentran,
where Ni(III)-Nterminal1 is the longest pair of bonds. If the value of (Ni
(IID)-Nterminat1 and Ni(IID-Nierminal2) is smaller than (Ni(IID)-Nierminal2 —
Ni(III)-Neentral), then it is a Jahn-Teller compression geometry (and vice
versa for a Jahn-Teller elongation geometry).
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