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Abstract: Two heteroleptic Nill complexes combined the redox-active catecholate and 2,2’- bipyridine
ligand platforms were synthesized to observe a photoinduced intramolecular ligand-to-ligand charge
transfer (LL'CT, HOMO ¢echolate — LUMO _diimine)- A molecular design of compound [Nil'(3,6-
Cat)(bipy)]-CH3CN (1) on the base of bulky 3,6-di-tert-butyl-o-benzoquinone (3,6-DTBQ) was an
annelation of the ligand with an electron donor glycol fragment, producing derivative [NiH(3,6—
Catgly)(bipy)] -CH,Cl; (2), in order to influence the energy of LL'CT transition. A substantial longwave
shift of the absorption peak was observed in the UV-Vis-NIR spectra of 2 compared with those in
1. In addition, the studied Nil! derivatives demonstrated a pronounced negative solvatochromism,
which was established using a broad set of solvents. The molecular geometry of both compounds
can be ascribed as an insignificantly distorted square-planar type, and the m—m intermolecular
stacking of the neighboring a-diimines is realized in a crystal packing. There is a lamellar crystal
structure for complex 1, whereas the perpendicular T-motifs with the inter-stacks attractive 71—
7 interactions form the packing of complex 2. The redox-active nature of ligand systems was
clearly shown through the electrochemical study: a quasi-reversible one-electron reduction of 2,2'-
bipyridine and two reversible successive one-electron oxidative conversations (“catecholate dianion—
o-benzosemiquinonato radical anion—neutral o-benzoquinone”) were detected.

Keywords: 0-benzoquinone; x-diimine; Nill jon; photoinduced intramolecular charge transfer; m—m
stacking; SC X-ray; cyclic voltammetry; UV-Vis-NIR spectroscopy

1. Introduction

The numerous class of the charge transfer complexes involves the metal derivatives
with a pronounced back donation effect, driving the strong metal-to-ligand transition
(MLCT)—fine representatives are the NIR dyes such as Mo [1,2] and Ru compounds [1-3].
Considerable attention has also been paid to transition metal chromophores with a pre-
dominant metal-to-ligand magnetic exchange. As an example, the strong “metal-ligand”
coupling is inherent for tris(o-iminosemiquinonato) Fe!'' complexes [4,5], as well as for
bis(o-iminosemiquinonato) Cu'! compounds which are distorted tetrahedrally and contain
the “soft” donor S/Se atoms in additional functions [6-8]. High absorptivity of the similar
visible/NIR MLCT dyes is caused by an effective overlapping between metal d-orbitals
and ligand m-orbitals due to a realization of high coordination numbers or a significant
deviation from planarity.

On the contrary, a planar mutual arrangement of the interacting molecular orbitals
and, consequently, a planar molecular structure of the compound should be optimal for
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the implementation of intramolecular ligand-to-ligand charge-transfer (LL'CT) [9,10]. In
this way, the main attention is addressed to a molecular design towards derivatives of 10
group metals (Ni, Pd, Pt), preferring a square-planar coordination environment.

The synergistic existence of donor and acceptor organic parts in the coordination
sphere of the metal center is a distinctive feature for a wide range of LL'CT chromophores.
The acceptor moiety is usually represented by a neutral redox form of x-diimines (Scheme 1)
with significant steric hindrances [10-24] and/or a rigid carbon skeleton [13,15,25-27].
Thus, it provides the required planarity of the complex’s structure. In turn, o-quinone [28,29]
and related o-iminoquinone [29-32] type derivatives are known donor ligand systems in
the charge-transfer complexes. The redox-active nature [29,33,34] of these organics makes
it possible to realize their most electronically saturated two-electron reduced redox state
(catecholate and amidophenolate, respectively) when such compounds are in the coor-
dination sphere of the metal complex (Scheme 1, (1)). The extended possibilities for the
functionalization of o-quinone/o-iminoquinone type ligand systems are a crucial factor that
predetermines their widespread use in the generation of the charge-transfer complexes.
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Scheme 1. Redox states of 0-benzoquinone and «-diimine type ligands (1); ligand-to-ligand charge transfer HOMO,a¢echolate

— LUMO _diimine (2)-

Since a charge separation in LL'CT chromophores occurs at the molecular level, it
becomes possible to observe the photoinduced intramolecular LL'CT from the HOMO of
the electron-saturated donor ligand to the LUMO of the electron-deficient acceptor ligand
(Scheme 1, (2)). However, in real systems, the HOMOgonor — LUMOjacceptor assignment
of the charge transfer processes can be complicated by the mixed metal/ligand-to-ligand
charge transfer [10,19,22,35]. In such cases, the HOMO is formed by the contribution
from the metal ion and the donor ligand, while the LUMO is localized on the acceptor
organic part.

Changes in the donor/acceptor ability of ligand platforms can affect the charge transfer
energy. In particular, an introduction of the acceptor functional groups into the donor
ligand should increase the LL'CT energy. Corresponding absorption peaks will shift to the
shortwave region of UV-Vis-NIR spectrum, as a consequence. On the contrary, the presence
of the donor functions will have the opposite effect.

Despite such variability of the LL'CT process towards a-diimine-M!'-catecholate
compounds, there are sporadic works devoted to a targeted molecular design of LL'CT dyes
with the primary goal to influence the position and/or intensity of the electronic absorption
bands [10,15,21-23,36-38], and solvatochromic properties [17,19,22,23,39]. On the other
hand, the related square-planar Pd" derivatives are the research objects due to a cytotoxic
activity [40-43]. A series of works describes a modification of the coordination sphere of
Pd" jon by non-substituted diimine and catecholate ligand platforms with extended 7-
system [25-27,44—46]. It has been recently presented the following noteworthy tendencies
in the molecular design of the «-diimine-M!!-catecholate compounds [13]. Thus, utilization
of the conjugated organic ligands provides the 7—m stacking, and perfluoroalkylation of a
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catecholate forces its electron-withdrawing properties to increase the complexes’ stability
towards atmospheric oxygen.

Nevertheless, the rich possibilities of molecular design for square-planar LL'CT chro-
mophores were demonstrated in the paper [15]. A substantial change of the LL'CT energy
from 1.9 to 0.9 eV (650 nm and 1370 nm in the UV-Vis-NIR spectra, respectively) was
achieved successfully. The pronounced solvatochromic effect in a series of the x-diimine—
M!—catecholate charge transfer complexes (where M!! is Ni!l, Pd", Pt!l; 3 5-di-tert-butyl-
catechol, 4,4'-di-tert-butyl-2,2'-bipyridine) was described in recent work [17]. The expected
negative solvatochromism was established. It has been shown that the nature of the metal
center could play a role in LL'CT energy. A slight narrowing of the HOMO-LUMO gap
was found within the [Ni] < [Pd] < [Pt] row.

The possibility to control the LL'CT energy in the heteroleptic coordination com-
pounds of the a-diimine-M'-catecholate type (M = Ni, Pd, Pt) is an urgent practical
issue. These metal complexes and their ionic derivatives exhibit a high absorptivity in
the visible and NIR regions due to the realization of LL'CT with 103-10* M~!-cm~! molar
extinction coefficients. This is one of the main criteria [47] for using of compounds as
sensitizers, particularly in photovoltaics. So, different types of coordination compounds
with an efficient charge separation have found an application in the dye-sensitized solar
cells (DSSCs) [47,48] as “redox mediators” [49] in combination with a solid-state semi-
conductor surface (usually porous TiOy), i.e., in the Gratzel cells [50-52]. In particular,
pioneer investigations were aimed at testing of the six-coordinated thiocyanato Ru'' MLCT
chromophores, containing (1) diimines equipped with anchor groups (for instance, phos-
phonate and carboxylate fragments), (2) ancillary ligands (usually substituted bipyridines
and terpyridines) [47,48]. In recent years, a novel trend has spread—using of square-planar
LL'CT compounds of Pd [53,54], Pt [22,55-57], Cu [49,58], Ni [53,54,59,60] as materials for
DSSCs. Research in the field of the molecular design of the square-planar sensitizers is
carried out in several directions following existing problems in photovoltaic characteristics.
A short lifetime of excited state for the square-planar first-row transition metal complexes
can be raised by: (1) using of metal center with a full d-level—such approach was reported
for the bis(arylimino)acenaphthene Cu! complexes [58]; (2) creating of a strong crystal field,
as in the case of square-planar a-diimine-M!!-dithiolate species—NiH [60] and Pt [57]
complexes. Incorporation of electron-withdrawing anchor functions, primarily of a car-
boxylate type [60], into the diimine fragment facilitates an attachment of sensitizers into
the semiconductor surface. Besides, it promotes a redshift of the LL'CT absorption band. It
is important for harvesting the sunlight [61] because NIR light is approximately 45% of
solar energy [59]). The authors in [15] have recently demonstrated that modifications of the
donor o-quinone type ligand platforms have a much more noticeable effect on the LL’'CT
energy than the transformations in the acceptor «-diimine part. For instance, an alternation
of the a-diimine moiety with the keeping of the same catecholate part led to a spectral
shift AAmax =~ 220-350 nm, whereas the varying of catecholate results in a more significant
displacement up to AApax &~ 430-550 nm. Thus, a targeted modification of a catecholate
part by donor substituents is assumed to be an essential issue to know how a fine-tuning
of a catecholate’s composition and electronic structure can change the LL'CT energy.

In the current work, two a-diimine-M"-catecholate species 1 and 2 are studied.
It should be mentioned that the synthesis of complex 1 was reported in ref. [16] for
the first time. Herein, a comprehensive study was performed for compound [Ni'(3,6-
Cat)(bipy)]-CH3CN (1) (where bipy = 2,2'-bipyridine, 3,6-Cat = 3,6-di-tert-butyl-catechol)
which was prepared in the course of a modified synthetic procedure. The present paper
focuses on the molecular, electronic structure and investigates a photoinduced intramolec-
ular LL'CT and solvatochromism. New complex [NiH(3,6—Catgly)(bipy)]~CH2C12 (2) (where
3,6-Cat8lY—catecholate redox form of 7,10-di-tert-butyl-2,5-dioxabicyclo(4.4.0)deca-1(10),6-
diene-8,9-dione (3,6-DTBQ8Y) is presented in the same manner. It was shown that an
annelation of a quinone type ligand 3,6-DTBQ by an electron donor glycol fragment could
decrease the LL'CT energy substantially.
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2. Results and Discussion
2.1. Synthetic Procedure for the Complexes 1 and 2

Three known techniques requiring anaerobic conditions or an inert atmosphere (ni-
trogen, argon) are known for preparing of new bis(ligand) transition metal compounds
of the a-diimine-M!—catecholate type. The first approach assumes a stepwise synthesis:
(1) treatment of the transition metal compound with a quinone type ligand to generate
a catecholate-containing intermediate (redox process) [15]; (2) an exchange reaction with
the participation of the catecholate precursor and «-diimine. The principal peculiarity
of the second method (most frequently used) is in the reverse order of the introduc-
tion of ligands into the coordination sphere of the metal center (compared to the first
technique) [11-13,15,17,19,22,25,35,44,46]. The third combined method is the “one-pot”
synthesis [16,36], which was applied to obtain the complex 1 described in ref. [16] for the
first time. The synthetic procedure proposed by authors [16] involves Ni(CO)y as a starting
metal-containing reactant, requires heating of a reaction mixture (30 min at ~30 °C, and
after that 2 h at ~80 °C), and a periodical removing of CO, yielding the targeted product
at 42%. In the present work, derivative [Ni(3,6-Cat)(bipy)]-CH3CN was generated by a
modified route.

It is a remarkable fact that using of the same diimine and catechol ligands can form
not only the square-planar aforementioned Ni!! compound (LL'CT chromophore). The
six-coordinated complex consists of two 3,6-di-tert-butyl-o-benzosemiquinone radicals,
and a neutral diimine ligand [62] can be obtained too. Such a result was achieved in the
course of a reaction between 3,6-di-fert-butyl-o-benzosemiquinonato Ni'! derivative and
2,2'-bipyridine under evacuated conditions. As it can be expected, an effective overlapping
of the metal and ligand orbitals was observed in the case of this octahedral complex [62].

Following the second synthetic approach, Ni'l complexes 1 and 2 were prepared in
two steps (Scheme 2). At the first stage, an interaction between Ni(cod), and 2,2"-bipyridine
was carried out in an inert argon atmosphere with an accompanying turn in a solution’s
color from yellow to intense purple. A stoichiometric amount of 3,6-DTBQ (for 1) or
3,6-DTBQ8Y (for 2) was added to this reaction mixture at the second stage. A subsequent
stirring for about 1 h without heating generated the targeted heteroleptic Nil derivatives.
Single crystals of compounds 1 and 2 were grown from a mixture of CH,Cl,/CH3CN and
CH,Cl, /hexane, respectively, by slow evaporation of the solvents under reduced pressure.
The yield of complexes 1 and 2 was 68% and 76%, respectively.

F ©
I. argon atmosphere, RT,
N G 5h, toluene 0\ )/N G
+ II. Q, argon atmosphere, RT, R /Ni"\
1h, toluene
i o U
P~ 1,2) >~
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3,6-DTBQ 3,6-DTBQEY

Scheme 2. Synthetic route for preparing of 1 and 2.

2.2. Molecular Structures of Complexes 1 and 2

Known four-coordinated ligand-to-ligand charge transfer complexes possess a square-
planar/slightly distorted square-planar molecular geometry due to a rigid structure of
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used organic moieties. However, the variability in ligand’s bulkiness and rigidity of
the conjugated 7m-systems determines the several common types of a crystal packing:
(1) a lamellar structure [13,35,63,64]; (2) T-shaped perpendicular/herringbone motifs
(both cases are accompanied traditionally by 7—m* stacking and/or metal-nt short con-
tacts [11,14,15,17,25,26,44,45]); (3) a “chaotic” arrangement of molecules without any con-
siderable 7— interactions [16,39] (this type is a relatively rare and observed usually for
the complexes bearing aliphatic «-diimines, N-substituted by bulky functions and groups
which can rotate freely, such as -C(CHj3)3 [16], (C¢Hs)OMe [39], etc.).

Heteroleptic Ni'! complexes 1 and 2 are distinguished by a slightly distorted square-
planar geometry of a coordination core (t4(1, 2) = 0.03) [65,66] (Figure 1). The dihedral
angle’s values between the O(1)-Ni(1)-O(2) and N(1)-Ni(1)-N(2) planes are minimal and
equal to 0.95° (for 1) and 0.58° (for 2). In addition, there is a negligible exit of Nill center
from the plane O(1)-O(2)-N(1)-N(2) of a coordination polyhedron—0.007 Ain 1, and
0.003 A in 2. Moreover, the dihedral angles between the planes of 2,2"-bipyridine and a
catecholate dianion (O(1)-C(1)-C(2)-C(3)-C(4)-C(5)-C(6)-O(2)) are also small and found at
4.12° and 2.95° (for 1 and 2, respectively). The C(1A) and C(2A) atoms in a glycol fragment
of 2 deviate from a catecholate’s plane at 0.693 A and 0.120 A, respectively (Figure 1).

Figure 1. Views of 1 (left) and 2 (right) molecular structures with 50% thermal probability ellipsoids.
Hydrogen atoms are omitted for clarity.

Both studied compounds possess an identical unambiguous electronic structure: a co-
ordination environment of Ni'' ion consists of the neutral 2,2-bipyridine and the catecholate
dianion. The bond lengths of x-diimine are in a good agreement with those typical for a neu-
tral ligand, interacting with the metal center through a donor-acceptor manner [13,25,35,46].
A relative equidistance of C—C bonds (1.379(6)-1.422(6) for 1, 1.400(4)-1.410(5) for 2), and
the values of C-O lengths (1.348(5)-1.365(5) for 1, 1.360(4)-1.368(4) for 2) correspond to
the distinctive metrical pattern (average C-C = 1.39-1.41 A, C-O = 1.32-1.39 A) [29,30] that
prove the presence of two-electron reduced catecholate redox form of used o-benzoquinones
in Nil' derivatives 1 and 2 (Table 1). Confirming a divalent state of the Ni center which is
chelated by the catecholate dianion in the square-planar heteroleptic derivatives of similar
type, the Ni-O distances are in the intervals at 1.814(3)-1.815(3) Ain1, 1.814(3)-1.818(2) A
in 2. Selected bond lengths and angles are listed in Table 1.
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Table 1. Selected bond lengths (A) and angles (°) for 1 and 2.

Bond 1 2
Ni(1)-O(1) 1.814(3) 1.818(2)
Ni(1)-O(2) 1.815(3) 1.814(3)
Ni(1)-N(1) 1.882(4) 1.883(3)
Ni(1)-N(2) 1.891(3) 1.887(3)

O(1)-C(1) 1.348(5) 1.368(4)
O(2)-C(6) 1.365(5) 1.360(4)
C(1)-C(2) 1.422(6) 1.410(4)
C(2)-C(3) 1.398(6) 1.408(5)
C(3)-C(4) 1.379(6) 1.410(5)
C(4)-C(5) 1.405(6) 1.410(5)
C(5)-C(6) 1.406(6) 1.400(5)
C(1)-C(6) 1.397(6) 1.406(5)
N(1)-C(15) 1.352(5) 1.335(5)
N(1)-C(19) 1.360(5) 1.357(4)
N(2)-C(20) 1.365(5) 1.363(4)
N(2)-C(24) 1.333(6) 1.337(5)
Angle 1 2
O(1)-Ni(1)-0(2) 88.78(14) 88.43(11)
O(1)-Ni(1)-N(1) 177.57(15) 178.39(13)
O(2)-Ni(1)-N(1) 93.46(15) 93.17(13)
O(1)-Ni(1)-N(2) 93.73(16) 94.75(12)
O(2)-Ni(1)-N(2) 177.49(17) 176.78(13)
N(1)-Ni(1)-N(2) 84.03(17) 83.65(13)

Four independent molecules form the unit cells of both compounds (Figure 2). How-
ever, their mutual arrangement displays the essential differences, leading to two types of
crystal packing. Concerning complex 1, a lamellar crystal structure is observed (Figure 3),
while T-motifs can be considered as the “building blocks” of a crystal packing in the case
of derivative 2 (Figure 4). In addition, there is one solvent molecule (CH3CN in 1/CH,Cl,
in 2) per one molecule of a coordination compound.

Figure 2. Views of unit cells of 1 (left) and 2 (right) with 50% thermal probability ellipsoids. Hydrogen atoms are omitted
for clarity. Carbon atoms of diimines are orange-colored.
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Figure 3. Views of crystal packing fragments of 1 (two unit cells) with 50% thermal probability ellipsoids. Tert-butyl groups
(b) and hydrogen atoms are omitted for clarity. Carbon atoms of diimines are orange-colored. Views (a) and (c) demonstrate
types of intermolecular contacts.

Figure 4. Views of crystal packing fragments of 2 (two unit cells) with 50% thermal probability ellipsoids. Tert-butyl groups
(view (a)) and hydrogen atoms are omitted for clarity. Carbon atoms of diimines are orange-colored. View (b) demonstrate
short -7 intermolecular contacts.

Each layer of a crystal 1 looks like a “checkerboard order”, which is represented by two
types of “rows”: molecules of one located in identical positions, whereas the molecules of
a neighboring layer are displaced and deployed almost perpendicularly (Figure 3, top left
view). Due to such a turn, the crystal packing of 1 is built by two species of stacks, which
are stabilized by intermolecular 7—7 contacts between m-orbitals of 2,2"-bipyridines of the
neighboring molecules stacked according to the “head-to-tail” manner with a significant
displacement (Figure 3, top left view). As a consequence, the distances between two
diimine 7t-systems are equal to 3.340 A in all stacks. It should be noticed that there are
no inter-stacks contacts—the shortest distance C-C = 4.217 A transcends possible van
der Waals interactions. The lamellar crystal structure of 1 can be described as non-ideal
because the planes of the nearest molecules from the same layer (i.e., the molecules of the
neighboring stacks) demonstrate a tilt at 12.41° (Figure 3, top right and bottom views).

The crystal packing of 2 is folded by the perpendicular T-motifs which are formed by
intermolecular -7t stacking between diimines’ t-systems (Figure 4): (1) a dihedral angle
between the planes of molecules from neighboring T-motifs is 89.37° (Figure 4b); (2) the
planes of neighboring molecules within one T-motif are 3.416 A apart (planes between
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molecules are taken into account, excluding the C(1A) and C(2A) atoms of the glycol
fragment). In contrast to derivative 1, the inter-stacks attractive interactions stabilize the
crystal structure in complex 2. Thus, C(16)---C, interplay is found to be equal to 3.276 A
(where C, is a centroid of the O(2)-Ni(1)-O(1)-C(1)-C(6) chelate cycle).

2.3. Electrochemical Study of the Complexes 1 and 2

Exploring the electrochemical behavior of Ni'! derivatives 1 and 2 was carried out
through the cyclic voltammetry method in CH;,Cl, solution applying a three-unit cell
equipped with a glassy carbon working electrode. A similar ligand-centered nature char-
acterizes observed electrochemical conversions for both compounds. In particular, the
electrochemical oxidation of 1 and 2 occurs in two successive one-electron reversible stages
corresponding to the transformation of a catecholate dianion to an 0-benzosemiquinonato
radical anion and a neutral o-benzoquinone, respectively (Figure 5). We have performed
CV studies at 50, 100, 200, 300, and 400 V-s~! rates. Under high scan rates, two oxidation
waves for compound 2 are merge into one two-electron wave, and the potential difference
decreases during the direct and reverses sweep.

IS HA
—
—
[5ua
T » T * T * T = T . T x T
2000  -1500  -1000  -500 0 500 1000

E vs Fe/Fe', mV

Figure 5. The CV data for 2 (top view) and 1 (bottom view) (GC electrode, Ag/AgCl/KCl, 0.2 M
BuyNClO,, CH,Cly, C =2 x 1072 mol/dm?, V = 0.2 V-s~ !, Ar). Corrections to Fc/Fc* couple as a
standard were made.

On the contrary, a one-electron quasi-reversible wave exists in the cathode region of
the voltammograms at —1.86 V caused by a reductive process of a 2,2-bipyridine fragment.
Proposed redox transformations are depicted in Scheme 3.

- rR R - v rR P
<‘/ | \\> 7/ | A <‘/ | \? I
o 0 S g o <& g 0 |
\N_/II < \N/" e \N X e \N £
1 1 1 1
N/ \N N/ \N N/ \N N/ \N
N =N = =N N= N0
_ _\ N\ 7\ / N\ 7\ 7/ N\ 7\ /

Scheme 3. Proposed redox transformations of 1 and 2.

A related electrochemical behavior was described for reported Pd!! analog [35] of
studied complex 1 (Table 2, literature data). But, both oxidative waves are shifted to the
cathodic region for compounds 1 and 2 (Table 2).
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Table 2. The CV data for 1 and 2 and a comparison with the literature data (potentials are given vs.
Fc/Fc* redox couple).

Compound EllzRedJ, v El/zox'1, v E1/20x.2l v
1 —1.86 —0.21 —-0.03
2 —1.86 —0.54 —0.21
[Pd] [35] —1.80 —0.18 0.70

Found values of the electrochemical potentials Eq /20"'1 and E; /2OX'2 for the complex 1

substantially exceed ones for the derivative 2 (Table 2). This fact indicates a decrease of
HOMO,techolate €nergy and, consequently, a respective lowering of the LL'CT energy in 2,
caused by higher donor features of the catechol moiety annelated with an electron donor
glycol fragment.

2.4. UV-Vis-NIR Spectroscopy for Complexes 1 and 2

The same character is inherent for UV-Vis-NIR spectra of 1 and 2, as shown in Figure 6.
Nevertheless, the presence of an electron donor glycol fragment in the catecholate lig-
and in 2 contributes a substantial shift of the LL'CT (HOMO .stecholate — LUMO o_diimine)
absorption band to the longwave region towards 1 (the characteristics of corresponding
shifts AA;.; in the set of solvents are given in Table 3), as a consequence of HOMO atecholate
and LL'CT energy’s lowering. In particular, the most incredible A\, shift is fixed in
the toluene solution, which is equal to 95 nm. A similar perceptible value is found in
THF and CH,Cl; (80 and 75 nm, respectively). For comparison, it has been reported
recently [15] the record displacements of the LL'CT absorption peaks at 206 nm in THF
for the square-planar a-diimine-Nil-catecholate derivatives on the base of N,N’-bis(2,4,6-
trimethylphenyl)-2,3-butanediimine. However, in this case, the nature of the catecholate
fragment was changed more drastically—from 3,5-di-tert-butyl-o-benzoquinone (3,5-DTBQ)
to 9,10-phenanthrenequinone.

Another striking peculiarity of registered UV-Vis-NIR spectra is a pronounced neg-
ative solvatochromism towards both Ni!! derivatives with a considerable hypsochromic
displacement AApy, = 135 nm (for 1) and 192 nm (for 2) from toluene to DMF (N,N’-
dimethylformamide) (Table 3). As was mentioned in the Introduction Part, the investi-
gations addressed to the solvatochromic features of such type coordination compounds
are not numerous and are represented by sporadic works [15,17]. As a comparison, the
blue LL'CT shift was observed at 175 nm (from toluene to methanol) for related Ni!l com-
plex derived from 3,5-di-tert-butyl-o-benzoquinone (3,5-DTBQ) and tert-butyl-substituted
2,2'-bipyridine [17]. Finally, the record-breaking situation is described for a series of «-
diimine-Ni"-catecholate species when the hypsochromic displacement reaches 400 nm
approximately [15].

As shown in Figure 6¢,d, the negative solvatochromic effect established for 1 and 2
correlates finely with the changes in the polarity of the solvents, which is expressed by
the normalized empirical parameter EtN by Dimroth and Reichardt [67]. The parame-
ter ETN characterizes the non-specific polarity of the solvent defined as a change of the
electron transfer energy for a longwave band in the electronic spectrum for the standard
N-phenoxypyridinium betaine dye. Thus, a decrease of the solvent polarity facilitates the
lowering of energy for the non-polar excited state of the charge transfer a-diimine-Ni''-
catecholate complexes 1 and 2. It is noteworthy that the UV-Vis-NIR spectra recorded in
benzyl alcohol do not follow the above general conception (Figure 6), which might be
caused by specific solvation of 1 and 2 by this solvent against other used solvents (DMF,
CH,Cl,, THF, toluene).
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Figure 6. UV-Vis-NIR spectra for 1 (a) and 2 (b); ErNO) dependences accompanied with linear fits for 1 (c) and 2 (d).
Table 3. The characteristics of the LL’CT peaks for 1 and 2.
Solvent 1 2 Shift (2-1)
Amax, nm (g, Amax, nm (g,
Shift (hyp) 103 M-1.cm1) E eV 103 M- 1.cm-1) EeV  Alag,nm  ABEpg,eV
DMF 580 (3.50) 2.138 618 (3.08) 2.007 38 0.131
CH,Cl, 610 (4.35) 2.033 685 (4.04) 1.810 75 0.223
THF 640 (3.43) 1.938 720 (3.18) 1.722 80 0.216
Toluene 715 (3.57) 1.734 810 (3.38) 1.531 95 0.203
Benzyl alcohol 580 (3.21) 2.138 636 (2.82) 1.950 56 0.188
ANpyp, NIM 135 192
AEpyp, €V 0.404 0.476

2.5. DFT Calculations

Density functional theory (DFT) calculations were performed to investigate the elec-
tronic structure of the Ni'' complexes 1 and 2. The experimental (X-ray) geometry was
used as the initial one for the optimization at the B3LYP/Def2TZVP level of theory. Both
compounds were calculated in closed-shell approximation with S = 0 ground state. The
optimized geometries are quite close to those obtained from the structural experiments.
The bond lengths in 1 and 2 differ compared to X-ray data by no more than 0.02 A. The
leading destination of these quantum-chemical calculations was to estimate the energy and
view of boundary orbitals that provide redox and spectral properties of compounds under
investigation. The frontier Kohn-Sham orbital diagrams with the visualization of frontier
orbitals are presented in Figure 7.
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Figure 7. Frontier Kohn-Sham orbital diagram for complexes 1 (a) and 2 (b) according to DFT calculations at the
B3LYP/Def2TZVP level of theory. Isovalue = 0.03 a.u. The H atoms are omitted for clarity.

Both compounds have well-isolated HOMO (—4.33 eV and 4.04 eV for 1 and 2 respec-
tively) orbitals located entirely on the catecholate part of complexes with small nickel dyy
orbital and 7-system of 2,2"-bipyridine fragment contribution to this MO. This HOMO
determines the reductive properties of the compounds, which are mainly determined
by the donor fragment. The energy of the HOMO orbital increases significantly (0.3 eV)
when the glycol fragment is introduced into the 3,6-di-tert-butyl-catecholate ligand. The
nearest filled orbital with a significant contribution of metal AO is the HOMO-2. It lies
deep enough (—6.35 eV and 6.27 eV for 1 and 2, respectively), corresponds to the d,; nickel
orbital, and weakly depends on the nature of the catecholate ligand. This orbital will not
be affected in redox transformations. The LUMO orbitals (—2.92 eV and -2.83 eV for 1
and 2, respectively) also have an almost purely ligand nature and occupy the acceptor
diimine fragment of the complex. The LUMO energy level remains practically unchanged
for complexes 1 and 2. The LUMO+3 (—1.29 eV and —1.24 eV for 1 and 2 respectively) are
predominantly nickel dy,.y» with L-M o*-bond in character and significantly higher. The
catecholate ligand nature does not influence them. Thus, complexes 1 and 2 can be con-
sidered as donor-acceptor compounds in which the ligand framework provides electronic
properties. The slight variation of substituents in the donor catecholate fragments leads to
the significant change in HOMO energy level and respective redshift in the UV-Vis-NIR
spectrum. The HOMO-LUMO gaps (1.42 and 1.21 eV for 1 and 2 respectively) calculated
for compounds are in good agreement with those estimated from the electrochemical
(1.65 eV and 1.32 eV for 1 and 2 respectively) data, and it reproduces well the difference
observed in the electronic spectra of the studied complexes. The highest degree of HOMO
orbital localization on the catecholate donor ligand for compound 2 should lead to the
most remarkable difference in polarity of ground (calculated dipole moments directed
from 2,2'-bipyridine to catecholate ligand are 11.59 and 9.34 Debye for 1 and 2 respectively)
and excited states. It explains the much more pronounced solvatochromic effect for Ni'l
complex 2 in comparison with 1.

Eventually, the current work continues the evolving tendency in a molecular design
of the charge transfer complexes to influence the LL’CT energy by a fine-tuning of the
ligands’ composition. Thus, even the “light” enough transformation—the annellation of the
catecholate part by electron donor glycol fragment—can promote an appreciable drop of
HOMO-LUMO gap (=20.2 eV) and provide an abrupt intensification of the solvatochromic
nature of transition metal complex (blue shift 192 nm in 2 vs. 135 nm in 1).
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3. Materials and Methods
3.1. Reagents and Methods

The synthesis of the metal complexes 1 and 2, registration of their IR-, 1H NMR-, UV-
Vis-NIR spectra, and an electrochemical study was implemented under argon atmosphere
in a glovebox. Prepared compounds were purified by recrystallization under reduced
pressure from the same solvent systems used to grow X-ray quality single crystals.

Starting reagents 2,2-bipyridine and Ni(cod), were commercial products and implied
without additional purification. The solvents required for the experiments were purified
and dehydrated according to the procedures described in the literature [67,68]. 3,6-di-tert-
butyl-o-benzoquinone (3,6-DTBQ) [69] and 7,10-di-tert-butyl-2,5-dioxabicyclo(4.4.0)deca-
1(10),6-diene-8,9-dione (3,6-DTBQB8Y) [69] were prepared in an accordance with the previ-
ously published synthetic procedures. The elemental analysis and spectral characteristics
of used o-benzoquinone ligands correspond to those reported earlier.

The elemental analysis was carried out applying Vario el Cube instrument. The IR-
spectra of studied compounds were registered on an FSM1201 Fourier-IR spectrometer
in a Nujol using KBr cuvettes in the range 4000-400 cm~!. The 'H NMR-spectrum was
recorded in CDClj3 solution with a Bruker Avance Neo 300 MHz spectrometer. The signal
positions were correlated with TMS as a standard. The UV-Vis-NIR spectra were obtained
on Shimadzu UV-3600 spectrophotometer with quartz cuvettes with path length1 =1 cm at
the interval 250-1700 nm. The cyclic voltammetry (CV) measurements were performed
for 2-103 M solutions of 1 and 2 (CH,Cl,, 0.2 M BuyNClO,) with the 0.2 V-s~! rate scan
by applying the three-electrode cell: Ag/AgCl/KCl reference electrode, platinum-flag
auxiliary electrode, and a glassy carbon working electrode. The potential of the Fc/Fc*
redox pair was assigned as an internal standard to evaluate the number of electrons that
were transported during the electrode procedure.

3.2. Single-Crystal X-ray Diffraction Studies

The X-ray diffraction for the complex 1 was measured on a Bruker D8 Venture Photon
single crystal diffractometer equipped with microfocus sealed tube Incoatec IuS 3.0 (Mo K«
radiation, A = 0.71073 A) in ¢- and w-scan mode at the Center of shared equipment IGIC
RAS. The raw data for 1 were treated with the APEX3 program suite [70]; experimental
intensities were corrected for absorption effects using the SADABS program [70]. X-ray
diffraction data for the complex 2 were collected on the “Belok” beamline at the Kurchatov
Synchrotron Radiation Source (National Research Center “Kurchatov Institute”, Moscow,
Russian Federation) in ¢-scan mode using Rayonix SX165 CCD detector, A = 0.74539 A[71].
The raw data for 2 were treated with the XDS data reduction program [72], including
absorption correction.

The crystal structures were solved by direct methods [73] and refined by the full-
matrix least-squares on F? [74]. All non-hydrogen atoms were refined using anisotropic
displacement parameters without any restraints. The hydrogen atoms were placed in the
ideal calculated positions and refined using the riding model with Ujso(H) = 1.5Ueq(C) for
the methyl groups and with Ujso(H) = 1.2Ueq(C) for other hydrogen atoms.

Both low-temperature X-ray diffraction experiments were carried out using an Oxford
Cryosystems Cryostream 800 open-system cooler. Crystal data and structure refinement
details for 1 and 2 are presented in Table 4.
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Table 4. X-ray crystallographic data and structure refinement for 1 and 2.
Parameter 1.CH3CN 2-CH,Cl,
Formula C26H31N3Ni02 C27H32C12N2N104

Formula weight 476.25 578.15
Temperature (K) 100(2) 100(2)
Radiation source microsource synchrotron

wavelength, A 0.71073 0.74539

colour, habit
Crystal size, mm

blue, needle
0.140 x 0.030 x 0.015

green, plate
0.200 x 0.080 x 0.015

Crystal system Monoclinic Monoclinic
Space group P2y /c P2y /c
Unit cell dimentions
a, A 6.8087(13) 16.283(7)
b, A 13.788(3) 9.7500(5)
¢, A 25.089(4) 17.165(3)
B, deg 90.403(5) 99.12(3)
v, A3 2355.3(8) 2690.6(13)
V4 4 4
density (caled), g/ cm? 1.343 1.427
Absorption coefficient (mm~1) 0.851 1.078
F(000) 1008 1208
f range, deg 2.195-25.058 1.328-31.018
—-8<h<s, —22<h <22,
Index ranges —15 <k <16, —13 <k <13,
—29<1<29 —23<1<23
Reflections collected 15,342 31,754
Independent reflections 4087 [Rjnt = 0.1175] 7442 [R;n: = 0.1080]
Data/restraints/parameters 4087/0/296 7442/0/332
R1, WRj [1>20(D)] 0.0599, 0.0963 0.0607, 0.1409
Ry, wR; (all data) 0.1428,0.1176 0.1163, 0.1675
goodness-of-fit on F2 0.989 1.034
Tmin/ Tmax 0.5897/0.7454 0.001/1.000
Extinction coefficient - 0.0024(5)
APmax/ Apmin (€/A3) 0.523/—0.492 0.679/—1.348

3.3. The Synthetic Procedure for the Complexes 1 and 2

Complex [Ni''(3,6-Cat)(bipy)]-CH3CN (1). A solution of 2,2'-bipyridine (0.28 g,
1.8 mmol) in toluene (10 mL) was poured to an equimolar amount of Ni(cod), (0.5 g,
1.8 mmol) in the same solvent (20 mL). The resulting reaction mixture was stirred in the
ampoule for 5 h. In the course of this time, the solution became a dark purple. Next, an
equimolar amount of 3,6-DTBQ (0.4 g, 1.8 mmol) in toluene (10 mL) was added to the re-
sulting solution. The color of the reaction mixture turned to dirty-green with the formation
of a small amount of a dark precipitate. It was filtered under reduced pressure using a glass
filter. After that, the solvent was evaporated and changed to CH,Cl, (15 mL), producing
a dark blue resulting solution. X-ray quality dark blue needle-shaped single crystals of
compound 1 were grown by a slow evaporating of the solvent mixture CH,Cl, /CH3CN
(3:1, vol.) under reduced pressure and further storage for one day. The total yield is 0.54 g
(68%) based on the starting ligand.

Anal. Calc. for the solvent-free complex 1 with Cy4H»gN>NiO; composition (%): C,
66.24; H, 6.49; N, 6.44. Found: C, 65.89; H, 6.17; N, 6.24.

'H NMR (300 MHz, CDCl3, 20 °C, 8/ppm): 1.23 (‘Bu, 9H), 1.47 (‘Bu, 9H), 5.29 (CHa,,
4H), 6.31 (CHa,, 1H), 6.75 (CHay, 1H), 7.46 (CHa,, 1H), 7.79 (CHy,, 1H), 7.95 (CHg,, 1H),
8.86 (CHa,, 1H).

IR (Nujol, KBr) cm ™1 465 (m), 528 (w), 615 (m), 650 (m), 673 (w), 719 (s), 742 (w), 764
(s), 780 (m), 799 (w), 812 (m), 892 (m), 904 (w), 926 (m), 943 (m), 983 (s), 1025 (m), 1031 (w),
1045 (w), 1053 (w), 1085 (m), 1119 (w), 1142 (w), 1155 (m), 1204 (m), 1247 (s), 1260 (w), 1273
(s),1307 (m), 1319 (w), 1351 (w), 1410 (s), 1421 (s), 1450 (m), 1566 (w), 1594 (w),1606 (m),
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1652 (w), 1680 (w), 1707 (w), 1741 (m), 1771 (w), 1803 (w), 1857 (w), 1867 (w), 1894 (w), 1961
(w), 1982 (w), 2006 (w), 3055 (w), 3078 (w), 3090 (m).

Complex [Ni'(3,6-Cat8!¥)(bipy)]-CH,Cl; (2). The same synthetic procedure was ap-
plied for obtaining complex 2. The following quantities of initial reactants were used: 2,2'-
bipyridine (0.28 g, 1.8 mmol), Ni(cod); (0.5 g, 1.8 mmol), 3,6-DTBQ8Y (0.51 g, 1.8 mmol).
After the end of the reaction, there was a dirty-green toluene solution. Further filtration
and exchange of solvent to CH,Cl, turned the color of the resulting mixture to an emerald
tone. Plate-shaped green single crystals of compound 2, suitable for X-ray diffraction
analysis, were grown from a CH,Cl, /hexane (3:1, vol.) mixture by a slow evaporating of
the solvents under reduced pressure. The total yield is 0.68 g (76%) based on the starting
ligand.

Anal. Calc. for the solvent-free complex 2 with CysH30N>NiO4 composition (%): C,
63.31; H, 6.13; N, 5.68. Found: C, 62.91; H, 5.87; N, 5.75.

'H NMR-spectrum of complex 2 in CDCl; is broadened substantially at T = 20 °C, and
signals observed cannot be assigned essentially. Double recrystallization of the resulting
compound does not change the situation. Probably it is caused by the oxidation of complex
2 by CDCl; to produce paramagnetic derivatives. The solubility of 2 in benzene is not
sufficient to record NMR spectra. Another probable reason for such a strong broadening of
resonances is the tetrahedral distortion of complex in solution. This issue can be an object
of further investigation.

IR (Nujol, KBr) cm ™1 459 (w), 499 (w), 516 (w), 555 (w), 586 (m), 636 (W), 660 (m), 680
(w), 721 (m), 737 (w), 753 (s), 782 (w), 800 (w), 809 (w), 880 (m), 921 (w), 943 (m), 969 (m),
992 (m), 1042 (w), 1051 (w), 1112 (s), 1132 (w), 1157 (w), 1197 (m), 1225 (w), 1237 (m), 1265
(m), 1308 (w), 1336 (m), 1398 (s), 1549 (w), 1568 (w), 1579 (w), 1607 (m), 1741 (w), 3079 (w),
3088 (w).

3.4. DFT Calculations

Density functional theory (DFT) calculations were performed using the Gaussian
09 program package [75] at the B3LYP/ Def2TZVP level. The applied approximation
was recently shown [76,77] to accurately reproduce the geometry, electronic, and energy
characteristics of metal complexes with redox-active ligands. The stationary points on the
potential energy surfaces were located by full geometry optimization with the calculation
of the force constant matrix and checking for the stabilities of the DFT wave function.
Structural visualizations in Figure 7 were produced with the ChemCraft program suite [78].

4. Conclusions

Two square-planar LL'CT chromophores [Ni'(3,6-Cat) (bipy)]-CH3CN (1) and [Ni'(3,6-
Cat8l)(bipy)]-CH,Cl, (2) of the a-diimine-Ni-catecholate type were synthesized and
studied comprehensively in terms of the molecular/electronic structure, and the electro-
chemical/spectral behavior.

Present research demonstrated unambiguously that the fine-tuning molecular design
towards the donor part of LL'CT dyes can significantly affect the HOMO ,techolate —
LUMO 4 giimine charge transfer energy and solvatochromic properties. In particular, the
“light” modification, such as the annelation of catecholate ligand with an electron donor
glycol fragment, led to (1) an appreciable narrowing of the HOMO-LUMO gap; (2) a
considerable hypsochromic shift of the longwave peaks in the UV-Vis-NIR spectra; (3) a
greater sensitivity of excited state of complex towards a solvent polarity due to a more
effective LL'CT with lower energy.

Thus, the achieved results confirm the advisability of further investigations aimed
at a targeted design of donor parts of a-diimine-Ni''-catecholate derivatives. In prospect,
it will be possible to create effective materials for photovoltaics or optics applications
due to a synergy of various directions in the molecular design of LL'CT dyes. Modifying
the acceptor diimine part by electron-withdrawing anchor functions allows introducing
compound to the semiconductor layer, substrate application, etc. A tuning of donor part
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by electron donor substituents for an effective charge separation improves the spectral
parameters (the position and width of the bandgap) of a-diimine-Ni''-catecholate LL'CT
chromophores.

Supplementary Materials: The following are available online https:/ /www.ccdc.cam.ac.uk/solutions/
data/, CIF and CheckCIF files for 1 and 2. Crystallographic data for the structural analysis has been
deposited with the Cambridge Crystallographic Data Centre, CCDC No. 2086761 (1), 2086762 (2).
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