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ABSTRACT: This study explores the synthesis, structural characterization, and
examination of two nickel(II) complexes, [Ni(N;L;),](NO;), (complex 1) and
[Ni(N,L,),](ClO,), (complex 2), using the newly synthesized organic
heterocyclic chelating ligand N;L; [4-imidazole-2,6-di(pyrazinyl)pyridine].
Through single-crystal X-ray diffraction, we have detailed the crystal structures
of these complexes, highlighting their distorted octahedral geometries and
diverse supramolecular interactions including z---7 stacking, anion---z, and ) <
hydrogen bonding. These interactions crucially influence the formation of S
distinct one- and two-dimensional supramolecular architectures. Density .
functional theory (DFT) calculations were utilized to probe these noncovalent g £ Eroaer
interactions, revealing insights into their stereoelectronic influence and stability

in the solid state. Additionally, the electronic properties of the complexes were
explored through their electrical characterizations in Schottky diodes, which
suggest the potential of these complexes in Schottky diode based electronic devices applications. Notably, complex 2, incorporating
perchlorate anions, exhibited better electrical properties than complex 1. This work aims to elucidate the role of noncoordinating
counteranions in the structural integrity and photophysical behavior of these complexes, while also providing a structure—function
correlation through detailed theoretical analysis.
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B INTRODUCTION anion--7 interactions are not able to stabilize an architecture
alone but it needs a synergetic support from either H-boding
interactions or 7---7 interactions or both. The major challenge
is to consider both #---7 and anion---7 interactions simulta-
neously as the prime requirements for these two interactions
are opposite: anion---7 interactions become preferred with
electron deficient 7 rings (which may be attained by either ring
protonation, presence of electron withdrawing substituents, or
metal coordination), where 77 interactions require electron-
rich 7 systems.

Nitrogen based heterocyclic multidentate ligands remain
promising candidates for designing versatile networks using
noncovalent interactions.'®™>' The widespread use of
2,2":6',2"-terpyridine (tpy) as a prototypical tridentate motif
is owed to its exceptional ability to form complexes with
various transition metal ions, incorporating their robust
electron affinity.”””>* The utilization of terpyridine-based

The construction of coordination complexes (CCs) by using
the concepts of crystal engineering became a flourishing
research field due to their remarkable functional properties
with broad applications in the areas of catalysis, gas storage,
magnetism, luminescence, and molecular sensing.l_5 To
design such metal—organic networks with intriguing structural
types and unusual properties, careful consideration must be
given to the nature and multifunctionality of organic building
blocks. Crystal Engineering is the scientific discipline that
explores how intermolecular interactions contribute to the
construction of molecular architectures.”” The formation,
growth, and stability of crystals rely on a multitude of
noncovalent interactions, including hydrogen bonds, halogen
bonds, cation-z, anion--z, 77 stacking, lone pair---z, and
C—H---7w interactions, which exhibit relatively weaker
strengths.”” Comparatively, underappreciation of anion-z
interaction has relied on the assumption of electrostatic
repulsion between two electron rich systems, but in the recent
past, such anion---7 interaction has captured the attention of
synthetic chemists as now it is recognized as a potential
noncovalent interactions and may play a pivotal role in forming
supramolecular architectures. From the available data of the
crystallographic database,'™"> it may be concluded that
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metal complexes has gained significant attention in contem-
porary research, particularly in supramolecular chemistry and
applications in materials’ sciences. They serve diverse roles
including as active layers in resistive switching memory devices,
fluorescent probes for pyrophosphate (PPi) detection, catalyst
precursors for oxidation reactions, and constituents of
photofunctional nanomaterials.”>”** 4-Imidazole-2,6-di-
(pyrazinyl)pyridine, with an analogue of terpyridine having
two extra nitrogen atoms, is much less explored as a ligand.
The presence of extra nitrogen atoms may play a role for both
-7 and anion--7 interactions simultaneously. Hence, we
have replaced acetylpyridine by acetyl pyrazine to get analogue
of terpyridine during the synthesis of ligand.

In pursuit of our interest in searching for the less explored
terpyridine analogue complexes, we report herein the synthesis,
crystallographic and spectral characterization, supramolecular
behaviors, and photophysical properties of two new Ni(II)
complexes. Complex 1 is formed by reacting with Ni-
(NO,;),.6H,0 and 4-imidazole-2,6-di(pyrazinyl)pyridine
(N4L;) in aqueous acetonitrile medium. Complex 2 is
synthesized by treating Ni(ClO,),.6H,0 with N;L; in an
aqueous acetonitrile medium. Generally chelating ligand with
“N” donors are strong field in nature. The d® electronic
configuration Ni(II) shows a stereochemical preference to
square planar over octahedral with strong field ligand. To
restrict Ni(II) from adopting a square planar arrangement, we
strategically use tridentate NNN donor in 1:2 molar ratio to
ensure octahedral geometry. There are a lot of driving factors
accountable for tuning the origin of several supramolecular
interactions like metal variation, ligand variation, same ligand
with different substituents (in terms of electron donating or
withdrawing substituents), counteranion variation, solvent
variation, etc. Here in the present study purposefully we
restrict us in analyzing the role of counteranions when other
parameters become the same. Here, both the complexes adopt
same di cationic moiety [Ni(N;L,),]*" (almost same crystallo-
graphic parameters) and only variation in their counteranions.
Single crystal X-ray structural analysis shows that both the
complexes (1 and 2) crystallize in a monoclinic system with
the space group C2/c and their unit cell comprises eight
complex units. It is noted that the variation in the auxiliary
anion exhibits structural distinctions in the present complexes
substantially. Both complexes form a similar type of 2D
supramolecular assembly through intermolecular 7---7 stacking
interactions. Additionally, complex 1 forms a 1D supra-
molecular chain, whereas complex 2 develops a 2D supra-
molecular architecture facilitated by various anion---7 inter-
actions. Furthermore, each complex also assembles into
different 1D supramolecular chains via multiple intermolecular
hydrogen bonding interactions. The distinct anion:--7 inter-
action modes with different extents were analyzed by using
DFT calculations, complemented by the quantum theory of
atoms-in-molecules (QTAIM) and the NCI plot index as
computational tools. We also explored the electrical properties
of both complexes. Experimentally, we assessed the potential of
these synthesized complexes for application in photosensitive
electronic devices such as Schottky barrier diodes (SBDs). It
was determined that complex 2, containing perchlorate anions,
exhibited superior performance. This behavior was elucidated
by using DFT calculations to provide a theoretical foundation
for the observed experimental results.

B EXPERIMENTAL SECTION

Materials and Apparatus. All chemical reagents of
analytical grade and solvents of spectroscopic grade were
purchased from commercial suppliers and employed without
further purification. Freshly prepared doubly distilled water
was utilized throughout the synthetic process, and all reactions
were conducted under aerobic conditions. Elemental analyses
(carbon, hydrogen, and nitrogen) were conducted using a
PerkinElmer 2400 Series-II CHN analyzer, USA. '"H NMR and
C NMR spectra were acquired employing a Bruker
spectrometer operating at 400 and 100 MHz respectively
with DMSO-dg serving as the solvent and tetramethylsilane
(TMS) as the internal standard. Fourier transform infrared
(FTIR) spectra were captured using a PerkinElmer LX-1 FT-
IR spectrophotometer over the range of 4000 to 400 cm™’,
utilizing a contemporary diamond attenuated total reflectance
(ATR) accessory. Mass spectra (ESI-MS) were obtained
utilizing a Water HRMS model XEVO-G2QTOF#YCA351
spectrometer. A semiconductor parameter analyzer (Keithley
4200S) coupled with source-measure units (SMUs) was used
to conduct the electrical characterizations of the Schottky
devices at room temperature (300 K) under dark conditions.
The ground state absorption spectra from the respective
complexes (spin-coated thin films on a glass substrate) were
taken using a UV—Vis-NIR spectrophotometer (Avaspec-
3648).

Synthesis of 4-Imidazole-2,6-di(pyrazinyl)pyridine
[NsL,]. Acetylpyrazine (0.281 g, 2.3 mmol) was added to the
ethanolic solution (30 mL) of imidazole-2-carboxaldehyde
(0.09 g, 1 mmol) under star condition. Two mL of 1 M
aqueous solution of KOH followed by 6 mL of aqueous NH;
(35%) solution were poured into the reaction mixture at room
temperature (Scheme S1, Supporting Information). The
reaction mixture was then refluxed for 3 h, cooled at room
temperature. An off-white solid was formed which was
collected by filtration and washed with cold water for several
times and dried in air. The desired product was obtained with
satisfactory yield and acceptable purity (Yield 0.214 g (62%).
m.p.>275 °C, Scheme S1 (Supporting Information). Anal.
Calculated for C,¢H;N,, C 63.79, H 3.65, N 32.56%. Found:
C 63.69, H 3.60, N 32.51%. 'H NMR (400 MHz, DMSO—
Dg): 6 (ppm) = 13.34 (s, 1H, NH), 9.89 (s, 2H, pyrazine H),
9.02 (s, 2H, pyridine H), 8.81—8.84 (m, 4H, pyrazine H), 7.45
(s, 1H, imidazole H), 7.23 (s, 1H, imidazole H) (Figure SI,
Supporting Information). 13C NMR (100 MHz, DMSO—Dj):
5 (ppm) = 154.78, 150.18, 146.01, 144.55, 143.49, 14347,
140.72, 130.88, 120.36, 117.21 (Figure S2, Supporting
Information). Main FT-IR absorptions (KBr, cm™'):
3280(bs), 1610(vs), 1546(vs), 1519(s), 1461(s), 1368(s),
1319(s), 1113(s), 1018(vs), 850(vs), 719(s), 705(vs) (Figure
S3, Supporting Information). ESI-MS: m/z 324.097, calcd. for
[Ci6H1N,+Na]* 324.11 (Figure S4, Supporting Information).

Synthesis of [Ni(N;L,),]1(NO3), (Complex 1). An aqueous
solution (S mL) of Ni(NO;),.6H,0 (0.293 g, 1.0 mmol) was
added dropwise to a suspension (20 mL) of the ligand, N;L,
(0.602 g, 2.0 mmol) in acetonitrile with constant stirring for 2
h (Scheme S2, Supporting Information)at 70 °C. An olive-
green colored solution was obtained after 10 min of complete
addition. The solution was then filtered, and the filtrate was
kept undisturbed for crystallization. After 2 weeks, brown X-ray
quality crystals of complex 1 was obtained from the mother
liquor (yield: 41%). Anal. Calculated for C;,H,,N;(NiOg: C,
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48.89; H, 2.80; N, 28.52%. Found: C, 48.70; H, 2.76; N,
28.47%. Main FTIR absorptions (KBr, cm™): 3212(bs),
1621(vs), 1478(vs), 1455(vs), 1435(vs), 1316(s), 1160(vs),
1036(vs), 852(vs), 416(vs) (Figure SS, Supporting Informa-
tion).

Synthesis of [Ni(NsL;),](CIO4), (Complex 2). An
aqueous solution (5 mL) of Ni(ClO,),.6H,0 (0.365 g, 1.0
mmol) was added dropwise to an a suspension (20 mL) of the
ligand, N,L, (0.602 g, 2.0 mmol) in acetonitrile with constant
stirring for 2 h (Scheme S2, Supporting Information) at 70 °C
when an olive green colored solution was obtained after 10
min of complete addition. The solution was then filtered and
the filtrate was kept undisturbed for crystallization. After 3
weeks, red colored X-ray quality crystals of complex 2 were
obtained from the mother liquor (yield: 48%). Anal
Calculated for C;,H,,CLN{,NiOg: C, 44.63; H, 2.55; N,
22.78%. Found: C, 45.58; H, 2.51; N, 21.72%. Main FTIR
absorptions (KBr, cm™'): 3402(bs),1621(s), 1481(vs),
1459(vs), 1441(vs), 1408(vs), 1060(s), 619(s), 852(s),
420(s) (Figure S6, Supporting Information).

(Caution! Salts of perchlorate are potentially explosive. Only
small amounts of materials should be prepared and handled with
extreme care.)

Details of X-ray crystallographic analysis, theoretical
methods, and device fabrication have been provided in the
Supporting Information.

B RESULTS AND DISCUSSION

Structural Description with Comparison for Com-
plexes 1 and 2. The molecular structure of complex 1 and
complex 2 with the selected atom numbering scheme is shown
in Figure 1 and Figure 2 respectively. Structural analysis reveals

056

Figure 1. Molecular structure of complex 1.

that both complexes crystallize in a monoclinic system with the
space group C2/c and their unit cell comprises eight complex
units (Table S1).

For both complexes, the selected bond lengths (A) and
bond angles (deg) are scheduled in Tables S2 and S3,
respectively (Supporting Information). Both the complexes
contain a general formula: [Ni(N;L,),](X),[X = NO;~ for
complex 1 and X = ClO,” for complex 2] where N;L, [4-
imidazole-2,6-di(pyrazinyl)pyridine] acts as a tridentate
chelating ligand. It is noteworthy to mention that the variation
in counterions not only show architectural differences but also

Figure 2. Molecular structure of complex 2.

play a significant role in controlling the extent of supra-
molecular behaviors for the present complexes. The coordina-
tion mode around the metal center can be best described as the
meridional geometry of distorted octahedron for both the
complexes. For complex 1, the two pyrazinyl nitrogen atoms
(N1S and N9) and the two pyridyl nitrogen atoms (N7 and
N25) of our title ligand (N;L,) generate the basal plane, while
the axial positions are occupied by another two pyrazinyl
nitrogen atoms (N34 and N43). The average Ni—N bond
distance is 2.07 A [Nil-N7 = 1.998(3) A, Nil-NI15 =
2.103(3) A, Nil—N25 = 1.990(3) A and Nil—N9 = 2.098(3)
A]. The axial nitrogen atoms are positioned somewhere at a
longer distance [Nil—N34 = 2.106(2) A and Nil—-N43 =
2.110(4) A] than the equatorial bond distance [Nil—N,, =
2.07 A]. For complex 2, the basal plane is formed by the two
pyrazinyl nitrogen atoms (N19 and N30) and the two pyridyl
nitrogen atoms (N3$ and N12) of the title ligand (N5L,). The
trans axial positions are occupied by two pyrazinyl nitrogen
atoms (N42 and NS3) of the title ligand (N5L,). In the basal
plane, the Nil—N bond lengths vary from 1.985(3) to
2.106(3) A, whereas the axial Ni—N bond lengths [2.125(3)
and 2.109(3) A] are longer compared to the equatorial bond
lengths likely to maintain the stereo relaxation and obtained
stability by lowering the symmetry. Ni—N (nitrogen atoms
come from pyridine and pyrazine moiety) bond distance
ranges from 1.990 and 2.110 A. As per data available from the
crystallographic database the average Ni—N(pyridine) and
Ni—N(pyrazine) bond distances are 2.06 and 2.15 A. From the
data it is evident that pyridine (the presence of one nitrogen
atom) can form a comparatively stronger bond compared to
pyrazine (the presence of two nitrogen atoms). Hence Ni—
N(pyridine) bond distances are shorter than those of Ni—
N(pyrazine). The average metal centric bond angles ZN—Ni—
N are 105.29° for complex 1 and 105.5° for complex 2. In
complex 1, the Ni(II) ion is deviated by a distance of 0.023 A
toward the axial nitrogen atom (N34) from the basal plane
(N1SN7N9N2S) whereas in complex 2, the same is 0.017 A
toward the axial NS3 atom from the basal plane
(N3SN30N12N19). The electrical charge of the Ni(II)
cationic moiety is taken care by two noncoordinated nitrate
(NO;7) and perchlorate (ClO,”) ions for complex 1 and 2
respectively. Here in the present work, the title ligand (N,L,)
utilizes two pyrazine atoms and one pyrazine nitrogen atom in
the coordination game. Through this coordination (to metal
Ni"), the aromatic rings become electron deficient and are
suitable for anion--7 interaction. In case of peripheral
imidazole ring, the ring N—H bond participates in classical
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Figure 4. Perspective view of 2-D architecture incorporating 7+ interactions in complex 2 (hydrogen atoms have been omitted for the sake of

clarity).

N-H---O hydrogen bonding interaction and make it to some
extent eligible to ensure anion---7 interaction. From a structural
point of view, we may conclude that central pyridine and two
substituted pyrazine rings became more electropositive
character (as directly involved in metal coordination)
compared to the peripheral imidazole ring (involved in weak
H-bonding interaction compared to imidazole rings).

The solid-state structures of both the complexes are
stabilized through the combination of 7z, anion--z, and
various types of hydrogen bonding interactions (Tables S4, S5
and S6). The complex units of 1 form a dimeric assembly
through the self-complementary 77 interactions (Table SS,
Supporting Information) between Cg(6) of one unit and

Cg(11) of the other unit at (1—x, 1—y, 1—z) having a
separation distance of 3.735(2) A. The dimeric units are
further connected at (1/2—x, —1/2+y, 1/2—z) through
another self-complementary 77 interactions between Cg(S)
and Cg(9) of two different complex units with the separation
distance of 3.578(2) A. These interactions are repeated in such
a fashion so that they form a 2D cage like supramolecular
architecture in the bc plane which is depicted in Figure 3.

A very similar type of supramolecular architecture (as that of
complex 1, Figure 3) is formed for complex 2 as shown in
Figure 4. Here, the complex units of 2 form a dimeric assembly
through the self-complementary 77 interactions (Table SS,
Supporting Information) between Cg(6) of one unit and
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Figure S. 1-D supramolecular chain generated through various anion--7 interactions in complex 1 (hydrogen atoms have been omitted for the sake

of clarity).

Figure 6. 2-D layer generated through various anion---7 interactions in complex 2 (hydrogen atoms have been omitted for the sake of clarity).

Cg(11) of the other unit at (1—x, 1—y, 1—z). The dimeric
units are further connected through another self-complemen-
tary 7---7 interactions between Cg(S) of one unit with Cg(8)
of the other unit at (1/2—x, —1/2+y, 1/2—z) and form a 2D
cage like supramolecular architecture in ab plane which is
depicted in Figure 4. The interplanar separation distances
between consecutive Cg(6)—Cg(11) and Cg(5)—Cg(8)
centroids are 3.831(2) and 3.667(2) A respectively.

Furthermore, the monomeric units of complex 2 are
connected through a self-complementary 77 interaction
between Cg(5) and Cg(7) of two units at (—x, y, 1/2—2) to
form a dimeric assembly which is further linked through
another self-complementary 7--7 interaction between Cg(6)
and Cg(12) of two different units at (1—x, 1—y, 1—z) to form
a 1D supramolecular chain (Figure S7). The ring centroid
separation between Cg(S) and Cg(7) is 3.716(2)A and the
ring centroid separation between Cg(6) and Cg(12) is
3.553(2) A (Table SS, Supporting Information).

Besides #---m interactions, anion--7 interactions play a
crucial role in the crystal packing for both complexes in the
solid state. In complex 1, the one-dimensional (1-D)
supramolecular chain is generated through various anion--z
interactions (Figure S). Here the noncoordinating nitrate
(NO;") ion interacts simultaneously with Cg(8) at (x, y, z)
and Cg(12) at (x, y, z) of the complex unit and Cg(10) of
another unit at (—1/2+x, 1/2+y, z) having an average anion---7
separation distance of 3.666 A.

A 2-D layer is shaped in complex 2 using various anion--7
interactions (Figure 6) incorporating noncoordinating per-
chlorate anions. Here, both perchlorate ions act as connectors
among the monomeric units of complex 2. As depicted in
Figure 6, oxygen atoms (O11 and O8) of one perchlorate
anion interact simultaneously with Cg(8) at (—x, y, 1/2—z)
and with Cg(9) at (1/2—«x, —1/2+y, 1/2—z) having angles
124.3(4)° and 131.7(3)°, respectively, to produce a 1D
polymeric chain. Then these polymeric chains placed in
parallel are further linked through the other perchlorate anion,
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Figure 7. MEP surfaces (isosurface 0.001 au) of complexes 1 (a) and 2 (b) at the PBE0-D3/def2-TZVP level of theory. The values at selected

points of the surface are given in kcal mol™.
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Figure 8. Distribution of BCP (magenta spheres) and bond paths dashed lines anion-7; (a), anion-7, (b) and anion-7; (c) binding modes at
the PBE0-D3/def2-TZVP level of theory for complex 1. The overlapped NCI plot has been constructed using the 0.5 au RGD isosurface and the
sign (4,)p have been mapped using the p = 0.04 au cutoff. For clarity, only the intermolecular interactions are represented.

which are involved in mutual interactions between O6 and
Cg(9) at (1/2+x, —1/2+y, z), 06 and Cg(12) at (1/2+x, —1/
2+y, z), O4 and Cg(9) at (1/2+x, —1/2+y, z) and OS and
Cg(10) at (x, y, z) having angles 95.5(2)°, 158.4(3)°, 95.3(3)°
and 107.6(3)° respectively. These interactions are responsible
to enhance the dimensionality to 2D. The average O--Cg
(anion---rr) distance is 3.277 A (which is much lower than that
of complex 1); representing comparatively stronger anion---7
interactions.

It is noteworthy to mention that in complex 1, only one
noncoordinating NO;™ ion is involved in the said intermo-
lecular anion-7 interactions (Figure S5) leaving the other
NO;~ ion (that is not involved in extending the dimension-
ality) with the complex unit, whereas in complex 2, both the
ClO,” ions are involved in the intermolecular (involved in
extending the dimensionality) anion--7 interactions (as
depicted in Figure 6).

The complex units are further interlinked through various
hydrogen bonding interactions [C22—H22--053 (163°),
C16—H16--055 (155°), C29—H29---056 (173°), C47—
H47--056 (172°), and C41—H41-+055 (143°)] to form a
zigzag polymeric chain along the [001] direction (Figure S8)
in complex 1. In addition, a 1D chain is generated through
three different C—H---O hydrogen bonding [C5—HS:--049
(163°), C40—H40---052(131°), and C19—H19---049 (163°)]
interactions as shown in Figure S9 for complex 1.

In complex 2, two different 1D supramolecular chains are
formed by using only C—H:--O hydrogen bonding interactions
(see Figures S10 and S11). In Figure S10, perchlorate ion
interacts with the complex units involving C27-H27---
06(170°) and CS7—HS7--OS (174°) hydrogen bonding
interactions, whereas in Figure S11, perchlorate ion binds

with the complex units through C23—H23---010(139°), C49—
H49--011(138°), C50—H50---08(132°), and C14—H14--09
(161°) hydrogen bonding interactions. The other geometrical
parameters such as H---A (A), D--A (A), symmetry, etc. for
the said hydrogen bonding interactions are given in the
Supporting Information part (See Table S4).

From the structural elucidation, we may conclude that even
after variation in anionic part (perchlorate and nitrate) the
basic stereochemical properties become almost the same and
that is reflected in their virtually comparable crystal packing
parameters. The basic difference in the two counteranions are
as follows: nitrate (NO,;) is planner and perchlorate ion
(ClO,) is tetrahedral. As noncovalent interactions are
directional in nature, 3D alignment of perchlorate ion is
responsible to enhance the extent of anion--7 interactions in 2
(both perchlorates are participating in stronger intermolecular
anion---7 interactions with high extent) over 2D nitrate anions
in 1.

DFT Calculations. The theoretical study delves into the
anion--7 binding modes observed in the solid state of
complexes 1 and 2, where the dication [Ni(N;L,),]*" interacts
with nitrate and perchlorate counterions through a synergy of
hydrogen bonds and anion---7 interactions. This section
employs DFT calculations, molecular electrostatic potential
(MEP) analysis, and a combination of QTAIM and NCI Plot
computational tools to further dissect these interactions.

Initially, MEP surfaces of the [Ni(N;L,),](NO;), (1) and
[Ni(N,L,),](ClO,), (2) complexes were calculated to identify
the most electrophilic regions in a neutral system, highlighting
areas conducive to electrophilic attack. The analysis facilitated
a comparison of the ability of different rings within the 4-
imidazole-2,6-di(pyrazinyl)pyridine ligand (N;L;) to form
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Figure 9. Distribution of BCP (magenta spheres) and bond paths dashed lines anion--7z; (a), anion-7, (b), anion--m; (c) and anion---z, (d)
binding modes at the PBE0-D3/def2-TZVP level of theory for complex 2. The overlapped NCI plot has been constructed using the 0.5 au RGD
isosurface and the sign (4,)p has been mapped using the p = 0.04 au cutoff. For the sake of clarity, only the intermolecular interactions are

represented.

anion---7 interactions with the counterions to different extent.
Displayed in Figure 7, the MEP maxima at the NH groups of
the imidazole rings are 84.1 and 91.0 kcal/mol for complexes 1
and 2, respectively. Correspondingly, the MEP minima at the
nitrate and perchlorate counterions are 69.7 and —70.4 kcal/
mol. Additionally, high and positive MEP values were observed
over the centers of the three aromatic rings coordinated to the
Ni(Il) ion, with values spanning from 30.9 to 56.2 kcal/mol
across the pyridine and pyrazine rings in the two complexes,
indicating significant variations linked to their proximity to the
H-bonded anions. Notably, the MEP over the five-membered
imidazole ring is substantially lower, consistent with the
absence of anion--7 interactions involving this ring in the
description of the solid-state structures of complexes 1 and 2.

We examined the interaction energies associated with the
anion---7 interactions in both complexes, which are discernible
in three distinct modes in the solid state of complex 1, as
depicted in Figure 8. These interactions are labeled as
anion---7;, anion-m, and anion--7;. In anion-7 (Figure
8a), the nitrate anion is positioned approximately over the
center of a pyrazine ring. QTAIM analysis indicates that two O
atoms of the nitrate are linked to the aromatic ring by two
bond critical points (BCPs) and bond paths, with an additional
RDG isosurface encompassing the region between the anion
and most of the aromatic ring. Additionally, another BCP links
an O atom to an aromatic hydroxyl atom of the pyrazine from
another ligand.

In the anion--7, configuration, the anion interacts with two
different pyrazine rings: one parallel with two BCPs and bond
paths connecting the anion and pyrazine, and another
perpendicular, with one O atom linked to the pyrazine (as
shown in Figure 8b). The anion-+z; (as shown in Figure 8c)
mode involves interactions with two pyrazine rings, both in a

perpendicular arrangement, where two O atoms of the nitrate
anion are connected to two different pyrazine rings through
their respective BCPs, bond paths, and green RDG isosurfaces.

The binding energies, depicted in Figure 8, were calculated
for dimers. In these calculations, the [Ni(N,L,),](NO;),
complex is considered as a monomer that interacts with an
anion--w bonded nitrate. The interaction energies show that
the anion--7; mode is the most favored, with a significant
energy of —43.6 kcal/mol, while the other two modes present
similar energies of —30.3 and —27.7 kcal/mol for anion---m,
and anion-7,, respectively. These substantial interaction
energies corroborate the strong electrophilicity of the complex,
as indicated by the MEP surface analysis.

Four distinct types of anion-7 interactions are observed in
the solid state of complex 2, as shown in Figure 9, labeled as
anion--7r;, anion-7,, anion-7;, and anion--7,. In anion--x,
(Figure 9a), the perchlorate anion is positioned centrally above
one pyrazine ring, akin to the anion-7; mode observed in
complex 1. QTAIM analysis reveals that two O atoms of the
perchlorate are linked to the pyrazine ring via two BCPs and
bond paths. Additionally, a substantial RDG isosurface covers
much of the region between the anion and the aromatic ring,
delineating the anion---7 interaction. The QTAIM analysis also
identifies two additional BCPs connecting two O atoms to two
aromatic H atoms on the pyrazine ring from another ligand,
further stabilizing this arrangement.

In the anion--7z, mode (Figure 9b), the perchlorate anion
interacts with two pyrazine rings and one pyridine ring,
forming three BCPs and bond paths that link three O atoms to
the aromatic rings. The anion--7z; mode (Figure 9¢) involves
interactions between the anion and three aromatic rings,
including the imidazole, with three BCPs and bond paths
connecting only two O atoms of the perchlorate to the rings.
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Figure 10. Tauc plots [(ahv)>vs hv] to estimate the HOMO — LUMO of (a) complex 1, and (b) complex 2. Inset shows corresponding UV—
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Figure 11. (a) Schematic illustration of the fabricated Schottky device (diode) structure. (b) I-V characteristic curves from Schottky devices 1 and
2, under dark conditions. The Inset figure represents the current in logarithmic scale as a function of voltage.

The QTAIM/NCI Plot analysis additionally highlights the
formation of two supplementary H-bonds.

Lastly, the anion:z, mode (Figure 9d) demonstrates the
perchlorate anion engaging with one pyrazine ring of one
ligand via three BCPs and bond paths while simultaneously
linking to another pyrazine of a different ligand through a
single BCP and bond path. Both are also characterized by
green RDG isosurfaces.

The binding energies reveal that the anion—7, and anion—7;
modes are more energetically favorable (—49.4 and —48.1
kecal/mol, respectively) compared to the other modes (—25.3
kcal/mol for anion—m, and —33.3 kcal/mol for anion---r,),
mirroring the high stability observed in the anion---my
configuration of complex 1.

Optical Study. To determine the optical bandgap of the
complexes, UV—vis-NIR absorption spectra were recorded.
Figure 10(a) and 10(b) show UV—vis-NIR absorption spectra
obtained from the complexes 1 and 2 spin-coated thin films on
glass substrates, respectively. Quite similar and strong
absorption features in the visible spectral range have been
observed from both the complexes. We have evaluated the
optical bandgap of the complexes utilizing the following Tauc
relation (1)

(ahv) = A(hv — Eg)" (1)

Where o stands for absorption coeflicient, hv is the photon
energy, A is a proportionality constant (independent of
wavelength), E, represents the energy gap between the
HOMO — LUMO levels of the complex, and coeflicient “n”
takes the value 1/2 for this case. Now it simply from the above
eq 1, that the spectral dependence of the absorption coefficient

44501

must linearize in Tauc’s plot [(ahv)*vs hv] and the x-axis
intercept position for @ = 0 will give the HOMO — LUMO
energy gap of the material. The HOMO — LUMO gaps (E,)
were determined to be 2.84 and 2.97 eV, respectively, for
complexes 1 and 2 (Figures 10a and 10b). These findings
indicate that we may suitably explore UV photodetection
applications with these complexes, provided they exhibit good
transport properties (such as conductivity, mobility, etc.).
Electrical Study. Current (I) vs Voltage (V) characteristics
of both Devices 1 and 2, were performed at 298 K in the
applied voltage range between —1 and +1 V under dark
conditions. Figure 11(a) shows the schematic representation of
the sandwiched Schottky device structure. Figure 11(b) shows
the I-V characteristic curves offered by both Devices under
dark conditions, demonstrating the typical nonlinear and
rectifying nature of Schottky barrier diodes (SBD). The
current rectification ratio, which is defined as the current at the
forward voltage to that of the reverse voltage, is found to be
higher (45) for Device 2 in comparison to Device 1 (27) at +1
V. This implies that, when it comes to rectifier devices, Device
2 (complex 2) will function better than Device 1 (complex 1).
Conductivity measurement of the devices implies that in terms
of electron transportation capability, Device 2 is superior to
that of Device 1. By analyzing the linear regions of the I-V
characteristic curves, conductivity (¢) for Device 1 was found
tobe 5.52 X 1077 S em™ and 1.66 X 107° S cm™" for Device 2
at 298 K. Although these conductivity values appear a bit low
but there are several reports of similar or even lower
conductivities in Ni(II), Co(II) and Cu(II) complexes
(Table S8). Even though Device 2 (i.e., complex 2) delivered
a better charge transport property compared to Device 1 (i.e.,
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complex 1), still it does not meet the minimum requirement in
terms of conductivity for efficient optoelectronic applications.

We must closely examine these rectified I-V curves in order
to comprehend the main charge transfer mechanisms. These
nonlinear as well as rectifying I-V attributes of the devices can
be described using a Richardson—Schottky equation consider-
ing thermionic emission and diffusion of carriers over
barriers.””*" As these complexes exhibit a wide band gap,
hence we can alpply thermionic emission theory to study the
present cases.’’ According to this theory, the dark I-V
characteristics of both the Schottky devices can be expressed

as30,31
exp| —— | — 1
1kgT (2)

where I and I are the forward current and reverse saturation
current, V is the applied voltage, # is the ideality factor of the
Schottky diode, g is the electronic charge, ky is the Boltzmann
constant and T is the absolute temperature. On the other hand,
reverse saturation current (IS) can be expressed as® ™!

I=1,

I, = AA*Tzexp[—_q¢B]

kgT (3)
where A defines active device area (= 2.25 X 107> cm?), A* (=
132A K2 cm™2) is the Richardson constant, ¢y, is the Schottky
barrier height, kg is the Boltzmann constant and T is the

absolute temperature. Considering the diode series resistance
3k, T
q

R, forward I-V characteristics for V>
29,32

can be represented
by the following equation,

_ q(V - IRS)
I= Islexp[—nkBT ]

(4)

Here the term IRg signifies the voltage drop across the series
resistance Rg. Utilizing the eqs 3 and 4, Cheung et al. have
developed two linear egs eqs 5 and 6,> which can be
employed to determine the ideality factor (1), Schottky barrier
height (¢5), and series resistance (R,) of complex 1 and
complex 2 based Schottky barrier devices.

av nkyT
G(I) = —— = + IR
@ d(InI) q : (5)
H(I) = IR, + n¢py (6)
where,
R L W
HI) =V ( ; ]1 (AA*TZ)

Now following eq S, from G(I) vs I graph we can calculate
series resistance (Rg) from the slope and ideality factor (1)
from the y-axis intercept, whereas from H(I) vs I graph we can
determine the value of Schottky barrier height (¢5) from the y-
axis intercept. G(I) vs I and H(I) vs I graphs, for the Device 1
have been shown in Figure S12(a) and those for the Device 2
have been displayed in Figure S12(b). The evaluated ideality
factor (1) for Device 1 is 1.50, whereas for Device 2 it is 1.34.
Deviation of 7 values from the ideal case (7 = 1) implies that
there is a formation of inappropriate metal—semiconductor
junctions, led by the defect/trap states at the interface. It is
known that the structural disorder of a complex affects the thin

film quality and creates more clutter structures on the surface,
which results in the creation of more defect states at the
metal—semiconductor interface. As a result, that 7 value largely
deviates from ideal value 1. Nonideality of the Schottky diode
can also be attributed to surface contamination, barrier
tunnelling, etc. >3

The series resistance (R;) which limits the flow of charge
through the Device, is evaluated to be 3.41 k-ohm for Device 1,
whereas that for Device 2 is found to be 1.1 k-ohm. Almost
three times lower resistivity offered by the Device 2 compared
to Device 1, clearly tells that there are comparatively less
inhomogeneities in the metal—semiconductor junction of
Device 2, which results in better carrier transportation.*°
These findings are consistent with earlier conductivity (o)
studies, where complex 2 delivered nearly three times better
conductivity than complex 1. Furthermore, it is discovered that
the barrier height (¢bg) for Device 1 is found to be 0.52 eV
whereas that for Device 2 is 0.46 eV. Device 2 therefore
provides a lower Schottky barrier height than Device 1, as
would be predicted. All the device parameters were evaluated
from the electrical measurements carried out in dark
conditions and have been listed in Table S7 (Supporting
Information).

To induce conductivity, a number of efforts have been
explored via through-bond, extended conjugation, and
through-space involving weak interaction strategies.””** In
this work, charge transportation occurs through the combina-
tion of these three strategies. The extended conjugation in the
ligand moiety and metal-induced charge transfer along with
other weak interactions explain the higher conductivity in the
title complexes. According to their band gap (2.84 for complex
1 and 2.97 for complex 2), complex 1 should be more
conducting in nature than that of complex 2. But the
interesting thing is that complex 2 exhibits comparatively
higher conductivity than that of complex 1. Here, such striking
differences in device properties between the complexes can
majorly be attributed to two factors: (i) the better partial
electron transfer from ClO,” to the ligand moiety and vice
versa through 2D supramolecular architecture in complex 2,
whereas in complex 1, the electron transfer occurs from NO;~
to the ligand moiety through 1D supramolecular chain and (ii)
the greater number of #---m and anion--7 interactions in
complex 2 helps in the better electron transfer among ligand
moieties than that in complex 1.

Beside structural elucidation, the electronic properties of the
complexes were investigated through their electrical con-
ductivity. In both mentioned complexes, electron charge
transportation may occur through extended conjugation
provided by heterocyclic ligand moiety and charge transfer
through intervening metal ions incorporating several jonic and
noncovalent interactions.”® From structural analysis, it is
evident that the two complexes differ only by their non-
coordinating counteranionic part. From the FMO approach,
the energy difference between HOMO and LUMO may vary
with electronic effect associated with complex systems.
Therefore, a change in electron orbital composition of Ni(II)
complexes, i.e., the energy levels of HOMO or LUMO of
Ni(Il), is significantly affected by both electron-donating or
electron-withdrawing environment. The energy level of
HOMO/LUMO were higher with electron withdrawing
groups and lower with electron donating groups.’”” Both
nitrate NO; and perchlorate ClO, are considered to be
noncompressible, non- polarizable hard anions. Perchlorate
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Figure 12. Electronic band structure of complex 1 and 2 crystals. Points of high symmetry in the first Brillouin zone are labeled as follows: L =
(0.5, 0, 0.5), M = (=0.5, 0.5, 0.5), A = (=0.5, 0, 0), G = (0, 0, 0), Z = (0, —0.5, 0.5) and V = (0, 0, 0.5).

ClO, (Central “Cl” is in “+7” oxidation state) is more electron
withdrawing than that of NO; (Central “N” is in “+5”
oxidation state), and henceforth ClO, may be considered as
more electronegative (that is, potent electron withdrawing)
compared to nitrate (NO;).

So the more electron-withdrawing perchlorate complex
executes a higher HOMO—-LUMO gap, which in turn results
in a comparatively higher band gap. It is our general
expectation that a higher band gap reduces electrical
conductivity. For better electrical conductivity, a lower band
gap is not the only decisive factor, but the ease of
transportation may be enhanced through several intermolec-
ular interactions (both covalent and noncovalent). From a
structural aspect, it is already identified that in complex 2,
stronger anion--7 interactions (Figure 6) due to 3D
orientation of perchlorate ion, provides more scope for
electron hopping through the anion:--7 cluster (more anion--7
interaction in complex 2 compared to complex 1) that in turn
may result in higher conductivity of complex 2. A few
representative conductivity values of Ni(II), Co(II) and Cu(II)
complexes are tabulated in Table S8.

Theoretical DFT Study of Electrical Properties. The
crystal structures of 1 and 2 were modeled using DFT, with the
experimental crystal lattices as the starting point for optimizing
atomic positions. To evaluate the alignment between
experimental data and theoretical predictions, we applied a
standard band theory methodology. However, it is noteworthy
that DFT commonly exhibits a tendency to underestimate
semiconductor band gap values.”” Hence, in order to address
this, we systematically incorporated a 1.2 eV scissor operator
across all of the analyzed crystals in this study. This adjustment
allowed for a more accurate portrayal of the electronic
structure and facilitated a more meaningful comparison
between the theoretical simulations and experimental obser-
vations.

Based on the band diagram (Figure 12) and the partial
density of states diagram (PDOS) (Figure 13), it is evident
that the crystal demonstrates semiconductor characteristics.

The band diagram in Figure 12 highlights the differences
among the crystals investigated. In the conduction band region
(0 to 4 eV), complex 1 exhibits up to five sets of bands with
low dispersion within the range of 2.5 to 4 eV. In contrast,
complex 2 only displays three sets within the range of 3 to 4
eV. However, upon examining the valence band region of both
crystals (0.0 to —1.0 eV), subtle changes corresponding to the
substitution of anions are discernible, resulting in differences in
electronic characteristics. In the valence band region, both
crystals feature a well-defined set of bands cantered around 0
eV with minimal dispersion. However, significant differences
become apparent beyond this point. While complex 1 exhibits
two additional band regions between —0.2 eV and —0.4 eV and
between —0.65 eV and —0.90 eV within the same energy
range, complex 2 displays multiple identifiable regions between
—0.2 eV and —1.0 eV. As depicted in Figure 12, the localized
regions in complex 1 can be attributed to the NO;™ anions,
which contribute alongside Nickel to the outermost valence
bands. Conversely, this behavior is not observed when ClO,
anions are present in the structure, with the outer valence
levels dominated by the p-orbitals of the N;L; complex along
with the d-orbitals of nickel.

Theoretically, it is possible to determine the frequency
dependence of an incident photon in a material by calculating
its dielectric function £(®) and optical conductivity (6(w)). As
shown in Figure S13, both Ni compounds exhibit similar
diagrams concerning the intensity of their maxima between 0
and 6 eV, with different behavior beyond 6 eV. Typically, the
photoconductivity, and consequently the electrical conductiv-
ity of materials, increases due to photon absorption. However,
in this case, the experimental behavior does not follow this
pattern.

As the concerned two complexes are ionic materials, the
total conductivity in the presence of an electric field will be the
sum of the electronic part and the ionic part:

c=o0+tgo (7)
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Figure 13. Calculated partial density of states for 1 and 2 crystal cells. Panels depict: 1) A.) Entire system, B.) NOj, anion, and C.) Ni metal; 2) A.)
Overall system, B.) ClO, anion, and C.) Ni metal. The lines illustrate the s-orbital (blue), p-orbital (red), and d-orbital (green) characteristics of

the atoms within the crystal.

either of these contributions can dominate depending on the
type of material, defects, and temperature. In our calculations
using the current methodology, we can gather information only
about the electronic part of the material. The fact that the
material with a larger band gap exhibits higher conductivity
could be due to the dominance of the ionic behavior of the
material, directly related to the presence of anions in the
structure.

B CONCLUDING REMARKS

In this study, we have successfully synthesized and crystallo-
graphically characterized two Ni(II) complexes derived from a
newly synthesized heterocyclic ligand (N,L,) having different
counteranions, showcasing their ability to form various
supramolecular architectures. The coordination environment
around each Ni(Il) is distorted octahedral employing two
pyrazinyl and one pyridyl nitrogen atom from each ligand
moieties. We have demonstrated an orchestrated interplay
among 7+--77, anion---77, and hydrogen bonding interactions that
can lead to a strong cooperative/synergistic effect. Detailed X-
ray crystallographic analysis reveals that though both
complexes bear almost similar crystallographic parameters
depending upon the nature and orientation of counterions, and

44504

they exhibit unique structural and interactional motifs. A DFT
study was used to evaluate the synergistic influence of all
possible types of anion---7 and hydrogen bonding interactions.
Furthermore, the theoretical study extends to rationalize the
electrical properties of these complexes, highlighting their
potential in electronic device applications, particularly in
efficient Schottky diodes, as evident from the experimental
investigation. Theoretical studies clearly established the
semiconducting nature of both the complexes and a decisive
role of anions. Complex 2, with perchlorate anions,
demonstrated superior electronic properties, attributed to its
more favorable and stronger anion---7 interactions and overall
structural arrangement than that of complex 1. These findings
not only enrich our understanding of the influence of anionic
components in supramolecular architectures but also pave the
way for the design of new materials with tailored properties for
specific technological applications.
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