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Two new nickel(n) complexes, Cz>H>NgNiClOg (1) and CzgH2gN12NiOF,4P4 (2), have been synthesized
where both 2,4,6-tri(pyridin-2-yl)-1,3,5-s-triazine and dipicolinic acid act as tridentate ligands for
complex 1 and only 2,4,6-tri(pyridin-2-yl)-1,3,5-s-triazine is employed as a tridentate ligand for complex
2. These complexes were characterized by FT-IR spectroscopy and single-crystal X-ray diffraction. The
noncovalent interactions occurring in the crystal packing of both the complexes have been well-defined
focusing on w---n (for complex 1) and anion-- -t (for complex 2) interactions, which have also been
analysed using DFT calculations. Besides, noncovalent interactions such as C-H---x, lone pair---m,
n---nt, anion---n*, and n*-- 1" along with hydrogen bonding interactions play an important role in the
stabilization of both the complexes in a solid state. We also observed that the change in auxiliary ligands
exhibits significant variations in their structures, band gaps and photoresponse properties. To gain
insights into the charge transport mechanism, several Schottky barrier diode (SBD) parameters like carrier
mobility, transit time, carrier concentration, diffusion coefficient, diffusion length, and ideality factor were
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Introduction

Recently, the fields of coordination chemistry and crystal engineer-
ing have matured enough and crystal engineering techniques have
been extensively developed and assisted to the design and synthesis
of materials with precise solid-state intriguing properties."”
Researchers are now focusing on their potential applications as
functional materials for use in heterogeneous catalysis, nanotech-
nology, gas adsorption, gas evolution, optoelectronics, drug delivery,
sensors, fuel cell, dye degradation and many more beyond their
syntheses.> ™" In this context, crystal engineers often help to analyze
the self-assembly process after a combination of various metals
and heterocycle-based organic ligands and guide to find out the
relationship between the structure and properties of molecules
in a programmed way."?
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measured in the light of thermionic emission and SCLC (space charge limiting current) theory.

Coordination molecular architectures are the result of mutual
interactions to exhibit a broad range of different dimensional
frameworks (0D, 1D, 2D or 3D) by a variety of forces."* Apart from
coordination bonding interactions, forces associated with aro-
matic-n systems like n- - -w, lone pair- - -n, «- - -cation, n- - -anion,
CH- -, anion---n', n---n', n"---n', etc. along with relatively
strong hydrogen bonding have been vastly scrutinized for the
building of various polymeric architectures in the solid
state.'*™® Counter ions, solvent molecules and the electronic
nature of ancillary ligands are also responsible for the organised
ultimate architectures."”

2,4,6-Tri(pyridin-2-yl)-1,3,5-s-triazine and their structural
analogues play a pivotal role in metallo-supramolecular chemistry
and have drawn much attention in the fields of coordination
chemistry and materials science.'® The chelating aptitude of 2,4,6-
tri(pyridin-2-yl)-1,3,5-s-triazine boosts the stability of metal com-
plexes, and the planarity of the ligand with © stacking ability leads
to robust intercalative interactions of complexes in biological
systems.'® The binding constant determines the strength of the
interaction between the metal and the ligand and controls the
formation of coordination molecules thermodynamically,”® and a
competition might arise if more than one ligand is present to bind
with a specific metal ion. Thus, there is a smaller number of
complexes reported in the literature with two different chelating
ligands in one pot.>' In addition, a majority of coordination
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compounds are electrical insulators and discrete in nature. How-
ever, there are some reports of ordered coordination compounds
that show enhanced electron transport and rectifying nature under
light illumination.>** 1t is demonstrated that the structural and
electronic properties of coordination compounds can be tuned by
changing metal ions and organic linkers. As the conductivities of
coordination compounds are generally low, the fabrication of
electronic devices becomes a challenge when using these com-
pounds. Beyond structural stability, thermal stability and chemical
stability are also considered for the successful implementation of
coordination compounds in device making. Considering the
above facts, we have synthesised two nickel complexes based on
the 2,4,6-tri(pyridin-2-yl)-1,3,5-s-triazine moiety. Initially, nickel(u)
reacts with two different ligands (2,4,6-tri(pyridin-2-yl)-1,3,5-s-
triazine and pyridine-2,6-dicarboxylic acid) in one pot to obtain
an octahedral complex 1 where the triazine moiety and pyridine-
2,6-dicarboxylic acid act as tridentate ligands. The unprecedented
formation of complex 1 with two different chelating ligands is
also established theoretically through the formation of a four-
component assembly of complex 1. When Ni(u) is treated with
2,4,6-tri(pyridin-2-yl)-1,3,5-s-triazine only as a ligand in the molar
ratio of 1:2, the octahedral complex 2 was obtained. Although a
number of complexes built from s-triazine derivatives have been
reported in recent years, there still remains much more work to
be explored. The structural features and supramolecular aspects
of complexes 1 and 2 with the help of a single-crystal X-ray
diffraction study along with their electrical conductivities have
been investigated. The solid-state structure of complex 1 com-
prises a combination of C-H---N, C-H---O, C-H---Cl, N-H- - -O,
O-H- - -0 and O-H-: - -Cl hydrogen bonds along with - - -xt, - - -1
and lone pair---n interactions. Complex 2 is stabilized by a
combination of C-H- - -F, N-H- - -O and O-H- - -F hydrogen bonds
along with «---w, C-H---x, anion---x, n"---x' and anion---n"
interactions. To further understand the charge transportation, a
detailed I-V analysis is carried out by making thin films of precursor
complexes. Several device parameters like carrier mobility, carrier
concentration, transit time, diffusion coefficient, diffusion length,
and ideality factor have been measured by considering the SBD
characteristics. The change in ancillary ligands alters the structural
variations, supramolecular behaviours and electrical properties of
both the complexes. An improvement in device performance was
observed for complex 2 compared to complex 1.

Experimental section
Physical measurements

Elemental analyses (C, H and N) were performed using a
PerkinElmer 2400 Series-II CHN analyzer. Fourier transform-
infrared (FT-IR) spectra of complexes 1 and 2 were recorded using
a PerkinElmer LX-1 FTIR spectrophotometer (4000-400 cm ') by
using a modern diamond attenuated total reflectance (ATR)
accessory method. UV-vis absorption spectra were obtained using
a UV-1700 PharmaSpec UV-vis spectrophotometer (SHIMADZU).
The electrical characterization was carried out using a Keithley
4200 I-V instrument in the voltage range of —1 to +1 V.
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Single-crystal X-ray data collections of complex 1 (Fig. S1, ESIt)
and complex 2 (Fig. S2, ESIt) were completed using a single-
crystal X-ray diffractometer (Bruker Smart Apex II).

Materials

All chemicals [2,4,6-tri(pyridin-2-yl)-1,3,5-s-triazine, dipicolinic
acid, Ni(u) chloride hexahydrate, and ammonium hexafluoro-
phosphate] were purchased from Sigma-Aldrich Chemical Company,
USA and used as received. All reactions were carried out under
aerobic environments and doubly distilled water was used
throughout (Scheme S1, ESI¥).

Synthesis of complex 1

Nickel(ur) chloride hexahydrate (0.237 g, 1.0 mmol) was dissolved
in 15 mL of water and allowed to react with 2,4,6-tri(pyridin-2-
yl)-1,3,5-s-triazine (0.312 g, 1.0 mmol) in the water-ethanol (8: 2,
v/v) medium (20 mL) at 60 °C by continuous stirring. A warm
aqueous solution (15 mL) of dipicolinic acid (0.334 g, 2.0 mmol)
was added dropwise to the above solution under stirring con-
ditions. After 4 h of constant stirring at 60 °C, the resultant
solution was cooled, filtered and left unperturbed for slow
evaporation at room temperature. Block-shaped brown-colored
single crystals were obtained after one week. The crystals were
separated by filtration, washed with cold water, and then dried
in air, to obtain a 65% yield (0.495 g). Anal. calcd. for
C3,H,NgNiClO, (complex 1): C, 51.96; H, 2.86; and N, 15.15%.
Found: C, 51.92; H, 2.81; and N, 15.14%. Main FT-IR absorption
(KBr, cm™"): 3364 (w), 3097 (vs), 2781 (s), 2621 (s), 1727 (vs),
1621 (s), 1573 (s), 1557 (vs), 1480 (s), 1453 (s), 1429 (s), 1400 (s),
and 1384 (s) (Fig. S3, ESIf).

Synthesis of complex 2

Complex 2 was synthesized by dissolving nickel(u) chloride
hexahydrate (0.237 g, 1.0 mmol) in 15 mL of water and allowed
to react with 2,4,6-tri(pyridin-2-yl)-1,3,5-s-triazine (0.624 g,
2.0 mmol) in the water-ethanol (8:2, v/v) medium (20 mL) at
60 °C by stirring. A few drops of HCl were added into the
resultant turbid solution to obtain the clear solution. A warm
aqueous solution (15 mL) of ammonium hexafluorophosphate
(0.652 g, 4.0 mmol) was added dropwise to the above solution
and stirred for another 3 h. The resultant solution was then
cooled, filtered, and left for slow evaporation at room temperature
without any disturbance. Block shaped, deep brown-colored single
crystals were obtained after two weeks. The crystals were separated
by filtration, washed with cold water and air dried, to obtain a 62%
yield (0.796 g). Anal. caled. for C3¢H,gN;,NiOF,,P, (complex 2): C,
34.17; H, 2.07; and N, 13.28%. Found: C, 34.21; H, 2.04; and N,
13.23%. Main FT-IR absorption (KBr, cm™'): 3454 (w), 3031 (s),
1740 (s), 1635 (s), 1611 (s), 1578 (vs), 1562 (vs), 1530 (vs),
1487 (s), 1473 (s), 1455 (s), 1439 (s), 1399 (s), 1377 (s), and
1313 (s) (Fig. S3, ESIT).

Theoretical methods

The calculations of monomers and dimers (Fig. 7-9) were
performed at the DFT level of theory using the PBE0**-D3°
method and the def2-SVP basis set,>” with the help of the
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Gaussian-16 program.>® The topological analysis of the electron
density distribution has been examined using the noncovalent
interaction plot (NCI plot)**" using the AIMAIl program.*> The
estimation of the individual XB energies was performed using
the potential energy density (V;) predictor as recently proposed
in the literature (E = 0.778V,)** for the PBEO functional. MEP
surfaces were computed at the same level of theory by means of
the Gaussian-16 program.

Results and discussion
X-Ray crystallographic analysis

Single-crystal X-ray data collections for both the complexes were
performed using a Bruker SMART APEX II CCD area detector
equipped with a graphite-monochromated Mo Ko radiation
(A = 0.71073 A) source in ¢ and ® scan modes at 273(2) K.
The cell parameter refinement and data reduction were carried
out using the Bruker SMART APEX II instrument and Bruker
SMART and Bruker SAINT Software®! for both the complexes.
The structure of both the complexes was solved by conventional
direct methods and refined by full matrix least-squares methods
using F> data. SHELXL-2014/7%° was used for the solution and
refinement of both the structures. The solvent masking method in
the Olex-2 programme was used for complexes 1 and 2 to obtain
better fitted models of data. CCDC 2052738 (for complex 1) and
2052737 (for complex 2) include additional crystallographic infor-
mation. Selected crystal data and structure refinement parameters
for complexes 1 and 2 are given in Table S1 (ESIt).

Structural description of complex 1

The single-crystal X-ray diffraction study shows that the asym-
metric unit of complex 1 comprises one monomeric cationic
[Ni(C1gH;3N)(C;H5NO,)]" unit, one non-coordinated dipicolinic
acid, one non-coordinated chloride ion and one non-coordinated
water molecule (Fig. S1, ESIt). The complex adopts the triclinic
system with the space group P1 and its unit cell is composed of
two asymmetric units. The selected bond lengths and bond angles
are tabulated in Tables S2 and S3 (ESIF). In the monomeric
cationic [Ni(CygH;3N6)(C;HsNO,)]" unit, the Ni(u) ion occupies
the distorted octahedron structure, where three nitrogen donor
atoms (N13, N30 and N36) of triazine-based ligand and another
nitrogen atom (N9) of dipicolinate construct the basal plane. Two
oxygen atoms O1, at a distance of 2.170(3) A, and O12, at a distance
of 2.109(3) A, of the same acid ligand are trans diaxially
coordinated to the metal ion. The lower value of the trans axial
angle O1-Ni1-012 [155.94(11)°] induces distortion in the octa-
hedral geometry. The Ni-N bond distances in the basal plane
are in the range of 1.960(3) to 2.140(3) A. The Ni(u) ion is almost
placed (deviation, 0.009 A) in the same mean coordination plane
of (N13, N30, N36, and N9). The one N atom (N27) of the
monomeric unit is protonated. A non-coordinated chloride
anion is present to neutralize the charge of the complex.

The monomeric cationic unit of complex 1 extends to make
certain a 1-D polymeric chain through the =--.m interaction
(Table S5, ESIt) between Cg(6) and Cg(9) of two units along the
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Fig. 1 2-D layer of complex 1 incorporating - - -, ©- - -n* and lone pair- - -1t
interactions (aromatic hydrogen atoms have been omitted for clarity).

[100] direction (Fig. S4, ESIT). The two parallel chains are then
interconnected through the self-complementary =-- -1 inter-
action (Table S5, ESIt) between Cg(9) of one unit and Cg(8) of
the other unit, thus forming a 1-D tape (Fig. S5, ESIt). The ring
centroid separation distances of Cg(6)-Cg(9) and Cg(8)-Cg(9)
are 3.715(3) A and 3.561(3) A, respectively. This supramolecular
architecture is further extended through the self-complementary
lone pair- - - interactions (Table S7, ESI) between Cg(5) of one
unit and the carboxyl oxygen atom (O11) of the other unit and vice
versa. Thus, the - - -7 interaction along with these n---n* and lone
pair- - -m interactions enhances the dimensionality from 1-D to 2-D
in the (101) plane (Fig. 1).

A different 2-D layer is fashioned in complex 1 using two
different types of hydrogen bonding interactions (Table S4, ESIT).
Here, two monomeric cationic units are connected through
C5-H5---048 (154°) and 037-H37---011 (164°) hydrogen bonds
for the propagation of a one-dimensional (1-D) polymeric chain
that is further strengthened by the C43-H43---O3 (149°) hydrogen
bond, thus forming a R3(10) ring motif. These parallel 1-D chains
are interlinked using the C25-H25---047 (149°) hydrogen bond-
ing interaction to form a 2-D layer (brick wall like) in the (011)
plane (Fig. 2).

A comprehensive analysis reveals that four different types of
intermolecular hydrogen bonding interactions (C-H---O,
C-H---Cl, N-H- - -0, and O-H-: - -Cl) are involved in the formation

03
»)4'--.,‘"45

& 037

*Q_‘ g, O

Fig. 2 Perspective view of the 2-D layer of complex 1 incorporating
H-bonding interactions (other aromatic hydrogen atoms have been
omitted for clarity).
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Fig. 3 Formation of 1-D tape through hydrogen bonding interactions in
complex 1 (other aromatic hydrogen atoms have been omitted for clarity).

of a 1-D tape (as shown in Fig. 3). The first type of intermolecular
hydrogen bonding (shown by green dotted lines) was shaped
between the C23-H23 of one monomeric cationic unit and the
non-coordinated chlorine atom (Cl1). The second type of inter-
molecular hydrogen bonding (shown by aqua dotted lines) was
formed by the 049-H49B of the non-coordinated water molecule
and the non-coordinated chlorine atom (CI1). The third type of
intermolecular hydrogen bonding (shown by pink dotted lines)
was formed by the N27-H27 of one unit and O atom (049) of the
non-coordinated water molecule. These three hydrogen bonding
interactions played a significant role to form a one-dimensional
(1-D) polymeric chain along the [100] direction. The two parallel
chains are then interconnected through the self-complementary
C26-H26- - -O1 (type four) bonds (shown by orange dotted lines)
for the formation of 1-D tape (Fig. 3).

In complex 1, a dimeric distribution is observed that is formed
by the n- - - interaction between Cg(5) of one monomeric cationic
unit and Cg(10) of the non-coordinated dipicolinic acid (Fig. S6,
ESIt). The dimeric integrity is further stabilized through carbonyl
(Ip)---m and C35-H35---N45 hydrogen bonding interactions.
Here, the carbonyl oxygen atom (047) approaches the n face of
the Cg(1) chelate ring at (2—x, 1—y, 1—2) to form the said (Ip)- - -n
interaction. Then, another carbonyl oxygen atom (0O39) interacts
simultaneously with Cg(1) and Cg(5) of the adjacent dimeric unit
to form a 1-D polymeric chain which is further strengthened by
the C14-H14---039 hydrogen bond.

Structural description of complex 2

The asymmetric unit of complex 2 contains one monomeric
cationic [Ni(C;gH13Ng),]*" unit, four non-coordinated hexa-
fluorophosphate anions and one non-coordinated water mole-
cule (Fig. S1, ESIt). The complex crystallizes in the triclinic
system having the space group P1 and its unit cell consists of
two asymmetric units. The selected bond lengths and bond
angles are summarized in Table S2 and S3 (ESIt), respectively.
In this monomeric cationic [Ni(C;gH;3Ng),]*" unit, the Ni(u) ion
possesses a distorted octahedron where the six coordination
mode around the metal centre is satisfied by six N atoms (N1,
N18, N24, N25, N36 and N47) from the two triazine-based
ligands. The four N atoms (N1, N18, N24 and N36) are involved

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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to construct the basal plane and another two N atoms (N25 and
N47) are axially coordinated to the metal ion. The Ni-N
distances in the basal plane are in the range of 1.990(4) to
2.177(4) A. The trans angle, N25-Ni1-N47, is distorted with a
value of 152.86(17)° and the metal ion almost lies (deviation,
0.01 A) in the mean coordination plane of (N25, N36, N47, and
N18). Two nitrogen atoms (N15 and N35) in the monomeric
unit of complex 2 are protonated. These two monopositively
charged N-centers along with a Ni(u) ion induce the overall
tetra-positive charge, which is compensated by four noncoordi-
nated hexafluorophosphate anions.

The monomeric cationic unit of complex 2 propagates to
make certain a 1-D polymeric chain through the & - - stacking
interaction (Table S5, ESIt) between Cg(9) and Cg(12) of two
different units along the [100] direction having a separation
distance of 3.957(3) A (Fig. S7, ESIt). This 1-D array is further
extended to 2-D layers through the C-H-:--m interaction at
(x, =1 +y, 2) (Table S6, ESIT) between C4-H4 of one unit with
Cg(9) of the other unit in the (110) plane (Fig. 4).

A different 2-D layer (Fig. 5) is constructed in complex 2 by
using hydrogen bonding, n'---n', and anion---n (Table S7,
ESIt) interactions. Here, two monomeric cationic units are con-
nected through anion- - -m interactions via two F atoms (F19 and
F23) with Cg(5) and Cg(12) of the first unit, respectively, and one
F atom (F24) with Cg(10) of the second unit for the propagation
of a one-dimensional (1-D) polymeric chain that is again inter-
connected by the self-complementary C38-H38---F1 and
C44-H44- - -F6 hydrogen bonds (Table S4, ESIt), thus forming a
1-D tape. This 1-D tape is further extended to 2-D layers (011)
through the n'---n" interaction between Cg(7) of one unit with

Fig. 4 Perspective view of the 2-D layer generated through =---mt and
C—H- - -m interactions in complex 2 (other aromatic hydrogen atoms have
been omitted for clarity).

New J. Chem., 2021, 45,12108-12119 | 12111
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Fig. 5 Perspective view of 2-D architecture incorporating anion- - -/

nt...n*/hydrogen bonding interactions in complex 2 (other aromatic

hydrogen atoms have been omitted for clarity).

Cg(7) of the other unit having an inter-planar spacing of
3.635(4) A (Table S5, ESIY).

In addition, one-dimensional (1-D) tape is formed in complex
2 using anion- - -n (Table S4, ESIt) and hydrogen bonding inter-
actions (Table S4, ESIt). Firstly, monomeric cationic units are
connected through anion: - -m interactions via one F atom (F15)
with Cg(6) of one unit and one F atom (F17) with Cg(5) of the
other unit for the propagation of a one-dimensional (1-D)
polymeric chain along the [100] direction. Due to the self-
complementary nature, the two parallel chains are interlinked
through another anion- - -1 interaction via one F atom (F9) with
Cg(8) of one monomeric unit and three hydrogen bonding
[P2-F10---02, P2-F12---02 and N15-H15--H2B] interactions,
thus resulting in a 1-D tape (as shown in Fig. 6).

Another two-dimensional (2-D) layer (Fig. S8, ESIT) is formed
in complex 2 using anion- - -x and anion- - -x* (Table S7, ESI{)
interactions. Here, monomeric cationic units are connected
through anion- - -t interactions via one F atom (F22) with Cg(5)
of the first unit and Cg(10) of the second unit for the propaga-
tion of a one-dimensional (1-D) polymeric chain. Now, this 1-D

Fig. 6 Perspective view of 1-D tape generated through incorporating
anion---n and hydrogen bonding interactions in complex 2 (aromatic
hydrogen atoms have been omitted for clarity).
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chain is further extended to 2-D layers (110) through another
anion- - -m interaction [via one F atom (F17) with Cg(5) of one
unit] and anion---n" interaction [via one F atom (F18) with
Cg(7) of the other unit].

Again, the crystal structure of 2 reveals the existence of
various intermolecular hydrogen bonding (Table S4, ESIY)
interactions in the solid state leading to the organization of a
one-dimensional (1-D) zigzag polymeric chain along the [001]
direction (Fig. S9, ESIt). Here, two monomeric cationic units are
interconnected through the self-complementary C13-H13.--F13,
C14-H14---F18, C45-H45---F17 and C46-H46---F15 hydrogen
bonds (shown as green dotted lines); thus generating two different
R3(7) ring motifs. Now these dimeric units are repeated in a zigzag
fashion via another two intermolecular hydrogen bonding
[C2-H2---F6 and C39-H39---F4] interactions which are self-
complementary in nature (shown in pink dotted lines).

DFT calculations

The theoretical study is focused on the analysis of n-stacking
assemblies in complex 1 and anion- - -m interactions in complex
2. Fig. 7a shows a partial view of the X-ray structure of complex
1 where the m---n/n---m/n---n four-component assembly is
highlighted.

Two different types of m-stacking are formed: (i) a non-
conventional one, denoted as (m---7);, established between two
non-coordinated dipicolinic acids, where the exocyclic carboxylic
group of one ligand interacts with the m-cloud of the adjacent
ligand, and vice versa (denoted as homodimer B as shown in
Fig. 7c). (ii) A conventional one, denoted as (r- - -w),, where the
aromatic rings of the coordinated and non-coordinated dipicolinic
acids interact (denoted as heterodimer A as shown in Fig. 7a). The
latter is expected to be stronger due to the larger polarization of the
n-system as a consequence of the coordination of the ligand to
the Ni(n) metal center. The formation energy of this four-
component assembly is very large (AEagsembly = —52-4 keal mol ),
thus confirming the relevance of cooperative =---n/n---m/m-- -1t
interactions in the solid state of complex 1. In order to compare
both types of m-stacking and also the existence of cooperativity
effects, we have performed additional calculations, which are
summarized in Fig. 7b and c. It can be observed that the
interaction energies of heterodimer A (Fig. 7b) and homodimer
B (Fig. 7¢) are AEpcterodimera = —20.6 keal mol ™" and A Epomodimers =
—10.4 keal mol ™", respectively, thus confirming the fact that the
(m---m), binding mode is stronger. This larger dimerization
energy is also due to the formation of a trifurcated H-bond
between one aromatic C-H group and two O-atoms and one
N-atom of dipicolinic acid (see dashed lines in Fig. 7b). In order
to investigate the existence of cooperativity effects, we have also
computed the formation energy of the four-component assem-
bly by using heterodimer A as the starting point, which is AE; =
—11.0 keal mol™*. The comparison of this formation energy
with the one of homodimer B (A Epomodimers = —10.4 keal mol %)
gives information about the influence of (n:--xt), on the strength
of (n---m);. Consequently, (1) is reinforced by 0.6 kcal mol ™"
due to its coexistence with (n---1),, thus confirming the existence
of cooperativity effects. Similarly, we have also computed the

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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AEheterodimera = —20.6 kcal/mol

» HETERODIMER A

2.45-2.70
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Fig. 7 (a) Partial view of the X-ray structure of complex 1. H- atoms have
been omitted for clarity. (b and c) Theoretical models used to evaluate the
interaction energies. Distances are in A.

formation energy of the four-component assembly by using
homodimer B as the starting point. The formation energy is
AE, = —42.0 kcal mol " which accounts for two symmetrically
equivalent (r---), interactions. The comparison of this inter-
action energy with twice the dimerization energy of heterodimer
A (2 X AEpeterodimera = —41.2 kcal mol ™" reveals that the (1),
interactions are reinforced by 0.8 kcal mol * as a consequence
of the presence of (m---1t);.

We have further used the noncovalent interaction plot index
(NCI plot) to characterize the - -m/n---n/m---m assembly in
complex 1. The NCI plot is an intuitive method that shows which
spatial regions interact between molecules. Consequently, it is
very convenient to analyse noncovalent interactions. Moreover, it
gives hints regarding the strength of interactions by using a
colour code, where green is used for weak interactions and yellow
for repulsive ones. Strongly attractive and repulsive interactions
are represented by blue and red colours, respectively. The NCI
plot of the four-component assembly is given in Fig. 8, which
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(1T":1T)1 : )

trifurcated HB ™

Fig. 8 NCI plot of the four-component assembly of complex 1. Isosurface
of 0.4 a.u; density cut-off of 0.04 a.u. Colour scale -0.035 au. <
sign(Zx)p < 0.035 a.u.

confirms the existence of m---m stacking interactions that are
characterized by large and green isosurfaces. In the case of
(m---m)1, the isosurfaces embrace the carboxylic groups, thus
confirming their participation in the m-stacking interaction. In
the case of the (n---m), binding mode, the isourface is more
extended, confirming a larger overlap of the n-systems. Moreover,
the existence of the trifurcated C-H- - -O, N, O interaction is also
confirmed by the presence of a green isosurface located between
the H-atom and the three electron donor atoms belonging to
dipicolinic acid.

Finally, we have also studied anion---m interactions
observed in the solid state of complex 2 by using the NCI Plot
index as shown in Fig. 11. The NCI plot representation shows
that up to six PFs~ anions concurrently form anion-n inter-
actions with the extended and m-acidic rings of the Ni(u)-
coordinated 2,4,6-tri(pyridin-2-yl)-1,3,5-s-triazine ligands. Due
to the protonation of the ligand, the anion- - -m interactions are
very strong. We have evaluated two of them as representative
contacts (see Fig. 9) and the interaction energies are —98.4 and
—89.2 kcal mol ', which are in the range of previously reported
anion-n" interactions.*®

New J. Chem., 2021, 45,12108-12119 | 12113


https://doi.org/10.1039/d1nj01363g

Published on 02 June 2021. Downloaded by N-List College Programme on 2/10/2023 4:54:56 PM.

NJC

anion---1r
—89.2 kcal/mol

Fig. 9 NCI plot of complex 2 surrounded by six PFg™~ anions establishing
anion—-m interactions. Isosurface of 0.4 a.u; density cut-off of 0.04 a.u.
Colour scale —0.035 a.u. < sign(/)p < 0.035 a.u.

Optical studies

UV-vis absorption spectra were used to calculate the band gap
of complexes and to know the type of absorption. Fig. 10(a) and
(b) shows UV-vis absorption spectra of complexes 1 and 2,
respectively. Almost similar sharp visible range absorptions are
observed for both complexes. To calculate the band gap energy
conventional Tauc’s relation was used

(ehv) o (hv — Ep)" (1)

where o represents the absorption coefficient; /v is the photon
energy; E, represents the band gap of materials and coefficient ‘7’ is
for direct band-to-band transition having a value of 1/2. Now plotting
(¢h)* vs. hv and extrapolating the linear portion of the curve gives
the corresponding optical band gap values of the complexes. The
band gaps (E,) were calculated as 3.89 and 3.76 eV for complexes 1
and 2, respectively and they are shown in the inset of Fig. 10. The
wide band gap of both complexes falls under the semiconductor
regime and is an indication of their device making properties.

Fabrication of the thin film and FTO/complex/Ag junction

The prime criterion of device making is the small size of the
synthesized materials. As the thin film technology bridges in

1.0
b 19
1.5x10°]
A
~ 0-8- E
= 2
< 1.0x10"4 > a complex 1
‘; . b—— complex 2
8 0.6 N’; b
g 5.0x10° =
d a
2 04 ~
= 0.
w 0.0 T v v -
= 2.0 25 30 3.5 4.0
< 0.2 hv (eV)
a complex 1
b complex 2
0.0 T T

300 350 400 450 500 550 600
Wavelength (nm)

Fig. 10 UV-vis spectrum of (a) complex 1 inset: band gap of complex 1
(b) complex 2 and inset: band gap.
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between macro systems and molecular systems where the
size of the material is substantially reduced and is welcomed
for device fabrication. With this simplification, precursor
complexes are turned into thin films. Here, both precursor
complexes were taken into account to deposit on FTO sub-
strates (resistance 8-10 Q cm™> and surface area 1.0 x 1.0 cm?)
by a spin-coating method. Before the deposition, FTO substrates
were properly washed, first with soap-water and then with running
distilled water. After this, they were ultrasonicated for an hour and
degreased, and thereafter, they were shifted in a hot air oven for
proper drying (almost 2 hours). About 4 mg of each complex was
then dispersed in DMF in a 1:5 ratio and ultrasonicated again for
an hour. Now with a micropipette, a few drops of this solution were
added onto the centre of FTO and spun at 700 rpm and then 1000
rpm for 2 and 4 minutes, respectively. The resulting films were dried
in an inert atmosphere and kept in desiccators. The thicknesses of
the films were measured to be 2 pm using a surface profilometer
(Bruker Contour G). To fabricate the sandwich device, two contacts
were made one from FTO (bottom contact) and the other from the
contact metal Ag (FTO/complex/Ag) and a shadow mask was used to

maintain an effective area of 7 x 10~2 cm?.

Electrical measurements

Electrical measurements were performed at room temperature
under dark and illumination conditions (sun light) in the
voltage range of —1 to +1 V. Fig. 11 represents the character-
istics current-voltage (I-V) curves of devices under dark and
illumination conditions. The I-V nature of both complexes
shows the non-linear rectifying nature which indicates that
the materials are of p type and that they form the Schottky junction
with the n type FTO substrate. The nature of the I-V curve
represents the rectifying behaviour, similar to the Schottky barrier
diode (SBD). This indicates that the rectifying nature is highly
influenced under illumination of incident radiation. The current
rectification values, i.e. the on/off ratio of device 1 under dark and
photo-illumination conditions, were found to be 2.95 and 31.31 at
+1 V, respectively, whereas for device 2, the rectification values
enhanced to 31.32 and 54.93 under dark and illumination
conditions, respectively. The conductivity measurement of the
devices further indicates the enhanced electron transportation
properties of device 2 under light conditions. Room temperature
conductivity for device 1 was calculated to be 2.4 x 107° $ cm™*
and 6.0 x 10~ %S ecm ™' under dark and light conditions, respectively,
whereas for device 2 under the same conditions, the conductivity
increased to 1.48 x 107> S em * and 3.24 x 107> S em ™%,
respectively. The outcome indicates the significant photore-
sponse of device 2 compared to device 1.

To investigate the predominant charge transportation mecha-
nism, these I-V curves must be carefully analysed. The non-linear
-V nature of the devices arises due to different types of charge
transportation mechanisms and can be explained by the estab-
lished model of Richardson-Schottky or Poole-Frankel.’”
Thermal activation of electrons over the metal-semiconductor
interface results in Schottky emission in the presence of an
applied field.>® To obtain a clear understanding of the charge
transport mechanism, thermionic emission theory has been
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Fig. 11 |-V characteristic curve of (a) device 1 under dark and illumination
conditions and (b) device 2 under dark and illumination conditions.

adapted to quantitatively analyse the I-V plots, where device
parameters were confirmed by the Cheung’s standard equation®

1= Io[exp((gV)/(nkT)) — 1] (2)

Here, I and I, are the forward and reverse saturation currents, V
and q are the applied potential and electron charges, k and T are the
Boltzmann constant and absolute temperature, and 7 represents the
ideality factor of SBD. The saturation current (I,) can be expressed as

Io = AA*T*exp((-q ¢s)/(KT))] (3)

where the term ¢y represents barrier height; A and A* are the
diode area and Richardson constant, respectively. For both
devices, the diode area was fixed as 7 x 1072 cm?, and the
effective Richardson constant was taken as 32 A K> cm ™ 2. Now,
I-V characteristics can also be represented as

1= Io[exp((g(V — IRs))/(nkT))] (4)

where the term IRg stands for the voltage drop across the series
resistance and it can be calculated from the following equation:

dv/d(InI) = nKT/q + IRs (5)
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Eqn (9) can also be expressed as a function of ‘I’ by the
following form

H(I) = IRs + 1Py (6)

Hence, the series resistance (R;) can be measured and
calculated by the above two consecutive equations.
H(I) can also be represented by the following equation

H(I) = V — (nKT/q)In(I/(AA*T>)) (7)

Now using eqn (5), dV/d(Inl) versus I (Fig. 12) is plotted to
measure the series resistance (Rs) from the slope and ideality
factor () from the intercept (under dark and light illumination
conditions). The calculated ideality factor (i) values for device 1
are 2.81 and 1.79 under dark and light conditions, respectively,
whereas for device 2, the 5 values become 2.53 and 1.41 under
the same conditions, respectively. Hence, with the irradiation
of incident radiation, device 2 moves more towards ideality.
The deviation of 5 values from the ideality (n = 1) is an
indication of the improper metal-semiconductor junction
which results from trapping states in the interface. The
structural disorderliness of the compound plays a significant
role; more clutter structures bring more trapping states and
thereby easily deviate from the ideal value. There are some
reports on the SBD device analysis that impose some other
factors, like surface contamination, barrier tunneling, etc.,
responsible for non-ideality.***

0.12-(3) /.
|
o el Dark
2, 0.09- _/,/-/
E g™
=
> 0.06
° o—0—0—0—0—0@ ° L
Light
0-03 T T T T T T T T T
0.0  1.0x107 2.0x107 3.0x107 4.0x107 5.0x10”
I(A)
L ]
(b) -
0.08- o—
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~ ././0/
< 0.06 il
::: A A/A/A/A
i, e
% 0.044 A/A/A/A/ Light
0.02 —
0.0 2.0x10°  4.0x10°  6.0x10°  8.0x10°
I(A)

Fig. 12 dV/d(ln/) vs. | plot under dark and illumination conditions for (a)
device 1 and (b) device 2.
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Fig. 13 H (V) vs. | plot under dark and illumination conditions for (a) device
1 and (b) device 2.

The potential barrier height (®g) values are calculated from
the intercepts of H(V) vs. I plot of both devices (Fig. 13) using
eqn (6). The ‘K’ values are calculated by means of 5 values
obtained from Fig. 12 using eqn (5).

To gain insights into the charge transport phenomenon of
carrier transport through the interface of the MS junction, the
log-log plot, i.e., log(I) versus log(V), was analyzed (Fig. 14). The
presence of two distinct regions in the log-log plot ensures
different conduction mechanisms are operating here. Now
applying the power law (I oc V™) (where m is slope value) on
the log-log plot, the governing mechanism prevailing in carrier
conduction can be specified. By analyzing the slope value ‘m’,
two distinct zones can be separated, m > 2 indicates a space-
charge-limited-current (SCLC) region whereas a value less than
or equal to 1 (m < 1) indicates the ohmic zone.”>** Fig. 14
represents log (I) vs. log (V) plot of devices 1 and 2 in the
absence and presence of light. The presence of two separate
regions indicates that different conduction mechanisms are
prevailing here. At region I, ie., at low bias voltage, the
compound exhibits an ohmic nature (I oc V). The I-V char-
acteristic in this region can be imposed to thermionic emission.
Just after this, the I-V curve obeys power law behaviour (I co V™)
and it is assigned as region II.

In region II, the current is ruled by the space charge limited
current (SCLC) which is proportional to the square of the

12116 | New J. Chem., 2021, 45, 12108-12119

View Article Online

Paper
-3.5
1(@)
-4.0 1
Region I
-4.5 1
e -5.0—-
o0
-5.5 1 d
= Light_o°
-6.0 p——o—0" s
O
6.5 ’_O/O/o
Dark
'7-0 T T T
-2.0 -1.5 -1.0 -0.5 0.0
log (V)
-3.04{(b)
-3.54 Region I
~ -4.0 -
=
[=1)]
2 4.5
-5.0
O 7 40'0.000
55—~ Dark
T T T

-2.0 -1.5 -1.0 -0.5 0.0

Fig. 14 log (/) vs. log (V) plot under dark and illumination conditions for (a)
device 1 and (b) device 2.

applied voltage (I oo V?).**** This SCLC region gives several
important device performances like carrier concentration (N),
carrier mobility (uef), diffusion coefficient (D), diffusion length
(Lp), transit time (), etc.

Dielectric constants of the compounds were measured
from the saturation capacitance (C) value of capacitance vs.
frequency plot (Fig. S10, ESIT) by using the following equation.*®

&r = (1/20)(C-LIA) (8

Here, L is the thickness of the deposited material and 4 is
the diode area. The measured relative dielectric constants of
the material were calculated to be 32.26 and 6.45 for complexes
1 and 2, respectively. A comparatively low dielectric constant of
complex 2 suggests its preferential use in power generation to
minimize the electric power loss.

The effective carrier mobility (ues) of both devices has been
calculated from the I vs. V> (Fig. 15) plot by employing the
Mott-Gurney eqn (11)"

J= (9,“effgoarV2)/ (8 ds) ©)

Here J is the current density, & and ¢ are the permittivity of
vacuum and relative dielectric constant of compounds, respectively.
The device made of complex 2 has a higher mobility (5.36 x
10~* em® V" s7") than that of complex 1 (3.19 x 10~ *em®>V 's™ ).

Other important device performances like carrier con-
centration (N), carrier mobility (ues), diffusion coefficient (D),
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diffusion length (Lp), and transit time (t) etc. are calculated
using the following set of equations.

N = 0/(q-ter) (10)
¢ = (92 V)/(8-) (11)
e = (@D T) (12)

Lp = \/(2D7) (13)

The better performance of the SBD device can be categorised
by the high values of N, . and Lp. All device parameters for
both devices are listed in Table S8 (ESIT) (complex 1) and Table
S9 (ESIt) (complex 2). From the detailed analysis with respect to
device performance, it can be concluded that device 2 made
from compound 2 is better than device 1. A comparison of the
conductivities of the recently reported Ni(u) based complexes
with our synthesized complexes 1 and 2 (Table S10, ESIt) shows
that our materials have enough potentiality in optoelectronic
applications.

Conclusions

Two new octahedral complexes of nickel(n) have been synthe-
sized and characterized, where both the triazine moiety and
pyridine-2,6-dicarboxylic acid act as ligands for complex 1 and
only the triazine moiety binds Ni(u) in complex 2. In the
synthesized metal-ligand frameworks, various supramolecular
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interactions especially n---m stacking, anion:--n interactions
along with lone pair- -, C-H:--x, anion---n’, © 1", ' -1
and H-bonding interactions are present. These imperative
interactions are responsible for the construction of extended
networks in the solid state architectures of complexes 1 and 2.
DFT calculations evidence the existence of cooperativity effects
in the formation of supramolecular =---m/n---w/%---w inter-
actions for complex 1. Various anion---n interactions in complex
2 have been well established by using the NCI plot index.

The realistic applications of both the complexes have been
initiated by fabricating the SBD device using silver as the metal
contact. The devices made from complexes 1 and 2 exhibit non-
linear rectifying behaviour under dark and light illumination at
an applied potential of +1.0 V. The measured device para-
meters, e.g., mobility, transit time, carrier diffusion length, and
ideality factor, confirm complex 2 as better SBD compared to
complex 1. A likely explanation for this behaviour can be related
to the presence of extensive n- - -w stacking and a large number
of counter-ions in complex 2. This issue is currently under
investigation in our laboratory. Conductivity measurements of
the devices further indicated the enhanced charge transportation
properties of device 2 compared to that of device 1 under
illumination conditions. In fact, both Ni(u) coordination com-
pounds reported herein illustrate reasonably higher electrical
conductivities than other Ni-based compounds reported in the
literature.
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