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gle crystal X-ray diffraction. Salt 1 consists of two ([tris (2-aminoethyl) amine Co] 1,1-dicyano-2,2-
ethylenedithiolate) * per thiosulphate ion linked through intermolecular hydrogen bonds. Compound 2,
(pyridine-2,6-dicarboxylate) ,Co-5H,0-Co0).2H,0, is stabilized by intramolecular O-H :--O hydrogen bonds,

Keywords: building ribbons that propagate along the [100] direction in the crystals. From HS analysis, it is observed
Supramolecular assemblies that the major non-covalent interactions present in 1 are C-H--O, N-H =*N, N-H --S, and N-H ---O hy-
Co(ll) drogen bonds, which play an important role in stabilizing the crystal structure. In 2, out of all the non-
Crystal structures covalent interactions, O:-H/H--O interactions have major contributions to stabilize the crystal structure.

Hirshfeld surface analysis
Magnetic studies
Photocatalytic hydrogen evolution

Theoretical investigation on the molecular structures of the crystals also revealed that the major stabi-
lizing factor for 1 is H-bonding along with 7T-TT stacking while that for 2 is co-ordinate bond between
water and cobalt(ll) ion. Direct current variable-temperature magnetic susceptibility measurements car-
ried out on polycrystalline samples of 1 and 2 in the temperature range of 1.8-300 K shows the presence
of magnetic anisotropy of the cobalt(ll) ion in 1 and weak intermolecular exchange in 2. Further, both
the compounds 1 and 2 are found to be highly efficient water reduction catalysts in terms of per Co
turn-over-numbers  at lower concentrations.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction ands have advanced significantly during the past few decades ow-
ing to their exciting applications in magnetism, catalysis, mate-

Supramolecular assemblies fabricated from metal complexes rial science, and biochemistry [1-3] . In view of the extremely high
containing dithiolate and dicarboxylate-based multifunctional lig- strengths of metal-sulfur as well as metal-oxygen bonds and their

significant roles in a variety of biological processes, the research

attention being devoted to metal complexes containing dithio-
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tion modes during complexation, thereby resulting in their utiliza-
tion in constructing fascinating supramolecular frameworks. Struc-
tural chemistry of functionalized dithiolate and dicarboxylate lig-
ands is astoundingly distinct and has a considerable edge over
that of other organic ligands. Depending on the nature of metal
ions, the dithiolate and dicarboxylate ligands can chelate and also
bridge with various metal centers to create supramolecular archi-
tectures [4,5]. The coordination complexes comprising of dithio-
late and dicarboxylate-based ligands have been extensively studied
and the advancement of research work done in this field has been
published in several research papers and review articles [6-18].
The catalytic activities, magnetic properties, and biological activ-
ities of metal complexes harvested from functionalized dithiolate
and dicarboxylate-based ligands have stirred a lot of research in-
terest in the arena of inorganic supramolecular chemistry [3,19,20].

Given the well-known importance of cobalt in molecular
magnetism and catalysis, cobalt-based supramolecular assemblies,
among all the transition-metal compounds, are particularly allur-
ing due to their potential to influence the innovative fields of ad-
vanced functional materials [21-23] . Following the invention of
single-molecule magnets (SMMs) based on lanthanide complexes,
a number of complexes with 3d-series metals, such as Cr, Mn,
Fe, Co, Ni, and Cu, have been investigated [24,25]. Cobalt(ll) com-
plexes have attracted a lot of research interest owing to their high
magnetic anisotropy, a wide range of geometry and coordination
numbers, robust first-order spin-orbit coupling, and non-integer
ground spin state. The non-integer ground spin state may dimin-
ish the possibility of a quantum tunneling mechanism for the re-
laxation of the magnetization [26,27]. Despite significant advance-
ments in Co(ll)-based SMMs in recent years, it is still difficult to ra-
tionally develop desired magnetic materials based on cobalt com-
plexes.

Due to its minimal adverse impact on environment, molecu-
lar hydrogen is one of the most efficient and cleanest renewable
energy sources for the future [28]. A lot of research efforts have
been devoted for understanding how to convert water to H, us-
ing visible light and designing metal complexes for proton reduc-
tion. Many H, evolution catalysts based on metal complexes have
been discovered in recent years and thoroughly researched, par-
ticularly in non-aqueous media [29,30]. Over the past few years,
extensive studies have been done on photocatalytic H, evolution
using cobalt-based catalysts [31-34] .

Covalent interactions between donor atoms on ligands and
metal ions dominate the primary coordination sphere but non-
covalent contacts regulate the secondary coordination sphere.
These bonding interactions affect many features of coordination
compounds, including complex geometry, selectivity, and reactiv-
ity in metal-facilitated catalytic processes [34,35]. Non-covalent
contacts, such as hydrogen bonding, TI-7T stacking, cation==-TT,
anion =7, C-H---TT| and other weak intermolecular contacts are
crucial for the organization of structural units resulting in a wide
range of fascinating catalytic and magnetic phenomena. The nu-
merous non-covalent interactions identified in the metal com-
plexes provide hope for a better understanding of the complicated
processes that govern supramolecular frameworks as well as the
reactivity/selectivity of chemical transformations [36-42] . A quan-
titative investigation of the diverse non-covalent contacts is, there-
fore, necessary to obtain an advanced knowledge of packing of
the crystal. Single crystal X-ray analysis followed by computational
studies related to structure-property relationships of the synthe-
sised novel metal complexes is expected to provide a thorough
understanding of the frail non-covalent contacts present in the
crystal frameworks. The non-covalent contacts can be interrelated
to their molecular functions and bonding patterns in metal com-
plexes.
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We are particularly interested in the dithiolate and
dicarboxylate-based = multifunctional ligands because of their
ability to interact with a broad range of metals and produce com-
plexes with vastly different binding constants. In addition, they
can be functionalized rather easily, allowing them to be incorpo-
rated into desired architectures. While substantial progress has
been made on multifunctional dithiolate and dicarboxylate-based
ligands, the versatility of substituents on the ligand backbones
are yet to be explored. The said exploration may lead to more
complex supramolecular structures with interesting magnetic and
catalytic properties.

Given these considerations and in the light of our general in-
terest in exploring various dithiolate and dicarboxylate building
blocks for the development of diverse functional metal compounds,
the salient aims of the current work include: (i) expanding the
usages of dithiolate and dicarboxylate ligands for the preparation
of supramolecular Co(ll) compounds, (ii) recognizing their struc-
tural and non-covalent interactions features, and (iii) examining
their magnetic behavior and photocatalytic activity towards hydro-
gen generation.

2. Experimental

2.1. Materials and physical measurements

All chemicals were reagent grade, procured from commercial
sources, and used without purification. The solvents were purified
by standard procedures. The 1,1-dicyano-2,2-ethylenedithiolate  di-
potassium salt (K,/-mnt) was synthesized according to a procedure
reported previously [43]. Fourier-Transform Infrared spectra were
recorded on a Perkin-Elmer FT-IR spectrometer with KBr pellets in
the range of 4000-400 cm™". Elemental analysis was carried out in
Perkin-Elmer 2500 Series Il elemental analyzer. Cyclic voltamme-
try was performed on a CH-Instruments Electrochemical Analyzer-
600C Potentiostat at a scan rate of 0.1 V s™" using negative scan
polarity in a three-electrode system configuration.

2.2. Synthesis of the metal complex

To a stirred solution of Co(NO3),6H,0 (1.03 mmol) in 20 mL
of HPLC-grade methanol, a solution of tris (2-aminoethyl) amine
(tetraen) ligand (3.09 mmol) dissolved in 15 mL of HPLC-grade
methanol was added slowly with constant stirring at room tem-
perature. After 30 mins of stirring, K,/-mnt. H,O (1.03 mmol) lig-
and dissolved in 15 mL HPLC-grade methanol and sodium thio-
sulphate (1.03 mmol) dissolved in 10 mL of distiled water were
slowly added to the reaction mixture, resulting in immediate for-
mation of deep brown precipitate. The stirring was continued for
3 h. The compound was collected through filtration, washed a few
times with methanol and ether, and dried. Single crystals of 1,suit-
able for X-ray analysis were grown from a solution of Dimethyl
Sulphoxide (DMSO).

Salt 1: Yield: 72%,FTIR(n cm™", KBr): 3428-3120 [n(N-H) sym-
metric and asymmetric stretching modes], 2930 (nC-H stretching),
2201 (nC=N stretching), 1612 (nN-H bending scissoring vibration),
1384 [n(C=C) absorption band], 1030 and 945 [n(=CS) group],
899 and 889 [n(C-S) band],747 (nCo-S band), 521 and 479 (nCo-
N band). Anal. Calc. for CyyHzgCoN12S05: C, 29.92; H, 4.52; N,
20.94. Found: C,29.90; H, 4.51; N, 20.92%.

Salt 2 was synthesized according to a previously described
method [44] .

Salt 2: Yield: 68%,FTIR(n cm™", KBr): 3480-3390 [n(O-H) sym-
metric and asymmetric stretching modes], 1616 (nC-O stretching),
1386 (n(C=C) absorption band), 592 (nCo-O band), 543 and 484
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Table 1
Experimental details for crystal structures of 1 and 2 .
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Crystal Data Complex 1

Complex 2

Chemical Formula
Crystal system Triclinic
Space group P1

Temperature (K) 100 (2)

Formula weight (a.k.b.) 802.83

a, b, c(A)

a By 63.710 (2), 69.397 (3), 59.872 (2)
Crystal size (mm) 0.19 x 0.06 x 0.03
Volume, V ( A3) 3610.9 (3)
Calculated density (Mg/m %) 1.477

Fooo 1656

H (mm~1) 1.31

z 4

Diffractometer Bruker APEX-II CCD
0 range (°) 22<6.<26.0
Wavelength ( A) 0.71073
Measurement method Wscan
Absorption correction Multi-scan

Amin s Pmax -19, 19

Kmin » Kmax -20, 20

Imin ’ Imax _21: 20

Trmin » Tmax 0.471, 0.747

Rint 0.124

Reflections collected 25,499
Independent reflections 13,460

Observed reflections [ 1>2  O(l)] 6084

Refinement method SHELXL18/3
Parameters 775

R[F? > 2 O(F?)] 0.056

wR (F) 0.123

GooF =S 0.87

OPrmin » DPrmax (e/AS) -0.61, 0.63

2(C1oH18CoNs ) *03S,

16.1221 (6), 16.8450 (7), 17.3907 (8)

Ci4H16C02N2013°2(H 2 0)
Monoclinic

P2/c

100 (2)

574.18

8.3476 (3), 27.1461 (8), 9.5826 (3)
90, 98.115 (1), 90
0.48 x 0.18 x 0.16
2149.72 (12)
1.774

1168

1.62

4

Bruker APEX-II CCD
23.< 6 .<364
0.71073

Wscan

Multi-scan

-13, 10

45, 44

-15,15

0.471, 0.747
0.028

34,360

10,359

9517
SHELXL18/3

355

0.029

0.072

1.10

-0.78,0.74

(nCo-N band). Anal. Calc. for Cy4H20Co,N,045: C,29.29; H, 3.51; N,
4.88. Found: C,29.31; H, 3.50; N, 4.86%.

2.3. Crystallographic data collection and refinement

For recording the X-ray diffraction data for 1, an inclusion free
red prism was chosen, whereas a clear purple needle was chosen
for 2. The said data were collected with graphite-monochromatized
Mo-K O radiation (A = 0.71073 A) on a Bruker APEX-II CCD (100 (2)
K) diffractometer [45]. The structures were solved using SHELXT
[46], refinement was done using SHELXL-2018 with least-squares
minimization versus P [47]. Multi-scan absorption correction was
applied (SADABS)[48]. All H atoms were initially located in a dif-
ference Fourier map and were refined using a riding model. The
H atoms were placed in geometrically idealized positions and con-
strained to ride on their parent atoms with C—Hdistances in the
range 0.95-1.00 A. The related experimental details for 1 and 2 are
summarized in Table 1.

2.4. Hirshfeld surface analysis

Hirshfeld surface analysis [49] and fingerprint plots were gener-
ated with the CrystalExplorer21 program [50] for investigating the
different interactions in the crystal structures of 1 and 2.

2.5. Theoretical studies

Ground-state geometry optimization of crystal systems 1 and 2
were performed with the help of Density Functional Theory us-
ing Gaussian 09 [51]. To determine the precise geometry of the
crystals, B3LYPhybrid functional was used [52]. For the non-metal
elements, 6-31G(d) basis function was used while for cobalt, the
pseudopotential-based LANL2DZ basis set was employed.

2.6. Magnetic susceptibility measurements

A Quantum Design SQUID magnetometer (type MPMS-3) was
used to assessmagnetic susceptibility and magnetization. Polycrys-
talline samples of 1 and 2 were subjected to direct current mag-
netic measurements in the temperature range of 1.8-300 K with an
externally imposed magnetic field of 0.5 T. Corrections were made
by subtracting the sample —holder signal and contribution Xp es-
timated from the Pascal’s constants [53].

2.7. Photocatalytic hydrogen evolution

Compounds 1 and 2 were tested as water reduction cata-
lysts (WRC) in a photocatalytic water reduction system using
[Ir(Fmppy) o dtbbpy]PFg (where Fmppy = 4 -fluoro-2-phenyl-5-
methylpyridine, and dtbbpy = 4,4 -di-tert —butyl-2,2 -bipyridine)
as the photosensitizer (PS), and ftriethanolamine (Alfa Aesar
L04486) as the sacrificial donor (SD). Each test sample contained
750 pL of a total solution comprising of 600 pyL of PS and WRC
solutions in DMSO (J.T. Baker JT 9224) and 150 pL of 30% w/w
aqueous solution of SD. The reactions were conducted at a PS
concentration range of 0.1 to 0.5 mM and a WRC concentration
range of 0.01 to 0.1 mM. Hydrogen evolution was measured on
a parallel high-throughput photoreactor using colorimetric chemo-
sensitive H, detector (DetecTape Hydrogen Detection Tape — Mid-
sun Specialty Products, Item DT-H210015-PF4) as described previ-
ously [54,55].

3. Resultsand discussion

3.1. FT-IR spectral characterization

To comprehend the coordination modes of two ligands (tetraen
and i_mntZ—) to the Co(ll) metal center, the FT-IR spectra of Co(ll)
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Fig. 1. The content of the asymmetric unit of 1 . Thermal displacement ellipsoids are shown at their 50% probability levels.

complex 1 as well as those of the free ligands were thoroughly
investigated. The pertinent data are shown in Figs. S1 and S2.
The broad bands observed in the 3428-3120 cm™' region of the
spectrum of 1 are ascribed to V(N-H) (asymmetric and symmet-
ric) stretching modes of the amino nitrogen of tetraen ligand. The
v(C-H) stretching band for 1 can be found at 2930 cm™'. The
IR spectrum of 1 shows a strong absorption band at 2201 cm™1,
which is attributed to the U(C=N) stretching frequencies of the
coordinated i-mnt 2- ligand. This confirms the formation of mixed
ligand complex. The V(N-H) bending (scissoring) vibration for 1 is
detected at 1612 cm™", which is lower than that for free tetraen
ligand (1636 cm™'). The observed shift to a lower frequency ad-
vocates that the amino nitrogen atoms of fefraen are coordinated
to cobalt metal center. The stretching frequency of V(C=C) in 1
is observed at 1384 cm™', while the same for free ligand Ky/-mnt
is observed at 1365 cm™". The increased value of V(C=C) stretch-
ing frequency indicates delocalization of 7T electrons, which also
confirms the formation of the mixed ligand complex 1. Absorption
bands at 1030 and 945 cm~! are due to =CS, group. The V(C-S)
band appearing at 870 cm~! in the spectrum of free ligand i-mnt 2
appears at 899 and 889 cm™' in the spectrum of 1, signifying sym-
metrical bonding of both the S atoms to the cobalt ion. The band
at 747 cm™" is ascribed to Co-S vibration. The weak bands at 521
and 479 cm™" are ascribed to Co-N vibration.

1

3.2. Crystal structure description of complex 1

Fig. 1 depicts the asymmetric unit of 1, which consists of two
thiosulphate ions and four cobalt ions. The six coordinate Co1 cen-
ter, existing in a distorted octahedral environment, is bonded to
four enamine nitrogen (N1, N2, N3, and N4) of tris (2-aminoethyl)
amine (tetraen) ligand and two sulfur atoms (S1 and S2) of /-
mnt2- ligand. The coordination geometries of Co2, Co3, and Co4
ions are distorted octahedral, similar to that of Co1 center. The
cobalt (ll) ions and the two thiosulphate ion ligands are linked

to one another Via intramolecular N3-H3 C--N11, N9-H9 A---N5,
N14-H14 C--S$12, N15-H15D--06, and C22-H22 B--06 hydrogen
bonds (Table S1). The molecules are linked by several intermolec-
ular C-H -0, C-H --S, C-H N, N-H S, N-H N, and N-H --O hy-
drogen bonds in the crystal structure, forming a 3D supramolec-
ular framework (Figs. 2 and 3). The Co-S and Co-N bond dis-
tances are in 2.245-2.305 A and 1.945-1.981 A ranges, respec-
tively. Compared to Co-S bonds, the Co-N bonds are shorter.
Although, the Co-N bond distances are comparable with the
same bond distances in reported cobalt compounds, the values re-
ported herein are slightly shorter than the previously reported val-
ues [56,57]. While the shortest bond length, between two metal
centers (Co1-Co2), is 6.948 A, the longest distance is between
Co1-Co4 with a value of 15.321 A. The S1-Co1-S2, S3-Co2-5S4,
S5-C03-S6, and S7-Co4-S8 bond angles have almost identi-
cal values (Table S2). Similarly, the N-Co-N bond angles are
nearly identical. The bond angles around Co1 metal center, namely
S1-Co1-S2, S1-Co1-N3, S2-Co1-N4, N1-Co1-N2, N1-Co1-N4,
and N2-Co1-N3 are 76.88(6)°, 92.8(2)°, 88.5(2)°, 86.9(2) °, 85.0(2)°,
and 90.4(2)°, respectively, which exhibit a distorted octahedral
geometry. These prominent angle values are similarly observed
around Co2, Co3, and Co4 metal centers. The S9-S10, S11-S12,
S9-01, S%-02, S9-03, S11-04, S11-05, and S11+-06 bond dis-
tances are 1.995(2), 2.023(2), 1.471(4), 1.469(4), 1.471(4), 1.480(4),
1.487(4), and 1.470(4) A, respectively. These S-S and S-O bond
lengths of thiosulphate ion are in good agreement and compara-
ble with reported thiosulphate compounds [58,59].

3.3. Crystal structure description of complex 2

Despite the fact that the crystal structure of compound 2 has al-
ready been reported [44], we have chosen to gather the data once
again to check for any substantial structural variations. Obviously,
the structure is much the same, but there are a few differences
that merit reporting. The molecular structure of 2 with pyridine-
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Fig. 2. A view of crystal packing of 1 along a -axis direction. (Co1: Purple, Co2: Yellow, Co3: Blue, and Co4: Green).

2,6-dicarboxylate or dipicolinate (dPC) is shown in Fig. 4. As shown
in Fig. 4, the asymmetric unit of 2 contains one of the cobalt(ll)-
cobalt(ll) compounds [including Co(dPC),-0-Co—~(H,0)s] and two
additional water molecules. The Co1 ion has a distorted octahedral
geometry with four oxygen and two nitrogen atoms from two dpc
ligands, while the Co2 is octahedrally coordinated by five oxygen
atoms of five water molecules and one oxygen atom of a carboxyl
group. In 2, the dpC acts as a tridentate ligand. The two cobalt(ll)
ions are linked to one another by the carboxyl groups, so the car-
boxyl group (0O1-C1-02) is in a bridging position. The complex
is non-planar with two pyridine rings inclined to one another by
making a dihedral angle of nearly 89.51(3)°. The cobalt(Il)-cobalt(Il)

complex and two aqua molecules are linked to one another by
intramolecular O5W-H5 W1--01, O1W-H1 W1.-06W, and strong
04W-H4 W1-.-07W hydrogen bonds. The molecules are linked by
several intermolecular O-H--O and C-H O type-hydrogen bonds
in the crystal structure of 2, forming a 3D supramolecular frame-
work (Fig. 5 and Table S3). In the previous study, as stated
by Qi et al. [44], all water molecules inhere also participate in
hydrogen bonding. Extensive intermolecular hydrogen bonds are
formed in the crystal by means of the five coordinated water
molecules (OW1, OW2, OW3, OW4, and OW5) and two crystal wa-
ter molecules (OW6 and OW?7). There are also weak T---TT contacts
between the two pyridine rings of doc [Cg-Cgp' = 3.724 (2) A;
here, C% is center of the N1/C2-C6 ring and symmetry code (i);
X+ 1,-y,-z + 1].

The Co-Ogpc bonds are, on average, longer than the Co-Owater
bonds (Table S4). The Co-O bond distances vary from 2.0808(8) to
2.2117(8) A with an average of 2.108 A, which is comparable to
that reported for Co(ll) complexes [60]. In a previous study, Co—
O distances were found in the range of 2.1160(19) to 2.2184(18)
A, and the average bond length was 2.1728 A, which is consis-
tent with the values here [44]. Co1-N1 and Co1-N2 bond dis-
tances are 2.0248(8) and 2.0207(9) A, respectively, and the Co-N
distances in the previous study were 2.015(2) and 2.022(2) A [44].
These lengths are close to 2.012(2) and 2.005(2) A, as reported by
Chkirate and co-workers [61]. C2-N1, C6-N1, C9-N2, and C13-N2
bond lengths are 1.3326(12), 1.3341(12), 1.3324(12), and 1.3300(12)
A, respectively. These C-N bond distances within pyridine rings
are in good agreement with the corresponding bond lengths re-
ported for pyridine compounds [62,63]. In the cobalt(ll)-cobalt(ll)
complex, the carboxyl group distances are unremarkable with an
average C-O bond distance of 1.258 A, which is comparable to that
reported for carboxylic compounds [64,65].

3.4. Hirshfeld surface analysis

Intermolecular interactions are important for crystal stability of
crystalline compounds. Hirshfeld calculations have been frequently
used in recent years to investigate different intermolecular interac-
tions in the crystal structures [62,64,66-68]. The Hirshfeld surfaces
were visualized with the 3D 0,orm mapped over fixed color scales
of -0.410 to 2.782 A (Molecule A), -0.392 to 2.271 A (Molecule B),
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Fig. 3. A partial view of crystal packing of 1 showing hydrogen bonds. (Co1: Purple, Co2: Yellow, Co3: Blue, and Co4: Green).

Fig. 4. Molecular structure of complex 2 with the displacement ellipsoids drawn at
50% probability level.

-0.538 to 2.803 A (Molecule C), and -0.491 to 2.785 A (Molecule
D) (Fig. 4). The red circles on the Oyom surface of molecules A,
B, C, and D represent the C-H ---:O, N-H -*N, N-H S, and N-H ---:O
interactions, respectively (Fig. 6). The major contacts of the com-
pound are N--H (33%),H-H (22%), S--H (16%),and O--H (11%)for
molecule A; N--H (34%), H--H (18%), S'H (16%), and O--H (12%)
for molecule B; N-*H (33%),H-*H (29%), O--*H (13%),and S--H (8%)
for molecule C; and N---H (34%), H--"-H (31%),S--H (11%),and O--H

(6%) for molecule D (Fig. 7). The results show that the structure
is stabilized by C-H--O, N-H N, N-H S, and N-H ---O hydrogen
bonds. Some other interactions that contribute to a lesser extent
are also present.

In Fig. 8, the interactions are visualized by a 3D view of the
molecular Hirshfeld surface mapped over dnom, i, de, and shape
index of the complex 2. On the Unom Hirshfeld surface, bright red
areas indicate H-bond interaction sites, represented by red dots
(Fig. 9); the Hirshfeld surface mapped on dnom range from 0.0783
to 1.0981 a.u. The red regions on the dnorm surface are located on
the oxygen and hydrogen atoms, which contribute to non-covalent
contacts, as established by the interactions in Fig. 8. The results
of fingerprint analyses are given in Fig. 9. The interactions with
a contribution of less than 1% are not included in the visualiza-
tion. Fig. 10 summarizes the contributions of all the interactions.
With a value of 49%, the contribution of O--H/H--O contacts has
the largest share in the crystal packing of 2, wherein the heteronu-
clear contacts appear as spikes. The H--H contact has a smaller
share with a contribution of 30% and C--H/H--C contacts with a
contribution of 8%.

3.5. Magnetic susceptibility measurements

The ground state of high-spin octahedral Co(ll) is 4T1g. As the
angular orbital momentum is largely quenched, it is difficult to in-
terpret the magnetic moments of compounds with T ground state
terms that frequently exhibit significant temperature dependence
[69-73] . These types of systems display significant zero field split-
ting, which results in considerable magnetic anisotropy because of
the enormous spin-orbit coupling.

The magnetic characteristics of 1 were evaluated in the tem-
perature range of 1.8-300 K. The magnetic susceptibility (XmT) vs.
Temperature plot (T) (where X, is the molar magnetic susceptibil-
ity per Co(ll) unit) is displayed in Fig. 11. The value of X n T at room
temperature is 2.50 cm3mol ~1 K, which is more than that antici-
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Fig. 5. A partial view of the crystal packing for complex 2 . The dashed lines denote the intermolecular O -H ---O hydrogen bonds parallel to bc plane.
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Fig. 7. Intermolecular interactions and their percentages for molecules A, B, C, and
Din1.

pated for a spin quartet (XmT = 1.87 cm®mol™1 K, for S= 3/2
with g = 2.0). However, it matches with the values observed for
octahedral Co(ll) compounds having a strong first-order contribu-
tion of the orbital magnetic moment, typical of the 4T1g ground
state [73-76] . The X m T values for 1 remain constant at about 20 K
and considerably decrease at lower temperatures, reaching 1.45
cm3mol =1 K at about 1.8 K. The decrease of X T at lower tem-
peratures could be due to the intermolecular antiferromagnetic ex-
change interaction as well as depopulation of higher-energy spin-
orbit coupling levels of the six coordinated Co(ll) metal centers
[77,78]. Furthermore, for 1, at low temperatures, there is no max-
imum molar susceptibility. In the solid-state, strong antiferromag-
netic interactions can, therefore, be ruled out. Both in the presence
and absence of applied static fields, there were no alternating cur-
rent magnetic susceptibility signals.

The Curie and Weiss constant values were calculated using the
relationship X m™' = (7). The calculated Curie constant value for 1
is 2.38 cm®mol =1 K. The negative Weiss temperature is compara-
tively small (9 = - 1.3 K). The result of non-zero Curie-Weiss tem-
perature, being reported herein, probably replicates the decrease

of XmT with decreasing temperature that is attributable to the
spin-orbit coupling instead of the frail antiferromagnetic interac-
tion [73].

In order to investigate the ground state of 1, we looked into
how the magnetization, M, varied with the applied magnetic field
at temperatures of 2, 4, 6, and 8 K. The outcomes are displayed in
Fig. S4 where the molar magnetization M (per Cd' unit) is rep-
resented in Mg units. In the chosen range of applied fields, the
complex does not attain saturation, and the magnetization at 7 T
(2 K) is around 2.7Mg. For one uncoupled Co(ll) ion in the S= 3/2
ground state with 9 = 2 and no zero-field splitting, the shape of
the experimental plot for 1 does not obey the Brillouin function.
This type of behavior may be a result of the Cd' ions’ magnetic
anisotropy and/or the weak intermolecular antiferromagnetic inter-
action at low temperatures.

Fig. 8. Hirshfeld surfaces of 1, mapped with d
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The S = 3/2 state is divided into two Kramer's doublets (Ms=
+1/2 and #3/2) due to spin-orbit coupling, with a distance of 2D
between them, where D is the axial zero-field splitting parameter.
Under the influence of the spin Hamiltonian (Egq. (1)), the magnetic
properties may be viewed as a S= 3/2 spin-state, appropriate for
depicting magnetic anisotropy [79]:

FI:D%-%S(S+ 1) + gBHS (1)

Egs. (2)-(4) display the magnetic susceptibility for a magneti-
cally isolated Co(ll) ion resulting from this Hamiltonian [79]:

+ 2
Xom = Xu +2X @
3
NB2gz 1+ 9exp - 27
X = KT -5 3)
4 1+ exp - 27
X_NBZg2 4+35 1-exp - &2 4
T 4kT 1+ exp -2 )

Taking into account the possibility of the presence of weak in-
termolecular magnetic interaction, the Eq. (2) must be redefined
by involving a molecular field rectification term 2J'[79]. This yields
the equation (Eq. (5)):

X
,%orrz ﬁ (5)
T Npzge M

Here, Z is the number of closest neighbours surrounding a cer-
tain magnetic species in the crystal system and J'is the interac-
tion parameter between two closest neighbor magnetic species.
To avoid over-parameterization, we ignored the rhombic zero-field
splitting components and took into account g; = gL = g (aver-
age Landé factor) during the fitting process. The values obtained
from the best fit are: |D| = 255(1) cm™ (the sign of D can-
not be inferred from the data on powder magnetic susceptibility),
zJ= - 0.21(2) cm™" and g = 2.31(1) for 1. The best fit was de-
termined by using the criterion R= (XexpT = XcacN?  Xexp1)?
(R = 4.42x107*), which is based on diminishing the sum of
squares of the deviation. In the entire temperature range, the com-
puted curve for 1 (solid line in Fig. 11) closely fits the experimen-
tal data. The value of D falls in the range of similar magneto-
structurally studied Co(ll) compounds that have been reported
[80-82] . Due to the relatively large distance between the para-
magnetic Cd' ions in the crystal structure (average Co...Co dis-
tances are 5.95 A), value of z2J'in 1 is very low, which indicates
that there are very little intermolecular magnetic interactions. The
computed D parameter, however, indicates that in 1, large mag-
netic anisotropy is dominating because of its substantially larger
value as compared to 2J.

In contrast to compound 1, compound 2 is a dinuclear
cobalt(ll) complex. The magnetic characteristics of 2 are depicted

Shape index

norm » di, de, and shape index.
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Fig. 10. Intermolecular interactions and their percentage contributions for 2 .

in Fig. 11 as a X, T against T plot (Xm is the magnetic suscep-
tibility per two Cod' ions). The measured XmT value at 300 K is
4.63 cm®mol ~ 1 K, which is higher than the spin only value of 3.75
cm®mol~1 K for two uncoupled S = 3/2 spins (9 = 2.0). This is
explained by the unquenched orbital angular momentum caused
by the cobalt(ll) ion’s 4T1g ground state [83]. Upon cooling, the
X mT value decreases very slowly in the temperature range of 300-
50 K but does so sharply in the temperature range of 50-1.8 K
to attain the lowest value of 3.35 cm3mol~1 K at 1.8 K. The de-
crease of magnetic moment with the lowering of temperature can
be explained on the basis of three factors, ViZ.: (i) orbital angular
momentum contribution, (i) a two-cobalt(ll) intramolecular anti-
ferromagnetic coupling, and (iii) an antiferromagnetic intermolec-
ular coupling. Since the dinuclear cobalt(ll) ions entities are far

06 08 10 12 14 16 18 20 22 24 26 28

06 08 10 12 14 16 18 20 22 24 26 28

O...H contacts

norm showing O —H ---O hydrogen-bonded contacts.

RS 000000000000 0000T0)

2, T (cm’mol'K)

0 50 100 150 200 250 300
T (K)

Fig. 11. Temperature dependence of experimentalc ~ mT ( °) (Xm per Co" unit) for
1andcmT()( Xm perCo, unit) for 2. The solid lines are the calculated curves
obtained from Eqgs. (2 )-(5) for 1 and Egs. (6), (7) for 2.

apart from one another, the intermolecular interactions may be ne-
glected. A fit of X1, at temperature values higher than 50 K,
to the Curie-Weiss law vyields a Curie constant (C) value of 4.65
cm3Kmol ™! and a Weiss temperature (6) value of -1.9 K. A weak
antiferromagnetic interaction inside the Co(ll)-Co(ll) dinuclear unit
is further indicated by the negative value of the Weiss tempera-
ture. As no maximum is observed in the X vs. T plot until 1.8 K,
the thermal dependence of X, is indicative of a weak antiferro-
magnetic interaction. Similar to 1, there are no signs for magnetic
susceptibility for alternating current in case of 2.

Magnetization studies in the temperature range of 2-8 K con-
firmed the ground state nature of 2 (Fig. S5). With a magnetization
value of ~3.6 Mg at 7 T at 2 K, the compound does not reach satura-
tion in the M vs. H measurements. Even at 7 T and 2 K, the magne-
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tization is less than what is expected for a two uncoupled S= 3/2
systems (with 9 = 2) due to the absence of zero-field splitting. The
experimental data do not precisely obey the Brillouin formula for
2. The experimental data at intermediate magnetic field values are
well below the theoretical curve, indicating a weak antiferromag-
netic interaction.

As the orbital angular momentum contribution is absent in the
ground state term, the spin-only method may be appropriate for
this system when considering the distorted octahedral geometry of
the high-spin cobalt(ll) cations in 2 [77,78,84,85]. The decrease of
XmT in the temperature region of 300-1.8 K implies the presence
of intramolecular antiferromagnetic interactions and in such a case,
the Heisenberg-Van Vleck spin Hamiltonian (Eq. (6)) for an S= 3/2

_—
-9.397e-2 9.397e-2

-0.303¢0 E 0.303e0
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dimer can be used as a simplification [77,78]:
H=-255 ©)
Eq. (7) was used to fit the magnetic data [77-79] .
oNB2g2  14exp - 12 + 5exp - & +exp - &
Xm = KT (7)

7exp—172-rJ + 5exp —,?# + 3exp —,?# +1

Here, Jis the intradimer interaction parameter (exchange cou-
pling constant) between Cd' ions. The best fit of the data utiliz-
ing the above-mentioned equation for 2 results in J= -1.21(2)
cm™' and g = 2.35(1) (R = 837x107%), as demonstrated by the
solid curve in Fig. 11. In the entire temperature range, the exper-
imental results are reproducible. The Co, unit exhibits weak an-

9
s

Ml

Fig. 12. (A) Optimized geometry of 1, (B) Molecular Electrostatic Potential of A, (C) HOMO to LUMO transition for A, (D) Optimized geometry of complex 2, (E) Molecular
Electrostatic Potential of B, and (F) HOMO to LUMO transition for D.
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tiferromagnetic  interaction, as indicated by the negative J value.
Other structurally significant dinuclear cobalt(ll) complexes have
also exhibited antiferromagnetic coupling interactions, and the ob-
served Jvalues for such complexes have magnitudes [101] close to
that reported for 2. As mentioned previously, the kind of bridg-
ing mode, the Cu---Cu separations, the coordination arrangement
of Cu(ll) centers, and the bond angles of bridging ions, all affect
the magnitude and sign of Jin carboxylato-based Cu(ll) complexes
[86,87]. Because of the complexities arising from the orbital angu-
lar momentum contributions, which are highly reliant on the co-
ordination geometry as well as the ligand field surrounding the
metal center, magneto-structural correlation for the cobalt(ll) com-
plexes is still unclear [88,89]. However, taking into account that
the Co1-O-C-0-Co2 backbone in 2 deviates from planarity, the
overlap among the magnetic orbitals of both cobalt (Il) ions Via the
syn-anti carboxylate linkage is appreciably frail and results in weak
antiferromagnetic interactions.

3.6. DFT study

Fig. 12A represents the optimized geometry of 1. The two
C1oH15CoNgS, units are held together by S,032~ group Vi@ H-bond
formation with a distance of 1.70 to 1.93 A between them and by
TT...TT stacking with a distance of 3.56 A between the units with
a Co-Co distance of 5.95 A. Fig. 12B represents molecular electro-
static potential (MEP) of 1. From Fig. 12B, it is clear that stacking

Journal of Molecular Structure 1285 (2023) 135481

occurs Via two cyanide groups indicated by red regions. The elec-
tronic transition from HOMO to LUMO is shown in Fig. 12C with
a band gap of 2.37 eV. The charge is transferred from S,03%" to
metal, suggesting strong chelation. Fig. 12D represents optimized
geometry of 2. Here, water molecules are coordinated to cobalt (II)
to satisfy the valency of the latter and also to stabilize the crystal
with a Co-Co distance of 4.78 A. MEP plot for 2, shown in Fig. 12E,
suggests that H-bonding interactions are the only stabilizing factor
for the crystal. Electronic transition with a band gap of 1.90 eV has
been shown in Fig. 12F. The charge-transfer occurs from oxygen to
metal, which revealed the donor-acceptor HOMO-LUMO modeling
for prediction of crystal formation. Low magnetic moment values
of 0.55 and 0.52 BM per atom for 1 and 2, respectively, were found.
Magnetic susceptibility values of -63.82 and -19.36 au were ob-
served for 1 and 2, respectively, which indicates their aniferromeg-
netic behavior; these findings are in concordance with the experi-
mental results.

3.7. Electrochemical analysis

Cyclic voltammetry was performed on a CH-Instruments Elec-
trochemical Analyzer 600C potentiostat, equipped with three elec-
trodes: glassy carbon as working, platinum as counter, and sil-
ver (Ag/AgCl) as reference. Solutions of both the compounds
were prepared in dry DMSO to a concentration of 1 mM, with
0.1 M tetrabutylammonium hexafluorophosphate as the electrolyte.

— Compound 1

— Compound 2

20 -15 -10  -05

0.0

Potential (V vs SHE)

0.5 1.0

Fig. 13. Cyclic voltammograms recorded in dry DMSO for both the compounds corrected by the introduction of an internal standard.
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Fig. 14. TON per Co atom for the production of hydrogen in photocatalytic water reduction presented for various PS and WRC concentration combinations.

Cyclic voltammetric scans were recorded in a potential range of
-2.0 to +0.9 V, and were adjusted to the standard hydrogen elec-
trode (SHE) by the introduction of an internal standard, ferrocene.
Compound 1 revealed a non-reversible reduction peak at -1.42 V,
while 2 revealed two non-reversible reduction peaks at -1.35 and
-1.78 V (Fig. 13). Moving to acetonitrile as an electrolyte solvent
documented that 1 does not undergo solvent exchange under these
conditions and the CVsshow only minor changes. Compound 2, on
the other hand, exhibits a current response that was diminished by
a factor of 2 and some of peaks disappeared, indicating the suscep-
tibility of this compound to solvent exchange.

3.8. Photocatalytic hydrogen evolution

Using the high throughput photoreactor, the two compounds
were tested for their water reduction capabilities. Concentration
was gradated in two dimensions, by variation of PSand WRC con-
centrations by either column or row, respectively (Fig. 14). The re-
sults demonstrate that the catalysts are highly efficient in terms
of turn-over-numbers (TON) per Co when they are at lower con-
centration with higher concentration of PS. Comparison of rates
of light-driven hydrogen evolution of the two compounds against
standard cobalt containing systems can be found in the Supporting
Information (Figs. S10and S11).

4. Conclusions

In this work, we have successfully synthesized two cobalt (Il)-
based coordination complexes 1 and 2, which exhibit supramolec-
ular assemblies. In 1,the X-ray structure analysis discloses the co-
ordination of Co1 ion to four enamine nitrogen atoms of ligand
tetraen and two sulfur atoms of i-mnt?" |igand, creating a distorted
octahedral geometry. The Co2, Co3, and Co4 atoms have similar
geometries. The thiosulphate ions act as connector between two
cobalt(ll) centers. The two thiosulphate ions and Co(ll) ions are
connected Via intermolecular hydrogen bonding. In compound 2,
the dicarboxylate ligand acts as a teteradentate ligand and the
two Co (ll) centers are joined by carboxylate bridging ligand. HS
analyses decoded the different types of noncovalent interactions,
which play important roles for stabilizing the crystal structures
of both the coordination compounds. For 1, the most significant
contributions to the Hirshfeld surface are N--H, H--H, S-H, and
O-+-H interactions. In case of 2, the outcome of the investigation
show that the O---H (49%) contacts are the most prominent ones,
whereas H--H (30%) and C--H (8%) contacts are less noteworthy.
Magnetic susceptibility measurement results for 1 suggests that
the effect of zero-field splitting of Cd' ion is mainly responsible for

the decrease of magnetic moment at low temperatures. The mag-
netic studies of 2 point out the presence of weak intermolecular
exchange interactions. The HOMO-LUMO donor-acceptor modeling
revealed from DFT study also supports for prediction of crystal
formation. Cyclic voltammetry confirmed non-reversible reduction
peaks beyond -1 V (vs. SHE)for both the complexes. Furthermore,
photocatalytic hydrogen evolution testing resulted in the conclu-
sion that both the complexes perform highly efficiently at lower
concentrations resulting in TON per Co Atom of up to 325.
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