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Abstract

Two novel mixed valence Co"'Co™ complexes [Co,"(SCN),,(EtOH),Co,"(L1)] (1) and [Co"(SCN),Co,"(L2),], (2)
(HL1=N’-(1-(pyridin-2-yl)ethylidene)nicotinohydrazide and HL2 = N’-(phenyl(pyridin-2-yl)methylene)isonicotinohy-
drazide) have been synthesized and structurally characterized by the single crystal X-ray crystallography. In both cases, the
deprotonated ligands HL1 and HL2 behave as chelating species toward Co™, further connecting Co' fragments through
the nicotine pyridine donors. A different topology is observed in the solid state of these complexes, complex 1 being an
octanuclear cyclic species, while 2 is a 1D coordination polymer. The DFT calculations followed by the topological analysis
of the electron density distribution have shown the existence of interesting non-covalent S---z-system interactions in 1. The
CSD database search for similar supramolecular motif involving NCS anion has shown that the number and strength of
S---z interactions depend both on acidity of metal cation and number aromatic systems in the molecular structure of ligand.

Keywords Co(II, IIT) complexes - Mixed valence - Hydrazine-pyridine ligands - Octanuclear Co complex - Coordination
polymer - S---x interactions

Introduction

Hydrazones represent an interesting group of organic com-
pounds that have been extensively studied as biologically
active molecules [1, 2], optical materials [3, 4], and sensors
[3, 6]. They are typically formed by simple condensation reac-
tion of appropriate hydrazine and carbonyl precursors. Some
more recent investigations have shown that hydrazones can
be easily synthesized not only by conventional solution-based
syntheses but also by electrochemical [7], ultrasonic [8], mech-
anochemical [9], and photochemical [10] methods. Among
these novel methods, mechanochemical synthesis is especially
interesting due to the reduction of reaction time and excellent
reaction yields [9, 11]. Hydrazones have also been widely used
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as a precursors for the synthesis of various biologically active
substances [12-15]. The flexibility of hydrazone compounds
and the presence of strong hydrogen donor (NH) and acceptor
groups (C=0) make these compounds especially convenient
for enzyme active site binding, and consequently inhibition
and pharmaceutical application (e.g., xanthine oxidase [16])
Recent structural investigations of hydrazone derivatives have
shown a significant binding affinity of these compounds to the
MDM?2 (Dalton’s lymphoma) [17] and ARO (brest cancer)
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[18] proteins. Hydrazones and their derivatives can act as
ligands, forming a vast number of coordination compounds
with transition metals [19-21]. The hydrazone group offers
a versatile binding site through its N- and O-donor atoms, in
most cases acting as a multidentate ligand. If a pyridine ring
is present in the structure of the hydrazone derivative, the
number of donor atoms and binding sites is increased, con-
sequently enhancing the stability and chemical versatility of
these compounds. Depending on the position of the pyridine
nitrogen atom, these compounds can form discrete [22, 23],
polymeric [24, 25], or polynuclear [26—28] coordination com-
pounds. Discrete hydrazone-pyridine coordination compounds
have recently attracted much attention due to their excellent
antitumor activity [29-31]. Cu(Il), Ru(IIl), and Pt(I) discrete
complexes are among the most promising candidates for this
application [32-34]. Hydrazone-pyridines can be variously
mono- or bis-substituted by pyridine rings [35-37]. Regard-
ing conformational aspects of these ligands, it is worth noting
that in some instances N-donor atom of pyridine moiety can
be oriented toward N,O-donor binding site (endo-oriented), or
outwards (exo-oriented). In bis-pyridine derivatives, a mixed
endo-exo orientation is possible, which usually leads toward
the formation of chelated polymeric structures in which one
N-donor atom (endo-oriented) participates in the formation
of chelate, and the other gives rise to polymeric structure
[38—40]. Such mixed orientation of donor atoms can also result
in the formation of oligomeric coordination compounds. This
mixed form of coordination, typical for hydrazone-pyridines,
has been exploited for the preparation of [n X n] polynuclear
grids with Cu(Il), Co(II), and Fe(II) ions [41] (n represents
the number of possible coordination pockets in the structure
of a ligand). If all conditions are met in the synthesis of these
polynuclear compounds, a mixed valence state of metal ions
can be achieved. There are a few examples of Fe(Il, III) and
Co(II, IIT) mixed valence compounds with hydrazone-pyri-
dines, displaying interesting redox, catalytical, and magnetic
properties [42, 43].

Herein, we present the structural characterization of two
novel mixed valence Co(Il, III) coordination compounds (1, 2)
with N’-(1-(pyridin-2-yl)ethylidene)nicotinohydrazide (HL1),
and N’-(phenyl(pyridin-2-yl)methylene)isonicotinohydrazide
(HL2). The molecular and crystal structure of both com-
pounds was determined by single-crystal X-ray diffraction that
revealed a different topology in solid state, namely a discrete
octanuclear complex for 1 and a 1D polymeric chain for 2.

Experimental section
Materials and methods

All reagents and solvents used for synthesis and analy-
sis were commercially available and used as received.
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Acetylpyridine and nicotinic acid hydrazide were supplied
from Sigma-Aldrich; isonicotinic acid hydrazide and phenyl-
2-pyridyl ketone were supplied from Merck. FTIR spectra
were recorded on a Bruker Tensor 27 FTIR spectrometer.
Microanalyses were performed with a Heraeus CHN-O-
Rapid analyzer.

X-ray crystallography

Diffraction data of compounds 1 and 2 were collected
at 100(2) K at MX2 Beamline Australian Synchrotron
(4=0.710755 A) and at room temperature on a Bruker D8
Venture Photon III-14 diffractometer using graphite mono-
chromated Mo-K, radiation (1=0.71073 A). Data reductions
were performed with XDS [44] and APEX3 [45] software
packages, respectively, and proper absorption corrections
were applied to the data sets [46]. The structures were solved
by direct methods with the program SHELXL-2019/2 [47]
and refined by full-matrix least-squares procedures using the
SHELXTL program [47]. The hydrogen atoms were placed
at calculated positions and constrained to ride to atoms to
which they are attached, except that of ethanol oxygen in 1
which was located on the Fourier map and freely refined. The
ethanol molecule in 1 presents two orientations of C atoms
which were refined with occupancies of 0.539/0.461(7). The
phenyl group of two ligands in 2 presents two different ori-
entations, refined with occupancies of 0.716/0.284(13) and
0.612/0.388(10). Squeeze program [48] has been applied to
data of 2 to consider highly disordered solvent molecules
and anions. Drawings were done with Diamond 3.2 [49].
ORTEP drawings of asymmetric units of the structures are
reported as supplementary material. The oxidation state of
cobalt(Il) and cobalt(III) in the compounds was confirmed
by the bond valence analysis methodology [50]. Details of
crystallographic data and refinements are given in Table S1.

Syntheses

Ligands were prepared by the method described in our previ-
ous paper [51] and used without further purification. Struc-
tures of ligands are presented in Scheme 1.

Preparation of HL1 = N’-(1-(pyridin-2-yl)ethylidene)
nicotinohydrazide and HL2 = N’-(phenyl(pyridin-2-yl)
methylene)isonicotinohydrazide

HL1 was prepared by mixing an ethanol (50 mL) solu-
tion of 2-acetylpyridine (1.214 g; 10 mmol) and nicotinic
acid hydrazide (1.371 g;10 mmol) with the addition of 5
drops of CH;COOH. The resulting solution was refluxed
for 3 h in an oil bath. The volume of the reaction mixture
was reduced using a rotary evaporator to about 15 mL white
precipitate started to form. Insoluble product was removed
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Scheme 1 Structure of ligands HL.1 and HL.2

by filtration, washed with ice-cold ethanol (3 x2 mL), and
dried on air to give pure product (1.92 g) with a yield of
80%. The same method was used for the preparation of HL.2,
except phenyl(pyridin-2-yl)methanone (1.832 g; 10 mmol)
and isoniazid (1.371 g;10 mmol) were used as starting
reagents yield for HL2: 2.7362 g (90%). HL1: Anal. Calc.
for C;5H,,N,O (240.2) (%): C 64.99, H 5.03 and N 23.32;
found: C 64.5, H 4.94 and N 24.01. IR data (KBr, cm™!) v:
3196 (NH), 3041 (Ar—CH), 2982 (Alip.-CH), 1669 (C=0),
1569 (CH=N), 1469, 1429 (CH=N),igin.- HL2: Anal.
Calc. for C|,H,N,O (302.34) (%): C 71.51, H 4.67, and N
18.53; found: C 71.51, H 4.51, and N 18.69. IR data (KBr,
ecm™Y) v: 3365 (NH), 3063 (Ar—-CH), 1689 (C=0), 1540
(CH=N), 1470, 1412 (CH=N),igine-

Preparation of 1 and 2

Complex 1 was synthesized through the reaction of the
organic ligand HL.1 (0.024 g, 0.10 mmol) with CoCl,-6H,0
(0.010 g, 0.10 mmol) and KSCN (0.065 g, 1.0 mmol) by a
thermal-gradient method in a branched tube using ethanol
(10 mL) as the solvent. The tube was sealed and immersed
in an oil bath at 60 °C, and the branched arm was kept at
ambient temperature. After 2 days, crystals of 1 formed in
the cooler arm and were collected by filtration, washed with
acetone and diethyl ether, and dried in air. For the prepara-
tion of complex 2, HL2 was used instead of HL1 in the same
molar ratio, using the described thermal-gradient method.

Computational details

The single-point DFT calculations based on the experi-
mental X-ray geometry of 1 have been carried out at the
®B97XD/CEP-121G level of theory with the help of the
Gaussian-09 [52] program package. The topological analysis

of the electron density distribution (QTAIM analysis) was
performed using the Multiwfn program (version 3.7) [53].
The Cartesian atomic coordinates for the model structure
used for DFT calculations are presented in Table S2, Sup-
porting Information.

Results and discussion
Crystal structures

Compound 1 crystallizes in triclinic space group P 1 and the
X-ray structural analysis reveals a centrosymmetric cyclic
octanuclear Cog complex shown in Fig. 1a built by four inde-
pendent cobalt atoms. Both the Co™! metals (Co2 and Co3)
are hexacoordinated in a distorted octahedral N,O, coordina-
tion sphere by two pyridyl-imine moieties and two carbonyl
oxygen atoms from two pincer-type chelating HL1 ligands.
The Co—-N bond lengths fall in the range 1.855(2)—1.930(2)
A, while the Co—O ones vary from 1.887(2) to 1.923(2) A
(Table S3). On the other hand, the divalent Col and Co4
show a different coordination environment. Col is five-coor-
dinated by three terminal thiocyanate anions in the equato-
rial plane (Col-NCS bond lengths average to 1.983 A) and
by two nicotinohydrazide pyridine donors as axial donors
in the trigonal bipyramidal geometry, with Col-N bond dis-
tances of 2.149(2) and 2.244(2) A. On the other hand, Co4
exhibits a distorted octahedral geometry with an additional
ethanol molecule coordinated. Here, the Co4-NCS and Co4-
N(py) average to 2.066 and 2.158 A, respectively, while the
Co4-O(Et) is of 2.209(3) A (Table S3). The described con-
nections result in an octanuclear complex where metals Co2
and Co3 delineate the vertices of a distorted square of side
14.247 and 14.416 A (Fig. 1b). In the crystal packing, the
complexes weakly interact via z-stacking interactions involv-
ing pyridine rings referred by inversion center (Fig. S1) with
centroid distance of 3.934(2) /0%, and by H-bond O5-H5---S2
(at x, 1 +y, z) with O---S distance of 3.221(3) A.

Inspection of the crystallographic data reveals the pres-
ence of unusual noncovalent interactions S---z-system in
the X-ray structure of complex 1. To understand the nature
and quantify the strength of these intramolecular interac-
tions, DFT calculations followed by the topological analy-
sis of the electron density distribution within the QTAIM
approach [54] were carried out at the ®B97XD/CEP-121G
level of theory for model structure (see Computational
details, Table S2, and the attached xyz-file in ESI). We
carried out single-point calculations based on the experi-
mentally obtained crystal structure and have not used fully
relaxed geometry because we are interested in evaluating
the interactions as they stand in the solid state instead of
finding the most global minimum energy of the complex.
This procedure has been previously used many times by
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Fig. 1 a The molecular structure of the centrosymmetric octanuclear complex 1 (primed atoms at—x+2,—y+1,—z+2). b The correspondent

space-filling representation

our group [55-59] and others [60—65] to investigate non-
covalent interactions in the solid state. Results of QTAIM
analysis are summarized in Table 1; the contour line diagram
of the Laplacian of electron density distribution V2p(r),
bond paths, and selected zero-flux surfaces, visualization of
electron localization function (ELF), and reduced density
gradient (RDG) analyses for noncovalent interactions S---xt-
system in the X-ray structure of 1 is shown in Fig. 2a-2c.
wx B, o~ —=V(r)/2[67]

The QTAIM analysis of model structure demonstrates the
presence of bond critical point (3, — 1) for intramolecular
interactions S---w-system (via one S---C contact 3.251 ;\) in
the X-ray structure of 1 (Table 1). The low magnitude of the
electron density, positive value of the Laplacian of electron
density, and very close to zero positive energy density in
this bond critical point (3, — 1) and estimated strength for
appropriate short contact are typical for weak noncovalent
interactions involving chalcogen atoms in similar chemi-
cal systems [68—72]. The balance between the Lagrangian
kinetic energy G(r) and potential energy density V(r) at
the bond critical points (3, — 1) reveals the nature of these

Table 1 Values of the density of all electrons, p(r); Laplacian of elec-
tron density, V2p(r); and appropriate A, eigenvalue, energy density,

interactions, if the ratio — G(r)/V(r) > 1 is satisfied, then the
nature of appropriate interaction is purely noncovalent, in
case the where — G(r)/V(r) < 1, some covalent components
take place [73]. Based on this criterion, one can state that
a covalent contribution in intramolecular interactions S---7-
system in the X-ray structure of 1 is absent. The Laplacian
of electron density is typically decomposed into the sum
of contributions along the three principal axes of maximal
variation, giving the three eigenvalues of the Hessian matrix
(M, A,, and A3), and the sign of A, can be utilized to dis-
tinguish bonding (attractive, A, < 0) weak interactions from
nonbonding ones (repulsive, A, >0) [74, 75]. Thus, all dis-
cussed intramolecular interactions S---z-system in the X-ray
structure of 1 are attractive (Table 1).

These S---x interactions are a rare form of intermolecu-
lar contacts, usually observed in structures of proteins [76],
where they play an important role in tertiary structure.
In proteins, these interactions were predominantly found
between neutral S-containing fragments of the protein (usu-
ally cysteine) and aromatic systems (phenylalanine, tyrosine,
etc.). On the other hand, the NCS anion can also participate

G(r) (a.u.) at the bond critical point (3,—1), corresponding to intra-
molecular interactions S---w-system in the molecular structure of 1,

H,; potential energy density, V(r), and Lagrangian kinetic energy, and estimated strength for these interactions E; (kcal/mol)
Contact* % vaw sum p(r) V2p(r) Ay Hy, V(r) G(r) E;**
S--C3.251 A 93% 0.011 a.u 0.034 a.u —0.011 a.u 0.001 a.u —0.006 a.u 0.007 a.u 1.9 kcal/mol

*The Bondi’s (shortest) van der Waals radii for S and C atoms are 1.8 and 1.7 A, respectively [66]
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Fig.2 a Contour line diagram of the Laplacian of electron density
distribution Vzp(r), bond paths, and selected zero-flux surfaces. b
Visualization of electron localization function (ELF). ¢ Reduced den-
sity gradient (RDG) analyses for intramolecular interactions S---7t-
system in the molecular structure of 1. Bond critical points (3,—1)
are shown in blue, nuclear critical points (3,—3) in pale brown, ring
critical points (3,4 1) in orange, length units on the axes of calibra-
tion scale A, and the color scale for the ELF and RDG maps is pre-
sented in a.u

in the S---7 interactions, but unlike in proteins, this interac-
tion can be classified as anion---z interaction. Most often
anion---x interactions involve halide anions and haloarenes
(e.g., hexafluorobenzene). The geometry of these simple
anion---xr interactions is “z-facial”, with centroid-anion dis-
tances ranging from 3 to 5 A, and energies up to 25 kcal/

M M
/
N N
Il | |
C C
| I |
S—=M

d=3.2t03.6 A
0=145°to 180°

Cg Cg Cg
a) b) <)

Fig.3 a CSD database search parameters. b Terminal N-coordination
mode of S--z interactions. ¢ Bridging N, S-coordination mode of
S---7 interactions

mol [77]. Polyatomic, complex anions can form a vast num-
ber of different anion---z interactions, depending on anion
geometry, atom number, and chemical composition of the
aromatic system. As an ambidentate ligand (molecule),
NCS anion can form anion---z interactions through N or S
atoms. A recent study [78] of a triazine macrocycle com-
pound (tetraoxacalix[2]arene[2]triazine) as a host molecule
for anions has shown that NCS anion can form anion---z
interactions simultaneously using both N and S atoms. As
reported by the authors, this type of interaction is weak, dis-
playing a stability constant value 10° lower than for nitrate
anion, thus implying that this type of interaction is not par-
ticularly important in supramolecular engineering nor anion
recognition. Nevertheless, for compound 1 here reported, the
NCS anions may be of importance in the formation of supra-
molecular motifs. Therefore, the CSD database [79] was
searched for S---z interactions involving the NCS group and
any type of aromatic system. The search was done for non-
disordered structures, S---z (centroid) distance set from 3.2
t03.6 A, and C= S---Cg angle(o) from 145° to 180° (n-facial
arrangement- Fig. 3a). Under these conditions, 152 relevant
crystal structures were found with a mean S---z distance of
3.463 A and C= S:--Cg angle of 157.9°. Interestingly almost
all compounds are built of coordinated nitrogen heterocy-
clic ligands, N-coordinated NCS anions, and metal cations
(Fig. 3b). The search has also shown that two possible coor-
dination modes of NCS anion result in the formation of S---z
interactions: terminal N-coordinated (Fig. 3b) and bridg-
ing N, S-coordinated (Fig. 3c). It is important to emphasize
that there are only 6 examples of S---z interactions with N,
S-coordinated NCS (CSD codes: ABOVUL [80], ATEHUE
[81], BOYQAH [82], FAXJUM [83], GIFGIN [84], ILETOI
[85]), and all with soft metal cations (Hg(II), Ag(I), Cu(l)).

From the scatterplot of database search data analysis
(Fig. S2), it can be seen that the S---z distance for most
interactions are longer than 3.45 A, and that the C= S---Cg
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angles are in most compounds under 165° (offset z-facial).
Ideally, to realize a strong S---x interaction, distance should
be as short as possible (off course not so short to create
strong repulsive interactions) and angles should be close
to 180°. Interestingly, shorter and high-angle S---7 interac-
tions were found among discrete complex compounds com-
posed of hard acid cations (Fe(III) - QUNYEE [86], Mn(II)
— BOFNAN [87], Cr(Ill) - HAXXEL [88]) and N-polyar-
omatic ligands. Such occurrence could be interpreted by
electron-withdrawing effect of coordinated metal cation
that induces favorable electronic state of S atoms for the
formation of S---x interactions. Likewise, the ligands in the
abovementioned compounds contain up to 3 fused aromatic
rings (e.g., 1,10-phenanthroline), which definitely increase
the probability of favorable S---z contacts. Based on CSD
database search, it can be concluded that the number and
strength of S---x interactions depend on both effects, i.e.,
acidity of metal cation and number of aromatic systems in
the ligand.

The structural determination of complex 2 discloses a 1D
square-type open microporous material, consisting of infi-
nite chains elongated in the direction of the crystallographic
[1 —1 0] direction (Fig. 4a). Compound 2 also crystallizes
in triclinic space group P 1 with three independent Co
atoms, all having a distorted octahedral geometry. Co2 and
Co3 are doubly chelated by two deprotonated ligands HL2

b)

meridional orientated through the pyridyl and imine nitrogen
donors and the carbonyl oxygen atom (Fig. S3). The Co—N
and Co-O bond distances vary between 1.844(3)—1.928(4)
and 1.899(3) 1.926(3) A, respectively, following a simi-
lar trend as observed in 1 (Table S4). Then, the pyridine
nitrogen of the isonicotinohydrazide ligands coordinate the
Col(NCS), fragments of divalent cobalt (Fig. S3), with
Col-N(py)=2.171(3)-2.215(3) A, while Col-NCS is of
2.056(4) A (mean value). This mode of coordination pro-
duces an infinite 1D coordination polymer structure display-
ing a looped chain motif (Fig. 4b). The presence of the bulky
phenyl group and the position of the pyridine N in isonico-
tinohydrazide ligands give rise to a 1D loop chain sharing
the cobalt(Il) node Col and with side metal-metal distance
within the loop of ca. 8.95 A.

The final question regarding the structural features of
these complexes is related to the potential control of supra-
molecular aggregation. As reported, both compounds were
prepared under an identical synthetic procedure using the
same metal cation and anions source. Under these condi-
tions, 1 forms a polynuclear species, while 2 is a polymeric
species. Although NCS anion can be of an importance in
supramolecular aggregation (above-described examples
of S---x interactions), most often topological differences
arise due to bridging ability of this anion. Therefore, differ-
ent topologies in 1 and 2 must be related to the molecular

Fig.4 a The polymeric chain of compound 2 (H atoms not shown for clarity). b Schematic representation of 1D looped chain (blue spheres are

metal ions, yellow tubes ligand, and teal tubes anion fragments)
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structure of ligands (HL1 and HL2) since other reactants
used in synthesis are identical. Interestingly in both com-
pounds, Co(IIl) ions are coordinated by two mutually
orthogonal ligands (angles between pyridine moieties are
of 76.82° and 75.28° in 1 and 2, respectively) resulting in
the predefined geometry of chelated species. In 1, N-atom on
pyridine substituent is in meta position (nicotinohydrazide
moieties), which geometrically favors the coordination of
two adjacent pyridine moieties to Co(II) ion, consequently
resulting in the formation of polynuclear species. Unlike
in 1, in complex 2 N-atoms on the pyridine substituent are
in the para position (isonicotinohydrazide), which favors
coordination of 4 adjacent chelated species resulting in the
formation of polymeric species. It is also noteworthy to men-
tion that the presence of bulky phenyl moieties in HL2 is
probably the reason why only low-dimensional coordination
polymer (1D) is formed in the case of compound 2, and not
high-dimensional polymers or MOFs (2D and 3D). Con-
sidering the potential control over supramolecular aggrega-
tion in this group of compounds, one can make a reasonable
set of guidelines: (i) Co(IIl) prefer chelated coordination
environment, while Co(II) ions are flexible in this sense;
(ii) polynuclear species are likely to form when N-donor
atoms of adjacent pyridine groups are close to the chelated
species; and (iii) polymeric species will likely form when
N-donor atom of adjacent pyridine groups are essentially
at the opposite side of chelated species. A similar approach
for the formation of coordination polymers and polynuclear
complexes was previously reported for chelated macrocyclic
ligands, usually used for the preparation of 3D motifs like
MOFs. [89]

FT-IR spectroscopy

FT-IR spectra of both ligands are rather similar. In both
spectra, very strong maxima close to 1660 cm™~! are due to
the stretching vibration of the C=0 group. Maxima close
to 3100 and 1100 cm™! can be attributed to the hydrazide
group’s N-H and N-N stretching vibration, respectively.
Vibrations close to 1550 cm™! in both spectra can be
assigned to C=N stretching vibrations of pyridine rings.
Compared to the spectrum of uncoordinated ligand HL1,
the spectrum of complex 1 shows a very strong maximum at
2053 cm™! (Fig. S4), which is typical for the C=N stretch-
ing vibration of the N-coordinated NCS anion [90]. In addi-
tion, the spectrum of complex N—H stretching and vibra-
tion of the hydrazide group is not present indicating that the
ligand is in the deprotonated form. Both C=0 and C=N
stretching vibrations are red-shifted indicating participation
of these groups in the coordinative bonding. The spectrum of
complex 2 (Fig. S5) is almost identical, indicating a similar
coordination mode of ligand HL2 and thiocyanate anion to
the Co ions.

Conclusions

The two novel mixed valence CoCo™ complexes (1 and
2) have been prepared and structurally characterized. Com-
plex 1 forms an octanuclear cyclic species, while complex
2 exhibits a 1D coordination polymeric structure. In both
compounds, Co(III) ions are coordinated by two deproto-
nated ligands in a distorted octahedral N,O, coordination
geometry. Co(Il) ions are connected to the nicotine pyridine
moiety of such formed chelated species, resulting in the for-
mation of polynuclear (1) or polymeric (2) structures. NCS
anions are coordinated to Co(II) ions and act as terminal
ligands. The DFT calculations and topology analysis of elec-
tron density distribution highlight the presence of unusual
non-covalent S--z interactions in 1. It was also found that
the number and strength of S---z interactions depend on the
acidity of metal cation and number of aromatic systems in
the molecular structure of ligand. The herein-presented find-
ings are important in understanding the relationship between
the topology of specific materials and the molecular struc-
ture of ligand species.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11224-024-02442-x.
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