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ng role of CH/X (X = C, N, S, Cl)
interactions in three ionic cobalt complexes: X-ray
investigation and DFT study using QTAIM Vr
predictor to eliminate the effect of pure Coulombic
forces†

Susovan Bera,a Sudip Bhunia,a Rosa M. Gomila, b Michael G. B. Drew,c

Antonio Frontera *b and Shouvik Chattopadhyay *a

Three cobalt complexes, namely [CoIII(HL1)2(N3)2]ClO4 (1), [CoIII(L2)(HL2)(N3)]ClO4$1.5H2O (2), and

[CoIII(L3)(HL3)(NCS)]2 [CoIICl2(NCS)2] (3), where HL1 = 2-(3-(dimethylamino)propyliminomethyl)-6-

methoxyphenol, HL2 = 2-(2-(dimethylamino)ethyliminomethyl)-4,6-dichlorophenol, and HL3 = 2-(2-

(dimethylamino)ethyliminomethyl)-6-methoxyphenol, as potential tridentate N2O-donor Schiff base

ligands, were synthesized and characterized using elemental analysis, IR and UV-vis spectroscopy, and

single-crystal X-ray diffraction studies. All three were found to be monomeric ionic complexes. Complex

1 crystallizes in the orthorhombic space group Pbcn, whereas both complexes 2 and 3 crystallize in

triclinic space groups, P�1. Further, 1 and 2 are cationic complexes of octahedral cobalt(III) with

perchlorate anions, whereas complex 3 contains a cationic part of octahedral cobalt(III) and an anionic

part of tetrahedral cobalt(II). Hydrogen-bonding interactions involving aromatic and aliphatic CH bonds

as H-bond donors and the pseudo-halide co-ligands as H-bond acceptors were established, which are

important aspects governing the X-ray packing. These interactions were analyzed theoretically using the

quantum theory of atoms in molecules (QTAIM) and non-covalent interaction plot (NCI plot) analyses.

Moreover, energy decomposition analysis (EDA) was performed to analyze the stabilization of the

complexes in terms of the electrostatic, dispersion, and correlation forces.
Introduction

Schiff bases have long been widely used as versatile ligands for
the synthesis of different transition and non-transition metal
complexes with potential application in bioinorganic chemistry,
opto-electronics and magnetism, catalysis, separation and
encapsulation, hydrometallurgy, drug designing, the transport
and activation of small molecules, and others.1–11 Among them,
potential tridentate N2O donor Schiff bases are very popular for
their mesmerizing ability to form both mononuclear facial and
meridional isomers of bis-ligand complexes as well as varieties
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of poly-nuclear complexes by exploiting the bridging efficiency
of their phenolate oxygen atoms along with many other type of
complexes.12–24 They have also been used as mono-/bi-dentate
ligands for keeping other donor centers pendant.25,26 Focusing
on cobalt(III) complexes of N, O donor Schiff bases, many
studies have been reported in the literature regarding their bio-
mimetic catalytic activity, such as phenoxazinone synthase
mimicking and catechol oxidase mimicking activity.27–31 It is,
however, true that cobalt has not been found in the active site
structure of any metallo-oxidase yet, probably because of the
inert character of cobalt(III), but this inert character of cobalt(III)
attracts the interests of coordination chemists to synthesize bio-
mimetic catalysts with cobalt(III), so that the intermediate
species formed in the catalytic cycle could be identied easily
and the mechanistic pathway of a catalytic reaction could be
gured out.29 The exploration of opto-electronic properties of
cobalt(III) complexes of Schiff base ligands is also a growing
research topic owing to the low cost and good availability of the
metal sources and the structural exibility and stability of the
ligands.32 The utilization of cobalt(III) complexes to model
photosynthesis systems, where they have been used for either
© 2023 The Author(s). Published by the Royal Society of Chemistry
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the oxidation of water to O2 or reduction of H+ to H2 or both, has
also been reported in the literature.33–38

On the other hand, to construct an interesting supramolec-
ular architecture by modulating various non-covalent interac-
tions is an appealing research topic today.39–41 A large number of
supramolecular systems based on transition metal complexes
have been used as probes, sensors, and photonic devices in last
couple of years.42–48 Several non-covalent intermolecular forces,
such as hydrogen bonding, p–p stacking, cation-p, C–H/p

interactions, halogen bonding, and ion pairing, have been used
by crystal engineers to direct the pattern of numerous supra-
molecular assemblies.49–64 An important role is also played by
these non-covalent interactions in drug–receptor interactions,
crystal engineering, enzyme inhibition, protein folding, etc.65–69

The relevance of several non-covalent interactions has therefore
been analyzed by means of theoretical and experimental
investigations.70,71

In the present work, we synthesized three cobalt(III)
complexes, namely [CoIII(HL1)2(N3)2]ClO4 (1),
[CoIII(L2)(HL2)(N3)]ClO4$1.5H2O (2), and [CoIII(L3)(HL3)(NCS)]2
[CoIICl2(NCS)2] (3), with tridentate N2O donor Schiff base
ligands, namely HL1 = 2-(3-(dimethylamino)
propyliminomethyl)-6-methoxyphenol, HL2 = 2-(2-
(dimethylamino)ethyliminomethyl)-4,6-dichlorophenol, and
HL3 = 2-(2-(dimethylamino)ethyliminomethyl)-6-
methoxyphenol. Both 1 and 2 are cationic complexes, whereas
both cationic and anionic complexes are present in 3. The CH/
X contacts (X = C, N, S, Cl) make a strong contribution to the
total Hirshfeld surface and have a predominant role in the
crystal packing of complexes 1–3 (see Scheme 1). Complexes 1
and 2 form self-assembled dimers, where the azide co-ligands
interact with several aliphatic CH bonds of the Schiff base
ligand. In the case of 2, additional CH/p interactions are also
established that further stabilize the assemblies. Complex 3
forms a tetrameric assembly, where the [CoCl2(SCN)2]

− anion is
surrounded by three counter-cations and a network of CH/
N,S,C interactions are established. The interaction energies
were evaluated here using the quantum theory of atoms in
molecules (QTAIM) and the potential energy density (Vr)
predictor. This method is very useful as the interactions can be
established between charged systems. Conventional procedures
based on the supramolecular approach would lead to repulsive
cation/cation interactions in 1 and 2 or to very large and
Scheme 1 Molecular diagrams complexes 1–3.

© 2023 The Author(s). Published by the Royal Society of Chemistry
attractive interactions for the anion/cation interactions in 3.
The evaluation of the CH/X (X = C, N, S, Cl) contacts using the
QTAIM Vr predictor is also free from the effect of pure
Coulombic forces.

Experimental section
Materials

All the starting materials and solvents were commercially
available, reagent grade, and used as purchased from Sigma-
Aldrich without further purication.

Synthesis of the ligands

Synthesis of 2-(3-(dimethylamino)propyliminomethyl)-6-
methoxyphenol (HL1). The Schiff base ligand HL1 was
prepared by reuxing N,N-dimethyl-1,3-diaminopropane
(∼1 mmol, 0.1 mL) with 3-methoxysalicylaldehyde (∼1 mmol,
0.160 g) in methanol (20 mL) for ca 1 h. The ligand was not
isolated and the methanol solution was used directly for the
preparation of complex 1.

Synthesis of 2-(2-(dimethylamino)ethyliminomethyl)-4,6-
dichlorophenol (HL2). The Schiff base ligand HL2 was
prepared by reuxing a methanol solution (20 mL) of N,N-
dimethyl-1,2-diaminoethane (∼1 mmol, 0.1 mL) with 3,5-
dichlorosalicylaldehyde (∼1 mmol, 0.190 g) in methanol (20
mL) for ca 1 h. The ligand was not isolated and the methanol
solution was used directly for the preparation of complex 2.

Synthesis of 2-(2-(dimethylamino)ethyliminomethyl)-6-
methoxyphenol (HL3). The Schiff base ligand HL3 was synthe-
sized in a similar method to that of HL2, except that 3-
methoxysalicylaldehyde (∼1 mmol, 0.160 g) was used instead of
3,5-dichlorosalicylaldehyde. The ligand was not isolated and
was used directly for the preparation of complex 3.

Synthesis of the complexes

Synthesis of [CoIII(HL1)2(N3)2]ClO4 (1). A methanol solution
(5 mL) of cobalt(II) perchlorate hexahydrate (1 mmol, 0.365 g)
was added to the methanol solution of the ligand HL1, followed
by the addition of a methanol solution (5 mL) of sodium azide
(1 mmol, 0.065 g) with constant stirring. The stirring was
continued for an additional 2 h. Dark brown diffraction quality
single crystals were obtained aer a few days slow evaporation
of the solution in an open atmosphere.
RSC Adv., 2023, 13, 29568–29583 | 29569
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Yield: 0.50 g {70%}. Anal. Calc. for C26H40ClCoN10O8 (FW
717.08): C, 43.55; H, 5.90; N, 19.53%; found: C, 43.53; H, 5.87; N,
19.54%. IR (KBr, cm−1): 1623 (nC]N), 2012, 2023 (nN3), 3232,
3293 (nN–H), 2968–2806 (nCH). UV-vis, lmax (nm), [3max (L
mol−1 cm−1)] (CH3CN), 246 nm [5.1 × 104], 426 nm [5.06 × 103],
708 nm [1.69 × 103]. Magnetic moment: diamagnetic. ESI-MS
(positive ion mode, CH3CN) m/z: 529.06 [Co(L1)2]

+. 1H NMR
(DMSO-d6) (ppm) d: 8.03 (s, 2H, benzylic CH), 6.90 (d, 4H, H
atom, attached to the nitrogen of +NHMe2 group, and aromatic
CH), 6.79 (dd, J= 1.5 Hz, 2H, aromatic CH), 6.43 (dd, J = 7.5 Hz,
2H, aromatic CH), 3.85–3.75 (m, 10H, –OCH3 and ]N–CH2),
3.18–1.24 (m, 20H, methyl protons of +NHMe2 groups and
methylene protons).

Synthesis of [CoIII(L2)(HL2)(N3)]ClO4$1.5H2O (2). Complex 2
was prepared in a similar method to that of complex 1 except
that HL2 was used instead of HL1. Diffraction quality dark
brown single crystals were obtained aer a few days slow
evaporation of the solution in an open atmosphere.

Yield: 0.78 g {52%}. Anal. Calc. for C44H58Cl10Co2N14O15 (FW
1495.40): C, 35.34; H, 3.91; N, 13.11%; found: C, 35.33; H,
3.90; N, 13.13%. IR (KBr, cm−1): 1637 (nC]N), 2022 (nN3), 3292
(nN–H), 2968–2806 (nCH). UV-vis, lmax (nm), [3max (L mol−1 cm−1)]
(CH3CN), 314 nm [1.40 × 104], 404 nm [6.7 × 103], 638 nm [1.21
× 102]. Magnetic moment: diamagnetic. ESI-MS (positive ion
mode, CH3CN) m/z: 578.81 [Co(L2)2]

+. 1H NMR (DMSO-d6)
(ppm) d: 8.50 (s, 2H, benzylic CH), 7.47 (s, J = 1.5 Hz, 2H,
aromatic CH), 7.40 (s, 3H, aromatic CH and H atom attached
to N of +NHMe2 group), 3.18 (t, J = 7.1 Hz, 6H, methylene
protons), 2.91–2.05 (J = 7.1 Hz, 8H, methylene protons and
methyl protons of +NHMe2 group), 1.57–1.24 (s, 6H, methyl
protons of NMe2).

Synthesis of [CoIII(L3)(HL3)(NCS)]2 [CoIICl2(NCS)2] (3). A
methanol solution (5 mL) of cobalt(II) chloride tetrahydrate
Table 1 Crystal data and refinement details for complexes 1, 2, and 3

Complex 1

Formula C26H42ClCoN10O8

Formula weight 717.08
Temperature (K) 273(2)
Crystal system Orthorhombic
Space group Pbcn
a (Å) 12.8143(7)
b (Å) 17.6436(10)
c (Å) 14.6798(9)
a (90)
b (90)
g (90)
Z 4
dcalc (g cm−3) 1.435
m (mm−1) 0.659
F(000) 1504
Total reections 106 239
Unique reections 2957
Observed data [I > 2s(I)] 2735
No. of parameters 231
R(int) 0.048
R1, wR2 (all data) 0.0752, 0.2322
R1, wR2 [I > 2s(I)] 0.0716, 0.2265

29570 | RSC Adv., 2023, 13, 29568–29583
(∼3 mmol, 0.510 g) was then added to the methanol solution of
the ligand HL3, followed by the addition of a methanol solution
(5 mL) of sodium thiocyanate (∼4 mmol, 0.330 g) with constant
stirring. The stirring was continued for an additional 2 h. Dark
brown single crystals suitable for X-ray diffraction were ob-
tained aer a few days slow evaporation of the solution in an
open atmosphere.

Yield: 0.75 g {55%}. Anal. Calc. for C52H70Cl2Co3N12O8S4
(FW 1365.17): C, 45.68; H, 5.16; N, 12.29%; found: C, 45.66; H,
5.14; N, 12.30%. IR (KBr, cm−1): 1647 (nC]N), 2023, 2065 (nNCS),
2968–2806 (nCH). UV-vis, lmax (nm), [3max (L mol−1 cm−1)]
(CH3CN), 388 nm [1.28 × 104], 572 nm [1.29 × 103], 654 nm
[1.27 × 103]. Magnetic moment: m= 3.78 B.M. ESI-MS (positive
ion mode, CH3CN) m/z: 500.99 [Co(L3)2]

+, 501.99
[Co(L3)(HL3)]+.

Physical measurements

Elemental analyses (carbon, hydrogen, and nitrogen) were
performed using a PerkinElmer 240C elemental analyzer. IR
spectra in KBr (4500–500 cm−1) were recorded with a Perki-
nElmer RX-1 FTIR spectrophotometer. Electronic spectra in
acetonitrile were recorded on a UV-vis spectrouorometer,
SHIMADZU (UV-1900i). The magnetic susceptibility measure-
ments were done with an EG&PAR vibrating sample magne-
tometer, model 155, at room temperature, with diamagnetic
corrections made using Pascal's constants. Effective magnetic
moments were calculated using the formula meff =

2.828(cMT)
1/2, where cM is the corrected molar susceptibility.

Electrospray ionization mass spectra were recorded on
a Waters Xevo G2 Q-TOF instrument. 1H NMR spectra were
recorded using a BRUKER 400 MHz NMR spectrometer in
DMSO-d6 solvent, with MestReNova soware used for plotting
the NMR data.
2 3

C44H58Cl10Co2N14O15 C52H70Cl2Co3N12O8S4
1495.40 1367.13
273(2) 273(2)
Triclinic Triclinic
P�1 P�1
8.2780(6) 10.3465(4)
13.6175(9) 15.4956(6)
15.2737(10) 20.7242(9)
68.354(2) 105.535(1)
82.668(2) 101.074(1)
86.839(2) 97.799(1)
1 2
1.564 1.474
1.015 1.081
764 1418
44 389 91 950
5680 10 987
5065 9723
399 762
0.039 0.048
0.0553, 0.1484 0.0527, 0.1143
0.0498, 0.1420 0.0465, 0.1099

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Selected bond lengths (Å) in the coordination of cobalt(III) in
the cationic units of complexes 1, 2, and 3

Complex 1 2

3

(For Cation A) (For Cation B)

Co(1)-N(1) — 2.042(3) 2.037(3) 2.038(3)
Co(1)-N(2) 1.954(4) 1.895(3) 1.900(3) 1.898(2)
Co(1)-N(3) 1.967(4) 1.942(3) 1.927(3) 1.942(3)
Co(1)-N(4) — 1.962(3) 1.951(3) 1.953(3)
Co(1)-O(1) 1.899(2) 1.888(3) 1.924(2) 1.908(2)
Co(1)-O(2) — 1.910(2) 1.882(2) 1.881(2)

Table 3 Selected bond lengths (Å) in the coordination sphere of
cobalt(II) in the anionic unit of complex 3

Co(2)-N(6) 1.977(4)
Co(2)-N(7) 2.034(5)
Co(2)-Cl(1) 2.2845(11)
Co(2)-Cl(2) 2.2600(15)

Table 5 Selected bond angles (°) in the coordination sphere of
cobalt(II) in the anionic unit of complex 3

N(6)-Co(2)-N(7) 104.62(18)
Cl(1)-Co(2)-Cl(2) 110.84(5)
Cl(1)-Co(2)-N(6) 109.16(12)
Cl(1)-Co(2)-N(7) 107.90(12)
Cl(2)-Co(2)-N(6) 111.21(14)
Cl(2)-Co(2)-N(7) 112.85(14)
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X-ray crystallography

Suitable single crystals of all three complexes were used for data
collection using a ‘Bruker D8 QUEST area detector’ diffrac-
tometer equipped with graphite-monochromated Mo Ka radi-
ation (l = 0.71073 Å) at 110 K. The molecular structures were
solved by direct methods and rened by full-matrix least
squares on F2, using the SHELX-18/1 package.72 Anisotropic
thermal parameters were used for the renement of the non-
hydrogen atoms. Hydrogen atoms attached to oxygen atoms
Table 4 Selected bond angles (°) in the coordination of cobalt(III) in the
cationic units of complexes 1, 2, and 3

Complexa 1 2

3

(For cation A) (For cation B)

N(1)-Co(1)-N(2) — 85.15(13) 85.22(12) 86.21(12)
N(1)-Co(1)-N(3) — 88.72(13) 90.43(12) 92.34(12)
N(1)-Co(1)-N(4) — 94.76(11) 92.77(12) 93.64(12)
N(2)-Co(1)-N(2*) 178.96(13) — — —
N(2)-Co(1)-N(3*) 87.53(17) — — —
N(2)-Co(1)-N(3) 93.21(17) 89.90(12) 86.20(13) 84.40(12)
N(2)-Co(1)-N(4) — 177.86(12) 177.19(11) 178.00(11)
N(3)-Co(1)-N(3*) 90.46(17) — — —
N(3)-Co(1)-N(4) — 92.24(12) 95.80(12) 97.60(12)
O(1)-Co(1)-O(1*) 90.05(10) — — —
O(1)-Co(1)-O(2) — 89.37(11) 88.90(9) 90.91(9)
O(1)-Co(1)-N(1) — 178.27(11) 178.23(11) 177.77(11)
O(1)-Co(1)-N(2) 92.25(12) 94.91(12) 95.53(10) 95.94(10)
O(1)-Co(1)-N(2*) 87.01(12) — — —
O(1)-Co(1)-N(3) 174.54(16) 89.56(12) 88.03(11) 88.48(11)
O(1)-Co(1)-N(3*) 90.01(14) — — —
O(1)-Co(1)-N(4) — 85.25(11) 86.53(10) 84.20(10)
O(2)-Co(1)-N(1) — 92.35(11) 92.78(11) 88.74(11)
O(2)-Co(1)-N(2) — 84.03(12) 83.44(11) 83.37(10)
O(2)-Co(1)-N(3) — 173.73(12) 168.85(11) 167.62(11)
O(2)-Co(1)-N(4) — 93.83(11) 94.71(10) 94.64(10)

a Symmetry transformation* = 1 − x, y, 3/2 − z.

© 2023 The Author(s). Published by the Royal Society of Chemistry
were located by different Fourier maps and were kept at xed
positions. All other hydrogen atoms were placed in their
geometrically idealized positions and constrained to ride on
their parent atoms. Multi-scan empirical absorption corrections
were applied to the data using the program SADABS.73 A
summary of the crystallographic data and renement details of
all three complexes are given in Table 1. Selected bond lengths
are listed in Tables 2 and 3, while selected bond angles are listed
in Tables 4 and 5.
Hirshfeld surface analysis

Hirshfeld surfaces74–76 and the associated two-dimensional (2D)
ngerprint77–79 plots were calculated using Crystal Explorer,80

with bond lengths to hydrogen atoms set to the standard
values.81 The Hirshfeld surface is unique for a xed CIF.82
Theoretical methods

The calculations reported in this manuscript were performed
using the Turbomole 7.2 program83 and the BP86-D3/def2-TZVP
level of theory.84,85 The X-ray geometries were used instead of
fully optimized geometries because we wanted to evaluate the
CH/C,N,S,Cl as they stand in the solid state. The NCI plot86

reduced density gradient (RGD) isosurfaces were used to char-
acterize the non-covalent interactions since combining both
methods can reveal more about the non-covalent interactions in
real space. The cubes needed to generate the NCI plot surfaces
were computed at the same level of theory using the wave
functions generated by means of the Turbomole 7.2 program.
The NCI plot index isosurfaces corresponded to both favorable
and unfavorable interactions, as differentiated by the sign of the
second density Hessian eigenvalue and dened by the isosur-
face color. The QTAIM analysis87 and the cube les from the
wave functions were computed at the same level of theory by
means of the MULTIWFN program88 and represented using
VMD soware.89
Results and discussion
Synthesis

3-Methoxysalicylaldehyde was reuxed in methanol with N,N-
dimethyl-1,3-diaminopropane to form compartmental Schiff
base ligand, HL1, following the literature method.90–92 This
Schiff base upon reaction with cobalt(II) perchlorate hexahy-
drate and sodium azide produced the mononuclear complex, 1.
The formation process of this complex is shown in Scheme 2.
RSC Adv., 2023, 13, 29568–29583 | 29571
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Scheme 2 Synthetic route to complex 1.

Scheme 3 Synthetic routes to complexes 2 and 3.
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On the other hand, 3,5-dichlorosalicylaldehyde and 3-
methoxysalicylaldehyde were reuxed in methanol with N,N-
dimethyl-1,2-diaminoethane to form the compartmental Schiff
base ligands HL2 and HL3 respectively following the literature
method. HL2 upon reaction with cobalt(II) perchlorate hexahy-
drate and azide gave mononuclear complex 2. Similarly, HL3

upon reaction with cobalt(II) chloride tetrahydrate and sodium
thiocyanate gave mononuclear complex 3. Here, cobalt(II) was
rst oxidized to cobalt(III) by areal oxygen in the presence of the
Schiff base ligand producing a strong crystal eld, as has also
been observed in similar complexes.27,93,94 The formation of the
complexes is shown in Scheme 3.

Description of the structures

[CoIII(HL1)2(N3)2]ClO4 (1). Complex 1 crystallizes in the
orthorhombic space group, Pbcn. A perspective view of complex
1 with the selective atom numbering scheme is shown in Fig. 1.
The structure of the complex consists of a hexa-coordinated
cobalt(III) in a distorted octahedral geometry. A non-
coordinated perchlorate is also present. The Schiff base ligand
(HL1) is trapped in its zwitterionic form. The cobalt(III) center is
coordinated by two imine nitrogen atoms, N(2) and N(2)*, and
two phenolate oxygen atoms, O(1) and O(1)*, of the Schiff base
29572 | RSC Adv., 2023, 13, 29568–29583
(where, the symmetry transformation* = 1−x, y, 3/2−z). The
h and sixth coordination sites of cobalt(III) are occupied by
two nitrogen atom, N(3) and N(3)*, of two terminal azides to
complete its octahedral geometry. The azides occupy cis posi-
tions. Each azide is quasi-linear with the N–N–N angle being
170.1(6)°, as expected.27,95 The bond lengths and bond angles of
the complex are comparable with previously reported octahe-
dral cobalt(III) Schiff base complexes.92,95

The hydrogen atoms, H(3B), attached to the carbon atom
C(3), and H(4A), attached to the carbon atom, C(4), of one
molecule are involved in intermolecular hydrogen bonding
interactions, with the azide nitrogen atoms N(4A)a and N(5A)a,
respectively, {symmetry transformation, a = 1 − x, 1 − y, 1 − z }
of a neighboring molecule, thus forming a self-assembled
dimer (Fig. 2). The details of these interactions are listed in
Table 6.

[CoIII(L2)(HL2)(N3)]ClO4$1.5H2O (2). Complex 2 crystallizes
in the triclinic space group, P�1. A perspective view of complex 2
with the selective atom numbering scheme is shown in Fig. 3.
The structure of the complex consists of a hexa-coordinated
cobalt(III) in a distorted octahedral geometry. One molecule of
the Schiff base ligand (HL1) is trapped in its zwitterionic form,
while the other is trapped in its anionic form. The cobalt(III)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Perspective view of complex 1with the selective atom numbering scheme. Perchlorate anion is not shown for clarity. Only two hydrogen
atoms (attached with two amine nitrogen atoms) are shown. Symmetry transformation* = 1 − x, y, 3/2 − z.

Fig. 2 Perspective view of the hydrogen bonding interactions in complex 1. Only the relevant hydrogen atoms are shown for clarity. Symmetry
transformation, a = 1 − x, 1 − y, 1 − z.
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center in this complex is meridionally coordinated by one
amine nitrogen atom, N(1), one imine nitrogen atom, N(2), and
one phenolate oxygen atom, O(1) of a deprotonated Schiff base,
and one imine nitrogen atom, N(4), and one phenolate oxygen
atom, O(2), of the zwitterionic Schiff base. An azide nitrogen
atom, N(3), occupies the sixth coordination site of cobalt(III) to
complete its distorted octahedral geometry. The cobalt(III)–
Nimine distance {1.895(3) Å} is shorter than the cobalt(III)–Namine

distance {2.043(3) Å}, as has also been observed in similar
© 2023 The Author(s). Published by the Royal Society of Chemistry
systems90,92,96,97 The terminal azide is quasi-linear with the
N–N–N angle being 175.9 (4)°, as expected.27,95 The saturated ve
membered chelate ring, Co(1)-N(1)-C(3)-C(4)-N(2), represents
a half chair conformation (Fig. 4) with puckering parameters98 Q
= 0.407(4) Å, 4(2) = 61.4(5)°.

The hydrogen atom, H(12C), attached with the carbon atom,
C(12), is involved in intermolecular CH/N with the azide
nitrogen atom, N(7)b, of a symmetry related {symmetry trans-
formation, b = 1 − x, 1 − y, −z} neighboring molecule, also
RSC Adv., 2023, 13, 29568–29583 | 29573
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Table 6 List of non-covalent interactions studied in the complexesa

Complex Atoms involved (D–H/A) Interaction Distance D–H (Å) Distance H/A (Å) Distance D/A (Å) Angle D–H/A (°)

1 C(3)-H(3B)/N(4A)a CH/N 0.971(4) 3.081(5) 3.568(7) 145.7(3)
C(4)-H(4A)/N(5A)a CH/N 0.969(5) 2.693(7) 3.537(8) 112.6(3)

2 C(12)-H(12C)/N(7)b CH/N 0.960(5) 2.587(4) 3.489(6) 156.7(3)
C(13)-H(13B)/Cg(1)b CH/p 0.960(7) 3.321 3.694 105.44

3 C(2)-H(2A2)/S(3) CH/S 0.960(4) 2.956(1) 3.602(4) 125.7(3)
C(2)-H(2A3)c/S(2) CH/S 0.960(3) 2.972(1) 3.915(3) 167.6(3)
C(3)-H(3A2)c/Cl(1) CH/Cl 0.970(5) 2.871(1) 3.742(5) 149.8(2)
C(15)-H(15A)/Cl(1) CH/Cl 0.970(5) 2.737(1) 3.649(5) 156.8(3)
C(17)-H(17A)/Cl(1) CH/Cl 0.930(3) 2.867(1) 3.734(3) 155.7(2)
C(13)-H(13D)/S(3) CH/S 0.960(1) 3.032(2) 3.93(1) 157.4(6)
C(14)-H(14F)/S(2) CH/S 0.960(1) 2.888(1) 3.65(1) 136.8(7)

a Symmetry transformation, a= 1− x, 1− y, 1− z; b= 1− x, 1− y,−z and c= 1 + x, y, z. Cg(1)b is the centroid of the aromatic ring, R(1)b [C(6)b-C(7)b-
C(8)b-C(9)b-C(10)b-C(11)b].

Fig. 3 Perspective view of complex 2 with the selective atom
numbering scheme. Perchlorate anion and lattice water molecules are
not shown for clarity. Only one hydrogen atom (attached with the
amine nitrogen atom) is shown.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
O

ct
ob

er
 2

02
3.

 D
ow

nl
oa

de
d 

on
 5

/2
6/

20
25

 3
:3

0:
52

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
forming a self-assembled dimer. This dimer is further stabilized
by CH/p interactions between the hydrogen atom, H(13A),
attached to the carbon atom, C(13), and the centroid, Cg(1)b, of
the aromatic ring, R(1)b [C(6)b-C(7)b-C(8)b-C(9)b-C(10)b-C(11)b].
Fig. 4 Half chair conformation of complex 2 with the selective atom
numbering scheme.

29574 | RSC Adv., 2023, 13, 29568–29583
The dimer is shown in Fig. 5. The relevant CH/N and CH/p

interactions observed in complex 2 are listed in Table 6.
[CoIII(L3)(HL3)(NCS)]2 [CoIICl2(NCS)2] (3). Complex 3 crys-

tallizes in the triclinic space group, P�1. The asymmetric unit
contains two crystallographically independent cationic units
with the identical chemical formula [CoIII(L3)(HL3)(NCS)]+ (may
be designated as unit A and unit B) and one anionic unit,
[CoIICl2(NCS)2]. A perspective view of one cationic unit (unit A)
with the selective atom numbering scheme is shown in Fig. 5.
The other cationic unit (unit B) has a more or less similar
structure as that of unit A (Fig. S1 in the ESI†). A perspective
view of the anionic unit of complex 3 is shown in Fig. 6. The
structures of both the cationic and anionic units are described
below.

The cobalt(III) centers are more or less octahedral in both
cationic units (unit A or unit B), being bonded by one amine
nitrogen atom, N(1), one imine nitrogen atom, N(2), and one
phenolate oxygen atom, O(1), of the deprotonated Schiff base in
a meridional fashion, one imine nitrogen atom, N(4), and one
phenolate oxygen atom, O(2), of the zwitterionic Schiff base,
and one thiocyanate nitrogen atom, N(3). The cobalt(III)–Nimine

distances are shorter than the cobalt(III)–Namine distances in
both units, as has also been observed in similar systems.96,97 In
each cationic unit, the thiocyanate is almost linear, as evident
from the N–C–S angle {179.1(3)° in unit A and 178.7(4)° in unit
B}, as has also been observed in related systems.27,99 The satu-
rated ve membered chelate rings, Co(1)-N(1)-C(3)-C(4)-N(2),
represent envelope conformations with the puckering parame-
ters98 Q = 0.427(4) Å, 4(2) = 79.0(4)° for unit A and Q = 0.427(4)
Å, 4(2) = 254.3(4)° for unit B. Fig. 7 shows the envelope
conguration of the ring in unit A.

The anionic part of the complex consists of a tetra-
coordinated distorted tetrahedral cobalt(II), being coordinated
by two thiocyanate nitrogen atoms, N(6) and N(7), and two
chloride ions, Cl(1) and Cl(2) (Fig. 8). The thiocyanates are
quasi-linear with the N–C–S angles being 178.0 (4) ° and 177.6
(6)°, as expected.100

The thiocyanate sulfur atom, S(3), of the anionic unit forms
bifurcated intermolecular hydrogen bonds with the hydrogen
atoms H(2A2) {attached to carbon atom C(2)} of the cationic
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Perspective view of the hydrogen bonding interactions in complex 2. Only the relevant hydrogen atoms are shown for clarity. Symmetry
transformation, b (b = 1 − x, 1 − y, −z).

Fig. 6 Perspective view of the cationic part (unit A) of complex 3 with
the selective atom numbering scheme. Only one hydrogen atom
(attached with the amine nitrogen atom) is shown.

Fig. 7 Envelope conformation of the cationic part (unit A) of complex
3 with the selective atom numbering scheme.

Fig. 8 Perspective view of the anionic part of complex 3 with the
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unit A and H(13D) {attached to carbon atom C(13)} of the
cationic unit B. Another thiocyanate sulfur atom, S(2), of the
anionic [CoIICl2(NCS)2]

2− unit is also involved in intermolecular
bifurcated hydrogen bonds with the hydrogen atoms, H(2A3)c

{attached to carbon atom C(2)c} {Symmetry transformation, c =
1 + x, y, z}, of a neighboring cationic unit A and H(14F) {attached
to carbon atom C(14)} of the cationic unit B, forming a 3D
tetrameric assembly. The chlorine atom, Cl(1), of the anionic
unit is involved in trifurcated hydrogen bonding with the
hydrogen atoms H(15A), attached to C(15), H(17A), attached to
C(17), and H(3A2)c, attached to C(3)c to further stabilize the
selective atom numbering scheme.

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 29568–29583 | 29575
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Fig. 9 Perspective view of the tetrameric assembly of complex 3. Only the relevant hydrogen atoms are shown for clarity. Symmetry trans-
formation, c (c = 1 + x, y, z).
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tetrameric H-bonded assembly {Symmetry transformation, c= 1
+ x, y, z} of the two cationic subunits A, as shown in Fig. 9.

Hirshfeld surface analysis

The Hirshfeld surfaces of all three complexes were mapped over
dnorm (range ∼0.1 Å to 1.5 Å), shape index, and curvedness
(Fig. S6, ESI†). Red spots on the Hirshfeld surfaces denote the
dominant interactions. The intermolecular interactions appear
as distinct spikes in the 2D ngerprint plot showing the
different spikes with their corresponding interactions. The
dominant interactions in complex 1 corresponded to C/H/H/
C (9.6%), O/H/H/O (21.1%), and N/H/H/N (24.4%)
contacts. The proportion of C/H/H/C, O/H/H/O, N/H/
H/N, and Cl/H/H/Cl interactions in complex 2 comprised
15.4%, 17.1%, 8.2%, and 31.7% of the Hirshfeld surface,
respectively. Again the interactions in complex 3 comprised
16.2%, 10.2%, 17.2%, 6.6%, and 2.7% of the Hirshfeld surface
as shown by the proportion of C/H/H/C, Cl/H/H/Cl, S/H/
H/S, O/H/H/O, and N/H/H/N respectively. The 2D
ngerprint plots of complexes 1, 2, and 3 are shown in Fig. 10–
12, respectively.

Theoretical study on the supramolecular interaction

As commented in the previous section, the CH/X contacts (X=

C, N, S, Cl) make a strong contribution to the total Hirshfeld
29576 | RSC Adv., 2023, 13, 29568–29583
surface and have a predominant role in the X-ray packing of
complexes 1–3 (see Fig. 2, 5 and 9). In the case of complex 2,
additional CH/p interactions are established that further
stabilize the assemblies. The CH/N distances range from 2.55
to 3.06 Å.

Fig. 9 shows a tetrameric assembly of complex 3, where the
[CoCl2(SCN)2]

− anion is surrounded by three counter-cations,
where a network of CH/N,S,C interactions are established
with distances ranging from 2.74 to 3.03 Å. These long
distances (also observed in the self-assembled dimers of 1 and
2), along with the modest ability of C–H groups as H-bond
donors, anticipate that each individual contact is weak.
However, an additive number of contacts can lead to a signif-
icant stabilization of the system. This is the main purpose of
the present theoretical study. The interaction energies were
evaluated using the quantum theory of atoms in molecules
and the potential energy density predictor. This method is very
useful in systems like these reported herein where the inter-
actions are established between charged systems. Conven-
tional procedures based on the supramolecular approach
would lead to repulsive cation/cation interactions in
complexes 1 and 2 or to very large and attractive interactions
for the anion/cation interactions in complex 3. The evalua-
tion of the CH/X (X= C, N, S, Cl) contacts using the QTAIM Vr
predictor is free from the effect of pure Coulombic forces.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Fingerprint plot of complex 1: Full and resolved into C/H/H/C, N/H/H/N, and O/H/H/O contacts contributing to the total
Hirshfeld surface area.
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Fig. 13 shows the combined QTAIM/NCI plot characteriza-
tion of the self-assembled dimers of complexes 1 and 2. Each H-
bond is characterized by a bond critical point (CP, red sphere)
Fig. 11 Fingerprint plot of complex 2: Full and resolved into C/H/H/C
the total Hirshfeld surface area.

© 2023 The Author(s). Published by the Royal Society of Chemistry
and bond path (orange line) connecting the H atom to the N
atom. Moreover, a green RDG isosurface also appears upon
dimerization, coincident with the location of the bond CPs. The
, N/H/H/N, O/H/H/O, and Cl/H/H/Cl contacts contributing to

RSC Adv., 2023, 13, 29568–29583 | 29577
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Fig. 12 Fingerprint plot of complex 3: Full and resolved into C/H/H/C, Cl/H/H/Cl S/H/H/S, O/H/H/O, and N/H/H/N contacts
contributing to the total Hirshfeld surface area.

Fig. 13 QTAIM (bond CPs in red and bond path as orange lines) and NCI plot (RDG= 0.5, rcut-off= 0.04 a.u., color scale−0.035 a.u.# (signl2)r#
0.035 a.u.) for the self-assembled dimers of complexes 1 (a) and 2 (b). The interaction energies calculated using the Vr energy predictor are
indicated in the figure. Only intermolecular interactions are represented.

29578 | RSC Adv., 2023, 13, 29568–29583 © 2023 The Author(s). Published by the Royal Society of Chemistry
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green color of the isosurface reveals the CH/N contacts are
weakly attractive. In the case of the dimer of complex 2, the
QTAIM/NCI plot analysis also conrmed the existence of the
two symmetrically equivalent CH/p interactions, character-
ized by a bond CP, bond path, and extended green RDG iso-
surface that connects the CH bond to one C-atom of the
aromatic ring. The interaction energy of the four H-bonds cor-
responding to the dimer of complex 1 is −2.96 kcal mol−1, thus
conrming the weak nature of each individual contact. The H-
bond contribution in the dimer of complex 2 is similar
(−3.51 kcal mol−1) to the dimerization energy of complex 1. The
dimer is further reinforced with the CH/p interactions, which
are slightly weaker (−2.13 kcal mol−1) than the H-bonds.

Finally, Fig. 14 shows the combined QTAIM/NCI plot anal-
ysis of three heterodimers (ion pairs) extracted from the tetra-
meric assembly represented in Fig. 9. In the case of the dimer
denoted as “A”, the cationic part interacts with both SCN arms
of the anion. The QTAIM/NCI plot analysis revealed a total of
ve CH/S contacts with an interaction energy of
−3.29 kcal mol−1, in line with the H-bonding energies of the
self-assembled dimers. In the dimer denoted as “B” (Fig. 14b),
the cationic part interacts with one Cl and one SCN ligand of the
anionic counterpart. A total of three CH/Cl, two CH/N, and
two CH/S contacts were revealed by the QTAIM/NCI plot
analysis. The total interaction energy for this binding mode is
moderately strong (−6.19 kcal mol−1) due to this intricate
network of H-bonds, conrming its importance in the solid-
Fig. 14 (a–c) QTAIM (bond CPs in red and bond path as orange lines) a
(signl2)r # 0.035 a.u.) for the three dimers of complex 3. The interaction
figure. Only intermolecular interactions are represented.

© 2023 The Author(s). Published by the Royal Society of Chemistry
state architecture of complex 3. The third dimer analyzed,
denoted as “C” in Fig. 14c, presented a total of ve contacts with
a total interaction energy of −3.53 kcal mol−1, similar to het-
erodimer “A” and those of complexes 1 and 2.

The signicant contribution of the CH/X (X = S, Cl, N) in
complexes 1–3 agreed well with the Hirshfeld surface analysis
since these type of contacts comprise most of the HS surface.

As previously indicated, the signicance of CH/X contacts
in the solid-state structures of complexes 1–3 was established
without considering potent electrostatic inuences. In order to
comprehensively account for the role of Coulombic forces in
stabilizing these complexes, we employed energy decomposi-
tion analysis for complexes 1 and 2 utilizing the Kitaura–
Morokuma methodology.101

We assessed the relative contributions of the electrostatic,
dispersion, orbital, and correlation terms to the stability of
complexes 1 and 2. Our ndings, as illustrated in Fig. 15,
underscore the paramount importance of the electrostatic term
(depicted by blue bars), accounting for substantial stabilization
energies of −44.70 kcal mol−1 and −45.53 kcal mol−1 for
complexes 1 and 2, respectively. Minor disparities are apparent
in the exchange repulsion (depicted in red bars), dispersion
(illustrated in green bars), and correlation (represented by violet
bars) components, exhibiting resemblances across both
complexes. Notably, a pronounced discrepancy of the surfaces
in the orbital contribution was noted, signicantly more
pronounced in complex 1 than in complex 2. Consequently, this
nd NCI plot (RDG = 0.5, rcut-off = 0.04 a.u., color scale −0.035 a.u. #
energies calculated using the Vr energy predictor are indicated in the
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Fig. 15 Representation of the total (Etot, pink), exchange repulsion
(Eex-rep, red), electrostatic (Eel, blue), orbital (Eorb, gray), correlation
(Ecor, violet), and dispersion (Edisp, green) terms for the ion-pair
complexes 1 (left) and 2 (right).
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disparity yielded a notably higher total stabilization energy
(portrayed in pink bars) in complex 1. This variance likely stems
from the closer proximity of the perchlorate anion to the Schiff
base cation in complex 1, culminating in shorter CH/O inter-
actions (with the shortest CH/O distance measuring 2.24 Å in
complex 1, in contrast to 2.46 Å in complex 2). It is well-
established that orbital effects are acutely sensitive to
distance, with larger distances resulting in diminished orbital
overlap. This interpretation nds further support in the
Hirshfeld surface analysis, where the CH/O contribution was
registered at a higher 21.1% in complex 1 compared to 17.1% in
complex 2.

IR, electronic spectroscopy, ESI-MS, and 1H-NMR studies

In the IR spectra of all three complexes, distinct bands due to
azomethine (C]N) stretching vibrations appeared in the region
of 1623–1647 cm−1.102–105 The sharp absorption bands located at
2015 and 2023 cm−1 (in 1) and 2022 cm−1 (in 2) indicated the
presence of terminal azide (for 1 and 2), while those at 2023 and
2065 cm−1 (in 3) indicated the presence of N-bonded thiocya-
nate (for 3),106,107 respectively, which are also evident from
crystal structure determination. The sharp bands at 3293 and
3232 cm−1 indicated N–H stretching vibrations in the IR spec-
trum of complex 1 and the sharp bands at 3292 cm−1 also
indicated N–H stretching vibrations in the IR spectrum of
complex 2 as well.108–110 The characteristic absorption band for
non-coordinated perchlorate anion appeared at 1076 cm−1 in
Table 7 Theoretical in parenthesis and experimental values (in cm−1) fo

Complexes (C]N) Schiff base N3

1 1625 (1619) 202
2 1641 (1638) 202
3 1648 (1637) 202

29580 | RSC Adv., 2023, 13, 29568–29583
the IR spectra of complexes 1 and 2. The bands in the range of
3006–2806 cm−1 were due to alkyl C–H bond stretching vibra-
tions, as customarily noticed in the IR spectra of all three
complexes.94,111 The IR spectra of all the complexes are given in
Fig. S2–S4 (ESI).† These assignments were in good agreement
with the theoretical calculations, as detailed in Table 7.

Electronic spectra of the complexes were recorded in aceto-
nitrile medium at room temperature in the range of 200–
800 nm. In the high-energy region, complex 1 showed intense
absorption bands around 243–275 nm, corresponding to p–p*

transitions.28,112,113 Broad absorption bands at 314 nm (for 2)
and 388 nm (for 3) were also observed, which were consistent
with the LMCT band.114–116 The electronic absorption spectra of
all three complexes in acetonitrile medium showed d–d transi-
tion bands around 426 nm (for 1), 404 nm (for 2), and 654 nm
(for 3), as expected for a low spin cobalt(III) complex in an
octahedral geometry.117,118 The weak band around 708 nm (for
1), 638 nm (for 2), and 572 nm (for 3) may be assigned as one of
the two expected transitions for any low spin cobalt(III) complex
in an octahedral geometry (1A1g /

1T1g and
1A1g /

1T2g). The
UV spectrum of complex 3 is given in Fig. S5 (ESI).†

The molecular ion peaks in acetonitrile solution appeared at
m/z = 529.0591 for complex 1 (theoretical m/z = 529.55 for
[Co(L1)2]

+), 578.81 for complex 2 (theoretical m/z = 579.21 for
[Co(L2)2]

+), and 500.99 (theoretical m/z = 501.49 for [Co(L3)2]
+)

and 501.99 ([Co(L3)(HL3)]+, theoretical m/z = 502.49) for
complex 3. The mass spectra of the complexes are shown in
Fig. S7–S9 (ESI).†

In complex 1, three signals for the aromatic protons of the 3-
methoxysalicylaldehyde moiety were observed as a doublet at
6.90 ppm (J = 7.5 Hz), a doublet of doublets at 6.79 ppm (J = 1.5
Hz), and another doublet of doublets at 6.43 ppm (J = 7.5 Hz).
The singlet at 8.03 ppm corresponded to the signals of benzylic
protons (Ph–CH]N). The peaks at the range of 3.85–3.75 ppm
may be assigned to the protons of the methoxy group of 3-
methoxysalicylaldehyde and methylene protons attached to
imine nitrogen atoms of the Schiff base units. The peaks at the
range of 3.18–1.24 ppm may be assigned to the hydrogen atoms
of the methylene protons of 3-amino-N,N-dimethylpropan-1-
aminium units and methyl protons of +NHMe2 groups. In this
complex, the methyl protons of +NHMe2 groups are not in the
same environment due to an anisotropy effect of the benzene
rings. The 1H NMR spectrum of complex 1 is shown in Fig. S10.†

In complex 2, two signals for the aromatic protons of the 3,5-
dichlorosalicylaldehyde moiety were observed as singlets at
7.47 ppm (J= 1.5 Hz) and at 7.40 ppm (J= 1.5 Hz). The singlet at
8.50 ppm corresponded to the signals of benzylic protons (Ph–
CH]N). Again, the peak at 7.40 ppm corresponded to the
r representative IR bands for complexes 1–3

/SCN NH stretching

3 (2018) 3293 (3281) and 3232 (3225)
2 (2016) 3292 (3285)
3 (2025) & 2065 (2070) —

© 2023 The Author(s). Published by the Royal Society of Chemistry
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signals of protons attached to the N of the +NHMe2 group. The
methylene protons of the 3-amino-N,N-dimethylpropan-1-
aminium unit were observed at 3.18 ppm (J = 7.1 Hz). The
methylene protons of N,N-dimethyl-1,2-diaminoethane and
methyl protons of the +NHMe2 group were observed in the
ranges of 2.91–2.05 ppm (J = 7.1 Hz). The other methyl protons
of the NMe2 group were observed in the ranges of 1.57–
1.24 ppm (J = 7.1 Hz). The 1H NMR spectrum of complex 2 is
shown in Fig. S11.†

Concluding remarks

In this manuscript, we report the synthesis and X-ray charac-
terization of three new cobalt complexes, with tridentate N2O-
donor Schiff base ligands. Complex 1 contains a distorted
octahedral cobalt(III), being bonded to two imine nitrogen
atoms and two phenolate oxygen atoms of the zwitterionic
forms of two Schiff base moieties and two nitrogen atoms of two
terminal azides, along with a non-coordinate perchlorate. The
structure of complex 2 consists of a distorted octahedral
cobalt(III), being bonded to one amine nitrogen atom, one imine
nitrogen atom, and one phenolate oxygen atom of a deproto-
nated Schiff base in a meridional fashion, one imine nitrogen
atom and one phenolate oxygen atom of the zwitterionic Schiff
base, and an azide nitrogen atom, along with a non-coordinate
perchlorate and lattice water molecules. The asymmetric unit of
complex 3 contains two crystallographically independent
cationic units containing cobalt(III) and one anionic unit con-
taining cobalt(II). The cobalt(III) centers are more or less octa-
hedral in both cationic units, being bonded by one amine
nitrogen atom, one imine nitrogen atom, and one phenolate
oxygen atom of the deprotonated Schiff base in a meridional
fashion, one imine nitrogen atom and one phenolate oxygen
atom of the zwitterionic Schiff base, and one thiocyanate
nitrogen atom. The anionic part of the complex consists of
a tetra-coordinated distorted tetrahedral cobalt(II), being coor-
dinated by two thiocyanate nitrogen atoms and two chloride
ions. Examination of the X-ray packing of complexes 1–3 and
their HS analyses revealed the structure-directing role of the
CH/X (X=N, S, Cl) interactions. These were investigated using
QTAIM and NCI plot analysis. Their combination is useful to
characterize NCIs in real space. Although the individual inter-
action energies associated with these contacts are small, they
are additive and can lead to a moderately strong stabilization of
supramolecular synthons.

Finally, the advancements in structural diversity, intermo-
lecular interaction studies, and the potential for tailored
materials design showcase the signicance of these complexes
in advancing both fundamental knowledge and practical
applications within the realm of coordination chemistry and
beyond. Their exible nature and unique features offer prom-
ising directions for future research and development, like
catalysis, molecular design, and crystal engineering.
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