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methylenenicotinohydrazide and azelaic acidf

Monica Benito, @2 Ghodrat Mahmoudi, @ ** Elies Molins, @2
Ennio Zangrando, &< Masoumeh Servati Gargari,® Rosa M. Gomila, ©°
Antonio Frontera @ and Damir A. Safin @ 9"

In this contribution, a series of copper(i) discrete and polymeric coordination compounds, namely
[Cusls(aze),l,,-nHO (1:nH0), [Culy)-HoO (2-H,0) and [Cul(H,O)(Haze)l-H,O (3-H,0) were fabricated from
(pyridin-2-yl)methylenenicotinohydrazide (HL) and azelaic acid (H,aze), using evaporative crystallization,
grinding and slurry synthesis methods. The solvent crystallization method produced a crystalline precipitate
of complex 1.nH,O. The filtrate allowed the production of crystals of complex 3-H,O. The grinding
synthetic method gave rise to a mixture of complexes 1.-nH,0O, 2-H,O and an undetermined phase. Results
of the slurry synthetic approach highly depend on the stirring time. The obtained coordination compounds
have been fully characterized by single crystal X-ray diffraction revealing different structures of complexes,
viz. from mononuclear homo- and heteroleptic complexes (2 and 3) to a 1D heteroleptic coordination
polymer (1). DFT calculations on non-polymeric complexes were conducted to evaluate the hydrogen-
bonding and n-stacking interactions that play a critical role in the solid-state structures of complexes 2 and
3. Additionally, the impact of co-crystallized water molecules, which enhance the rn-stacking interactions,
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1. Introduction

Coordination polymers are adaptable materials with essential
properties that make them desirable for a wide range of
applications. These polymers are made of bridging ligands
and metal ions or entities containing a metal. Additionally,
auxiliary ligands of different kinds can be used to adjust the
resulting product's characteristics and final structure. Thus,
there are potential applications for molecule adsorption and
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was analyzed using energy decomposition analysis.

separation, catalysis, and magnetic research due to the large
structural variety of coordination polymers, ranging from 1D
(chain) to 2D and 3D (framework) networks. That being said,
the TUPAC recommends defining a coordination polymer as
“a coordination compound with repeating coordination
entities extending in 1, 2, or 3 dimensions”." Historically,
inorganic complexes produced from cyanides (e.g., Hofmann
clathrates, Prussian blue) are, likely, the first coordination
polymers to be identified and emphasized.” It was not until
much later that the first coordination polymer obtained using
an organic linker was revealed.” Since the discovery of the so-
called metal-organic frameworks in 1995,%° coordination
polymers have been actively developed and produced with
exploding interest.

Of coordination polymers, those exhibiting a 1D structure
are thought to have greater advantages over 2D and 3D
frameworks because of their simpler topology, a large and
varied library of precursors, and comparatively easier
synthesis methods.®* In this regard, using organic linkers
with two or more N-donor functions seems to be one of the
most effective synthetic methods for creating coordination
polymers. As such, pyridine is probably the most commonly
used N-donor functionality.'" In addition, the so-called Schiff
base entity is a promising structural fragment for
coordination polymers.’> Consequently, the incorporation of

This journal is © The Royal Society of Chemistry 2025
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N-donor rings into the Schiff base platform appears to be a
potent instrument for designing and manufacturing
coordination polymers.

In light of the aforementioned, we have focused our
attention on (pyridin-2-yl)methylenenicotinohydrazide (HL).
This compound was purposefully created to function as a
potentially tridentate chelating ligand with an extended
n-system, which additionally contains the 3-pyridine N-donor
fragment that has the ability to bridge structural units, thereby
producing an extended architecture. The Cu®>" cation was
administered as Cu(OAc), as a complexation agent. This cation
has extensive coordination chemistry because it exhibits a
variety of coordination numbers and coordination polyhedra.
Furthermore, the Cu*'-containing hydrazide-based
coordination compounds also comprise a variety of auxiliary
linkers."” In this regard, we were curious to use two different
organic linkers by taking advantage of a multidentate
hydrazide ligand with a flexible and long-chain dicarboxylic
acid, namely azelaic acid (H,aze), for a potential formation of
novel coordination polymers. Notably, a thorough search in the
Cambridge Structural Database (CSD) revealed only six crystal
structures with doubly deprotonated azelaic acid (aze)'*™ and
one crystal structure with monodeprotonated azelaic acid
(Haze).>® Thus, the coordination chemistry of H,aze as well as
its anionic forms has been extremely poorly studied.

With all this in mind, as well as in continuation of our
interest in copper coordination compounds,®*™*® in the
present work we focused on the preparation of new copper(n)
heteroleptic ~ coordination compounds, namely [Cuj-
L,(aze),],-nH,0 (1-nH,0), [CuL,]-H,0 (2-H,0) and [CuL(H,O)
(Haze)]-H,O (3-H,0), fabricated from HL and H,aze, to probe
the influence of the applied synthetic approaches, viz. the
evaporative crystallization, grinding and slurry synthesis
methods. The isolated products were investigated to
determine their crystal structures using single crystal and
powder X-ray diffraction, and IR spectroscopy. Furthermore,
the propensity of non-polymeric complexes to form
n-stacking interactions, as well as the influence of lattice
water molecules on the strength of these interactions, has
been investigated using DFT calculations combined with
molecular electrostatic potential (MEP) surface, the quantum
theory of atoms-in-molecules (QTAIM), non-covalent
interaction plot (NCIplot) and energy decomposition analysis
(EDA) computational tools.

2. Results and discussion

The syntheses of complexes were carried out following
solvent crystallization, grinding (Fig. 1) and slurry methods

Fig. 1 Photographs of the grinding synthesis.
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Scheme 1 Synthesis of the discussed complexes.

by direct reaction of Cu(AcO), with a mixture of HL-H,O and
H,aze (Scheme 1).

The solvent crystallization method allowed the production
of a crystalline precipitate of complex 1-nH,O almost
immediately after the addition of a mixture of HL and H,aze
(Fig. 2). After the resulting solid material was filtered off, the
filtrate was left for slow evaporation under ambient conditions
and a few days later green crystals of complex 3-H,O were
formed. Thus, this synthetic approach allows the production of
both a heteroleptic coordination polymer 1-nH,0 with doubly
deprotonated azelaic acid aze, and a mononuclear heteroleptic
discrete complex 3-H,O with a monodeprotonated Haze
without, notably, additional complicated procedures for the
separation of these two complexes.

The grinding synthetic method, although fully satisfies
the principles of a green chemistry procedure, gave rise to a
mixture of complexes 1-nH,0, 2-H,O and an undetermined
phase (Fig. 2). Thus, this synthetic procedure also allows the
production of a mononuclear homoleptic complex 2-H,O.
Furthermore, the formation of an undetermined phase also
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Fig. 2 The calculated powder X-ray diffraction patterns of complexes
1.nH,0O (black), 2-H,O (red) and 3-H,O (blue), and the experimental
powder X-ray diffraction patterns of complex 1-nH,O (green) and the
product obtained using the grinding synthetic method (magenta), and
2-H,0 (violet).
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looks intriguing for further detailed studies of this method
as well as to an elucidation of new structures.

Finally, the results of the slurry synthetic approach highly
depend on the stirring time. In particular, stirring up to
about 6 h led to the formation of complex 1-nH,0, while
longer stirring (1-2 days) resulted in the formation of a
mixture of complexes 1-nH,0 and 3-H,O.

The FTIR spectrum of the parent ligand HL-H,O exhibits
bands for the C-N, C=N and C=O0 groups at 1293, 1563 and
1670 cm™', while broad bands for the NH functionality and
the crystal water molecule were found at about 3150 and
3470 cm™, respectively (Fig. 3). The water molecule in the
spectrum of HL-H,O was also shown as a broad band at
about 580 cm ™" (Fig. 3). The FTIR spectrum of complex 2-H,0
is the simplest among the spectra of the reported complexes
with respect to the number of bands. In particular, the C=0
band was shifted to low wavenumbers in the spectrum of
2-H,0 and was found at 1584 cm™*, while the C-N vibration
was shifted about 50 cm™ to higher wavenumbers in the
spectrum of this complex in comparison to that in the
spectrum of HL-H,O (Fig. 3). The FTIR spectra of 1-nH,0 and
3-H,0 are more complicated due to the presence of bands
from the additional aze and Haze ligands, respectively
(Fig. 3). Furthermore, the spectrum of 3-H,O is additionally
complicated by the presence of both the carboxylate and
carboxylic functionalities of the auxiliary ligand. In particular,
the FTIR spectra of 1-nH,0 and 3-H,O revealed bands at 1590
and 1587 cm™, respectively, for Av,a5m(OCO) and at about
1365 cm ' for Avg,(OCO) (Fig. 3) of the carboxylate
fragments. The spectrum of 3-H,O also exhibits a band at
1704 cm™*, which corresponds to the C=0 vibration of the
carboxylic group of Haze. Finally, a broad band at about 3400
em " in the spectra of complexes was attributed to the water
molecules (Fig. 3). Thus, the FTIR spectra suggest the
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Fig. 3 The FTIR spectra of HL-H,O (black), 1.-nH,O (red), 2-H,O (blue)
and 3-H,O (green).
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formation of the title complexes as well as support their
compositions. The FTIR spectra of complexes 1-nH,O and
3-H,0 indicate the presence of the additional auxiliary ligand
aze and Haze, respectively. Finally, the spectra of all three
discussed complexes clearly testify to the exclusive presence
of the deprotonated form of the parent hydrazide ligand in
their structures.

The thermal behavior of the obtained complexes was
revealed under a nitrogen atmosphere from ambient
temperature to 500 °C. Complexes 1-nH,O and 3-H,O both
started to lose the crystal water at about 100 °C and further
become stable up to about 200 °C with the final weight loss
of 66.13% and 82.29% (Fig. 4). Complex 2-H,O0 is stable up to
about 270 °C and decomposes without a separate step for
losing the crystal water molecule with the final weight loss of
71.34% (Fig. 4).

All the discussed complexes crystallize in the triclinic
space group P1 with the hydrazide ligand L being N,N',0-
chelated to the metal ion (Fig. 5). In complex 2, the Cu**
cation is chelated by two ligands L with the formation of a
N,O, coordination environment of the distorted octahedral
structure (Fig. 5). In complex 3, besides the N,N’,O-chelated
ligand L, the metal cation is additionally coordinated by one
carboxylate oxygen atom of the Haze ligand, and the
coordination sphere is completed by the oxygen atom of the
coordinated water molecule, yielding a N,O; coordination
environment of the distorted square-pyramidal structure
(Fig. 5).

The coordination arrangement of complex 1 is more
complicated. In particular, two [CulL]" cations are combined
in a binuclear centrosymmetric dimer through two carboxylate
oxygen atoms of the two aze ligands, and the coordination
sphere of the metal cation is completed by the second
carboxylate oxygen atom of one of the same aze ligands.

Thus, the Cu®' cations in this dimer are in a N,O,
coordination environment of the distorted octahedral
structure with the Cul---Cul separation of about 3.3 A. These
binuclear dimers are combined through the 3-pyridine
nitrogen atoms and oxygen atoms of the second carboxylate
fragments of the aze ligands being coordinated to the other
Cu2 cations, yielding a N,O, coordination environment of

Weight (%)

0 50 100 150 200 250 300 350 400 450 500
Temperature (°C)

Fig. 4 The TGA curves of 1:-nH,0 (black), 2-H,O (red) and 3-H,O (blue).

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Molecular structures of 1 (top), 2 (bottom left) and 3 (bottom right). Color code: H = black, C = gold, N = blue, O = red, Cu = green.

the distorted octahedral structure (Fig. 5). Thus, complex 1 is
a 1D heteroleptic coordination polymer with the Cul---Cu2
separations between the mono- and binuclear nodes of about
7.4 and 8.1 A.

The Cul-N1, Cul-N2 and Cul-O1 bond distances within
the chelate [CuL]" cation in the structures of the reported
complexes, and the Cu2-N4 bond distances in the structure
of complex 1 are 2.002(9)-2.168(5), 1.925(10)-1.962(5),
1.988(7)-2.196(5) and 2.019(10) A, respectively (Table 1). The
Cu-02 distances in the structures of complexes 1 and 3 vary
from 1.923(10) A to 2.738(10) A (Table 1). Finally, the Cu1-06
bond length in the structure of complex 3 is 2.2464(15) A.

Notably, as evidenced from the corresponding dihedral
angles between the 2- and 3-pyridine rings (Table 1), the
ligand L is almost planar in the structures of complexes 1
and 3, while one of the ligands L in the structure of complex
2 is also almost planar, the second one is remarkably
deviated from planarity.

1D polymeric molecules in the structure of 1-nH,O are
linked through m---m interactions between the 2-pyridine
rings, yielding a supramolecular 2D sheet (Fig. 6 and
Table 2). Molecules of 2 are linked into a 1D supramolecular
ribbon through the =n---m interactions between the 2- and
3-pyridine rings formed exclusively by the planar ligands L

Table 1 Selected bond lengths (A) and angles (°) in the molecular structures of 1-3

1 2 3
Bond length
Cul-N1 2.002(9) 2.166(6), 2.168(5) 2.0529(15)
Cul-N2 1.925(10) 1.955(5), 1.962(5) 1.9285(14)
Cu1-01 1.988(7) 2.130(4), 2.196(5) 2.0122(12)
Cu1-02 1.923(10), 2.300(8) — 2.0122(12)
Cu1-03 2.738(10) — —
Cu1-06 — — 2.2464(15)
Cu2-N4 2.019(10) — —
Cu2-04 1.937(10) — —
Cu2-05 2.504(12) — —
Dihedral angle
2-Py---3-Py 6.6(6) 1.1(3), 30.7(4) 4.01(9)

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Supramolecular frameworks in the crystal structure of 1.nH,O (top) and 2-H,O (bottom left), constructed from =---n interactions, and 3-H,O
(bottom right), constructed through O-H-:-N hydrogen bonds (hydrogen atoms, except for the coordinated H,O and carboxylic OH groups, are
omitted for clarity). Color code: H = black, C = gold, N = blue, O = red, Cu = green; O-H---O hydrogen bonds = cyan dashed line, n-- % interaction

= yellow dashed line.

Table 2 Hydrogen bond and 77 interaction lengths (A) and angles (°)
in the crystal structure of 1.nH,0, 2:H,0 and 3-H,O

D-X:--A d(D-X) d(X---A)  d(D---A) Z(DXA)
1-nH,0

O1W-H2W---05' 0.97(17) 2.0(2) 2.89(2) 151(14)
2-H,0

OIW-HIW--N4'  0.96(2) 1.95(3)  2.826(8)  152(4)
O1W-H2W---O1W"  0.96(8) 1.97(8)  2.877(10)  158(6)
3-H,0

05-H3---02" 0.76(2) 1.94(2)  2.673(2)  165(3)
06-H2:--01" 0.73(3) 2.12(2)  2.820(2) 162(3)
06-H1---03 0.71(3) 2.05(3)  2.705(2)  154(3)
07-H71---N4' 0.77(3) 2.13(3)  2.878(2) 163(3)
07-H72---N3" 0.86(4) 2.17(4)  2.994(3)  161(3)
Cgl---Cg2 d(Cgl---Cg2) « B y
1-nH,0

2-Py---2-Py"! 3.720(8) 0.0(6) 19.9 19.9
2-H,0

2-Py---3-Py" 3.626(4) 1.1(3) 20.3 19.5
3-Py---2-Py"" 3.625(4) 1.1(3) 19.5 20.3
3-Py---3-Py"" 3.624(4) 0.0(3) 22.1 22.1

Symmetry code: i) x, y, z; ii) -1 - x, -y, 2 - z; iii)) 1 - x, -, 1 - z; iv) 1
+X,),2V) -1 +x, -1 +y,z;vi)1-x,2~-y, 1~z vii) -1+ x, y, z; viii)
-x,1-y,2-2z

168 | CrystEngComm, 2025, 27, 164-175

(Fig. 6 and Table 2). The molecular structure of 3 is stabilized
by an intramolecular O-H---O hydrogen bond formed
between one of the hydrogen atoms of the coordinated water
molecule and the free carboxylate oxygen atom of the Haze
ligand (Fig. 6 and Table 2).

Furthermore, molecules of complex 3 are linked into a 1D
supramolecular ribbon through O-H:--O hydrogen bonds
formed between the second hydrogen atom of the
coordinated water molecule and the carbonyl oxygen atom of
the ligand L from an adjacent molecule, and between the
carboxyl hydrogen atom and the free carboxylate oxygen atom
of the other neighbouring molecule. The crystalline water
molecule in the structure of complex 1-nH,O is linked
through the O-H:--O hydrogen bond to one of the oxygen
atoms of the carboxylate group of the aze ligand coordinated
to the Cu2 cation (Table 2). Thus, the solvent molecule does
not play a structure-forming role in the crystal packing of
complex 1-nH,O. Contrarily, in the crystal structures of
complexes 2-H,0 and 3-H,O, the crystalline water molecules
link the above-mentioned supramolecular aggregates through
the O-H--‘N hydrogen bonds formed with the 3-pyridine
nitrogen atom of the planar ligand L in complex 2-H,O, and
with the 3-pyridine and amide nitrogen atoms of the ligands
L in complex 3-H,O (Table 2).

DFT calculations were carried out to compare the energetics
of the m-stacking and hydrogen bonding interactions (Fig. 6)
and to examine the role of crystalline water molecules in

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 MEP surfaces of 2 (top) and 3 (bottom). Isovalue 0.001 a.u.

complexes 2 and 3. Initially, we computed the MEP surfaces of
both complexes to identify the most electrophilic and
nucleophilic regions (Fig. 7). For 2, the MEP maximum is
located at the aromatic hydrogen atoms of the Cu-coordinated
pyridine ring (30.1 kcal mol™), while the minimum is found at
the oxygen atoms of the hydrazide group (-44.9 kcal mol™),
closely followed by the non-coordinated pyridine nitrogen
atoms (-44.6 kcal mol ™). The nitrogen atom of the hydrazide
group also shows a significantly negative MEP value (-30.7 kcal
mol™). Notably, the MEP over the coordinated pyridine ring is
positive, whereas it is negative over the non-coordinated ring,
suggesting that the stacking interactions are
electrostatically favourable. For 3, the MEP maximum is located
at the hydrogen atom of the coordinated water molecule not
involved in the intramolecular O-H---O interaction with the
non-coordinated carboxylate oxygen atom of the Haze ligand.
High positive MEP values are also found at the carboxylic
hydrogen (45.5 keal mol™) and the aromatic hydrogens of the
coordinated pyridine ring (40.8 kcal mol™). The MEP
minimum is at the carboxylate group of the Haze ligand (-45.3
keal mol™), followed by the oxygen of the hydrazide group
(-43.9 kcal mol™") and the nitrogen of the non-coordinated
pyridine ring (-40.8 kcal mol™). Additional negative MEP
values are observed at the oxygen atom of the carboxylate group
(-36.4 kecal mol™) and the nitrogen atom of the hydrazide
group (-18.2 kecal mol™). This analysis reveals that complex 3

T T
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(~1.3 keal/mol)

¢-10.1 kcal/mol (without H,0) [

Fig. 8 QTAIM/NClplot analysis of dimers A (top) and B (bottom) of
complex 2. BCPs and bond paths are given as small red spheres and
solid orange lines, respectively. Only intermolecular BCPs are shown
for clarity. Parameters for the NClplot representation: s = 0.5, p cut-off
0.04 a.u., colour scale -0.035 a.u. < (signi,) p < 0.035 a.u.

contains several atoms capable of acting as strong hydrogen
bond donors and acceptors. As with complex 2, the MEP values
over the m-systems of the coordinated and non-coordinated
pyridine rings exhibit opposite signs, further supporting the
possibility of electrostatically favoured n-stacking interactions.

Next, we analysed both types of antiparallel n-stacking
modes observed in complex 2 (Fig. 6). The combined QTAIM/
NCIplot analysis and the corresponding energetic features for
two dimers (A and B), which serve as models for both
stacking modes, were collected (Fig. 8). In dimer A, the
n-stacking is characterized by two bond critical points (BCPs)
and bond paths interconnecting carbon atoms of the
pyridine rings. The =n-nature of the interaction is clearly
visualized with the NCIplot, which reveals a green reduced
density gradient (RDG) isosurface enveloping the entire
n-system of the pyridines.

The combined QTAIM/NCIplot analysis also revealed two
ancillary interactions. One involves an aromatic hydrogen
atom connected to the coordinated oxygen atom of the
hydrazide group via a BCP, bond path and green RDG
isosurface, forming a C-H---O hydrogen bond. Additionally,
on the opposite side, an aromatic hydrogen atom is
connected to a carbon atom of the pyridine ring, establishing
a C-H---m interaction. The dimerization energy is significant
(-12.2 kcal mol™), reflecting the strength of the
electrostatically enhanced n---m interactions, which play a key
role in dictating the solid-state architecture of complex 2.
The contribution of the hydrogen bond was estimated using

CrystEngComm, 2025, 27,164-175 | 169
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QTAIM descriptors and a method from the literature, yielding
an interaction energy of —1.3 kcal mol ', thereby confirming
the dominance of the n-stacking interaction.

Dimer B in complex 2 is centrosymmetric and has been
computed both with and without the presence of lattice water
molecule (Fig. 8). These water molecules form hydrogen
bonds with the nitrogen atom of the pyridine ring, which, as
indicated by the MEP results, is an excellent hydrogen bond
acceptor. This is further confirmed by the QTAIM, which
estimates the strength of each O-H-:-N hydrogen bond to be
-7.0 keal mol™". The dimerization energy, in the presence of
these water molecules, is —13.7 keal mol™, compared to -10.1
kcal mol™" without them. This suggests that the water
molecules enhance the m-stacking interaction. Similar to
dimer A, the m-stacking in dimer B is characterized by two
BCPs, bond paths and an extended RDG isosurface,
confirming the large overlap of the m-clouds. The QTAIM/
NCIplot analysis also revealed the existence of two
symmetrically equivalent hydrogen bonds between aromatic
hydrogen atoms and the oxygen atoms of the hydrazido
groups. The strength of these hydrogen bonds, contributing
to the dimer formation, is —2.4 kcal mol™ (-1.2 kcal mol™
each), indicating that the n-stacking interaction remains
dominant, likely due to strong dipole:--dipole attraction
arising from the antiparallel orientation of the pyridine rings.

For complex 3, two dimers were extracted from the 1D
supramolecular ribbon (Fig. 6), which dictates its crystal
packing. Dimer A corresponds to a centrosymmetric dimer
where two strong (blue RDG) O-H:--O hydrogen bonds and
two weak (green RDG) hydrogen bonds are formed, as
revealed by the QTAIM/NCIplot analysis (Fig. 9). In addition,
hydrophobic C-H:--H-C interactions are established
involving the long aliphatic chains of the Haze ligands. This
is confirmed by the presence of two BCPs, bond paths and
several small and green RDG isosurfaces connecting the
chains. The dimerization energy is calculated to be —18.0 kcal

-18.0 kcal/mol

-23.8 kcal/mol (without H,0)

Fig. 9 QTAIM/NClplot analysis of dimers A (top) and B (bottom) of
complex 3. BCPs and bond paths are given as small red spheres and
solid orange lines, respectively. Only intermolecular BCPs are shown
for clarity. Parameters for the NClplot representation: s = 0.5, p cut-off
0.04 a.u., colour scale —0.035 a.u. < (sign/,) p < 0.035 a.u.
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mol™', which is stronger than the m-stacking observed in
complex 2. The contribution of the hydrogen bonds is
dominant (-14.0 kcal mol™), with van der Waals contacts
contributing 4.0 keal mol ™.

Dimer B features a complex combination of interactions
(Fig. 9). Similar to complex 2, we calculated the dimerization
energy with and without the presence of lattice water
molecules. In this complex, the O-H--*N hydrogen bonds
between the water molecules and pyridines are estimated to
be -3.9 kcal mol™!, weaker than those in complex 2. This
aligns with the MEP results, which showed a less negative
MEP at the nitrogen atom for complex 3 and a longer O-
H--*N experimental distance (Table 2). The dimerization
energy with the lattice water molecules is —25.0 kcal mol ™,
reduced to -23.8 kcal mol™ without them, indicating a
positive cooperativity effect. The Cu-coordinated water
molecule forms a bifurcated O-H---O hydrogen bond with
the coordinated oxygen atoms of both co-ligands.
Additionally, this water molecule acts as a hydrogen bond
acceptor with an aromatic hydrogen atom of the pyridine
ring. Another notable interaction is the cation---m interaction
formed between the copper atom of one monomer and the

30 1

Dimer B

Dimer B
30 (without H,0)

N
o~

18.7
17.9

-19.4

a

o)

-
!

n o
N @
-30- ! N

Fig. 10 The total, Ei: (black);

Eexc
electrostatic, Eqst (blue); orbital, E,,, (green); correlation, E.,, (violet)
and dispersion, Egisp (magenta) energies for the three dimers of
complexes 2 (top) and 3 (bottom).

exchange repulsion, (red);
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n-system of the adjacent monomer. The QTAIM and NCIplot
analyses also reveal hydrophobic C-H--*H-C contacts. This
intricate combination of interactions explains the strong
dimerization energy (-23.8 kcal mol™), even greater than the
hydrogen bonded dimer A. In fact, the contribution of the
hydrogen bonds in the dimer (without lattice water
molecules) is —6.3 kcal mol™, confirming that other
interactions play a more significant role.

Finally, the EDA was performed to examine the key
contributions to the dimerization energies and assess the
influence of lattice water molecules on the different
interaction terms. The total dimerization energies (Eo) were
partitioned into exchange repulsion (E.), electrostatic (Ees),
orbital (Eom), correlation (E.,) and dispersion (Egisp)
components (Fig. 10). For both n-stacking modes in complex
2, dispersion is the most significant attractive contribution,
followed by correlation, which is typical of mn---m stacking
interactions. Notably, for dimer B of complex 2, the presence
of lattice water molecules enhances the contributions of E.jg,
Eom and Egigp (Fig. 10), with Ee experiencing the greatest
enhancement. This is consistent with the increased
antiparallel dipole---dipole attraction due to the O-H--'N
hydrogen bonds.

In complex 3, for dimer A, the electrostatic term dominates,
reflecting the significance of hydrogen bonds in this dimer.
The other contributions are similar, ranging from -5.9 to -7.3
kcal mol™. In contrast, for dimer B, dispersion dominates due
to the prevalence of n-based interactions (Cu---w, n-stacking,
O---m; Fig. 9). In this case, the enhancement of the dimerization
energy by lattice water molecules is attributed to an increase in
the dispersion component rather than the electrostatic term,
which remains constant. This is likely due to the formation of
an additional O--m interaction involving one of the lattice
water molecules (Fig. 9).

Conclusions

In summary, we report three novel copper(u) discrete and
polymeric coordination compounds, namely [CuzL,(aze),],-nH,-
O (1-:nH,0), [Cul,]H,0 (2-H,0) and [CuL(H,O)(Haze)]-H,O
(3-H,0), which were readily obtained from (pyridin-2-yl)
methylenenicotinohydrazide (HL) and azelaic acid (H,aze),
using evaporative crystallization, grinding and slurry synthetic
approaches. The crystal structures of the obtained coordination
compounds have been elucidated by single crystal X-ray
diffraction revealing different types of complexes, viz.
mononuclear homo- and heteroleptic complexes (2 and 3) and
a 1D heteroleptic coordination polymer (1). The solvent
crystallization method allowed the production of a crystalline
precipitate of complex 1-nH,O. The filtrate allowed the
production of crystals of complex 3-H,O. The grinding
synthetic method produced a mixture of complexes 1-nH,O,
2-H,0 and an unknown phase. Results of the slurry synthetic
approach highly depend on the stirring time. Stirring up to
about 6 h leads to the exclusive formation of complex 1-nH,0,
while longer stirring (1-2 days) results in the formation of a
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mixture of complexes 1-nH,O and 3-H,O. Finally, the present
contribution enriches the library of coordination polymers and
provides new insights into the effect of the synthetic procedure
onto the resulting compounds.

A key outcome of the theoretical analysis is the thorough
evaluation of n-stacking and hydrogen bonding interactions
in these compounds, with particular emphasis on the role of
co-crystallized water molecules. DFT calculations, combined
with QTAIM, NCIplot and EDA, provided detailed insights
into the energetics and nature of these interactions. The
results confirmed that n-stacking interactions are the primary
contributors to the solid-state stabilization of complex 2. In
contrast, in complex 3, hydrogen bonds dominate in dimer
A, while other non-covalent forces prevail in dimer B.
Notably, dimer B in complex 2 shows cooperativity due to
electrostatic forces in the presence of water molecules,
whereas in complex 3, this cooperativity arises primarily from
dispersion forces. These findings highlight the crucial role of
both non-covalent interactions and co-crystallized water
molecules in shaping the final of these
coordination compounds, offering valuable insights for the
design of novel materials.

structures

Experimental
Materials

All the reagents and solvents were commercially available
and used without further purification. The parent ligand HL
was synthesized as previously described.’®*” The isolated
solid product was obtained in the form of the corresponding
monohydrate HL-H,O as evidenced from the elemental
analysis data. Anal. calc. for C;,H;,N,0, (244.25): C 59.01, H
4.95 and N 22.94%; found: C 58.88, H 4.89 and N 22.73%.
The presence of water is also supported by TGA, which
revealed a mass loss of about 7.4% between 50 and 150 °C,
corresponding to elimination of one molecule of water per
one molecule of HL.

Physical measurements

The IR spectra were collected using a Jasco 4700LE
spectrometer equipped with an attenuated total reflectance
accessory. A NETZSCH-STA 449 F1 Jupiter system was used to
perform thermal analysis. Samples (3-8 mg) were placed in
an open alumina pan and measured at a scan speed of 10 °C
min~" from ambient temperature to 500 °C under a nitrogen
atmosphere as a protective and purge gas with the flow
velocities of 20 and 40 mL min~', respectively. Elemental
analysis was performed with a CHNS Thermo Scientific Flash
2000 elemental analyzer.

Synthesis

Solvent crystallization method. Cu(OAc),-H,O (25.0 mg,
0.125 mmol) was dissolved in MilliQ water (1 mL) at room
temperature. To a solution of HL-H,O (30.5 mg, 0.125 mmol)
in MeOH (1 mL), a solution of H,aze (23.5 mg, 0.125 mmol)
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and trimethylamine (34.8 pL) in MeOH (1 mL) was added.
Then, a second solvent mixture layer containing MeOH and
water (1 mL:1 mL) was added to the copper solution,
followed by the addition of a mixture containing the ligand
HL-H,O and H,aze giving a green crystalline precipitate of
complex 1-nH,0, which was filtered off. Yield: 73%.

The resulting filtrate was left for the slow evaporation
under ambient conditions. A few days later, several green
crystals of complex 3-H,0 were formed.

Grinding method. In an agate mortar, equimolar amounts
of Cu(AcO),-H,0, HL-H,0 and H,aze were mixed and ground
together for 15 min. As the reaction progress, the color of the
mixture changes to green and sticky paste is formed,
accompanied with a characteristic smell of acetic acid. The
residue was washed with a mixture of MilliQ water-methanol (1
mL:1 mL) followed by acetone. The solid was allowed to air dry
and collected for powder X-ray diffraction and IR analyses,
which revealed the formation of a mixture of complexes
1-n(H,0) and 2-H,O accompanied with an undetermined phase.

Slurry synthesis method. Cu(AcO),-H,O (150.0 mg, 0.75
mmol) was dissolved in MilliQ water (3 mL) at room
temperature. Then a solution containing HL-H,O (183.2 mg,
0.75 mmol), Hyaze (141.2 mg, 0.75 mmol) and
trimethylamine (210 uL) in MeOH (3 mL) was added at room
temperature under vigorous stirring. A precipitate was
formed rapidly, and the slurry was stirred for several hours at
room temperature. After that, the green solid was filtered off,
washed with MeOH (0.5 mL) and air-dried overnight. Stirring
for up to 6 h leads to the exclusive formation of complex
1-nH,0, while longer stirring results in the formation of a
mixture of complexes 1-nH,0 and 3-H,O.

Synthesis of 2-H,0. Cu(OAc),-H,0 (25.04 mg, 0.25 mmol)
was dissolved in MilliQ water (1 mL) at room temperature.
Then a solution containing HL-H,O (61.14 mg, 0.25 mmol) in
MeOH (1 mL) was added at room temperature under stirring
giving a yellow precipitate which was filtered after 3 h of
stirring. Yield: 40%.

X-ray diffraction analysis. The single-crystal X-ray
diffraction data were collected at 294(2)-296(2) K with a
Bruker Smart APEX-II diffractometer (Mo-Ko radiation,
graphite monochromated). Cell refinement and data
reductions were performed with the Bruker APEX2 software®®
and SORTAV program,*’ and proper absorption corrections
were applied to the data sets.’® The structures were solved by
direct methods with the SHELXT program®' and refined by
full matrix least-squares procedures using the SHELXTL
program.’® The hydrogen atoms were placed at calculated
positions and constrained to ride to atoms to which they are
attached, except those of water molecules that were located
on the Fourier map and refined with restraints.

Crystal data for 1-nH,O. C4H,;6Cu3NgOqo, 2(H,0); M, =
1049.52 g mol ™", triclinic, space group P1, a = 10.201(4), b =
10.349(4), ¢ = 11.762(5) A, a = 86.291(10), f = 74.948(8), y =
78.418(9)°, V = 1174.6(8) A*, Z=1, p = 1.484 g cm >, y(Mo-Ka)
=1.413 mm™ ', reflections: 25628 collected, 3970 unique, Rin;
=0.216, R,(all) = 0.2009, wR,(all) = 0.2669, S = 1.056.
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Crystal data for 2-H,0. C,,H;3CuNgO,, H,O; M, = 532.03 g
mol™, triclinic, space group Pi, a = 8.7721(12), b =
11.1218(16), ¢ = 13.0204(18) A, a = 91.724(3), = 107.466(3), 7
=105.767(3)°, V = 1157.5(3) A*, Z = 2, p = 1.526 g cm >, u(Mo-
Ka) = 0.989 mm™, reflections: 28339 collected, 4720 unique,
Rine = 0.233, Ry(all) = 0.2104, wR,(all) = 0.1699, S = 0.961.

Crystal data for 3-H,0. C,1H,sCuN,Og, H,O; M, = 512.01 g
mol ™, triclinic, space group P1, a = 5.1202(3), b = 7.4808(4), ¢
= 30.0866(17) A, a = 94.0670(10), f = 92.6730(10), y =
95.8620(10)°, V= 1141.81(11) A%, Z =2, p = 1.489 g cm >, y(Mo-
Ka) = 1.006 mm™", reflections: 33716 collected, 5697 unique,
Rine = 0.031, Ry(all) = 0.0363, wR,(all) = 0.0872, S = 1.045.

Powder X-ray diffraction

The powder X-ray diffraction data were collected at room
temperature with a Siemens D5000 powder diffractometer
(Cu-Ka radiation, graphite monochromator). The step size of
26 was 0.02° and the counting time was 1 s per step.

DFT calculations

Theoretical calculations were computed at the PBE0-D4/def2-
TZVP level of theory,>>>" wusing the ecrystallographic
coordinates within the Turbomole 7.7 program.’®> The
“atoms-in-molecules” (AIM)*® and noncovalent interaction
plot (NCIplot)®” analyses were performed at the same level of
theory using the Multiwfn program.*® The QTAIM/NCIplot
analysis was represented using the VMD software.”® The
energy decomposition analysis (EDA) was performed using
the Turbomole 7.7 program®® using the Kitaura-Morokuma
partition scheme.®®

Data availability

Crystallographic data for compounds 1-3 have been
deposited at the CCDC under deposition numbers CCDC
2370358-2370360.
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