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f hydrogen bonding in shaping the
structures of zinc-based coordination polymers
using tridentate N, N, O donor reduced Schiff base
ligands and bridging acetates†

Puspendu Middya,a Antonio Frontera b and Shouvik Chattopadhyay *a

In this manuscript we report the synthesis and characterization of two new polynuclear zinc(II) complexes,

[Zn2L
1(m-OAc)3]n$H2O (1) and [Zn2L

2(m-OAc)3]n (2) using two tridentate ligands, HL1 {4-chloro-2-(((2-

(methylamino)ethyl)amino)methyl)phenol} and HL2 {2,4-dibromo-6-(((3-(methylamino)propyl)amino)methyl)

phenol}. The structures were confirmed by single-crystal X-ray diffraction analysis. Both complexes form 1D

chains. The energy of H-bonding interaction in the solid state structures of the complexes has been estimated

by DFT calculation and the crucial role of hydrogen bonding in shaping their structures has been highlighted.
Introduction

Schiff base ligands, characterized by imine bonds, are of
interest to inorganic chemists for their wide ranging complex-
ing ability and stability under various oxidative and reductive
conditions. Their structural versatility is associated with their
diverse applications since long.1–6 They have been used to
prepare numerous transition and non-transition metal
complexes, many of which have interesting applications in
materials science.7–11 Many such complexes found application
in biochemistry,12 catalysis,13 medical imaging,14 non-linear
optics,15,16 and opto-electronics.17,18 The application of these
complexes in magetochemistry is also noteworthy.19–23 Among
various Schiff bases, salen type N2O2 donor ligands, prepared by
the 1 : 2 condensation of ethylenediamine and salicylaldehyde,
are probably most popular.24–32 Use of N-substituted diamine
may produce tridentate N2O donor Schiff bases and may also be
used for forming varieties of complexes.33–38 These ligands could
be reduced withmild reducing agents (e.g. sodium borohydride)
to form more exible ‘reduced Schiff bases’, which may form
complexes with various transition and non-transition metals,
which have also been shown to have different interesting
applications in catalysis, sending and magnetism.39–44

Formation of different supramolecular assemblies in the
solid state structures of different transition and non-transition
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lexes 1 and 2 respectively. For ESI and
ther electronic format see DOI:

the Royal Society of Chemistry
metal complexes may be tactfully controlled by exploiting
various non-covalent interactions.45–47 The application of these
supramolecular structures in host–guest chemistry, in sensing,
and in catalysis is well documented in literature.48–50 Therefore,
a good command over several branches of supramolecular
chemistry may be achieved by the systematic study of these non-
covalent interactions. The most frequently used methodology to
design supramolecular structure in complexes is to employ
hydrogen bonds.51–53 A hydrogen bond is nothing but an inter-
action of two electronegative atoms with an H atom. The energy
of interaction associated with the formation of a hydrogen bond
falls approximately in range of 0.25–40 kcal mol−1.54 It is well
known since its discovery that the increasing electronegativity
of the interacting atoms increases the energy of H-bonding
interaction.55 Owing to the directional nature and strength
hydrogen bonding interaction, crystal engineers frequently
used it for the association of discrete molecules into well-
organized supramolecules.56–70

In the present work, two structurally similar reduced Schiff
base ligands have been synthesized and used to form zinc(II)
complexes. Supramolecular interactions in the solid state
structures of both complexes were studied energetically using
theoretical DFT calculations to understand clearly the impor-
tance of hydrogen bonding in shaping the structures. These
interactions have also been analyzed using several computa-
tional tools, including Bader's “atoms-inmolecules” (AIM).
Experimental

All starting materials and solvents were commercially available,
reagent grade, and used as purchased from Sigma-Aldrich
without further purication.
RSC Adv., 2024, 14, 13905–13914 | 13905
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Synthesis of the ligands

The ligands have been prepared following the literature
methods71,72 and therefore the synthesis of the ligands is briey
given in the ESI.†
Synthesis of complexes

[Zn2L
1(m-OAc)3]n$H2O (1). A methanol solution (5 mL) of

∼2 mmol zinc(II) acetate dihydrate (439 mg) was added to
a methanol solution (10 mL) of the reduced ‘Schiff base’ ligand
HL1 (∼1 mmol) with constant stirring. Colourless crystals of the
complex 1 were obtained aer ten days of slow evaporation in
an open atmosphere.

Yield: 435.44 mg (∼81%) based on zinc. Anal. Calc. for C16-
H23ClN2O8Zn2 (FW: 537.59): C, 35.75; H, 4.31; N, 5.21. Found: C,
35.72; H, 4.33; N, 5.24%, FT-IR (KBr, cm−1): 3304–3241 (nN–H),
2924–2864 (nC–H), 1607–1567 (nCOO−), 1434–1390 (nCOO−). UV-vis,
lmax (nm), [3max (L mol−1 cm−1)] (acetonitrile): 292 (2.817 ×

103).
[Zn2L

2(m-OAc)3]n (2). Complex 2 was synthesized in a similar
procedure to that of complex 1, except that HL2 was used
instead of HL1.

Yield: 487.63 mg (∼74%) based on zinc. Anal. Calc. for C17-
H24Br2N2O7Zn2 (FW: 658.96): C, 30.99; H, 3.67; N, 4.25. Found:
C, 31.10; H, 3.71; N, 4.32%, FT-IR (KBr, cm−1): 3261–3220 (nN–H),
2960–2863 (nC–H), 1605–1562 (nCOO−), 1405 (nCOO−). UV-vis, lmax

(nm), [3max (L mol−1 cm−1)] (acetonitrile): 309 (5.18 × 103).
Physical measurement

Elemental analysis (carbon, hydrogen and nitrogen) was per-
formed using a PerkinElmer 240C elemental analyzer. IR
spectra in KBr (4500–500 cm−1) were recorded RX-1 FTIR
spectrophotometer. Absorption spectra in acetonitrile solvent
were recorded on UV-1900i Shimadzu absorbance spectropho-
tometer. Emission spectra were recorded in acetonitrile solvent
on Duetta-1621 uorescence spectrophotometer.
X-ray crystallography

A ‘Bruker D8 QUEST area detector’ diffractometer equipped
with graphite-monochromated Mo Ka radiation (l = 0.71073 Å)
has been used to collect (single crystal) XRD data using suitable
crystals (of appropriate dimension) of the complexes. Direct
method has been used to solve the structures and renement
was done by full-matrix least squares on F2 using the SHELXL-
18/1 package.73 Non-hydrogen atoms were rened with aniso-
tropic thermal parameters. The hydrogen atoms attached to
nitrogen atoms were located by difference Fourier maps and
were kept at xed positions. All other hydrogen atoms were
placed in their geometrically idealized positions and con-
strained to ride on their parent atoms. Multi-scan empirical
absorption corrections were applied to the data using the
program SADABS.74 The details of crystallographic data and
renements have been given in Table S1.† Important bond
lengths and angles have been listed in Tables S2 and S3,
respectively (ESI).†
13906 | RSC Adv., 2024, 14, 13905–13914
Theoretical methods

The H-bonding interactions in this study were analyzed using
Gaussian-16 soware75 and the PBE0-D3/def2-TZVP level of
theory.76–78 For evaluating these interactions in their solid-state
form, we utilized crystallographic coordinates. The Bader's
“Atoms in Molecules” theory (QTAIM)79,80 was employed for
examining the hydrogen bonding interactions, utilizing the AIMAll
calculation package for these analyses.81 The hydrogen bonding
interaction has been estimated using the potential energy density
(Vg) at the BCP and the equation proposed in the literature.82
Results and discussion
Synthesis

A methanol solution of N-methyl-1,2-diaminoethane or N-
methyl-1,3-diaminopropane and 5-chlorosalicylaldehyde or 3,5-
dibromosalicylaldehyde in 1 : 1 molar ratio were reuxed to
produce tridentate N2O donor Schiff base ligands, following the
literature method.83–90 NaBH4 was then used as a reducing agent
to prepare the reduced analogues (HL1 and HL2) of the Schiff
base ligands.71,72 These are essentially secondary amines, but
may be considered as a ‘reduced Schiff base’ to highlight the
method of its synthesis. HL1 and HL2 on reaction with zinc(II)
acetate dihydrate in 1 : 2 molar ratio in presence of few drops of
methanol to produce the complexes 1 and 2. Synthetic routes to
complexes have been shown in Schemes 1 and 2.
Description of structures

[Zn2L
1(m-OAc)3]n$H2O (1). X-ray crystal structure determina-

tion reveals that the complex 1 crystalizes in orthorhombic space
group, Fdd2 forming a chain structure, as shown in Fig. 1. The
asymmetric unit (Fig. 2) of complex 1 contains two different types
of zinc(II) centers, distorted octahedral, Zn(1) and distorted
tetrahedral, Zn(2) along with a lattice water molecule. Zn(1), is
equatorially coordinated by two amine nitrogen atoms, {N(1) and
N(2)}, one phenoxo oxygen atom, O(1), of the N2O reduced Schiff
base unit, (L1)− and one bridging acetate oxygen atom, O(4), and
axially coordinated by two oxygen atoms, O(2) and O(7)i (i =
symmetry transformation = −1/4 + x, 1.25 − y, −1/4 + z) of two
bridging acetate units. Zn(2), On the other hand is coordinated
by one phenoxo oxygen atom, O(1), of the reduced Schiff base
unit (L1)− and three oxygen atoms, {O(3), O(5) and O(6)} of three
bridging acetate units. The most common geometry of any tetra-
coordinated complex is either square planar or tetrahedral. The
exact geometry could be calculated from the s4 index, which is
dened as s4 = {360−(a + b)}/141, where a and b are the two
largest ligand–metal–ligand angles in the four coordinate
species.91 For a perfect square planar system, s4 index should be
equal to 0. Similarly, for a regular tetrahedral geometry, s4 index
is very close to 1. The s4 index of complex 1 is 0.885, which
conrms the distorted tetrahedral geometry of Zn(2) center. The
two largest ligand–metal–ligand angles are 120.6(2)° [O(6)–Zn(2)–
O(3)] and 114.6(2)° [O(5)–Zn(2)–O(3)] around Zn(2) center. The
saturated ve member chelate ring [Zn(1)–N(1)–C(8)–C(9)–N(2)],
represent a half-chair conformation (Fig. 3) with puckering
parameters, q = 0.473(7) Å; f = 263.5(6)°.92
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic route to complex 1. Lattice water is not shown for clarity.

Scheme 2 Synthetic route to complex 2.

Fig. 1 1D chain of complex 1. Only amine hydrogen atoms are shown for clarity. Symmetry transformation i=−1/4 + x, 1.25− y,−1/4 + z and ii=
1/4 + x, 1.25 − y, 1/4 + z. We have maintained a colour codes in this figure: red for oxygen, grey for carbon, light blue for nitrogen, green for
chlorine, light grey for hydrogen and orange for zinc centres.
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In complex 1, there are two N–H/O hydrogen bonding inter-
actions involving the lattice water molecule and neighboring
monomeric unit. The hydrogen atom, H(1), attached to the amine
nitrogen atom, N(1), forms hydrogen bonds (Fig. 4) with the
acetate oxygen atom, O(3)i of the neighboring monomeric unit
© 2024 The Author(s). Published by the Royal Society of Chemistry
(symmetry transformation i = −1/4 + x, 1.25 − y, 1/4 + z). The
hydrogen atom, H(2) attached to the amine nitrogen atom, N(2), of
the reduced Schiff base unit, (L1)− forms hydrogen bonds (Fig. 4)
with the oxygen atom, O(8), of the lattice water molecule. The
details of hydrogen bonding interactions are gathered in Table 1.
RSC Adv., 2024, 14, 13905–13914 | 13907
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Fig. 2 The asymmetric unit of complex 1. Lattice water molecule is
not shown for clarity. Only the relevant hydrogen atoms are shown for
clarity. Symmetry transformation i = −1/4 + x, 1.25 − y, −1/4 + z.

Fig. 3 The perspective view of the half-chair conformation of the
saturated five-member chelate ring [Zn(1)–N(1)–C(8)–C(9)–N(2)] of
complex 1.

Fig. 4 The N–H/O hydrogen bonding interactions in complex 1.
Only the relevant hydrogen atoms are shown for clarity. Symmetry
transformation i = −1/4 + x, 1.25 − y, −1/4 + z. We have maintained
a colour codes in this Fig.: red for oxygen, grey for carbon, light blue
for nitrogen, green for chlorine, light grey for hydrogen and orange for
zinc centres.
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[Zn2L
2(m-OAc)3]n (2). X-ray crystal structure determination

reveals that the complex 2 crystalizes in orthorhombic space
group, Pba2 forming a chain structure, as shown in Fig. 5. The
asymmetric unit (Fig. 6) of complex 2 contains two different
types of zinc(II) centers, distorted octahedral, Zn(1) and dis-
torted tetrahedral, Zn(2). Zn(1), is equatorially coordinated by
two amine nitrogen atoms, {N(1) and N(2)}, one phenoxo oxygen
atom, O(1), of the N2O reduced Schiff base unit, (L2)− and one
bridging acetate oxygen atom, O(4), and axially coordinated by
two oxygen atoms, {O(2) and O(7)}of two bridging acetate units.
Zn(2), On the other hand is coordinated by one phenoxo oxygen
atom, O(1), of the reduced Schiff base unit (L2)− and three
oxygen atoms, {O(3), O(5) and O(6)} of three bridging acetate
units. The s4 index of the complex 2 is 0.928, which conrms the
distorted tetrahedral that the geometry of Zn(2) center. The two
largest ligand–metal–ligand angles are 120.1(3)° [O(6)–Zn(2)–
O(5)] and 109.1(4)° [O(5)–Zn(2)–O(3)] around Zn(2) center. The
saturated six member chelate ring [Zn(1)–N(1)–C(8)–C(9)–C(10)–
N(2)], represent a chair conformation (Fig. 7) with puckering
parameters, q = 0.599(14) Å; q = 171.5(12)°; f = 341(9)°.92,93

In complex 2, additionally, two N–H/O hydrogen bonding
interaction exist between the adjacent monomeric units. The
13908 | RSC Adv., 2024, 14, 13905–13914
hydrogen atoms, H(1) and H(2), attached to the amine nitrogen
atoms, N(1) and N(2) of the reduced Schiff base unit, (L2)− forms
hydrogen bonds (Fig. 8) with the acetate oxygen atoms, O(5)iii

and O(3)iii of the neighbouring monomeric unit (symmetry
transformation = iii = −1/4 + x, 1.25 − y, 1/4 + z). The details of
hydrogen bonding interactions are gathered in Table 1.
Theoretical study

Two novel coordination polymers based on Zn(II) have been
successfully synthesized, as depicted in Fig. 9. These complexes
can be described as dinuclear Zn(II) motifs with the formula
[Zn2L

n(AcO)3], connected by bridging acetate ligands. In the
case of complex 1, which includes a lattice water molecule
within its composition, the NH amino groups of the reduced
Schiff base ligand exhibit divergent orientations (as indicated
by the yellow circle). One NH group points towards the water
molecule, while the other NH group interacts with the oxygen
atom of an acetate group from an adjacent [Zn2L

n(AcO)3] unit.
In contrast, complex 2 displays a different arrangement, with

both NH groups oriented in the same direction. These NH
groups form hydrogen bonds with the acetate ligands of
neighboring units. Consequently, NH/OAc hydrogen bonds
play a signicant role in both the formation and stabilization of
the coordination polymers.

Theoretical Density Functional Theory (DFT) analysis is
employed to assess the strength of these hydrogen bonds and to
investigate the profound impact of the lattice water molecule on
the orientation of the NH groups. This, in turn, inuences the
geometry and arrangement of the polymeric chain.

We conducted QTAIM (Quantum Theory of Atoms in Mole-
cules) analysis on a dimeric fragment of the polymers, repre-
sented as tetranuclear models, to assess the strength of the
hydrogen bonds. Given the polymeric nature of the structures,
the hydrogen bonds were evaluated using the potential energy
density at the bond critical points (CPs), as described in the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Hydrogen bond distances and angles in complexes 1–2

Complex N–H/O N–H (Å) H/O (Å) N–H/O (Å) :N–H/ O (°) Symmetry transformation

1 N(1)–H(1)/O(3)i 0.980 2.183 3.153(7) 170.2 i = −1/4 + x, 1.25 − y, −1/4 + z
N(2)–H(2)/O(8) 0.981 2.117 3.04(1) 155.3 —

2 N(1)–H(1)/O(5)iii 0.980 2.070 3.03(1) 166.7 iii = −0.5 + x, 1.5 − y, z
N(2)–H(2)/O(3)iii 0.980 2.312 3.26(1) 162.7

Fig. 5 1D chain of the complex 2. Only amine hydrogen atoms are shown for clarity. Symmetry transformation iii = −0.5 + x, 1.5 − y, z and iv =
0.5 + x, 1.5 − y, z. We have maintained a colour codes in this figure: red for oxygen, black for carbon, blue for nitrogen, deep green for bromine,
grey for hydrogen and orange for zinc centres.
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theoretical methods. The QTAIM analysis conrms the pres-
ence of NH/OH2 and NH/OAc hydrogen bonds, which is
evident from the existence of corresponding bond critical
Fig. 6 The asymmetric unit of complex 2. Only the relevant hydrogen
atoms are shown for clarity. Symmetry transformation iii=−0.5 + x, 1.5
− y, z.

© 2024 The Author(s). Published by the Royal Society of Chemistry
points (BCP) represented as purple spheres in Fig. 10, as well as
bond paths (depicted as dashed bonds) connecting the
hydrogen atoms to the oxygen atoms.

It is worth noting that in complex 2, where no water is
present in the solid-state structure, the energy associated with
both hydrogen bonds is −6.1 kcal mol−1. However, in complex
1, the cumulative energy of both hydrogen bonds is slightly
more negative, measuring −6.6 kcal mol−1. This difference,
albeit small (0.5 kcal mol−1), has a signicant cumulative effect
along the innite polymeric chain. Consequently, it explains the
distinct arrangement of the NH groups in these complexes.

Therefore, the pronounced inuence of the lattice water
molecule on the conformation of the polymeric chain can be
attributed to the fact that the combination of NH/OAc and
NH/OH2 hydrogen bonds is energetically stronger than the
presence of two NH/OAc hydrogen bonds alone.
Fig. 7 The perspective view of the chair conformation of the saturated six
member chelate ring [Zn(1)–N(1)–C(8)–C(9)–C(10)–N(2)] of complex 2.

RSC Adv., 2024, 14, 13905–13914 | 13909
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Fig. 8 The N–H/O hydrogen bonding interactions in complex 2. Only the relevant hydrogen atoms are shown for clarity.

Fig. 9 Representation of the 1D coordination polymers 1 (a) and 2 (b) with indication of the H-bonds. The H-bonded are omitted apart from
those participating in the H-bonds. The distances are given in A.
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Hirshfeld surface analysis

Fig. S1 and S2 (ESI)† display the Hirshfeld surfaces of complexes
1 and 2, which are mapped over dnorm, curvedness, and shape
index (range −0.1 Å to 1.5 Å). To enable visibility of the
molecular moiety around which they are calculated, the surface
is rendered as transparent. The dominant interactions are Br/
H/H/Br and O/H/H/O of complex 2 can be seen in the
Hirshfeld surface as red spots on the dnorm surface in Fig. S1.†
Other visible spots in the Hirshfeld surfaces corresponds to
H/H contacts. The small extent of area and light colour on the
13910 | RSC Adv., 2024, 14, 13905–13914
surface indicate weaker and longer contact other than hydrogen
bonds. C/H/H/C interaction appear as distinct spikes in the
2D ngering plot (Fig. 11). Complementary regions are visible in
the ngerprint plots where onemolecule acts as a donar (de > di)
and the other as an acceptor (de < di). The ngerprint plots can
be decomposed to high-light contributions from different
interactions types, which overlap in the full ngerprint.94

The proportions Br/H/H/Br, O/H/H/O and C/H/H/C,
comprises 21.1, 17.2 and 5.7% of the Hirshfeld surface of the
complex 2. Br/H/H/Br interaction appears as two distinct
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 QTAIM analysis of dimeric models of complexes 1 (a) and 2 (b).
Only BCPs (purple spheres) and bond paths (dashed bonds) corre-
sponding to the NH/O H-bonds are represented for clarity. The H-
bonding energies are indicated close to the BCPs. We have maintained
a colour codes in this figure: red for oxygen, grey for carbon and zinc,
blue for nitrogen, green for chlorine, purple for bromine and light grey
for hydrogen atoms.

Fig. 11 Fingerprint plot: different contacts contributed to the total
Hirshfeld surface area of complex 2.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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spike in the 2D ngerprint plots. The Br/H interaction is
represented by lower spike (di = 1.78 and de = 1.03 Å) and the
H/Br interaction is represented by the upper spike (di = 1.03
and de = 1.78 Å), which can be viewed as bright red spots on the
dnorm surface. The O/H interaction is represented by lower
spike (di = 1.18 and de = 0.83 Å) and the H/O interaction is
represented by upper spike (di = 0.83 and de = 1.18 Å), which
can be viewed as bright red spots on the dnorm surface. The
C/H interaction is represented by lower spike (di = 1.70 and de
= 1.15 Å) and the H/C interaction is represented by upper
spike (di = 1.15 and de = 1.70 Å), which can be viewed as bright
red spots on the dnorm surface.

IR spectral study

In the IR spectra of complexes 1 and 2, distinct bands in the
region 3304–3152 are observed due to the presence of N–H
stretching vibrations.95–97 Bands in the region 2924–2863 cm−1

may be assigned as C–H stretching vibrations.53,98,99 The details
of the IR bands are gathered in Table S4 (ESI).†

Potential application of the complexes

The complexes may have applications in different elds. Some
important potential applications of the complexes are outlined
below. Many zinc complexes have been used as photo-catalyst to
degrade several oreganic dyes, e.g. methylene blue.100,101 The
present complexes may therefore have the potential to be used
in the photo-catalytic degradation of different organic dyes and
may therefore be used in textile industry for waste management.
Literature shows that zinc complexes may mimic several
hydrolytic enzymes e.g. phosphatase etc.42,102,103 Therefore, the
present complexes may have interesting bio-mimetic catalytic
application. Many group 12 metal complexes with similar
ligands have been utilised to fabricate different opto-electronic
devices, some of which have been found to show photo-sensi-
tivity.17,104 It will therefore be interesting to explore the possi-
bility of fabricating different opto-electronic devices using
complexes 1 and 2. The strong uorescence emission of many
zinc complexes have been exploited for the detection of nitro-
aromatic explosives by turn off uorescence responses.39,105–107

The present complexes may also be used as sensor to detect
different nitroaromatic explosives.

Conclusions

In summary, we have synthesized two zinc complexes. Both are
forming 1D chains. We have estimated the energy of H-bonding
interaction in the solid state structures of the complexes. Our
analysis highlights the crucial role of hydrogen bonding in
shaping the structures of Zn(II)-based coordination polymers.
Complex 1, with a lattice water molecule, shows slightly
stronger combined hydrogen bond energy than complex 2,
lacking water. This modest energy difference signicantly
inuences the orientation of NH groups and the polymer's
arrangement. Although the application of the complexes were
not explored in the present study, a literature survey on zinc
complexes with similar Schiff bases or their reduced analogues
RSC Adv., 2024, 14, 13905–13914 | 13911
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indicates that the complexes may have the potential application
in detecting nitroarmatic explosives, in the fabrication of opto-
electronic devices, in the photo-catalytic degradation of organic
dyes and also in mimicking different hydrolytic enzymes etc.
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