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aracterization of a mononuclear
zinc(II) Schiff base complex: on the importance of
C–H/p interactions†

Tanmoy Basak,a Antonio Frontera b and Shouvik Chattopadhyay *a

A zinc(II) complex, [ZnL(H2O)]$H2O {H2L ¼ 2,20-[(2,2-dimethyl-1,3-propanediyl)bis(nitrilomethylidyne)]bis

[6-ethoxyphenol]} has been synthesized and characterized by UV-vis and IR spectroscopy. The structure

of the complex has been confirmed by X-ray crystallography and the noncovalent interactions

characterized using Hirshfeld surface analysis. In addition to the conventional H-bonds involving the Zn-

coordinated and non-coordinated water molecules, interesting C–H/p interactions between the H-

atoms belonging to aliphatic part of the ligand (2,2-dimethyl-1,3-propanediyl) and the Zn-coordinated

aromatic rings are established. These interactions have been studied using DFT calculations (PBE0-D3/

def2-TZVP) and characterized using molecular electrostatic potential (MEP) surfaces and the

noncovalent interaction (NCI) plot index analyses.
Introduction

Zinc(II) complexes have lots of important applications as useful
electronic and opto-electronic materials.1–5 Many zinc(II)
complexes have also been prepared recently to explore their
potential use in photonic devices.6 The importance of zinc(II) in
biology is well known. Several zinc(II) complexes have been
shown to have the ability to mimic the active sites of many zinc
metalloenzymes.7–10 Many zinc(II) complexes are shown to have
the ability to degrade organic dyes in aqueous solution.11–13 To
show strong uorescence is a typical behaviour of any zinc(II)
complex, and the uorescence intensity usually decreases in
presence of different nitroaromatic compounds.14–17 So, many
zinc(II) complexes have been used for the detection of nitro-
aromatic explosives by turn off uorescence response.18–20 The
d10 electronic conguration of zinc(II) also favours a variety of
coordination geometries, e.g. tetrahedral,21 square pyramidal,22

octahedral,23 trigonal prism,24 trigonal dodecahedral25 etc.
Obviously, tetrahedral is by far the most common geometry of
zinc(II). These complexes show varieties of molecular and supra-
molecular architectures.26–30

A variety of supramolecular interactions are responsible for
the crystal packing of coordination compounds, leading to
a broad range of dimensional frameworks (0D to 3D) through
a variety of forces.31,32 Apart from coordination and hydrogen
n, Jadavpur University, Kolkata-700032,
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bonds,33 forces associated with aromatic p-systems like p-
stacking, lone pair/p, ion/p and C–H/p are important
guiding the formation of supramolecular polymeric architec-
tures in solid state.34 In particular, the C–H/p interaction is
a weak attraction between a C–H bond and a p-system
(aromatic, double or triple bond), and its roles and signicance
in chemistry and biochemistry have been widely discussed.35,36

Salen type N2O2 donor Schiff bases have been widely used to
synthesize many zinc(II) complexes.37–40 This manuscript reports
the synthesis and X-ray characterization and Hirshfeld surface
analysis of a new Zn(II) complex, [ZnL(H2O)]$H2O with a salen
type Schiff base (H2L). The structure directing role of C–H/p

interactions between the H-atoms belonging to aliphatic part of
the ligand (2,2-dimethyl-1,3-propanediyl) and the Zn-coordinated
aromatic rings has been studied energetically using DFT calcu-
lations at the PBE0-D3/def2-TZVP level of theory. These interac-
tions have been further rationalized usingmolecular electrostatic
potential (MEP) surfaces and characterized using the non-
covalent interaction (NCI) plot index analysis.
Experimental section

3-Ethoxysalicylaldehyde, 2,2-dimethylpropane-1,3-diamine,
methanol, zinc(II) acetate dihydrate and DMF were commer-
cially available, reagent grade, and used as purchased from
Sigma-Aldrich without further purication.
Preparation of ligand

Preparation of H2L, {2,20-[(2,2-dimethyl-1,3-propanediyl)
bis(nitrilomethylidyne)]bis[6-ethoxyphenol]}. The N2O2 donor
Schiff base ligand, H2L, was prepared by reuxing 2,2-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Crystal data and refinement details of the complex

Formula C23H30N2O6Zn

Formula weight 495.88
Temperature (K) 273
Crystal system Orthorhombic
Space group Aba2
a (Å) 26.205(11)
b (Å) 25.903(11)
c (Å) 14.652(6)
Z 16
dcal (g cm�3) 1.325
m (mm�1) 1.026
F(000) 4160
Total reection 166 664
Unique reections 10 962
Observe data [I > 2s(I)] 9714
R(int) 0.091
R1, wR2 (all data) 0.0564, 0.1327
R1, wR2 [I > 2s(I)] 0.0450, 0.1204
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dimethylpropane-1,3-diamine (0.10 mL, 1 mmol) with 3-ethox-
ysalicylaldehyde (0.340 g, �2 mmol) in methanol solution (10
mL) for ca. 1 h. It was not isolated, but was used directly for the
preparation of the complex.

Preparation of complex

[ZnL(H2O)]$H2O. A methanol solution (10 mL) of zinc(II)
acetate dihydrate (0.220 g, �1 mmol) was added to the methanol
solution of the ligand, H2L and the resulting solution was reuxed
for ca. 30min. The resulting solution was kept in open atmosphere
for crystallization. Single crystals, suitable for X-ray diffraction,
were obtained aer few days on slow evaporation of the solution.

Yield: 0.347 g (�70%) based on zinc(II). Colour: yellow; anal. calc.
for C23H32N2O6Zn (FW 497.88): C, 55.48; H, 6.48; N, 5.63; found: C,
55.44; H, 6.34; N, 5.73%. IR (KBr, cm�1): 1625 (nC]N), 2840–2960 (nC–
H), 3351 (nO–H). UV-vis, lmax (nm), [3max (L mol�1 cm�1)] (DMF): 232
(6.06 � 103), 272 (2.4 � 103), 356 (7.8 � 102); 1H NMR (DMSO-d6)
d ppm: 8.12 (s, 2H, –CH]N), 6.73 (d, 4H, J ¼ 7.8 Hz, Ar-H); 6.26 (t,
2H, J ¼ 7.7 Hz, Ar-H); 3.98 (q, 4H, J ¼ 7.0 Hz, –CH2); 3.44 (s, 2H,
–CH2); 1.23 (t, 6H, J ¼ 7.0, –CH3); 0.87 (s, 6H, –CH3).

Physical measurement

Elemental analyses (carbon, hydrogen and nitrogen) were per-
formed using a PerkinElmer 240C elemental analyzer. IR
spectra in KBr (4500 to 500 cm�1) were recorded with a Perki-
nElmer Spectrum Two spectrophotometer. Electronic spectra in
DMF were recorded on a Shimadzu UV-1700 UV-vis spectro-
photometer. The 1H NMR spectra at 400 MHz were recorded in
DMSO-d6 on a JEOL-JNM-ECZ400 S/L1.

X-ray crystallography

Suitable crystals of the complex was used for data collection
using a ‘Bruker D8 QUEST area detector’ diffractometer equip-
ped with graphite-monochromated Mo Ka radiation (l ¼
0.71073 Å). The molecular structures were solved by direct
method and rened by full-matrix least squares on F2 using the
SHELX-18 package.41 Non-hydrogen atoms were rened with
anisotropic thermal parameters. The hydrogen atoms attached
to oxygen atoms of coordinated water molecules were located by
difference 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.42 The hydrogen
atoms attached with the oxygen atoms of lattice water molecules
could not be xed. Crystallographic data and renement details
of the complex are given in Table 1.

Hirshfeld surface analysis

Hirshfeld surfaces43–45 and the associated two-dimensional (2D)
ngerprint46–48 plots were calculated using Crystal Explorer,49

with bond lengths to hydrogen atoms set to standard values.50

Two distances, de (the distance from the point to the nearest
nucleus external to the surface) and di (the distance to the
nearest nucleus internal to the surface), are dened for each
© 2021 The Author(s). Published by the Royal Society of Chemistry
point on the Hirshfeld surface. The normalized contact distance
(dnorm) based on de and di is dened as:

dnorm ¼
�
di � rvdwi

�

rvdwi

þ
�
de � rvdwe

�

rvdwe

where rvdwi and rvdwe are the van derWaals radii of the atoms. The
dnorm value is negative or positive depending on intermolecular
contacts being shorter or longer than the van der Waals sepa-
rations. The parameter dnorm displays a surface with a red-
white-blue colour design, where bright red spots highlight
shorter contacts, white areas in the same surface represent
contacts around the van der Waals separation and blue regions
are devoid of close contacts. For a given CIF, the Hirshfeld
surface is said to be unique.51

Theoretical methods

The energies of the assemblies studied herein were computed at the
PBE0 (ref. 52)-D3 (ref. 53)/def2-TZVP54 level of theory using the crys-
tallographic coordinates and the Gaussian-16 program.55 Grimme's
D3 dispersion53 correction has been used since it is convenient for the
correct evaluation of non-covalent interactions where dispersion
effects are important like C–H/p interactions. The basis set super-
position error for the calculation of interaction energies has been
corrected using the counterpoise method.56 The MEP surfaces have
been computed using the same level of theory and plotted using the
0.001 a.u. isosurface. The NCI plot57 isosurfaces have been used to
characterize non-covalent interactions. They correspond to both
favorable andunfavorable interactions, as differentiated by the sign of
the second density Hessian eigenvalue and dened by the isosurface
color. The color scheme is a red-yellow-green-blue scale with red for
rcut

+ (repulsive) and blue for rcut
� (attractive).

Results and discussion
Synthesis

In the present work, a Schiff base ligand, H2L, was synthesized
by the condensation of 2,2-dimethyl-1,3-diaminopropane with
RSC Adv., 2021, 11, 30148–30155 | 30149
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Scheme 1 Synthetic route to the complex. Solvent water molecule has not been shown.
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3-ethoxysalicylaldehyde.58 The ligand was not puried and used
directly for preparation of the zinc(II) complex. The reaction of
the ligand, H2L, with zinc(II) acetate in 1 : 1 ratio results the
complex. The formation of the complex is shown in Scheme 1.
Description of structures

[ZnL(H2O)]$H2O. Single crystal X-ray diffraction analysis
reveals that the complex crystallizes in orthorhombic space
groups, Aba2. The asymmetric unit of the complex contains two
subunits (A and B) and two non-coordinated water molecules as
lattice solvent molecules. Perspective views of both subunits of
the complex are shown in Fig. 1. The trigonality indices (s)59 of
the penta-coordinated zinc(II) centers, Zn(1) and Zn(2), of the
complex are 0.411 and 0.375 respectively, which supports the
distorted square pyramidal geometries of both zinc(II) centers.
The trigonality index (or Addison parameter) of a penta coor-
dinated metal center may be dened as (a � b)/60, where a and
b are the two largest ligand–metal–ligand angles in the coordi-
nation sphere.

In subunit A, the square pyramidal zinc(II) center, Zn(1),
resides in the inner N2O2 compartment of the di-anion of the
compartmental Schiff base ligand, L2�. Two imine nitrogen
atoms, N(1) and N(2), and two phenoxo oxygen atoms, O(1) and
O(2), of the deprotonated di-Schiff base constitute the equato-
rial plane. An oxygen atom, O(3), from a water molecule is
Fig. 1 Perspective views of the complex with selective atom numbering s
clarity.

30150 | RSC Adv., 2021, 11, 30148–30155
coordinated in the apical position. Deviations of the coordi-
nating atoms O(1), O(2), N(1), N(2) from the least-square mean
planes through them are 0.219(4), �0.219(4), 0.211(4), 0.211(5)
Å, respectively. As is usual for square pyramid structures, the
zinc(II) is displaced 0.464 Å from the plane towards the apically
coordinated oxygen (O3) of the water molecule.

In case of subunit B, the zinc(II) center, Zn(2), shows similar
coordination mode, in which two imine nitrogen atoms, N(3)
and N(4), and two phenoxo oxygen atoms, O(6) and O(7), of the
deprotonated di-Schiff base constitute the equatorial plane and
an oxygen atom, O(8), from a water molecule is coordinated in
the apical position. Deviations of the coordinating atoms O(6),
O(7), N(3) and N(4) from the least-square mean planes through
them are 0.201, �0.200, �0.194, 0.193 Å, respectively. Here also
the zinc(II) is displaced 0.462 Å from the plane towards the
apically coordinated oxygen (O8) of the water molecule.

The selected bond lengths and bond angles of the complex
are given in Tables 2 and 3 respectively. It is found that Zn(II)–O
and Zn(II)–N distances vary from 1.998(4) to 2.037(4) Å and
2.105(5) to 2.121(4) Å, respectively. The bond lengths and angles
are comparable with those for the related zinc(II) complexes of
the salen type di-Schiff base ligands and are close to the ex-
pected values.7–9,15,16,37–39,58,60 The saturated six membered
chelate rings, Zn(1)–N(1)–C(12)–C(11)–C(10)–N(2) {for subunit
A} and Zn(1)–N(3)–C(33)–C(35)–C(38)–N(4) {for subunit B},
cheme. Hydrogen atoms and solvent molecules have been omitted for

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Selected bond lengths (Å) of the complex

Zn(1)–O(1) 2.037(4) Zn(2)–O(6) 2.029(4)
Zn(1)–O(2) 1.998(4) Zn(2)–O(7) 2.007(4)
Zn(1)–O(3) 2.005(4) Zn(2)–O(8) 2.006(4)
Zn(1)–N(1) 2.107(4) Zn(2)–N(3) 2.121(4)
Zn(1)–N(2) 2.113(5) Zn(2)–N(4) 2.105(5)

Table 3 Selected bond angles (�) of the complex

O(1)–Zn(1)–O(2) 88.38(17) O(6)–Zn(2)–O(7) 89.06(17)
O(1)–Zn(1)–O(3) 96.98(16) O(6)–Zn(2)–O(8) 97.37(17)
O(1)–Zn(1)–N(1) 166.15(16) O(6)–Zn(2)–N(3) 86.13(16)
O(1)–Zn(1)–N(2) 86.75(17) O(6)–Zn(2)–N(4) 165.19(17)
O(2)–Zn(1)–O(3) 112.27(18) O(7)–Zn(2)–O(8) 110.56(17)
O(2)–Zn(1)–N(1) 88.15(17) O(7)–Zn(2)–N(3) 142.75(17)
O(2)–Zn(1)–N(2) 141.40(18) O(7)–Zn(2)–N(4) 87.73(17)
O(3)–Zn(1)–N(1) 96.75(17) O(8)–Zn(2)–N(3) 106.68(18)
O(3)–Zn(1)–N(2) 106.33(18) O(8)–Zn(2)–N(4) 97.30(18)
N(1)–Zn(1)–N(2) 87.62(17) N(3)–Zn(2)–N(4) 87.69(17)
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assume chair conformations with puckering parameters,61 q ¼
0.605(5) Å, q ¼ 6.3(5)�, 4 ¼ 138(4)� and q ¼ 0.603(5) Å, q ¼
6.8(5)�, 4 ¼ 277(4)�, respectively.
Hirshfeld surfaces analysis

The Hirshfeld surfaces of the complex is mapped over dnorm
(range�0.1 Å to 1.5 Å), shape index and curvedness (Fig. 2). Red
spots on the Hirshfeld surfaces mapped with dnorm denote the
dominant interactions. Shape index can be used to identify
complementary hollows (red) and bumps (blue) where two
Fig. 2 (a) Hirshfeld surfaces of the complex mapped with dnorm (left), sh
H/O interactions comprise 13.4% of the Hirshfeld surfaces and the pr
surfaces.

© 2021 The Author(s). Published by the Royal Society of Chemistry
molecular surfaces touch one another. Curvedness is a function
of the root-mean-square curvature of the surface and maps of
curvedness typically show large regions of green (relatively at)
separated by dark blue edges (large positive curvature).

The intermolecular interactions appear as distinct spikes in the
2D ngerprint plot (Fig. 2). The main interactions are observed
between the oxygen and hydrogen atoms (O/H). Other visible
spots in Hirshfeld surfaces correspond to C/H contacts.

IR and electronic spectra

In the IR spectrum of the complex (Fig. 3), a distinct band
appears around 1625 cm�1 due to stretching vibrations of azo-
methine (C]N) groups.62 The bands in the range of 2840–
2960 cm�1 due to alkyl C–H bond stretching vibrations are
customarily noticed in the IR spectrum of the complex.63 A
distinct band is observed at 3351 cm�1 due to O–H stretching
vibrations of coordinating water molecule and lattice water
molecule.64

Electronic spectrum of the complex has been recorded in DMF
medium. There are only three bands in the UV-vis spectrum of the
complex. Bands at 232 nm and 272 nmmay be attributed as p/

p* transitions.65–67 The band at 356 nmmay be attributed to the n
/ p* charge transfer transition.68,69 There is no band corre-
sponding to d–d electronic transitions, as expected for zinc(II)
complexes with d10 electronic conguration.55

1H NMR spectrum
1H NMR Spectra of complex is shown in Fig. 4. Imine protons
(–CH]N) of the complex appeared as a singlet at 8.12 ppm.
Aromatic protons of the complex have been noticed in the range
of 6.24–6.74 ppm. The methylene protons of diamine moiety of
the complex appeared as singlet at 3.46 ppm another methylene
ape index (middle) and curvedness (right); (b) the proportion of O/H/
oportion of C/H/H/C interactions comprise 17.9% of the Hirshfeld

RSC Adv., 2021, 11, 30148–30155 | 30151
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Fig. 3 IR spectrum of the complex.
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protons of ethoxy group appeared as quartet in the range of
3.96–4.01 ppm. Methyl protons of ethoxy group appeared as
triplet in the range of 1.21–1.24 ppm and another methyl
protons of diamine appeared as singlet at 0.87 ppm.

DFT calculations. The theoretical study is focused to the
analysis of the C–H/p interactions observed in the solid state
of [ZnL(H2O)]$H2O. Fig. 5 shows a partial view of the X-ray
structure where an interesting 1D supramolecular assembly is
Fig. 4 1H NMR of the complex.

30152 | RSC Adv., 2021, 11, 30148–30155
highlighted. It propagates due to the formation of several C–
H/p interactions involving the aliphatic linker 2,2-dimethyl-
1,3-propanediyl moiety and both aromatic rings.

To rationalize the interaction, the MEP surface (Fig. 6) of
[ZnL(H2O)] complex has rst been computed since it is conve-
nient to investigate the most nucleophilic and electrophilic
groups of the complex. The MEP maximum is located at the H-
atoms of the coordinated water molecule (+70 kcal mol�1). This
large MEP value is due to the enhanced acidity of water H-atoms
upon complexation to Zn(II). The minimum is also very large
(�74 kcal mol�1) because it is located at the region where the
four O-atoms of the ligand converge. Furthermore, the MEP
values at the H-atoms of the methyl groups are positive (+12 and
+18 kcal mol�1) and those over the center of the phenoxido
ligands are negative (�31 kcal mol�1), thus anticipating
a strong C–H/p interaction energies. Moreover, the van der
Waals surface shows that themethyl group ts well into the cle
formed by both aromatic surfaces.

Fig. 7 shows a dimer extracted from the innite 1D chain
commented above (see Fig. 5) where the network of C–H/p

interactions is represented. Four C–H/p contacts are formed
with H/C distances ranging from 3.30 to 3.56 Å, which are in
the typical range described before for this type of bonding. One
of the C–H bonds points to one exocyclic O-atom. The formation
energy is very large DE ¼ �13.9 kcal mol�1 conrming the
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03943a


Fig. 5 Detail 1D infinite chain observed in the solid state of [Zn(L)H2O]$H2O with indication of the C–H/p interactions. H-atoms omitted for
clarity apart from those of the aliphatic linker.

Fig. 6 MEP surface of f [Zn(L)H2O] complex at the PBE0-D3/def2-TZVP level of theory and using two different orientations: coordinated
molecule pointing up (a) or down (b). The values at selected points of the surface are indicated in kcal mol�1.

Fig. 7 Dimer of [Zn(L)H2O] with indication of the C–H/p interac-
tions. Distances are in Å.
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importance of this network of interactions in the solid state of
[ZnL(H2O)].

The noncovalent interaction plot index (NCI Plot) has been
used further to characterize the C–H/p assembly in
[ZnL(H2O)]. The NCI plot is an intuitive method that shows
which spatial regions between molecules interact. Conse-
quently, it is very convenient to analyze noncovalent interac-
tions. Moreover, it gives hints regarding the strength of the
interactions by using a colour code, where green is used for
weak interactions and yellow for repulsive ones. Strongly
attractive and repulsive interactions are represented by blue
and red colors, respectively. The NCI plot of the dimer is given
in Fig. 8, which conrms the existence of the C–H/p interac-
tions that are characterized by several green isosurfaces located
between the p-surfaces and the H-atoms. It also conrms the
C–H/O contact also characterized by a green isosurface located
between the C–H group and the O-atom of the ethoxy substit-
uent. Despite all individual contacts are weak (green isosurface)
the sum of all contributions is strong enough to dictate the
formation of the 1D assembly shown in Fig. 5.
© 2021 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2021, 11, 30148–30155 | 30153
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Fig. 8 NCI Plot of the dimer of [Zn(L)H2O]. Isosurface 0.4 density cut-
off 0.04 a.u. Colour scale �0.035 a.u. # sign(l2) r # 0.035 a.u.
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Concluding remarks

A zinc(II) complex, [ZnL(H2O)]$H2O {H2L ¼ 2,20-[(2,2-dimethyl-
1,3-propanediyl)bis(nitrilomethylidyne)]bis[6-ethoxyphenol]}
has been synthesized and characterized by single crystal X-ray
diffraction study, elemental analysis, FT-IR and electronic
spectroscopic techniques. Crystal structure analysis reveals that
C–H/p interactions lead to the formation of 1D supramolec-
ular assembly in the solid state. The strength of the C–H/p

interaction has been evaluated using DFT calculations and also
analysed using the MEP surface and NCI plot index computa-
tional tool. The large dimerization energy conrms the impor-
tance of C–H/p interactions in the solid state of [ZnL(H2O)]$
H2O.
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