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Abstract. The synthesis, spectra, electrochemical studies, single crystal structures and DFT studies of two
new mixed ligand copper(II) malonates viz. [Cu(H2O)(bpy(OH)2)(mal)]H2O 1 and [Cu(H2O)(dmp)
(mal)]2H2O 2 (bpy(OH)2) = 2,20 -bipyridine-6,60 -diol; dmp = 6,60 -dimethyl-1,10-phenanthroline; H2mal =
malonic acid) are reported. The malonate, bpy(OH)2 (in 1), dmp (in 2) function as bidentate ligands in the
distorted square pyramidal Cu(II) compounds while the aqua ligand occupies the axial site in 1. In contrast, one N
of dmp occupies the axial site in 2. ESR studies reveal the distorted coordination geometry of Cu(II) in 1 and 2.
Extensive hydrogen bonding (O-HO and C-HO) is observed between the malonate oxygens, oxygens of
water and the monomeric Cu(II) species resulting in the formation of hydrogen bonded network structure in 1 and
2. The neutral monomeric Cu(II) species and lattice water molecules in 2 are linked via O-HO hydrogen bond
forming a water dimer. Both compounds exhibit pp stacking and carbonyl(lp)p interactions (in 2) stabilize
the structure. DFT studies reveal stronger hydrogen bond energy for 2 compared to 1, while pp stacking energy
is larger in 1 than in 2 and carbonyl(lp)p interactions in 2 are found to be moderate. In a series of ﬁve
coordinated mixed ligand Cu(II) malonates, compound 2 exhibits maximum deviation of the {CuN2O3}
polyhedron from square pyramidal towards trigonal bipyramidal geometry.
Keywords. Cu(II) malonates; Distorted square pyramid; Hydrogen bonding; pp stacking; DFT.

1. Introduction
The nature of the ligand inﬂuences the structural features of the supramolecular architecture with formation of channels, pores of different size and shape
which are capable of accommodating guest molecules,
the existence of strong metal-ligand interactions
makes them suitable for numerous applications.1-7
Hydrogen bonding as well as other non-covalent
interactions inﬂuence the overall packing of the network structures.8-12 The occurrence of pp stacking
interactions and its role in generating supramolecular
architectures are well documented.13-23 Non-covalent
interactions viz. n?p* interactions are important for

the stabilization of biomolecules and supramolecular
host-guest assemblies have been investigated in
detail.24-27 Aromatic carboxylate bridging ligands
such as 1,4-benzenedicarboxylate, 1,4-azodibenzoate,
1,3,5-benzenetricarboxylate, pyridine-2,6-dicarboxylate etc., pyridine and imidazole based bridging
ligands such as 4,40 -bipyridine, 2,20 -biimidazole and
2,20 -bibenzimidazole etc. have been successfully
employed for the synthesis of new materials with
interesting properties.28 The Cu(II) ion with a wide
range of coordination geometries is structurally ﬂexible to adopt different structures.29-30 Several
mononuclear mixed ligand Cu(II) malonates of the
type [Cu(L-L)(mal)(OH2)]x H2O (where L–L=N-donor

*For correspondence
Supplementary Information: The online version contains supplementary material available at https://doi.org/10.1007/s12039-02101947-w.
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Figure 1. X-band ESR spectra from solid samples of 2 at room temperature (298 K) and low temperature (77 K) solution
spectra in DMSO.

aromatic diimines) have been structurally characterized.13,31-37 Mixed ligand Cu(II) diimine compounds
have been extensively studied for their interactions
with DNA and interesting DNA cleavage properties
for the development of anticancer agents.13,38-41
Flexible aliphatic dicarboxylates such as malonate
(dianion of propanedioic acid also known as malonic
acid (H2mal)) coordinate with a number of metal ions
(M = Mn, Co, Ni, Cu and Zn) to build neutral robust
networks.42-43 The malonate dianion charge balances
two positive charges of the Cu(II) ion thus allowing
the binding of other neutral ligands viz. aromatic diimines. It is well documented that in addition to the
bidentate (g2) chelation mode, malonate exhibits
bridging binding modes such as l2-tridentate, l3-tetradentate, l4-pentadentate etc.44-45 (Scheme S1, S1).
Substituted aromatic diimines can contribute to the
formation of different secondary interactions such as
hydrogen bonding, pp stacking etc. depending on
the nature of substituent on the aromatic ring.13,37,46-51
It is therefore interesting to explore hydrogen bonding
and other non-covalent interactions to pursue the goal
of constructing extended supramolecular structures

using substituted aromatic diimines. Hence, we studied reactions of 2,20 -bipyridine-6,60 -diol (bpy(OH)2)
and 6,60 -dimethyl-1,10-phenanthroline (dmp) with
Cu(II) in the presence of malonic acid and structurally
characterized two new mixed ligand Cu(II) malonates
viz. aqua(2,20 -bipyridine-6,60 -diol)(malonato)copper(II)
monohydrate [Cu(H2O)(bpy(OH)2)(mal)]H2O 1 and
aqua(6,60 -dimethyl-1,10-phenanthroline)(malonato)copper(II) dihydrate [Cu(H2O)(dmp)(mal)]2H2O 2.
The results of these investigations are described in
this paper.

2. Experimental
2.1 Materials and methods
Cu(NO3)23H2O, 2,20 -bipyridine-6,60 -diol, 6,60 -dimethyl-1,10-phenanthroline, malonic acid were purchased from Sigma Aldrich and TCI (Japan) chemicals
and used without any further puriﬁcation. The infrared
(IR) spectra of the solid samples diluted with KBr
were recorded on a Shimadzu (IR Prestige-21) FT-IR

Figure 2. Cyclic voltammograms of 10-3 M Cu(II) compounds 1 (left) and 2 (right) in 0.1 M TBAHPF in DMSO; scan
rate 0.05 v/s against Ag/AgCl reference electrode; platinum working electrode, a platinum wire as an auxillary electrode;
Tetrabutylammonium hexaﬂuorophosphate (0.1 M TBAHPF) was used as a supporting electrolyte.

J. Chem. Sci. (2021)133:99

spectrometer from 4000 to 400 cm-1 at a resolution of
4 cm-1. The UV-vis absorption spectra were recorded
on Agilent 8453 UV/Vis spectrophotometer at room
temperature using 1cm path length quartz cuvette. The
microanalyses (C, H, and N) were performed on an
Elementar Variomicro Cube CHNS Analyser. TGDTA experiments were performed in air atmosphere in
alumina crucible at a heating rate of 10 C/min in the
temperature range 30 to 800 C on a STA-409 PC
simultaneous thermal analyser from Netzsch. Magnetic susceptibilities were measured at room temperature by Gouy method using mercury(II)
tetrathiocyanatocobaltate(II) as a standard. The electron spin resonance (ESR) spectra for 1 and 2 were
recorded at room temperature (298 K) and at low
temperature (77 K) in dimethylsulfoxide (DMSO)
solvent on a JES-FA200 Electron Spin Resonance
(ESR) spectrophotometer at Sophisticated Analytical
Instrument Facility (SAIF), Indian Institute of Technology, Madras. Cyclic voltammetry was performed in
Electrochemical Workstation-CH Instrument by using
platinum as working electrode, a platinum wire as an
auxiliary electrode and Ag/AgCl as reference electrode. The redox properties of 1 and 2 were studied in
DMSO solvent using tetrabutylammonium hexaﬂuorophosphate (0.1 M TBAHPF) as supporting electrolyte at a scan rate of 0.05 Vs-1.
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Compound 2: Yield: 60 %; Anal. calcd for CuC17
N2O7H20 (427.89): C 47.71, H 4.72, N 6.54 %; found: C
47.92, H 4.90, N 6.70 %; leff (298K):1.71 lB; IR. (KBr
cm-1): 3356 br, 2924 br, 2646 w, 2538 w, 2520 w, 2243
w, 2144 w, 2063 m, 1973 m, 1880 m, 1838 m, 1786 m,
1666 s, 1591 s, 1556 m, 1504 s, 1433 s, 1365 s, 1327 s,
1296 s, 1276 s, 1251 s, 1224 s, 1157 s, 1031 s, 972 m, 950
s, 943 s, 862 s, 837 w, 812 w, 794 w, 777 m, 732 m, 719
m, 682 w, 655 m, 588 m, 549 s, 435 m, 408 m.

2.3 Single crystal X-ray crystallography
Single crystals of 1 and 2 suitable for X-ray diffraction
were grown by slow evaporation from aqueous ethanol
solution at room temperature. Preliminary examination
and X-ray diffraction data collection for 1 at 293(2) K
and 2 at 100(2) K were performed on a Bruker D8
Quest Eco X-ray diffractometer using monochromated
MoKa (k= 0.7107 Å) radiation. The collected frames
were integrated, scaled, merged and absorption correction was performed using the package APEX3
program (Version 2018.1). The structure was solved
by SHELXS and reﬁned against F2 by weighted fullmatrix least-squares using SHELXL.52 All nonhydrogen atoms were reﬁned with anisotropic displacement parameters. Selected reﬁnement parameters
for the compounds 1 and 2 are summarized in Table 1.

2.2 Synthesis of [Cu(H2O)(bpy(OH)2)(mal)]H2O
1 and [Cu(H2O)(dmp)(mal)]2H2O 2
For the synthesis of compound 1, Cu(NO3)23H2O
(0.177 g, 0.72 mM), 2,20 -bipyridine-6,60 -diol
(bpy(OH)2) (0.135 g, 0.72 mM) and malonic acid
(0.075 g, 0.72 mM) were added to 50 mL of degassed
ethanol:water (1:1) in a 100 mL round bottom ﬂask.
The mixture was stirred under reﬂux for 4 h. The
reaction mixture was allowed to cool to room temperature and ﬁltered. Bluish green crystals suitable for
X-ray diffraction were obtained by slow evaporation
of reaction solution. For the synthesis of compound 2,
6,60 -dimethyl-1,10-phenanthroline (0.150 g, 0.72 mM)
was used instead of 2,20 -bipyridine-6,60 -diol.
Compound 1: Yield=65 %; Anal. calcd for C13
H14CuN2O8 (389.80): C 40.04, H 3.63, N 7.19 %;
found: C 40.89, H 3.96, N 7.38 %; leff (298K):1.68
lB; IR. (KBr cm-1): 3601m, 3379 br, 2814, 2792,
2509 br, 2470 br, 1664 s, 1658 s, 1649 s, 1643 s, 1612
s, 1571 m,1517 s, 1467 s, 1369 s, 1286 s, 1269 s,
1242 s, 1184 s, 1174 s, 1126 m, 1107 m, 1010 s, 975
m, 954 m, 933 m, 889 m, 806 s, 729 s, 648 m, 623 m,
542 s, 441w.

2.4 Computational details
Geometries of compounds 1 and 2 studied in this work
were optimized by DFT with the B3PW91 functional.53-54 Two kinds of basis set systems, BS-I and BSII, were used in this work. In BS-I, 6-31G(d) basis
sets55-56 were employed for H, C, N, and O atoms and
LANL2DZ basis set was employed for Cu atom with
effective core potentials (ECPs) for its core electrons.57-59 This BS-I was employed for geometry optimization. The vibrational frequency calculations were
carried out with the B3PW91/BS-I which conﬁrmed that
the optimized species is in an equilibrium structure. In a
better basis set system BS-II, a (311111/22111/411/1)
basis set by the Stuttgart-Dresden-Bonn (SDD) group
was employed for Cu atom with ECPs for the core electrons.60-61 For C, H, N, and O atoms, 6-311?G(d) basis
sets were used. All calculations were performed with
Gaussian 09 program package.62 The energies of
hydrogen bond in the copper compounds 1 and 2 were
calculated with the molecular tailoring based-approach
(MTA) developed by Deshmukh et al.63-66

2036663
CuC13H14N2O8
389.80
293(2)
0.71073
Triclinic
Pı̄
0.289 x 0.167 x 0.044
7.3960(3)
9.5862(3)
11.3837(4)
81.1620(10)
74.3760(10)
72.3430(10)
738.38(5)
2
1.753
1.527
398
2.797 to 28.278
- 9 B h B 9, - 12 B k B 12, - 15 B l B 15
10880 / 3653 [R(int) = 0.0263]
99.5 %
Full-matrix least-squares on F2
Semi-empirical from equivalents
3653/4/237
1.043
R1 = 0.0272, wR2 = 0.0704
R1 = 0.0319, wR2 = 0.0739
0.338 and - 0.317 e.Å-3

1

2036664
CuC17H20N2O7
427.89
100(2)
0.71073
Triclinic
Pı̄
0.513 x 0.263 x 0.121
7.8182(5)
10.5916(6)
11.3559(7)
106.136(2)
100.692(2)
95.264(2)
877.33(9)
2
1.620
1.289
442
3.106 to 28.319
- 10 B h B 10, - 14 B k B 14, - 15 B l B 15
12659 / 4334 [R(int) = 0.0159]
99.3 %
Full-matrix least-squares on F2
Semi-empirical from equivalents
4334/6/270
1.038
R1 = 0.0218, wR2 = 0.0595
R1 = 0.0227, wR2 = 0.0603
0.402 and - 0.385 e.Å-3

2
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Empirical formula
Formula weight
T (K)
k (Å)
Crystal system
Space group
Crystal size (mm3)
a, Å
b, Å
c, Å
a,
b,
c,
V, Å3
Z
dcalc (mg/m3)
l (MoKa) (mm-1)
F (000)
h range ()
Index ranges
Reﬂections collected/unique
Completeness to h
Reﬁnement method
Absorption correction
Data/restraints/parameters
GOF on F2
R1, wR2 [I[2r(I)]
R1, wR2 (all data)
Largest diff. peak and hole

Compound

Table 1. Crystal data and structure reﬁnement for [Cu(H2O)(bpy(OH)2)(mal)]H2O 1 and [Cu(H2O)(dmp)(mal)]2H2O 2.
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3.2 Spectroscopic (IR, UV-Vis and ESR) studies

Figure 3. The structure of [Cu(H2O)(bpy(OH)2)
(mal)]H2O 1 (top) and [Cu(H2O)(dmp)(mal)]2H2O 2
(bottom) shows the penta coordination around copper
(Thermal ellipsoids are drawn at 30% probability level;
Intramolecular O-HO, red broken line and C-HO,
green broken line).

3. Results and Discussion
3.1 Synthesis
Compounds 1 and 2 were synthesized by reaction of
equimolar quantities of Cu(NO3)23H2O with malonic
acid in the presence of bpy(OH)2/dmp in an aqueous
alcoholic medium under reﬂux conditions. Bluish
green coloured crystals were obtained in *60% yield
based on the copper salt employed by slow evaporation of the reaction mixture. The product analysed
satisfactorily and elemental analysis indicated the
composition of 1 (or 2) to contain copper:malonate:diimine in 1:1:1 ratio which was conﬁrmed
by the single crystal structure. Although deprotonation
of the -COOH group of malonic acid occurred in both
the reactions, no deprotonation of no diol of bpy(OH)2
ligand was observed in 1. The magnetic study reveals
that both compounds 1 and 2 are paramagnetic.

Compounds 1 and 2 were further characterized by
spectral (IR, electronic and ESR), cyclic voltammetry
and X-ray crystallography. The IR spectra of 1 and 2
(Figure S1) exhibit several bands in the mid IR
region indicating the presence of organic ligands. A
broad band for O-H stretching frequencies corresponding to water molecules in 1 at 3379 cm-1 and
for 2 at 3356 cm–1 are substantially red shifted when
compared with the O-H stretching vibration in ice
(3220 cm-1) and liquid water (3280–3490
cm-1).67-68 1 exhibits a low intensity d–d (dz2?
dx2-dy2) band at 675 nm (Figure S2) and 2 at 695
nm (Figure S3).69 A low intensity MLCT band is
observed at 456 nm for 2. For 1, intense bands at 356
nm, 375 nm and 392 nm can be attributed to the
N(p)?Cu(II) LMCT transition. The observation of a
low intensity d–d band in 1 and 2 (Figure S2 and
S3), revealing a distorted square-based Cu(II) coordination geometry,41 which is consistent with the
ESR spectral data of the compounds 1 and 2 (Figure S4 and Figure 1).
The X-band ESR spectra of solid samples of 1 and
2 at room temperature exhibit broad low-ﬁeld resonance very similar to the features of the Cu(II)
compounds.34,41,70-72 The observed values of gII
(2.26) [ g\ (2.11) [ 2 for 1 and gII (2.31) [ g\
(2.11) [ 2 for 2 indicate that the unpaired electron is
localized in the ground state dx2-y2 of the Cu(II) ion.
The low temperature (77K) spectra of 1 and 2 in
DMSO reveal a well resolved four hyperﬁne features
in the parallel region due to the interaction of electron spin (S=1/2) with the copper nuclear spin (I=3/
2). These hyperﬁne lines split the gl signal with AII
value 160 9 10-4 cm-1. For 2, partially resolved
features in the perpendicular region are observed may
be due to the 14N superhyperﬁne splitting which is
evident in the parallel and perpendicular CuA hyperﬁne components.73-76 The gII (2.35) [ g\ (2.07) [ 2
and AII for both the compounds are consistent with
the distorted square-based geometry of the {CuN2O2}
moiety which is retained in solution. The value of
geometric parameter G is 5.13 for 1 and 2 calculated
using the equation G = (gII -2.0023)/(g\-2.0023)
indicating exchange interactions between Cu(II)
centers is negligible. A square-based geometry of the
{CuN4} is reported to have gII value * 2.2 and AII
value in the range 180–200 9 10-4 cm-1, which is
expected to change with the replacement of nitrogen
by an oxygen atom.34,41
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3.3 Thermal studies

3.5 Description of the crystal structure of 1 and 2

TGA curve of 1 (Figure S5) shows the mass loss
steps with complete loss of two water molecules
*9.04% at 133 C (calculated 9.24%) and further
loss of 28% at 240 C may be attributed to the loss
of malonate (calculated 26.18%). In the temperature
region 309–391 C, mass loss amounting to 48.9% is
observed which can be attributed to the complete loss
of all organics. The DTA curve exhibits endothermic
event at 141 C and exothermic events at 212 C and
367 C which can account for the mass losses. TGA
curve of 2 (Figure S5) shows a decrease in mass by
12.51% (calculated 12.63%) equivalent to loss of
three water molecules at 153 C. In the temperature
region 153–440 C, continuous mass loss amounting
to 69%, is observed which can be attributed to the
total loss of all organic ligands. The DTA curve
exhibits endothermic event at 147 C and exothermic
events at 198 C, 304 C and 368 C which can
account for the mass losses. Both 1 and 2 show
complete loss of lattice and Cu(II) coordinated water
molecules at 133 and 153 C, respectively which is
signiﬁcantly higher than the other mixed ligand
Cu(II) malonates viz. [Cu(H2O)(mal)(phen)]2.3H2O
(ca.110C)
and
[Cu(H2O)(mal)(phen)]1.5H2O
(phen=1,10-phenanthroline) followed by stepwise
degradation of the organic ligands,32,34 however,
lower than that observed for [Cu(H2O)(dpq)
(mal)]3H2O (ca.200C) (dpq=dipyrido-[3,2-d:20 ,30 -f]quinoxaline.13 This result probably indicates the
stronger hydrogen bonding between water molecules
and the neutral Cu(II) monomeric unit.

Both compounds 1 and 2 crystallize in centrosymmetric triclinic space group Pı̄ with all atoms located
in general position (Table 1). The structure of 1 consists of a ﬁve coordinate Cu(II) species [Cu(H2
O)(bpy(OH)2)(mal)] 1 and a crystallographically
independent lattice water (O8) (Figure 3). The unique
Cu(II) in 1 is coordinated to a terminal water (O7), a
bidentate malonate and a bidentate bpy(OH)2. The
ﬁve-membered chelate ring formed by Cu1, N1, N2,
C5, C6 is nearly planar; however, six membered
chelate ring formed by Cu1, O3, O4, C11, C12, C13
adopts an envelope conformation. The coordination
environment around the central Cu(II) in 1 is slightly
distorted square pyramidal and is similar to other
mixed ligand Cu(II) malonates (vide infra).13,31-37 The
{CuN2O3} polyhedron is made up of two oxygen
atoms of the unique malonate and two N atoms of
bpy(OH)2 which forms the basal plane {CuN2O2} of
the square pyramid and Cu(II) coordinated water O7.
The Cu-N bond distances (Cu1-N1 = 2.0111(13) Å;
Cu1-N2 = 2.0194(14) Å) are elongated as compared
to the Cu-O bond lengths of malonate which vary
from 1.9269(13) to 1.9375(13) Å (Table 2). The aqua
ligand O7 occupies apical position with maximum
elongation of the Cu1-O7 bond length (2.2469(16)
Å). The O-Cu-O, N-Cu-N and O-Cu-N bond
angles range between 82.23(6) and 169.01(6)
(Figure S6).
In 1, all of the oxygen atoms excepting O7 function
as H-acceptors, while all of the hydrogen atoms
attached to the O1, O2, O7, O8 and the H8 bonded to
C8 of bpy(OH)2 act as H-donors resulting in the formation of six O-HO hydrogen bonds and a
C-HO interaction (Table 3). Three of the six
O-HO interactions are intramolecular and the
DHA angles are in the range of 142–171. Each
lattice water molecule (O8) is linked with three other
[Cu(H2O)(bpy(OH)2)(mal)] units with the aid of three
O-HO hydrogen bonding (Figure 4). Each
[Cu(H2O)(bpy(OH)2)(mal)] is linked with two symmetry related [Cu(H2O)(bpy(OH)2)(mal)] units and
two lattice water molecules (O8) with the aid of two
varieties of hydrogen bonds namely C-HO and
O-HO (Figure S7, S1). The C8-H8O1 interaction links the [Cu(H2O)(bpy(OH)2(mal)] units into a
one-dimensional chain extending along a axis. The
molecules 1 are held together with the aid of six
O-HO and one C-HO interaction (Figure 4) and

3.4 Cyclic voltammetry
The electrochemical properties of the compounds 1
and 2 were studied in DMSO solvent by cyclic
voltammetry in the range of ? 1 to - 1 vs Ag/AgCl
using a platinum working electrode, Ag/AgCl reference electrode, and a platinum wire as an auxiliary
electrode using 0.1 M TBAHPF as the supporting
electrolyte (Figure 2). The Cu(II) compounds 1 and 2
exhibit a quasireversible peak with E1/2 values of 0.11
and 0.26 V respectively which can be attributed to the
Cu2?/Cu? redox couple, similar to other Cu(II) diimine compounds.41,77 The differing Cu2?/Cu? redox
potentials can be attributed to the differing nature of
the diimine ligand in 1 and 2.41,77
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Table 2. Selected bond lengths (Å) and angles () for 1 and 2 in X-ray and DFT optimized
structures.
1

Bond lengths (Å)
Cu1-N1
Cu1-N2
Cu1-O3
Cu1-O4
Cu1-O7
Bond angles ()
O4-Cu1-N1
O3-Cu1-N1
O4-Cu1-N2
O3-Cu1-N2
N1-Cu1-N2
O4-Cu1-O3
O4-Cu1-O7
O3-Cu1-O7
N1-Cu1-O7
N2-Cu1-O7

2

X-ray

DFT

2.0111(13)
2.0194(14)
1.9375(13)
1.9269(13)
2.2469(16)

2.043
2.057
1.958
1.941
2.264

169.01(6)
92.33(6)
92.35(6)
163.97(7)
82.23(6)
90.33(6)
96.81(7)
99.22(7)
93.28(6)
96.15(6)

172.79
93.26
93.08
163.45
81.28
90.94
90.48
96.45
94.87
99.58

Bond lengths (Å)
Cu1-N1
Cu1-N2
Cu1-O1
Cu1-O2
Cu1-O5
Bond angles ()
O1-Cu1-N1
O2-Cu1-N1
O5-Cu1-N1
N2-Cu1-N1
O1-Cu1-N2
O2-Cu1-N2
O5-Cu1-N2
O1-Cu1-O2
O1-Cu1-O5
O2-Cu1-O5

X-ray

DFT

2.2453(11)
2.0030(11)
1.9441(9)
1.9479(9)
1.9929(9)

2.376
2.107
1.919
1.909
2.088

104.33(4)
100.54(4)
102.41(4)
79.37(4)
175.38(4)
89.87(4)
88.16(4)
92.14(4)
88.32(4)
156.18(4)

111.18
99.18
92.50
75.00
172.26
85.54
86.16
95.85
90.81
163.42

Table 3. Hydrogen bonding parameters (Å, ) for 1 and 2.
[Cu(H2O)(bpy(OH)2)(mal)]H2O 1
Donor-HAcceptor
D-H
O1-H1AO3
0.77
O2-H2AO4
0.74
O7-H7AO6
0.81
O7-H7BO8
0.83
O8-H8AO2
0.81
O8-H8BO5
0.81
C8-H8O1
0.93
[Cu(H2O)(dmp)(mal)]2H2O 2

HA
1.74
1.77
2.00
2.00
2.52
2.07
2.54

d(DA)
2.5069(1)
2.4992(1)
2.7898(1)
2.8167(1)
3.1923(1)
2.8708(1)
3.2092(1)

\D-HA
169
168
165
168
142
171
129

Symmetry codes
x, y, z
x, y, z
-x, 1-y, 2-z
x, y, z
1-x, 1-y, 1-z
x, y, - 1 ? z
- 1 ? x, 1 ? y, z

O5-H5AO4
O5-H5BO6
O6-H6AO3
O6-H6BO7
O7-H7AO1
O7-H7AO3
O7-H7BO3
C2-H2O2
C3-H3O6
C8-H8O2
C8-H8O4
C13-H13AO1

1.82
1.87
2.02
1.89
2.32
2.59
1.97
2.58
2.54
2.57
2.57
2.44

2.6410(2)
2.6507(2)
2.8031(2)
2.6800(2)
3.0699(2)
3.3052(2)
2.8045(2)
3.3223(2)
3.4187(2)
3.2132(2)
3.4974(2)
3.2119(2)

177
170
158
168
153
147
171
137
157
127
174
137

-1?
x, y, z
-1?
x, 1 ?
x, - 1
x, - 1
1 - x,
1 - x,
1 - x,
1 - x,
1 - x,
x, y, z

0.82
0.79
0.82
0.80
0.81
0.81
0.85
0.93
0.93
0.93
0.93
0.96

pp stacking interactions (Figure 5) resulting in a
supramolecular architecture with the formation of
channels which are occupied by lattice water (O8).

x, y, z
x, y, z
y, z
? y, z
? y, z
1 - y,
1 - y,
1 - y,
1 - y,
1 - y,

-z
-z
-z
1-z
1-z

By viewing the structure along c axis it can be
evidenced that planar bpy(OH)2 of the neighbouring
molecules lie parallel to one other showing cofacial
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Figure 4. A view showing the lattice water O8 interlinks three [Cu(H2O)(bpy(OH)2)(mal)] units through O-HO
hydrogen bonds in 1 (top left); packing along the a axis showing hydrogen bonded network (top right) and 1D hydrogen
bonded chain due to the C8-H8O1 interaction in 1 (bottom) when viewed along the b axis (for symmetry relation see
Table 3; red broken line, O-HO; green broken line, C-HO contact).

Figure 5. A view along c axis shows cofacial pp stacking arrangement of molecules and the formation of 1D chain in 1
(The purple spot are the centres of the aromatic rings).

J. Chem. Sci. (2021)133:99
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pp stacking arrangement (Figure 5). For analysis of
possible pp stacking interactions, the programme
PLATON78-79 was used. The shortest inter-planar
distance for the face-to-face pp stacking is 3.3784(1)
Å observed between the centroid Cg3 (N1/C1/C2/C3/
C4/C5) and Cg1 (Cu1/N1/C5/C6/N2) (Table S1, SI).
The molecules are stacked one by one with tiny displacements exhibiting good pp orbital overlap. As a
result, each neutral [Cu(H2O)(bpy(OH)2)(mal)]
monomer experiences as much as seven pp contacts
generating one dimensional chain extending along the
direction of the a axis (Figure 5). A number of centroid to centroid (CgCg) distances were found to be
of the order of * 4 Å together with the longer CgCg
stacking interactions upto 6 Å (Table S2, SI) contributing to stabilize the overall structure.
The structure of 2 consists of a neutral [Cu(H2
O)(dmp)(mal)] monomeric unit and two crystallographically independent lattice water molecules (O6,
O7) (Figure 3). Unlike in 1, compound 2 has two
lattice water molecules but the central copper exhibits
ﬁve coordination. The structure of 2 exhibits some
similarities with 1 and minor differences as shown
below. As in 1, the Cu-N bond distances (Cu1-N1 =
2.2453(11) Å; Cu1-N2 = 2.0030(11) Å) are elongated
as compared to the Cu-O bond lengths which vary
from 1.9441(9) to 1.9479(9) Å (Table 2). The square
base of the pyramid is formed by malonate oxygens

99

(O1, O2), coordinated water oxygen (O5) and one
nitrogen of a dmp (N2). Another nitrogen of a dmp
(N1) occupies the apical position to complete the
square pyramid with maximum elongation of the
Cu1-N1, 2.2453(11) Å bond. The O-Cu-O,
N-Cu-N and O-Cu-N bond angles range between
79.37(4) and 175.38(4) (Figure S6, SI). The variation of cis and trans angles in 1 and 2 from the ideal
values of 90 and 180 reveals that the {CuN2O3}
polyhedron deviates from ideal square-pyramid
geometry. In this context, Addison et al.80 deﬁned an
angular structural parameter s as an index of trigonality. An angular structural parameter s was deﬁned
as s = (b - a)/60, having values between 0 to 1. The
value of s is 0 for a perfect square pyramid whose
trans angles are 180 and 1 for trigonal bipyramid
geometry. The trans angles in 2 (O1-Cu1-N2 =
175.38(4); O2-Cu1-O5 = 156.18(4)) (Table 2),
correspond to a s value of 0.32, which indicates that
the irregular coordination polyhedron of Cu(II) as
being *32% along the pathway of distortion from
square pyramidal towards the trigonal bipyramidal
geometry. However, in 1, the difference between the
two largest angles (O4-Cu1-N1 = 169.01(6);
O3-Cu1-N2 = 163.97(7)) is very small and corresponds to a s value of 0.084 which indicates that the
{CuN2O3} polyhedron in 1 is relatively less distorted
as compared to 2. A comparative study of thirteen

Table 4. Structurally characterized mixed ligand Cu(II) malonates.
No.

Compound and space group

1
2
3

[Cu(H2O)(bpy(OH)2)(mal)]H2O (1) Pı̄
[Cu(H2O)(dmp)(mal)]2H2O (2) Pı̄
[Cu(H2O)(mal)(phen)]2.3H2O Pı̄

4

[Cu(H2O)(mal)(phen)]1.5H2O Pı̄

5
6
7
8
9
10
11
12
13

trans basal
angles

[Cu(H2O)(dpp)(mal)]1.5H2O C2/c
[Cu(H2O)(mal)(phen)]H2O Pı̄

169.01,
175.38,
172.47,
168.78,
172.50,
168.67,
168.10,
171.83,

163.97
156.18
163.60
164.74
164.15
164.80
160.00
165.67

[Cu(H2O)(5,6dmphen)(mal)]H2O C2/c
[Cu(H2O)(bpy)(mal)]H2O Pı̄
[Cu(H2O)(mal)(pyim)]H2O Pı̄
[Cu(H2O)(mal)(phen)]1.5H2O Pı̄
[Cu(H2O)(dpq)(mal)]3H2O P21/c
[Cu(H2O)(dpyam)(mal)]H2O Pı̄
[Cu(H2O)(dpa)(mal)]H2O Pı̄

167.06,
172.70,
171.30,
168.45,
170.81,
166.18,
166.18,

163.17
169.00
167.47
165.04
167.66
163.51
163.62

s

Ref

0.084
0.320
0.147
0.067
0.139
0.065
0.135
0.103
0.034
0.065
0.062
0.060
0.057
0.053
0.045
0.040

this work
this work
32
33
37
37
36
31
37
34
13
35
37

Abbreviations: mal = malonic acid; bpy(OH)2 = 2,20 -bipyridine-6,60 -diol; dmp = 6,60 -dimethyl1,10-phenanthroline; dpa = 2,20 -dipyridylamine, pyim = 2-(2-pyridyl) imidazole, dpp = 2,3bis(2-pyridyl)pyrazine, phen = 1,10-phenanthroline; dpyam = di-2-pyridylamine; dpq =
dipyrido[3,2-d:20 ,30 -f]quinoxaline; bpy = 2,2’-bipyridine; 5,6dmphen = 5,6-dimethyl-1,10phenanthroline; acac = acetylacetone; biq = 2,20 -biquinoline; dmph = 2,9-dimethylphenanthroline
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Figure 6. Hydrogen bonding around [Cu(H2O)(dmp)(mal)] unit showing its linking to three lattice water and three
monomeric units (top left); A view showing the water dimer interlinks to the three monomeric units through O-HO
contacts (top right) and its extended network in 2 (bottom). (For symmetry relation see Table 3; red broken line, O-HO;
green broken line, C-HO).

mixed ligand Cu(II) malonates (Table 4) reveals that
the s value of 0.32 in 2 corresponds to maximum
deviation which is thrice more than the s values of
penta
coordinated
mixed
ligand
Cu(II)
malonates.13,31-37 As expected all ﬁve coordinated
mixed ligand Cu(II) malonates exhibit square pyramidal geometry and crystallize in centrosymmetric
space groups.13,31-37 Although the structural deviation
is affected by many factors like the type of the
N-donor bidentate ligands, the presence of different
functional groups on the ligands, the axial and equatorial bond distances, by deﬁnition the value of s
depends on the trans angles of the square base,

especially the difference between the largest two
angles. The trend in the observed s values can be
understood by knowing if the N-donor bidentate
occupies the square base of the square pyramid or if
one of the corners of the square is bonded to the
monodentate ligand. All compounds in Table 4 except
2 contain water coordinated in the apical position and
exhibit very small s values due to the difference
between the trans angles being less in magnitude.13,31-37 It is interesting to note that in 2, dmp
coordinates to the Cu(II) center protruding up and
down the basal plane with one of the nitrogen (N1) in
the apical position exhibiting the longest bond distance
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Figure 7. A view along a axis shows 1D hydrogen bonded chain due to the C-HO interactions in 2 (green broken line,
C-HO).

(Cu1-N1 = 2.2453(11) Å) which is not observed in
the other mixed ligand Cu(II) malonates.13,31-37
In 2, all oxygens except O5 function as H-acceptors.
All hydrogen atoms of the coordinated and lattice
water molecules and the H2, H3, H8, H13A hydrogens
of dmp act as H-donors resulting in the formation of a
total of seven O-HO hydrogen bonds and ﬁve
C-HO interactions (Table 3). The O6-H6BO7
hydrogen bond between lattice water molecules in 2
result in the formation of a water dimer. The water
dimer is further linked to three [Cu(H2O)(dmp)(mal)]
monomers with the aid of O6-H6BO7 hydrogen
bonds (Figure 6, top right). In view of this 2 can be
considered as a molecular container for a water dimer.
In 2, the water dimer exhibits strong hydrogen bonding
(as revealed by short OO contacts) among themselves (O6-H6BO7 = 2.6806(2) Å) as well as to
free carbonyl oxygen O3 and malonate oxygen O1 at
one end and to the O5 at the other end (Table 3)
indicating the compactness of the structure between
water dimer and its surroundings. The OO distance
between water dimer is 2.68 Å which is comparatively
shorter with the suggested OO distances in regular
ice, liquid water, and the vapour phase.81 The water
dimer is further linked to Cu(II) coordinated water O5
through strong hydrogen bonding interactions and
adopts a zigzag conformation (Figure 6, bottom). Each
neutral monomeric [Cu(H2O)(dmp)(mal)] unit is
linked with three other [Cu(H2O)(dmp)(mal)] units via
O-HO and C-HO hydrogen bonds (Figure 6, top

left). The net result of the several hydrogen bonding
interactions is the formation of 3D supramolecular
architecture.
By viewing the structure along a axis, it is showed
that each neutral [Cu(H2O)(dmp)(mal)] unit is linked
to two other symmetry related ﬁve coordinate Cu(II)
species with the aid of three C2-H2O2,
C8-H8O2 and C8-H8O4 interactions (Table 3)
and to the water molecule O6 via C3-H3O6 contact
resulting in a one-dimensional hydrogen bonded chain
(Figure 7). Extensive hydrogen bonding (O-HO and
C-HO) is observed between the malonate oxygens,
oxygens of water and monomeric units (Figure S8, SI).
When viewed along the a and b axis, the neutral
monomeric units self-assemble forming channels
encapsulating dimeric water cluster. Packing of the
monomers shows intracluster, intermolecular and
cluster-monomeric unit hydrogen bonding interactions
(Figure S8, SI) along with the other non-covalent
interactions (pp stacking and carbonyl(lp)Cg
(Figure S9 and S10, SI) stabilizing the supramolecular
architecture.
Along the c axis the discrete monomeric units are
packed through pp stacking showing brick layer
arrangement involving dimethyl-phenanthroline rings
with larger displacement between the adjacent ligands
(Figure S10, SI). Interestingly a side shifted arrangement still allows a number of ring centroid to ring
centroid distances involving dmp are of the order of *
4 Å (Table S1, SI). The shortest inter-planar distance
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interaction between the two entities (Table S4, SI). As
a result, each monomeric neutral unit is involved in
four carbonyl(lp)Cg contacts generating supramolecular dimers (Figure 8).
3.6 Hydrogen bond, pp stacking
and carbonyl(lp)p interaction energy
calculations
Figure 8. Carbonyl(lp)Cg interactions between C17=O4
and ring centroids (Cg1, Cg4, Cg7, and Cg8) forming
dimeric unit in 2; The pink spot are the centres of the
aromatic rings).

for pp stacking is 3.5645(2) Å observed between
two Cg3 (N1/C1/C2/C3/C4/C12) (Figure S9 and
Table S1, SI). As a result, each monomeric neutral unit
involved in four pp stacking contacts producing one
dimensional chain extending along a axis (Figure S9
and Figure S10, SI). Furthermore numerous weak pp
stacking interactions (\ 6 Å) also stabilize the overall
structure (Table S3, SI). The differing arrangement of
pp stacking in 1 and 2 may be due to the substituent
effect at 6, 60 -position (-OH group in 1 and -CH3
group in 2). In 2, -CH3 group causes steric hindrance
for face-to-face pp stacking arrangement between
adjacent dmp thus resulting in a slipped stacking
arrangement when compared with 1. Such a cofacial
and brick layer stacking arrangement can be important
for charge transport between adjacent molecules.82-84
It is interesting to note that in addition to the
aforementioned hydrogen bonding and pp stacking,
the crystal structure reveals the presence of carbonyl(lp)Cg (C17-O4Cg) interactions (Figures 8
and S10 and Table S4, SI). The carbonyl C17=O4 of
malonate participates in non-covalent interactions with
the p* orbital of an aromatic ring (n?p*) in which O4
of the non-coordinating C17=O4 of malonate approaches towards the dmp ring centroids of adjacent
molecule (Figure 8). Such a n?p* interaction
involving electron delocalization from an oxygen lone
pair (lp) to the antibonding p* orbital of an aromatic
ring has gained interest as it plays a signiﬁcant role in
supramolecular host guest assemblies24-27 and was
referred to as a new supramolecular bond by Reedijk
et al.25 For n?p* interaction, a distance of 2.8–3.8 Å
is required between the oxygen and aromatic ring
centroid as well as an angle a of B 90 between the
plane containing the oxygen atom and aromatic
plane.24-27 In 2, we observed carbonyl(lp)Cg distances in the range 3.4126(2)–3.7014(2) Å and angles
in the range 77.12–79.68, reﬂecting a signiﬁcant

As discussed in the previous section, very short O…O
distances were found in these compounds 1 and 2,
suggesting the formation of strong intermolecular
hydrogen bond (H-bond) in addition to carbonyl
interactions along with pp interactions. To get
insight into the characteristic strengths (energetics) of
the hydrogen bonds and pp interactions observed in
1 and 2, we have performed DFT calculations. The
DFT optimized geometries of 1 and 2 are in good
agreement with the respective X-ray structure (Figure 9 and Table 2). We estimated the O-HO
hydrogen bond energy in 1 and 2 using the molecular
tailoring based approach.85-87 For the details of the
fragmentation procedure for the estimation of hydrogen bond HB2 energy in 2, see supplementary material, Scheme S2. The estimated hydrogen bond
energies for all the hydrogen bonding interactions in 1
and 2 (Figure 9) are summarized in Table S5, S1. The
two hydrogen bonds HB1 and HB2 in 1 are stronger
(10.0 kcal mol-1) than the normal typical O-HO
hydrogen bond in water-dimer (* 5 kcal mol-1). As
seen in Table S5, the three hydrogen bonds HB1, HB2
and HB3 in 2 are found to be stronger (12 to 13 kcal
mol-1) than those in 1 (*10 kcal mol-1). The stronger O-HO hydrogen bonds between water molecules in 2 than in 1 may be attributed to the more
extended cooperative hydrogen bonded network in 2
as revealed by the crystal structure. We also estimated
the intermolecular O5-HO4=C hydrogen bond HB4
energy in the dimer of 2 (Figure 9c) using appropriate
fragmentation scheme. The calculated hydrogen bond
energy is 7.13 kcal mol-1 (Table S5, SI). This intermolecular O-HO energy is moderately smaller than
those corresponding to the hydrogen bonds in water
molecules discussed above. As described earlier, 1 and
2 exhibit the pp stacking interaction between the
adjacent bpy(OH)2 in 1 and dmp in 2 as revealed by
single crystal X-ray structure. We estimated the pp
stacking interaction energies in 1 and 2 by considering
the dimeric stacked compounds as shown in Figure S11a-b and the values are summarized in Table S6.
The pp stacking interaction energy between two
bpy(OH)2 is 4.33 kcal mol-1 in 1, much larger than
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Figure 9. The B3PW91/BS-I optimized geometries of a) [Cu(H2O)(bpy(OH)2)(mal)]H2O 1, b) [Cu(H2O)(dmp)
(mal)]2H2O 2 and c) dimer of 2.

those between two dmp (1.82 kcal mol-1) in 2. Note
that these values correspond to pp stacking interaction between ligands only. If one considers triplet
state geometry of dimer of 1 and 2 (Figure S11a-b,
SI), the estimated pp stacking interaction energies
in triplet dimer of 1 is 9.09 kcal mol-1 and that in
triplet dimer of 2 is 6.57 kcal mol-1. These values
are much larger than their pp stacking between
ligands, however, the order of interaction energy (1
[ 2) is the same. The much smaller pp stacking
interaction energy in dimer of 2 than in dimer of 1
can be attributed to the -CH3 group at 6, 60 -position
which leads to a slipped stacking arrangement in
dimer of 2. On the other hand, the -OH of
bpy(OH)2 intramolecularly hydrogen bonds with the

malonate oxygens (O3, O4) which facilitates the
face-to-face stacking arrangement between two
bpy(OH)2 leading to large pp stacking interaction
energies in 1. It is emphasized here that the present
DFT calculations indeed helps to bring out these
ﬁner effects that are responsible for a particular
supramolecular arrangement of these two Cu(II)
compounds. With the use of an appropriate fragmentation scheme, we also estimated the carbonyl(lp)p interaction energy in 2 (Figure S11c,
SI). The calculated carbonyl(lp)p interaction
energy turns out to be quite weak 4.27 kcal mol-1
(Table S6, SI) in comparison with the above discussed pp stacking interaction energies in dimeric
compounds of 1 and 2.
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4. Conclusions
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