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A B S T R A C T   

Molecular self-assembly is the most important methodology for synthesizing novel materials including nano- 
materials. The ultimate challenge for scientists is to predict the self-assembled pattern of a set of molecular 
components. The labile nature of self-assembly arises from weak intermolecular forces which makes the outcome 
diverse, as small changes in physicochemical condition changes the course of self-assembly strongly. A one-pot 
reaction of 1,2-bis(4-pyridyl)ethylene (bpe), potassium salt of nitrilo-tri-acetic acid (K3NTA) and basic CuCO3 in 
an acidic medium (around pH = 4) give rise to a metal–organic complex with molecular formula 
C18H17CuN3O6.6(H2O) (henceforth it will be referred to as Cu-NTA-bpeH, where bpeH is singly protonated 1,2- 
bis(4-pyridyl)ethylene) whose self-assembly in the solid state shows that even a simple protonation event can 
drastically influence the course of the self-assembly. Further complication may arise from the participation of 
solvent water molecules in an unpredictable manner like the appearance of a new water-carboxylate heptamer 
cluster in the present crystal structure. The study of this simple system shows that pH-controlled protonation can 
lead to self-complementary metal organic units with interesting supramolecular architecture. The self-assembled 
system has been characterized by X-ray structural studies, Hirshfeld fingerprint and surface analysis, DFT 
computational studies as well as TG-DTA studies. The present crystal, which is analogous to clathrate hydrate, 
can possibly act as gas absorption and storage medium for future use.   

Introduction: 

During current times molecular self-assembly has become a promi
nent methodology in materials science towards realization of advanced 
materials [1,2]. Materials scientists are trying to adopt this ubiquitous 
spontaneous process prevalent in the biological world [3,4] with an aim 
to replicate the sophistication and complexity of biomaterials in artifi
cially synthesized systems. The bottom-up assembly of nano-materials 
and nano-scale functional devices have mainly relied on the self- 
assembly process [5,6] which can be directed to achieve a desired 
pattern. Self-assembly is also inherent to the process of growth of crys
talline solids which according to Dunitz, is “supermolecules per excel
lence” [7]. In the area of “crystal engineering” [8–10], the professed 
goal is the synthesis of designed crystalline solids with intended func
tional properties. The targeted achievement of the desired self- 

assembled pattern is beset with tremendous challenges due the labile 
nature of the self-assembly process which are mainly governed by the 
weak inter molecular forces [11] like hydrogen bonding [12], π-stacking 
interaction [13–15], van der Waals interaction [16] etc. Though the 
challenge is great due to weak nature of the forces involved, it is 
simultaneously a blessing of kind as the weak nature of interaction 
forces allows easier assembly and deassembly of components. This is a 
prerequisite for many dynamic self-assembled systems like sensors and 
devices which rely on multi step processes mimicking biochemical 
processes [17,18]. Molecular recognition between complementary units 
is fundamental to self-assembly process [19,20]. Identification of robust 
self-assembling motifs and understanding the stability of such motifs by 
estimating their binding energies has become quite useful in the pursuit 
of designing self-assembled systems. In this regard exploration and 
identification of the recurring self-assembling motifs which are 
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inherently stable has become an active subfield in this area. Various 
physico-chemical parameters like pressure [21], temperature [22], pH 
of the solution [23], molar ratios of reactants [24] as well as different 
solvents [25] used for carrying out the reaction influence the diverse 
outcome of the self-assembled systems. The pH of reaction medium is 
often easy to control and pH dependent diversity in the self-assembly is 
exemplified by different polymorphs observed in many crystalline sys
tems [26]. Another hurdle in the way of predicting crystal structure is 
the insufficient knowledge regarding water of crystallization. Influence 
of water molecules in molecular self-assembly is becoming crucial 
[27,28] in the present era of nano-science and technology as nano- 
metric precession is very much important. Insights regarding the 
behaviour of water in nano-confinement can be obtained through the 
study of small water clusters trapped in crystalline materials are during 
crystallization [29,30]. Often water clusters with new and unforeseen 
topology are discovered during X-ray structure determination. In the 
present paper we report a new molecular complex whose self-assembly 
is enforced by the pH controlled protonation of the bis-pyridyl ethylene 
(bpe) ligand used to design the Cu(II) based molecular complex which 
renders self-complementarity of the molecular unit. We also report a 
new heptamer water-carboxylate cluster [Scheme 1] which acts as three 
dimensional supramolecular pillars for the self-assembled 2D layers of 
the Cu-NTA-bepH units. Besides the Hirshfeld surface analysis and TG- 
DTA study, electronic structural analysis of the Cu-NTA-bpeH complex 
has been explored through DFT methodology. 

Experimental 

Material and methods 

All solvents and reagents were obtained commercially and used 
without further purification. Infrared (IR) spectroscopic studies have 
been carried out with Perkin-Elmer Spectrum one using KBr pellet. The 
thermal study has been carried out with Perkin Elmer STA 6000 
Simultaneous Thermal Analyzer. 

Synthesis 

5 ml aqueous solution of K3NTA (305 mg, 1 mmol) was added drop 
wise to an ethanolic solution (5 ml) of 1,2-bis(4-pyridyl)ethylene (182 
mg, 1 mmol) while stirring. 5 ml aqueous solution of basic CuCO3 (110 
mg, 0.5 mmol) was added drop wise to the reaction mixture which 
became blue after addition of dilute HCl (pH ~ 4.0). This mixture was 
then stirred for 3 h after which it was filtered. The filtrate was left for 
slow evaporation and after a few days, blue coloured block-shaped 
crystals appeared with 70% yield. Obtained crystals are unstable at 
room temperature when these are taken out of the mother solution. The 
crystals become opaque and colourless within approximately thirty 
minutes of exposure to air [Fig. S2, Fig. S3]. Yield: 70%, IR (KBr): 3446, 

2928, 1613, 1390, 912, 827 cm− 1, UV (H2O): λmax: 222, 299 nm 
(Fig. S1). 

X-ray crystallography 

Diffraction intensities for the complex 1 were collected at 293(2)K on 
a Bruker Kappa Apex-II CCD area-detector diffractometer (MoKα, λ =
0.71073 Å). The structure was solved by the direct method and refined 
with a full-matrix least-squares technique using the SHELXL-2021.3 
program package [31]. Empirical absorption correction was applied. 
Anisotropic thermal parameters were used for all the non-hydrogen 
atoms. The hydrogen atoms were generated from riding atom model. 
Crystal data, details of data collection and refinement for the complex 1 
has been summarized in Table 1. Selected bond distances and bond 
angles are listed in Table 2, hydrogen bonding interaction data in 
Table 3. 

Scheme 1. Carboxylate O atom of nitrilo-tri-acetate (NTA) replacing a water molecule in the heptamer water cluster.  

Table 1 
Crystal data and Refinement parameters.  

Crystal Data 

CCDC NO. 1947087 
Formula C18H17CuN3O6.6(H2O) 
Formula Weight 542.99 
Crystal System Triclinic 
Space group P1 (No. 2) 
a, b, c [Å] 7.7458(9) 11.9205(12) 13.6155(12) 
α, β, γ [◦] 66.512(9) 82.704(8) 79.935(9) 
V [Å3] 1133.0(2) 
Z 2 
D(calc) [g/cm3] 1.592 
μ(MoKα) [/mm] 1.033 
F(000) 566 
Crystal Size [mm] 0.20 × 0.18 × 0.11  

Data Collection 
Temperature (K) 293 
Radiation [Å] MoKα 0.71073 
Theta Min-Max [◦] 1.6, 25.0 
Dataset − 9: 9; − 14: 14; − 16: 16 
Tot., Uniq. Data, R(int) 19,885, 4001, 0.034 
Observed data [I > 2.0 σ(I)] 3834  

Refinement 
Nref, Npar 4001, 359 
R, wR2, S 0.0249, 0.0654, 1.12 
Max. and Av. Shift/Error 0.00, 0.00 
Min. and Max. Resd. Dens. [e/Å3] − 0.28, 0.37 

w = 1/[σ(Fo
2)+(0.0198P)2 

+ 1.2286P] where P = (Fo
2 
+ 2Fc

2)/3. 
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Hirshfeld surface analysis 

Hirshfeld surface analysis [14,15,32–37] is a useful technique that 
helps in quantifying and visualizing intermolecular interactions. This 
analysis is based on electron density distribution in which atoms are 
assumed as spherical entities [38]. For a given crystal structure the 
Hirshfeld surface is a unique one. The computation of Hirshfeld surface 
is based on the normalized contact distance dnorm which in turn is 
dependent on di, de and van der Waals (vdW) radii of the atom. Here, di is 
the distance to the nearest nucleus internal to the surface and de is the 
distance from the point to the nearest nucleus external to the surface. di, 
de and van der Waals (vdW) radii are related with each other according to 
equation (1). On the dnorm surface, red spots indicate strong intermo
lecular interaction region though C-H⋯O interactions which have 
higher contact distances have corresponding smaller area on the surface. 
On the other hand, blue spots indicate regions with contact distances 
longer than vdW separation corresponding [39,40]. Two-dimensional 
(2D) fingerprint plot is complementary to Hirshfeld surface in which 
various possible de values for a given Hirshfeld surface is plotted against 
di values [32,34,41]. This plot uniquely identifies different intermolec
ular interactions which appear as spikes in this plot. The Hirshfeld 
surfaces are mapped using dnorm. The Hirshfeld surfaces and 2D 
fingerprint plots presented in this paper have been generated using 
Crystal-Explorer 2.1 [42]. 

dnorm =
di − rvdw

i

rvdw
i

+
de − rvdw

e

rvdw
e

(1)  

Methodology of theoretical study: 

DFT computational studies [43–47] have been performed using the 
GAUSSIAN-03 package [48]. Initial geometries of the Cu-NTA-bpeH 
complex and the heptamer water cluster were adopted from the crys
tal structure which were utilized as the starting configuration in the 
search of optimized geometry. Calculations have been performed at the 
DFT/6-311G level of theory using B3LYP hybrid density functional. The 
binding energy for the heptamer (B.E.heptamer) water cluster has been 
estimated as B.E.heptamer = Eheptamer – 7*EH2O. Basis set superposition 
error has been estimated using Counterpoise method. 

Result and discussion 

Structural description 

A possible reaction towards the formation of the title complex has 
been shown in Scheme 2. Cu(II) ion, potassium salt of nitrilo triacetic 
acid and bpe form the title complex in a acidic medium. Single-crystal X- 
ray structural analysis reveals a mononuclear coordination complex of 
Cu(II), nitrilotriacetate and protonated bis-pyridyl ethylene and six 
lattice water molecules (Fig. 1a). These units crystallize in triclinic P1 
(No. 2) space group. The molecular formula of the crystalline complex is 
[Cu(II)(bpeH)(NTA)].6H2O. NTA ligand has inherent compatibility for 
C3 symmetric metal complexes due to which it is utilized in crystal en
gineers to induce the trigonal bipyramidal coordination geometry. 
Though, in many cases NTA binds metal centre utilizing only one or two 
carboxylate terminals [49,50] instead of all three carboxylate groups 
besides the central N atom, in the present complex use of NTA has led to 
a trigonal bipyramidal coordination geometry of Cu(II). Three equato
rial coordination sites of Cu(II) have been fulfilled by three carboxylate 
O atoms (O1, O4, O6) of NTA whereas two axial coordination sites of Cu 
(II) have been occupied by the central N (N1) atom of NTA and one of 
the pyridine N atoms (N2) of bpeH. It is interesting to note that the 
control of the acidity of the reaction medium has led to the protonation 
of the uncoordinated N atom (N3) of bpe. In the previous instances 
[51,52] when bpe and NTA were simultaneously utilized to synthesize 
Cu(II) complexes, dinuclear or trinuclear Cu(II) complexes were 

Table 2 
Selected bond distance and bond angle (Å, ◦).  

Bond Distances 

Cu1-O1 1.9873(14) N1-C4 1.4880(2) 
Cu1-O4 2.0067(15) N1-C6 1.4800(3) 
Cu1-O6 2.1417(15) N2-C7 1.3450(3) 
Cu1-N1 1.9985(16) N2-C11 1.3450(3) 
Cu1-N2 1.9634(17) N3-C16 1.3340(3) 
N1-C2 1.4850(2) N3-C17 1.3420(3)  

Bond Angles 
O1-Cu1-O4 137.70(6) Cu1-N1-C4 105.20(12) 
O1-Cu1-O6 107.34(6) Cu1-N1-C6 106.92(11) 
O4-Cu1-O6 110.80(6) Cu1-N2-C7 123.50(13) 
O1-Cu1-N1 85.74(6) Cu1-N2-C11 117.35(15) 
O1-Cu1-N2 99.21(7) N1-Cu1-N2 174.75(7) 
O4-Cu1-N1 82.31(6) Cu1-O1-C1 113.77(13) 
O4-Cu1-N2 92.80(6) Cu1-O4-C3 112.24(11) 
O6-Cu1-N1 81.74(6) Cu1-O6-C5 111.20(12) 
O6-Cu1-N2 98.33(6) Cu1-N1-C2 106.93(12)  

Table 3 
Hydrogen bond table (Å, ◦).  

D-H⋯A D-H 
(Å) 

H⋯A 
(Å) 

D⋯A 
(Å) 

<D-H⋯A 
(◦) 

symmetry 

O1W-H1W1⋯O4 0.85 
(4) 

1.96(4) 2.806 
(2) 

170(4)  

O1W-H2W1⋯O5 0.81 
(3) 

2.06(3) 2.861 
(2) 

168(3) 1 + x,y,z 

O2W- 
H1W2⋯O1W 

0.88 
(3) 

1.90(3) 2.730 
(2) 

158(3)  

O2W-H2W2⋯O6 0.82 
(4) 

2.06(4) 2.867 
(2) 

169(4) 1-x,1-y,1-z 

O3W- 
H1W3⋯O2W 

0.77 
(3) 

2.01(3) 2.777 
(3) 

171(3)  

O3W- 
H2W3⋯O6W 

0.85 
(4) 

1.97(4) 2.819 
(3) 

171(4) 2-x,1-y,-z 

O4W- 
H1W4⋯O3W 

0.75 
(4) 

2.03(3) 2.771 
(3) 

172(4)  

O4W-H2W4⋯O5 0.84 
(4) 

2.34(4) 3.067 
(3) 

146(3)  

O5W-H1W5⋯O3 0.86 
(3) 

1.90(3) 2.753 
(2) 

175(3)  

O5W- 
H2W5⋯O4W 

0.82 
(3) 

2.11(3) 2.904 
(3) 

164(3) 2-x, 1-y,-z 

O6W- 
H1W6⋯O5W 

0.89 
(4) 

1.96(3) 2.794 
(2) 

156(3)  

O6W-H2W6⋯O5 0.79 
(3) 

2.06(3) 2.798 
(2) 

155(3) 1-x,1-y,-z 

N3-H3N⋯O2 0.83 
(3) 

1.89(2) 2.688 
(2) 

164(2) 1 + x,y,1 + z 

C4-H4A⋯O1 0.97 2.58 3.490 
(3) 

156 1-x, 2-y,-z 

C4-H4A⋯O2 0.97 2.60 3.151 
(3) 

117 1-x, 2-y,-z 

C6-H6A⋯O5W 0.97 2.50 3.267 
(3) 

136 2-x, 1-y,-z 

C10-H10⋯O5 0.93 2.42 3.339 
(3) 

169 1-x,1-y,1-z 

C13-H13⋯O3W 0.93 2.57 3.472 
(3) 

164 X,1 + y,z 

C15-H15⋯O2W 0.93 2.56 3.412 
(3) 

153 X,1 + y,z 

C16-H16⋯O1W 0.93 2.52 3.399 
(3) 

158 2-x,2-y, 1-z 

C17-H17⋯O3 0.93 2.49 3.356 
(3) 

156 x,y,1 + z 

C18-H18⋯O6W 0.93 2.31 3.215 
(3) 

165 x,y,1 + z 

C2-H2A⋯O3 0.97 2.38 3.338 
(2) 

170 − 1 + x,y,z  
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obtained in all cases. So it can be assumed that controlling pH of reaction 
medium is responsible for mononuclear Cu(II) complex in the present 
case. 

Cu–N and Cu–O coordination bond distances in the present complex 
are typical of similar Cu(II) complexes reported earlier [51–54]. The 
Cu1-N1 (NTA) distance is 1.9985(16)Å and Cu1-N2 (bpe) distance is 
1.9634(17)Å. On the other hand, Cu1-O1 distance is 1.9873(14)Å, Cu1- 
O4 distance is 2.0067(15)Å, Cu1-O6 distance is 2.142(15)Å. The angles 
subtended by the three coordinated oxygen atoms in basal planes are 

respectively <O1-Cu1-O4 = 137.70◦(6); <O1-Cu1-O6 = 107.34◦(6) and 
<O4-Cu1-O6 = 110.80◦(6). Other relevant bond lengths and bond an
gles are given in Table 2. The structural parameter (τ) for the coordi
nation unit of the complex has a value 0.62 which correspond to trigonal 
bipyramidal coordination geometry. 

Bis-pyridyl-ethylene (bpe) coordinates Cu(II) centre in such a way 
that it makes an angle of 11.43◦ with the Cu-N2 axis. The optimized 
geometry of this complex also reveals such an angular disposition with 
the corresponding angle 12.63◦. 

Scheme 2. Reaction between Basic CuCO3, K3NTA and 1,2-bis(4-pyridyl)ethylene in acidic medium (pH ~ 4.0).  

Fig. 1. (a) ORTEP diagram (50% ellipsoidal probability) of the Cu(II) complex with atom numbering scheme (lattice water molecules have been omitted for clarity). 
(b) Self-association of water molecules in the form of a water heptamer where one of the water molecules has been replaced by carboxylate O (O5) atom. 
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Hydrogen bonding and other weak intermolecular forces are 
responsible for the hierarchical self-assembly of the present complex. 
Coordination units are organized into 1D ribbon, which are further 
united via edge-stacking though hydrogen bonding, giving a 2D supra
molecular sheets and finally, these sheets are joined by water bridges 
present in the intervening space. NTA ligands are intrinsically amenable 
for taking part in hydrogen bonding interaction through the three 
carboxylate groups. On the other hand, bpe is prone towards stacking 
interaction (off-set π-stacking in the present crystal) due to the presence 
of two pyridyl moieties. Thus, NTA and bpe inherently belong to two 
differing strengths of supramolecular forces, namely, hydrogen bonding 
and π-stacking. Hydrogen bonding forces are generally stronger than 
π-stacking forces. This differing strength usually leads to a supramo
lecular assembly in different directions; stronger force propagates as
sembly in one particular direction and weaker force in another direction 
giving rise to anisotropic properties. The water molecules themselves 
form a cluster and take part in this self-assembly process. Six water 
molecules self-assemble in the form of a water heptamer (Fig. 1b), where 
one water molecule is replaced by carboxylate O-atom donated by NTA. 
In a real sense, the cluster found in the present crystal is a water hep
tamer mimic, even with the participation of a foreign acceptor atom in 
the water cluster network, the mimic retains the same topology and 
nearly the same geometry of the corresponding free water heptamer. 
These water heptamers act as uniting agent (Fig. 2a) for adjacent su
pramolecular ladders of coordination units running along the crystal
lographic a-axis (Fig. 2b). The heptamer water cluster consists of two 
conjoined rings of a water tetramer and a water pentamer mimic. In the 
pentamer part, one of the water molecules of a pure water pentamer can 
be assumed as replaced by one of the carboxylate O atom (O5) of NTA 
(Fig. 2a). The tetramer and the pentamer part share a common edge 
formed by two water molecules (O3W and O6W). Four water molecules 
(O3W, O4W, O5W and O6W) form a homodromic h40 planar water 
tetramer [55,56], where the hydrogen atoms in the hydrogen bonded 
circuit are aligned successively in the same direction (anticlockwise in 
Fig. 1b). The h40 tetramer has a distorted rectangular geometry with 
O4W-O5W distance 2.904(3)Å, O3W-O6W distance 2.819(3)Å, O3W- 
O4W distance 2.771(3)Å and O5W-O6W distance 2.794(2)Å. The 

pentamer mimic has geometry very close to that of a pure water cluster 
pentamer. In a pure water cluster pentamer, four water molecules lie in a 
single plane and the fifth water molecule is slightly away, up or down of 
the mean plane passing through the other four water molecules. In the 
present water pentamer mimic four water molecules O1W, O2W, O3W 
and O6W lie nearly in the same plane and the oxygen atom O5 is located 
slightly above this mean plane. 

The water clusters actively take part in the supramolecular assembly 
by bridging diagonally opposite Cu-NTA-bpeH molecular complexes 
located on two ribbons having a ladder architecture that runs along 
crystallographic a-axis. This has been shown schematically in Fig. 1b. A 
complementary pair of heptamer mimics hydrogen bond to inversion 
symmetry related pair of carboxylate terminals (Fig. 2a). 

Ligand bpeH molecules have self-assembled among themselves due 
to hydrogen bonding of the tail of the complex to the head of one such 
unit in the next ribbon (Fig. 3a). In the ladder assembly whole Cu(NTA) 
(bpeH) unit behave as a modular unit with a strongly polar head (NTA 
end containing three carboxylate groups) and a relatively weak polar tail 
(protonated bpeH molecule) with the central bpe part acing as a hy
drophobic region. These units align one by one with head–tail-head–tail 
alternation and form a supramolecular ladder which extends along the 
crystallographic a-axis. Successive units are glued to each other by weak 
intermolecular forces, namely, hydrogen bonding (Table 3), lone- 
pair⋯π interaction (Fig. 3a). There are four contact points within the 
oppositely aligned pair of rod-like complexes. Two end contacts are 
mediated by lone-pair⋯π interactions between the O atoms contributed 
by NTA with the protonated pyridyl ring of the bpeH molecule. A tetrad 
of Cu-NTA-bpeH supramolecular unit is the basic repeating unit of the 
supramolecular ladder running along the crystallographic a-axis 
(Fig. 3a). 

Successive ribbons stack over each other and give rise to a two- 
dimensional supramolecular sheet of Cu-NTA-bpeH complexes which 
are the (101) planes of the crystal. The stacking modes of the ribbon is 
quite interesting, the trailing edge of one ribbon and the leading edge of 
the next ribbon are attached to each other through the NTA group 
mediated hydrogen bonding as well as carbonyl⋯carbonyl interaction. 
This gives rise to a step like architecture of the (101) planes. The details 

Fig. 2. (a) Water heptamer mimic acting as supramolecular glue in binding two units of CuNTA-bpeH complexes (* = 1-x, 1-y, 1-z) (b) Schematic representation of 
the corresponding packing of molecular complexes. 
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of this NTA-NTA supramolecular interaction have been shown in Fig. 4. 
There is a synergy of CH⋯O interaction (Table 3, Table S1) and C-O⋯O- 
C interaction. The lone-pair⋯lone-pair interaction among two carbox
ylate groups is assisted by CH⋯O hydrogen bonding interaction 
(Table 3). This interaction has been corroborated through DFT compu
tation where the optimized geometry of two interacting Cu-NTA-bpeH 
molecular complexes have been found to be very close to that present 
in the crystal. 

The mutual role of water cluster and the Cu-NTA-bpeH unit in the 
supramolecular self-assembly is complementary in the present crystal in 
the sense that for the structural stability of the crystalline state water 
molecules play a crucial role. We have observed that loss of water 
molecules from the isolated crystal is spontaneous and this give rise to 
degradation of crystal quality leading to opaqueness [Fig. S2]. On the 
other hand, if the crystal is kept immersed within the mother liquor then 
is quite stable. 

To gather a holistic view of the nature of structural and super- 
structural aspects of CuNTA-bpe complexes we have retrieved similar 
complexes from the CCDC database (CSD June 2018 release) using 
ConQuest 1.23. It was surprising that only a handful of Cu-NTA-bpe 
complexes were reported previously. A review of these complexes re
veals that mainly two types of structural varieties are present – either (i) 
a dinuclear Cu complex or (ii) a trinuclear Cu complex (Scheme SII). 

Baolong Li et al. [51] have reported a coordination complex having a 
molecular formula [Cu(CH3COO)(bpe)(H2O)]n.n/2[Cu2(NTA)2(b
pe)].6nH2O where the anionic counter-ions [Cu2(NTA)2(bpe)]2- units 
are dinuclear, in which bpe bridges two Cu(NTA) units rendering it a 
dumbbell like topology. These two units play a complementary charge 
balancing role for each other. 

Baolong Li et al. [53] reported another system of Cu complexes 
having formula [Cu(azpy)(H2O)4][Cu2(NTA)2(azpy)].6H2O. Here, 
along with NTA, azopyridine was used as a coligand. In this case a 
cationic coordination polymeric chains of [Cu(azpy)(H2O)4]n

n+ is su
pramolecular and anionic [Cu2(NTA)2(azpy)]2− dinuclear units act as 
two distinct entities with complementary charge balancing role for each 
other. The dinuclear [Cu2(NTA)2(azpy)]2− in this complex also has the 

same dumbbell like topology as that of the [Cu2(NTA)2(bpe)]2− units in 
the [Cu(CH3COO)(bpe)(H2O)]n.n/2[Cu2(NTA)2(bpe)].6nH2O discussed 
above. 

These two systems, exemplify the robust dumbbell topology (Scheme 
SII) of the [Cu2(NTA)2(L)]2− dinuclear units, where L is either bpe or 
azopyridine. The ligands L here act as bridge between two Cu(NTA)− 1 

units, and it appears that the length of this anionic unit can be tuned by 
employing other ditopic ligands analogous to bpe or azopyridine. 

Baolong Li et al. [54] reported another complex based on Cu, NTA 
and bpe having a formula [Cu3(nta)2(bpe)2(H2O)4].bpe⋅10H2O, where 
instead of the dinuclear [Cu(nta)2(bpe)]2− , a tri-nuclear neutral 
[Cu3(NTA)2(bpe)2(H2O)4] is present. In this moiety, two units of bpe 
bridges three Cu centres (Scheme SII) and NTA acts as a capping agent 
for the two terminal Cu(II) nodes. The middle Cu node is having octa
hedral coordination geometry with four equatorially coordinated water 
molecules and trans axial sites are coordinated by two bridging bpe units 
on either side. Two terminal Cu nodes have tbp coordination geometry, 
whereas the middle Cu node has octahedral coordination geometry. Six 
units of negative charge of two NTA ligands is balanced by three Cu(II) 
ions. It appears that the trinuclear topology of the complex, in this case is 
necessary simply to satisfy the charge neutrality of the whole coordi
nation complex. 

In summary, the review of published literature shows that Cu-NTA- 
bpe system has the propensity to give rise to either a dincular anionic 
[Cu2(NTA)2(bpe)]2− unit, or a trinuclear neutral [Cu3(nta)2(bpe)] unit. 
In contrast, the complex being reported here is a mononuclear Cu 
complex with formula [Cu(NTA)bpeH], where the protonated bpe along 
with Cu(II) ion balances the three negative charges of the nta tri-anion. 
So, the present complex exemplifies a new mode of charge balancing for 
the Cu-NTA system through ligand protonation which produces the 
simplest self-contained neutral Cu-NTA-bpeH system. In retrospect, we 
have looked into the reaction conditions in which the previously re
ported di or trinuclear Cu-NTA-bpe systems were obtained and the in
formation gathered reveal that for all cases the reactions were carried 
out in a basic medium (pH range 6–11). The reaction we have carried out 
instead is in an acidic medium (pH ~ 4), which can be assumed to be the 

Fig. 3. (a) Supramolecular 2D sheet of NTA units formed through hydrogen bonding interaction. (b) Schematic diagram depicting the packing of layers.  
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causative effect for bpe protonation. So tuning of pH appears to be a key 
factor for shaping a new topology in Cu-NTA-bpe system. 

Protonation of bpe, changed the coordination behaviour of it, instead 
of a ditopic bridging ligand through coordination to metal nodes, it is 
now better suited for supramolecular interaction, for hydrogen bonding 
through the protonated end. This gives rise to the amphiphilic nature of 
the present metal–organic unit [Cu(NTA)bpeH], rendering it a mesogen 
like character. NTA end of this mesogen is more polar and acts like the 
head group of a mesogen, whereas the less polar protonated bpe ter
minal acts as the tail of the mesogen. This unit is not having the nature of 
a pure surfactant or a phospholipid molecule with a pure hydrophobic 
tail and pure head group, instead, both ends are polar with differing 
amount of polarity and the bpe unit behave as a hydrophobic middle 
group. Thus, naturally, instead of a cell-wall bilayer assembly or a 
micellar like spherical assembly we see here more of liquid crystal-like 
head–tail arrangement giving rise to ribbon- like supramolecular self- 
assembly of [Cu(NTA)bpeH] metal–organic mesogens. Two edges of 
this ribbon are strongly polar whereas the middle portion is a line by bpe 
units, alignment of its edges in a row gives rise to a hydrophobic surface. 
Edge to edge interaction of successive ribbons give rise to a unique 
supra-molecular layer in the ac plane with alternate polar and non-polar 
stripes running along a-axis. Polar stripes on adjacent layers are doubly 
bridged by heptamer water clusters whose tetramer units are stabilized 
in the hydrophobic channels in between adjacent layers. 

Theoretical studies 

Optimized geometry of complex 1 
The [Cu(II)(NTA)]− unit (head part of complex 1) without bpeH 

[Fig. S4(a)] as well as the full molecular complex [Cu(II)(NTA)(bpeH)] 
[Fig. S4(b)] both optimizes and the geometrical parameters of the later 
nicely matches [Table S2 and S3] with that from the crystal structure. 
The computed Cu-NNTA distance for this unit agrees very well with that 
of the crystal structure (Cu-NNTA = 1.9985(16)Å in crystal versus 2.037 
Å in computation). The coordination bond strength of the bpeH moiety 
was estimated as the difference of the energies of the complex 1 and that 
of the sum of energies of the head part of complex 1 and the bpeH unit. 
This has come out to be 71.74 kcal/mole [Fig. S5]. 

Water heptamer mimic and book form water heptamer 
The structural stability of the present crystal is strongly dependent on 

the water molecules. Soon after the crystals are physically taken out of 
the mother liquor, decomposition of the crystals starts with the 
appearance of cracks and blue colour of crystals faded out within half an 
hour. The present heptamer water cluster mimic has an open book like 
topology resulting from the slightly folded conformation among the 
pentamer and tetramer cycles in it [Fig. 5a]. It is interesting to note that, 

the optimized geometry of a pure water only heptamer cluster is really 
quite close to the geometry of the heptamer mimic present in the crystal 
structure [Fig. 5]. In this optimized geometry of the water heptamer, the 
dihedral angle between the mean planes of the pentamer unit and the 
tetramer unit is 166̊. Even with the participation of this O atom the 
geometry of the heptamer water cluster mimic remains very close to that 
of the pure heptamer water cluster. The dihedral angle between the 
pentamer (mimic) plane and the tetramer plane is 157̊ which is quite 
close to 166̊ found computationally for a pure water heptamer. The 
geometry (O⋯O distances and O-H⋯O angles) of the pure heptamer 
water cluster also do not deviate too much from that of the heptamer 
mimic (Table S4). We have attempted to estimate the strength of this 
cooperative interaction among the water molecules of the heptamer 
water cluster. The basis set superposition error corrected binding energy 
for the heptamer water cluster has been found to be − 54.23 kcal/mole 
which amounts to − 7.75 kcal/mole per water molecule. 

Hirshfeld surface analysis 

Hirshfeld surface analysis is a useful procedure providing deeper 
understanding regarding the relative importance of various atom⋯atom 
interactions responsible for molecular cohesion within a crystal. The 
dnorm iso-surface studded with red spots of varying brightness corre
sponding to hydrogen bonds between a pair of complementary Cu-NTA- 
bpeH complexes bridged by heptamer water clusters has been depicted 
in Fig. 6. Fig. 6(I) shows the Hirshfeld surfaces around Cu-NTA-bpeH 
units and Fig. 6(II) correspond to the Hirshfeld surface for water clus
ter bridging these two units. Fig. 6(III) depicts the fingerprint plot cor
responding to these interactions. Fig. 6(IV) shows the relative 
proportion of various weak forces responsible for packing as a pie chart. 
Details of these interactions have been given as supplementary 
materials. 

TG-DTA study 

Thermal decomposition study of the crystalline solid has been 
depicted in Fig. 7. The thermal study has been carried out in the tem
perature range 29 ◦C (room temperature) to 1000 ◦C. The water of 
crystallization starts to come out of the solid around 40 ◦C. Six water 
molecules are lost in two steps comprising 20% of weight loss. The first 
step is steeper; containing 10% of weight loss in the temperature range 
40–90 ◦C. In the second step, another 10% of weight loss occurs in the 
temperature range 90–205 ◦C due to loss of three remaining water 
molecules. The water molecules lost in the first step are those water 
molecules which do not form direct hydrogen bonding contact with any 
of the carboxylate groups and were responsible for the ordered organi
zation of water molecules in the form of a heptamer. The slow and 

Fig. 4. Hydrogen bonding interaction between two Cu-NTA-bpeH units assembled through CH⋯O and NTA-NTA interaction at edges (*=1-x, 2-y,-z).  
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sluggish removal of three water molecules in the second step corre
sponds to those which have direct hydrogen bonding contact with 
carboxylate groups. 

In the third weight loss step bpeH is lost with a weight loss of 33% in 
a short temperature range from 205–275 ◦C. In the next step, there is a 
mass loss of ~17% in the temperature range 275–340 ◦C. This can be 
explained by assuming that NTA decomposes through the removal of C, 
N and hydrogen leaving only oxygen to form Copper-oxide. Copper 
oxide then slowly loses mass and complete mass loss needs a very high 
temperature (950 ◦C). Water loss steps are associated with two distin
guishable exotherms corresponding to a reorganization of the crystalline 
solid (evident in the crystal turning opaque when it is exposed into the 
open atmosphere). Loss of bpeH, decomposition of NTA and copper- 
oxide phase transformation all are associated with respective endo
therms. Much deeper endotherm corresponding to the decomposition of 
NTA relative to that of bpeH can possibly be understood from the fact 
that NTA is a tridentate chelating ligand but bpeH is a monodentate 
coordinating ligand. 

Conclusion 

We report here an interesting molecular complex whose self- 
complementary nature arises from the pH induced protonation of the 
bis-pyridyl ethylene ligand which binds as a monodentate ligand to a Cu 
(II) centre whose other coordinate sites are satisfied by a tridentate NTA 
ligand producing a rod like molecular complex. At the lowest level of 
hierarchy these self-complementary units form a cyclic head to tail su
pramolecular motif, which repeats periodically giving rise to a 2D su
pramolecular layer constituted by 1D ladder subunits. Successive 
supramolecular layers encalthrate water layers in the intervening space 
which at as bridges joining carboxylate heads of the molecular rod on 
adjacent layers. Water bridges consists of a unique carboxylate-water 
hybrid heptamer cluster having open-book topology in which six 
water molecules and a carboxylate O atom take part. A comparison of 
DFT computational optimum geometry of the pure water heptamer 
cluster with that in the crystal structure reveals that even inside the 
crystal the water-heptamer cluster tends to retain nearly the same ge
ometry as that of a free water heptamer. Water molecules in the present 
crystal actively take part in the supramolecular assembly by augmenting 

Fig. 5. (a) The water heptamer mimic in comparison to (b) the optimized heptamer water cluster.  

Fig. 6. (I) Hirshfeld surfaces of a pair of molecular complexes with intervening water molecules (II) Hirshfeld surfaces of the intervening water cluster with a pair of 
molecular complexes (III) fingerprint plot (IV) pie chart depicting relative importance of various weak intermolecular interactions. 
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the dimensionality of the supramolecular system from 2D to 3D. Finally, 
the study of the present system shows that pH-controlled protonation 
can be an important factor in inducing the self-complementarity of a 
molecular complex which can give rise to interesting hierarchical su
pramolecular assembly. Role of solvent water molecules can also be an 
intriguing one which can still throw surprises in the form of new clusters 
like the hybrid water-carboxylate heptamer cluster that actively bridges 
metal–organic supramolecular layers in the present case. The study of 
this apparently simple system shows that supramolecular self-assembly 
is a very delicate process, even a simple protonation event can drasti
cally influence the course of the self-assembly. Similarly solvent water 
molecules will keep on posing great challenges to crystal engineers who 
wish to predict crystal structures of given set of molecular components 
through formation of yet undiscovered water nano clusters. Still, the 
study of simple systems like the present one, will remain as worthy 
undertaking and may teach us a lesson or two regarding novel aspects 
self-assembly process. 
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