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Cu(II) is a metal ion, the aqueous chemistry of which with carboxylic acids draws intense interest, target-
ing new materials and exemplifying diverse and unique structure–reactivity correlations. Driven by the
need to explore the interplay of the chemical interactions of Cu(II) with polycarboxylic acid substrates
and the association of such reactivity with lattice architecture and physicochemical properties, binary
and ternary systems of Cu(II) with 1,2,3,4-cyclobutane-tetracarboxylic acid (H4CBTC) and bipy (2,20-
bipyridine) were investigated. To this end, aqueous synthetic reactions of Cu(II) with H4CBTC, under
pH-specific conditions (pH 3), led to the isolation of the first species in the aforementioned binary system
[Cu2(CBTC)(H2O)4)]n�2nH2O (1). Aqueous synthetic chemical reactivity in the ternary Cu(II)–H4CBTC–bipy
system led to the isolation of the 1D polymer [Cu(NO3)2(bipy)]n (2). Complexes 1 and 2 were character-
ized by elemental analysis, spectroscopic techniques (EPR, FT-IR, UV–Vis and luminescence (2)), magnetic
susceptibility, cyclic voltammetry (2) and thermogravimetric studies, and X-ray crystallography. The
molecular lattice in 1 reveals the presence of Cu(II) units bound to (a) 1,2,3,4-cyclobutane-tetracarboxyl-
ate, and (b) water molecules, in a tetragonal pyramidal geometry, thereby projecting the unique chemical
reactivity in the requisite system leading to a 3D lattice assembly. The presence of two types of channels
in the solid state lattice of variable hydrophilicity/hydrophobicity signifies their unique nature in the
coordination polymer and projects the importance of H2O and its H-bonding ability in the assembly of
1. The molecular lattice of 2 reveals the presence of Cu(II) ions bound to nitrate ions and 2,20-bipy in
an octahedral fashion, collectively leading to a 1D lattice assembly. The magnetic susceptibility and
solid-state EPR data on 1 and 2 are consistent with the presence of Cu(II) in a tetragonal pyramidal
and octahedral environment, respectively. Collectively, the physicochemical profiles of coordination
polymers 1 and 2 earmark: (a) the influence of the polycarboxylic acid nature of the ligand on the chem-
ical reactivity in binary and ternary systems, and (b) the critical nature of interactions in binary and ter-
nary discrete Cu(II)–(O,N) species emerging in aqueous media and influencing the lattice assembly of
Cu(II)–carboxylato materials of variable dimensionality (1D–3D), architecture and physicochemical
properties.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Copper has been recognized as an essential metal ion for all liv-
ing organisms [1] and has been found in a variety of enzymes and
proteins, such as blue copper proteins [2,3] and ceruloplasmin [4].
The absence of copper has been linked to pathophysiologically
ll rights reserved.
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aberrant conditions, such as Menkes disease [5], while excess
amounts of copper in tissues have been associated with Wilson’s
disease [6]. In abiotic systems, the interactions of divalent metal
ions such as Cu(II) (and Co(II), Mn(II)) with various organic sub-
strates of diverse chemical structure have been shown to afford no-
vel materials with specific lattice architecture, magnetic and/or
luminescence properties [7]. In all such cases, distinctly structured
materials have arisen, all relying on well-designed binary and ter-
nary interactions exemplified through unique reactivity pathways.

Through such chemical reactivity, copper emerges as a compe-
tent metal ion capable of coordinating organic substrates, bearing a

http://dx.doi.org/10.1016/j.poly.2012.04.012
mailto:salif@auth.gr
http://dx.doi.org/10.1016/j.poly.2012.04.012
http://www.sciencedirect.com/science/journal/02775387
http://www.elsevier.com/locate/poly


M. Menelaou et al. / Polyhedron 40 (2012) 134–144 135
distinct molecular signature and well-configured geometrical fea-
tures, including a-hydroxycarboxylic acids, (poly)carboxylic acids
and (carboxy)phosphonic acids. One such representative substrate
is the low molecular mass 1,2,3,4-cyclobutane-tetracarboxylic acid
(H4CBTC), which is a multifunctional organic ligand containing key
structural features (four carboxylate moieties) that render it capa-
ble of promoting metal ion binding. Concurrently, a well-known
aromatic binder capable of promoting binary and ternary interac-
tions with Cu(II) and third substrates is 2,20-bipy. Based on the
binding properties of 1,2,3,4-cyclobutane-tetracarboxylic acid
and 2,20-bipy mobilized toward Cu(II), solubilization essential to
metallo-chemical interactions and conducive to the assembly of
novel materials of variable dimensionality (1D, 2D or 3D coordina-
tion polymers) can be pursued [8,9].

Consequently, delineation of the role and influence of the metal
ion and ligand nature on the lattice assembly, structure and prop-
erties of the arising species emerge as significant factors aiding in
the understanding of the involved binary/ternary interactions and
their link to the lattice properties of new materials with specific
physicochemical properties. In this regard, investigation of the
aqueous synthetic chemistry of Cu(II) with carboxylate binders,
such as 1,2,3,4-cyclobutane-tetracarboxylic acid, and N,N-aromatic
chelators, such as 2,20-bipy, can shed light on the assembly of new
inorganic–organic hybrids with well-defined physicochemical pro-
files. Prompted by that need, we report herein: (a) the pH-specific
syntheses, isolation, spectroscopic and structural characterization,
as well as magnetic and EPR studies of the first species arising from
the binary/ternary Cu(II):1,2,3,4-cyclobutane-tetracarboxylic acid/
2,20-bipy system, and (b) the correlation of the observed chemical
reactivity with the solid-state 1D–3D lattice assembly and archi-
tecture at the binary and ternary level.
2. Experimental

2.1. Materials and methods

All manipulations were carried out under aerobic conditions.
CuSO4�5H2O was purchased from Mallinckrodt, Cu(NO3)2�2.5H2O
and 1,2,3,4-cyclobutane-tetracarboxylic acid (H4CBTC) from Al-
drich. KOH, NaOH, ammonia as well as 2,20-bipyridine were sup-
plied by Fluka. Nano-pure quality water was used in all reaction
runs.
2.2. Physical measurements

FT-Infrared measurements were taken on a 1760X FT-Infra Red
spectrometer from Perkin Elmer, using KBr pellets. UV–Vis mea-
surements were carried out on a Hitachi U2001 spectrophotometer
in the range 190–1000 nm. A ThermoFinnigan Flash EA 1112 CHNS
elemental analyzer was used for the simultaneous determination
of carbon, hydrogen and nitrogen (%). The analyzer operation is
based on the dynamic flash combustion of the sample (at
1800 �C) followed by reduction, trapping, complete GC separation
and detection of the products. The instrument is (a) fully-auto-
mated and controlled by PC via the Eager 300 dedicated software,
and (b) capable of handling solid, liquid or gaseous substances. A
major advantage of the instrument is that it can handle solid, liquid
or gaseous substances.

A TA Instruments, model Q 600, system was used to run the
simultaneous TGA–DTG experiments. The employed heating rate
was 5 �C/min. The instrument mass precision is 0.1 lg. About
20 mg of sample was placed in an open alumina sample pan for
each experiment. High purity air (80/20 in N2/O2) was used at a
constant flow rate of 100 mL/min, depending on the conditions re-
quired for running the experiment(s). During the experiments, the
sample weight loss and rate of weight loss were recorded continu-
ously under dynamic conditions, as a function of time or tempera-
ture, in the range 30–700 �C. Prior to activating the heating routine
program, the entire system was purged with the appropriate gas
for 10 min, at a rate of 400 mL/min, to ensure that the desired envi-
ronment had been established.

Emission and excitation spectra were recorded on a Hitachi F-
700 fluorescence spectrophotometer from the Hitachi High-Tech-
nologies Corporation. The employed split widths (em, ex) were
5.0 nm, and the scan speed was 60 nm min�1. All measurements
were carried out at room temperature. The entire system was sup-
ported by the appropriate computer software, FL Solutions 2.1,
running on Windows XP.

The EPR spectra of complexes 1 and 2 in the solid state were re-
corded on a Bruker ER 200D-SRC X-band spectrometer, equipped
with an Oxford ESR 9 cryostat, operating at 9.61 GHz, 10 dB
(2 mW) and at 4 K. Magnetic susceptibility data were collected
on powdered samples of 1 and 2 with a Quantum Design SQUID
susceptometer in the 2–300 K temperature range, under various
applied magnetic fields. Magnetization measurements were car-
ried out at three different temperatures in the field range 0–5 T.

Electrochemical measurements were carried out with a model
PGSTAT30 potensiostat–galvanostat from Autolab Electrochemical
Instruments. The entire system was under computer control and
supported by the appropriate computer software, GPES, running
on Windows XP. The employed electrochemical cell had platinum
(disk) working and auxiliary (wire) electrodes. An Ag/AgCl elec-
trode was used as the reference electrode. Thus, the derived poten-
tials in the cyclic voltammetric measurements are referenced to
that electrode. The water used in the electrochemical measure-
ments was of nano-pure quality. KNO3 was used as a supporting
electrolyte. Normal solution concentrations used were 1–6 mM in
electroanalyte and 0.1 M in supporting electrolyte. Purified argon
was used to purge the solutions prior to the electrochemical mea-
surements. Derived E1/2 values are reported versus the Ag/AgCl
electrode.
2.3. Synthesis of [Cu2(CBTC)(H2O)4)]n�2nH2O (1)

CuSO4�5H2O (0.10 g, 0.40 mmol) and 1,2,3,4-cyclobutane-tetra-
carboxylic acid (H4CBTC) (0.090 g, 0.40 mmol) were placed in a
50 mL round bottom flask and dissolved in 20 mL of water. The
reaction mixture was then stirred at room temperature until both
reactants were completely dissolved. The pH of the clear solution
was adjusted to 3 with aqueous KOH (or NaOH, and/or ammonia).
Subsequently, the reaction mixture was filtered and allowed to
stand at room temperature. After a short period of time, blue cubic
crystals grew out of solution by slow evaporation. The crystalline
material was collected by filtration and dried in vacuo. Yield:
0.070 g (�76%). Anal. Calc. for 1 (C8H16Cu2O14 Mr 463.28): C,
20.72; H, 3.45. Found: C, 20.60; H, 3.43%.
2.4. Synthesis of [Cu(NO3)2(bipy)]n (2)

(a) Cu(NO3)2�2.5H2O (0.40 g, 1.7 mmol) and 1,2,3,4-cyclobu-
tane-tetracarboxylic acid (H4CBTC) (0.20 g, 0.86 mmol) were
placed in a 50 mL round bottom flask and dissolved in 20 mL of
water. The reaction mixture was stirred at room temperature until
both reactants were completely dissolved. Subsequently, 2,20-bipy
(0.13 g, 0.83 mmol) was dissolved in 5 mL of methanol and added
to the reaction mixture dropwise. The reaction solution was then
filtered and allowed to stand at room temperature. After a short
period of time, blue crystals grew out of the solution by slow evap-
oration. The crystalline material was collected by filtration and
dried in vacuo. Yield: 0.45 g (77.0%). Anal. Calc. for 2 (C10H8CuN4O6
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Mr 343.74): C, 34.90; H, 2.32; N, 16.30. Found: C, 34.80; H, 2.22; N,
16.22%.

(b) A similar reaction was carried out in the absence of 1,2,3,4-
cyclobutane-tetracarboxylic acid (H4CBTC), affording morphologi-
cally identical blue crystals. Cu(NO3)2�2.5H2O (0.40 g, 1.7 mmol)
was placed in a 50 mL round bottom flask and dissolved in 10 mL
of water. 2,20-Bipy (0.53 g, 3.40 mmol) was dissolved in 5 mL of
methanol and added to the reaction mixture dropwise. The reac-
tion mixture was filtered and allowed to stand at room tempera-
ture. After a few days, a blue crystalline material was isolated.
The FT-IR spectrum of the crystals and the X-ray unit cell determi-
nation of one of the isolated single crystals identified the material
as compound 2.
2.5. X-ray crystal structure determination

Single crystals of complexes 1 and 2 were obtained from aqueous
solutions according to the described synthetic procedures. A single
crystal with approximate dimensions 0.25 � 0.15 � 0.10 mm, for
1, was taken from the mother liquor and immediately cooled to
�100 �C. A single crystal with approximate dimensions 0.45 �
0.25 � 0.18 mm, for 2, was mounted on a capillary. Diffraction
measurements were run on a Rigaku R-AXIS SPIDER Image Plate
diffractometer using graphite monochromated Cu Ka radiation.
Data collection (x-scans) and processing (cell refinement, data
reduction and empirical absorption corrections) were performed
using the CRYSTALCLEAR program package [10]. The structures of 1
and 2 were solved by direct methods using SHELXS-97 [11] and re-
fined by full-matrix least-squares techniques on F2 with SHELXL-97
[12]. A summary of the crystallographic data for 1 and 2 are
given in Table 1.

Further experimental crystallographic details for 1: 2hmax =
140�; reflections collected/unique, 7096/1344 [Rint = 0.0266]/
1344; 109 parameters refined; [D/r]max = 0.001; (Dq)max/
(Dq)min = 0.376/�0.400 e Å�3; R/Rw (for all data), 0.0268/0.0685
and GOF = 1.127. Further experimental crystallographic details
for 2: 2hmax = 128�; reflections collected/unique, 7631/1788
[Rint = 0.0248]/1788; 222 parameters refined; [D/r]max = 0.004;
Table 1
Summary of crystal, intensity collection and refinement data for [Cu2(C8H4O8)(-
H2O)4]n�2nH2O (1) and [Cu(NO3)2(bipy)]n (2).

(1) (2)

Formula C8H16Cu2O14 C10H8CuN4O6

Formula weight 463.28 343.74
T (K) 173(2) 293(2)
k (Å) Cu Ka 1.54187 Cu Ka 1.54187
Space group I41/a P�1
a (Å) 24.7563(5) 7.4080(1)
b (Å) 24.7563(5) 9.8794(2)
c (Å) 4.7611(1) 10.0080(1)
a (�) 90.00 116.985(1)
b (�) 90.00 100.260(1)
c (�) 90.00 103.275(1)
V (Å3) 2917.96(9) 600.67(2)
Z 16 2
Dcalc (mg m�3) 2.109 1.901
Absorption coefficient (l) (mm�1) 4.366 2.960
Range of h, k, l �24 6 h 6 28 �6 6 h 6 7

�20 6 k 6 29 �11 6 k 6 11
�5 6 l 6 4 �11 6 l 6 11

Goodness-of-fit on F2 1.127 1.086
R(1) 0.0253(2) 0.0283(2)

Rw
(1) 0.0677(2) 0.0753(2)

(1)R values are based on F values, Rw values are based on F2.

R ¼
P
jjFo j�jFc jjP
ðjFo jÞ

; Rw ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
½wðF2

o � F2
c Þ

2�=
P
½wðF2

oÞ
2�

q
.

(2)[For 1272 (1) and 1703 (2) reflections with I > 2r(I)].
(Dq)max/(Dq)min = 0.407/�0.287 e Å�3; R/Rw (for all data), 0.0296/
0.0763 and GOF = 1.086. All non-hydrogen atoms in 1 and 2 were
refined anisotropically. All hydrogen atoms in 1 were located by
difference maps but not refined. All hydrogen atoms in 2 were lo-
cated by difference maps and refined isotropically.

3. Results

3.1. Syntheses

Compound 1 was synthesized through an expedient synthetic
procedure, where Cu(II) sulfate and 1,2,3,4-cyclobutane-tetracarb-
oxylic acid reacted in water with a molar ratio of 1:1 at pH 3 (Reac-
tion (1)). The use of different inorganic bases (KOH, NaOH and
ammonia) was crucial in the investigation of the binary system
as they adjusted the pH of the reaction mixture to 3 with no evi-
dent participation, however, in the emerging lattice of the isolated
compound 1.

HOOC

HOOC

COOH

COOH

OH
_

pH 3
CuSO4

1,2,3,4-cyclobutane-tetracarboxylic acid (H4CBTC)

+  2n H2O+ 4n 2n + n 

Cu2(C8H4O8)(H2O)4]n[ +  2n SO4
. 2n H2O

2-

ðReaction1Þ

Furthermore, in an effort to delve into the chemical reactivity of
the aforementioned system, a third reagent, 2,20-bipyridine, was
employed, thereby turning the system into a ternary reaction mix-
ture. All three reagents reacted in a mixture of CH3OH/H2O with a
molar ratio of 2:1:1. However, the employment of the H4CBTC bin-
der did not result in its incorporation into the coordination sphere
of Cu(II). On the contrary, a new inorganic–organic hybrid (com-
pound 2) emerged, in which Cu(II) ions are only coordinated by ni-
trate ions and 2,20-bipyridine (Reaction (2)).

NN
n Cu(NO3)2 + n

2,2'-Bipyridine

[Cu(NO3)2(C10H8N2)]n

ðReaction2Þ

In the aforementioned examined systems, the isolated products
1 and 2 were crystalline and used as such for further spectroscopic
and crystallographic studies. Elemental analyses on the derived
products suggested the formulation [Cu2(CBTC)(H2O)4)]�2H2O for
1 and [Cu(NO3)2(bipy)] for 2. Further X-ray crystallographic inves-
tigation confirmed the above analytical formulations in the respec-
tive coordination polymers.

Compounds 1 and 2 were stable in air for long periods of time
and were insoluble in organic solvents. Compound 2 was soluble
in water.

3.2. Description of the X-ray crystallographic structures

The three-dimensional X-ray structure determination of com-
pound 1 revealed the presence of a molecular lattice with 16 mol-
ecules per unit cell. Selected interatomic distances and bond angles



Table 2
Bond lengths (Å) and angles (�) in 1 and 2.

(1) (2)

Distances
Cu–O(1) 1.908(2) Cu–O(22) 1.958(2)
Cu–O(4)0 1.913(2) Cu–O(13) 1.984(3)
Cu–O(6) 1.959(2) Cu–N(2) 1.992(2)
Cu–O(5) 1.988(2) Cu–N(1) 1.997(3)
Cu–O(3)00 2.397(2) Cu–O(130) 2.574(2)

Cu–O(2100) 2.631(2)
Angles
O(2)–Cu–O(4)0 176.70(7) O(22)–Cu–O(13) 90.52(8)
O(2)–Cu–O(6) 91.98(7) O(22)–Cu– N(2) 166.55(9)
O(4)0–Cu–O(6) 91.03(7) O(13)–Cu– N(2) 96.96(8)
O(2)–Cu–O(5) 90.47(7) O(22)–Cu– N(1) 89.12(7)
O(4)0–Cu–O(5) 86.29(7) O(13)–Cu– N(1) 168.87(8)
O(6)–Cu–O(5) 166.96(8) N(2)–Cu–N(1) 81.38(8)
O(2)–Cu–O(3)00 92.23(6) O(130)–Cu–O(2100) 176.16(7)
O(4)0–Cu–O(3)00 88.35(6) O(22)–Cu–O(130) 82.97(8)
O(6)–Cu–O(3)00 104.13(7) O(13)–Cu–O(130) 67.59(7)
O(5)–Cu–O(3)00 88.56(6) N(1)–Cu–O(130) 101.35(7)

N(2)–Cu–O(130) 89.54(8)
O(22)–Cu–O(2100) 93.34(8)
O(13)–Cu–O(2100) 111.49(7)
N(1)–Cu–O(2100) 79.61(7)
N(2)–Cu–O(2100) 94.27(8)

Symmetry transformations used to generate equivalent atoms:
1: (0) 0.75 � y, �0.75 + x, �0.75 + z; (00) 0.75 � y, �0.75 + x, 0.25 + z.
2: (0) �1 � x, 1 � y, 2 � z; (00) �x, 1 � y, 2 � z.

Fig. 1. Partially labeled plot of a small fragment of [Cu2(C8H4O8)(H2O)4]n�2nH2O (1)
showing the binding of six Cu(II) ions through one tetracarboxylate ligand. Thermal
ellipsoids represent 30% probability surfaces. Hydrogen atoms have been omitted
for clarity. Symmetry operations: (0) 0.25 � y, �0.25 + x, 0.75 + z; (00) 0.25 � y,
�0.25 + x, 0.25 + z; (00 0) 0.5 � x, 0.5 � y, 0.5 � z; (00 00) 0.25 + y, 0.25 � x, �0.75 + z; (00 00 0)
0.25 + y, 0.75 � x, �0.25 � z; (00 00 00) 0.25 + y, 0.75 � x, �1.25 � z; (�1) 0.25 + y,
0.25 � x, 0.25 + z; (�2) 0.25 � y, 0.25 + x, 0.25 � z; (�3) 0.25 � y, 0.25 + x, 0.75 � z.
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for 1 are listed in Table 2. Complex 1 crystallizes in the tetragonal
space group I41/a. The asymmetric unit contains one Cu(II) ion, one
half of a 1,2,3,4-cyclobutane-tetracarboxylate ligand, with the mid-
dle of the square ring residing on an inversion center, and three
water molecules (Fig. 1). The Cu(II) ions adopt a tetragonal pyrami-
dal geometry (s = 0.16) [13]. Each ion is coordinated by three car-
boxylate oxygen atoms (O(2), O(300), and O(40), respectively) from
three different 1,2,3,4-cyclobutane-tetracarboxylate ligands
(CBTC4�) as well as two water molecules ((O(5) and O(6)). There-
fore, the coordination sphere of Cu(II) is an all-oxygen donor atom
sphere, created by two different types of ligands, namely the
CBTC4� ligand and water. The basal plane of the tetragonal pyra-
mid is defined by O(2), O(5), O(40) and O(6). Specifically, the em-
ployed carboxylate ligand is fully deprotonated, with the overall
charge of the ligand coordinated to Cu(II) being 4�. This charge
is consistent with the ratio of one Cu(II) ion over half of the CBTC4�

ligand in the asymmetric unit of the unit cell and the need for
charge balance. The specific deprotonation mode of the polycarb-
oxylic ligands towards the Cu(II) ion leads to the absence of any
cations or anions in the lattice for balancing any arisen charge.
Therefore, the inorganic bases employed in the synthesis were
merely used to raise the pH of the reaction mixture, with no fur-
ther involvement of their cations in the lattice.

The centrosymmetric ligand CBTC4� is bound to six discrete
Cu(II) ions, with all of them being coordinated through the four
carboxylate groups of the aforementioned ligand. In particular,
the two diametrically opposed carboxylate moieties (O(2) and
O(200 0)) of the CBTC4� ligand bind only one Cu(II) ion each in a
monodentate fashion, in view of the fact that the second carboxyl-
ate oxygen atoms O(1) and O(100 0) are not involved in metal ion
binding (Fig. 1). The interatomic distance between the Cu(II) ions
bound by O(2) and O(200 0) [Cu and Cu00 0] is 9.926(2) Å. Moreover,
the other two diametrically opposed carboxylate moieties (O(3)
and O(4), O(300 0) and O(400 0), respectively) bind two discrete Cu(II)
ions each, thereby acting in a bidentate fashion. The interatomic
distances between the Cu(II) ions bound by O(3)/O(4) and O(300 0)/
O(400 0), Cu-1� � �Cu00 00 and Cu-2� � �Cu-3, respectively, are 4.761(2) Å,
i.e. equal to the crystallographic c axis length. The distances
between the Cu(II) ions bound by diametrically opposed bidentate
carboxylate groups, i.e. Cu-1� � �Cu-2 and Cu-3� � �Cu00 00, are
8.269(2) Å. Therefore, the aforementioned link of six discrete Cu(II)
ions with only one carboxylate binder is confirmed.

Through these links, a three dimensional channel structure is
assembled. The asymmetric unit of this structure (with the excep-
tion of the water molecule containing the O(7) atom) is the build-
ing block of these channels. By applying symmetry operations in
the space group I41/a (origin choice 2), two types of channels form,
as shown in Fig. 2A. The type-A channels form by applying the
symmetry operation [4�(0,0,1/4) 1/4,0,z], a left-handed 41 sym-
metry axis parallel to the c axis and passing through the (1/
4,0,0) point (this point lies in the middle of the channel indicated
by A in Fig. 2A). The four Cu atoms generated (Cu, Cu-1, Cu-4 and
Cu-5) in Fig. 2, form a left-handed helix with a pitch equal to the
length of the crystallographic c axis. Within this channel, lattice
host water molecules are located (those containing the O(7) atom),
which also form a left-handed helix with the same pitch through
O7–H7OB���O7 hydrogen bonds (Fig. 2A). The water helix is sus-
pended in the walls of channel A through O7–H7OA���O1 hydrogen
bonds. Type-B channels (indicated by letter B in Fig. 2A) form by
applying the symmetry operation of a 4-fold roto-inversion paral-
lel to the c axis and passing through the point (0,1/4,0) (middle of
channels B), as shown in Fig. 2. The four Cu atoms (Cu, Cu-2, Cu-6
and Cu-7) in Fig. 2, comprising the walls of channel-B, form two
interpenetrating ladders (Fig. 2B), which are related through S4

symmetry. The rungs of the ladder are 7.525 Å long and the stiles
are equal to the c axis length. In Fig. 2B, a side view of the two heli-
ces is also shown. Moreover, the relative arrangement of the chan-
nels in the unit cell is shown in Fig. 2C. The type-A channels are
indicated as A and A0, because for symmetry reasons they are left
handed (A) and right handed (A0), respectively. Both channels are
assembled by 28-membered rings, which are parallel to the
(110) plane, while each ring employs four discrete Cu(II) ions
and four 1,2,3,4-cyclobutane-tetracarboxylate ligands. The Cu(II)
ions are linked though formation of Cu–O–C–C–C–C–O–Cu chains
(Fig. 2A). In addition to the differences based on symmetry consid-
erations, channels A and B differ in their ability to host water mol-
ecules (O(7) atoms). This feature emerges mainly as a result of the



Fig. 2. (A) A small fragment of the 3D network of 1 looking down the c axis,
showing the helical (A sites) and ladder type channels (B sites) described in the text.
Within channels of type-A, the helix formed by water lattice molecules is also
shown. Symmetry operations: (�4) 0.5 � x, �y, 0.5 + z; (�5) 0.25 � y, �0.5 + x,
0.75 + z; (�6) �x, 0.5 � y, z; (�7) �0.25 + y, 0.25 � x, 0.5 � z); (B) side view of helix
(A) and ladder (B) type channels. Both of these building blocks of the 3D structure of
1 are constructed by translation along the c axis of the structure motif, shown in (A).
Only the Cu(II) centers are shown for clarity. The development of the water
molecule helix is also shown. (C) Arrangement of channels of type-A and type-B in
the (001) crystallographic plane. A and A0 indicate sections of left-handed and
right-handed helices, respectively.
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difference in the diameter size of the two channels, which is 5.343
and 3.175 Å for the A (or A0) and B channels, correspondingly. To
this end, the size and not the chemical environment primarily ren-
der channels A hydrophilic and B hydrophobic.

In conclusion, two reasons are responsible for the formation of
the 3D structure of compound 1: (a) the multifunctional nature of
the employed 1,2,3,4-cyclobutane-tetracarboxylate ligand, and (b)
the way the aforementioned ligand spans into the coordination
sphere of the Cu(II) ions, binding six discrete metal ions in various
coordination modes. To the best of our knowledge, a limited num-
ber of crystal structures containing the examined ligand have been
reported so far. Representative examples of such complexes in-
clude [Cd(C8H5O8)(H2O)2]n [14], [LaIII(C8H5O8)]�H2O [15] and
[(UVIO2)2(C8H4O8)(H2O)2]�2H2O, [(UO2)2(C8H4O8)(H2O)2]�H2O, and
[H3O]2[(UO2)5(C8H4O8)3(H2O)6] [16].

The Cu–O bond distances in 1 are in the range 1.908(2) to
2.397(2) Å and they are of a comparable length to those found in
other Cu(II)–carboxylato complexes: [Cu(C4H4O5)(C10H8N2)(H2O)]
(1.926(2)–2.468(2) Å) [17], [Cu3(C9H3O6)2(H2O)3(NH3)4]n�2nH2O
(1.945(5)–2.790(8) Å) [18], [Cu4(C9H3O6)2(OH)2(H2O)2(NH3)4]n

(1.926(2)–2.468(2) Å) [18]. In the organic–inorganic hybrid 1, the
copper ion exhibits a square pyramidal geometry, like various anal-
ogous Cu(II)-compounds reported in the literature: [Cu2(C9H9-

N2O3)(C10H8N2)2(OH2)(OH)](NO2)2�4H2O [19], [Cu(C5H8NO2)
(C10H8N2)2(OH2)](ClO4) [19], [Cu2(C7H6N2)4(C7H10O4)(-
C7H11O4)2�8H2O]n [20], [Cu(2-pc)(3-pc)]n [21], [Cu(2-pc)(4-pc)]n

(pc=pyridine carboxylate) [21], [Cu(C6H4NO2)(C6H4NO2)]n [21],
[Cu2(C12H10CO2)4(C12H10CO2H)2 [22], [Cu(C6H10NO2)2(H2O)] [23],
{[Cu(C8H4O4)(C16H20N4)(H2O)]�5H2O}n [24], {[Cu2(C10H8O4)2

(C16H20N4)]�H2O}n [24] and {[Cu(C10H9O4)(C16H20N4)]�(NO3)�
3H2O}n [24].

Overall, the carboxylate ligand CBTC4� appears to play the role
of an efficient metal ion binder, employing two types of binding
modes and anchors (mode I and mode II in Scheme 1). Its ability
to bind metal ions in different modes is supported by its multifunc-
tional chemical structure, thus effectively formulating a diverse
coordination environment around metal ions, such as encountered
with Cd(II) [14] and La(III) [15]. As a result of the chemical compo-
sition and structural assembly, the lattice structure of 1 is stabi-
lized by an extensive hydrogen bonding pattern (Fig. 2B and
Table 3), contributing to a 3D network.

Compound 2 emerges from a molecular type of crystal lattice.
The compound crystallizes in the triclinic system P�1 with two mol-
ecules per unit cell. The DIAMOND diagram of 2 is shown in Fig. 3. Se-
lected interatomic distances and bond angles for 2 are listed in
Table 2. The structure of 2 consists of a mononuclear core unit
composed of an octahedral Cu(II) ion. The coordination sphere of
Cu(II) consists of oxygen and nitrogen donor atoms, generated by
two different types of ligands, namely, nitrate and 2,20-bipyridine.

Specifically, one 2,20-bipyridine molecule is coordinated to the
metal ion through the two nitrogen atoms (N(1), N(2)). These
two anchor atoms bind Cu(II) through the formation of a five-
membered metallacyclic ring, rendering the arising species quite
stable. In addition, two nitrate ions are coordinated to the Cu(II)
ion through different binding modes. One nitrate ion employs a
l2:g1 coordination mode and binds two neighboring Cu(II) ions
through O(13) and its centrosymmetrically related atom
(Scheme 2), thereby acting as a bridge. The second nitrate ion em-
ploys a l2:g1:g1 coordination mode through O(21) and O(22)
(Scheme 2), also bridging two neighboring Cu(II) ions. As a result,
polymeric chains of Cu(1) assemblies form parallel to the crystallo-
graphic a axis (Fig. 4). The Cu� � �Cu distances through the l2:g1 ni-
trates are 3.802(2) Å, and those through the l2:g1:g1 nitrates are
4.729(2) Å. The two different bridging modes adopted by the ni-
trates ions result in the formation of two different rings between
two Cu(II) ions, the oxygen and the nitrogen atoms: (a) a
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Scheme 1. Mode of metal–carboxylate coordination around the CBTC4� ligand.

Table 3
Hydrogen bonds in 1.

Interaction H���A
(Å)

D���A
(Å)

D–H���A
(�)

Symmetry operation

O5–H5OA���O1 1.860 2.697 161.4 0.75 � y, �0.75 + x,
0.25 + z

O5–H5OB���O7 1.949 2.743 164.2 x, y, z
O6–H6OA���O3 2.064 2.841 159.5 2 � x, �y, 2 � z
O6–H6OB���O3 1.800 2.673 157.5 0.75 � y, �0.75 + x,

�0.75 + z
O7–H7OA���O1 2.057 2.833 155.8 x, y, z
O7–H7OB���O7 2.111 2.863 168.6 0.75 � y, �0.75 + x,

0.25 + z

Fig. 3. Partially labeled plot of the mononuclear repeating unit in [Cu(NO3)2(bipy)]n

(2). Thermal ellipsoids represent 30% probability surfaces. Hydrogen atoms have
been omitted for clarity. Symmetry operations: (0) �1 � x, 1 � y, 2 � z; (00) �x, 1 � y,
2 � z.

Scheme 2. Metal–nitrate binding modes in 2.
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four-membered ring defined by Cu–O–Cu–O, with the covered area
being 5.106 Å2, and (b) an eight-membered ring defined by Cu–O–
N–O–Cu–O–N–O. The four-membered Cu2O2 rings form contigu-
ously with the eight-membered rings along the crystallographic a
axis, with the different bridging modes between adjacently located
Cu(II) ions in each ring affecting the Cu���Cu separation distance.

The octahedron around each Cu(II) ion is defined by the oxygen
atoms O(13) and O(22) and the nitrogen atoms N(1) and N(2) in
the equatorial plane, whereas the remaining two atoms, O(130)
and O(2100), occupy the axial positions. Careful examination of
the Cu–O distances in 2 reveals a distinct distortion of the octahe-
dron around Cu(II). It appears that two of the Cu–O bond distances
(Cu–O(130) 2.574(2) Å, Cu–O(2100) 2.631(2) Å) are considerably
longer than the other four (1.958(2)–1.997(2) Å), with the latter
bonds formulating the equatorial environment of the octahedral
metal ion. The stark bond length differentiation between the for-
mer bonds (axial) and the other four bonds (equatorial) exemplify
a tetragonal elongation that the octahedral complex undergoes as a
result of a Jahn–Teller distortion. Consistent with the presence of a
Jahn–Teller distortion in a d9 metal ion, the tetragonality factor
T = RS/RL, where RS is the mean in-plane copper–ligand bond length
and RL is the mean out-of plane (axial) bond length, appears to be
0.76 [25]. A T value smaller than 1 (regular octahedron, T = 1) indi-
cates the presence of a tetragonally distorted octahedron.

A number of Cu(II)–(2,20-bipyridine) and Cu(II)–(2,20-bipyri-
dine-derivatives) have been isolated and characterized, with five
or six coordinate Cu(II) ions: [l-(C2O4){Cu(C11H12N2)(NO3)(H2O)}2]
[26], [l-(C2O4){Cu(C11H12N2)(ClO4)(H2O)}2] [26], [Cu(-
C6H8O8)(C10H8N2)]n�2nH2O [27], [Cu(NO3)2(C16H10N4)] [28], Cu(-
C8H10O2F3)2(C12H8N2) [29], Cu(C8H10O2F3)2(C10H8N2) [29] and
[Cu(NO3)2(C18H24N2)] [30].
3.3. Electronic spectroscopy

The UV–Vis spectrum of 2 was recorded in water (see Supporting
Information). The spectrum exhibits a major peak at kmax = 697 nm
(e � 38 M�1 cm�1), and a strongly absorbing band rising into the UV
region with a maximum at 310 nm (e � 1422 M�1 cm�1). The
absorption feature in the low energy region can be attributed to
d–d transitions, which are typical for a Cu(II) d9 tetragonally dis-
torted octahedral species. To this end, the band at 697 nm, display-
ing a broad absorption envelope, likely encompasses dxy ! dx2�y2

and ðdxz; dyzÞ ! dx2�y2 transitions. The observed pattern is in line
with the Jahn–Teller effect acting on the 2Eg ground term of the d9

octahedron [31], leading to a tetragonal distortion of the complex
along the interligand axis. The latter feature likely belongs to a
LMCT band in the UV region. In the absence of detailed studies,
no further assignments could be proposed. The spectrum of 2 in
water is different from that of Cu(II)aq [32], reflecting the unique
coordination sphere composition of Cu(II) in solution.
3.4. Infrared spectroscopy

The FT-infrared spectra of 1 and 2 were recorded in KBr. In 1, the
spectrum reveals the presence of resonances attributed to vibra-
tionally active carbonyls of the carboxylate ligand. The antisymmet-
ric stretching vibrations mas(COO�) appear between 1565 and
1517 cm�1. The symmetric stretching vibrations ms(COO�) appear
at 1410 cm�1. The frequencies of the aforementioned bands are
shifted to lower values compared to the corresponding vibrations
in 1,2,3,4-cyclobutane-tetracarboxylic acid, thus indicating a
change in the metal ion coordination status with the carboxylates
in the aforementioned ligand. The frequency difference,



Fig. 4. A small fragment of the 1D chain of 2 extending parallel to the crystallographic a axis.
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Fig. 5. Cyclic voltammetry of compound 2 in aqueous solution (scan rate 20 mV/s).
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D(mas(COO�)–ms(COO�)) [33,34], in 1 is greater than 200 cm�1, indi-
cating the presence of deprotonated carboxylate groups coordi-
nated to the metal ion in a monodentate fashion. This assertion is
further proven by the X-ray crystal structure determination of 1.
In 2, the bands that appear between 3040 and 3120 cm�1 suggest
the presence of 2,20-bipyridine, and they are shifted compared to
the free 2,20-bipyridine, indicating changes in the vibrational status
of the ligand due to the bidentate coordination of the N atoms to the
Cu(II) ions. The aforementioned assignments are in agreement with
previously reported 2,20-bipyridine complexes with various metal
ions [35–37]. Furthermore, the NO3

� groups exhibit absorptions
bands that differ beyond the coordination mode in each compound.
In 2, the NO3

� groups are coordinated to copper ions both in a mono-
dentate and bidentate fashion. The NO3

� groups that are coordi-
nated in a monodentate fashion exhibit absorptions bands at 1312
and 1442 cm�1, whereas the NO3

� groups coordinated in a bidentate
fashion exhibit absorptions bands at 1473 and 807 cm�1 [38].

3.5. Thermogravimetric studies

The thermal decomposition of both 1 and 2 was studied by
TGA–DTG under an atmosphere of oxygen (see Supporting Infor-
mation). The TGA diagram shows that the initial process involves
a total loss of water molecules per formula unit of 1. The release
of water molecules is observed as expected in the first phase of
the process. An additional step is observed that involves the
decomposition of the organic moiety bound to Cu(II). The thermal
dissociation of 1 signifies an exothermic process [39]. The total
weight loss of complex 1 is close to 66.5% and is reached at approx-
imately 374 �C. No further decomposition occurs beyond that tem-
perature and until a final temperature of 700 �C. The final product
corresponds to CuO [40–42]. The small number of observed TGA
peaks suggests simple mechanisms of decomposition for 1.

In a similar fashion, the TGA diagram of 2 shows a quite simple
process reflecting the weight loss of 2. The decomposition of 2
shows an exothermic process associated with the specific chemical
nature of compound 2. The total weight loss due to the decompo-
sition of 2 is 82.4% and is reached at approximately 285 �C. No fur-
ther changes are observed beyond that temperature and up to the
final temperature of 700 �C. The nature of the derived solid product
of the thermal decomposition conforms with the formation of the
metal oxide [43].

3.6. Cyclic voltammetry

The cyclic voltammetry of compound 2 was studied in aqueous
solution, in the presence of KNO3 as a supporting electrolyte
(Fig. 5). The cyclic voltammogram projects a well-defined
electrochemical behavior, with a pronounced chemically reversible
process reflected in: (a) a reduction wave at Epc �172.6 mV, and
(b) an oxidation wave at Epa 0.892 mV, and (c) a value of E1/2 of
�85.9 mV (ipc/{(v)1/2C} constant and ipa/ipc = 1). Therefore, the
observed chemically reversible redox wave likely corresponds to
the redox Cu(II)/Cu(I) couple [44]. Attempts to pursue the redox
chemistry of compound 2 are currently ongoing.

3.7. Luminescence

Copper complexes containing heterocyclic aromatic ligands
have been reported to exhibit interesting luminescence properties,
with emission bands arising in the range from 400 to 600 nm [44–
46]. The luminescence properties of the isolated compound 2 and
the free ligand 2,20-bipyridine were investigated in methanol and
at room temperature. The concentration of 2 and the free ligand
was 10�5 M. The excitation and emission spectra of compound 2
and the free ligand are shown in Fig. 6. Compound 2 and the free
ligand exhibit an emission band at 416 nm. Coordination of the li-
gand to the metal ion increases the rigidity of the molecular edifice
and increases the loss of energy through radiationless thermal
vibrations [47,48]. Thus, what one observes is a decrease in the
intensity of both the excitation and the emission signal of complex
relative to the ligand [49]. The band located at 416 nm in the emis-
sion spectrum of complex 2 is most probably due to a p–p⁄ transi-
tion of the 2,2-bipyridine ligand [50,51].
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Fig. 6. Solution emission spectrum of compound 2 (red line) and free 2,20-
bipyridine (blue line) in methanol. Inset: Solution excitation spectrum of compound
2 and free 2,20-bipyridine (blue line) in methanol. (For interpretation of the
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this article.)
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Fig. 7. (Top) Temperature dependence of the magnetic susceptibility of 1, in the
form of vMT vs. T, in the temperature range 2–300 K, in the presence of an external
magnetic field of 0.5 T. The solid line represents the fitting results (see text).
(Bottom) Magnetization of 1, in the form of M/NlB vs. H/T, at 2 K and in the field
range 0–5 T. The solid line represents the simulation according to the susceptibility
fitting results (see text).
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3.8. Magnetic susceptibility

Magnetic susceptibility measurements were carried out at dif-
ferent magnetic fields and in the temperature range 2–300 K.
Fig. 7 shows the vMT versus T susceptibility data at 0.5 T for
compound 1, while Fig. 8 shows the vMT (per 2 Cu(II) ions) versus
T susceptibility behavior for compound 2.

The vMT values decrease almost linearly from 1.42 emu mol�1 K
(1) and 0.88 emu mol�1 K (2) at 300 K to 0.89 emu mol�1 K (1) and
0.65 emu mol�1 K at 18 K (2), and then more steeply to the values
of 0.65 emu mol�1 K at 2.0 K (1) and 0.58 emu mol�1 K at 2.0 K (2).
The temperature independent paramagnetism, TIP, is responsible
for the linear-like behavior of vMT, while the abrupt decrease of
the susceptibility data in the low temperature range is due to small
interdinuclear antiferromagnetic interactions.

A simplified spin Hamiltonian model (based on crystallographic
criteria) was used to describe the exchange interaction in com-
pound 1 and is shown in Eq. (1). According to this model, weakly
interacting dimers are connected, giving rise to a complex 3D
structure. In order to take into consideration the weak inter-dimer
interactions, a mean field correction term was added to the isotro-
pic spin exchange term.
H ¼ �2JðS1S2Þ � zJ0hSziSz þ gbHS ð1Þ

Two possible sets of values for the fitted parameters were
found, giving identical results (solid line in Fig. 7): (a)
J = �0.53 cm�1, g = 2.16(1), TIP = 1.8 � 10�3 and (b) J = �0.43 cm�1,
zJ = �0.23, g = 2.16(1), TIP = 1.8 � 10�3. Further magnetization
measurements (see below) are expected to elucidate the signifi-
cance of the interdimer interaction.

In the case of compound 2, two different models were employed
to derive the exchange interactions. In the first model (according to
crystallographic criteria), the repeating unit is a dimer and a mean
field correction was applied for the inter-dimer interactions (Eq.
(1)). Two possible sets of values for the fitted parameters were
found, giving identical results (solid line in Fig. 8): (a)
J = �0.23 cm�1, g = 2.1(1), TIP = 7.7 � 10�4 and (b) J = �0.11 cm�1,
zJ = �0.15, g = 2.1(1), TIP = 7.7 � 10�4. The role of the inter-dimer
parameter is further elucidated through magnetization studies.
The second model used is the Bonner–Fisher model [52] (Eq. (2))
for a uniformly spaced chain of S = 1/2 metal centers. Since the
two different exchange pathways are expected to give rise to small
antiferromagnetic interactions, this model likely projects a good
approximation.

v ¼ Ng2b2

kT
0:25þ 0:07497xþ 0:075235x2

1:0þ 0:9931xþ 0:172135x2 þ 0:757825x3 ð2Þ

where x ¼ jJj
kT.

The fit (identical solid line in Fig. 8) gave |J| = 0.1 cm�1,
g = 2.1(1), and TIP = 4 � 10–4, with the values obtained being close
to the second set of the first model.

3.9. Magnetization studies

The magnetization data for 1 and 2 in the form of M/NlB versus
H/T at 2 K and in the field range 0–5 T are shown in Figs. 7 and 8,
respectively (for compound 2 the data are per 2 Cu(II) ions).

In the case of compound 1, simulations of the magnetization
data were performed using the same model (Eq. (1)) and the ob-
tained sets of parameters described in the previous section. The re-
sults are shown as a solid line superimposable to the experimental
curves in the case of the first set of parameters [J = �0.53 cm�1,
g = 2.16(1)], thereby verifying that there is an almost zero inter-di-
mer interaction. A different situation emerges for compound 2,
where simulation of the magnetization curve using the first set
of parameters [J = �0.23 cm�1, g = 2.1(1)], presented as solid stars
in the magnetization data of Fig. 8, diverges significantly from
the experimental data, thus denoting the importance of the in-
ter-dimer interactions.

A different magnetic model was used in order to simulate the
magnetization curve of compound 2 and is shown in (Eq. (3)):
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Fig. 8. (Top) Temperature dependence of the magnetic susceptibility of 2, in the
form of vMT vs. T, in the temperature range 2–300 K, in the presence of an external
magnetic field of 0.5 T. The solid line represents the fitting results according to the
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of 2, in the form of M/NlB vs. H/T, at 2 K and in the field range 0–5 T. The solid stars
represent the simulation according to the susceptibility fitting results (see text),
while the solid line represents the fitting results according to the Hamiltonian
model described in Eq. (3) (see text).

142 M. Menelaou et al. / Polyhedron 40 (2012) 134–144
H ¼ gbHSz þ zJ0hSziSz ð3Þ

where Cu(II) ions, bearing S = 1/2, (a) are weakly interacting, (b) the
magnetic field is assumed to be along the z direction, and (c) the g-
tensor is taken to be isotropic. hSzi is given by the Boltzmann distri-
bution law:

hSzi ¼
PS

MS¼�SMSexp½�EðS;MSÞ=kT�
PS

MS¼�Sexp½�EðS;MSÞ=kT�

¼
PS

MS¼�SMSexp½1�MSðglBH � zJhSziÞ=kT�
PS

MS¼�Sexp½1�MSðglBH � zJhSziÞ=kT�
ð4Þ

According to Eqs. (3) and (4) the magnetization formula becomes

M ¼ �NglBhSzi ð5Þ

Assuming that the zJ is non-zero, a perfect fit appears and the fitting
results are g/zJ0 = (2.1(1)/0.2(1) cm�1). Although the values obtained
for the mean field correction are large, both the susceptibility and
magnetization models draw a clear trend of the importance of this
exchange interaction.

3.10. EPR spectroscopy

X-band EPR measurements were carried out on 1 and 2, in the
powder form, at 4 K. In both cases, almost isotropic spectra (see
Supporting Information) emerged for the powder samples, with
features centered at 2.16(1) and 2.15(1), respectively. The signals
obtained are characteristic of high spin Cu(II) signals in consonance
with the results of the fitting procedures of the aforementioned
magnetic data.
4. Discussion

4.1. The synthetic chemistry interplay of binary and ternary Cu(II)–
ligand systems

The interaction between transition metal ions, such as Cu(II),
and various carboxylate-bearing ligands has been a challenge in re-
search over the past few years. Studies between Cu(II) ions and di-
versely structured carboxylic substrates have been carried out and
are currently providing useful information on how chemical reac-
tivity in binary and/or ternary systems is linked to the emergence
of lattice specific structures (1D-, 2D-, 3D-dimensional coordina-
tion polymers) with distinct properties leading to promising func-
tional materials [53]. As an important family of multidentate O-
donor ligands, tetracarboxylic acids have been under investigation
for their chemical reactivity towards transition metal ions [54].
H4CBTC is such a ligand, which possesses the following structural
features: (a) it is a cyclic aliphatic carboxylic acid-containing ligand
structured so as to provide metal anchors around its periphery, and
(b) it contains four carboxylic acid moieties positioned symmetri-
cally around the cyclic skeleton of the ligand, thereby providing
ample access to binding metal ions leading to Cu(II)–organic hy-
brid compounds with a plethora of compositions, lattice architec-
tures and dimensionality options. In this regard, the pH-specific
reactivity of CuSO4 toward H4CBTC exemplifies the mutual chemi-
cal affinity and the diversity of the observed binding modes.
Undoubtedly, the pH of the reaction solutions employed in this
work was crucial in investigating the reactivity. Furthermore, the
analytical and spectroscopic characterization of the derived organ-
ic–inorganic hybrid materials reflected the physical and chemical
properties of 1 and 2, and revealed a considerable number of struc-
tural details related to metal–(O,N) ligand materials. To this end,
the electronic, vibrational, electrochemical (where applicable),
magnetic and EPR properties formulated the profile of the two
coordination polymers and projected their distinct structures in
the solid state and in solution.
4.2. From chemical reactivity attributes to lattice architecture

Compound 1 provides the first example of a Cu(II)–(1,2,3,4-cyc-
lobutanetetracarboxylato) binary compound among other well-
characterized Cu(II)–carboxylato species with the following unique
properties: (a) the four carboxylate groups of the aforementioned
ligand bind six discrete Cu(II) ions in variable denticity modes,
(b) two of the four carboxylate moieties have one oxygen anchor
not coordinated to copper ions, (c) the copper ions are five coordi-
nate, exhibiting square pyramidal geometries. Amply shown
through X-ray crystallography, two of the four carboxylates
(located at diametrically opposed sites around the cyclobutane
ring) bind one Cu(II) center in a monodentate fashion, thereby
differentiating their chemical reactivity from the remaining two
carboxylates, each of which binds two Cu(II) ions (Scheme 1). This
selectivity in the chemical reactivity of the carboxylates around the
cyclobutane ring may be a consequence of the spatial requirements
of single versus double metal ion coordination on behalf of each
carboxylate group and influences heavily the composition as well
as the nature of the ultimately assembled lattice. It has been
well-known that carboxylate groups are capable of coordinating
metal ions in diverse ways, with the employed metal coordination
modes influencing the nature of the emerging metal–organic hy-
brid crystal lattice. In the aforementioned binary system, the inter-
action of Cu(II) ions with H4CBTC distinctly led to an assembly,



Scheme 3. The dihedral angle (d) between the two planes defines the syn–anti
coordination mode of the nitrate ions in 2.
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exemplified through the binding of each of the four carboxylate
moieties to the Cu(II) ions in a monodentate and/or bidentate fash-
ion [55]. Undoubtedly, the structurally revealed composition of the
unit Cu2(C8H4O8)(H2O)4 supports the ligand associated extension
into the 3D polymeric lattice, in keeping with the requirements
of the composition and the properties of the derived crystalline
product 1. What is unique about the lattice structure of 1 is that
there exist two types of channels (A and B) with unique character-
istics. Specifically, both types of channels (a) are characterized by
well-defined helices structurally supported by Cu(II) centers bound
to the deprotonated ligand, and (b) have the same helical pitch, i.e.
that covering the length of the crystallographic c axis. Surprisingly,
type A channels contain – almost homocentrically – left-handed
helices comprised of water molecules, with the helices linked to
the outer Cu-supported walls through H-bonds. To this end, the
type A channels differ from the type B channels in their nature,
and diameter size (vide supra), and in so doing they exhibit a dif-
ferent capacity for ‘‘holding within’’ water molecules. The differen-
tiated structural lattice helices A and B within the same lattice
emerge as differentiated hosts for water molecules, with the latter
capacity amply reflected in their hydrophilic/hydrophobic
potential.

Delving further into the chemical reactivity of the ternary
Cu(II)–H4CBTC–(2,20-bipy) system, the synthetic process led to
the binary species 2, not incorporating the H4CBTC ligand into its
lattice. Compound 2 represents a 1D lattice where nitrate ions
and 2,20-bipyridine fulfill the requirements of the coordination
sphere of Cu(II). The nitrate ions are coordinated to Cu(II) ions
via two discrete ways. In the first mode the nitrate ions act as
l2:g1 bridging ligands (Scheme 2). Examples of compounds where
one oxygen atom of a nitrate group bridges two metal ions are rare,
although this bridging mode has been previously reported [56–58].
In 2, the Cu–O–Cu bridges are asymmetric (Cu–O 1.984(3) and
2.574(2) Å) and the difference in length between the two Cu–O
bonds is equal to 0.59 Å. This difference is in the range 0.2–0.7 Å,
supporting this type of bridging for the nitrate group [59]. How-
ever, symmetrical Cu–O–Cu bridges have also been reported [60].
The second mode of coordination is l2:g1:g1, as a syn–anti biden-
tate bridge (Scheme 2), similar to the bridging mode of carboxyl-
ates [61]. An important feature of the structure in 2 is the
dihedral angle (d) observed between the least-squares planes
through the bridging nitrates. The angle d between the planes
O(21)–N(21)–O(22) and O(22)–O(21)–Cu(1) is 81.17� and the cor-
responding angle between the planes O(21)–N(21)–O(22) and
O(22)–O(21)–Cu(1) is 178.46� (Scheme 3). Moreover, the Cu–O dis-
tances are unequal and the difference is 0.67 Å. Therefore, the role
of the nitrate ions is to serve as pincer ligands, aiding in the assem-
bly of a 1D lattice architecture in 2. It is this diversity in the bridg-
ing mode of the nitrate ions that allows for the extension of the
unit Cu(NO3)2(C10H8N2) into the one-dimensional coordination
polymer 2 and the distinct properties tied to its lattice architecture.

With both Cu(II) and H4CBTC being common partners at the
binary and ternary level, key structural features of H4CBTC were
crucial in dictating the reactivity observed, with the third partner
2,20-bipy dictating effectively the presence/absence of H4CBTC
from the isolated product of the ternary system (and consequently
defining a new lattice composition, architecture and properties).
5. Conclusions

The synthetic chemistry of the binary Cu(II)–(1,2,3,4-cyclobu-
tane-tetracarboxylic acid) system and its ternary congener with
2,20-bipy led to well-defined materials 1 and 2, the structural and
spectroscopic properties of which exemplified the distinct chemi-
cal reactivity of each system and key features of their coordination
polymeric lattices. The physicochemical attributes of the coordina-
tion polymeric species 1 and 2 reflect the chemical diversity of the
aforementioned reaction systems in aqueous media and indicate a
complex structural speciation as a function of pH and molecular
stoichiometry. The distinct structural and magnetic properties of
the two polymeric materials (a) exemplify the unique nature of
their solid state lattice composition, (b) emphasize the emergence
of structurally differentiated domains (helical type A sites and
interpenetrating ladder type B channels) within the unique Cu–li-
gand assembly as a result of the variable metal–ligand binding
modes [the latter reveal distinct sub-structures (size, hydrophilic-
ity/hydrophobicity, and thus water capacity differentiated left-
handed helical channels in 1, syn–anti conformationally distinct
Cu–nitrate unidimensional chains in 2) emerging within the lattice
architecture of each coordination polymer] and (c) point towards
the nature and chemical reactivity of the interacting ligand in the
assembly as key factors influencing the magnetically active inor-
ganic–organic polymeric materials of variable dimensionality
(1D–3D). Efforts to unravel novel Cu(II)–(O,N-containing) coordi-
nation polymers through the employment of novel diversely struc-
tured (poly)carboxylic acids, capable of influencing the emergence
of structurally and magnetically unique lattice architectures of var-
iable yet well-defined dimensionality, as well as correlations there-
of, are currently being pursued in our lab.
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