
Commensurate Superstructure of the {Cu(NO3)(H2O)}(HTae)(Bpy)
Coordination Polymer: An Example of 2D Hydrogen-Bonding
Networks as Magnetic Exchange Pathway
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ABSTRACT: The average and commensurate superstructures
of the one-dimensional coordination polymer {Cu(NO3)-
(H2O)}(HTae)(Bpy) (H2Tae = 1,1,2,2-tetraacetylethane, Bpy
= 4,4′-bipyridine) were determined by single-crystal X-ray
diffraction, and the possible symmetry relations between the
space group of the average structure and the superstructure
were checked. The crystal structure consists in parallel and
oblique {Cu(HTae)(Bpy)} zigzag metal−organic chains stacked
along the [100] crystallographic direction. The origin of the
fivefold c axis in the commensurate superstructure is ascribed to
a commensurate modulation of the coordination environment
of the copper atoms. The commensurately ordered nitrate
groups and coordinated water molecules establish a two-
dimensional hydrogen-bonding network. Moreover, the crystal structure shows a commensurate to incommensurate transition at
room temperature. The release of the coordination water molecules destabilizes the crystal framework, and the compound shows
an irreversible structure transformation above 100 °C. Despite the loss of crystallinity, the spectroscopic studies indicate that the
main building blocks of the crystal framework are retained after the transformation. The hydrogen-bonding network not only
plays a crucial role stabilizing the crystal structure but also is an important pathway for magnetic exchange transmission. In fact,
the magnetic susceptibility curves indicate that after the loss of coordinated water molecules, and hence the collapse of the
hydrogen-bonding network, the weak anti-ferromagnetic coupling observed in the initial compound is broken. The electron
paramagnetic resonance spectra are the consequence of the average signals from Cu(II) with different orientations, indicating
that the magnetic coupling is effective between them. In fact, X- and Q-band data are reflecting different situations; the X-band
spectra show the characteristics of an exchange g-tensor, while the Q-band signals are coming from both the exchange and the
molecular g-tensors.

■ INTRODUCTION

There has been extensive interest in the synthesis and design of
new coordination polymers1 because of their potential
applicability in different areas, such as molecular magnetism,2

molecular recognition and sensing,3 thermal properties, and4

protonic conductivity,5 among others.6 During the last 20 years,
a vast number of structural architectures and fascinating
properties has been described in this research field.7 One
interesting crystal engineering approach to construct new
coordination polymers is the selection of metal chelating
groups different from the commonly used carboxylate-,
imidazole-, and/or pyridine-based ligands.8 In this regard, the
β-diketonates, and concretely the metal β-diketonates, have

been under investigation for a long time, and have been
recently started to be used as structural building blocks in
coordination polymers.9 Inspired by this strategy, several
dimeric, triangular, and rectangular molecular cages and boxes
have been obtained based on diketonate-functionalized benzene
and naphthalene ligands.10 These discrete porous cages are
endowed with an interesting H2 adsorption capacity, as well as
with the ability to host amines, pyridine, and even fullerene
molecules.11 Moreover, for Cu2(o-pba)2 dimeric rings reported
by Pariya et al.12 a color response to the incorporation of
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different solvents within the crystal structure has been
observed. Another interesting strategy is the incorporation of
β-diketonate and cyano groups in the same organic connector,
for instance, 3-cyanoacetylacetonate and 3-(3-cyanophenyl)-
acetylacetonate molecules.13 The combination of M(II)-
acetylacetonate and M(III)-acetylacetonate building blocks
linked through the cyano groups across a second metal center
is a very intelligent approach for the design of coordination
polymers based on two- and three-connected units.14

Among the β-diketonate based connectors, there are few
examples of coordination polymers constructed solely from
1,1,2,2-tetraacetylethane (hereafter (H2Tae)) ligand.

15 Despite
the fact that the combination of metal−Tae building blocks and
pyridine-based bridging ligands seems to be a good strategy to
obtain high-dimensional coordination polymers, the main
studies have been focused on the use of chelating ligands,
such as 2,2′-bipyridine, 1,10-phenanthroline, or di-2-pyridyl-
amine.16 Indeed, as far as we know, only one three-dimensional
(3D) architecture based on M-Tae-pyridinic ligands has been
reported, namely, the three concomitant supramolecular
isomers [Cu2(Tae)(4,4′-Bpy)2]2+ [(NO3)2]

2− studied by Luisi
et al.17 Delving into the Cu-Tae-4,4′-Bpy system, we obtained
the one-dimensional (1D) {Cu(NO3)(H2O)}(HTae)(Bpy)
coordination polymer. Herein, we describe the average
orthorhombic crystal structure and the monoclinic commensu-
rate superstructure, along with the impact of the commensur-
ability in the magnetic properties.
Several examples of commensurate18 and incommensurate19

superstructures in coordination polymers have been previously
reported. The origin for the commensurate and incommensu-
rate order must be considered in each concrete structure, but
three main reasons can be quoted: (i) order−disorder
transitions, (ii) modulation due to different arrangements
and/or orientations of the building blocks, and (iii) occupa-
tional modulation. Examples of order−disorder modulation
range from dynamical disorder of organic molecules frozen at
low measurement temperatures19 to order−disorder of high
spin−low spin Fe(II) in coordination compounds.20 The
[Ni(MeCN)(H2O)2(NO3)2]·(15-crown-5)·MeCN compound
reported by Siegler et al. is an example of temperature four
phase sequence structural transition due to the reorientation of
their building units.21 Modulation of the occupancy factor for
the water molecules located within the pores of lanthanide
coordination polymers have been previously reported by
Cepeda et al.,18 but, in this case, the modulation does not
affect the coordination environment of the metal centers. The
studies performed in commensurable/incommensurable ad-
sorption of different gases in zeolites and MOFs usually involve
occupational and positional modulation of the gas molecules
located with the pores of the crystal structures.22 But, in the
specific case of the studied coordination polymer, the
superstructure is based on the modulation of the coordination
environment of Cu(II) metal centers, and concretely, due to
the coupled commensurate modulated occupancy of coordi-
nated water molecules and nitrate groups.
As several materials reported before, the studied compound

suffers an irreversible structural transformation due to the loss
of coordinated water molecules. The spectroscopic and
magnetic properties of the initial hydrated phase {Cu(NO3)-
(H2O)}(HTae)(Bpy) (hereafter CuHTaeBpy_RT) and the
anhydrous compound {Cu(NO3)}(HTae)(Bpy) (hereafter
CuHTaeBpy_HT) have been studied. In addition to the
crystallographic study, the thermal, spectroscopic, and magnetic

properties of the hydrated (CuHTaeBpy_RT) and anhydrous
(CuHTaeBpy_HT) compounds reveal the importance of the
hydrogen-bonding network within the crystal structure, both in
the thermal response of the crystal framework23,24 and in the
establishment of magnetic exchange pathways. It is well-known
that the magnetic interaction between metal centers in
coordination polymers depends strongly on the number of
uncoupled electrons of the metal centers, the bond distances
and angles between them, and the magnetic pathway through
bridge atoms, anions, or molecules. Despite the weak nature of
the hydrogen bonds, and the long distances of metal centers
linked through hydrogen-bonding pathways in comparison with
M−O−M bridges, it is well-established that they are an
effective magnetic exchange pathway, even in coordination
polymers with weak magnetic cations, such as Cu(II) (S = 1/
2).25

■ EXPERIMENTAL SECTION
Materials and Methods. Commercially available reagent-grade

chemicals were purchased from Sigma-Aldrich and used without
further purification: 4,4′-bipyridine (Bpy), 1,1,2,2-tetraacetylethane
(H2Tae), Cu(NO3)2·H2O, and ethanol (99%). The single crystals of
the studied compound were crystallized from saturated ethanolic
solutions.

Synthesis. 0.05 mmol (0.0102 gr) of Cu(NO3)2·H2O and 0.05
mmol (0.0099 gr) of H2Tae were dissolved in 12 mL of ethanol at 80
°C. After dissolving the H2Tae ligand, the solution was slowly
tempered at room temperature. Finally, 0.1 mmol (0.0158 gr) of Bpy
organic ligand was added carefully under stirring. After the addition of
the pyridinic ligand, the color of the solution changes from pale
lemon-green to dark green, associated with the reorganization of the
coordination environment of the copper cations. After 1 d, the single
crystals began to crystallize. The single crystals were recovered after
one week, once the crystallization process had finished, and they were
washed with ethanol and dried at room temperature.

Many crystallization experiments at different conditions (temper-
ature, stoichiometry, solvent, etc), were performed. However,
departures from the described conditions give rise to the precipitation
of a pale green-yellowish powder (CuTae) together with the studied
compound. The fast precipitation of CuTae is also promoted by the
increase of the pH of the reaction media by the addition of sodium
hydroxide or 1,4-diazabicyclo[2.2.2]octane (dbco). Slight increase of
the pH of the media led to the deprotonation of the H2Tae molecules
and the consequent precipitation of CuTae compound, competing
with the crystallization of CuHTaeBpy_RT. Therefore, the crystal-
lization of CuHTaeBpy_RT needs slow deprotonation of the H2Tae
ligand. The use of other solvents, such as dimethylformamide, acetone,
chloroform, chlorobenzene, or tetrahydrofuran, gives rise to the instant
precipitation of different poorly crystalline copper-Bpy coordination
compounds. So, the formation of CuHTaeBpy_RT is also solvent-
dependent. The fast precipitation of both Cu(Tae) and copper-Bpy
coordination compounds involves very small single crystals and broad
diffraction maxima. Jointly, these two characteristics hinder the
solution of their crystal structures by means of single-crystal or
powder X-ray diffraction.

Single-Crystal X-ray Diffraction. First, a standard short program
was used to obtain the crystal lattice and to confirm the quality of the
crystal from a few diffraction images. Once the unit cell and the quality
of the single crystal were determined, the data collection of the
complete Ewald sphere was performed. Diffraction data were collected
on an Agilent Supernova single source diffractometer with Mo Kα
radiation at 100 K. Data reduction was done with CrysAlis RED
program.26 The diffraction data were corrected for Lorentz and
polarization effects,27 as well as for the absorption, taking into account
the crystal shape and size. The structure was solved by direct methods
(SIR-201128) and refined by the full-matrix least-squares procedure
based on F2, using SHELXL 9729 computer program belonging to
WINGX software package.30 The scattering factors were taken from
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the International Tables for Crystallography.31 Details of crystal data,
intensity collection, and some features of the structural refinement of
both the average and superstructure are reported in Table 1. A
complete description of the crystal structure refinements and the
average and the superstructure crystallographic relationship can be
found in the Supporting Information.

Characterization. The synthesized samples were characterized by
powder X-ray diffraction. The data were recorded in a Bruker D8
Advance Var̊io diffractometer (Cu Kα1 radiation), 2θ range = 5−70°,
step size = 0.015°, exposure time = 10 s per step at room temperature.
The Rietveld refinements were performed with the both average and
superstructure models. All the refinements were performed with
Fullprof Suite software package.32 Despite the fact that the crystal
structures were too complex to perform a refinement of any structural
parameter, the use of atomic coordinates allowed the introduction of
real intensities into the refinement (Figure S1). This point made more
reliable the obtained cell and profile parameters than those obtained
from a pattern matching analysis, especially for the large crystallo-
graphic cell of the modulated structure.
The percentages of the elements were calculated from C, N, H

elemental analysis. Exp: H 4.66(7) %, C 48.6(6) %, and N 8.61(5) %;
Theor: H 5.05%, C 48.14%, and N 8.42%. The density could not be
determined, because the single crystals are dissolved by the organic
solvents usually employed to determine this physical property. The
infrared spectra were recorded on a Jasco FT/IR-6100 spectrometer
with pressed KBr pellets (400−4000 cm−1). Diffuse reflectance UV−
vis spectra of solid samples were registered at room temperature on a
Varian Cary 50000 spectro-photometer in the 50 000−4000 cm−1

range.
Physical Measurements. The temperature-dependent powder X-

ray diffraction in air atmosphere were performed on a Bruker D8
Advance Vantec diffractometer (Cu Kα radiation) equipped with a
variable-temperature stage HTK2000 for the measurements performed

in the 30 to 400 °C temperature range (2θ range = 9−30°, step size =
0.01°, exposure time = 0.5 s per step). The thermal evolution of the
cell parameters for the initial phase was obtained from cyclic Rietveld
refinement. The difference between the Rietveld refinement with the
average and the commensurate models lies on the fit of several little
intense diffraction maxima. In the specific case of the X-ray diffraction
patterns of the thermodiffractometry these little intense maxima were
not clearly observed, because the technique is focused on the fast
acquisition of the data instead of the accuracy. Taking these facts into
account the average structural model was chosen to perform the cyclic
Rietveld refinement. All the maxima were indexed, in spite of some
problems in the fitting of the intensities due to the preferred
orientation of the sample.

Thermal analyses were performed in air atmosphere, up to 500 °C,
with a heating rate of 5 °C min−1 on a Netzsch Sta Simultaneous DSC-
TGA. Electron paramagnetic resonance (EPR) powder spectra were
recorded on a Bruker ESP300 spectrometer (X- and Q-bands)
equipped with Oxford low-temperature devices (magnetic field
calibration: NMR probe; determination of the frequency inside the
cavity: Hewlett-Packard 5352B microwave frequency counter). The
magnetic measurements were performed on a Quantum Design
MPMS-7 SQUID magnetometer in the temperature range of 5−300
K. The magnetic field was 0.1 T, a value in the range of linear
dependence of magnetization versus magnetic field, even at 5.0 K. The
magnetic and spectroscopic measurements were performed both for
the as-synthesized sample (CuHTaeBpy_RT) and after dehydrating it
at 125 °C during 30 min (CuHTaeBpy_HT).

■ RESULTS AND DISCUSSION

{Cu(NO3)(H2O)}(HTae)(Bpy) Average and Superstruc-
tures. The analysis of the reciprocal space reveals the existence
of a fivefold commensurate crystal structure along the “c*”
parameter. Figure 1 shows the reciprocal space projection along
the b* axis and the hkl layers related with the supercell. The
average unit cell can index the main (hk0) and (hk1)
reflections; however, a fivefold c* parameter (q vector = (0,
0, 0.4)) along the [001]* direction is needed to index the less
intense satellite reflections.
In addition, the data collection recorded at room temper-

ature reveals that the superstructure becomes incommensurate,
with a propagation vector along the c* direction of q = (0, 0,
0.378). Further studies are needed to describe the commensu-
rate and incommensurate crystal structures with four-dimen-
sional superspace groups and to discover the origin of the
commensurate to incommensurate structural transition. In this
study, the efforts are focused on the description of average and
modulated structures, suggesting some possible reasons for the
incommensurability of the crystal structure at room temper-
ature. Future studies focused on the structural transition from a
commensurate to an incommensurate structure will be reported
once the structures are properly described in the fourth
dimensional space.33

The asymmetric units for the average crystal structure and
the superstructure are depicted in Figures 2a,b, respectively.
The asymmetric unit of the average crystal structure contains a
half of Bpy and HTae molecules, one copper atom lying on a
special position, and a half of one nitrate group disordered in
two positions. Moreover, a half of coordinated water molecule
is disordered and located in the same position that the O1A
and O1B atoms belonging to the nitrate anion. The Cu(II)
cation is linked to two nitrogen atoms and two oxygen atoms in
the equatorial plane, belonging to two Bpy and one HTae
ligands, respectively. The disordered nitrate and coordinated
water molecules complete the octahedral coordination environ-
ment. The symmetry of the Pnna space group describes

Table 1. Crystal Data and Structure Refinement of the
Orthorhombic Average and Monoclinic Superstructures

compound CuHTaeBpy average
structure

CuHTaeBpy
superstructure

formula C20H21CuN3O8 C100H105Cu5N15O40

Fw (g/mol) 494.95 2474.68
crystal system orthorhombic monoclinic
color green green
space group, No. Pnna, 52 P21/n, 14
a (Å) 23.2967(6) 23.282(1)
b (Å) 13.0779(3) 13.0700(7)
c (Å) 6.9267(1) 34.631(2)
β (deg) 90.084(4)
Z, F(000), T (K) 4, 1020, 100 4, 5100, 100
μ (mm‑1) 1.08 1.09
crystal size (mm) 0.16 × 0.13 × 0.08 0.16 × 0.13 × 0.08
radiation (λ(Å)) 0.710 73 0.710 73
No. reflns 2449 24 012
reflns. (I > 2σ(I)) 1724 9495
h, k, l intervals −25 ≥ h ≥ 31 −26 ≥ h ≥ 31

−17 ≥ k ≥ 16 −16 ≥ k ≥ 17
−9 ≥ l ≥ 9 −46 ≥ l ≥ 45

R(int), R(σ) 0.061, 0.1796 0.127, 0.5055
R1, wR2(obs)
(I > 2σ(I))

0.0653, 0.1550 0.1084, 0.2495

R1, wR2(all) 0.0946, 0.1758 0.2329, 0.3276
GOF 1.05 1.034
No. parameters/
restraints

153, 12 676, 4

l. diff. peak (e·Å−3) 1.05 1.659
l. diff. hole (e·Å−3) −1.52 −0.954
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perfectly the crystal structure of the compound but imposes a
random disorder of the nitrate anions and water molecules,
instead of the long-range order observed in the superstructure.
In this regard, the asymmetric unit of the superstructure
contains five crystallographically independent copper atoms,
five Bpy, and five HTae molecules (Figure 2b). In this
description, the coordination environment of the copper atoms
is not equal as in the average structure. Depending on the
location of the nitrate groups and the coordinated water
molecules in the axial positions of the Cu(II) octahedra, three
different coordination environments can be distinguished. The
Cu(1) and Cu(4) cations are linked to two coordinated water
molecules, the Cu(2) and Cu(5) to two nitrate groups, while
the Cu(3) cation is bonded to one nitrate group and one water
molecule.
Both the average and the superstructure can be described as a

one-dimensional coordination polymer of copper cations linked
through Bpy linkers, giving rise to zigzag metal−organic chains.

The coordination environment of the copper atoms is
completed by one HTae molecule acting as a chelating ligand
and the aforementioned nitrate and coordination water
molecules.
Tables 2 and 3 summarize the selected bond distances and

angles for the average and superstructures. In both structures,
the coordination environment of the copper atoms can be
described as an axially elongated octahedron. The equatorial
plane contains two oxygen and two nitrogen atoms belonging
to one HTae and two Bpy organic molecules. The axial
positions of the octahedra are occupied by nitrate or
coordinated water molecules. The Cu−OTae bond distances
are the shortest ones, with values ranging from 1.882(6) Å, for
Cu5−O17, to 1.909(6) Å for Cu1−O2. The Cu−NBpy bonds
are slightly longer with a maximum value of 2.022(6) Å, for
Cu2−N3, and a minimum distance of 1.990(7) Å, for Cu3−N5.
The axial elongated Cu−Ow and Cu−ONitrate bonds take values
from 2.517(8) Å, for Cu5−O12A, to 2.604(9) Å for Cu3−O9A.

Figure 1. (a) A view of the Ewald sphere along the [010]* crystallographic direction. (b) Reconstruction of the (hkn) planes of the reciprocal space.
The hkl planes were indexed based on the fivefold c axis of the supercell.
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The Cu−Ow and Cu−ONitrate interatomic distances are
appreciably longer than the bond lengths in the equatorial
positions but within the range of weak covalent interactions
termed “semi-coordination”.34 The bond valence calculations
agree with a 2+ valence for the copper atoms if the contribution
of the Cu−O and Cu−OW bonds are considered into the
coordination sphere of the Cu(II) atoms (Table 3).35 The trans
and cis angles of the copper octahedron are near to the ideal
values of 90° and 180° of a regular octahedron. Indeed,
continuous shape measures of the metal coordination environ-
ments indicate that Cu(II) coordination environments are very
near to the ideal octahedron geometry, with values for S(Oh)
and S(D3h) of 16 and 2, respectively. (Figure S2).36

Regarding the C−C and C−O bond distances of the HTae
ligand, two types of bond lengths are found. The first one is
associated with the C−C single bonds (ca. 1.49 Å) involving
the methyl groups, and the second one is related to the
resonant CC (ca. 1.40 Å) and CO (ca. 1.30 Å) bonds.
One proton is located between the two oxygen atoms of the
HTae ligand nonbonded to the Cu(II) cations, with O−H
bond distance of ca. 1.22 Å.
The packing of the {Cu(HTae)(Bpy)} metal−organic chains

in the ab plane is shown in Figure 3. The zigzag chains are
parallel stacked. The HTae ligands of one chain point toward
the copper cations of the adjacent ones. To visualize more
easily the crystal packing of the metal−organic chains, the

simplification of the crystal structure was performed with
TOPOS software, considering the Cu(II) cations and the Bpy
organic ligands as the nodes. The Cu and Bpy nodes are
alternatively connected giving rise to the zigzag simplified
chains observed in the Figure 4a. As the HTae ligand acts as
chelating molecule binding only one copper atom, they are
omitted in the simplified model. There are two kind of chains
depending on their propagation direction, the [011] and [0−
11] chains (green and blue codes, respectively, in Figure 4b).
Each sort of chain is stacked in an ABABAB-type sequence
along the [100] crystallographic direction (Figure 4c).
The main differences between the average and the

superstructure are (i) coordination environment of the copper
cations and (ii) the hydrogen bonding established between the
coordination water molecules and nitrate groups. In fact,
randomly disordered nitrate groups and water molecules
described in the average crystal structure do not stand the
real hydrogen bonding of the network. It is not possible to
calculate the interchain hydrogen bonding because of the
disorder of the nitrate groups imposed by the symmetry. The
hydrogen bonds obtained from the average structure only
involve intrachain interactions. However, the superstructure
allows describing the real hydrogen-bonding network. In
addition to the intrachain hydrogen bonds, the modulated
long-range order of the nitrate and coordinated water
molecules generates a two-dimensional (2D) hydrogen-

Figure 2. Asymmetric unit (a.1) and fundamental building blocks (a.2.) of the average crystal structure. (b) Superstructure asymmetric units of
CuHTaeBpy_RT compound (50% probability thermal ellipsoids). Hydrogen atoms were omitted for clarity.
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bonding network shown in Figure 5a. With the aim of
visualizing the connection between the metal−organic chains
through the hydrogen bonds the simplification of the crystal
structure shown in Figure 5b,c were made. The chains are
represented as the copper metal centers linked through the Bpy
ligand. For each copper metal center, the coordinated water
molecules or the nitrate groups were also represented as single
nodes. The 2D hydrogen-bonding net consists of the linkage of
parallel metal−organic chains represented in Figure 5b and the
connection between the crossed adjacent chains shown in
Figure 5c.
Figure 5b depicts the simplified parallel chains and their

connectivity through the hydrogen bonds along the [001]
direction, which plays a crucial role in the commensurability of
the superstructure at low temperature. The connection of the

metal−organic chains in this direction follows the Cu(1)−Ow−
NO3−Cu(2)−NO3−Ow−Cu(4)−Ow−NO3−Cu(5)−NO3−
Ow−Cu(3)−NO3−Ow−Cu(1) sequence, as shown in Figure
5b. The connectivity between adjacent crossed chains is given
by the Cu(1)−Ow−NO3−Ow−Cu(5), Cu(2)−NO3−Ow−
Cu(4), and Cu(3)−Ow−NO3−Cu(3) successions along the
[100] direction (Figure 5c). Clearly, the coordination environ-
ments of the copper atoms are arranged facing nitrate and
coordinated water molecules, promoting the formation of the
described hydrogen-bonding patterns. Both the different
coordination environments of the copper cations and the
hydrogen bonding between them justify the fivefold c* axis in
the commensurate structure. Probably, the origin of the
incommensurability at room temperature comes from the
distortion of the hydrogen-bonding network, but further
insights for clarifying these points are needed.
Similar {Cu-Bpy-L} (L = chelating ligand) metal−organic

chains are present in other 1D coordination polymers, but with
alanine,37 adipic acid,38 2-pyrazinecarboxylic acid,39 or amino-
benzoic acid40 as chelating ligands. In the specific case of
negatively charged chelating molecules, the positive charge of
Cu-Bpy cationic chains is completely or partially compensated.
In the latter case, the crystal structure incorporates inorganic
anions (nitrate and sulfate groups, among others) balancing the
charge of the crystal framework.41 These species could be
coordinated in different degrees to the copper cations or simply
located within the pores of the crystal structures. As it has been
indicated in the introduction, Luisi et. al18 obtained three
different [Cu2(Tae)(4,4′-Bpy)2]2+[(NO3)2]

2− isomers contain-
ing Tae−2 ligand acting as connector. Curiously, Cu(II)Bpy
chains similar to those present in CuHTaeBpy_RT are
observed in these crystal structures, but their connectivity
through Tae−2 generates three different porous 3D architec-
tures.
The synthesis method for the crystallization of CuHTaeB-

py_RT and the 3D compounds reported by Luisi et. al is
different. While CuHTaeBpy_RT is obtained as the major
product of crystallization by evaporation technique from
ethanolic solution, the [Cu2(Tae)(4,4′-Bpy)2]2+[(NO3)2]

2−

isomers crystallize as few single crystals by slow diffusion of a
methanolic solution of Bpy into a methanolic solution of Tae
and copper(II) nitrate across an inverted U-tube bridge.
Different isomers are collected from distinct regions of the
bridge, suggesting that slight variation on synthetic conditions
(concentration, stoichiometry of reagents···) could shift the
crystallization pathway.

Thermal and Spectroscopic Properties. The thermog-
ravimetric analysis shows four different steps of weight loss
(Figure S3), but the last three are strongly overlapped, so the
information acquired from the thermodiffractometric analysis is
needed to separate the processes. The first weight loss occurs
between room temperature and 130 °C due to a continuous
loss of the surface moisture of the sample and coordinated
water molecules, (Theor 3.6%, Obs 5.4%). The release of
coordinated water molecules is slightly endothermic, as
observed in the differential scanning calorimetry (DSC) curve
peak. A second weight loss is observed between 130 and 160
°C. This second process is immediately followed by the
collapse of the crystal framework due to the loss of Bpy and
Tae molecules. It is possible to separate both processes because
of (i) the exothermic peak observed in the DSC curve centered
at 160 °C and (ii) the information given by the thermodif-
fractometric analysis, in which the collapse of the crystal

Table 2. Selected Bond Distances (Å) and Angles (deg) for
the Average Crystal Structure

Bpya (distances) HTaea (distances)

C1−N1 1.341(5) C6−O1 1.273(5)
C1−C2 1.377(6) C6−C7 1.408(5)
C2−C3 1.385(5) C6−C8 1.488(6)
C3−C4 1.396(6) C7−C6ii 1.408(5)
C3−C3i 1.487(8) C7−C9 1.493(8)
C4−C5 1.362(7) C9−C10 1.402(5)
C5−N1 1.340(5) C9−C10ii 1.402(5)
Bpy (angles) C10−O2 1.300(5)
N1−C1−C2 122.5(4) C10−C11 1.498(6)
C1−C2−C3 120.4(4) O2−H1A 1.227(5)
C2−C3−C4 116.5(4) HTae (angles)
C2−C3−C3i 122.0(4) O1−C6−C7 124.8(4)
C4−C3−C3i 121.5(4) O1−C6−C8 113.5(4)
C5−C4−C3 119.9(4) C7−C6−C8 121.6(4)
N1−C5−C4 123.5(4) C6−C7−C6ii 122.6(5)
C5−N1−C1 117.2(4) C6−C7−C9 118.7(3)
Cu(II) (distances) C6ii−C7−C9 118.7(3)
Cu1−O1 1.896(3) C10−C9−C10ii 117.5(5)
Cu1−O1ii 1.896(3) C10−C9−C7 121.2(3)
Cu1−N1ii 2.008(4) C10ii−C9−C7 121.2(3)
Cu1−N1 2.008(4) O2−C10−C9 122.4(4)
Cu1−O1A 2.529(6) O2−C10−C11 115.7(4)
Cu1−O1B 2.585(6) C9−C10−C11 121.9(4)
Cu(II) (angles) C10−O2−H1A 92 (3)
O1−Cu1−O1ii 92.66(18) nitrate (angles)
O1−Cu1−N1ii 90.09(14) O1A−N1A−O3A 129.7(10)
O1ii−Cu1−N1ii 176.40(14) O1A−N1A−O2A 107.8(7)
O1−Cu1−N1 176.40(14) O3A−N1A−O2A 120.8(9)
O1ii−Cu1−N1 90.09(14) O3Aiii−O3A−N1A 156.9(11)
N1ii−Cu1−N1 87.3(2) O1B−N1B−O3B 122.4(8)
N1−Cu1−O1A 92.38(17) O1B−N1B−O2B 116.6(8)
N1−Cu1−O1B 92.06(17) O3B−N1B−O2B 120.8(9)
O1−Cu1−O1A 90.27(16) O3Biii−O3B−N1B 146(3)
O1−Cu1−O1B 89.86(16)
nitrate (distances)
N1A−O1A 1.174(8)
N1A−O3A 1.219(8)
N1A−O2A 1.277(8)
N1B−O1B 1.197(8)
N1B−O3B 1.240(8)
N1B−O2B 1.266(8)

aSymmetry codes: (i) −x, −y + 1, −z + 2; (ii) x, −y + 1/2, −z + 1/2;
(iii) −x + 1/2, −y, z.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.6b01199
Inorg. Chem. 2016, 55, 11662−11675

11667

http://dx.doi.org/10.1021/acs.inorgchem.6b01199


framework starts also at 160 °C. According to the crystal
structure and formula unit, upon 130 °C the release of nitrate
groups could explain the weight loss observed in this second
step (Theor 12.4%, Obs 12.8%). Finally, the loss of the Bpy and
Tae organic molecules occurs between 160 and 320 °C. The
first stage of the release of the organic molecules is progressive
and occurs between 160 and 215 °C. Above this temperature, a
sharp and exothermic weight loss is observed up to 245 °C, at
which temperature this process is attenuated up to 320 °C. In
this last stage (245−320 °C), both the release of Bpy and Tae
molecules and the oxidation of Cu atoms occur simultaneously
(Theor 67.8% Obs 65.7%).

The temperature-dependent X-ray diffraction experiment
indicates that the initial crystal structure is stable up to 100 °C
(Figure S4). Above this temperature, the compound is
transformed due to the loss of coordinated water molecules.
The reduction of the intensity and the increase of the half-
width of the diffraction maxima in the dehydrated phase suggest
a loss of crystallinity due to the collapse of the 2D hydrogen-
bonding network and the reorganization of the crystal
structure.42 The dehydrated phase is stable up to 150 °C.
Upon this temperature and until 200 °C, the release of nitrate
groups gives rise to a progressive loss of intensity in the X-ray
diffraction patterns related to the collapse of the framework.
The thermal evolution of the cell parameters reveals an

anisotropic thermal response of the crystal structure (Figure 6).
In fact, while “b” and “c” parameters increase with temperature,
“a” parameter is reduced. On the basis of previous studies, the
thermal behavior of coordination polymers is usually ascribed
to the reorientation of rigid blocks.43 For the studied crystal
structure, the thermal expansion can be qualitatively explained
taking into account the connection of the copper octahedra
through the Bpy organic ligands. A simplified model is shown
in Figure S5. It is reasonable to suppose that the distance
between the copper atoms linked through the Bpy molecules
remains approximately unaltered during the heating process
(ca. 11 Å). The elongation of the metal−organic chains could
be reached by an increase of Bpy−Cu−Bpy angle (Figure S5).
Since the metal−organic chains are oriented in the [011] and
[01−1] directions, their elongation generates the expansion of
the “b” and “c” parameters and the reduction of the “a”
parameter.44

It is well worth pointing out the exponential tendency of “a”
and “b” parameters between room temperature and 100 °C. In
fact, if the cell parameters obtained at 100 K by single-crystal X-
ray diffraction are plotted (see Figure S6), this trend seems to

Table 3. Copper Coordination Environment Bond Distances (Å) and Bond Valence Calculations for the Orthorhombic Average
Structure and Monoclinic Superstructure

averagea bond valence superstructure bond valence

Cu1−O1 1.896(3) 0.556 28 Cu3−O10 1.894(6) 0.559 29
Cu1−O1ii 1.896(3) 0.556 28 Cu3−O9 1.895(6) 0.557 78
Cu1−N1ii 2.008(4) 0.341 07 Cu3−N5 1.990(7) 0.358 07
Cu1−N1 2.008(4) 0.341 07 Cu3−N6 2.013(7) 0.336 49
Cu1−O1A 2.529(6) 0.100 53 Cu3−O9A 2.604(9) 0.082 085
Cu1−O1B 2.585(6) 0.086 410 Cu3−O3W 2.539(6) 0.097 850

1.9816 1.9916
superstructure superstructure

Cu1−O1 1.898(5) 0.553 28 Cu4−O14 1.889(6) 0.566 90
Cu1−O2 1.909(6) 0.537 07 Cu4−O13 1.894(5) 0.559 29
Cu1−N2 2.000(7) 0.348 52 Cu4−N8 2.000(7) 0.348 52
Cu1−N1 2.015(7) 0.334 68 Cu4−N7 2.012(7) 0.337 40
Cu1−O1W 2.602(6) 0.082 530 Cu4−O4W 2.577(6) 0.088 299
Cu1−O2W 2.547(5) 0.095 757 Cu4−O5W 2.595(6) 0.084 106

1.9518 1.9845
superstructure superstructure

Cu2−O6 1.893(5) 0.560 81 Cu5−O17 1.882(6) 0.577 73
Cu2−O5 1.895(5) 0.557 78 Cu5−O18 1.889(6) 0.566 90
Cu2−N4 2.017(7) 0.332 87 Cu5−N10 2.000(7) 0.348 52
Cu2−N3 2.022(6) 0.328 40 Cu5−N9 2.017(7) 0.332 87
Cu2−O1A 2.545(6) 0.096 276 Cu5−O12A 2.517(8) 0.103 84
Cu2−O6A 2.539(6) 0.097 850 Cu5−O13A 2.567(7) 0.090 718

1.9740 2.0206
aSymmetry codes: (ii) x, −y + 1/2, −z + 1/2.

Figure 3. Packing of the {Cu(HTae)(Bpy)} metal−organic chains.
View of the CuHTaeBpy_RT average crystal structure in the ab plane.
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be more pronounced above room temperature. This
exponential tendency is ascribed to the expansion of hydro-
gen-bonding network and the closeness to the critical
temperature at which the bonded water molecules are released
from the crystal framework.
The loss of coordinated water molecules in the structural

transformation was also studied by IR and UV−vis spectros-
copies. After the structural transformation, the main absorption
bands of the IR spectra, except the absorption bands assigned
to the vibrational modes of the coordinated water molecules,
are retained, so the structural blocks of the crystal structure are
maintained after the loss of ccordinated water molecules
(Figure S7). Similarly, the UV−vis spectra for CuHTaeBpy_RT
and CuHTaeBpy_HT show no appreciable changes in the
coordination environment of the Cu(II) cations during the
structural transformation (Figure S8).
Electron Paramagnetic Resonance Spectroscopy. X-

and Q-band EPR measurements were performed on powdered
samples at several temperatures in the range of 5−300 K. The
spin Hamiltonian parameters were estimated by comparison of
the experimental spectra with those obtained by a computer
simulation program working at the second order of the
perturbation theory. The parameters were then optimized by
the trial-and-error method, and the best-fit results are
represented as dashed lines in Figure 7.
The X-band powder EPR spectrum of CuHTaeBpy-RT has

the characteristic shape of Cu(II) sites with rhombic symmetry
without hyperfine structure (Figure 7a). The main g-values are
g1 = 2.215, g2 = 2.102, and g3 = 2.056 (giso = 2.127), remaining
practically unchanged from room temperature to 5 K. The
calculated exchange tensor parameter G is 2.7,45 which
indicates that the g values obtained from experiment are not
equal to the molecular ones and do not reflect the individual
geometries of our Cu(II)N2O2H2O/NO3 chromospheres. Two
possible explanations are possible for this scenario: (i) a
fluxional behavior originated from a dynamic Jahn−Teller effect
(elongation-shortening of copper coordination environment
along Cu−NO3 or Cu−Ow bonds within the octahedron)46 or
(ii) the presence of long-range magnetic interactions seem to
be the most plausible explanations among all phenomena that
could lead to a rhombic signal with collapsed hyperfine
structure. The low g1 value would be in agreement with a 2D

fluxional behavior, which should be confirmed by a shift of
lowest field signal with decreasing temperature. However, no
significant change takes place when down to 5 K; hence, any
dynamic Jahn−Teller effect can be dismissed. Therefore, the
spectra could be attributed to an exchange g tensor derived
from a certain degree of magnetic exchange between magneti-
cally nonequivalent Cu(II) cations along the Cu(Bpy) chain or
within the 2D hydrogen-bonding network. It is well-known that
rhombic signals are also obtained for magnetically coupled
Cu(II) cations with different orientations in the unit cell. In
fact, while in the average structure this condition is not fulfilled,
for the superstructure the five crystallographically independent
Cu(II) cations are not related by inversion centers or
translation symmetry, so their magnetic orientations within
the unit cell could be also different.47 Moreover, long-range,
weak magnetic interactions between distant Cu(II) atoms have
been found to have a clear effect in the EPR spectra. For
example, this is the case of [Cu(py)2Cl2], where Cu(II) atoms
are separated by ca. 9 Å and connected by sequences of six
consecutive bonds and interactions were found to be coupled
on the basis of EPR spectroscopy.48 For the studied compound,
the sharp and intense signal centered at ∼3260 G suggests the
existence of a 1D coupled system. The EPR line corresponds to
a collective resonance when the exchange interaction (J)
between copper ions in different lattice sites is larger than the
difference between their Zeeman energies (0.3 cm−1 at X-
band).
On the Q-band EPR spectrum an additional rhombic signal

is observed, with g′1 = 2.258, g′2 = 2.069, and g′3 = 2.059 (g′iso =
2.129). Considering that these g-values are molecular (G = 4.0),
while the average parameter is practically the same in both
signals, it can be concluded that the Q-band spectrum shows
contributions from both molecular and exchange g tensors. In
fact, when the magnetic exchange between the Cu(II) cations is
lower than the microwave energy applied in the EPR
experiment the magnetic exchange could be overcome, and
only the molecular spectra of the Cu(II) cations could be
observed. Thus, the observed behavior implies that operating at
Q-band the condition J < |Ng|μBH does not hold for any
orientation of the magnetic field.
X-band spectrum for the anhydrous phase (CuHTaeB-

py_HT) was also recorded (Figure S9). After the dehydration,

Figure 4. (a) Structure simplification. Green nodes: copper octahedra. Gray nodes: Bpy ligand. (b) Representation of the two types of metal−
organic chains (green chains: [011] propagation direction and blue chains: [0−11] propagation direction). (c) ABABA packing of the [011] and [0−
11] chains along the [100] crystallographic direction.
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and the rearrangement of the crystal structure, the three main
signals ascribed to the magnetic exchange g-tensor are
appreciably broadened, in good agreement with the loss of
order observed by powder X-ray diffraction. However, the peak
related to the g3 exchange tensor retains the sharp and intense
absorption signal ascribed to a one-dimensionally coupled
copper cation. Despite the loss of order after the dehydration,
the Cu-Bpy metal−organic chains are retained after the
transformation, being still an effective magnetic exchange
pathway.
Magnetic Properties. Magnetic measurements were

performed on powdered samples from room temperature to
5 K at a magnetic field of 0.1 T. The thermal evolution of the

Figure 5. (a) Hydrogen-bonding network in the monoclinic
superstructure. (b) Simplification of the metal−organic chains. The
crystallographically independent chains were plotted with different
colors. The figure highlights the hydrogen-bonding sequence between
them along the [001] direction. (c) Hydrogen bonding between two
adjacent metal−organic chains along the [100] crystallographic
direction.

Figure 6. Thermal evolution of the (a) volume (Å3) and (b) a
parameter (Å), (c) b parameter (Å) and (d) c parameter (Å).

Figure 7. X- and Q-band EPR spectra for CuTaeBpy_RT.
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χm and χmT product for the as-synthesized compound
(CuHTaeBpy_RT) and the dehydrated sample (CuHTaeB-
py_HT) are shown in Figure 8. While the magnetic

susceptibility increases from 300 to 5 K for both RT and HT
compounds, the χmT product curves show that there is a weak
decrease below the Curie temperature, being higher for the RT
phase (Figure 8 inset). The decrease on the χmT product for
CuHTaeBpy_RT indicates a small anti-ferromagnetic coupling
between the copper metal centers below the Weiss temper-
ature. This interpretation was confirmed by the fits of the

Curie−Weiss plots, with slightly negative Weiss temperature of
θ = −0.60 K for the RT compound and near 0 K (θ = 0.02 K)
for the HT one. The obtained Curie constants are very similar
for both compounds, 0.447 (RT) and 0.449 (HT) emu K
mol−1, and near the expected value for a magnetically isolated
Cu2+ (S = 1/2 with g > 2) cation.
If the aforementioned superstructure is taken into account,

the shortest distance between copper cations is ca. 11 Å across
the Bpy organic ligands, too long to be a magnetically effective
exchange pathway. However, the 2D hydrogen bonding
between copper atoms through the nitrate groups and
coordinated water molecules plays a very important role in
the transmission of the magnetic coupling. In this sense, there
are two possible magnetic pathways (see Figure 9): J1 that
connects the Cu(II) cations along the [001] direction and J2
pathway, which involves the metal centers connected along the
[010] crystallographic direction. In both of them, copper atoms
are hydrogen-bonded through a nitrate group and a
coordinated water molecule, Cu−NO3−H2O−Cu, with Cu···
Cu distances near to 7.00 Å for J1 and 7.35 Å for J2.49

All attempts to fit the CuHTeBpy_RT magnetic data to an
Ising model for S = 1/2 chains (J1) with a molecular field term
(J2) to describe the interchain interactions were unsuccessful. If
the molecular term is not taken into account, reasonable g
(2.193(1)) and J1 (−1.73(3) K) values are obtained, but the fit
below 100 K deviates appreciably from the experimental data. A
2D Heisenberg model improves the fitting down to 40 K, with
similar g 2.1882(7) values and slightly lower J1 coupling
(−0.47(1) K). However, the reduction of the χmT product
below 20 K suggests that the anti-ferromagnetic coupling
through the hydrogen-bonding network is more complex than
the 1D and 2D models used to fit the data (Figure S10). χmT
product evolution for CuHTeBpy_HT curves were fitted to the
same models used for the room-temperature compound with
similar results for both models: g1D = 2.188(1), g2D = 2.869(7),

Figure 8. Thermal evolution of χm and χmT curves for as-synthesized
(CuHTaeBpy_RT) and dehydrated (CuHTaeBpy_HT) compounds.

Figure 9. Magnetic exchange pathways between copper cations through the hydrogen-bonding network. J1 and J2 with Cu···Cu distances of 7.00
and 7.35 Å involving five connecting atoms Cu−O−N−O−H−O−Cu between copper cations.
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J11D = −0.080(4) K, and J12D = −0.0168(8) K. It is difficult to
find out what kind of magnetic exchange pathways are still
effective between the copper centers in CuHTeBpy_HT
without a structural model, but this little departure from the
paramagnetism at low temperatures indicates that the anti-
ferromagnetic coupling is still effective but one order lower
than the interactions observed in CuHTeBpy_RT. Therefore,
the collapse of the hydrogen-bonding network breaks the anti-
ferromagnetic exchange pathways between the copper atoms.
It is well-known that the hydrogen bonds can be effective

magnetic exchange pathways. In fact, several copper com-
pounds exhibiting copper chains connected through hydrogen
bonds, and, hence, 1D magnetic coupling, have been reported
previously.50 Even more complex magnetic systems based on
magnetic exchange through hydrogen bonds have been also
reported, such as 1D intra- and intercoupled chains51 or
dimmers coupled through hydrogen bonds.52 Nevertheless, in
all these cases, there is a clear J1 exchange pathway with the
shortest Cu···Cu distance and a secondary J2 magnetic
exchange pathway, in which the copper atoms are separated
by longer distances and more complex magnetic pathways.
However, in the specific case of the studied compound the
Cu···Cu J1 and J2 magnetic superexchange pathways involve
the same connectivity and hydrogen-bonding sequence and
similar Cu···Cu distances, so one copper atom can interact with
four neighbor atoms giving rise to a 2D system. The slight
distortion of this 2D net could explain the deviation from the
magnetic model at low temperatures.

■ CONCLUSIONS

The average and commensurate structures are two possible
descriptions of the same structural data. The average structure
gives us a general picture of the metal−organic chains, their
arrangement, and the underlying symmetry of the super-
structure, but it does not describe properly the occupational
commensurate modulation of the nitrate and water molecules.
Indeed, the symmetry of the average structure imposes an
unreal disorder in the nitrate groups, not observed in the
superstructure. While in other compounds the commensur-
ability or incommensurability come from a distortion of the
framework, and the average structure could give an average
picture of the modulation, and, in the end, a correct average
structural model, in the studied compound the underlying
symmetry in the superstructure gives rise to an incorrect
disordered average model for the nitrate groups and
coordinated water molecules, and hence, to an incorrect
hydrogen-bonding scheme. In this case, the structural
information extracted from the average model must be
interpreted carefully, but it is a very important starting point
to solve, refine, and read the real superstructural model.
The fivefold commensurability is the consequence of the

commensurate order of the nitrate and coordinated water
molecules, which, in turn, is the result of the hydrogen
interactions established between them. Of course the Cu−
Bpy−Tae organic chains and their arrangement are flexible
enough to accommodate the distortion of the net originated by
this hydrogen-bonding network.
As in many other supramolecular compounds, the loss of the

hydrogen-bonding network gives rise to the collapse of the
crystal structure but does not break the fundamental building
blocks of the crystal structure, which are still retained in the less
crystalline high-temperature phase.

The importance of the hydrogen-bonding network as a
magnetic exchange pathway is corroborated by the weak anti-
ferromagnetic coupling of the copper metal centers observed in
the magnetic susceptibility of the hydrated compound
(CuHTaeBpy_RT). Moreover, the collapse of the hydrogen
bonds gives rise to a nearly ideal paramagnetic behavior with
zero Weiss temperature for the dehydrated compound
(CuHTaeBpy_HT).
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(c) Calderoń-Casado, A.; Barandika, G.; Bazań, B.; Urtiaga, M. K.;
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Urtiaga, M. K.; Arriortua, M. I. Thermal stability and crystallochemical
analysis for CoII - based coordination polymers with TPP and TPPS
porphyrins. CrystEngComm 2013, 15, 4181−4188. (e) Llano-Tome,́
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(c) Fernańdez de Luis, R.; Ponrouch, A.; Rosa Palacín, M.; Karmele
Urtiaga, M. K.; Arriortua, M. I. Electrochemical behavior of
[{Mn(Bpy)}(VO3)2]·(H2O)1.24 and [{Mn(Bpy)0.5}(VO3)2]·
(H2O)0.62 inorganic−organic Brannerites in lithium and sodium cells.
J. Solid State Chem. 2014, 212, 92−98.
(6) (a) Stavila, V.; Talin, A. A.; Allendorf, M. D. MOF-based
electronic and opto-electronic devices. Chem. Soc. Rev. 2014, 43,
5994−6010. (b) Aguirre-Díaz, L. M.; Gańdara, F.; Iglesias, M.; Snejko,
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Fernańdez de Luis, R.; Orive, J.; Iglesias, M.; Arriortua, M. I.
[NaCu(2,4-HPdc)(2,4-Pdc)] Mixed Metal-Organic Framework as a
Heterogeneous Catalyst. Eur. J. Inorg. Chem. 2015, 2015, 4699−4707.
(e) Grancha, T.; Ferrando-Soria, J.; Zhou, H.-C.; Gascon, J.; Seoane,
B.; Pasań, J.; Pardo, E.; et al. Postsynthetic Improvement of the
Physical Properties in a Metal-Organic Framework through a Single

Crystal to Single Crystal Transmetallation. Angew. Chem., Int. Ed.
2015, 54, 6521−6525. (f) Wang, L.; Han, Y.; Feng, X.; Zhou, J.; Qi, P.;
Wang, B. Metal−organic frameworks for energy storage: Batteries and
supercapacitors. Coord. Chem. Rev. 2016, 307, 361−381. (g) Wang, S.;
Wang, X. Multifunctional Metal−Organic Frameworks for Photo-
catalysis. Small 2015, 11, 3097−3112.
(7) (a) Thanasekaran, P.; Luo, T.-T.; Wu, J.-Y.; Lu, K.-L. Giant
metal−organic frameworks with bulky scaffolds: from microporous to
mesoporous functional materials. Dalton Trans. 2012, 41, 5437.
(b) Sun, L.; Campbell, M. G.; Dinca,̆ M. Electrically Conductive
Porous Metal−Organic Frameworks. Angew. Chem., Int. Ed. 2016, 55,
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Urtiaga, M. K.; Larrea, E. S.; Rojo, T.; Arriortua, M. I. Flexible and
Dynamic Thermal Behavior of Self-Catenated [{Ni3(H2O)3(Bpa)4}-
(V6O18)]·8H2O Constructed from 10-c Heterometallic Inorganic−
Organic Clusters. Inorg. Chem. 2012, 51, 2130−2139. (d) Fernańdez
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